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FOREWORD

The ACS Symposium SEries was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the SEriEs parallels that of its predecessor, ADVANCES
IN CHEMISTRY SERIEs, except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposium SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

The papers that comprise this volume span two major areas of research
—solid state chemistry and physics, and the study of transition metal
complexes. The former has been concerned largely with relatively simple
ionically or covalently bound inorganic solids such as the metal oxides,
halides, and sulfides, where extended interactions are the rule rather than
the exception. On the other hand, until quite recently, the study of
transition metal complexes has been almost entirely a study of molecular
systems, where the interactions in the solid state are generally of the
weak van der Waals type and where the solid state properties reflect
closely those of the constituent molecular units in solution.

In the last few years it has become clear that there are a number of
transition metal complexes which do not fit this description very well.
In particular, these materials usually exhibit some of the characteristics
typical of molecular systems but display certain optical, magnetic, or
electrical properties which evidence “extended interactions” of appre-
ciable magnitude in the solid state. The study of such complexes consti-
tutes the main subject of this volume.

Many of these systems show quite anisotropic and even pseudo-“one-
dimensional” solid state behavior, reflecting strong intermolecular inter-
actions of a highly directional character in the crystal. Such one-dimen-
sional systems, based on both metal complexes and organic charge-transfer
compounds, are currently of considerable interest within the solid state
physics community and are under active study in laboratories here and
abroad (1, 2). The intense interest in these materials can be attributed,
in part, to suggestions regarding the possibility of superconductivity in
such systems (3, 4). The actual likelihood of superconductivity here is
a matter of some controversy; however, the wealth of new concepts and
the physical understanding that has already resulted from the study of
these systems, not to mention the high conductivities and highly aniso-
tropic optical, magnetic, and electronic properties that many of them
exhibit, promise continued growth of interest.

One important conclusion from the work on these and other types
of transition metal complex solids is that interactions between the metal
ions in the crystal, propagated either directly or through a bridging
group, are often of major importance in determining the solid state prop-
erties. The nature of these metal ion interactions and the manner in
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which they relate to the observed properties is the principal focus of the
papers in this volume.

The first three chapters, which are concerned with transition metal
oxides and sulfides, introduce the topic of extended interactions in transi-
tion metal compounds from a solid state viewpoint and provide an
account of current work on the simple inorganic, non-molecular systems.

The discussion of transition metal complexes begins with Chapter 4,
which deals with exchange interactions in, and pathways for exchange
in some weakly associated molecular systems. The next two papers
describe the application and interpretation of electron spin resonance
measurements for studying exchange interactions in such systems.

Chapters 7 through 11 deal with systems in which the exchange
interactions are localized largely within dimeric or higher polymeric units
and provide some fundamental information regarding the influence of the
metal ion, the bridging group, and the coordination geometry on the
type and magnitude of the exchange process. Chapters 10 and 11 also
introduce the topic of extended exchange interactions in one-dimensional,
ligand-bridged systems—a topic which is developed further in Chapters
12-17.

Beginning in Chapter 17, which provides a general survey of current
work on one-dimensional metal complex systems, the discussion shifts to
direct metal-metal interactions in solids containing stacked planar metal
complexes. The remaining chapters continue this discussion, concluding
with some recent work on the mixed valence platinum salts, which have
lately been of much interest for their one-dimensional metallic char-
acteristics.

The authors include both academic and industrial research scientists
from the United States and Europe and represent virtually every phase
of the current work on transition metal complex solids.

The symposium on which this volume is based was supported, in
part, by grants and travel assistance provided by the United States Air
Force, through its European Office for Aerospace Research and Develop-
ment, General Electric Corporate Research and Development, and the
Inorganic Division of the American Chemical Society. This support made
it possible for several European authors to travel to the symposium and
contributed greatly to the international flavor and overall success of the
program.
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Extended Interactions in Transition Metal Oxides
and Chalcogenides

AARON WOLD

Division of Engineering, Brown University, Providence, R.I. 02912

As early as 1937 de Boer and Verwey (1) had indicated that
in transition metal oxides, in which the d-bands of the transi-
tion metal ions were partially filled, the potential energy
barrier between atoms was high enough to reduce the conducti-
vity by an enormous amount. This was probably the first indi-
cation that the Block-Wilson band theory of solids (1,2) could
not describe in a realistic way the transport properties of
transition metal compounds. Indeed, the classical band theory
had predicted that these compounds with partially filled d-bands
would show high electrical conductivity (0 = n e u); the num-
ber of carriers n would show temperature independence and the
mobility u would decrease as the temperature T increased. The
electrical conductivity observed for these compounds would be de-
rived from these latter temperature dependencies.

In 1957 (3) Morin reported on the electrical properties of
several vanadium and titanium oxides, namely VO, V_O, VO_ and
Ti,0,. These oxides contain 3,2,1 and 1-d electrons pér fransi-
tion"metal cation respectively. These compounds show metallic
behavior at high temperatures and then become semiconducting
when cooled through a critical temperature T _, (114°K, 153°K,
3409K and 450°K). For most of these compounds, the electrical
resistivity was observed to drop by several orders of magnitude
over a small temperature range. The oxides of vanadium show a
reduction in symmetry associated with the resistivity changes.
The lattice parameters of Ti20 vary quite rapidly in the vici-
nity of the transition tempera%ure (T,) but there is no change in
symmetry (4). Figure 1 summarizes thése findings. It should
also be indicated that for pure stoichiometric single crystals,
the temperature range over which the transition occurs is greatly
reduced and the magnitude of the discont%nuity in electrical con-
ductivity is increased by a factor of 10,

The 3d transition metal oxides may therefore be either me-
tallic at all temperaturgs, semiconducting at all temperatures or
undergo a semiconductor + metal phase transition on heating
through a critical temperature Tt' The 1list of compounds

1
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2 EXTENDED INTERACTIONS BETWEEN METAL IONS

belonging to these three classes may be enlarged to include ud
and 5d-transition metal oxides as well as 3d-transition metal
sulfides. This is shown in Table 1 (5).

It is not the purpose of this presentation to discuss the
various theoretical models used to correlate the electronic and
structural properties of these compounds. One or two of the
models, useful to the chemist, will be referred to later in the
discussion of specific compounds. Neither is it possible to
treat, in the available space, more than several compositions
that have been studied at Brown University. However, it would be
appropriate to mention before proceeding, an important property
of many transition metal compounds i.e., that for both the semi-
conducting and metallic phases, the electrons responsible for the
observed electronic behavior of these compounds move in narrow
d-bands. As a result, the usual formulas attributed to band
theory break down.

From an experimental, or specifically synthetic, point of
view the crux of the problem in studying these compounds is to
prepare pure stoichiometric single crystals. This has involved
the development of new techniques both for their preparation and
characterization. An understanding of the electronic properties
of these materials has had to depend upon the availability of
such crystals.

A number of typical transition metal compounds selected from
each of the classes previously described will now be discussed in
some detail. They will include examples of binary transition
metal oxides and oxyfluorides, perovskite 'bronzes'" and tran-
sition metal chalcogenides., No attempt will be made to discuss
compounds other than those which have been prepared at Brown
University. A relatively simple one-electron model proposed by
Goodenough (6,7) will be used to correlate the various structur-
al and crystallographic properties observed for these materials.

I. Tungsten (VI) Oxide and the Cubic Tungsten Bronzes. The
Re0, type structure consists of ReO,. regular octahedra joined to-
getger by sharing corners to form a three-dimensional lattice
shown in Figure II, WO, does not crystallize according to this
scheme. Braekken (8) has indicated that this compound has a
structure of low symmetry, consisting of deformed WO. octahedra
joined in the same way as the regular octahedra of the ReO
structure. The cell is monoclinic pseudo-orthorhombic) w1tg
a =7.2858, b = 7.517 &, c = 3.835%, a = y = 90°, 8 = 90.90°.

The cubic tungsten bronzes crystallize in the perovskite
structure, ABO,. This structure, like ReO_, is formed by the
corner sharing of BO_. octahedra. However, in the case of the
perovskite structure all of the large A sites are occupied. For
the cubic bronzes, M_WO_, the alkali metal cations are statis-
tically distributed Sver the A-sites.

The electrical properties of Re03, the structurally related
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1. worp Oxides and Chalcogenides

Table 1. Classification of Transition Metal Oxides
according to Their Electrical Behavior

-CLASS I -

Metallic Compounds

3d-compounds: Tio, Cr02, TiS, CoS2, CuS2.
L4d-compounds : NbO, Ru02.
5d-compounds: Re0 ar

-CLASS II -

Semiconducting Compounds

3d-compounds: Ni0, Co0O, MnO, Fe0, Fe, O0,, Cr O
273 273,

MnS, MnS FeS,.

2° 2

-CLASS III -

Transitional Compounds

3d-compounds: Vo, V203, V02, V305, VuO,’, V6013’

Ti05, Ti0g, Fen0,,

NiS, CrS, FeS.
4d-compounds:: NbO 9°
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4 EXTENDED INTERACTIONS BETWEEN METAL IONS
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Electrical conductivity, magnetic susceptibility, and spe-
cific heat vs. temperature for V,0,,VO,, and Ti.O,

Structure of ReO,;
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Figure I11.  Electron energy diagram for ReO,
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1. woLp Oxides and Chalcogenides S

cubic bronze, Ma_WO,, and the ordered perovskite Sr_M ReO6 have
been investigateé by Goodenough and co-workers (9).

The one electron energy diagram for ReO, is shown in Figure
III. Because of the octahedral crystal field the d-electron
energy states of the rhenium are split into a less stable, doubly
degenerate state (e ) and a more stable triply degenerate (t2 ).
The outer electron Energy levels of the anion are similarly §fiown
on the right side of the figure.

The overlap of cation t,_ and anion p_ orbitals results in
the formation of bonding and Entibonding bands extending through-
out the crystal (10).

The Fermi level may be located by looking at the number of
outer elecgroas per molecule. Consider the Re0, unit for
rhenipym 5d”6s“. There are [7] x [1] = 7 electrons. The oxygen
2s°2p contribute [6] x [3] = 18 electrons resulting in 25
electrons per molecule. Upon filling the available energy levels,
the last electron occupies the m*band. This band is partially
filled and causes the observed metallic behavior.

The origin of the metallic conductivity of cubic NaxHO has
been postulated by several models: 1. The direct overlap of
sodium 3p orbitals (11) 2. The direct overlap of tungsten t,
orbitals leading to tungsten-tungsten bonds (12) 3. The
covalent mixing of tungsten t, orbitals and oxygen p_ orbitals
to form partially filled band&®(13). T

Goodenough and his co-workers (9) performed a unique ex-
periment which indicated that the third possibility was indeed
the most probable mechanism for the observed metallic con-
duction in these materials. The compound Sr M ReO_ crystallizes
in the ordered perovskite structure (see Figur% IV). The B-site
cations, Mg and Re, order such that each rhenium has only magne-
sium nearest cation neighbors and vice versa (39). Such an
arrangement would still allow for the overlap of rhenium t, or-
bitals across a cube face. Consequently, metallic behavioffwould
be expected if Model 2 applied. However, if the electrical pro-
perties are a result of cation t, and oxygen p_ interactions
(Model 3), Sr, MgReO_. should be a“Semi-conductor, since Mg does
not possess t2 elec¢trons. The observed semi-conductive be-
havior (E_= 0:81eV) and temperature dependent paramagnetism con-
firm that“the electrons are localized rather than occupying
collective energy bands (9). Thus, model 3 is consistent with
the interactions present in perovskite-like materials and best
explains the observed properties.

II. Vanadium (IV) Oxide and Substituted Compounds. The
high temperature, metallic VO,phase has a tetragonal rutile like
(14) structure (space group P /mnm). As can be seen from Figure
V the structure may be describéd as strings of edge-shared
octahedra joined by corners extending in the c direction. The
V-V distances are equivalent within the strings (2.87 RH.

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



EXTENDED INTERACTIONS BETWEEN METAL IONS

C
Lo
a
Sr2Mg Re06
@Sr
& Mg
® Re

Oo

Figure IV.  Structure of Sr,MgReQ,

VO2 (tetragonal)

® Vanadium
O Oxygen

Figure V. Rutile structure

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



1. worp Oxides and Chalcogenides 7

Below 340°K, VO, has been reported to have a distorted ru-
tile structure with monoclinic symmetry (P2./c. This distortion
(see Figure VI) causes the vanadium atoms located in the strings
of VO_. octahedra to occur as doublets (similar to MoOQ). The V-~V
distafces are no longer equal but are 2.658 and 3.12% (14). As
pointed out by Heckingbottom and Linett (15), in the low temper-
ature semiconducting phase the ¢ axis is tilted causing the vana-
dium atoms to be displaced from the center of its octahedra.

The band structure for tetragonal VO, has also been examined
by Goodenough (lﬂ) and is shown in Figure VII., Because of edge
sharing of VO_. octahedra in the tetragonal phase, an orthor-
hombic component of the crystal field removes the d-state de-
generacy. The two e orbitals, normally occuring in an octa-
hedral field, are sn%it into two do orbitals and the three t
orbitals split into two d orbitals which mix with the anion™®
P, orbital and a diL orbifal directed along the c rutile axis.

When the 17 oudter electrons per molecule in VO, are placed
into this energy scheme the final electron enters the over-
lapping % and 4 l bands. These overlapping, non-degenerate
bands, being only'partially filled, result in metallic conductiv-
ity in the tetragonal phase (1u).

Below the transition temperature VO, has a monoclinically
distorted rutile structure characterized by the formation of V-V
pairs along the a monoclinic axis (c axis) and a consequent
doubling ﬁf the crystalographic unit ceiiP(IS) This displacement
of the V'' ion from its center of symmetry is believed to be
caused by a ferroelectric - type distortion (1u4). The effect of
this distortion on the band structure of VO, is shown in Figure
VIII. The d I band is split in two and the Fermi energy is
lowered beloi the bottom of the m* band. As a consequence of
doubling the cell, the lower t, band is filled completely and
semi-conducting behavior resul€§ (1u).

III. Oxyfluorides. At low levels of fluorine, the oxy-
fluorides usually possess structures quite similar to the parent
oxide. The cell parameters (orthorhombic indexing) a = 7.356
b° = 7,469 R, e, = 3.8u6 & reported for WO 96F0 on_are quite
similar to those observed by Sleight (17) fér monoclinic
Wo.a = 7.301 8 b = 7.538 R, ¢ = 3.8u4 R, B = 90.89°.

Sleight did not rule out the possibility that WO F
could be monoclinic with the deviation of the monocllnlc ang?e
from 90° being too small to detect. Higher substitutions of
fluorine in the WO F_ systems stabilizes the cubic ReO
structure (l7 18) “¥h¥s structure is analogous to the perovskite
type alkali metal bronzes with all A sites vacant. In the tung-
sten oxyfluoride system the cubic phase extended from x = 0.17
to 0.66. A one-electron energy diagram would be much simpler for
WO3 F_ than for the corresponding cubic tungsten bronzes Na_WO,.

X X .
It 15 nNot necessary to consider interactions involving A site
cations since these positions are empty.

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



EXTENDED INTERACTIONS BETWEEN METAL IONS

{ / %T‘I: zcr
J ‘ bm: a
265X }/ﬂ
v
. I’
312A cC za-c¢
K m r r
a
c m
r b
a
b r €m

r
rutile axes

Figure VI.

monoclinic axes

Monoclinic structure (low

temperature) for VO,

\ VO
2 2
w /L [6] [
w L8 ;
]
3de
" (]
d;T = oo &
T {2d,
(ErﬁE') 25eV
2R
(6] _R
(8] /—2_§
4]
tetragonal phase

Figure VII.

Electron energy diagram

for tetragonal VO,

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



1. woLp Oxides and Chalcogenides 9

The substitution of fluorine a%io results in additional elec-
trons because of the formation of W~ ions. Thus, the compounds
WO, _F_ have x additional electrons per molecule. Although it
migﬁ¥ Be expected that the more electronegative fluoride ion
would have a localizing effect on the additional electrons, me-
tallic conductivity has been observed for the cubic oxyfluoride
bronzes. By comparison with the WO, _F_ system, in which large
fluorine substitutions stabilize a gighxsymmetry cubic phase,
there may also be an analogous decrease in the semiconductor
metal transition with increasing fluorine substitution in
V02_xF . For VO,, the monoclinic to tetragonal transition temper-
atire Jecreases with increasing anion substitution i.e. the high
temperature tetragonal phase becomes more stable (;g).

For the system VO, F_ activation energies were calculated
from the resistivity d5t5 Tsee Figure IX). the values are given
in Table II for different values of x in VO, _F_. It can be seen
from these curves that a metallic to semicofidiictor transition
occurs at a temperature which decreases with increasing values of
X. This change in the electrical properties of VO _xe can be
explained by the corresponding transition from the mondclinic
phase to the tetragonal phase which has been observed by means of
low-temperature X-ray analysis. A linear relationship exists be-
tween the value of x and the transition temperature (T, ) shown in
Figure X; this extrapolates to the correct transition %emperature
for pure VO,.. For the higher fluorine compounds, the transition
region is considerably broadened and the transition point was
chosen as the first deviation from log-linear behavior. A simi-
lar linear relationship exists between the volume of the tetra-
gonal cell and the value of x, again extrapolating to the value of
the pure VO, phase at x = O (see Figure XI). The same behavior
has been obServed in compounds corresponding to the formula
V" 02(0$x§p.067) by Nygren and Israelsson (19).

t“is seen, therefore, that the addition of fluorine tends to
stabilize the high temperature, higher symmetry, rutile phase.
The compositions containing larger amounts of substituted fluorine
shows primarily metallic behavior. However, for all compositions
studied there still appears to be a discontinuity in the resisti-
vity at the expected transition temperature (T, ).

The metallic behavior observed in these mdterials may be ex-
plained on the model presented by Goodenough (13) and Rogers (20).
In their model the band formed between the overlap of the t, o
orbitals parallel to the crystallographic ¢ direction splits~into
a more stable, pair-localized, bonding V-V state and a higher
less stable o® state. The lower lying V-V level if filled with
one electron per vanadium and hence the semiconducting properties
of the monoclinic VO, may be explained. The substitution of
fluorine for oxygen 1n VO, results in the creation of additional
unpaired d-electrons. DeSpite the tendency for the more electro-
negative anion to localize d-electrons, it is apparent that for
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Table 2. Cell Parameters

Cell Parameters (A)

11

of VO. F, Compounds

Activation Energy (eV) Tt(SK)

Compound a c
vo, 4.530 T4 2.969 T3 0.5 just below T, 340
V0;.97%0.03 wu.s52 %4 2.853 % 3 0.07 298
VO 067008 wu.ssufu 2,858 ¥ 3 0.06 282
Y0y 8650.14 u.s62 tu 2.876 ¥ s < 0.01 155
Y0y 70F0.21 u.sea tu  2.886 ¥ 3 < 0.01 65
L
§——\+
_ s
o
- 4
(=]
8
+
i[: 1 ! 1 1 l L L 1 1 I 1 1 ] ‘ 1 1 H ! ‘ ‘\
0-0% 0+10 0415 0«20

Figure X. Transition temperature vs. composition for VO, .F,

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



12 EXTENDED INTERACTIONS BETWEEN METAL IONS

the amount of fluorine which has been substituted, the conduction
paths have not been substantially altered.

IV. Transition Metal Chalcogenides. Binary and ternary
transition metal chalcogenides exhibit a variety of different
structures which are often quite complex. This has been attribu-
ted in part to the considerable covalent nature of the metal-
sulfur bonds. Many of these compounds also exhibit semimetallic
or metallic properties and this indicates that not all of the
bonding electrons behave as in simple covalent crystals. A
characteristic of sulfide minerals is that partial or complete
replacement of either the cations or anions is possible without a
change in the crystal structure occuring. Among the many chalco-
genides studied at Brown University the transition metal dichal-
cogenides, with the pyrite structure, have been particularly
attractive since their electronic properties can be radically
changed by substituting for either the cation or anion in the
host compound.

This group of compounds combine a simple structure (Figure
XII) with a wide variety of magnetic and electrical properties(21),
Of particular interest is the effect of cation and anion sub-
stitution on the ferromagnetic compound CoS,. A one-electron
energy scheme for CoS, has been described by Bither et al (22)
and is shown in Figure XIII. 3

In this model o-d“sp” orbitals on the metal atom and sp°~ or-
bitals on the anions are assumed. Sulfur has six valence elec-
trons that are shared among four tetrahedral bonds. FEach sulfur
contributes one electron to the S-S bond and the remaining five
to the three M-S bonds. Since all the M-S bonds are equivalent,
each sulfur contributes 1 2/3 electrons to each of them. Cobalt
is coordinated to six sulfur atoms at the apices of an octahedron
and these sulfur atoms thus contribute 6 x 1 2/3 = 10 electrons
to the bonding in each octahedron. These ten electrons plus the
two 4 s electrons of the transition metal just fill the ground
state o(s-p) and o e manifold of states. The remaining d-elec-
trons of the metal occupy the next-lowest available levels.

Since cobalt possesses seven d-electrons, the one unpaired
electron indicated by the magnetic moment of CoS, suggests that
the t, levels are filled with six electrons (spin-paired). The
unpair%d electron therefore occupies the 0% e state. In the
presence of a sufficiently strong covalent inferaction the o* e
level will broaden into a band of crystalline states; the elec-
trons are no longer bound to specific sites but are free to move
through the crystal under the influence of an electric field.
This concept already has been discussed by Goodenough (23,2u).
to explain the occurrence of metallic conductivity in oxides and
sulfides.

For both compounds CoS

2 and CoSe2, as well as members of the
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14 EXTENDED INTERACTIONS BETWEEN METAL IONS

system CoS, Se_ , the only partially filled states are the c¥e
states. Tgfé implies that in these materials the c%*e states
constitute a band; the degree of covalence is large. £The occur-
rence of an energy difference between the t, and o%e_ states that
is larger than the intraatomic exchange eneréy (low-gpin con-
figurations in ligand field parlance) for the solid solutions and
CoS, is consistent with the presence of strong covalent inter-
actions. The stronger the bonding between the cationic e or-
bitals and the anionic orbitals, the larger will be the sElitting
between the t2 and the o%e_states. Since the t,_ levels are
essentially noﬁbonding theygare little affected ingenergy; hence,
the energy difference between the t2 and the o%e states (which
corresponds to the ligand field spll%ting, or lOD&) becomes

larger with increasing covalence.

CoAsS has been reported (25) to be a digmagnetic semi-
conductor where the low spin state cobalt (d”) is also present in
an octahedral field. Substitution of arsenic for sulfur in CoS
results in a continued depopulation of electrons from the o an%i-
bonding band (26)until for the end member CoAsS the o*® band is
empty. The possibility gof repopulating this band by progressive
substitution of nickel d° for cobalt d~ has recently been studied
(27). The substitution of a small amount of nickel (x = 0.05)
for cobalt in the system Co. _Ni_AsS changed the electrical pro-
perties from semiconducting T8 m8tallic. Hall-effect measure-
ments also showed that the number of carriers (electrons) was
proportional to the nickel concentration. These results are con-
sistent with the introduction of electrons into the o* band as
nickel is substituted into CoAsS.

This work was supported by the U.S. Army Research Office,
Durham, the National Science Foundation and the Materials
Research Laboratory Program at Brown University.
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High Temperature Crystal Chemistry of V.O, through
the Metal-Insulator Transition and of (Croo Vo). 05,

an Insulator

WILLIAM R. ROBINSON

Purdue University, West Lafayette, Ind. 47907

A variety of interesting structural and electrical phenomena
are observed upon heating the chromium doped V,0; system
(CrxV1-x)20s. At 155-170%K, those systems with x < 0.018 undergo
an antiferromagnetic insulator to metal transition (1). This
transition is accompanied by a change from a monoclinic structure
to a rhombohedral structure isomorphous with a-corundum. Those
systems with x > 0.018 exhibit an antiferromagnetic insulator to
insulator transition at about 170°K and maintain their negative
thermal coefficients of resistivity at elevated temperatures.

The electrical behavior of systems containing less chromium
(§_< 0.018) is quite different at higher temperatures.

Pure V,0; exhibits a continuous electrical transition in the
range 225-325°C which results in an increase in resistivity of
about one order of magnitude (1,2,3,4). The doped systems with
X < 0,018 exhibit an electrical effect which was originally
ascribed to a Mott transition (1) But which more recently has
been described as an extrinsic effect resulting from the coexist-
ence of two phases (4).

Above the transition at 155-170°K, all of the various elec-
trical modifications of (CryxVy.x).0; are rhombohedral and iso-
morphous with corundum. However, the size of the rhombohedral
cell varies between two extreme values. V,0; at room temperature
and the low temperature form of (Cry_o1Vo.s9)203 (the o form)
have unit cell parameters with a approximately 4,95A and c
approximately 14.00A in the hexagonal indexing of the rhombo-
hedral system. V,0; at high temperature, the high temperature
form of (Cl‘o,nVo,ss)an (the B form), and (Cl"o.ouVo.gs)zoa have
a approximately 5.00A and ¢ approximately 13.94A. The change in
the V.03 cell parameters is continuous with temperature while the
primary change in the (Cry o1Vo,99)203 cell parameters occurs
with the a-8 structural transition.

In view of the structural changes accompanying the semicon-
ductor to metal transition upon heating Ti,03(5,6) or doping with
vanadium to give (VyTij_4)203 where x < 0.1 (7,8], we thought it
interesting to follow the structural changes accompanying the
electrical transition in V,0; in the 225°-325°C range. Since
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2.  ROBINSON Crystal Chemistry of V,0, 17

B-(Cro_o01Vo,99)203 does not change much in this range, it was
selected as a reference material.

Experimental.

Samples of V.03 and (Cro_ o1VYo, 99)203 (4) were provided by
Professor J. M. Honig, Department of Chemistry, Purdue University.
A small single crystal of each material was cut from the boule
and mounted along the 210 direction in evacuated silica capil-
laries using the procedure described by Brown, Sueno, and
Prewitt (9). These crystals were used in all subsequent studies.

The unit cell dimensions reported in Table I and Figure 1
were determined by least-squares refinement of the 20 values of
15-20 reflections, principally of the type hkl, lying in the
region 50° < 20 < 55°, The 20 values were determined on a
Picker diffractometer equipped with a crystal heater (9). The
average peak position at positive and negative 20 was determined
using the quarter height technique and graphite monochromated
MoKa radiation.

At each temperature indicated in Table I, about 360 inten-
sities lying in a quadrant of reciprocal space with 5° < 20 < 62°
were collected, The diffractometer was operated in a © - 20 mode
using a graphite monochromator and MoKa radiation. Following
application of absorption corrections and the Lp correction,
equivalent reflections were averaged giving about 100 independent
reflections at each temperature.

Both isotropic and anisotropic refinements were carried out
for each set of intensity data in space group R3c using the V and
0 positions reported by Newnham and deHaan (10) as starting param-
eters. Three cycles of refinement in each case resulted in con-
vergence and gave final R values of 0.02-0.04, Selected struc-
tural parameters are reported in Table I and Figures 2 and 3.

Results

The crystal structure of V.0, at 23° was found to be
identical within experimental error to that reported by Dernier
(11) and Newnham and deHaan (10). The structure of V.0; at 600°C
and the structure of B-(Cro_o1Vo,.99)20; were found to be identical
to that of (Cro_ouCQ.gs)zog (]])

The structures of all of these systems, like that of corun-
dum, consists of an approximately hexagonal closest packed array
of oxide ions with metal ions in two-thirds of the octahedral
holes (Figure 4). Each metal ion has four near metal neighbors;
one sharing an octahedral face of the coordination polyhedron
(M,-M, in Figure 4) and three sharing edges of the octahedron
(M,-M; in Figure 4).

The nonlinear variation of the unit cell parameters of V.0,
upon heating (Table 1 and Figure 1) is similar to that previously
reported (1,12). The linear increase with temperature of the
cell parameters of B-(Cro_o1Ve,99)205 parallels that of
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2. ROBINSON Crystal Chemistry of V,0, 21

(Cro.owVo, se)203 (1) although the cell dimensions differ slightly.
It is apparent from the data that the unit cell dimensions of the
pure and doped systems converge at elevated temperatures.

The coordinates of the metal and oxygen atoms of V,0; and
B-(Cro_01Vo,99)203 also converge with increasing temperature.

The changes in metal-metal, metal-oxygen, and oxygen-oxygen
distances which result are given in Table 1. Plots of metal-metal
and metal-oxygen distances are presented in Figures 2 and 3.

Both the M;-M, and M;-M; equilibrium distances increase with
temperature in V,05. The M;-M; change from 2.697(1)A at 23° to
2.738(1)A at 600° represents a change of about 40 e.s.d.'s as
does the increase from 2.880(1)A at 23° to 2.924(1)A at 600° in
the M,-M; distance. Over the temperature range 23° to 310°C the
M:-M; equilibrium distance of B-(Cro_ o1Vo s9)203 increases
slightly from 2.917(1)A to 2.920(1)A whilé the M,-M, distance
decreases from 2.747(1)A to 2.739(1)A. This latter change occurs
even though the c axis which is parallel to the M;-M; direction
is increasing.

No significant changes in the metal-oxygen distances in the
doped system are observed upon heating, The maximum change is
three e.s.d.'s. Small changes in the metal-oxygen distances in
V,0; are observed. The M;-0, distance varies by 0.015A from
2.051(1)A to 2.066(1)A while M,-0, varies from 1.968(1)A to
1.981(1)A, a change of 0.013A,

The only significant change in oxygen-oxygen distances is in
the 0,-0s distance in V,0;. This distance changes from 2.952(1)A
at 23° to 3.007(1)A at 600°C. The other changes are 0.009A or
less.

In general, the structural changes in V.05 upon heating
involve a slight reduction of the spacing between the approxi-
mately hexagonally closest packed planes of oxygen atoms with a
concommitant increase in the average oxygen-oxygen separation in
the planes. One can distinguish two types of oxygen-oxygen
distances within a given plane; distances of the type 0,-0:
along the edge of a shared octahedral face and distances of the
type 0,-03 or 0.-Os along the edges of an unshared face. It is
expansion of the oxygen-oxygen distances along the edges of the
unshared face which is reflected in the increase in the a axis.
Paralleling the increase in the a axis is the M;-M; separation.
The M;-M. distance increases at the same rate as the M;-M;
distance. The net result of these changes is that at high
temperatures V.03, which is isostructural with a-(Cro,o1Vo, 99)203
(13? at room temperature, becomes isostructural with
B<(Cro,01Ve.99)203 and (Cro_owVo,96)203.
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Synthesis and Properties of Some New Organic
Intercalation Complexes of Tantalum Sulfide

R. L. HARTLESS and A. M. TROZZOLO
Bell Laboratories, Murray Hill, N.J. 07974

Intercalation of layered compounds by metals has
been previously reported (1-5). A number of inorganic
and biological molecules have been found to intercalate
clays and graphite (6,7). The first intercalation of
layered transition metal chalcogenides by organic
molecules was reported by Weiss and Rudhardt (8). They
intercalated TiS; with hydrazine and aliphatic amides
and observed increases of several angstroms in the
interlayer spacing of the chalcogenide. More recent
studies show that a variety of organic molecules inter-
calate layered transition metal chalcogenides (9-11).
The organic molecules penetrate the interlayer planes
and form a periodic crystalline structure. In addition
to increased interplanar spacing, the intercalated
complexes showed enhancement of the critical super-
conducting temperature (T,) above that observed for the
unintercalated chalcogenide.

Tantalum sulfide crystallizes in several polytypes
which are characterized by layer-like structures in
which the metal atoms are located between alternate
sulfur layers. The bonds forming the intraplanar
layers are strong (primarily covalent) bonds. Each
sulfur-tantalum-sulfur layer (interplanar) is bonded to
adjacent layers by weak van der Waals attraction.
Intercalation (insertion) of atoms or molecules between
the layers occurs by cleavage along the planes which
have the low energy interaction. Figure 1 gives a
schematic description of the structure of the layered
transition metal chalcogenide prior to intercalation
where M is the transition metal atom and X is the
chalcogen atom. Shown are three intraplanar layers
separated by the van der Wgals gap. The intraplanar
layers are approximately 6A thick and the interlayer
distance between transition metal atoms is approxi-
mately 6A. Upon intercalation of the organic molecule,
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24 EXTENDED INTERACTIONS BETWEEN METAL IONS

the van der Waals gap expands as schematlcally repre-
sented in Figure 2. Table 1 shows the synthesis con-
ditions and parameters for some previously intercalated
complexes (9). The interlayer distance for the
pyridine-TaS; compleX increases ~H6A to give a metal-
metal distance of ~12A, In the case of the octa-
decylamine-TaS. gomplex, the enhanced interlayer
distance was ~§OA which was attributed to two layers of
the amine oriented end-to-end and perpendicular to the
TaSs planes (Figure 3). 1In general, organic molecules
capable of intercalating TaS; are Lewis bases contain-
ing an sp2 or spf hybridized nitrogen.

This study involves intercalation of the ZH-
polytype of tantalum sulfide (TaSz) with organic
molecules of various structures to form complexes with
increased interlayer spacing and enhanced critical
superconducting temperatures. The extent of inter-
planar layer expansion and T, enhancement varies with
the particular intercalate, thus allowing possible
chemical control of T,.

Experimental

The powdered tantalum sulfide was placed in a 4mm
pyrex tube with the liquld intercalate or a benzene
solution of the solid intercalate. The tube was
evacuated and sealed and the reactions carried out in
isothermal baths at 25, 100, 150 and 200°. Inter-
calation was evident when the volume of the
chalcogenide increased. After intercalation, the
excess organic reactants were removed by washing with
benzene followed by drying at reduced pressure.
Supporting evidence for intercalation was obtained by
powder x-ray diffraction with a Guinier camera using
CuKy radiation. The critical superconducting tem-
peratures were determined on powdered complexes by AC
susceptibility measurements.

Results and Discussion

Several mono- and disubstituted amines form
complexes with TaS; (Table 2). 1In general the amines
which intercalated had pK, > 9. Diethylamine inter-
calates in two hours at ambient temperatures to yield
a complex with an interlayer distance increase (g) of
3.69 A and an onset of superconductivity (TO) of
3.0°K. The dibenzyl amine complex was superconducting
at 2,7°K and the interlayer spacing was increased by
£.39A. Piperidine intercalates TaSs and increases the
interlayer distance by 4.20&, but the complex is not
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Figure 2. Schematic of structure of Ta$S,
substituted pyridine complexes

TABLE |
SYNTHESIS OF TaS, COMPLEXES

TEMP. (°C) TIME (DAYS} 3(A) Tg(°K)

Tasy - - 605 08
Wi 200 1 5.81 35
CHs —(CHz)j7—NH2 40 30 50 30
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TABLE 2

TaSz — AMINE COMPLEXES

SYNTHESIS
INTERCALATE TEMP. (*C) TIME (0aYS) 8(k) To (*K)

CHy CH,
SN-H 25 2 369 3.0
CH3CHz
CH3CHpCHRCH,
SN-H 150 3 4.02
CH3CH,CH, CH,
C—CH,
SN-H 150 4 639 27
—CH,
/H
@——CHZ—N\H 25 2 615 2.4
(M 150 3 420 NS
NN 200 8 365 18
p—
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superconducting down to 1°K. Z-Aminoanthracene failed
to form a complex even at 200° for 30 days. This
contrasts with the intercalation of aniline reported
earlier. The inability of Z-aminoanthracene to inter-
calate may be related to a lesser capability to donate
electrons to the unfilled metallic bands.

Substituted hydrazines readily intercalate the
2H-polytype of TaSs to form complexes (Table 3). The
electron donor ability of the hydrazines varies
sufficiently such that correlations with the critical
superconducting temperature can be made, The
charge density potentially available for transfer to
the unfilled metallic bands 1s related to the
asymmetric charge distribution represented by the
quadrupole moment of a nucleus.

Gamble and others have suggested that the bonding
of electron donors in intercalated layered-transition-
metal chalcogenides involves sowme charge transfer from
the intercalated molecule to the incompletely filled
bands of the chalcogenide (9,10). Ehrenfreund, Gossard
and Gamble have observed an alteration in the
transition-metal Knight shift and electric field
gradient which indicates that occupancy of the con-
duction band is changed upon intercalation (12).
Transmission spectra (0.4-5.0 eV) of layered transition
metal chalcogenides show shifts and broadenings upon
intercalation which have been interpreted in terms of
increased occupation of d bands (13). According to the
Bardeen-Cooper-Schrieffer theory of superconductivity,
the critical superconducting temperature can be in-
creased by electron density enhancement at the Fermi
level (14). The formation of intercalated complexes
from intercalates of varying electron donor ability
appears to offer a method of enhancing the electron
density at the Fermi level thereby increasing the
temperature for the onset of superconductivity. There
appears to be a direct correlation between the
enhancement of the superconducting temperature of the
hydrazine-TaS; complexes and the atomic-orbital
occupation numbers of the unsubstituted amino nitrogen
atoms (Table 4). The occupation numbers are from
Sauer and Bray and were determined prior to inter-
calation (15). The occupation number (o) was derived
from nuclear quadrupole resonance data and 1s expressed
as the difference between the o-charge densities of the
nitrogen-hydrogen and nitrogen-nitrogen bonds. As the
occupation numbers increase from 0.3429 to 0.3795, the
temperature for the onset of superconductivity species
increases from 2.0 to 4.9°K. Interestingly, there
appears to be no correlation between T, and pK, of the
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TABLE 3
TaS; — HYDRAZINE COMPLEXES

SYNTHESIS
INTERCALATE TEMP. (°C) TIME (DAYS) S(R) Tol*K)
HaN~NH, 25 2 HOURS 315 49
%
N-NH, 25 2 HOURS 353 33
H
CHs
N—NHg 25 2 HOURS 3.53 4.0
N=NH, 25 2 HOURS 3.4 2.0
H
N-NH, 25 14 13.00,626 2.9
chy 100 5 6.26,408 29,24
(N-NH, 25 10 314,166 24,18
? i
H—C—~NH—NH~-C—H 150 5 348,209 25,1.6

TABLE 4

CORRELATION OF PKa ,CHARGE DENSITY (AC) AND THE
TEMPERATURE FOR THE ONSET OF SUPERCONDUCTIVITY (To)

INTERCALATE pKa Ao Tp (°K)

H,;N—NH, 793 3795 4.9

ot
_N=NHz  7.21  .3608 4.0
CA,

\/N—NH2 7.87 .3485 3.3

\N—NHZ 5.2 .3429 2.0
/
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intercalate. The critical superconducting temperatures
for the hydrazine, 1,l-dimethylhydrazine and
methylhydrazine complexes are 4.9, 4.0 and 3.3°K,
whereas the pKgs are 7.93, 7.21 and 7.87 respectively.
This has been observed by DiSalvo for amine-TaS;
complexes in which an increase in pKg may produce an
increase or decrease in Tg,. This is confirmed by
nuclear quadrupole resonance data where the

electron density in the nonbonding nitrogen orbitals
of hydrazones does not correlate with T, of the
intercalated complexes. Bray and Sauer have observed
the same effect for pyridine-TaS; complexes (16).

The correlation of nuclear quadrupole resonance
derived charge densities with To is complicated by the
formation of two phase complexes-complexes which have
two distinct interlayer distances. For example, the
complex formed between TaS; and l-phenyl-1-
methylhydrazine _has interlayer distance increases of
13.00 and 6.26 A and the Sauer and Bray occupation
number for the hydrazine is 0.388. The temperature
for the onset of superconductivity for the complex
should be > 4.9°K, but the transition occurs at 2.9°K.

The synthesis condition, interlayer distance
increase, and the temperature for the onset of super-
conductivity of some TaS. amide complexes are included
in Tabtle 5. The intercalation of N-methylformamide
under various reaction conditions produces different
complexes., The complex formed at agmbient temperatures
had an interlayer spacing of 3.65 A and T, = 4.2°K.
The complex formed at 100° had an interlayer spacilng
of 3.00 A and was superconducting at 2.4°K. If the
reaction is carried out at 90° with ultrasonic mixing
of the reactants, the interlayer distance increases to
~50 g and the complex is superconducting at 2.7°K.
This evidence supports the previous observation that
there is no correlation between the interlayer distance
and the temperature for the onset of superconductivity
(2). Di-n-butyl formamide, N-methylformanilide, and
diformylhydrazine also form complexes with TaSg.
Diformylhydrazine formed a two phase complex with
interlayer spacing increases of 3.48 and 2.09 £ and
showed two transitions for the onset of super-
conductivity at 2.5 and 1.6°K. Interpretation of the
results of the amide complexes is complicated by the
tendency of these molecules to decompose under the
reaction conditions. Elemental analysis indicates the
possibility of the intercalation of more than one
specie for the N-methylformamide complex. The tendency
of amlde intercalates to decompose has previously been
observed by DiSalvo.
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TABLE §
Tas, - AMIDE COMPLEXES

SYNTHESIS
INTERCALATE TEMP, (°C} TIME (DAYS) 3(d) To (°K}
19
CHy-N—C—H 25 30 MINS. 3.65 4.2
100 14 3.00 2.4
90 14 ~50 2.7
cnscnzcnzcnz\ ]
SN-C-H 150 4 3.97
CH3CHaCHaCHR
u 1
H—C—NH~NH—C—H 150 5 3.48,2.09 2.5,1.6
9
&)-N—C-H 200 30 6.05
TABLE 6

TaS, COMLEXES EXHIBITING TWO PHASES

SYNTHESIS
INTERCALATE  TEMP. ("C)  TIME (DAYS) 8k Ta°K)
AN
N—NH, 25 14 13.00,6.26 2.9
CHy 100 5 6.26,4.08 2.9,2.4
H\ /CH3
N 100 30 4.85 2.7
CH3CHp0—P=0 150 30 4.85,3.95 2.7,1.5
b 150 60 3.95 1.5
L
CHy
CHy CH3
cHy N
>N—P=O 100 30 13.63,7.58 3.5
cAy
/N
CH3 CHy
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The preceding paragraph referred to the formation
of a two-phase complex between TaSgs and diformyl-
hydrazine in which the complex had two interlayer
spacings and two temperatures for the onset of super-
conductivity. The formation of two phase complexes
appears to be fairly general and there are interesting
relationships between o, To, and reaction conditions
(Table 6). Reaction of l-methyl-l-phenylhydrazine
with TaSp, at ambient temperatures yielded a two-phase
complgx with interlayer distance increases of 13.00 and
6.26 A which was superconducting at 2.9°K. Reaction
at higher temperatures yielded a complex in which the
13.00 distance disappeared and a new distance
(4.08 &) appeared. The 6.26 % interlayer distance
increase was present in both complexes. The same
appearance and disappearance of spacings was observed
in the formation of diethyl methylamidophosphate
complexes. The complex formed at 100° had one inter-
layer distance of 4.85 A and one temperature for the
onset of guperconductivity. The complex formed at 150°
had 3.95 £ and 1.5°K for the interlayer distance
Increase and superconducting transition, respectively.
At intermediate reaction conditions, the complex
formed had both interlayer distance increases and both
superconducting transitions. From previous results
the decrease in the transition temperature with a
decrease in interlayer spacing cannot be attributed
solely to the interlayer distance change.

It seems reasonable that the increased tempera-
tures and reaction times allow the intercalate to
reach an equilibrium orientation where electron
donation to the unfilled metallic bands is less
efficient, thereby causing a decrease in the transition
temperature.

Summarz

A number of organic intercalated complexes of the
2H-phase of TaS; have been prepared which have in-
creased Interlayer spaclings and enhanced critical
superconducting temperatures. There is a direct
correlation between the nuclear guadrupole resonance
derived charge densities of the intercalate with the
enhanced superconducting temperatures of hydrazine
complexes. Some organic intercalates form two phase
complexes which may have one or two temperatures for
the onset of superconductivity.
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Intermolecular Magnetic Exchange Interactions in

Molecular Crystals

J. M. GROW and H. H. WICKMAN

Oregon State University, Corvallis, Ore. 97331

Abstract

Intermolecular exchange interactions have been
studied in a representative, homologous series of
metal complexes: iron(III) bis (dithiocarbamates).
Several of these molecular crystals exhibit cooper-
ative magnetic order at temperatures below approx-
imately 4 °K. Exchange paths include weak interact-
ions between formally non-bonded molecular units.
The magnetic phenomena are sensitive to zero-field
splittings within the orbital-singlet, spin-quartet
ground term of iron(III).

Discussion

Molecules containing a single paramagnetic ion
surrounded by bulky, organic ligands often form
magnetically dilute molecular crystalg. For metal-
metal distances greater than about 7 A, the dipolar
fields are significant as an origin of magnetic order
only at temperatures below ~0.01 °K. Hence, most such
metal complexes remain simple paramagnets to quite low
temperatures. However, several homologues of the
iron(III) halo-bis-dithiocarbamates order magnetically
at temperatures in the range 1-4 °K (1-3). We
summarize here certain structural or crystallographic
features of these complexes which appear to be
important determinants for exchange paths in these
molecular crystals. In addition, we note that
variable ground term crystal field interactions may
enhance or depress the cooperative transitions for a
fixed crystal structure or set of exchange paths.

The structural formula for an iron(III) bis-dtc
is given in Fig. 1. Much of the crystallographic
information on bis-dtcs has been reported by Hoskins,
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Structural formula of a halobisdithiocarbamatoiron(I11) complex

Figure 1.
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Martin, White, and co-workers (4-6). For example, the
dimensions given in the Figure are for the diethyl-
chloro derivative (Rj = ethyl, i=1,4; X = Cl) (5).
The iron(III) is situated near the centroid of a
rectangular pyramid whose apex may be occupied by a
monovalent anion (halide, SCN™~, etc.) and whose base
consists of 2 pair of sulfur atoms from the dtc
ligands. This symmetry leads to an orbital-singlet,
spin-quartet ground term (4). The four-fold spin
degeneracy is removed by spin-orbit effects, together
with metal-ligand interactions (7-8), and two Kramers
doublets, separated by ~2 to 20 cm~!, are commonly
observed (9).

The foregoing level structure is attractive for
magnetism studies. First, the low-symmetry environ-
ment is felt within the S = 3/2 manifold as a second-
rank crystal field potential, described by only two
spin-Hamiltonian coefficients. Second, the magnetic
exchange is represented by an isotropic Heisenberg
interaction, owing to the small orbital character of
the ground term. These interactions often turn out
to be small compared with the crystal field splittings;
the result is that the magnetic properties may be
discussed within a single ground Kramers doublet. The
well-known Hamiltonian for the spin-quartet manifold
is

A _ Az _l Az -Az _ a ._‘
K = E{D[Siz 3S (s+1) 1+E (s} siy)} (iiijijsi S;- M
r

The parameters D and E describe the crystal field and
the remaining term represents magnetic exchange.

Both ferromagnetic, chloro-bis-diethyldtc (1),
and antiferromagnetic, iodo-bis-~diethyldtc (3),
homologues are known. The transition temperatures are
2.48 °K and 1.9 °K, respectively. More recently we
have observed cooperative transitions in the following
complexes: Fe (morphylyldtc),I, Fe(morphylyldtc):Br,
Fe (morphylyldtc).Cl, Fe(pyrrolidyldtc).Cl1,

Fe (pyriolidyldtc).I, and Fe(pyridyldtc).Cl. In these
complexes, the magnetic order has been observed by
Mossbauer spectroscopy (1,2). All transitions occur
below 4 °K. -

Crystal structure data provides a means for
identifying exchange paths between atoms in adjacent
molecules., Only a few structures have been reported,
but included are the ferromagnetic and antiferro-
magnetic derivatives mentioned above (5-6). A
detailed discussion of the orientations of the
molecules in connection with exchange paths is
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available elsewhere (3,5,6). We have recently obtained
structural information on the SCN-bis-diethyldtc,
bromo-bis-diethyldtc, and isodo-bis-morpholyldtc-
toluene adduct. The latter exhibits a magnetic tran-
sition at approximately 2 °K.

The following picture emerges from a study of the
structural information. As expected, iron-iron
distances in all complexes are in excess of 7 A. 1In
those complexes whose structure is known and which
show a magnetic transition, or exchange broadened epr
spectra, there exists a juxtaposition of molecules
such that there is an intermolecular S--++S linkage.
That is, we may write the intermolecular interaction as
Fe-S+++S-Fe, with the Fe-S units belonging to distinct
molegules. The S--+S distance is typically 3.6 to
4.5 A. The exchange often propagates through the
lattice in rather complicated paths: however, simple
dimer interactions may also occur. Because of the
packing characteristics of the particular lattice
determined thus far, we have not observed molecules
arranged so that the potential strong exchange path
Fe-X-++Fe-X is favored. We have also not observed
packing which produces sandwiched dtc ligands, such as
overlapping aromatic ring structures. Our pmr shifts
(3) show a delocalization of the iron spin den51ty to
the dtc periphery, but the major delocalization is to
the immediate iron ligands. This is of course con-
sistent with the Fe-S-+++S-Fe type exchange paths.

It is interesting that the existence of sub-
stantial exchange interactions is a necessary but not
sufficient condition for magnetic order in the
temperature range of our experiments, T > 1°K. This
may be seen by considering the effect of ground Kramers
level anisotropies on the collective magnetic
properties of the complexes. That is, we consider a
situation where a fixed intermolecular exchange exists
between molecules in two isomorphons lattices. The
molecular lattices are assumed to differ only in the
type of splitting that occurs in the ground S = 3/2
manifold. In Eq. (1), if D is large in magnitude and
dominates the rhombic crystal field and the exchange
term, we may rewrite the exchange interaction within
the ground Kramers doublet using an effective spin
S = 1/2 (low temperature approximation). This
illustrates the magnetic anisotropy of the original
|s = 3/2, M_ = ¢ 3/2> Kramers doublet. The result is

A Py Py

Wy =2 1 99355:,5;, (2)
(i,3)
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This is the usual Ising Hamiltonian (E is neglected).
Upon changing the sign of D, but maintaining the
relative magnitudes of the interactions, the
alternative ground doublet yields the anisotropic
Heisenberg interaction

Wa=-2 I

(i,3)

It is easily shown (10) that in the molecular
field approximation the ratio of magnetic transition
temperatures with and without the crystal field D
term (exchange forces constant), is given by the
expression

~ A ~

[§. S. +4(§

Jij iz"iz 1xij+siysjy)]' (3)

TC(D)/TC(O) =3 <szz>Tc/S(s+1) (4)

In Eq. (4), <S Z> is the ionic expectation value of
Sz2 at the magﬁetle transition temperature. For
D++» and our low temperature approximation with H
parallel to the z-axis of Egs. (1)-(3), the ratio
is

exch

TC(D)/TC(O) =1/5. (5)

This represents a depression of the ordering temper-
ature due to crystal field effects. Conversely, as
D+-», we find

TC(D)/TC(O) = 9/5,. (6)

Thus the transition temperature is enhanced. 1In
either case, however, the crystal field induced
anisotropies are important factors in the occurence
of magnetic order in a bis-dtc. This point becomes
important when it is necessary to assess accurately
the magnitude of exchange constants in Eq. (1) while
working with systems in which only a single Kramers
level is occupied (3).

Ideally, it is desirable to know in some detail
the spatial distribution of spin density in the
periphery of a molecule, since this in large measure
dominates intermolecular exchange. A single, static
orientation of molecules in a crystal lattice does
not provide this information. Fortunately, molecular
crystals often exhibit polymorphism in their crystal
habits, or they may form several solvent adduct
structures. We have recently found that such is the
case in Fe (morphylyldtc),I. At least five polymorphs
and/or solvent adducts have been isclated; each
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exhibits somewhat different magnetic properties.
Determination of the crystal structures is in progress.
As the relative orientations of molecules are
correlated with magnetic properties, we expect a
further extension of our understanding of factors
important for magnetic exchange in Van der Waals'
lattices.
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Computation of Field-Swept EPR Spectra for Systems

with Large Interelectronic Interactions

R. L. BELFORD, P. H. DAVIS, G. G. BELFORD, and T. M. LENHARDT

Center for Advanced Computation, University of Hlinois, Urbana-Champaign, I1l. 61801

Abstract. The computation of field-swept epr spectra from a
physical model often is a particular problem for metal systems
having large interelectronic interactions, because of the large
field range covered. This contribution points out that theoret-
ical formulations can be devised specifically for this purpose
and sketches the development and use of two such methods - one
exact and one approximate,

1, Introduction

As several other contributions to this volume attest, elec-
tron paramagnetic resonance is among the most important tools
for studying electronic interactions between metal centers,
Large zero-field splittings, leading to epr transitions over a
wide range of magnetic field in the typical fixed-frequency
spectrum, characterize many high-spin multicenter systems. In
these cases, computation of predicted epr spectra from trial
Hamiltonian parameters is complicated by the fact that the
Hamiltonian is a function of the spectroscopic sweep variable,
the magnetic field. Suppose all the Hamiltonian parameters
which characterize a system are given., Then the problem is to
find all values of the magnetic field, x, such that two eigen=-
values of the Hamiltonian differ by the spectrometer energy, W.
In the usual case of linear Zeeman terms, a system of n basis
states may give rise to as many as n(n-1)/2 different transition
fields. Although the two energy eigenvectors associated with
each transition field are orthogonal, neither need be orthogonal
to any of the other n?-n-2 eigenvectors involved in transitions
at the other fields. Various methods to treat this problem are
commonly employed (1). One example is ccnstruction of a map of
energy levels as functions of field by eigensystem solution on a
fine magnetic field grid (2). Another is the conventional per-
turbation treatment in which the magnetic field (or field shift)
is the perturbation parameter and the energy levels and thus fre-
quency are developed as power series in the field (shift); the
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frequency series must be terminated and the correct root of the
polynomial w(x)-w extracted (3,4). While all these methods can
be made to work, and some do very well in some cases, they are
generally adapted with minimal modification from techniques ap-
propriate to calculation of energy levels for systems charac-
terized by fixed Hamiltonians. As such, one might expect them to
be generally less efficient or less precise and direct than
methods especially developed to handle the fixed-frequency field-
swept problem. We have begun to look into the possibility of de-
vising such methods, and here we outline two of them. The first,
the eigenfield formulation (1), displays all the transition
fields as the real eigenvalues, x, of a generalized eigenvalue
equation AZ=xBZ. Section 2 discusses the eigenfield technique
briefly; it has been described in some detail recently (1) as has
its application to time-dependent slow-motion or exciton hopping
problems (5). The eigenfield approach is exact and straightfor-
ward but slow for problems with many basis states. The second
method, developed in Section 3, is a perturbation formulation de-
vised to predict transition fields,

2. Eigenfield Equations for Exact Calculation

A recent paper (1) describes a new (generalized eigensystem)
formulation for exact calculation of resonance fields and inten-
sities for a molecule or lattice site described by a time-
independent Hamiltonian which is a polynomial function of field;
it also describes some properties of this formulation, which we
call the eigenfield equation, The eigenfield concept can also be
used to facilitate solution of relaxation master equations, which
provide intensity as a function of field for molecules in slow
motion or for exciton hopping among lattice sites in a crystal
(5). Here, we restrict our discussion to a simplified develop-
ment of the static eigenfield equation for systems with linear
Zeeman terms and to a practical application to a system of inter-
acting transition metal ions. As we shall see, the eigenfield
approach is very attractive because it is a direct, straightfor-
ward, exact method, but at present it has the drawback that com-
putation time increases much too rapidly with the number of basis
states. Accordingly, until better numerical techniques are de-
veloped for computer solution of the eigenfield equations, the
method is of practical use only for systems having just a few
(~10) basis states. It does provide resonance fields and transi-
tion vectors of high accuracy which we have employed as test
standards of excellence for approximate methods.

2.1 Development of Eigenfield Equation, For convenience,
we use the matrix representation throughout, Matrix operators,
vectors, and scalars are distinguished by context, not by special
symbols. The Hamiltonian, H, for the problem is the sum of two
parts -- a zero-field term, F, (exchange coupling, dipolar and
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pseudodipolar coupling, hyperfine coupling, etc.) and a Zeeman
term, xG (electronic and nuclear Zeeman energies). Here x de-
notes the magnitude of the magnetic field. For example, the
coupling of two Cr**" ijons ($=3/2) may be described by a spin-
Hamiltonian H=F+xG in which |==D(s,22+szzz-5/2)+’§'z-‘{:f-lé’zzus.-32
and G=fe.-g-S, where e denotes a unit vector in the direction of
the magnetic field.

Now for a fixed spectrometer energy, w, resonance lines will
only occur between two states, u-sv, when the following two condi-
tions are satisfied together:

(F+xG-g)u=0 ,
( F+xG -€-w) v=0

That is, if ¢ is the energy of the lower state, e+w must be the
energy of the upper state. The two coupled equations can be
converted into a single one which contains only one eigenvalue,
X, by means of outer-product algebra. The outer product, A B,
of an mXn matrix A and an m'Xn' matrix B is an mm'Xnn' matrix:
(A®B); i kM A®B) i st nrkent+kt RikBi k- The outer
product operation has the following useful properties: (1) it is
associative; (2) A®B is Hermitian if and only if A and B are
both Hermitian; and (3) (A® B)(C ®D)=(AC) ®(BD) (6). The two
equations [2-1] can be outer-multiplied on the right and left,
respectively, by Iv and Iu (I denotes a unit matrix), converted
by use of property (3) of the outer product, and subtracted to
yield the eigenfield equation:

{2-2] (FRIFIQFWIRID(u@V) = xX(I®RG-6RI)(u®v)

[2-1]

2.2 Properties of Eigenfield Equation. Here we summarize
some of the more important properties of [2-2] and its solutions;
a more detailed description is found in ref, 1. Equation [2-2]
is a generalized eigenvalue equation of the form AZ=xBZ, where
the operators A and B are Hermitian matrices of order n? ( for H
of order n) and the eigenvectors, Z, are transition vectors u®v
of dimension n?, Accordingly, there are n? eigenfield values.
The form of B insures that it is at least n-fold singular; there-
fore, n of the eigenvalues are infinite. They correspond to un-
realizable transitions from an energy level to itself. In gen-
eral, if the eigenvalues of the Zeeman operator, G, are grouped
into degenerate sets, B will have singularity equal to the sum
of squares of those degeneracies (Im?); therefore there will be
(n?-Zm?) noninfinite eigenfields (1). Normally, these will
occur in pairs of equal magnitude but opposite sign, reflecting
the physical fact that reversal of the magnetic field direction
does not change the resonance spectrum (cf. ref. 1 concerning
the time-reversal symmetry of F and G). Thus, there are
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5. BELFORD ET AL. Field-Swept EPR Spectia 43

(n%2-Zm?)/2 physically distinct transitions. Moreover, A is posi-
tive-definite (i.e., all of its eigenvalues are greater than 0)
if and only if the spectrometer energy is greater than the total
span of the zero-field energy levels. Only in this case are all
eigenfield values guaranteed to be real. Obviously, complex
eigenfield solutions, like the infinite ones, are physically
spurious; thus there actually may be fewer transitions than
(n?-Zm2?)/2. Intensities are readily obtained from eigenfield
transition vectors (1).

2.3 Example of Eigenfield Equation. The eigenfield method
yields all transition fields and intensities with no substantial
difficulties; it is effectively automatic, and we have been using
it routinely for small problems (e.g., triplet states, S=I;
coupled doublets -- i.e., binuclear Cu(II) sites, §,=S,=1/2;
quartets, S=3/2) both for generation of fixed-orientation spectra
and for simulation of powder spectra. Since the work and storage
requirements increase very rapidly with size of basis set, the
largest problem which we have yet handled by direct solution of
the eigenfield equations is that of a coupled Cr¥+t-Cr*** pair,
for which F and G are 16x16 matrices and A and B consequently are
256x256 matrices, That will be the example described here, We
take two identical S$S=3/2 ions on the z axis with isotropic Zeeman
terms and axial inter- and intra- ion zero-field terms. The pair
basis set can be constructed as the outer product of basis sets
for the two $=3/2 particles, and the 16x16 pair Hamiltonian as
the outer product of 4x4 single-particle factors. Therefore, we
can set up the entire problem in terms of 4x4 matrices. Our ex-
ample is as follows:

[2-3]
F=D(S,? @ I+1 @5,%-2.51 @ 1)+d(25, @ 5,-S, @ S.~Sy @sy)

[2-4] G=gB(cose[SZ®I+I ®sz]+sine[sx®1+1®sx])

The magnetic field is in the xz plane at an angle § to the z
axis, Here I is the 4x4 unit matrix, and SZ is a diagonal

matrix with values (-3/2,-1/2,+1/2,+3/2), and S, and S are as
follows: 4

[2-5] 0/3 0 0 0/3 0 0
5 =1/2 /3 0 2 0] S_/-2| Vi 0 2 0

0 2 0/3 Y 0-2 0/3

0 0/3 0 0 0/3 0

Parameters for the three tests at 6=1,5% 51° and 88,5° were
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w/B=6802, 6523 gauss, g=1.9759, D/B=1006,25 gauss, and d/B=
-107.74 gauss,

Now F and G are readily (and in a computer program, quite
easily) constructed, as are A and B, For example, the first
term of F leads to a diagonal matrix contribution to A,
(SPRIPIPI-IRI®S,>®I), its diagonal elements being
(D/4) (64 9's, 128 1's, 64 9'3()- (p/4) (16 repeats of the pat-
tern 4 9's, 8 1's, 4 9's),

Note here that G has 2 nondegenerate eigenvalues (+3g8), 2
twofold (+2g8), 2 threefold (+gB), and 1 fourfold (0) degenerate
sets. Thus there must be exactly 2+8+18+16=44 infinite fields,
The computer program yielded 44 fields between 3x10'” and 3x10'%in
absolute value. In no case was the computed intensity for one of
these 'infinite-field' transitions as great as 1072% (strongest
line=1), Also, since for our test cases D and d are sufficiently
small compared with w (w>|90/2|+ 9dL) so that F is positive=
definite, there should be exactly (256-44)/2=106 real positive
eigenfields and 106 negative images. The computer results also
showed this feature, with the plus-minus pairs generally agree-
ing to 14 digits, At 6=51° the 106 eigenfields ranged from 404
to 3716 gauss.

A useful feature of the eigenfield program is that it pro-
duces field values and intensities for all lines at once. Here,
it is interesting to see that several lines are predicted in the
400-900 gauss region with intensities ~, 01 to .03% of those of
the most strongly allowed lines and ~1-3% of those of the weaker
lines in the 1000 gauss region. These are essentially double-
spin-flip transitions involving excitation of one ion and de-
excitation of its partner; under some circumstances they could be
observed experimentally and would be sensitive to the intermolec-
ular coupling, Most approximation methods would provide only
the 'normal' lines, with the result that experimentalists might
ignore the abnormal ones altogether.

The computer program used to solve this generalized eigen-
value problem was written by A. Sameh and C. Chang of the Uni-
versity of Illinois' Center for Advanced Computation. Their
method (''$QZ'') is a version of the QZ algorithm of Moler and
Stewart (7), which we have used (1) for smaller problems. The
SQZ algorithm (8) requires that A and B both be real, symmetric
matrices (with one of them positive definite) and then takes ad-
vantage of symmetry to generate solutions more rapidly (and often
more accurately) than QZ. Even then, the example discussed here
required about ten minutes of processing time on an IBM 360/91
computer, whereas a system of two coupled ions of S$=1/2 each
would require only a small fraction of a second, The space re-
quirements were also formidable, the example given requiring more
than one million bytes, The reason for the time and space dif-
ficulties is that the current state of numerical analysis of gen-
eralized eigenvalue problems is as yet quite primitive; neither
QZ nor SQZ takes any advantage of the sparseness or special form
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of A and B, Advent of a numerical method which does so will
make the eigenfield formulation widely practical for reasonably
large systems.
A measure of the goodness of the eigensystem is the residu-
al Ry associated with each eigenfield xi. The program calcu-
maxi[(A-ka)Zk]i
lated for each field a residual R, = , where
kTTATT + e[ 1Bl

||A|]Emax Z_|A ‘, and the normalization of Z, is chosen so that
L7pl Lp k
Osﬁksl. An exact solution must give a zero residual, and a good

solution cannot give a large residual, The residuals were all
less than 107!'° many of them less than 107'7, We suggest that
these residuals could be calculated to check on accuracy even
when some other method (e.g., perturbation technique) is used to
obtain the transition fields and associated vectors.

3. Frequency=-Shift Perturbation

3.1 Approach, The Hamiltonian, H(x), is a prescribed
function of the field, x. The spectrometer frequency, w, is
given. We choose a starting approximation x° and find the
eigensystem of H(x°) to obtain zero'th order states of origin
and termination, u® and v° energies, u and v, and frequencies,
wo=v-u. Then we regard the frequency shifts, &w=w-w® as per-
turbations, That is, to any initially calculated frequency we
add a perturbation A® where A is a perturbation parameter and
develop a perturbation series for the field: x=x A X HAZx"+, |,
As in the standard versions of perturbation theory, initial de-
generacies cause complications and must be handled carefully,

The approach described here allows perturbations in other parts
of the Hamiltonian -- for example, nuclear hyperfine, quadrupole,
and Zeeman terms -- to be treated along with the frequency shift,

3.2 Nondegenerate Case. As before, let H=F+xG, where F is
the zero-field operator and G the Zeeman operator, Let the n'th
prime on any symbol denote its n'th order contribution. Then the
following relations hold,

«©
H=>g>\"H( "), HO=FO4x0G0, H'=F'+x%G'+x'GY,

[3']] H(n)=X(n)G (n-')GI’

O4x n>2

Notice that we have assumed F=F°+\F' and G=G%+\G'; higher order
terms may be included if desired,

[3-2] Hu=e u and Hv=€ v; € -€ =w={1-\) &
u v v u
{3-3] u:Zu(n)Xn, v:va(n)Xn
n
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[3-4] € =N+ T )\"e( n)
u n>1
[3-5] e =(pw?)m(p'+w)+ = x"e( n)
v n>1

The difference between the usual sort of perturbation treatment
and this one is simply that here we let x have corrections to
all orders as forced by the constraint that w has only a first
order correction, while normally one introduces all the correc-
tions to x as a first-order term, thereby causing w to have con-
tributions in all orders,

Now expansion of [3-2] and isolation of the coefficient of

A" for each n leads to the following.
(Ho%-p)u'+H{H'=p')u’=0
[3'6] (Ho_p‘_WO)vl_*_(Hl_u|_w) V°=0
(Ho-u)uu"l"(H'-u')u’.}.( Hll-en)u0=o
[3-7]

(HO=p=wO) V' +{ H' =p' =bw) v' H{ H''=€") vO=0

In general, for n>2, we have

_ n R . s
(Ho-u)u(n)-F(H'-\.L')u(n ])+'22(H(J)-8(J))u(n J)=o
e (n) (1), B (D)) )
(HO=p-wO) v " {(H' ot =) V' " 4322(H O A LA
J:
Each order is represented by a coupled pair of equations,
Taking the inner product of the first equation in each pair with

u® and the second with v®, subtracting, and rearranging with the
aid of [3-1], provide equations for the successive corrections to

the field, For convenience, we let (u(n),u°)=( v( n),v°)=6no.

- L § <F o 1 (! o _no
[3-9] X [&H(Fuu Fvv)+x(G uquv)]/(G vauu)
[3-10] . , ,
| -F! 1 - ' - [
x”=F u'u F V'V+x (G u'u G V|V)+X (G u'u G V'V+G uu G VV)

0 .0
(6 vauu)

etc. Here we use the condensed notation (u',Gu®)=G etc,

u'u’
The complete prescription for a perturbation solution is now
clear. One first calculates (u® v% u,w®, tw) by exact diagonali-
zation of H°. Then one finds x' by [3-9], w' from one of the
equations which is a precursor to [3-9], and u' and v' from
[3-6]. The process can continue to any order. It is also pos-
sible, as in the standard perturbation developments, to derive
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the first 2n+l corrections to the eigenfield from the first n
corrections to the eigenvectors,

A good strategy of calculation is to work in the basis in
which H® is diagonal; then many of the relationships take a sim-
ple form, In our first programs using frequency-shift perturba-
tions, we start by applying to all matrices in the problem the
similarity transformation which diagonalizes H®. From this
point until the end (where eigenvectors are transformed back into
the original basis for output) we work in this basis and find
that the programs thereby can be made very economical. We have
programmed the method up to fourth order in values and third
order in vectors,

3.3 Example of Frequency - Shift Perturbation and Compari-~
'son with Eigenfield Results. We have used a+I£equency-shift
perturbation program to analyze the crtttecr pair spectra de-
scribed in the next paper in this volume (9)., The eigenfield
examples described in Section 2.3 provided standards of compari-
son for the frequency-shift perturbation program. For these
studies, only the frequency shift was taken as the perturba-
tion -- i.e., F'=6'=0. No actual degeneracies of H°® caused
trouble, The diagonalizations of H® used the widely available
EISPAC matrix eigenvalue package. Generally, the perturbation
program, up through fourth-order field corrections, requires
only about 14 of the processing time expended by the eigenfield
program, and it can be made more efficient. It also requires
only a fraction (~10%) of the storage space used by the eigen-
field program,

For the most part, agreement between the exact (eigenfield)
and the perturbation fields was good to 6, 7, or 8 significant
digits (i.e., the differences were ~1073 gauss or less). A
typical result is given below; 8=519:

x%=1022.94, x'=59.5029, xi'=-0,1604, x'"'=0,0066, x'"'=-0,0003
x=1082, 288879, (Compare exact=1082,288891)
Intensity: O0,1013 (Compare exact=0,1013)

Final vectors (all in agreement with the exact result to
the four places printed):

u={ . 0720, .0672, .1350, , 2371, .0672,~.0938, -, 1747, -, 4974,
.1350,-,1747, , 1826, ,3233, .2371,-,4974, .3233,-.1728)

v=( . 0026, . 0086, ,0256, ,0612, 0086, .0259, ,0707, .1571,
. 0256, ,0707, .1812, ,3827, ,0612, .1571, ,3827, ,7780)

In almost all cases, the results could be improved by a
very simple, rapid extrapolation of the third and fourth order
field corrections toward infinite order. The idea behind the
extrapolation is that the successive perturbations may approxi-=

. . j+ j .
mate a geometric sequence, i.e,, x(J I)=rx(J) where r is nearly
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constant for j>3, By taking x!"!/x!'' to be this ratio, the per-

turbation serfes x{ ) ax{ %), . sums to (X" 2/ (x"M-x") . Some
examples follow:

23x<J)=lozz,9a+173.0747-2.0890+o.7314-o.2216=119a.4355
x(extrapolated)=1194, 4870 x{exact)=1194, 4857,

ng<J)=]022.94+97,7430-0.6986+0.09]5-0.0157=1]20.0602
x{extrapolated)=1120,0625 x{exact)=1120,0626,

z§x<J)=1022,940+A07.033+3,635—15.536+10.061=1428.133
x(extrapolated)=1424,178 x(exact)=1425, 149,

The last case in the previous paragraph illustrates a slow-
convergence problem which occurred occasionally and whichwas in a
few cases manifested by divergence of the perturbation series,
These cases occurred when the character of one or both of the
state vectors involved in a transition was changing very rapidly
with field, so that the range of convergence of the perturbation
method was pathologically small -- i.e., only a small 8w could
be tolerated, This tends to happen close to the crossing point
of two interacting states, We suffer no severe difficulties
from this problem, because it is easy to recognize such cases
and to correct them by trying a new x°, However, for a practi-
cal self-contained program, one would reed to devise an algo-
rithm for automatic recognition and adjustment, Incidentally, in
the pathological cases the vectors and intensities are far worse
than the fields, As expected, here the approximate method,
though faster, is much less foolproof than the exact (eigen-
field) method,

In some cases, the same transition was computed starting
from two or three rather distant values of x°, In most cases,
the agreement was reasonable, Of course, large field shifts from
x% produced less accurate results than small shifts, the patho-
logical cases mentioned above excepted, Some comparisons follow:
For 8=88,5%, x(exact)=2858,5430, intensity=1,0007, Three pertur-
bation trials from different starting fields produced

ng< J ) =2200+655, 8418+3, 7346-1,3842+0, 4590=2858, 6512
x(extrapolated)=2858, 5269 ; Intensity=0.9985

ng(J)=2900-4].4622+0.005]+0.0001+0.0000=2858.5430
x{extrapolated)=2858,5430; Intensity=1,0000

Z;X(J)=3600-7b2.398|+0.6875+0.1904+0.0b83=2858.528]
x(extrapolated)=2858, 5445; Intensity=0,9990

A1l the third-order vectors agreed to within a few parts in the
fourth decimal place for each vector component; in each case the
transition arose from the 5th=10th levels of the starting
Hamiltonian,
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3.4 Degenerate States, Suppose that a field position must
be computed from an inigially degenerate set of transitions,
Consider {u.,...,up}—{v|,...,v }, where the set {u®} is a p-fold

degenerate set of eigenstates of H® and {v°} a gq-fold set,
0 0
[3-11] H°u?q¢ui; H°v;=(u+w°)vj

There are several ways to proceed, Normally, a degenerate per-
turbation treatment would call for diagonalization of H' within
degenerate blecks of H°, However, that is not always possible
here, a priori, because H!' is F'+x%G'+x'G%, in which x' is not
yet known, The desired separation can be obtained by diagonal-
izing both the Lu°} and the {v°®} sub-blocks of F'+x°G' and then
diagonalizing G° within any remaining degenerate blocks, If any
degeneracies persist, they must be attended to in higher order,

An alternative for degenerate zeroth-order states leads to a
small eigenfield problem, Beginning with [3-11], one gets the
following pair of first-order equations analogous to those for
the nondegenerate case,

Eibi(H'-u')u?+(H°-u)u'=O
[3-12] 0
chj (H'-u'-éw)vj+(H°-u-w°)v'=0

Taking the inner product of the first equation with uz on the
left, and the second by vo, and denoting the submatrices of H!'

within the {u°} and {v°} blocks as h" and hY and the vectors of
coefficients bi and cj as b and c respectively, we get the fol-

lowing matrix equations.
[3-13] (hY-u' 1YY b=0; (hY-(u'+5w) 1Y) c=0

(Here 1Y denotes the unit matrix having the same order as AY --

i.e., p.) Applying ()Ivc to the first and I'b ® to the second
of these equations and subtracting yields [3-14] .

[3-14] (WM IV-1"@ h+swI" @ 1Y) (b ® ¢)=0

The form of h” is now fu+x'gu, where f and gu are submatrices
within the {u°} block of F'+x°G' and G°, respectively, Thus
[3-14) can be rearranged to [3-15],

[3-15]
(F@I-1"@ M +wI" @ 1) (b® ) =x"(1"® ¢"-¢" @ 1) (bB c)

This is a small eigenfield equation based on the transitions
from the {u®} to {v°} blocks; the eigenfields are the first-order
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transition fields for these transitions, and the eigenvectors
are the correct zero'th order transition vectors,
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Multisite Magnetic Interactions in Hexaurea-
Metal(III) Halide Lattices

PHILLIP H. DAVIS and R. L. BELFORD

University of [llinois, Urbana, Ill. 61801

Introduction

X-ray crystallographic studies carried out in our laboratory
and others on a number of salts of the type Murea)sXs, where M =
Al, Ti, V, Cr, or Fe and X = halide or perchlorate, have shown
them to be isomorphous (1-7). Furthermore, where complete x-ray
structure determinations were done, the molecular geometries of
the various FKurea)63+ complex ions were found to be virtually
identical (2-7). The crystal structure is such as to suggest the
possibility of observing weak one-dimensional interactions be-
tween the metal ions which occur in infinite linear chains paral-
lel to the crystallographic c-axis. The existence of the iso-
morphous series provides an opportunity for a variety of compara-
tive studies. For example, by varying the concentration of the
paramagnetic species in binary systems involving one of the para-
magnetic ions doped into one of the diamagnetic aluminum salts,
it would be possible to vary the effective length of the chain
along which interactions might take place. Also of interest are
studies of interactions among different paramagnetic ions in
binary and ternary systems (e.g. Cr:Ti(urea)sXs and
Cr:Ti:Al{urea) sXs).

Structural Background

The above salts crystallize in the trigonal (rhombohedral
space group R3C with approximate unit cell parameters a = 17.5
and ¢ = 14,0A, Table I provides a comparison of unit cell
parameters for the various salts.

The basic structure of the complex ion is shown in Figure 1.
Each triply primitive unit cell contains six formula units. The
metal atoms occupy the six-fold set of special positions a of 32
symmetry. While the complex is thus crystallographically con-
strained to possess D3 symmetry, the coordination polyhedron is
very nearly a regular octahedron, Two types of distortion of an
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Table I
Comparative Unit Cell Parameters for Salts M(urea)éxsa
Compound g_(X) c (R) Ref,
Al(urea)¢I; 17.539( 3) 13.855(8) 6
Ti(urea)¢Is 17.67(2) 14,15(2) 3
Ti(urea)«(C10,)35 (300°) 18.132(5) 14.149(5) 4
Ti(urea)s(C10,)s (90%) 17.57 13, 84 5
Cr(urea) I 17.53 13.87 6
V(urea)sI5 (300°K) 17.49(2) 14,38(3) 7
V(urea)¢I5 (90%) 16, 74( 3) 14.22(3) 7

%Where known, estimated standard deviation in last signifi-
cant digit given in parentheses.

octahedron are possible which maintain at least Ds; symmetry. The
first involves the compression or elongation of the octahedron
along a three-fold axis and is manifested in a deviation of the
angle (commonly denoted §) between an M-0 bond and the three-fold
axis from the octahedral value of 54.74° The second distortion
involves a twisting about the three-fold axis of opposite faces of
the octahedron resulting in a deviation from 60° of the angle
(usually denoted ) between projections onto the plane of the
metal atom of successive M-0 bonds. Distortions of the former
type are virtually absent in these complexes (note, however, that
the symmetry of the electron distribution about the metal atom

may differ significantly from that of the positions of the atomic
centers of the coordinating atoms), while those of the latter type
are small but significant., The chief observable difference in
molecular structure among the various M&urea)é3+ ions lies in the
M-0 bond length, which ranges from 1.88& in the Al complex to
2.048 in the Ti complex (perchlorate salt). Table II lists com-
parative values of the M-0 bond length and distortions from octa-
hedral geometry for these complexes,

In the crystal the complex ions form infinite linear chains
along the three-fold axis (crystallographic c-axis). Successive
ions are related by an inversion center and the separation between
metal atoms is equal to one-half of the c-axial length. Each such
chain is 'insulated' from its neighbors by six chains of anions.
The ions forming each of the latter chains are related by a three-
fold screw operation (hence the vertical separation between ions
is equal to one-third of the c-axial repeat). The chains are very
nearly linear, the ions being located very close to the axis of
rotation. The entire structure is held together by a three-
dimensional network of hydrogen bonds involving shared halide
ions, but there are no direct hydrogen bonds between successive
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Table II

Comparison of Molecular Geometries for Salts P(urea)6X3a

8 &p
Compound M-0 (K) (degrees)b (degrees)© Ref.
Al(urea)¢ls 1.883(4)  55.1(3) 6.4 6
Ti(urea)¢ls 2,014(5) 55.5(3) 5.5 3
Ti(urea)g(Cl10,) (300%) 2.04(1) 55.4 5.0 4
Ti(urea)s(C10,)5 (90°%) 2,00 55.1 5.0 5
V(urea)¢I; (300%) 1.98(2) 55.3(7) 7.0 7
V(urea)sI5 (90°K) 1.93(1) 53.5(2) 7.0 7

%Where known, estimated standard deviation in last significant
digit given in parentheses.

Poctahedral geometry requires § = 54.74°,

“Deviation plus and minus from octahedral @ = 60°,

M(urea)63+ units or between the chains of these ions, Figure 2
illustrates the manner in which the ions are packed in the
crystal,

The crystal structure of V(urea)sIs has been determined at
both room temperature and at about 90%°K (7). On going to the
lower temperature, the unit cell undergoes a small anisotropic
contraction (see Table I). This is accompanied by small changes
in the coordination geometry, notably a decrease of 0.0SR in the
V-0 bond length and an elongation of the coordination polyhedron
along the three-fold axis, decreasing § from 55,3° to 53,5% The
structure of Ti(urea)¢(C10,)s likewise has been determined at
high and low temperature (4,5). The changes in structure were
parallel in nature to those for V(urea)¢ls (see Tables I and II),
although matters were complicated by an observed disordering of
the perchlorate ions,

Interactions in Cr{urea)sXs

The failure to recognize the presence of interionic interac-
tions appears to have been responsible for the incorrect inter-
pretation of the electron paramagnetic resonance (epr) spectrum
of Cr(urea)4Cl; in a previous paper (8). For a Cr3* jon in an
axially symmetric environment, the epr spectrum is usually fitted
to a spin Hamiltonian of the form

¥ = gllsﬂz§z + 918(H,S +ﬂy§y) + D[s,2-S(5+1)/3] (1)

evaluated for S = 3/2. From such a Hamiltonian one predicts
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three allowed (AMS = +1) transitions occurring at fields hv/g8

and (hv+2D)/gB when the magnetic field is in the z direction and
at approximately hv/g8 and ( hv+D)/gB when the magnetic field is
anywhere in the xy plane, Figure 3 shows the epr spectrum of
Cr(urea) 4Cl; powder as well as spectra of a single crystal of
this compound at several orientations, Clearly the single crys-
tal spectra are not consistent with the above Hamiltonian, yet
when averaged over all possible orientations they give a powder
spectrum which is similar in overall appearance to that which
would be expected for Hamiltonian (1) (albeit poorly resolved).
Interpreting the powder spectrum on this basis and assuming that
the shoulders extend to the extrema (dH/d8 = O)associated with the
parallel field position, one calculates values of g = 1,98 and

D = 277x10~% cm™' in agreement with those previously reported (8).
= When Cr(urea)¢3t is present to the extent of a few mole-% in
the Al(urea)4Is lattice, the principal features of the epr spec-
trum, including not only the angular dependence of the resonance
field positions of the allowed transitions but also that of the
formally forbidden AM_ = +2,43 transitions which are predicted to

have observable intengity when the magnetic field is approxi-
mately mid-way between the z-axis and the xy plane, are ade-
quately described by the Hamiltonian (1) with gy = gl =1,9752

and D = 483,4x10"% cm~! (we also observe hyperfine coupling to
the 9% abundant Cr33 isotope [I = 3/2] with a nearly isotropic
coupling constant A ~ 18.7x10"% cm~'). However, even here addi-
tional features, whose intensity increased with increased cr3t
concentration, were observed (see Figure 4). We attribute the
majority of these lines to pairwise interactions between Cr* ions
occupying adjacent sites along the c-axis of the host lattice,

The general spin Hamiltonian for a coupled pair of cr3* ions
may be written (except for a usually small biquadratic exchange
term, j($:°S2)?)

¥ =g |8ﬂ2(§12+§.22) + Q_LB[ﬂx(§:x+§2x)+ﬂy(§ly+§zy)] +

5
D(S12%+822%- ) +d[28 1,822 SxS2x*S1ySey)] +381°S.  (2)

In all of our calculations on this system we have assumed that g
and D have the same values in the interacting pair as in the iso-
lated ion, although D, especially, which is a measure of the dis-
tortion of the complex ion from octahedral geometry, might well
be different for the pair. Employing the above Hamiltonian, cal-
culations of the type described in the preceding paper predict a
spectrum composed of eighteen predominant lines - three groups of
six, each group roughly centered about one of the three allowed
lines of the isolated ion spectrum (which fields form convenient
zero'th order approximations for the perturbation calculations).
Because the lines are narrower and we can measure their positions
with greater certainty, we have concentrated our efforts on trying
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Figure 2. Packing in the
M(urea):X.: lattice. Num-
bers indicate the z-coordi-
nates (in 1/12-ths of the c-
axial length) of the metal
and halogen atoms. Di-
rectly above and helow
cach complex ion is an-
other related by an inver-
sion center to the one
shown.

l (c)Ax55°
{a) POWDER

(b) ®=0° (approx. Hiiz} l (d} ®=90° l
H
—H _1000
*Gauss
—H s 1000
GAuss ¥

Figure 3. X-band epr spectrum of Cr(urea),CL; powder and of single crystal at sev-
eral orientations. For reference, arrow indicates position of dpph resonance.
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fa)

(b)

500 gauss

Figure 4. Concentration dependence of X-band epr spectrum of Cr-

(urea);®: (a) ~ 1% Cr in Al(urea);l,, (b) ~ 25% Cr in Al(urea),1;, and

(¢c) Cr(urea),1,. For all spectra the magnetic field is directed along the

z-axis. Sharp spike near the center of each spectrum is due to dpph used
as an internal standard.
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to fit the observed positions and spacings of the middle set of
six lines which occur in the neighborhood of 3300 gauss at X-band
(9.1 GHz). Likewise, because the various spectral features, both
those due to isolated ions and those due to coupled ions, are
better separated there, the initial fitting was done for cases in
which the magnetic field direction was close to the z-axis.

The simplest reasonable model for the coupling between two
ions is that of two magnetic dipoles interacting through space
(d #0, J=01in(2)). If the z-direction is taken to be along
the interionic vector r, expansion of the classical spin Hamil-
tonian for a through-space dipole-dipole coupling

y=9282<rlr>[‘§|‘§z+3s'.r 2 ] (2)
and comparison with the form of the interaction term in (2) allows
the identification d = -g282<1/r3>> to be made. Taking as the
value of r the crystallographically observed metal -metal separa-
tion, we calculate d = -50,75x10™% cm™!,

We note at this point that the above physical reasoning im-
plies that d is negative. The intraionic zero field splitting
parameter, D, is also a signed quantity, but the ordinary epr ex-
periment permits only the determination of its magnitude. Be-
cause of the interaction of the various zero field splitting
terms, the positions and spacings of lines in the spectrum of the
coupled ions depend on both the magnitudes and relative signs of
the interionic interaction parameters d and J and the intraionic
interaction parameter, D. Knowledge of the sign of d should
thus enable us to determine the signs of D and J.

A comparison of observed spectral features with those cal-
culated for a purely dipolar interaction model and for each of
the possible signs for D is found in Table III. Considering the
simplicity of the model and the fact that the value of d was cal-
culated from first principles rather than being fitted to the ob-
servations, the agreement between the observed and calculated
spectra (especially for the case when d and D are of opposite
sign) is good,

Examination of the vectors for the states involved in the
transitions denoted 1 and 6 shows them to be essentially (in the
|M5|’Msz> basis)

1 1 3 3 1 1 1 3 31

sl el Fln - e )

1 3 1 31 13
¢ mlp-7- -z -5 lz7 - 2P

Within each pair the effect of the isotropic exchange term in (2)
is to shift the energy of each state by the same amount and in
the same direction. The positions of and spacing between these
two lines will thus be determined almost solely by the magnitude
of the dipolar term in (2). That these two lines are fitted

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



6. DAVIS AND BELFORD Multisite Interactions 59

Table III

Comparison of Observed and Calculated EPR Spectra for

Coupled Cr(urea)e®*-Cr(urea)¢>* Pairs®

Calculated Field® (gauss)

Observed D = 4834 D =-483,4 D = -483.4
Field d=-50.75 d=-5075 d=-50.75
Transition  (gauss) J= 100 J = 0.0 J= 4511
1 3047 (2) 3047 (4) 3047 (4) 3047 (4)
2 3107 (10) 3117 (7) 3145 (9) 3107 (10)
3 3169 (1) 3196 (5) 3231 (3) 3168 (2)
4 3420 (1) 3392 (5) 3358 (3) 3420 (2)
5 3482 (10) 3472 (7) 3444 (9) 3482 (10)
6 3540 (2) 3542 (4) 3542 (4) 3542 (4)

aSpectra here limited to diagnostic group of six transitions
centered around 3300 gauss (at 9.1 GHz) when magnetic field
direction is parallel to z-axis. Relative intensity in paren-
theses following field.

bFor all calculations g = 1.9752. Remaining spin Hamiltonian
parameters expressed in units of 107% cm™!,

quite well and the remaining four lines less well by the purely
dipolar interaction model indicates 1) that the magnitude of the
dipolar coupling calculated from the crystal structure is ap-
propriate and 2) that there is a significant amount of exchange
coupling present,

If the other parameters of the spin Hamiltonian are held
constant, the fields at which the six diagnostic transitions oc-
cur are each linear in the exchange parameter over a small range

LJ! d|) facilitating the precise determination of J. With
the inclusion of exchange a fit between the observed and cal-
culated spectra in the diagnostic region was obtained which was
exact, within experimental uncertainty (see Table III). The
parameters of best fit, which constitute a unique set, are g =
1.9752, D = -483.4x10™% cm™', d = -50,75x107% cm™' and J=
45.11x10™% cm™!, It is worth noting that while in the absence of
exchange the best agreement between observed and calculated
fields for the diagnostic transitions was obtained when the
parameters D and d were of opposite sign, the behavior of the
transition fields with the inclusion of exchange is consistent
only with these parameters having the same sign. The positive
value observed for J corresponds to an antiferromagnetic coupling.
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Table III compares observed and calculated spectra in the
diagnostic region for several combinations of spin Hamiltonian
parameters, while Figure 5 illustrates the agreement between the
calculation employing the parameters of best fit and the entire
spectrum observed when the magnetic field is parallel to z, In
Table IV observed transition fields at the Q-band frequency
(35.1 GHz) and those calculated from the parameters of best fit
(obtained at 9.1 GHz) are compared for several orientations,

The computer program used for all spectral calculations in this
paper was written by Mr. T, M, Lenhardt of the University of
Illinois and is based on the frequency shift perturbation tech-
nique of reference (9).

If the crystals of Cr:Al(urea)¢ls are subject to tempera-
ture dependent changes in crystal and molecular structure of the
type observed in the case of V(urea)sls, a variation with tem-
perature of most of the spin Hamiltonian parameters would be ex-
pected. A contraction of the lattice (at least in the c-
direction) would reduce the metal-metal separation and have the
effect of increasing both d and J in absolute value, The param-
eter d will, of course, vary as 1/r>, while the rate of change of
J would depend on the mechanism(s) of the exchange, but in any
case might reasonably be expected to be somewhat greater than
that for d. A change in the coordination geometry about the Cr
atom would result in a change in D, but it is difficult to make
an a priori prediction of the direction or magnitude of the
change.

Experimentally, D, d, and J all increase in magnitude with
decreasing temperature. At about 90°K the parameters giving the
best agreement between observed and calculated spectra (the fit
was at least as good as that at room temperature) were g =
1.9752, D = -514,.8x107% cm™' d = -54,35x107* cm™!, and J =
50, 13x107* cm™!, The value of d, which was obtained from the
spacing between diagnostic lines 1 and 6 (vide supra), corre-
sponds to an apparent contraction of the lattice in the ¢~
direction, or at least a reduction of the Cr-Cr pair distance,
by about 2%, This is about twice the lattice contraction ob-
served in the vanadium complex, but is not a physically unrea-
sonable amount. The fractional increase in J is about 1.6 times
that observed for d; that is, J appears to be varying approxi-
mately as 1/r%. While a pathway for direct exchange exists and
the 1/r® dependence does not seem unreasonable for this mecha-
nism at the observed internuclear distance, a super-exchange
mechanism is not conclusively ruled out.

When the magnetic field direction is appreciably away from
the z-axis, most of the pair transitions which are calculated to
have an observable intensity occur at fields such that they are
masked by the much more intense isolated-ion lines, and the
agreement between the calculated transition fields and those
lines which are observed is not as good as for nearly parallel
orientations (see Table IV)., 1In addition, for the most dilute
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Table 1V
Observed and Calculated Q-Band EPR Spectra at Several

Orientations for Coupled Cr(urea)s3t-Cr(urea)s®t Pairs

8 =0°(H// 2) g = 15° § = 30°
Calculated Observed Calculated Observed Calculated Observed
Field Field Field Field Field Field
(gauss) (gauss) (gauss) (gauss) (gauss) (gauss)
11365 11472 11767 11765
11368 11367 11483 11480 11809 11803
--- 11447 -—— 11500 -— 11843
——- 11537 - 11550 12008} X

11679 a 11776 b 12045 X
11694 1692 (sh)® 1557 X 12073

11758 11765 11841 11838

11840 11837 11924 11930 12155 -——-
12417 12415 12447 12446 —— 12255
12476 12476 12501 12501 12525 12524
12538 12538 12539 12540 12532

12790 12790 12805 12802 12562 12563
12852 12849 12845 12842 12817 12815
12912 12910 12892 12888 12834 12831
13488 13485 13394 13395 12840

-—— 13538 13477 13460 -——- 13000
13570 13570 (?) 13539 Xb 13140 13120
13635 13633 13540 13225 b
13649 13660 (sh)a 13815 13805 13245 X
——— 13793 13846 - 13287

- 13876 13429 13420
13960

13963 13958

3Shoulders are observed on the intense isolated-ion transitions
at approximately these fields,

bPair transitions at these fields would be obscured by the in=-
tense isolated-ion transition in the same region.
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samples weak lines beyond those predicted by our model are ob-
served in the region of the outermost lines associated with the
isolated-ion, even at the parallel orientation (see Figures 4a
and 5). These discrepancies, which we do not feel indicate any
serious deficiency in the model, may arise from the terms which
we have left out of our spin Hamiltonian, Another possible ori-
gin for the 'extra' lines would be the existence of two (or more)
distinct Cr(urea)éH-Cr(urea)é3+ sites, characterized by differ-
ent D values. The effect of slightly different D values would
be minimal on the diagnostic portion of the spectrum, but in the
two outer regionswould result in sets of lines displaced by
2AD/gB. As the concentration of cr3* is increased, the intensity
of the isolated-ion lines relative to the remaining features of
the spectrum decreases, and all of the lines are broadened, re-
ducing resolution (see Figure 4b), It is interesting to note
that the 'extra' lines pointed out above have virtually disap-
peared in the spectrum shown in Figure 4b, The spectrum of pure
Cr(urea)¢Is (Figure 4c) is different yet, although some general
similarities between it and those of the diluted samples are
evident. Undoubtedly the same interactions are at work here,
but at the least we can expect it to be necessary to consider
interactions between each Cr3* ion and both of its axial nearest
neighbors,

Additional Studies of Interactions in Murea)sXs Lattices

The various additional investigations of magnetic in_erac-
tions in hexaurea-metal(III) halide lattices contemplated or
currently underway in this laboratory are conveniently divided
into three categories by the composition of the materials being
studied.

The first group consists of systems involving a single
paramagnetic species, either as a substitutional impurity in one
of the aluminum salts or as the pure M urea)sXs; salt. Here we
wish to determine whether coupling between paramagnetic sites
occurs and, if so, whether a mechanism of the type established
for the chromium system appears appropriate. In the titanium
system, the only other one for which experimental information is
currently available, the lack of dependence of the epr spectrum
on Ti3" concentration suggests that interionic coupling is mini=-
mal. Analysis is complicated by the fact that, even for dilute
samples, the spectrum of Ti(urea)s>t is not that anticipated for
a simple S = 1/2 (d') ion and has not been adequately inter-
preted,

In the second group are systems in which one of the para-
magnetic ions is doped into the lattice of a dissimilar paramag-
netic ion. At the present our attention has centered on
Cr:Ti(urea)esXs and Cr:V(urea)4Xs. Because of line broadening
due to rapid relaxation, neither Ti{urea)s3t nor V(urea)s®* gives
an observable epr spectrum at room temperature., For our
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purposes, sites occupied by Cr(urea)s>" ions as guests in one of
the other lattices may be classified according to the axial
neighbors of a given Cr3* ion. If the concentration of Cr3" is
low, most will have dissimilar ions in both neighboring axial
positions, a few will have one similar and one dissimilar neigh-
bor, while the number with two similar neighboring ions will be
negligible. Depending on the strength of the interionic cou~
pling, if any, spectral features due to ions in the first type of
site potentially would provide information on the paramagnetic
ion of the host lattice, since the Cr(urea)s>" system is already
well characterized. (Note, however, that differences in lattice
dimensions may result in differing degrees of distortion of the
Cr(urea)¢®t ion so that changes in the spectrum from the
Cr:Al(urea)sXs reference will probably be a combination of lat-
tice and specific ion-coupling effects,) Preliminary epr spectra
of samples of Cr:Ti(urea)sIls are very similar to those obtained
from Cr:Al(urea)sls. The strongest features once again are con-
sistent with the Hamiltonian (1). While there is no detectable
change in g, D is larger in magnitude than observed in the alu-
minum lattice, There are several possible explanations of the
failure to observe significant Ti3*-Cr3* coupling, but the most
attractive would seem to be the assumption that the Ti®** is re-
laxing so rapidly that the Cr3* is not coupled to it, but sees
only an averaged environment which would provide a very small
paramagnetic shift, Similarly, the secondary features can be
interpreted on the basis of coupled Cr3*-Cr3* pairs. The use of
different isomorphous lattices coupled with measurements at low
temperature provides a range of Cr-(r separations which should
help to further elucidate the precise nature of the coupling be-
tween the Cr(urea)s®t ions and, in particular, the exchange
mechanism,

As yet we have not prepared any crystals of the third type
in which one of the Al(urea)sXs salts is doped simultaneously
with two dissimilar paramagnetic PKurea)63+ ions, The primary
aim here will be to study coupling in discrete M urea)s>t-
M'(urea) s>t pairs, It is anticipated that a large part of any
such investigations will have to be carried out at liquid helium
temperature,

In summary, the isomorphous, isostructural M(urea)sX; salts
provide an opportunity for a variety of investigations of weak
coupling between paramagnetic ions in the solid state. Epr in-
vestigations of these systems not only can provide information on
the coupling itself, but indirectly, through the coupling, infor-
mation about the individual ions involved can be obtained which
would not normally be available.
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Polymeric, Mixed-Valence Transition Metal
Compounds

GILBERT M. BROWN, ROBERT W. CALLAHAN, EUGENE C. JOHNSON,
THOMAS J. MEYER, and TOM RAY WEAVER

University of North Carolina, Chapel Hill, N.C. 27514

In our work we have prepared and characterized materials
in which metal atoms or ions are held in close proximity by
chemical linkages. One of our goals has been to establish the
chemical and physical properties which arise from metal-metal
interactions in such systems and to modify the properties in a
controlled way by directed chemical synthesis. Three different
kinds of systems have been studied which differ with regard to
the nature of the metal-metal interaction: 1. Compounds in
which there is strong, direct metal-metal bonding. 2. Cases
where there are strong metal-metal interactions through bridging
ligands. 3. Cases where there are weak metal-metal interactions
through bridging ligands.

In compounds containing strong metal-metal bonds, the
effect of the metal-metal bond(s) is to modify strongly the
chemical and electronic properties of the compounds when compared
to the component monomers(1) One of the intriguing properties
of such systems is that if certain bonding and/or structural
features are present, they can exist in a v7rie;y of molecular
oxidation states, e.g., [(n-CcH)Fe(€0)1,2¥/#/0/=(2), {[(n-CcHs)

Fe(C0)],(Ph,P(CH,) sPPh,)}2+/4/0 (Ph is phenyl) (3). Ions like
[(7-C HIFe(CO)IT and ([ (n-CdHg)Fe(CO)],(Ph,P(CH,) 5PPh,)Y are

forma]]y mixed-valence cases, but evidence is now being obtained
which indicates that the metal atoms are strongly coupled and
that oxidation-reduction processes involve delocalized molecular
orbitals.

Strong, Chemically-Significant Interactions Through a Bridging
Cigand. u-oxo-Bridged CompTexes of Ruthenjum (I11).

We have Erepared several p-oxo-bridged complexes of ruthenium
(111): (AA)XRu-O-RuX(AA)2]2 (AA is 2,2'-bipyridine (bipy) or

1,10-phenanthroline (phen); X is C1 or NOZ)’ The complexes
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have been characterized by elemental analysis (as hexafluro-
phosphate salts), solution conductivity measurements, electro-
chemical measurements, and spectrophotometric titrations using
Cr2* as reductant. Although x-ray crystallographic data is

not yet available, in the complexes the X groups are almost
certainly cis to the bridging oxide ion(4) and molecular models
indicate that direct, through-space Ru-Ru interactions are
probably not possible.

The properties of the u-oxo-bridged dimers are unusual
when compared to closely related bis(2,2'-bipyridine) complexes
of ruthenium (II)} and ruthenium (IIIE. From electrochemical =,
studies in acetonitrile, the system (bipy)ZC1Ru-0-RuC1(bipy)z]

also exists as mixed-valence +3 (Ru(III)-Ru(IV)) and +1 (Ru(II)-
Ru(III)) ions. The 41 ion is chemically unstable on time

scales longer than the cyclic voltammetry time scale (seconds).
The electronic spectra of the +2 and +3 ions in acetonitrile
include highly intense bands in the visible: for [(bipy)z_
C]Ru-O-RuC](bipy)2]2+, Max 668nm(e 17,000); for [(bipy)ZC1Ru-
0-RuC1(bipy) ]3+, Amax 470nm (e 17,000). Magnetic susceptibility
data has beef obtained on the salt [(bipy)Z(NOZ)Ru-O-Ru(NOZ)

(bipy) ,J(PFg), in the temperature range 77-275°K (5). An excellent
fit of "the data to the Bleaney-Bowers equation (6) has been
obtained which indicates that the +2 jon has a singlet ground
statg ngh a low-lying triplet state (2J = -173 cm™! with

g = 2.48).

The unusual chemical and physical properties of the
u-oxo-bridged dimers appear to arise because of a strong,
chemically meaningful interaction between the ruthenium ions,
Many of the properties of the dimers can be explained using
the qualitative molecular orbital model given in Figure 1. The
model in Fig. 1 1is slightly modified, from the model used by
Orgel(7)for the Tinear ion C1gRu-0-RuClc™ in order to account for

the Tower symmetry and the possibility that the Ru-0-Ru linkage
may be slightly bent.

Ru~O-Ry

y M,
S
/
/ \ Figure 1. Qualitative mo-
/ Y lecular orbital scheme for
’ n .

AP ay TN [(bipy).XRu-O-RuX-
dy, d _— v (bipy).]1*. The = axis for
xz Syz =—t ¢ v . . . k

dy e dy each ruthenium ion is taken
Y = e 4 == ?
v ° to be along the Ru-0O axis.
. \
| TR
A ’
) p
b
—n,
\ -a—n'}’
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Using the molecular orbital scheme in Fig. 1, the valence
molecular orbitals are the slightly separated pair =;* and n,*
which consist of antibonding combinations of ruthenium 4d and
oxygen 2p orbitals. The 123l value measured in the magnetic
study can be interpreted in terms of the energy separation
between the singlet and triplet states 1(n1*zg and 3(my*m,*),
although other interpretations can be given. From the molecular
orbital model simple redox processes of the n-oxo-bridged ions
necessarily involve the gain or loss of electrons in net anti-
bonding molecular orbitals which explains the relative stability
of the +3 ion [(bipy)2C1Ru-0-RuC1(bip ),13* and the somewhat +
surprising instability of the +1 ion {(gipy) C]Ru-O-RuC](bipy)Z],
By comparing reduction potential data for th& n-oxo-bridged
dimers with data for related Ru(IIT)-Ru(II) couples, it can
be estimated that the extent of destabilization of the a*
orbitals may be several kcal/mole, leading to an appreciable
chemical modification of the system.

Systems, 1ike the u-oxo-bridged ions, in which there are
strong metal-metal interactions across a bridging 1igand should
be of considerable interest in the future. In strongly coupled
systems, as in systems containing direct metal-metal bonds,
the strong coupling leads to significantly changed chemical
and electronic properties when compared to the component monomers.
Ultimately, such compounds may constitute a new class of materiak
having distinct and synthetically controllable properties of
their own.

Weak Metal-Metal Interactions in Ligand-Bridged Ruthenium
Complexes.

We have prepared a series of complexes in which ruthenium
ions in different ligand environments are linked by organic
bridging ligands. The complexes are of the type [(NH,)sRu(L)-
RuC]?bipy)j3+ in which L is a dibasic, N-heterocyc]ig ligand,
for examplé, pyrazine. From the results of spectrophotometric
titrations (Br, in acetonitrile), and chemical and electro-
chemical isolation studies, the complexes also exist as the
oxidized +4 and +5 ions.

From spectral and reduction potential data, in the mixed-
valence +4 ions, the site of oxidation is localized largely on
the (NH3)5Ru- end giving the oxidation state configuration

[(NH3)5RU(III)(L)Ru(II)C](bipy)2]4+ . This is an expected

- . . +

result since the monomeric complexes Ru(bipy),LC1" are more +

difficult to oxidize by ~0.4 v than are the complexes Ru(NH,)sL?".
In the system

[(NH3) 5RUNCO>—CH2CHZT'@NRUC1 (bipy), 1743,

where bis(4-pyridyl)ethane (BPA) is the bridging ligand, the
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electronic and redox properties of the +3 and +4 ions are
essentially the superimposed properties of the monomeric ions

+
[Ru(NH3)5py]3+/2+ (py is pyridine) and Ru(bipy)z(py)C12+/ .

No evidence has been obtained for Ru-Ru interactions, presumably,
because the two m-systems of the bridging ligand are separated
by a saturated (-CH -CHE) linkage.

Ru-Ru interact?ons can be "turned on" by using bridging
ligands with extended, unbroken w-svstems. For the dimers with
the bridging ligands

@ (pyrazine) @—@ (4,4'-bipyridine)

H
QE§2>-C=C{<::> (trans-1,2-bis(4-pyridyl)ethylene)
H

data in solution (acetonitrile) indicate that interactions do
exist between metal centers. The interactions are weak
but their presence is clearly seen in the spectral properties
of the +3 and mixed-valence, +4 ions. 3+

For the +3 ions, [(NH3)5Ru(L)RuC1(bipy)2] , qualitative

band assignments can be made for the transitions d - =*(L),
d » =*(bipy), and = » =*(bipy). In comparing monomer and
dimer spectra the only bands which are significantly shifted in
the dimeric complexes are the d - n*(L) charge transfer bands
for which the transition moment necessarily lies along the
Ru-Ru axis.

For the mixed-valence, +4 ions, Intervalence Transfer
(IT) bands appear in the visible and near-infrared spectral
regions. In IT absorption, light-induced electron transfer
occurs between the metal centers,

[(NH3)5Ru(III)(L)Ru(II)C1(bipy)z]4+ -—h!€>[(NH3) Ru(II)(L)-
. +
Ru(III?C](b1py)2]

giving the product ion in non-equilibrium vibrational and
rotational states. The IT xp,, values for a series of complexes
are given in Table I. Where 1t has been possible to test, we
find that the IT bands have the solvent dependence and
approximate band widths predicted by Hush.(7) The energies of
the bands for the dimers in Table I are considerably higher

than the energy of the IT band reported by Creutz and Taube (8)

for the ion [(NH3)5RuN3:))Ru(NH3)5]5+ . The bands are

expected to appear at higher energies for the unsymmetrical
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dimers since the product of Tight-induced electron transfer,
[(NH3)5Ru(II)(L)Ru(III)X(bipy)2]4+, is a high energy oxidation

state isomer in which the oxidation state configuration is
reversed from the configuration of the ground state ion.

We have drawn two important conclusions from this work.
The first is that if the bridging ligand includes an uninter-
rupted n-system, the effects of metal-metal interactions can
be seen in the physical properties of the jons. Secondly,
cooperative electronic interactions between metal centers, as
viewed spectrally, and rates of intramolecular electron
transfer, as estimated from the energies of IT bands(7)can be
varied by a series of relatively simple chemical modifications.

The Effects of Weak Metal-Metal Interactions in Polymeric,
Ligand-Bridged Compounds.

Several ligand-bridged, polymeric complexes of ruthenium(II) --
[(bipy)zﬂRU(pyZ)[RU(bipy)zpyZJnRum(bipy)2]+2"+2 (n=0, 1, 2,
3, 4; bipy is 2,2'-bipyridine; pyz is pyrazine) and [(bipy)z-
CIRu(L) [Ru(bipy) L1 RuCT (bipy),1%™2(n=0, 1, 2; L is

@< ON or @HZ-CH@) -- have been prepared

and isolated as PFG' or C104' salts.(9)In the preparations a

series of sequential, stepwise reactions are used based on
the reactivity of the NO* and NO,~ groups when bound to
bis(2,2'-bipyridine)ruthenium(II%

We have investigated the oxidation state properties of the
polymeric ruthenium complexes and of the series of 1,1'-poly-
ferrocene compounds:

< | <>
LTS | &

n = 0; biferrocene (Fc-Fc)
1; 1,1'-terferrocene (Fc-Fc-Fc)

= -1
[l n

= 2; 1,1'-quatreferrocene (Fc-Fc-Fc-Fc)
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In the polyferrocenes, iron is present in the +2 formal
oxidation state. Iron (III) is also an accessible oxidation
state in the ferrocene coordination environment,and the mixed-
valence biferrocenium ion, [(C5H5)Fe(C5H4-C5H4)Fe(C5H5)] .

has been well characterized.(10)

From chemical and electrochemical studies, both the
ruthenium(I!) and ferrocene polymers undergo a series of dis-
tinct, chemically reversible, one-electron oxidations. By
oxidizing the polymers at controlled potentials, or by using
controlled amounts of a chemical oxidant, solutions containing
mixed-valence or fully oxidized ions can be obtained, e.g.,

[(bipy)z(:]Ru(pyz)[Ru(b1'py)2pyz]2RuC1(b1’py)2]]0+/g+/8+/6+ and

+/+/0
[(C5H5)Fe(C5H4-C5H4Fe(C5H4—C5H4)Fe(C5H5)]3+/2 141 . The
polymeric, mixed-valence ions are of interest when compared to
related dimeric systems. Cooperative interactions between
more than two metal on sites may lead to molecular properties
more normally associated with solid state materials.

For the ruthenium polymers, spectrophotometric titrations,
using Ce(IV) in acidic aqueous solution, have shown that each
ruthenium(II) site in the polymeric chains can be oxidized
to ruthenium{III),

(Rull) '+ n ce(tv) ——(ru!!l) + n ce(111)

A series of both fully oxidized and partly oxidized (mixed-
valence) ions have been isolated as C10, salts. Recently,
work has begun on the low temperature mggnetic properties of
the salts in collaboration with Professor W. E. Hatfield of the
University of North Carolina. Work has also begun on the
solid state electrical conductivity properties of the salts.
It may prove possible, to some extent, to vary systematically
the conductivity properties of a series of polymeric ions
in the solid state. The synthetic chemistry involved is
extremely versatile and the polymeric ions can be modified in
a controlled way with regard to such features as: 1. The
number of units in the polymeric chain. 2. The ratio of
Ru(II) to Ru(III) sites. 3. The pattern of bridging ligands.
4. The non-bridging 1igands. 5. The introduction of metal
jons different from ruthenium.

For the 1,1'-polyferrocene compounds, electrochemical
measurements have shown that each ferrocenyl group (-Fc)
can be oxidized to ferrocenium (-Fc*). For example, for
1,1'-terferrocene, there are three voltammetric waves at well-
separated potentials. The voltammetric waves correspond to
the electrode reactions:
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E, ,v

2
(Fe-Fe-Fc)™ + e — > (Fe-Fe-Fe) 0.22
(Fe-Fe-Fc)2* + e ——>(Fe-Fe-Fe)* 0.44
(Fc—Fc-Fc)3+ + e —----—>(Fc-Fc-Fc)2+ 0.82

The Ey, values are half-wave potentials vs. the saturated
sodiu chloride calomel electrode in 1:1 v/v dichloromethane-
acetonitrile at 25+2 °C. +

Solutions confaining mixed-valence ions such as (Fc-Fc-Fc)
and (Fc-Fc-Fc)2+ can be prepared by controlled potential +
electrolysis. For the mixed-valence biferrocenium jon (Fc-Fc) ',
it has been concluded that discrete Fe(II) and Fe(III) sites
exist and that electronic delocalization between the two sites
is small.(10)Because of the similarities in spectral and redox
properties between the biferrocenium ion and the mixed-valence
polyferrocene ions, it appears that the mixed-valence poly-
ferrocene ions also contain weakly interacting but discrete
Fe(II) and Fe(IIl) sites.

For the 1,1'~polyferrocene compounds there are chemically
different sites (Fc- and -Fc-) in the polymeric chains. Upon
oxidation to the mixed-valence ions more than one oxidation
state isomer can exist. The oxidation state isomers differ
with regard to the site(s) of oxidation. For example, for
the ion (Fc-Fc-Fc)* there are two energetically equivalent
isomers -- Fc*-Fc-Fc and Fc-Fc-Fc* -- and one energetically
nonequivalent isomer -- Fc-Fc*-Fc.

From the effect of the ferrocenyl group as a substituent,
it can be estimated that the isomers Fc¥-Fc-Fc and Fc-Fc*-Fc are
of similar energy. However, for other mixed-valence ions the
difference in free energy between isomers can be significant.
From Ei data and the ferrocenyl substituent effect it is
possible to estimate that for the reaction

Fct-Fe-Fet ——>  Fe*-Fet-Fe
AG ~ 2.8 kcal/mole.

The properties of Intervalence Transfer (IT) bands are
influenced by oxidation state isomerism. IT bands for several
of the mixed-valence ions are given in Table II. For some of
the ions the IT Apax is shifted significantly from Apax for
Fct-Fc. The band shifts are expected when it is reaT1zed that
the products of 1ight-induced electron transfer are not
symmetric for the mixed-valence polyferrocene ions. In some
cases the products of light-induced electron transfer are
energetically unfavorable oxidation state isomers, for example,

Fef-Fe-Fc 5 (ret FetoFe)*
As described by Hush(7)the IT transition energy in such a case
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v

will include the difference in ground state energies between
the isomers Fc*-Fc-Fct and Fct-Fct-Fc in addition to the usual
Franck-Condon energy barrier.

An equation has been derived by Hush which relates the
energy of IT absorption to the rate of intramolecular electron
transfer in mixed-valence compounds.(%)The equation allows
estimates to be made for processes like:

Fet-Fc —Fc-Fc' K~ 3x10'0 sec”!
Fet-Fe-Fct—>Fc-Fc'-Fe+ Kk~ 1x10'0 sec”!

The rate of electron hopping between ferrocenyl and ferri-
cenium groups is slower in Fc*-Fc-Fc* than in Fct-Fc, mainly
because of the energetically different chemical sites in
Fct-Fc-Fc*. The rate differences involved are small, but
significant, since they indicate that in ligand-bridged
complexes, rates of intramolecular electron transfer can be
varied systematically by changing the chemical environments
of the constituent ions.
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Exchange Interactions in Nickel(II), Copper(II), and
Cobalt(II) Dimers Bridged by Small Anions

DAVID N. HENDRICKSON and D. MICHAEL DUGGAN
University of Illinois, Urbana, Ill. 61801

Introduction

In this paper some very recent work on "magnetic"
exchange interactions in certain nickel(II) and
copper (II) dimers will be summarized and some init-
ial findings on analogous cobalt(II) and manganese (II)
compounds will be presented. The compounds to be
discussed include the following:

[I'lz {tren) 2x2] (.sPh4) 2

where,

M= §i(II), Cu(II), Co(II), Mn(II)

X = N3', OCn~, SCiW~, SeCN™, Ci~(Cu only) and,
tren = 2,2%,2"-triaminotriethylamine

One objective at the outset of this work was to keep
the non-bridging ligand tren and the counterion
tetraphenylborate constant while observing the
effects on the exchange interaction of changing either
the metal or the bridging ligand. The anticipation
of obtaining similar aimer structures upon inter-
changing metals was not to be realized; however,
interesting variations developed. It will be noticed
that extendea bridging groups have been selected to
eliminate the consideration of direct metal-metal
exchange interactions. In addition, the tetraphenyl-
borate counterion should provide some degree of
shielding between dimer units.

The phenomenon of magnetic exchange is, of course,
electronic in origin. A particular distinction is
made in our work between the parameterization of the
observed phenomenon (as per some effective spin
Hamiltonian) ana the interpretation of the effective
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8. HENDRICKSON AND DUGCAN  Ni, Cu, Co Dimers 77

spin Hamiltonian parameters from the electronic wave-
functions of the system in guestion. This latter pur-
suit is the most important; at present it is only pos-
sible to provide gqualitative or pernaps semi-guantita-
tive interpretations of opserved trends in parameters.

Nickel (II)pDimers

‘Che four nickel systems are dimeric with two e
anions end-to-end bridging such tnat the nickel atoms
are octahedrally coordinated. Initially this was
deduced from careful infrared and electronic absorp-
tion spectroscopy and X-ray powder pattern work. For
example, tne powder patterns of [Wi,(tren),NCO),]-

(8Ph,) , and [Ni,(tren),(oxalate)] (sBh,), afe vefy
simiiar and sinCe the Oxalate (C,O4 f figand has been
established (1) to bridge in a bis-bidentate fashion
between two metal centers, the end-to-end di-bridging
nature of the azide compound is indicated. As we ex-
amined tne magnetic properties of this series of
nickel dimers we became concerned witn the details of
the molecular structure.

The single-crystal X-ray structure of [Ni (tren)z-
(Nco)](BPh4) waszgetermined (2). Dbiscrete cationic
[Ni {tren)zwao) ] and anionic BPn units are found,
whe%e the metalS are bridged by two cyanate groups
bonding in an end-to-end mode. The structural
characteristics of the cation are depicted in Figure 1.
As a side-product of our exchange work we have thus
established the first case of an authenticated oxygen-
bonded cyanate metal complex. Each nickel atom in
the cation is six coordinate with tren occupying four

ites (Ni-N=2.047(7), 2.054(5), 2.095(7), and 2.130(7)
A) and the other two sites of the distorted octahedron
are occupied by the N and O atoms of the bridging
cyanate ions (Ni~N-2.018(7) and Ni-0=2.336(5)A). The
two cyanate bridges are essentially co-planar while e
nickel atoms lie above and below the plane by % 0.25A.
In respect to the exchange work there are tnreg germane
points. First, the Ni-Ni distance of 5.385(1)A pre-
cludes a direct Ni-Ni exchange interaction. Second,
packing diagrams show that the large BPh anions pro-
vide effective snielding between dimeric 'cations.
Third, and most important to our discussion, it can be
seen that each NCO in the cation is essentially
bonding end-on at the nitrogen end ( ¥NiNC=155.0°) and
almost at right angles at the oxygen end ( ¥NiOC =
117.1°).
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Because there was available a structure of a re-
lated end-to-end bridged di-p-thiocyanate nickel dimer,
i.e., [Ni (en) (NCb) 1I,(3), and our work(4) on
[Niz(trenf (NC ](BBh “had convinced us of their
simIlarity of bridge s ructure, in our opinion it Only
remained to determine the structure of [Ni (tren)

(N ) ](BPn 27 which was solved very recen%ly by

grpont eé ai(s). T basic structural features of
tne [Hi (tren) ™, 51 cation are illustrated in
Figure é Tne twd end-to-end bridged azide groups are
parallel and the nickel atoms are located * 0.52A from
the azide plane. Eacih azide bridge is somewhat asym-
metric with Ni-N-N angles of 135.3(7)° and 123.3(6)°
and Ni-N distances of 2.069(8)A and 2.195(7)A. The
coordination geometry at each nickel is again approxi-
mately octahedral.

We have measured the magnetic susceptibility of
tne four nickel dimers in the range of 4.,2-283°K. 1In
eacn case tie (molar) paramagnetic susceptibility data
were least-squares fit to an equation set out by
Ginsverg et al(s):

b‘ -~

X, = (285%5%/3K) [’n‘—4Z£J'Fl + 1—251}’1«"1 + Na
In tnis equation, W, B, and k nave tneir usual meaning,
ta is tne tgmperature independent uaramagnetlsm (taken
as -200x10 cys/umowl of uimer), ana Fl and F° are con-
plicated functions of tewperature, single-~ion zero-
field splictting D, and tie intradimer excnanyge paraie-
ter J. Tne effective interdimer excnange is Z2°J~

As we reported earlier(7), tne compound [Ni
(tren) , (N ) ](BPn4)2 shows a relatively strong anti-
ferromggnetlc excliafige interaction witna susceptibility
maximum at ~v10u°K. In Figure 3 we anave reproduced
tne susceptionility and effective wmoinent curves for
[uiz(tren)zdbo)z](ﬁPn4) In tals case tae suscepti-
Dllltj increases witis deurcaalng tenperature until a
wmaximuin 1s reacned at 14°K, wacereupon X decreases
rapidly to 4.2°K. ‘“Yane rapid decrease is indicative of
a sample wnich is relatively free of paramagnetic
impurities. 4Wae solid lines in Figure 3 are least-
sJuares tileoretical lines, fit to tne avove equation.
'Thus, gualitatively we see tnat, altaough tine cyanate
and azide nickel dimer structures are yrossly similar,
tnere is an appreciable attennation in antiferromag-
netic excnange interaction in goiny frowm tne azide
to tie cyanate cowpound.

An even mmore striking cnange occurs wnen tne
nickel bridying groups are changed to either tne
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Figure 2. ORTEP plotting of [Niftren),(N,),]* showing some of the
geometrical parameters; the dimer is located on a center of inversion,
and carbon and hydrogen atoms are not shown.
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Figure 3.  Experimental and calculated magnetic susceptibility data
for [Ni(tren) (NCO),J(BPh,),. Lines are least-squares fit theoreti-
cal lines; for fitting parameters, see text.
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tniocyanate (UCs™ ) or selenocyanate (iCSe™) groups.
Tne effective moment curves for tile nicxel taiocyanate
and selenocyanate dimers are snown in Figure 4. sotn
compounds have ferromagnetic interactions of approxi-
mately the same magnitude. For comparison purposes,
the effective moment curve of one analogous, structur-
ally characterized(3), cis-disubstituted tren nickel
complex, i.e., Wi(tren) (JCS),, is also snown. In tiis
last case there is a very small decrease in the moinent
at the lowest temperatures and tnis is undountedly due
to single-ion zero-field splitting and perhaps a little
intermolecular interaction. Parameterization of the
susceptibility data for the four nickel dimers gives
the following values:

Compound J,cm"l g 1),cm—l 2739 cm” 1
N~ -35 2.282 -10.1 0.71
wed” -1.4 2.255 -0.45 -0.16
NCS _ +2.4 3.347 -0.49 ~-0.07
NCSe +1.6 2.181 -0.76 -0.02

It is important to mention tnat Ginsberg et al (6) re-
ported a ferromagnetic excginge for [Niz(en)4(NCS)2]I2
where they found J=+4.5 cm .

With the magnetic and structural data in hand it
is now appropriate to attempt to explain the cihange in
sign and magnitude of the exchange parameter for thnese
four nickel dimers. In our opinion it is the symmetry
of the bridging units that is the most important factor
in determining tine sign and to a certain degree the
magnitude of the exchange parameter J. Assistance in
understanding the following explanation can be nad by
referring to Figure 5 wiere somewhat idealized (i.e.,
tne azide system is represented as symmetric, because
the figure was prepared before the structural details
were known) plane projections of three of the nickel
dimer bridging units are given. The geowetry repre-
sented for the thiocyanate case is tnat drawn frow the
structure for [Niz(en)4(NCS)2]I (3), which we are con-
vinced accurately approximatés go that present in our
compound. In the case of tine most symmetric system,
the azide dimer, the metals ions are bonding into the
same bridge molecular orbitals. This leads to a pair-
ing of electrons, that is a net antiferromagnetic ex-
change. Changing the bridge from azide to cyanate
gives a bridging unit which is no longer symmetric and
now the two nickel atoms bond into bridge orbitals
that are not of necessity of equal construction with
respect to the two metal centers. As a result there
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Figure 4. Experimental and calculated magnetic susceptibility

data for [Ni(tren),(NCSe),)(BPh,), (top, left), Ni(tren)(NCS), (top,

right), and [Ni(tren)(NCS),1(BPh,), (bottom). The lines are
least-squares fit theoretical lines.
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Figure 5. Diagramatic representation of the bridging
structures of di-p-azide, di-p-cyanate, and di-p-thiocyanate
systems
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are both antiferromagnetic and ferromagnetic pathways
possible in the di-p-cyanate system. The net exchange
is weakly antiferroimagnetic. It must be realized that
it is not possible to predict from the X-ray structure
that [Niz(tren) (NCO) ](BPh )2 would be weakly anti-
ferroiaygnetic, owever, it apbears possible to ration-
alize the exchange in this compound relative to that
in the azide compound.

If we continue the analysis, then, in the case of
tile thiocyanate- and selenocyanate-bridged dimers the
transition from strony symmetry to strong antisymmetry
has reacnhed the point wnere the nickel-bridge bonding
at the sulfur or selenium atom is closely approaching
90°. Because the bonding at the nitrogen atom is
still close to 180°, ferromagnetic patiaways develop
and tne net interaction can aand does wecome ferromag~
netic. We do not really xnow tie details of the yeom-
etry of tne selenocyanate oridyiny unlt, out it is
reasonanle to assume tnhat the geoinetry is closest to
taac for tae tniocyanate case,

sefore accepting tiis angularity or syiumetry ex-
2lanation of tile owserved exchange effects, there are
three otiher considerations wnicih must be discussed: ’
1. 1Is the exchange propagated through a ¢-bonding or
m-wonding patnway?, 2. Does the non-planarity of tae
oridying systew atffect tne sywmetry arguments? and,

3. wnat role miynt tne Ni-X(A=0,nN,5) distance play?

The tnird question in cffect amounts to waether or
not tae dJi~x overlap integrals vary groatly for tane
distances of Wi-0=2.34, di-5=2.,061, and {Hi-d=2. 023,
1'nese distances are a result of minimizatlon of the
energy of cacih system wita respect to overlap, orpital
eneryy, aand nuclear repulsion, anu as sucil tine distances
obtained are at least partially adjusted on tihe basis
of overlap. The overlap inteyrals certainly do not
vary as nucn as tne distances would tend to indicate.
It cannot be denied that, in comparison to tie Ni-n
pond in tane azide, tne longer Ji-O bond in tne cyanate
may contribute to a lesseniny of the excnange interac-
tion. Certainly tne cnange of sign of J down tae
series is not a reflection of differences in Ji-X dis-
tances.

Tne effect of differences in planarity, as guaged
by the dihedral angle ¢ between tie Ni-XYZ and XYZ-Ni“
planes, is difficult to judge. For tne thiocyanate
and cyanate systems ¢ is close to 0°, whereas, for the
azide ¢ is 38.4°. These chanyges seem to parallel an
expected lncrease in "allene-like" character of the
bridge unit. In reference to possible 0-overlaps of
tne metal dxz_yz orbitals witn w-symmetry bridge

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



84 EXTENDED INTERACTIONS BETWEEN METAL IONS

orbitals, it seems reasonable tnat for 0°<$<90° molec-
ular orbitals incorporating in a continuous bonding
way both wetal character and P_ and PY type m~orbitals
on the bridge would exist. “The 38.4° dihedral angle
of tune azide dimer could, in part, lead to a larger
antiferromagnetic exchange. An analysis of tae dihe-
dral angle effect is presented in greater detail for
two nickel-azide compounds in a recent paper(5) and it
is arygyued that tne dihedral angle differences are not
in the present case a major yeometric factor.

Consideration of tne first question revolves
around wihether the excnange interaction is of a first-
order o-exchange type or a higner-order “promoted"
electron m-exchange. The unpaired "nickel d-electrons"
are in dx2_ 2 and d_2 type orbitals, which are sigma
in constfucfion. 1f there is overlap between these
metal d-orbitals and the appropriate sigma bridge
orbitals, then potentially viable O-exchange pathways
are present, and it is such a mechanism that we believe
is present. In the promotion m-exchange mechanism
one of the unpaired nickel electrons is promoted (con-
figuration interaction with an excited state) into a
m-type d-orbital (eg., d z) and this allows an overlap
(ie., interaction) via thé& m-system of the bridge. The
nature of say the dxz-Pu(Dridge) interaction would not
be expected to chanyé significantly as a function of
Ni-oridge angle, and certainly not sucn as to affect
the sign of the exchange interaction. Moreover, in a
valence bond description (eg., sp” hybrids on the O and
N atowms of OCN and sp hybridization at the carbon),
tne m-system of the bridge would involve an orthogon-
ality at the carbon atom. To the extent that this
description is accurate, the excited state m-excnhange
pathway is ineffective.

To account gquantitatively for all factors con-
tributing to tne observed exchange interactions is at
this time impossible in that to do so would require a
tnorough understanding of the bonding involved.

Copper (II) Dimers

We have found that the copper compounds prepared
under identical conditions are not inner-sphere
bridged dimers. The copper dimers are what we shall
call "outer-sphere" dimers. The single-crystal X-ray
structures of the cyanate and cyanide copper compounds
nave been deterinined. Figure 6 gives an ORTEP drawing
of tae g@pper-cyanate dimer, ie., [Cu,(tren),-

(NCO) ,1°7. The remarkaole featurc of“this dlmer is
tnat éne two nalves of tne cyanate dimer are bridged
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solely by means of two W-H-..0 nydrogen-ponding con-
tacts between a cyanate oxygen and a tren nitrogen on
the second copper center. The bridging hydrogen could
not be seen, but its position can be calculated to be
~0.2R from the 4-0 vector. Eacn copper atom in tne
cation is trigonal bipyramidally coordinated wita tren
occupying foyr sites [Cu-N=2.076(5), 2.090(5), 2.119(5)
and 2.083(5)A] and witn an axialocarbon-bondcd cyanide
[Cu-CN=1.967(7) and C-d=1.127(9)A). <The trigonal pbi-
pyramids are distorted from perfect tnree-fold syi-
lnetry.

Following tine elucidation of tie structural char-
acteristics of tnese copper outer-spiuere dimers, we
nave set about the task of constructing an extended
series of sucn copper dimers in order to study wnat we
consider to be a solid state analoyg of solution-state
outer-spnere electron transfer as assisted by various
anions. Przystas and Sutin (9) have studied
several outer-spilere redox reactions as tiey are in-
fluenced in solution by added anions. Perhaps tnhe
nydrogen-bonding contact tnat is present in, for ex-
anple, [Cu2(tren)2(NC0) ](bﬂu4) , 1s sufficient to es-
tablisii an"electron transfer be%ween the copper centers.
If thnis is the case and if we can measure the exchange
parameter J, tilen we could study_the effects of chang-
ing the bridge (ie., CN~ for OCN ) on the exchange
parameter J and therefore on the outer-sphere electron
transfer rate.

We have verified tnat this same hydrogen-bonding
association is found for a series of copper compounds.
Figure 7 shows an ORTEP drawing of the outer-sphere
dimeric cation in [Cuz(tren)z(CN) ] (BPn ) (10).

Again we have essentidlly trlgonai oipyraﬁidEI copper
centers in an outer-sphere association. Inspection of
the details of packing tnese outer-sphere dimers witn
BPh,  anions shows that the dimers are reasonably
isoiated by the very large counterions. As might be
expected, excnange interactions are relatively weak for
these outer-spiiere systems. Figure 8 illustrates the
susceptibility and effective moment curves for the
copper-cyanide dimer. As can be seen there is no sign
of an interaction until very low temperatures. How-
ever, it is quite clear that there is an interaction
via thie outer-sphere association in this compound.
Fitting the susceptipility data to the usual,exchange
equation for a copper dimer gives J=-1.8 cm .

Because the cyanate, thiocyanate and selenocyanate
anions are more extended, it was anticipated that J
would be smaller than tnat for tie cyanide. As such it
became clear to us that we needed to use esr to
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Figure 6. Molecular structure of the “dimer” cation in form 1 of [CuJtren)(NCO),]-
(BPh,), after refinement of atomic positions with isotropic thermal parameters. Hydro-
gen bonding contact is indicated by a dashed line.

Figure 7. ORTEP plotting of [Cuytren)(CN),}*" Hydrogen bonding contact is indi-
cated by a dashed line.
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determine J. Previous to this work, singlet-triplet
esr transitions have been reported in only four cases:
vanadyl ta§ rate dimer (ll), nearest-neighbor exchange
coupled Cu ions doped Into a potassium zinc sulfate
lattice (12), for a Gd system (13), and for one dis-
crete copper dimer (14). -

Figure 9 shows an idealized esr spectrum for the
case where J is of a magnitude g&at is comparable to
the microwave energies (v0.3 cm ~ in X-band) used in an
esr experiment. The zero~field splitting in our copper
dimers is small in comparison with the exchange para-
meter J. By far the dominant feature in an X-band
spectrum of such a system is the Ail_=1 transition at
3200 Gauss, represented in Figure as a single fea-
tureless derivative. If the zero-field splitting D is
of tne proper magnitude, a Ams=2 transition can be seen
at nalf the field value of thé AM_=1 transition; tihe
presence of tihis feature has been noted for several
copper dimers. The two singlet-triplet transitions are
indicated in Figure 9 as two transitions wiose field
positions are *2J/y3 from tite intense Aii_=1 transition.
It is tinus possible to determine J very accurately
using esr, if the J value is in tihe esr range. As an
aside it sihould be noted that tne intensity Qf the
singlet-tyiplet transition Jdepends on (A“/4J°)x
(M; =M. )° wnere A is the copper nuclear hyperfine
ingéraégion and tne 3. values are nuclear spin pro-
jections for tae two cOpper centers. Taus, tiere is a
sligiht admixture of singlet and triplet functions as a
result of electron-nuclear hyperfine.

A reproduction of tne X-band spectrum of tue
outer-sphere copper cyanate dimer is given in Figure 0.
In tne 345°K spectrum (top traciny) tihe two singlet-
triplet transitions are readily seen, one is close to
tne Al =2 transition. Tiae two singlet-triplet transi-
tions are eqgually spaceua from the AM_=1 transition, as
expected, and tneir positions give a”|J| value of
0.09 cn . vinen the temperature of [Cuz(tren),(NCO)Z]
(BPn,) , is lowered to 95°K, tue two singlet-triplet
featdrés move to nijaer and lower field vositions,
respectively, and at,953°K tine value of |J| is calcu-
latad to be 0.16 cin ~., We nave, in fact, measured tne
temperature dependence of J for this coupound and will
report on tnis in a later paper (4).

Taus, with a combination of esr and variable-
temperature magynetic susceptibility we have determined
tie J values for a series of outer-spiere copper
diliers:
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[Cuz(tren)z(x)zl(u9n4)2 1
X J(cm )
N3 _ —_
SeCL_'q_' -
SCN_ 0.05 - 0.07
(1) ocCu_ 0.09 - 0.17
(II) ocw_ 0.05 - 0.06
Co _ 1.9
c1” 3.2
Br 3.5

For the azide and selenocyanate compounds we have not,
as yet, been able to determine J; however, in both
cases no signs of exchange interaction are seen in the
susceptibility to 4.2°K nor are tiere any weak singlet-
triplet esr transitions. Various physical data on the
SeCN compound indicate that it is isostructural with
the cyanide and cyanate. The crystallography of the
copper azide system is belng pursued by Prof. Cort
Pierpont. X-ray precession work on the SCiN~, Cl , and
Br~ compounds indicates that they are also outer-
sphere copper dimers. The thlocyanate compound shows
singlet-triplet transitions in its X—Eand esr spectra,
from which we calculated |[J|=0.05 cm = at 345°K and
|7|=0.06 cm™ = at 95°K. There are two crystalline forms
of the copper cyanate compound; we have only determined
the X-ray structure of the form labelled I. Botn forms
exhibit singlet~triplet transitions. It is perhaps
relevant to point out that [Ni, (tren),(NCO),] (BPh,),,
even though it is composed of lnner—spﬁere dlmers,

alsc has two different forms. Apparently, there are
two ways of packinyg sucn dimers with the tetraphenyl-
borate ion.

The halide-bridged outer-sphere dimers show the
strongest interactions. Tue antiferromagnetic ex-
change interactions are large enough to easily discern
with magnetic susceptibility to 4.2°K. iHowever, it is
interesting and at the same time puzzling that tine
bromide and chloride bridges support approximately the
same magnitude of interaction if these interactions
are propagated through hydrogen bonds. The X-ray
crystal structure of the chloride compound is presently
being worked on. Work (both experimental and tiheoreti-
cal) continues on tilese copper outer-sphere systems to
understand tne relationship between the "outer-sphere"
exchange studies and the many reportings of "anion-
assistance" of outer-sphere solution redox processes.
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o

Figure 9. Idealized energy level scheme and esr spectrum for two

S = 1/2 systems interacting to show both zero-field splitting (D) and

exchange coupling (J). Allowed transitions (AM, = 1) are shou_m as

large derivative feature in the spectrum whereas formally forbtddgﬂ

(MM, = 2 and singlet to triplet state) transitions are shown at an in-
creased spectrometer gain (i.e, n times greater).

T T T T T T T T T
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Figure 10. Temperature dependence of all visible features in the X-band (9 GHz) esr
spectrum of [Cuy(tren)(NCO),1(BPh,)s, form 1
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Cooalt(II) and Manganese(II) Dimers

schlenk tube techniques have been used to prepare
a series of nigh-spin cobalt(II) complexes with the
general composition of [Co, (tren),(X),] (B8Ph )2. The
electronic absorption and %nfrare spéctra 3f these
somewhat air-sensitive cobalt(II) complexes indicate
that the complexes are five-coordinate, probably tri-
gonal bipyramidal (i'BP). The magnetic susceptibility
curves indicate an attenuation of magnetism at low-
temperatures. However, because zero-field interaction
could be substantial in such a five-coordinate Co(II)
species, it is not possible to easily extract the ex-
change parameter J from a fitting of the data. 1In
agreement with this statement is our finding that the
magnetism for five-coordinate [Co(tren-Me.)Cl]Cl also
indicates a low-temperature attenuation.

Oour attack on the cobalt(II) systems has been one
of fitting the observed electronic spectra to ligand
field equations for a trigonal bipyramidal complex,
followed by attempts using the ligand field parameters
to fit the susceptibility data to the equations for a
monomeric TBP cobalt(II) complex with a reasonable
spin-orbit interaction. Preliminary work shows that
this does not work as well as fitting the magnetic data
to an effective spin damiltonian for an S' = 3 Co(II)
dimer, including single-ion zero field splitting. The
ultimate check will be gauged by our success to fit
the complicated low-temperature (4.2-90°K) X- and Q-
band esr spectra we have measured for these compounds.
Figure 11 shows tnree reasons (X-band at ¥ 15°K for
A=0N,", B=0Ci" and C = SCN~) why we are going to
have gonsiderable fun analyzing these systems. Em-
pirically, we have found an interesting temperature
dependence in these esr spectra as can see in Figure 12
which shows Q-band spectra at two temperatures for
[C02(tren)2(NC0) ](BPh4) . It is our anticipation
and“hope (perhap$8 using %ome of the machinery set out
in an earlier symposium paper by Professor R.L.
Belford) that these esr spectra hold the key to a de-
termination of J.

The cobalt complexes have, after many attempts,
been found to be unavailable in the form of single
crystals. This is not the case with the manganese (II)
compounds where we have obtained colorless crystals of
[Mn. (tren) ., (X).,] (BPh,),, where X = NCO™ and NCS~.
x—r&y crys%al %tructﬁra work is in progress. These
Mn(II) compounds also show an attenuation in magnetism
at very low temperatures. Large zero-field splittings
in the esr spectra and infrared data point to the
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T T T T I T T T T
A
B
C
I 1 I ! | I ] 1 |
1 2 3 4 5 6 7 8 9
FIELD (kG)

Figure 11. X-band (~15°K) esr spectra for three high-spin Co(1I)
compounds, [Co,(tren),X,1(BPh,),, where (A) X = Ny, (B) X =
OCN-, and (C) X = SCN-".
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| ]

Figure 12. Q-band (35 GHz) esr spectra for
[Co(tren),(NCO),1(BPh,), at two different tem-

peratures
Mn-OCN
X-BAND
i
0 5000 10,000
FIELD (G)
Figure 13. Room-temperature X-band esr spectrum of
[Mn,(tren),(NCO),]1(BPh,),
‘/\/ Mn-SCN
}’ / Q-BAND
!
N 1
5.0100 10,0100 15,(‘)00 20,000
FIELD (G)

Figure 14. Room-temperature Q-band esr spectrum of [Mn,(tren),(NCS).](BPh,),
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presence of outer-sphere dimers. Complicated and ir-
regular X-band spectra such as that for

[Mn, (tren) ., (NCO) ,] (BPh,), depicted in Figure 132 are
cle%r indi%ators that we“are dealing with dimers.
There are a considerable number of features in this
X-band spectrum, apparently encompassing the whole
10,000 Gauss range. The Q-band spectrum of the thio-
cyanate compound in Figure 14 is somewhat similar to
the Q-band spectrum of the cyanate and as such it
shows that there is an appreciable change in appear-
ance upon changing microwave energies.
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Structural and Magnetic Properties of Chromium(III)
Dimers

DEREK J. HODGSON
University of North Carolina, Chapel Hill, N.C. 27514

Introduction

A number of structural investigations in our laboratory and
elsewhere have demonstrated that complexes of stoichiometry
[Cu(L)OH]22+, where L 1s a bidentate ligand, contain a dimeric
unit in which two copper(II) centers are bridged by two hydroxo
groups (1-5), and much of our recent research has been directed
towards the correlation of the structural and magnetic properties
of dimers of this type (6,7). We have recently extended these
studies to chromium(III) complexes of the type [Cr(L)20H]2n+,
where L is again a bidentate ligand, and in this paper I describe
the results of our work in this area.

The structures with which we are concerned are molecules or
ions of the type shown in figure 1, in which we have two chromium
(III) centers which are bridged by two hydroxo groups in a planar
array; the remaining coordination sites of the chromium octahe-
dron are occupied by the bidentate ligands. For a symmetric bi-
dentate ligand, there are two possible geometries for this dimer:
if, in figure 1, atoms AN(1l) and AN(10), BN(1) and BN(10), etc.
form the chelate rings, the dimer lacks an inversion center but
has approximately D, symmetry, but if, for example, the chelation
at Cr(l) 1is changed to AN(1)-BN(10) and BN(1)-AN(10) while that
at Cr(2) is unchanged the dimer has an inversion center and
approximates Cp, symmetry. Each of these geometries is found. It
should be noted, however, that in both of these geometries we
maintain a planar bridging unit and octahedral coordination at
the metal. Sinn (8) and Glick (9) have noted the influence of the
geometry at copper on the magnetic interactions in copper dimers,
but here we are able to keep the geometry at the metal center
approximately constant.

The magnetic properties of these systems have been examined
by my colleague, Professor W.E. Hatfield. The Van Vleck equation
for exchange coupled Cr(III) ions (S = 3/2,3/2) can be written
(10) as

94
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Xy = Ha282 | 2 exp(2J/KT) + 10 exp(6J/KT) + 28 exp(12J/KT)| (4
kT | 1+3 exp(2J/kT) + 5 exp(6J/kT) + 7 exp(l2J/kT)

where J is the exchange coupling constant and -2J represents the
energy difference between the singlet ground state and the trip-
let first excited state. As a result of the presence of a mani-
fold of relatively low-lying paramagnetic excited states, how-
ever, it has been suggested (11) that the Van Vleck expression
should be modified by the inclusion of biquadratic exchange.This
gives rise to the Hamiltonian

H, = -8J(81-85)-3(51+52)2 (2)
and the expanded expression becomes
2p2
= Mg B”
Xm kT~ 3

2 exp[(2J-6.55) /kTH 10 exp[(6J-13.57)/kT] + 28 exp[(12J-97)/kT]
1.0+3 exp[(27-6.55)/kT] + 5 exp[(6J-13.57)/kT1+7 exp[(12J-97)/kT]

In this modified form of the Van Vleck equation, the energy se-
paration between the singlet ground state and triplet first
excited state, AE, is -2J + 6.57.

Since it is our aim to correlate structural and magnetic
properties, this discussion deals only with complexes whose
structures have been precisely determined and does not include
the large number of complexes (12-16) for which only magnetic
data are available.

Glycinato Complex

The first structure which was determined was that of the
glycinato complex [Cr(gly),0H], , which crystallizes in the mono-
clinic space group P2;/n with two dimers in a cell of dimensions
a = 5.691(3), b= 16.920(9), ¢ = 7.900(4) A, and B = 79.90(3)°
(17,18). With only two dimers in the cell, it is apparent that
there must be an inversion center in the middle of the dimer, and
that the molecule must be of the approximately Czh type; an
examination of the structure, which is shown in figure 2, veri-
fies this conclusion. The Cr-Cr and 0-0 geparations in the
bridging unit are 2.974(2) and 2.575(6) A, respectively, and the
similarity of the two independent bridging Cr-0 bond lengths of
1.966(4) and 1.968(4) A demonstrates that the bridging in this
unit is symmetric. The structural parameter of greatest interest
is the value of the Cr-O0-Cr bridging angle, ¢, and in this case
it is 98.2(2)° (18).
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Figure 1. Coordination about chromium(11l) centers in a typical dihydroxo-bridged

dimer. O(1}) and O(2) are the oxygen atoms of the hydroxo bridges. Chelate rings are

formed by joining AN(1) to AN(10), BN(1) to BN(10), etc. Data are for the [Cr(phen),-
OHY),# cation in [Cr(phen),OH] I, - 411 ,0.

Inorganic Chemistry

Figure 2. View of the [Cr(gly),OH], molecule with hydrogen
atoms omitted (18)
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The low temperature magnetic susceptibility data for [Cr-
(gly),0H], are shown in figure 3, in which the dashed line repre-
sents the best least-squares fit to the unmodified form of the Van
Vleck expression (equation (1)) while the solid line represents
the best least-squares fit to equation (3). It is evident that, in
this case, the observed susceptibility data are much more readily
approximated by the solid line, 7Z.e. the inclusion of biquadratic
exchange is significant in this case. The magnetic susceptibility
of [Cr(gly),0H], maximizes near 20°K. The least-squares fitting
process leads to values of 2J = -7.4 em™l and J = 0.04 cm’l, or
AE = -10.0 cm~l. These values are in good agreement with the value
of 2J predicted by Earnshaw and Lewis (12) on the basis of high
temperature susceptibility data.

Phenanthroline Complexes

The second complex whose structure was determined was the
1,10-phenanthroline complex [Cr(phen),O0H],Cl,*6H,0. This complex
crystallizes in the triclinic space group Pl with two dimers in.a
cell of dimensions g = 14.056(7), b = 11.296(6), ¢ = 18.990(9) A,
a = 87.15(3), B = 107.63(2), and y = 74.68(3)° (19). With two di-
mers in Pl, no crystallographic symmetry is imposed on the system,
and this structure is an eighty atom problem, not counting the
hydrogen atoms! The structure of the cation is shown in figure 4,
and it is apparent that this ion closely approximates D, symmetry;
there is no inversion center, but there are three approximate two-
fold axes. If the dimer attempted to adopt the approximately (o
geometry found in the glycinato complex, there would be very se-
vere proton-proton interactions across the dimer, e.g. between the
phenanthroline group labeled G2 and that labeled G3. Hence, for
the bulky phenanthroline ligand, only the D, geometry is steri-
cally feasible.

The coordination about the chromium(II}) atoms is shown in
figure 5. The Cr-Cr separation of 3.008(3) A is a little larger
than that in the glycinato complex, and this change is due to an
increase of approximately 4.5° in the value of the bridging angle,
¢. Thus, in this phenanthroline complex the average value of ¢ is
102.7°, while in the glycinato complex ¢ is 98.2° (vide supra).

The low temperature magnetic susceptibility of [Cr(phen);-
OH]2C14°6H20 exhibits a maximum near 110°K, and the best least-
squares fit to equation (3) gives a value of AE of approximately
-55 em™L (20). Single crystal epr examinations of this complex are
currently nearing completion.

The magnetic data for this chloride salt of the phenanthro-
line complex are of considerable interest since, on the basis of
high temperature measurements, Earnshaw and Lewis (12) have cal-
culated that the corresponding iodide salt has a AE of approxi-
mately -14 em™L, Hence, if our contention that the magnetic pro-
perties of di-hydroxo-bridged dimers are principally determined by
the geometry of the bridge were correct, it appeared that the geo-
metry of the iodide salt must be considerably different from
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Figure 3. Temperature variation of the magnetic susceptibility of [Cr(gly),OH]..
Dashed line represents the best fit to equation (1); solid line represents the best fit to
equation (3) (see text) (18).
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Figure 4. View of
the cation in
[Cr(phen);OH].Cl,
- 6H,0 (19)
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that of the chloride. Hence, we also examined the structure of
the iodide salt, [Cr(phen);0H],I,*4H,0.

The iodide salt also crystallizes in the triclinic space
group Pl with two dimeric units in a cellof dimensions a =
11.464(12), b = 9.893(11), ¢ = 22.757(25) A, o = 90.06(2), B =
93.04(2), and vy = 82.82(2)° (21). The structure of the cationm,
which is shown in figure 6, is very similar to that found in the
chloride salt, with the bulky phenanthroline ligands again forc-
ing the dimer to adopt the roughly D, geometry. The inner coor-
dination sphere for this dimer is shown in figure 1, and a com-
parison of this figure with figure 5 demonstrates that the
[Cr(phen),0H],** units in these two salts are structurally sub-
stantially similar (21). Thus, for examgle, the Cr-Cr separation
and Cr-0-Cr bridging angle of 2.986(4) A and 102.2(2)°, respect-—
ively, in the iodide salt probably do not differ significantly
from the values (19) of 3.008(3) A and 102.7(5)° in the chloride
analog.

This structural result is, clearly, inconsistent with the
magnetic properties reported by Earnshaw and Lewis (12), and so
we have reexamined the magnetic susceptibility of the iodide salt
(22). The low temperature susceptibility data are shown infigure
7, in which the solid line represents the best fit to the Van
Vleck equation modified by the inclusion of biquadratic exchange.
The magnetic susceptibility of [Cr(phen);0H];I4-4H20 is seen to
maxmize near 110°K, and the least-squares fit to equation_ (3)
yields 2J = -43.8 cn~l, 7 = +1.5 cm~l, and AE = -53.6 em~1 (22).
These values are very similar to those obtained (20) for the
chloride but are substantially different from the value of AE =
-14 em™l reported by Earnshaw and Lewis (12). Moreover, the sim-
ilarity between these results and those for the chloride salt
is consistent with the similarity of the two structures noted
above. It is, however, noteworthy that while the magnetic pro-
perties of the corresponding nitrate salt, [Cr(phen)0H]>(NO3)y*
7H,0, with values of 2J = -42.2 eml, 7 = 0.0 cm™t, and AE =
-42.2 cm™l (23) are substantially similar to those of the chlo-
ide and iodide salt, the bromide salt, [Cr(phen), OH}, By, *8H20,
apparentlI undergoes a weaker interaction with values of 2J =
-29.2 em™*, § = 0.5 em™l, and AE = -32.5 cm~1 (23). It would
appear, therefore, that the cation in the bromide salt may in-
deed be structurally different from that in the chloride and
iodide cases, but no structural data are available to confirm
or deny this hypothesis.

Oxalato Complex

The final structure of this type, which has recently been
completed in our laboratories, 1s that of the oxalato complex
Na [Cr(0X),0H],*6H0. This material crystallizes in the mono-
clinic space group P21/c with four dimers in,a cell of dimensions
a = 19.530(12),b = 9.860(7), ¢ = 12.657(10) A, and B = 106.93(4)°
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103.13)
3.008(3)
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Acta Crystailographica

Figure 5. Coordination about the chromium(Ill) centers in [Cr(phen),OH .CL, -
6H,0. Chelate rings are formed by joining atoms IN1 to INI0O, 2N1 to 2N10, etc.
(19).

Figure 6. View of the cation in [Cr(phen),OH],1, - 411,0
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While no crystallographic symmetry is required for four dimers in
this cell, it transpires that each dimer sits on a crystallograp-
hic inversion center so that there are, in effect, two separate
independent "half-dimers" in the cell rather than one independent
dimer. Hence, of course, the geometry of the anion must be of the
Cyy, type rather than the Dy type. The structure of the anion is
shown in figure 8, the bond lengths and angles given being the
average of the values obtained for the two independent halves; the
agreement between these two independent measuremengs is excellent
(24). The values of the Cr-Cr separation of 3.000 A and the Cr-0-
Cr angle of 99.6(3)° are intermediate between those for the gly-
cinato and phenanthroline complexes. Hence, while the only magnet-
ic data available at present are the room temperature values (u=
3.43 uB) obtained on the tetrahydrate (13), it is evident that the
value of AE for this complex must lie between -10 and -53 em~l if
there is a simple correlation between AE and ¢.

Interpretation

The structural and magnetic data described above are correl-
ated in figure 9, in which the singlet-triplet splitting AE is
plotted against the bridging angle ¢; a similar plot for the
analogous copper(II) dimers [Cu(L)OH]22+ is also included in
figure 9, An examination of the chromium data suggests that the
oxalato complex Naq[Cr(OX)ZOH]2'6H20, which has a ¢ of 99.6°
(vide supra), should have a AE of approximately -25 em™L. Figure
9 is noteworthy for two separate reasons: firstly, because for a
given metal there is apparently an almost linear correlation
between AE and ¢, and secondly because the slope of the AE vs. ¢
plot for the chromium(III) complexes is considerably smaller than
that for the copper(II) complexes. Each of these features is
readily explained in terms of simple bonding theory.

The correlation between AE and ¢. The correlation noted
can be explained in terms of valence bond theory and the princi-
ples of super exchange(25).If the orbitals used by the bridging
oxygen atoms are pure p orbitals, the bond angle is expected to
be 90° and the ground state is predicted to be a triplet (Z.e.
AE > 0); if the orbitals are purely s , the ground state is pre-
dicted to be a singlet (Z.e. AE < 0). Hence, since an increased
value of the bridging angle implies greater s character in the
bridging orbitals, we would expect a decrease in AE as the brid-
ging angle is increased from 90°. For the six copper and three
chromium cases which have been studied in detail, this trend is
observed (2).

This correlation can also be expressed in terms of molecular
orbital theory. The M-0-M-0 ring is of approximate D,; symmetry
in these molecules, with the x—axis defined as the Cu-Cu direct-
ion and y~axis parallel to the 0-0 vector (26).Neglecting oxygen
s orbitals, the eight o-orbitals in this system transform in Dy
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Figure 7. Temperature variation of the magnetic susceptibility of [Cr(phen),OH1.I, -
4H,0. Solid line represents the best fit to equation (3) (see text).

Figure 8. View of
the anion in Na,-
[Cr(ox),OH], -
6H ,0. Data are the
average values of
the two crystallo-
graphically inde-
pendent dimers.
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Figure 9. M-O-M bridging angle, ¢ (abscissa) vs. the singlet—triplet splitting energy,
AE (ordinate) for dihydroxo-bridged complexes of Cu (steeper line) and Cr (flatter line)
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symmetry as 24g + 2By, + 2By, + 2B; , and there are bonding and
anti-bonding combinat%ons with all Four of these symmetries. On
the assumption that only oxygen p orbitals participate, the A

and B3, molecular orbitals would have identical energies when the
Cr-0-Cr angle was 90°, as would the By, and By, orbitals.This sit-
uation is depicted in figure 10, which demonstrates that this ten
electron system (for chromium) must give rise to a triplet ground
state. As the Cr-0-Cr angle increases, however, the overlap of
the Ag and Blgcombinations increases relative to that of the B3,
and B, combinations. Hence, the orbital degenercies in figure 10
are lifted, and at sufficiently large values of ¢ the molecular
orbital diagram shown in figure 11 becomes operative. At these
larger bridging angles, the splitting of the B3,* and A * orbitals
is sufficient to overcome the pairing energy, and the s%nglet
state becomes the ground state. This molecular orbital view,
therefore, is analogous to the valence bond approach above, and
the experimental data may be interpreted on this basis; presum-
ably, figure 11 becomes appropriate at ¢ values greater than
approximately 97.6°, while at angles between 90° and 97.6° the
splitting between the B3,;* and A_* orbitals is less than the
pairing energy, and so the tripl%t state remains lower in energy
than the singlet (f.e. AE remains positive) (27) . Unfortunately,
for chromium(III) complexes of this general type there are no
examples of positive AE values, but the presence of the triplet-
ground state complexes in the copper(Il) series lends strong
support to this hypothesis. Moreover, of course, examination of
the copper(II) line in figure 9 suggests that the ground state is
the triplet if ¢ < 97.6°; hence, since for the chromium complexes
the smallest value of ¢ yet obtained is 98.2°, none of the chrom-
ium complexes examined in detail is predicted to have a positive
value of J (or AE).

The Slopes of the Cr and Cu Lines. In the copper(II) complex-
es the unpaired spin resides principally in atomic orbitals which
point directly at the bridging oxygen ligands (the d,, orbitals
in figure 10, but more conventionally dxz_yz since the usual
axial system is different from that forced upon us in Dy} symme-
try), while in the chromium(III) complexes the unpaired spin is
in ¢,, orbitals which point between the bridging atom; this dis-
parity is demonstrated pictorially in figure 12. Hence, since the
overlap between the bridging orbitals and the metal orbitals
containing the unpaired spin is much poorer for the chromium com-
plexes than for the copper complexes, we predict that the magni-
tude of the spin-spin interaction should be greater for copper
than for chromium. Hence, at a given value of ¢, we predict that
the magnitude of AE for copper is greater than that for chromium,
Z.e. that the slope of the line for copper is greater than that
for chromium; this result, of course, is exactly what is seen in
figure 9.
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Superexchange Interactions in Copper(Il) Complexes

WILLIAM E. HATFIELD
University of North Carolina, Chapel Hill, N.C. 27514

This paper represents a brief survey of superexchange inter-
actions (1) in copper(II) complexes with special emphasis on
research at the University of North Carolina, which is princi-
pally concerned with structural, magnetic susceptibility, and
EPR measurements. The systems to be discussed include (I) a
series of hydroxo-bridged complexes of the general formula
[CuL(OH) ],X,*nH,0, where L is a bidentate amine such as 2,2'-~
bipyridine or an N-substituted 2-(2-aminoethyl)pyridine; (II) a
series of chloro-bridged dimers including [Co(en)3]2[CupClglCl,:
2H0, [Cuj(guaninium),Clg], [Cup(a-picoline)yCly], and [Cujp(di-
methylglyoxime)2Cly]; and (III) the compound [Cu(pyrazine)(N03)2]n
and related chains.

Since most, if not all, of the copper(II) complexes to be
considered have orbitally nondegenerate single-ion ground states
the Hamiltonian appropriate for the problem is

H=-2J5 3 3, (1)
. .1
i<j
For those cases in which antisymmetric exchange and anisotropic
exchange become important the following terms may be added to
(1):
x> x> .
Dij Siij + Si. _1:1J Sj
where 31' is the antisymmetric vector coupling constant and T i
is the aﬂisotropic coupling tensor. For orbital singlet single
ions undergoing exchange, Moriya (2) has estimated that

D,, ~(Ag/g)J

1]
and
r,. ~(Ag/g)2J
1j
where Ag = [g-2[. For many copper compounds Ag is approximately

108
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0.1, so |D|~ 5 cm™l for J = 100 cm~l. There is no limit on the
magnitude of D and I' for orbitally degenerate single iongtates
undergoing exchange, and a suggestion has been made that this
may be an appropriate approach for the rationalization of the
magnetic properties of the tetramers [Cu,OXyL,]. (3) These pro-
blems will be discussed here.

I. Di~u~Hydroxo-bridged Copper(II) Complexes

It has been known for some time that copper(II) forms com-
plexes of the type [CuLOH];X; , where L is a bidentate amine and
X" is an appropriate counterion. (4-8) These complex ions may be
described as two planar or tetragonal pyramidal units sharing an
edge which is defined by two bridging hydroxo oxygen atoms. The
magnetic properties of the compounds give evidence for exchange
interactions which differ widely. From a close examination of
the structural and magnetic data for six of these compounds it
has been possible to identify some of the factors which influence
the exchange interactions, and the results of that study will be
reviewed here. The chemical and structural features which will be
examined include

1) the nature of the chelating amine.

2) the copper-oxygen (hydroxo) bond distance.

3) the nature of any out~of-plane coordination.

4) the geometry of the basal plane.

5) the single ion ground state.

6) hydrogen bonding by the hydroxo-bridge hydrogen atom.

7) the Cu—Cu separation.

8) the Cu-0-Cu bridge angle.

Magnetic parameters have been obtained from analyses of EPR
spectra, and from the temperature variation of the magnetic sus-
ceptibility. The latter is characteristic of exchange coupled
copper (IT) pairs and the singlet-triplet splittings have been
determined by fitting the data to the Van Vleck equation

2NRr2
. _g2N8 1 -1
X KT {1+ 3 exp(-2J/kT)} = + Na (2)

where the symbols have their usual meaning, Na is the temperature
independent paramagnetism, and the equation as written gives the

susceptibility per copper ion. In some cases T has been replaced

by (T-9) to account for interdimer interactions.

A. Structural and Magnetic Data.

1. Di-u~hydroxobis[N,N,N',N'-tetramethylethylenediamine—

copper(IT1)] bromide. The first compound of this type to be
characterized by an X-ray crystal structure determination was
di-p-hydroxobis[N,N,N',N'~tetramethylethylenediaminecopper (II)]
bromide, [Cu(tmen)OH],;Br,.(9) The structure of the formula unit
viewed along the b-axis is shown in Figure 1 along with some of
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Figure 1. Structure of [Cu(tmen)OH),* viewed along the b axis (adapted
from Ref. 9)
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the important structural parameters. The structural data are also
collected for all compoynds of this type in Table I. The Cy-N
bond distance of 2.030 A, the Cu-0 bond distance of 1.902 A, and
the N-Cu-N angle of 86.7° are all normal for substituted ethyl-
enediamine complexes. The coordination aboyt the copper is square
planar with the nitrogen atoms being 0.14 A out of the plane of
the Cuy0; unit.The bromide ion is involved in hydrogen bonding
with the hydroxo-bridge, since O-Br distance of 3.366 A is com-
parable to the O-Br distances of 3.39 and 3.37 A, respectively,
in the hydrogen bonded systems MnBr,<2H,0 and CoBr;‘'2H;0. The
infrared spectrum also indicates the presence of hydrogen bond-
ing in that there is a strong OH stretching band at 3410 cm'l, a
value which is approximately 200 cm~l lower than that of a free
OH group.(10-12)

The magnetic susceptibility has been measured in the range
77-300°K both on a powdered sample and on a single crystal along
the a,b, and c crystallographic axes. (13) The data were fitted
to the Van Vleck equation (2) yielding the magnetic parameters
2J = -509 cm~l, g = 2.0, and Na =~150x10~6 cgs units. Within
the precision of the experimental measurement the crystal sus-
ceptibilities were isotropic.

2. Di-uy—-hydroxobis[N,N,N' ,N'-tetraethylethylenediamine

copper (I1)] perchlorate. As a part of an investigation of
the thermochromic properties of N-alkyl substituted ethylene-
diamine complexes of copper(II), Hatfield, Piper, and Klabunde(6)
reported, in 1963, the temperature variation of the magnetic
susceptibilities of the N,N,N',N'-tetraethylethylenediamine (teen)
and N,N-diethyl-N'-methylethylenediamine complexes of the general
formula [Cu(diamine)OH],(Cl0,),. The data for the latter com-
pound were fitted to Equation (2) for the determination of the
magnetic parameters, while 2J for the teen compound was deter-
mined from the expression 2J = -1.11 Tp,, where Tpax is the
temperature at which the magnetic susceptibility attains the max-
imum value, and the constant has units of cm™ deg™-.

The structure of [Cu(teen)OH],(Cl0,), has been completed
only recently.(l4) The structure consists of [Cu(teen)OH]22+
units and discrete C104,~ anions. (While this geometry at the
copper(II) ion is comparable to the situation described above(9)
for [Cu(tmen)OH];Br,, it is in marked contrast to the geometry
of the structures of other compounds in this series with oxy-
anions, vide post.) The best least squares plane of the
N,Cu0O,CuN, unit calls attention to the slight distortion in the
molecule, the oxygen and nitrogen atoms are approximately 0.15 2
out of the plane. The Cuy0, unit is planar owing to the inversion
center. The structural features, which are given in Table I, are
very similar to those determined for the tmen compound with the
significant exception being the decrease in Cu-0-Cu angle from
104.1° in [Cu(tmen)OH],;Br, to 103.0° in [Cu(teen)OH],(C1lO4)>.

Apparently there is a hydrogen bonding interaction between
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the hydroxo group and the perchlorate ion, since the average
C1-0 bond digtance for the three oxygens which are not involved
is 1.389(5) A, while the C1-0 bond distance for the oxygen which
is probably hydrogen bonded is 1.434(5) A.

3. B-Di-u-hydroxobis[2-(2-dimethylaminoethyl)pyridinecopper-

(II)]perchlorate. Two forms of the compound [Cu(DMAEP)OH],-
(C104), can be isolated. (15,16) The B-form is obtained, essen-
tially uncontaminated with the a-form, by mixing equimolar
quantities of copper(II) perchlorate hexahydrate and DMAEP in
ethanol/ether while both forms may be found if methanol/ether is
used. Uhlig and co-workers (17) had reported only one form of
this compound in their study of the coordination chemistry of N-
substituted 2-(2-aminoethyl)pyridine, and from a comparison of
the magnetic properties of the two isomers, it is evident that
they had the triclinic a-form. The a~form has, in addition to the
two expected hydroxo bridges, two perchlorate bridges and it will
not be considered further here.(16) The B-form has two hydroxo
bridges (15) and, as shown in Figure 2, the copper ions are in a
tetragonal pyramidal environment with oxygen atoms from perchlor-
ate ions occupying the axial positions. The N,CuO,CuN, unit is
essentially planar with the largest deviation from the best
least squares plane being 0.09 A. An unusual features obtains
here in that the copper ions are not displaced out of the plane
toward the axial ligand as has been observed in many tetragonal
pyramidal copper(II) complexes. Presumably this absence of dis-
placement is a reflection of the weak nature of the perchlorate
coordination. The bond distances and angles are comparable to
those observed in other similar complexes. The structural para-
meters pertinent to this discussion are listed in Table I where
it may be seen that the Cu-pyridine nitrogen bond distance is
somewhat shorter than the Cu-amine nitrogen bond. The Cu-0-Cu
angle is 100.4(1).

Hydrogen bonding involving the hydroxo bridging group is
indicated by the oxygen-oxygen separation of 2.993 A, which is
less than twice the van der Waals radius of oxygen as given by
Bondi (3.02 A) (18) but slightly greater than the corresponding
value given by Pauling (2.80 K) (19) That the bonding is weak is
evident from the strong, sharp O-H stretching band at 3580 em—1,

a value which is only 40 em™l less than the value usually as-
cribed to free hydroxyl groups.

The temperature variation of the magnetic susceptibility of
B-[Cu(DMAEP)OH], (C104), from 50-300°K is shown in Figure 3.(15)
There is a very broad maximum in the magnetic susceptibility at
about 175°K, and the data may be fitted to expression for ex- -1
change coupled pairs of copper(II) ions yielding 2J = -195 cm
and g = 2.00, where the criterion for the best fit was the
minimization of the function

App = E[{x(exptl)i- X(calcd)i}Ti]2
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Figure 3. Susceptibility of 8-[CyDMAEP)OH],(CIO,), per Cu atom as a function
of temperature. Solid line represents values calculated from equation (2) with g —
2.03 and 2] = 201 cm* (15).
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For this set of parameters Agp = 2.1x10'4. Since this best fit
g-value is somewhat lower than the average g-value (2.03) found
from the EPR spectrum taken at 77°K, a second calculation was
made in which the g-value was held constant and only 2J was
varied. The somewhat poorer fit (ABF = 5.7x107') gave 2J = -201
em~l. In view of these results a value_of <g> = 2.03 is probably
accurate within 2% and 2J = -200%10cm™~.

4. Du—u-hydroxobis[2-(2—ethylaminoethyl)pyridinecopper(II)lf

perchlorate. The structure of the complex [Cu(EAEP)OH],-
(C10,), and coordination geometry around copper is very similar
to that described above for [Cu(DMAEP)OH],(C104)2. The pertinent
structural details are tabulated in Table I. In this compound the
copper ions are displaced approximately 0.12 A from the best
least-squares basal plane which is formed by the nitrogen atoms
and the two bridging oxygen atoms. It is further noteworthy that
the copper-oxygen(perchlorate) axial internuclear separations are
significantly shorter in [Cu(EAEP)OH]>(ClOy)2 than in the corres-
ponding complex [Cu(DMAEP)OH], (C10y)» where the copper ions
are not displaced from the basal plane. The two basal planes are
nearly coplanar, with the angle between them being 1.4°. The
average of the two Cu-0-Cu angles is 99.2(3)° and the Cu-Cu
separation is 2.917(5) k.

The structural data indicate that any hydrogen bonding in-
volving the bridging hydroxo hydrogen atom is very weak. The
shortooxygen(bridge)—oxygen(perchlorate) separations are 2.89 and
2.95 A, values which are less than twice the van der Waals radius
of oxygen as given by Bondi but greater than that given by
Pauling. The infrared spectra shows a strong, sharp band at 3580
cm™+.

The magnetic susceptibility data (21) for [Cu(EAEP)OH] 2~
(C10y), show a broad maximum at ~120°K and when the data are
fitted to Equation (2) the parameters 2J = -130cm~l and g = 2.04
result.

5. Di-u-hydroxobis[ZLZ'-bipyridinecopper(II)]5ulfate

pentahydrate. The complexes of the general formula
[Cu(diamine)OH],X; ‘nHyO which are formed by 1,10-phenanthroline
and 2,2'-bipyridine are of considerable interest since a variety
of counter ions may be used and the magnetic properties depend
on theidentity of the counter iomn.(22-25) The first compound of
this type to be characterized fully was {Cu(bipy)OH] S0y 5H0
(25-28). The structural details necessary for this discussion
are listed in Table I.

In this compound the copper ions are found in distorted
tetragonal pyramidal environments with a water molecule coordin-
ated to one copper and the sulfate ion coordinated to the other
copper. The copper ions are displaced approximately 0.18 and
0.23 A from the basal planes formed by the nitrogen atoms and
the bridging oxygens. It is interesting to note that the greater

In E_xtended Interactions between Metal lons; Interrante, L .;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



116 EXTENDED INTERACTIONS BETWEEN METAL IONS

displacement of 0.23 A occurs in the portion of the molecule in
which the sulfate ion is coordinated to copper and thatthat Cu-O
(axial) bond distance is the shorter of the two. The dihedral
angle between the basal planes is 7.9°. There is extensive hydro-
gen bonding with an O(hydroxo)-O(sulfate) separation of 2.77 A.

The magnetic susceptibility of this compound has been mea-
sured as a function of temperature over the range 4.2-300°K,
(26-28) and the x'l vs.T plot, Figure 4, clearly indicates a
deviation at low temperature from the Curie-Weiss behavior exhi-
bited at higher temperatures. The measured susceptibilities
deviate in the manner expect for an exchange coupled pair of
copper ions with a positive 2J value indicating a ferromagnetic
interaction and a triplet ground state with a low lying singlet
state. The best least square fit of the data yield 2J = +48(%10)
cm ™ and g = 2.2.

The presence of the triplet state is confirmed by the EPR
spectrum shown in Figure 5. The spectrum may be described using
the spin Hamiltonian

= t ! ! ! 2_
He gllsuzsz + glg(sx Hx+Sy Hy) + D(Sz 2/3)
where the resonance fields are

-1
Hl(z) = (gllB) [hv -D|

-1
H,(z) = (gIIB) (hv +D)

- 1/2
Hl(x,y) = (gJ_B) l[hv(h\) -D)] /
1y Gy = (89 oty 40371
H) (forb) = (ZgIIB)_lhv
H, (forb) = (2gl§)'1(h2v2 -p%)1/2

Here the subscript 1 designates the low field transitions and the
subscript 2 designates the high field transitions, while the
AMg = 2 transitions are labeled forbidden.

6. Di-p-hydroxobis[2,2'-bipyridinecopper (II)]nitrate. The
structure of [Cu(bipy)OH],(NO3), is very similar to that of the
sulfate salt with the difference being that nitrates are coor-
dinated in the axial positions of the tetragonal pyramids. (29)
The copper(II) ions are displaced from the basal planes toward
the oxygen atom of the coordinated nitrate where the Cu-0 (axial)
bond is relatively short, being 2.379(2) &. Structural details
are listed in Table I.

The magnetic susceptibility has been measured as a function
of temperature in the range 1.6-300°K and can be fit to Equation
(2) yielding 2J = 172 cm~l and g = 2.10. (30) The estimated
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Figure 4. Inverse of magnetic susceptibility per cop-
per atom of [(bipy)Cu(OH ),Cu(bipy)]SO, - 511,0 as
«a function of temperature. Solid line represents values
calculated from the Van Vieck equation; dashed line
is extrapolation of Curie-Weiss law. Observed values
are black dots. Data above 80K from Ref. 26 (28).

Figure 5. X-band EPR spectrum of [Cu(bipy)OH],S0, -

5H,0 at 77°K, 0-10.0 kG
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standard deviation on this 2J value is very large since the equa-
tion is very insensitive to variations in large positive 2Jvalues.

B. Correlation of Structural and Magnetic Properties.

1. The nature of the chelating amine. Inspection of the data
in Table I reveals that the two complexes with the aromatic dia-
mine, 2,2'-bipyridine, have triplet ground states, the two com-
plexes with aliphatic diamines, tmen and teen, have singlet
ground states with large IZJI values, and that the two complexes
with the mixed aliphatic/aromatic diamines, DMAEP and EAEP, have
singlet ground states with intermediate |2J| values. There is no
correlation with the N-Cu-N angle, since these angles increase in
the order aromatic < aliphatic < mixed. Furthermore, Casey (25)
has shown that [Cu(bipy)OH], (NCS),+Hy0, [Cu(bipy)OH],(NCSe),+-H,0,
and [Cu(bipy)OH],Cls+3H,0 havglsinglet ground states with 2J
values of -6, -34, and -39 cm.”, respectively. Since the N-Cu-N
angle is expected to be fairly constant for all of the 2,2'-
bipyridine compounds, and since there is no apparent correlation
of this angle with 2J, then it is reasonable to conclude that
changes in this angle are of secondary importance .However, the
chemical nature of the bidentate amine is probably important
since as of yet there are no known overlaps of 2J values between
the groups of compounds formed by the aromatic, mixed aromatic/
aliphatic, and aliphatic diamines.

2. The copper—-oxygen(hydroxo) bond distance. The copper-
bridging oxygen bond distances are all comparable and fall in the
range 1.9 to 1.95 A with the average bond distance being 1.915 A.
For all practical purposes the copper-oxygen bond distance is
constant in this series of compounds.

3. The nature of any out-of-plane coordination. The two com-—
plexes with the aliphatic diamines, [Cu(tmen)OH],Br, and
[Cu(teen)OH],(C1l04), , are formed by two planar units sharing an
edge. The closest out-of-plane contacts to copper in [Cu(tmen)-
OH],Br,; are to bromide ions which are centered over the five
member chelate ring, these distances are 4.778 and 4.933 K, and
are considered to be too long even for semi-coordination. There
are no out-of-plane atoms within 4.0 A of copper(II) in
[Cu(teen)OH],(C104);. (31) The other four compounds are composed
of tetragonal pyramidal units sharing an edge with apical ligands
on opposite sides of the joined basal planes. There is an import-
ant trend here; the out-of-plane copper-oxygen bond distances
decrease with an increase in the displacement of the copper ion
from the basal plane toward the apical ligand, viz.,
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-] (-]
compound Cu-0, A displacement, A
B-[Cu(DMAEP)OH]Z(Cloa)2 2.721(4) none

[Cu(EAEP)OH]Z(C104)2 2.618(9) 0.11
2.562(10) 0.13
[Cu(bipy)OH]z(NO3)2 2.379(2) 0.16
[Cu(bipy)OH] SO, + SH,O 2.21(s0,%7) 0.23
2.24(H,0) 0.18

There is a general correlation of J with the copper-out-of-plane
ligand distance. Except for [Cu(bipy)OH],S0,°5H,0, the exchange
coupling constant becomes more positive as the out-of-plane bond
distance decreases.

4. The geometry of the basal planes. To a good approximation
the bases of the tetragonal pyramids are all planar with devia-
tions from the best least squares plane being on the order of
0.15 A or less. The two basal planes [or the coordination planes
in the case of [Cu(tmen)OH];Br, and [Cu(teen)OH],(C1lOy);]are
frequently coplanar, with the largest deviation from coplanarity
being a 7.9° dihedral angle between these planes in [Cu(bipy)OH],-
S0, °5H,0. Consequently, except for this latter compound, the geo-
metry of the basal plane remains constant throughout the series.

5. The single ion ground states. It is very well established
that the unpaired electron is in the o* orbital for square planar
copper(II) complexes, (32) Although spin-orbit coupling and the
low symmetry crystal field components permit the mixing in of
other states, to a good approximation the exchange mechanisms can
be given in terms of this electronic configuration. Although the
displacement of the copper(II) ion from the basal plane toward
the axial ligand in the tetragonal pyramidal complexes complicates
even further the nature of the single ion ground state, it will be
assumed that the unpaired electron is in the dx2 2,0%, orbital in
these complexes. This assumption is admittedly “Yess tenable for
[Cu(bipy)OH], SOy *5H,0 and [Cu(bipy)OH]2(NO3), where the displace-
ments are considerable and the axial bond distances are rather
short. Precise descriptions of the ground states must await the
completion of detailed EPR investigations which are presently
underway. (33)

6. Hydrogen bonding by the hydroxo-bridge hydrogen atoms.The
nature of the hydrogen bonding spans a wide range in these com-

pounds. A suitable working hypothesis would suggest that the
electron density on the bridging oxygen atom should increase with
the strength of the hydrogen bond and that this variation in
electron density should have a significant effect on the exchange
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coupling. If either the O--°X internuclear separation or Av(OH)
(the deviation from the "free" hydroxyl stretching energy) are
taken as gauges of the hydrogen bond, then it is clear from the
data in Table II that there is no simple correlation between
either of these parameters and the exchange coupling constant.
Thus it is reasonable to conclude that hydrogen bonding is of
secondary importance in determining the nature of the exchange
coupling.

7. The copper—copper separation. There is an interesting
correlation between the Cu-Cu separation and the singletgtriplet
splitting. As the Cu-Cu separation increases from 2.847 A in
[Cu(bipy)OH], (NO3), to 3.000 & in [Cu(tmen)OH]2Bry, the singlet-
triplet splitting changes from +172 em~l to -509 cm . If the
data for [Cu(bipy)OH],SO,+5H,0 are omitted, since the basal
planes in the compound are not coplanar, then the best line
through the five available values,of the copper-copper separation
ang12J has a slope of -4545 cem~l/A and an intercept of 13,130
cm T,

8. The copper-oxygen-copper bridge angle. Since the copper-
oxygen (bridge) bond distances are nearly constant at 1.915 A,
and since the Cu0, units are all nearly planar there is a
similar striking correlation between the 2J values and the Cu-0-
Cu bridge angle. This linear correlation (in the range 95.6° <
¢ < 104.1°) is illustrated in Figure 6, where the slope is -79.5
em™1 deg'1 and the intercept is 7790 em~1,

C. Rationalization in Terms of a Molecular Orbital Model.
The correlations which have been observed can be understood in
terms of a simple molecular orbital model, which is most appro-
priate for the two joined-planar compounds, but which is still a
good approximation for the joined tetragonal pyramidal compounds.
(34) It is necessary to consider the two oxygen orbitals, px, Py»

and the two copper in-plane orbitals d 2-y2° dxy' If the follow-
ing coordinate system in D, is adopteé
Y
Cui——————oz//
0y—Cu
1 1
e X
it can be seen that the orbitals transform as
A d + d
g x2-y2 x2-y2
y1 - ¥y2
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lg ° "xy  xy
Xl - X3

B : d -d

2u xy xy
y1 ty2

B3u : dx2—y2 - dx2--y2
xy + X,

where x; and y,; designate the oxygen Py and Py orbitals. Symboli-
cally these symmetry relationships are

+
+
~ N\ N N
A B
g 1g
+
.-+ -
+ N\~ + A -
_ +\V — + -
+
S OO ¢
B3u B2u

Inspection of these will show that the A and B3u molecular
orbitals will have identical energies as will®the B;g and B2u
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Figure 6. Correlation of singlet—triplet splittings with the Cu~O-Cu bridge angle
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orbitals. With this information the molecular orbital diagram for
this fourteen electron system may be constructed; it is given in
Figure 7a. As the Cu-0-Cu angle increases the overlap of the A
and Blg combinations increase relative to that of the B3y and

By, combinations. At a sufficiently large enough angle it may be
anticipated that the separation between the Bj,* and Big* mole-
cular orbitals would exceed the pairing energy and the singlet
state with configuration (qu*)2 would result as the ground
state. The triplet state from the configuration (b2u*)(blg*)
would be the low lying paramagnetic state.

II.Di-py—-Chloro-bridged Copper(II) Complexes

The properties of four di-u-chloro-bridged copper(II) com-
plexes will be described here. These include (Class I)
[Co(en)3],[CupClg]Cly+2Ho0 and [Cu(guaninium)Cls], , where the
copper (II) ions are in distorted trigonal bipyramids which share
an equator-to-apex edge, (35-40) and (Class II) [Cu(2-methyl-
pyridine);Cl;], and [Cu(dimethylglyoxime)Cl,],,where the coordina-
tion about copper is distorted tetragonal pyramidal and the di-
meric structure is formed by the sharing of the base-to-apex
edge. (41-44)

Unlike the hydroxo-bridged copper(II) complexes described
in Section I where the Cu-O (bridge) bond lengths are constant,
the chloro-bridged dimers have greatly different Cu-Cl (bridge)
distances. It will be shown here that the singlet triplet split-
tings are dependent on the bridging bond lengths as well as the
Cu-C1-Cu bridging angle.

A. Structural and Magnetic Data.

1. Tris(ethylenediamine)cobalt (III) Di-pu-chlorobis[tri-

chlorocuprate(I1)] Dichloride Dihydrate. The unusual spec-
tral properties (45) of the compound Co(en)3CuClg-H,0, as for-
mulated by Kurnakowin 1898, led to an X-ray crystal structure
examination (35,36) which revealed that the new and unusual
[Cu2C13]“— ion was present.

The compound crystallizes in the orthorhombic space group
Pbca with four molecules in a unit cell of dipensions a =
13.560(9), b = 14.569(9), and ¢ = 17.885(12) A. The bridging
Cu-Cl distances are 2.325(5) and 2.703(5) A, the Cu-Cu separa-
tion is 3.722(5) A, and the angle at the bridge is 95.2(1)°.

The exchange interaction (37) in [Cu(en)3]2{CuzClg]Cly*2H,0
has been precisely characterized by single crystal magnetic
susceptibility measurements. (38) Data were collected in the
temperature range 4.2-80°K on a crystal ( 5.2 x 2.9 x 2.5 mm)
with the magnetic field applied along the crystallographic axes.
The data are given in Figure 8, where it may be seen that the
susceptibility maximizes at 12.9°K, and the usual g-factor aniso-
tropy is observed (Xxc > Xa > Xp)- The data may be fitted to
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Equation (2) yielding J,/k = -10.7%.2° and g, = 2.07%.02; Jp/k =
-10.8%.2° and g = 2.03%.02; and Jc/k = -10.6%.2° and g, =
2.18+,02. The data fit the theoretical curve very well. For ex-
ample, of the 44 data points collected with the field applied
along the c-axis, only five deviated from the calculated values
by more than 1.57% while 34 of the points differed by less than
1%. No significant improvement of the fits were observed when
interdimer interactions were included. Thus within experimental
error J, = J, = J. = J, and <g> = (1/3)(gz+gp*8c) = 2.09, a
value which is in excellent agreement with the g value obtained
from powder data collected in the temperature range 130-235°K.
Here g was calculated from the Curie constant using the formula

g2 = 3kc/NBZs(s+1)

The exchange interaction observed along the c-axis, which
is almost colinear with the copper(II)-copper(II) vector, and
the exchange interaction observed along the a and b-axes, which
are almost perpendicular to the copper(II)-copper(II) vector,
are equal in magnitude. Also, there is no significant long range
interdimer exchange present in the system. This result is not
unexpected in view of the large interdimer separation. °

The large copper(II)-copper(I11) separation of 3.722 A pre-
cludes any through-space interactions since no significant or-
bital overlap can occur over this distance, and dipole-dipole
interactions could not produce a splitting of the observed
magnitude. Hence, it seems reasonable to conclude that the inter-
action occurs via superexchange through the chloride bridges.

2. Di-p-chlorobis[dichloro(guaninium)copper (II)]dihydrate.
In 1970 Carrabine and Sundaralingam (39a) reported the structure
of di-u-chlorobis[dichloro(guaninium)copper(II)] dihydrate,
where the guaninium ligand is the cation formed by monoprotonat-
ing guanine, one of the bases bonded to the sugar residues in
the backbone of dioxyribonucleic acid (DNA). The same authors
presented a more complete structural analysis the following year,
(39b) and the structure was then confirmed by Declercq, Debbaudt,
and Van Meerssche (39¢) in an independent investigation. Both
research groups reported the structure to be that of a dimer
consisting of chloro-bridged, trigonal-bipyramidally coordinated
copper(II) ions, as shown in Figure 9. The monoprotonation was
shown to occur at the imidazole nitrogen, N(7), of the purine
ring system, and binding to the copper ion, at N{9). The brigg-
ing Cu-Cl distances were determined to be 2.447 A and 2.288 A,
with a Cu-Cl-Cu bridging angle of 98° and a Cu-Cu separation of
3.575 A.

The temperature variation of the inverse susceptibility
(calculated per copper(II) ion) of a powdered sample in the temp-
erature region 1.6 to 255°K is represented by the black data
points in Figure 10. (40) The maximum in the curve occuring at
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Figure 8. Single crystal magnetic susceptibility data for [Co(en);]1[Cu.ClL]-
Cl, - 2H,0 (38)

Structure of [Cu(guaninium)CI,], (adapted from Ref. 39a)

Figure 9.
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approximately 15°K is probably due to a small percentage of mono-
meric impurity which did not affect the percentage composition of
the elemental analysis. To correct for this impurity the data
points from 1.6 to 11.2°K were fit to the Curie-Weiss law

x = C/(T - 6)

Values of 7.86 x 10-3 and ~3.22° were obtained for the constants
C and 6, respectively. In this temperature region the suscepti-
bility of the dimer is negligibly small (vide post). All the data
points were then corrected for the contribution of the impurity
to the observed susceptibility, and the corrected points are also
plotted in Figure 10 as the un-filled circles. The impurity was
estimated to be present to the extent of 1% in the following way:
The susceptibility for an assumed monomer having a molecular
weight equal to one-half that of the dimer was calculated from
the expression

x = N82u2/3xT

where U = gB[S(S + 1)]1/2, at a selected temperature, and the
calculated susceptibility was compared with the experimental sus-
ceptibility at that temperature.

The solid line in Figure 10 is the best fit of the corrected
data to Equation (2), which yields the parameters 2J = -82.6+1.0
ceml and g = 2.12:0.02.

3. Di-p-chlorobis[chloro(dimethylglyoxime)copper (IT)]. The
structure (43) of [Cu(DMG)Cl;], is shown schematically in Figure
11 with pertinant molecular dimensions indicated thereon. The
copper atom is five-coordinated in a square-based pyramidal ar-
rangement consisting of a nearly square planar arrangement of
two nitrogen atoms and two tightly bound chlorine atoms with a
chlorine atom from an adjacent unit in the apical position.

The magnetic data (44) can be described by the singlet-
triplet equation (2) with 2J = 6.3 cm™l, g = 2,06, and 6 = -1.7°.
Additional and convincing evidence for the triplet ground state
is provided by the magnetization studies. The magnetization
curves for 8' = 1/2 and S' = 1 were evaluated from the Brillouin
function (46)

28'+1 '
B(X) = =i coth 2%§$l X - %S'COth§S'

where X = (H/T)(S'gR/k) and S' is the effective spin. To account
for interdimer interactions the field H was set equal to the
external field plus a molecular field, Hp, where it was assumed
that Hy was proportional to the magnetization. Thus, Hy =

B<u> where <> = gS'B(X) and N, = (3k8')/[Ng?p2s'(S'+1)]. (47)
A best fit (least squares) of the experimental data was used to
select a value of -1.2 for 8' thereby indicating an antiferro-
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magnetic interdimer interaction. The 8' term in the magnetization
studies is very similar to the 8 term in Equation 2, but in view
of the approximate nature of the theory, identical values for
these interdimer interaction parameters are not expected.

4. Di-u-chlorobis[chlorobis(2-methylpyridine)copper(IT)]. In
recent years many copper(II) complexes of the type Cul;Xy, where
X is chloride or bromide and L is pyridine or substituted pyri-
dine, have been prepared and characterized. (48) These complexes
are mainly polymeric, having six coordination about the copper
ion with halide ligands from adjacent molecules occupying the out-
of-plane coordination positions. However, the complexes of 2-
methylpyridine were found to have properties somewhat different
to those found for the analogous pyridine complexes, (49)and it
was portulated that the methyl group in the 2-position provides
steric hindrance to the usual octahedral coordination. Subse-
quently, Duckworth and Stephenson (41) determined that such was
the case for dichlorobis(2-methylpyridine)copper (II). The coor-
dination about copper in this complex is tetragonal pyramidal
with the fifth position (out-of-plane) occupied by a chloride
ligand from an adjacent planar moiety, and the sixth position is
effectively blocked by the methyl groups of the pyridine ligands.
The structural details are summarized in Table III.

As shown in Figure 12, the magnetic susceptibility (42) data
for Cu(2-methylpyridine),Cl, obey the Curie-Weiss law, X =
C/(T-8), in the range 295°K to approximately 30°K. For the chloro-
complex, the Curie constant C = 0.394, 6 = 1°K. and Ueff =
2.828C172 is 1.78 B.M. However, at the low temperature limit it
is apparent that the Curie-Weiss law fails. There is a distinct
minimum in the x"'1 versus T plot at approximately 7°K. The data
obey the Van Vleck equation (2) for magnetically coupled pairs
of copper ions yielding g = 2.15 and -2J = 7.4 em™ 1.

B. Correlation of Structural and Magnetic Properties. It is
of interest to compare the magnetic parameters and structural
data for the structurally~ and magnetically-characterized chloro-
bridged bimetallic copper(II) complexes discussed here. These
data are comBiled in Table III. Both the guaninium complex and
the [CuyClg]*~anion are made up of trigonal bipyramids sharing
equatorial-to-apex edges, while the other two complexes listed
in the table are square-based pyramids sharing base-to-apex edges.
In the trigonal-bipyramidal complexes it is likely that the un-
paired electrons are in the dzz orbitals of the copper(II) ions
in the ground state, whereas in the square-pyramidal complexes
it is likely that they are in the dy2_,2 orbitals. A quantitative
comparison of the exchange energies of” the four complexes cannot
be based on structural data because of the different orbitals
involved in superexchange, but a qualitative comparison is pos-
sible.

The structural parameters of the guaninium complex and the
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[CupClg]*~anion are compared by superimposition in Figure 13
with the solid line representing the guaninium comglex. The
smaller singlet-triplet splitting for the [Cu,Clg]* anion in
comparison to the guaninium complex -accompanies an increase in
the Cu~Cl-Cu bond angle from 95° to 98° and a decrease in the
bridging bond lengths. Although it has been demonstrated that
the bridging angle is important in determining the sign and
magnitude of the splitting parameter 2J in the series of hydroxo-
bridged copper(Il) complexes it is unlikely this effect can be
presented as the sole explanation in this comparison because the
bridging bond lengths of these two chloro-bridged species are
quite different, ranging between 2.3 and 2.7 A, whereas they arg
nearly constant in the hydroxo-bridged species at 1.90 to 1.95 A.
(See Table I).

The complexes [(2-methylpyridine);CuClz], and [(dimethyl-
glyoxime)CuCl, ], have different structures and presumably a
different exchange coupling mechanism from that described above.
In comparing these two square-pyramidal complexes it should be
noted that there is a change in ground state multiplicity. The
bridging bond length in [(2-mepy),CuCls, ], is 0.67 A longer than
the comparable bond in [(DMG)CuCls; ], and the angle at the brid-
ging chloride is 13.4° larger in the 2-methylpyridine complex
than in the dimethylglyoxime complex. It is, therefore, not
possible to attribute the change in the exchange coupling con-
stant only to bridge angle changes.

Clearly a number of additional chloro-bridged copper(II)
dimers of both structural forms must be studied before the
bridge-angle effect on 2J can be separated from the bridging
bond-length effect.

III. The Polymeric Compound [Cu(pyrazine)(NO3)-].. and Related
Chains.

The magnetic properties of the 1:1 copper(II) nitrate-
pyrazine complex, [Cu(CquHq)(NO3)2]n, reflect an exchange coup~-
ling between the copper ions although as shown in Figure 14 the
copper (II) ions are separated by 6.712 K.(;g) While exchange
coupling across bidentate heterocyclic amine ligands had been
suggested previously, (51) the preliminary investigation (52)
provided the first demonstration of an antiferromagnetic inter-
action in a system which has been characterized by structural
studies, magnetic measurements collected over a wide temperature
range and EPR measurements.

The crystal structure of this compound reveals a chemical
chain parallel to the a axis in the orthorhombic crystal. Copper
atoms are bridged along this axis by the aromatic heterocyclic
bidentate amine, pyrazine. Coordinated oxygen atoms from the
nitrate ions complete the highly distorted octahedron around
each copper atom.

The magnetic susceptibility data collected using a powdered
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Figure 13. Comparison of the structural parameters {or [(gua-
ninium)CuCl,], - 2H,0 and [Cu,Cly]* with the solid line repre-
senting the guaninium complex (40)
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sample were described (52) by the Ising model for linear anti-
ferromagnetic interactions in chains using equations (3a,3b)
which was developed by Fisher. (53) The equations are

2
xt = P tanh H+ed) sech’ D] (3a)
and
ve2a2
X1 = —%k—T—- exp (2J/kT) (3b)
where
1 2
* =3 xit3x (4)

The parameters which give the best fit to the experimental
data are <g> = 2.22 and J = -6.04 cml. The best fit <g> value is
to be compared with the EPR results of Kokoszka and Reimann, (54)
who reported g, = 2.295, gy = 2.054, and gy = 2.070 (<g> = 2. 133).

In an attempt to determine more precisely the magnetic model
which is appropriate for the description of the properties of this
compound and to clarify the exchange pathway, measurements have
been performed on single crystals of this material between 1.7°
and 60°K. (55)

Reasonably large needle-shaped single crystals of
Cu(pyrazine) (NO3), were grown by slow-evaporation of an aqueous
1:1 solution of copper{(II) nitrate and pyrazine (CyHyN;). Because
of the crystal morphology several of the largest crystals were
selected and carefully oriented under a microscope so that all a
axes of the crystals were collinear. The susceptibilities from
1.7° to 60°K both parallel and perpendicular to the a axis are
shown in Figure 15. A clear maximum is observed at approximately
6.8°K in each direction. These measurements reveal typical iso-
lated antiferromagnetic linear chain behavior down to the lowest
temperature achieved in this experiment. The Ising chain equations
can not be used to fit these data.

Bonner and Fisher (56) have performed machine calculations
on finite Heisenberg rings and have been able to estimate the
limiting behavior for an infinite ring. Applying these results to
the experimental data in both directions J/k equals -5.30 (£0.05)
°K where J is as defined by the term -2JS4°S; in the Hamiltonian
described by Bonner and Fisher. The g value giving the best fit to
theory for the perpendicular direction was 2.10 (#0.01) and 2.03
(+0.01) for the parallel direction. As can be seen in Figure 15,
the fit for both directions down to 1.7°K is in quite good agree-
ment with experiment. Commonly "4+2" tetragonally distorted copper
complexes exhibit two small g values (g ) and one large g value
(g ).(57) If it is assumed that the smallest g value lies along
the a axis, corresponding to the shortest bond distance, then one
of the other small g values and the largest g value lie in the
plane perpendicular to this axis. The susceptibility perpendicular
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Figure 14. Structure of [Cu(C,H ,N:)}NO;s):1. (52)
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Figure 15. Best fit of the corrected magnetic susceptibility to the one-dimensional
Heisenberg model with J/k = —5.30° for both directions and g, = 203and g, =
2.10 (55)
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to the a axis should then reflect a g value intermediate between

the two extremes detected by the EPR measurements if one assumes

a random orientation of the b and ¢ axes. This is consistent with
the experimental observation.

The pathway of the exchange interaction must now be identi-
fied. Nitrate ions bridge copper(II) ions in Cu(NOj3),*2.5H,0
forming a crooked chain. Even though this chain is present the
magnetic susceptibility, which displays a rounded maximum at 3.2
°K, has been adequately described as arising from antiferromag-
netically exchange coupled pairs (58,59) with the predominant
mode of exchange thought to occur between the chemical chains. (60)
The shortest Cu-Cu separation (v4.7 A) is between copper atoms in
the crooked chain. Much weaker antiferromagnetic interdimer ex-
change effects were included to improve the fit at low tempera-—
tures. As shown in Figure 16 a possibility for this same nitrate
bridge exists in the b-c plane in Cu(pyrazine)(NO3), where the
Cu-Cu separation is 5.1 A. Because of these structural similar-
ities dimeric susceptibility behavior was explored in Cu-
(pyrazine) (NO3);. When the dimer susceptibility equation was used
to fit the data a value of J/k = ~5.4°K results when the g value
was restricted to the range 2.00 to 2.20. However, the calculated
susceptibilities are consistently lower than the experimental
values with the difference increasing as the temperature de-—
creases.

Although an exchange pathway through the nitrate ion cannot
be completely ruled out in Cu(pyrazine) (NO3),, the clear linear
chain behavior in this compound as compared to the pair inter-
action in Cu(NO3),-2.5H;0 argues strongly against this pathway
for exchange. The results with the substituted pyridine complexes
to be described below offers convincing evidence against this
pathway, however, before that can be presented the postulated
mechanism of the exchange interaction through the pyrazine bridge
will be described. The pyrazine ring is perpendicular to the
plane in which the bis(nitrato)copper(II) units lies, and the
unpaired electron, in the single ion approximation, is in the
d_>_ o orbital. Now it develops that the pyrazine ring is canted
with'respect to the xy plane such that the highest energy occu-
pied molecular orbital, the By, ™ orbital, has the proper symme-
try to overlap with the d,,_ o, orbital. It is suggested here that
the exchange is propagated in this manner. To test this mechanism
complexes have been prepared with substituted pyrazines with the
expectation that the exchange coupling would be affected by the
electronic nature of the substituent on the pyrazine ring. Ex-
change by means of the alternate pathway through the nitrate
"bridge" would be dependent on the steric properties of the sub-
stituent and only secondarily dependent on the electronic nature.

The experimental data which have been collected (61,62) are
tabulated in Table IV. The similarity of the spectra and the g
values can be taken as good evidence that the structures of the
complexes are the same as that of the pyrazine complex. As can be
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seen in Table IV there is a striking correlation of the ligand
T+>1* transition with 2J.There is also a correlation between 2J

Table IV
Spectral and Magnetic Data for [Cu(R-pyrazine)(NOs)z]n
LIGAND #iﬁi?gm- 2J,cm_1 <g> d--d,cmS mp;efc*,cm—l
quinoxaline 42,300 -9.0 2.15 18,500 29,000
pyrazine 38,460 -7.2  2.133 17,860 34,600
methyl pyrazine 37,900 -6.2 2,145 17,900 35,100
chloro pyrazine 33,700 -2.8 2.153 17,800 36,400

and the charge transfer band in the complex which is most likely
m(ligand)»o* (metal). Since there is such a good correlation of
2J with the electronic properties of the ligand, and none at all
with the size of the substituent (which should separate the
chains thereby affecting exchange through the nitrate ion), it
seems conclusive that the exchange pathway is via the pyrazine
bridge.

IV. Acknowledgements

This research has been supported by the National Science
Foundation through grant number GP-22887 and by the Materials
Research Center of the University of North Carolina through
grant number GH-33632 from the National Science Foundation. I am
grateful for this continuing support. This research effort has
benefited greatly from collaboration with Professor D.J. Hodgson
and from the work of several industrious graduate students and
research associates, many of whom are named in the references.
Their contribution to this program has been invaluable.

V. Literature Cited

1. For reviews see

a. R.L. Martin in New Pathways in Inorganic Chemistry,FEdited
by E.A.V. Ebsworth, A.G. Maddock, and A.G. Sharpe, Cambridge
University Press, 1968.

b. E. Sinn, Coordn. Chem. Rev., 5, 313 (1970).

c. G.F. Kokoszka and G. Gordon in Transition Metal Chemistry
Vol. 5, Edited by R.L. Carlin, Marcel Dekker, Inc., New York,
1969.

d. J.B. Goodenough,Magnetism EBQ.EEE Chemical Bond, Inter-
science Publishers, Inc., New York, 1963.

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



10.
11.
12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

25.
26.

27.

28.

29.
30.

HATFIELD Superexchange Interactions 139

T. Moriya, Phys. Rev., 120, 91 (1960); T. Moriya in
Magnetism, Treatise Modern Theory of Matter, 1, 85 (1963).
M.E. Lines, A.P. Ginsberg, R.L. Martin, and R.C. Sherwood, J.
Chem. Phys., 57, 1 (1972).

P. Pfeiffer and H. Glaser, J. Prakt. Chem., 151, 134 (1938).
F.G. Mann and H.R. Watson, J. Chem. Soc., 2772 (1958).

W.E. Hatfield, T.S. Piper, and U. Klabunde, Inorg. Chem., 2,
629 (1963).

D.W. Meek and S.A. Ehrhardt, Inorg. Chem., 4, 584 (1965).
J.R. Wasson, T.P. Mitchell, and W.H. Bernard, J. Inorg. Nucl.
Chem., 30, 2865 (1968).

T.P. Mitchell, W.H. Bernard, and J.R. Wasson, Acta Cryst.,
B26, 2096 (1970).

J.R. Ferraro and W.R. Walker, Inorg. Chem., 4, 1382 (1965).
W.R. McWhinnie, J. Inorg. Nucl. Chem., 27, 1063 (1965).
J.C.D. Brand and G. Eglinton, Applications of Spectroscopy to
Organic Chemistry, Oldbourne Press, London (1965).

B.J. Cole and W.H. Brumage, J. Chem. Phys., 53, 4718 (1970).
E.D. Estes, W.E. Hatfield, and D.J. Hodgson, Inorg. Chem., in
press.

D.L. Lewis, K.T. McGregor, W.E. Hatfield, and D.J. Hodgson,
Inorg. Chem., 13, 1013 (1974).

D.L. Lewils, W.E. Hatfield, and D.J. Hodgson, Inorg. Chem., 13,
147 (1974).

P. Kr¥hmer, M. Maaser, K. Staiger, and E. Uhlig, Z. Anorg.
Allgem. Chem., 354, 242 (1967).

A. Bondi, J. Phys. Chem., 68, 441 (1964).

University Press, Ithaca, New York (1960)

D.L. Lewis, W.E. Hatfield, and D.J. Hodgson, Inorg. Chem., 11,
2216 (1972).

D.Y. Jeter, D.L. Lewis, J.C. Hempel, D.J. Hodgson, and W.E.
Hatfield, Inorg. Chem., 11, 1958 (1972).

R.L. Gustafson and A.E. Martell, J. Amer. Chem. Soc., 81, 525,
(1959).

D.D. Perrin and V.S. Sharma, J. Inorg. Nucl. Chem., 28, 1271,
(1966).

C.M. Harris, E. Sinn, W.R. Walker, and P.R. Woolliams, Aust.
J. Chem., 21, 631 (1968).

A.T. Casey, Aust. J. Chem., 25, 2311 (1972).

A.T. Casey, B.F. Hoskins, and F.D. Whillans, Chem. Commun.,
904 (1970).

J.A. Barnes, W.E. Hatfield, and D.J. Hodgson, Chem. Commun.,
1593 (1970).

J.A. Barnes, D.J. Hodgson, and W.E. Hatfield, Inorg. Chem.,
11, 144 (1972).

R.J. Majeste and E.A. Meyers, J. Phys. Chem., 74, 3497 (1970).
K.T. McGregor, N.T. Watkins, D.L. Lewis, R.F. Drake, D.J.
Hodgson, and W.E. Hatfield, Inorg. Nucl. Chem. Letters, 9,

423 (1973).

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



140

31.
32.

33.
34.

35.
36.
37.
38.

39.

40.
41.
42.

43.
44.

45.
46.

47.

48.

49.
50.

51.

52.

53.
54.

55.

EXTENDED INTERACTIONS BETWEEN METAL IONS

E.D. Estes, private communication.

See, for example, C. Chow, K. Chang, and R.D. Willett, J.
Chem. Phys., 59, 2629 (1973).

K.T. McGregor and W.E. Hatfield, to be published.

D.J. Hodgson, Progress in Inorganic Chemistry, Edited by S.J.
Lippard, Wiley-Interscience, New York, in press.

D.J. Hodgson, P.K. Hale, J.A. Barnes, and W.E. Hatfield, Chem.
Comm., 786 (1970).

D.J. Hodgson, P.K. Hale, and W.E. Hatfield, Inorg. Chem., 10,
1061 (1971).

J.A. Barnes, D.J. Hodgson, and W.E. Hatfield, Chem. Phys.
Letters, 7, 374 (1970).

K.T, McGregor, D.B. Losee, D.J. Hodgson, and W.E. Hatfield,
Inorg. Chem., 13, 756 (1974).

a. J.A. Carrabine and M. Sundaralingam, J. Amer. Chem. Soc.,
92, 369 (1970);b. M. Sundaralingam and J.A. Carrabine, J.
Molec. Biol., 61, 287 (1971); c. J.P. Declercq, M. Debbaudt,
and M. Van Meerssche, Bull. Soc. Chim. Belges, 80, 527 (1971).
R.F. Drake, V.H. Crawford, N.W. Laney, and W.E. Hatfield,
Inorg. Chem.,13, 1246 (1974).

V.F. Duckworth and N.C. Stephenson, Acta Crystallogr., Sect.
B, 25, 1795 (1969).

D.Y. Jeter, D.J. Hodgson, and W.E. Hatfield, Inorg. Chim.
Acta, 5, 257 (1971).

D.H. Svedung, Acta Chem. Scand., 23, 2865 (1969).

N.T. Watkins, E.E. Dixon, V.H. Crawford, K.T. McGregor, and
W.E. Hatfield, Chem. Commun., 133 (1973).

W.E. Hatfield and T.S. Piper, unpublished observations.

J.S. Smart, Effective Field Theories of Magnetism, W.B.
Saunders Co., Philadelphia, 1966.

For example, see J.A. Bertrand, A.P. Ginsberg, R.I. Kaplan,
G.E. Kirkwood, R.L. Martin, and R.C. Sherwood, Inorg. Chem.,
10, 240 (1971).

W.E. Hatfield and R. Whyman, Transition Metal Chemistry,
Edited by R.L. Carbin, Marcel Dekker, Inc., New York, Vol. 5,
p. 53ff (1969).

D.P. Graddon, R. Schulz, E.C. Watton, and D.G. Weeden, Nature,
198, 1299 (1963).

A. Santoro, A.D. Mighell, and C.W. Reimann, Acta Cryst., B26,
979 (1970).

See for example, D.E. Billing, A.E. Underhill, D.M. Adams,
and D.M. Morris, J. Chem. Soc. (A), 902 (1966); M.J.M.
Campbell, R. Grzeskowiak, and F.B. Taylor, ibid., 19 (1970).
J.F. Villa and W.E. Hatfield, J. Amer. Chem. Soc., 93, 4081
(1971).

M.E. Fisher, J. Math Phys., 4, 124 (1963).

G.F. Kokoszka and C.W. Reimamn,J. Inorg. Nucl. Chem., 32,
3229 (1970).

D.B. Losee, H.W. Richardson, and W.E. Hatfield, J. Chem.
Phys., 59, 3600 (1973).

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



10. HATFIELD Superexchange Interactions 141

56. J. Bonner and M. Fisher, Phys. Rev. Sect. A, 135, 640 (1964).

57. E. KYnig Magnetic Properties of Tramsition Metal Compounds.,
Springer-Verlag, Berlin, 1966.

58. L. Berger, S. Friedberg, and J. Schriempf, Phys. Rev., 132,
1057 (1963).

59, B. Myers, L. Berger, and S. Friedberg, J. Appl. Phys., 40,
1149 (1969).

60. J. Bonner, S. Friedberg, H. Kobayashi, and B. Myers, Proc.
12th International Conf. on Low Temp. Physics, Kyoto (1970).

61. H.W . Richardson and W.E. Hatfield, to be published.

62, H.W. Richardson, W.E. Hatfield, H.J. Stoklosa, and J.R.
Wasson, Inorg. Chem., 12, 2051 (1973).

In E_xtended Interactions between Metal lons; Interrante, L .;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



11

Electronic and Magnetic Properties of Linear Chain
Complexes Derived from Biscyclopentadienyl
Titanium(III) and of the Infinite RMX, Linear
Chain Complexes

D. SEKUTOWSKI, R. JUNGST, and G. D. STUCKY

Materials Research Laboratory, University of Illinois, Urbana, Ill. 61801
Introduction

The focus of this paper will be on the results of
experimental studies of the structural and electronic
properties of two types of linear chain systems con-
taining metal atoms:

N NSNS
e o o—M-—X—M—-X—M-—., .

/ \X/ NN

and

Cp X X Cp
N1 Ny S

Cp'// \‘UX"' \\~X - “.Cp

The results we have obtained for the biscyclopentadi-
enyl complexes, which are recent and of a substantial-
1y more preliminary nature, will be described first.

A part of our earlier work on the infinite linear tri-
bridged chain systems will then be described partly by
way of introduction to the followlng two papers by Holt
and McPherson on their studies of these materials.

Biscyclopentadienyl Titanium Derivatives

The reduction chemistry of Ti(IV) halides was
first extensively studied as part of the development of
Ziegler-Natta catalysts in the late 1950's. It was
recognized that an important feature of titanium(III)
chemistry is the ability of Ti(III) to act as a Lewls

142
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acid, and one can obtain a variety of complexes depend-
ing upon the solvent, reducing agent and anion., For
example, the reduction of CppTiCly with Zn proceeds ac-
cording to:

2CpoTiCl + ZnCl,
} Celle [cp,T101]22nC15

or 2CpsTiCls + Zn
% 50 5;5\\\y

[CpoTiCl]2 + ZnClz [CpzTi(DME) ]2[Zn2Cle] +
[CpoTiCl]2

DME = dimethoxyethane

The 2:1 complex was first reported by Salzmann in

1968 (1). The 1:1 complex has not been previously re-
ported and was obtained by addition of dimethoxyethane
to a solution of the 2:1 complex,

The structural chemistry of these mixed metal
Ti(IIT) compounds is interesting. The molecular struc-
ture of the 1:1 zinc complex as prepared with dimeth-
oxyethane was recently determined bx us and is shown in
figure 1. It contains [CpoTi(DME)]' cations and the
first example of the ZnyCleg2” anion, which is isoelec-
tronic with GasClg. It will be important to our later
discussion to have some idea of what one might expect
for the intermolecular magnetic interactions of bis-
cyclopentadienyl dT systems. We have examined the mag-
netic susceptibility of [CpoTi(DME)]2[Zn»Cle]-CeHe to
4,5°K and found that the intermolecular exchange is
less than 1 em™?t,

The molecular structure of the dibenzene solvate
of the 2:1 compound was determined by us and inde-
pendently by Vonk (2). Our coordinates are shown in
figure 2. The paramagnetic molecules are separated
from each other in the lattice by benzene molecules.
The Zn-Cl-Ti angle is 90° within exgerimental error,
while the C1-Ti-Cl angle is 81.9(1)°. The Ti-Zn-Ti
angle is 173.2{1)° and the Ti-Ti distance is 6.820(5)&.

An obvious question of interest is whether or not
there is any evidence of exchange coupling between the
two d! metal atoms which are separated by the diamag-
netic zinc atom. The rotation of the two Cp2Ti groups
through 90° with respect to each other suggests that
any exchange pathway through the zinc atom which in-
volves zinc orbitals which are orthogonal with respect
to a 90° rotation about the long orthogonal axis of the
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Figure 1. Molecular structure of [Cp,Ti-
(DME)].[Zn,Cl,] - C;H;. Benzene molecule
omitted.

Figure 2. Molecular structure of {Cp,TiCl],ZnCl, - 2C,H,.
Solvent molecules not shown.
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molecule must be ferromagnetic. Thus, exchange through
P.s D. or sp3 hybrid orbitals on the zinc atom would re-
stiit In ferromagnetic coupling.

To our knowledge, there are no known examples of
linear or nearly linear trinuclear metallic systems in
which 1,3 magnetic exchange has been detected through a
diamagnetic metal atom. Sinn (é) has reported on the
magnetic interactions of a number of trinuclear systems
of the type shown below in which the approximate ar-
rangement of the metal atoms is an isosceles triangle

M:o> M (C104) 2

where M = Cu and M' is a variety of metals including
Mg. No 1,3 magnetic coupling was detected, although it
should be pointed out that the magnetic data were
measured only to liquid nitrogen temperature and the
absence of magneti¢ exchange was based on the magni-
tude of the Welss constant, 6. Studies of the tempera-
ture dependence of the magnetic susceptibility of
Nig(acac)g have shown that an antiferromagnetic ex-
change between the terminal nickel atoms via the para-
magnetic nickel(II) central atom is necessary to fit
the experimental data (4).

The 2:1 titanium-zinc complexes do in fact ex-
hibit antiferromagnetic behavior as shown by the mag-
netic susceptibility data (figure 3) for the compound

[CpoTiBr]2ZnBra- 2CeHs

These data were fit by the Van Vleck expression for a
singlet-triplet system:

2Ng2g= _
%m = Zx(Tog) (L 1/3 exp (-23/kT)]™* + Na

The data were measured at a magnetic fleld of 10 X
gauss with a Zeeman energy of ~~1 em™*, In Table 1
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Figure 3. Temperature depend-
ence of molar susceptibility and
effective moment per titanium (BM)
for [Cp;TiBr],ZnBr, - 2C;H,. Dia-
magnetic correction of —483 X 10°°
c.gs. was applied. Theoretical
curves calculated using: ] = —15.66
em?, g =194, § = —1.37°K, Na
— 260 X 107 c.g.s.
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are the results of a similar analysis for the chloride
and for the dimeric species; [Cp2TiX]z2, X = Cl, Br as
reported by Coutts, Wailes and Martin (5). Martin (6)

Table 1 _
J(em™1)

[szTiCl]gan].z’QCeHe —8.93

Igp/ Iy = 1.75
[szTiBI‘]zZHBI‘z‘?CaHG —15.66
(CpoTiC1]2? -78 ’

J J = 1,060
[CpsTiBr]s> 125 s/ 701

a, From reference 5.

has pointed out that for a superexchange mechanism, the
transfer integral and hence the exchange coupling
should become larger as the electronegativity of the
anion decreases and this appears to be the case for the
trimetallic systems as well, However, as indicated be-
low, this similarity may very well be fortuitous and,
in fact, there is evidence that the exchange mechanisms
in the binuclear and trinuclear systems are quite
different.

Fortunately, there is some experimental and theo-
rectical information available concerning the electron-
ic distribution about the metal atom in biscyclopenta-
dienyl d' systems which leads to a plausible mechanism
for the observed antiferromagnetic coupling, Dahl and
Petersen (7),(8) have recently demonstrated by single
crystal esr experiments and photoelectron spectroscopy
that the unpaired electron in the d* system, Cp-VCla,
is primarily in a molecular orbital of a, symmetry
which is 3-5 ev below the lowest unoccupied molecular
orbital (figure 4). The unpaired electron density is
primarily in a metal orbital which is perpendicular to
the twofold symmetry axis of CpoVCl> and in the plane
of the VCl, group. A smaller amount of unpalred densl-
ty is in a d orbital which lies along the bisector of
the C1-V-Cl group (Table 2). The same ordering of
levels was obtained theoretically for CpoTiCl,, and it
seems likely that a similar electronic distribution
about the titanium atom will prevail in [Cp-TiX]2ZnX-
(X = c1, Br).

In figure 5, two antiferromagnetic exchange path-
ways are shown which are consistent with the symmetry
of the molecule and with the theoretical and experi-
mental results of Dahl and Petersen., Both are of sym-
metry b, in the point group ng. A d orbital can also
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Figure 5. Exchange pathways for trime-
tallic Ti(I11) complexes
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Figure 6. Experimental data (A) and theoretical curve for tem-

perature dependence of molar susceptibility of [CpeTiCl]s-

BeCl, - 2C;H;. Parameters used in curve generation: ] = —6389
eml, g — 191,08 = 1.87°K, Na = 260 X 10¢ c.g.s.
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be used rather than a p orbital giving a molecular
orbital of a, symmetry (D2 ). We note in passing that
the combination at the botgom of the figure which in-
volves the more highly populated dx orbital (d_» in
the C,. notation of Dahl and Petersgn) is only fossible
if an & or d orbital is available on the central atom.
In order to determine if the presence of a d orbital is
essential for the presence of magnetic exchange in this
system, the compound [CpsTiCl]-BeCl--2CgHe was prepared
and recrystallized from a benzene solution. It is 1lso-
structural with the zinc compounds and has a tempera-
ture dependent magnetic susceptibility, which is shown
in figure 6, The value of the coupling constant

(-6.89 cm™t) is comparable to that of the zinc chlo-
ride compound. It appears that the avallability of d
orbitals on the central metal atom 1s not essential for
1,3 exchange.

A slightly different type of one dimensional
chain system is obtained with larger metal ions in the
central position. With Mn(IT) in tetrahydrofuran
!THF), the structure, as shown in figure 7, contains a
six coordinate central metal atom. The spin state cor-
relation diagram for a d'-d5-d! system (figure 8) sug-
gests two possible ground states for lJla/JlgLs 1,
i,e,, for J;a3 < Jy2. Here, S' represents the total
spin state of the system and S* is the spin state ob-
tained by coupling the 1,3 atoms. J;> has been abbrevi-
ated as J. The (3/2,1) ground state will be obtained
in the above range for all J,2 < O, while the (7/2,1)
state will be lowest in energy for J;> > 0. The ex-
perimental u curve for [Cp2TiCl]-MnCl,(THF): is
shown in figsgg 9. The value of uy extrapolates to
~ 3.8 BM at 09K which is within eﬁﬁgrimental error of
the spin only value of 3.87 BM for three unpaired elec-
trons and a quartet ground state, i.e., Ji2 must be
negative with antiferromagnetic coupling between the
titanium and manganese atoms. It was possible to ob-
tain an approximate value for J,» of -8 em ! by fitting
the experimental data, but J,s could not be determined
with any accuracy since only small changes in the
calculated magnetic susceptibilities over a narrow
temperature range resulted from large changes in Jis.
Zero field splitting at the d°® ion has been neglected
in the above considerations, Polycrystalline esr
measurements have been made and indicate a zero field
splitting of 0.1 cm ! for this material. Further
studies of d*-d™-d! coupling are in progress.

In addition to the bridging groups and the central
metal atom, another parameter which can influence the
exchange coupling in biscyclopentadienyl d! complexes

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



11. SEKUTOWSKI ET AL. Linear Chain Complexes 151

Figure 7. Molecular structure of [Cp,TiCl]1,MnClL(THF),. Thermal ellip-
soids shown at 50% probability level.
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Figure 8. Spin state correlation diagram for d'-d°-d’ systems. S’ is total

spin state, S* is spin state obtained by coupling only the terminal para-

magnetic centers, | is the exchange integral between terminal and central
metals, and ], is exchange integral between terminal metals.
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is the cyclopentadienyl ring. The magnetic suscepti-
bility data for [CpsTiCl]> shows a small anomaly just
above the transition temperature which Martin suggests
may be due to three dimensional cooperative inter-
actions (5),(9). The most likely mechanism for the
three dimensional cooperative interaction would involve
the hindered rotation of the cyclopentadienyl groups.
Do cooperative phenomena of this nature have any effect
on magnetic exchange in this molecule or in the tri-
nuclear molecules? When the mono-methyl substituted
derivative, [(MeCp)2TiCl]-> is examined, one finds the
results shown in figure 10 for the magnetic suscepti-
bility. There is more than a twofold increase in the
value of J to ~~166 cm . ©No structural data have been
reported for [Cp2TiCl]», however, a model based on the.
structural results for [CpoTiCl,]2Zn (figure 11)
strongly suggests that the cyclopentadienyl rings may
be coupled via intramolecular interactions between
cyclopentadienyl rings on the same titanium atom and
between cyclopentadienyl rings on the different ti-
tanium atoms within a dimer. We would suggest that the
mean Ti-Ti distance within a dimer for the various
rotameric isomers which are obtained at high tempera-
ture will probably be greater than that for the ground
state low temperature rotameric isomer, In the com-
pound [(MeCp)2TiCl]», the methyl group "locks in" the
ground state isomer, i.e., raises the potential barrier
to rotation. This has some interesting implications.
It suggests, for example, that the order of

Jgp > 9 Jop observed by Martin (5) for [CpoTiX]:
cgmplexgs is éue to the anomalous behavior of X = Cl
and not X = I, i.e., the increasing magnetic exchange
does not follow decreasing electronegativity as noted
above, but instead follows a decrease in the Ti-Ti
distance. The predominant mechanism for exchange would
then be a direct metal-metal interaction. This is con-
sistent with the unpaired spin density distribution
found by Dahl, which, however, does not exclude super-
exchange via the bridging ligands. Additional magnetic
susceptibility, heat capacity, and structural studies
are now in progress at the University of Illinois in
order to more clearly define the above and related sys-
tems. If the above model is valid, one would not ex-
pect a significant difference in the magnetic exchange
upon methyl substitution in the trinuclear
[Cp=TiC1]2ZnCl, compounds, The magnetic susceptil-
bility data for [(MeCp)zTiCll2ZnClp is shown in figure
12 and gives a value of J of -7.3 cm * which is com-
parable to that of the unsubstituted material,
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Figure 9. Temperature dependence of effective moment (BM)
per trimer of [Cp,TiCl],MnCI(THF),. Diamagnetic correction of
—416 X 10°¢ c.g.s. was applied.
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Figure 11. Intramolecular interactions
of cyclopentadienyl rings in [Cp,TiX],
complexes
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Finally, we would like to note that numerous
other combinations of metal ions (e.g., zirconium and
vanadium) and bridging group (e.g., -NRz, -PRz, -OR,
-8R) are possible in this series and a systematic ex-
perimental survey of the exchange in these compounds
can be expected to provide, at the very least, an em~
pirical understanding and classification of the elec-
tronic coupling of triatomic metal systems.

RMX 5 Complexes

Compounds of the type RMXs (R = unipositive
cation, M = divalent transition metal cation, X = halo-
gen) form a large class of one dimensional systems with
the general structure shown in figure 13 (;g . The one
dimensional properties have been beautifully demon-
strated by low temperature nmr and neutron diffraction
studies (;l). The fact that one is not dealing with a
completely isolated one dimensional chain is evident in
that the R group can be used to "tune" the electronic
properties of the transition metal as illustrated in
Table 3. Thus, one finds that there is a change of
0,148 in the nickel-nickel distance going from R =
(CHs) 4N to R = K, The corresponding change in 10 Dg
is 750 cm * and the Curie-Weiss constant changes from
0 to -112°K (RbNiCls). There are few, if any, systems
in which the first coordination sphere of the metal
atom can be so systematically and subtly varied.

An important question which has become obvious to
many people during the past year is, "Can one predict
if a one dimensional structure such as that shown in
figure 13 will be obtained?” We have examined this
question from a strictly empirical point of view with
the results shown in figure 1% and Table 4.

There are at least five different configurations
adopted by RMXs compounds (figure 14): primitive
cubic, hexagonal, and various combinations of hexagonal
(one dimensionalj and primitive cubic packed struc-
tures. The purely hexagonal configuration is the 2L,
one dimensional structure discussed previously. 2L
refers to the crystallographic repeat distance in the
linear chain direction. The ratio of hexagonal
(linear) to cubic packing increases from 61 to 4L to
OL. Remembering this, then, an examination of known
RMX5 structures reveals that the hexagonal 1-d con-
figuration is favored by:

(1) Increased CFSE (crystal field stabilization

energies)
2) Larger X groups "
3) Larger R groups (to a point; (CsHs)4N
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Figure 12. Temperature dezendence of molar susceptibility
of [(MeCp),TiCl},ZnCl,. Theoretical curve calculated using
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Figure 13. One-dimensional structure of
RMX; compounds. R = (CHs),N', M = Ni
and X = CI(10).
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Table 4

Summary of Structures of CsMXs; Compounds

F 1 Br I
(1.36)  (1.81) (1.95) (2.16)
Mg(0.65)% - oL (16) 2L (17) 2L (18)
v(0.87) -- 2L (19) 2L (20) 2L (18)
cr(0.8%) - oL (21) 2L (22) 2L (18)
Mn(0.80) 6L (23) 9L (24%) 2L (20) --
Fe(0.76) 6L (25) 2L (26) 2L (20) -
co(0.78) 9L (27) 2L (28) -- --
Ni1(0.78) 2L (29) 2L (30) 2L (31) 2L (18)
Cu(0.69) - 2L (32) 4L (22)
cda(0.97)  -- 6L (32)
Summary of Structures of RMCls Compounds
(Me)aN Cs Rb K
(2.60)  (1.69) (1.%8) (1.33)
vo(0.87)% - oL (19)  -- 2L (19)
cr(0.84%) -- 2L (16) -- --
Mn(0.80) 2L (34%) 9L (18) 6L (35) tetragonal
Fe(0.76) -- 2L (25) 2L (25) --
€o0(0.78) -- 2L (28) 2L (36) --
Ni(0.78) 2L (11) 2L (30) 2L (32) 3L (20)
cu(0.69) -- 2L (38) - (39)
€d(0.97) 2L (33) 6L (33) -- --

a., The numbers in parentheses are the ionic radius of
each atom.
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Acta Crystallographica

Figure 14. Perspective projections of octahedra network in a unit
cell of RMX; complexes (15). (a) P. (b) 2L. (c) 6L. (d) 4L.
(e) 9L.
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Figure 15. Ligand hyperfine in the esr spectra of V* doped into
CsMgBr; and CsMgl, (41)
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favors tetrahedral NiC1.2".

We have examined the electronic properties of
these complexes by a variety of methods, and some of
the more recent work in this area will be described in
the following two papers. 1In closing, two interesting
observations which we have made will be briefly
described.

CsMgXas salts provide a convenient isostructural
diamagnetic matrix into which to dope the paramagnetic
transition metal ions (16),(41). Covalency effects are
strikingly apparent in The 1igand hyperfine as it is
shown superimposed on the |~$/2 > > |+1/2 > transition
of the esr spectra of the V2 bromine and iodine com-
plexes (figure 15). The spin Hamiltonian parameters,
excluding the ligand hyperfine tensors, are shown in
Table 5. The increase in covalency Cl~ -» Br > I~ is
evident in both the decrease in the metal hyperfine
constants and in the changes in the g tensor, 1In fact,
we observe for the iodine complex a very unusual ex-
ample of an early transition element in a nearly octa-
hedral field with both g, and g, greater than the free
electron g factor of 2.0623. This is qualitatively
explicable in terms of McGarvey's theory (42),(43) of
covalency for d3 systems in which the ligand molecular
orbital coefficients enter into the expression for the
g tensor, weighted by the ligand spin orbital coupling
constant.

The last experimental observation that will be
described is i1llustrated by the single crystal elec-
tronic absorption spectrum of CsCrCls (21) {figure 16).
The concentration dependence of this spectrum in
CsMgCls is also shown., Two features of interest in the
spectrum are (1) a band at 22,000 cm”* which is not ex-
plained by ligand field calculations and (2) an en-
hanced intensity of spin forbidden transitions by ap-
proximately an order of magnitude. The polarization of
the 22,000 cm ® band is particularly strong and its
temperature dependence is not that expected for a vi-
bronic mechanism., The explanation for this effect was
first proposed by Dexter (44) and later elaborated upon
by Day (45) and others.

In its simplest form (figure 17), a single photon
results in the formation of either two excitons or an
exciton and a magnon., In both cases, the total spin
symmetry is conserved. 1In CsCrCls, the former results
in a band at approximately twice 10 Dg, the latter re-
sults in an enhanced allowedness for the spin forbidden
quintet-triplet and quintet-singlet transition.

In summary, the infinite one dimensional complexes,
RMX3, provide an unusually broad and interesting class
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Figure 16. Electronic
absorption spectrum at
77°K of CsCrCl; and
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Figure 17. Simultaneous pair excitation model (44, 45)
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of materials Ffor the investigation of cooperative
electronic effects.
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Optical Properties of Linear Chains

S. L. HOLT

University of Wyoming, Laramie, Wyo. 82070

Compounds of the formulation RMX3, where R is a
heavy alkali metal ion (Cst or RbY) or an organic
cation such as (CH3)4Nt, M is a first row divalent
transition metal ion, and X is C1”, Br or I , display
unusual magnetic behavior.(1,2) This behavior is
predominately one-dimensional and arises in large part
because of the one-dimensional molecular structure of
these materials, Figure 1 shows the chain-like con-
stitution exhibited by all compounds of this type.
These chains consist of face-sharing octahedra. The
larger circles represent the bridging halide ions while
the smaller circles represent the transition ions. As
shown in Figure 2, these chains are physically separa-
ted by the cations, in this case, (CD3)4Nt. These
cations provide the magnetic insulation between chains
with the interchain distance and thus the strength of
interchain interaction being dependent upon the size of
cation, i.e., the larger the cation the smaller the
interchain interaction.

Figure 3 shows the pathway of the exchange. As
drawn, it suggests that the exchange involves primarily
the overlap of the dz2 orbital of Cation 1 with the po
orbital of the bridging anion followed,by the inter-
action of the po electrons with the dz2 of Cation 2.
Indeed, other orbitals may be involved as is schemat-
ically shown in Figure 4.

In this case, we have superexchange illustrated
for both 90° bonded chromium(III) ions and 90° bonded
iron(II) ions. In the upper part of the figure, we
have the chromium(III) case and hence, are dealing with
3 d-electrons. The d-electrons on Cation 1 are found
in tg orbitals, as are those on Cation 2. An electron
from the po orbital of the ligand is shown as being
virtually exchanged into the eg orbitals of Cation 1.
The coupling process of lowest energy requires that the
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Figure 1. A portion of the linear chain of an RMX,
compound (adopted from Ref. 1)

Figure 2. Crystal structure of (CD,)MnCl, ( adopted from Ref. 1)
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Figure 3. The 90° exchange pathway between
two interacting metal ions (adopted from Ref. 2)
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Figure 4. Superexchange pathway in (a) 90°
bonded Cr*-Cr*; (b) 90° bonded Fe*—Fe*
(adopted from Ref. 2).
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spin of the virtually exchanged electron be the same as
that in the t2g set of Cation 1.

The Pauli Exclusion Principle then requires that
the other electron in the po orbital of the ligand have
a spin of opposite sign (in this case down). Because
there are no electrons in the eg orbitals of Cation 2,
only one exchange process is possible, that process
that gives rise to a -J, i.e., antiparallel exchange
coupling between the po electron of the anion and tjg
electrons of Cation 2.

The net effect is to allow ferromagnetic coupling
between Cation 1 and Cation 2 with the overall be-
havior shown by the compound being ferromagnetic.

In the lower part of the figure, we have the case
of 90° exchange between two Fe2t ions. In this case
things are not So clear cut. Virtual exchange between
the po electron of the anion and the electrons in the
eg orbitals of Cation 1 is antiferromagnetic in nature.
This does not dictate the overall spin arrangement
however. As we can sSee there exists the possibility
for ferromagnetic as well as antiferromagnetic exchange
between the electron in the po orbital of the anion
and the electrons in the d-orbitals of Cation 2. The
resultant magnetic behavior depends only upon which is
stronger, the coupling between the electron in the po
orbital and the e, electrons or the coupling between
the po electron and the tp, electrons. If this cou-
pling is sufficliently strong to produce preferential
alignment and involves several cation centers then
conditions have been fulfilled for the creation of
spin-waves,

The drawing in Figure 5 is a schematic depiction
of a spin-wave in a one dimensional ferromagnetically
coupled system. As one can see, a spin deviation at
one end of the chain causes spin deviations down the
line producing the "spin-wave". As a quantum of energy
called a phonon excites a vibration, a quantum of
energy called a magnon causes a spin-wave. If one has
isolated chains within a material, magnons will induce
spin-waves in these chains independent of each other.

The presence of magnetic coupling and the induce-
ment of spin-waves can be shown experimentally through
inelastic-neutron-scattering techniques. Figure 6
shows the variation with temperature of the excitation
which 1s assoclated with the presence of spin-waves in
the compound (CD3)4MnCl3. As can be seen the spin-wave
is well defined at 1.9°K. This definition decreases as
one increases the temperature to 40°K. This marked
decrease in intensity is to be expected as the three-
dimensional ordering temperature has been shown to be
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0.84°K. Thus, as one increases the temperature above
this, continually greater disorder and decoupling along
the chains will occur. One would expect, as a general
phenomenon, the presence of spin-waves should be less
evident the higher T is above Ty.

Our primary interest here will be with the optical
manifestation of these spin-waves. Figure 7 shows the
various types of electronic processes one is likely to
encounter in a magnetically coupled transition metal
containing material. We shall focus our attention
primarily upon those transitions which are spin-
forbidden in nature, i.e., those which undergo a change
in spin-multiplicity, since it is here that the effects
of the spin-wave phenomenon on the electronic transi-
tions will be seen.

The first part of Figure 7 shows the process which
occurs when you have a magnetically and optically
dilute system in which the spin-multiplicity may
change. This is a normal excitation caused by a photon
where the sublattices act independently of each other.
In the case shown here, we have only the excitation of
an electron from the ground state on sublattice A into
an excited state with the accompanying spin-flip.

This will usually be seen in the spectrum of a compound
as a weak absorption band. The weakness of such a
transition arises because it is both parity and spin-
forbidden, AS#0. Such is not the case in an optically
concentrated system where cooperative excitations such
as we see in the second part of Figure 7 may occur. In
this case, by exciting an electron from the ground
state in sublattice A and simultaneously exciting an
electron with the opposite spin on sublattice B, we

can conserve the spin-angular momentum, i.e., AS=0.
This is called an exciton-exciton transition. The
consequences of the conservation of spin is to provide
a band or transition which is relatively intense in
comparison to a normal spin-forbidden transitionm. (In
the case we have chosen both the excitation on sub-
lattice A and the one on sublattice B are by themselves
spin-forbidden. This is not an exclusive requirement
for an exciton'exciton tramsition.) Note also that if
this excitation of A and B are individually the same as
the single exciton excitation shown in the first part
of this figure, then the cooperative excitonm‘exciton
transition will occur at approximately twice the energy
of the exciton-only transition.

In the third part of the figure, we have an
exclton+magnon transitioan. This is the first of these
various phenomena which are strictly characteristic of
a magnetically concentrated system. The first two
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processes, the exciton and exciton:.:exciton transitions
are characteristic of magnetically dilute systems as
well as magnetically concentrated systems. The case of
the exciton+magnon excitation requires a magnetically
coupled system, however. The exciton+magnon transition
is a combination of a normal spin-forbidden transition
such as shown on sublattice A and a spin-deviation of
low energy, such as shown on sublattice B. Here again,
just as in the exciton.exciton transition we see that
the selection rule AS=0 is obeyed. In other words, we
have an up-spin on A going to a down-spin simultane-
ously with a down-spin on B going to an up-spin. The
difference between this and an exciton-exciton transi-
tion is that this process arises only in the case of
magnetically coupled systems and the energy of the
allowing excitation on B is of considerably less mag-
nitude than that for the normal exciton-.-exciton tran-
sition.

The last diagram in Figure 7 shows a second pro-
cess by which the presence of a cooperative magnetic
interaction in the system helps to allow an electronic
excitation. This 1s called the exciton-magnon. In
this case, we have, as before, a spin-forbidden exci-
tation on sublattice A but as opposed to the exciton+t
magnon, we have already created an excitation on sub-
lattice B which then decays at the same time as the
excitation occurs on sublattice A. As we can see, the
spin 1s conserved in this system as well as in the
previous two systems,

One observable difference between the exciton+
magnon and exciton-magnon is their position relative to
the pure exciton line. It should be clear from Figure
7 that the exciton+magnon will occur at higher energiles
than the pure exciton line, while the exciton-magnon
will occur at lower energies than the pure exciton
line. The case for the exciton+magnon is shown quite
graphically in Figure 8.

These latter three excitations all have one thing
in common and that is their unusual intensity. The
variation of these intensities, as a function of T will
differ, however. Figure 9 shows the calculated temp-
erature dependence for both the exciton+magnon (cold
band) and exciton-magnon (hot band) cases. This sug-
gests that a major change in oscillator strength
should occur below Tyxy. The magnitude of this change
will depend upon the relative contribution of magnon
hot and cold bands and phonon modes.

Figure 10 shows the calculated temperature depend-
ence (solid line) for a two exciton transition in
RbMnF3. As can be seen from the experimental result
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(dashed line) the agreement is relatively good. Figure
11 provides us with the experimentally determined in-
tensity variation of exciton-magnon transitions in
RbMnF3 and MnF2.

The criteria then for identifying magnon assisted
transitions are: 1) to look to energies slightly high-
er and slightly lower than the parent spin-forbidden
transition for anomously intense manifolds and 2)
ascertain if an anomolous intensity change occurs in
the region of the Néel point. Criterion 1) should be
qualified in that only the magnon assisted transitions
may be visible, the parent line being too weak to be
observed.

One of the RMX3 systems, in which we have had
considerable interest is that containing the transition
metal ion nickel. Table I shows the various crystal-
lographic parameters for a number of nickel-containing
compounds. Also included are the room temperature
magnetic moments, their Weiss constants and, where
known, an indication of their Néel temperatures. As
can be seen, the interchain distances vary from 9.35 A
in the case of (CH3)4NiBr3, down to 6.85 A in the case
of TINiClg. This then should give us a large range in
which to look at the effect of inter- versus intrachain
coupling.

To this moment, the measurements that we have made
have been restricted to (CH3)4NNiCljz, CsNiCljy, CsNiBrj,
RbNiCl3 and RbNiBr3. 1Indeed, even in the case of the
(CH3)4NiCl3 we see from Table I that it has been found
to be ferromagnetic, consequently should not and, in
fact, does not exhibit any magnon assisted transitions
in its optical spectrum. Consequently, our discussion
is restricted to the alkali metal salts of the nickel
halides.

In Figure 12 we see the spectrum of an 2% solid
solution of CsNiClg in the colorless, non-magnetic
diluent CsMgCl3. This is basically a normal spectrum
for the Ni2+ ion. The absorption maximum occuring at
approximately 7,000 cm~l is the 3Azg+3ng(F) transi-
tion. This is followed by the spin-allowed 3Azg+
3Tlg(F) transition at 12,000 wave numbers. Superim-
posed upon it is the spin-forbidden 3A2g+1E transi-
tion. The 3A24+1T2g transition then lies at 18000
cm~l followed by the 3Ap,>1lA1g transition at 19000
ecm~l, The spin-allowed 3A2g+3Tlg(P) transition is
then observed at 22000 cm~1l, This in turn is followed
by the spin-forbidden 3A2g+1Tlg(G) (24,000 cm'l),
3A29*1Eg(G) (25,700 cm~1l) and 3A2g+1T75(6) (26,000
cm—1) transitions.

Figure 13, the spectrum of CsNiClj at 5°K, shows
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Figure 11. Experimental temperature dependence

of oscillator strengths for exciton-magnon transition

8A,,(°S) = *E('G), *A,(*G) in MnF, and RbMnF,
(adopted from Ref. 7)
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Figure 12. The 5°K spectrum of CsMgCl,:Ni, 1Z (adopted
from Ref. 8)
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CsNiCl3

1Z

26 22 18 14 10 6
ENERGY cm'Xi0™

Figure 13. The 5°K spectrum of CsNiCl,, 17 (adopted
from Ref. 8)
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Figure 14. The 5°K spectrum of
CsNiBr,, 17 (adopted from Ref. 8)
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Figure 15. Temperature dependence of the spectrum of
CsNiBry, L7
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a marked difference in the relative intensities of
several of the bands when compared to Figure 12, Of
principle interest are those bands which are above
18,000 wave numbers. That band at approximately 19,000
which has been identified as the spin-forbidden 3A2g
lAlg transition is seen to have gained intensity rela-
tive to the spin-allowed transitions both above and
below it. The same may be said for the higher energy
spin-forbidden transitions which lie above the allowed
34, +3Tlg(F) transition.

Turning now to the spectrum of CsNiBrj, Figure 14,
one can again see that the same intensity pattern is
repeated. Figure 15 shows the temperature dependence
in the lower energy region for both the spin-allowed
and spin-forbidden bands in CsNiBrj3. As can be seen,
the primary feature of the temperature dependence is a
rapid increase in the intensity of the formally spin-
forbidden bands with decreasing temperature. This is
in contrast to the decrease in intensity of the spin
allowed transitions. This rapid increase in intensity
at T>>Ty 1s in contrast to both work reported by Lohr
and McClure(9) on some manganese salts and to the work
of Fujiwara et al (7) cited earlier, Figure 11. That
this behavior is common to all of the antiferromagnetic
RMX3 studied 1s graphically shown in Table II where the
oscillator strengths, both in the L C and |IC direc-
tions, are shown as a function of three temperatures;
room, 80° and 5°K. As may be seen, in all cases a
rapid increase of the intensity of the magnon-assisted
exciton lines in the alkali halides is noted. This
suggests that the intensity producing mechanism is
similar in all cases and perhaps of a different nature
than that seen for RbMnF3 and MnF2. This latter point
is one which deserves more study. Unfortunately, the
limited amount of data available do not allow us to
sort out inter- versus intrachain effects. Close
inspection also shows that the parent exciton line does
not appear to be discernable in the cases shown. The
excitontmagnon are clearly seen, however.

I would 1like to express my thanks to the National
Science Foundation for support of this research and to
J. Ackerman, G. M. Cole, and E. M. Holt who collabor~
ated in this work.

Work partially supported by the National Science Foundation
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Spectroscopic and Magnetic Properties of CsMI,
Type Transition Metal Iodides

G. L. McPHERSON and L. J. SINDEL
Tulane University, New Orleans, La. 70118

As the two previous papers demonstrate, there has
been a great deal of interest in transitlon metal
salts of the general formula M(I)M (II)Xs (where M(I)
is a large univalent cation, M’ (II) a divalent transi-
tion metal ion, and X a halide ion). These materials
often crystallize in hexagonal lattices in which the
most prominent structural feature is a parallel array
of infinite, linear chains of octahedra sharing faces,
The chains run parallel to the crystallographic c-axis
with the transition metal lons at the centers and the
halide ions at the corners of the octahedra (see
Figure 1), The magnetic properties of these types of
salts approach those of a one-dimensional system of
interacting spins, The hexagonal linear chaln struc-
ture is observed with the widest variety of transition
metals and halogens when M(I) is a cesium ion, This
paper discusses the magnetic and spectroscoplc proper-
ties of several cesium metal triiodides which adopt
this structure. Although the properties of these
salts are inherently interesting, it is especlally
informative to compare the iodides to the analogous
chlorides and bromides,

The cesium metal triiodides, CsMgIs, CsVIa,
CsCrIls, CsMnlas and CsNiIs have been shown by X-ray
studies to adopt the linear chain structure,»Z
Table I contains a summary of the crystallographic
data for these salts, Although the space groups are
not unambiguously determined it is very likely that
all of the materials except the chromium salt are
isostructural with CsNiCls (space group P6s/mmc),
Crystallographic studies of CsCrCls> and CsCrBrs?
suggest that the structures of the chromium salts
differ somewhat from that of CsNiCls; however, the
basic linear chain feature is still retained. Un-
doubtedly there ‘are minor structural varilations among

182
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the CsMXs salts which result from the differences in
the size of the halide ion. Certainly, a very impor-
tant structural parameter is the intrachain metal-
metal separation, This separation is equal to half of
the lattice dimension in the "c" direction and is
‘expected to be largest in the iodide salts.

Table I. Structural Properties of CsMIs Salts

Crystal System: Hexagonal
Extinctions: hhf, £# 2n

Space Group: P6s/mmc, P63/mc, or P62c
Mol./unit cell: Z =2

Iattice Constants:

2 c
CsVIa™ 8.21 6.81
CsCrIs®  8.12 6.85
CsSMnIaP 8.18 6.95
CsNiIg® 8.00 6.76
CsMgIs® 8.20 7.01

8Reference (1
Reference g

In addition to the fairly subtle structural
variations, significant changes in the nature of the
metal-halogen bond would be expected in going from a
chloride to a bromide and finally to an iodide lattice.
These bonding differences are dramatically demonstrat-
ed by electron spig+resonance measurements, The epr
spectra of V2t, Mn ', and Ni°' doped into the iso-
structural magnesium saltsé CsMgCls, CsMgBrs, and
CsMgIs, have been studied.®’® The g- and metal hyper-
fine tensors indicate a considerable variation in the
metal-halogen bonding in the three lattices. Table
II gives a summary of hyperfine constants and g-values
for the three lattices.
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Table II. Hyperfine Constants* and g-Values+
CsMgCla CsMgBra CsMgla
ve+ (77°K)
gobs 1.975 1.994 2,036
gcalc l .957 l 0950 l .9‘42
A 75. 70. 65.
Mn®F (77°K)
gobs 2,002 2.004 2.008
A 80. . 75.
NiZH(77°K)
8obs 2,25 2.23 2.16
Eeale 2.38 2.40 2.40

*The hyperfine constants represent the average of the
parallel and perpendicular components and are in units
of 104 cm~!, (Data taken from (6))

*The gobs values represent the average of the parallel
and perpendicular components of observed g-tensor.

The gug1c values for the d® and d° systems are calcu-
lated From simple crystal field theory. (Data taken
from (6))

One notices that there are conslderable dis_
cregancies between the observed g-values of VT and
Ni2t and those calculated from the following simple
crystal field expression.

= 2.0023 - 8A&
(g 0023 ’z)

Furthermore, the disagreement becomes more pronounced
in going from chloride to bromide to iodide. Presum-
ably the disagreement between the observed and calcu-
lated values arises from a ligand contributlon to the
g-value. The ligand contribution increases as the
spin orbit constant of the ligand Increases and also
as the delocalization of the unpaired electrons from
the metal to the ligands increases,’ *° 1In view of
the observed g-values, it appears that the metal-
halogen bonding becomes more covalent proceeding
through the series from chloride to iodide. The 55Mn
and 51V hyperfine constants support this conclusion,
since the constants show a steady decrease in going
from chloride to iodide. A decrease in the metal
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hyperfine constant suggests an increase in the metal to
ligand delocalization, (Reference (6) gives a more
thorough discussion of the epr parameters.) Although
the trend in the nature of the metal-halogen bonding

in the CsMXs series is perhaps intuitively obvious,

the epr studies provide a very satisfying experimental
verification,

Plots of the reciprocal of the molar susceptibil-
ity versus the absolute temperature for CsNils, CsMnlas,
and CsCrls are shown in Figures 2, 3, and 4, respec-
tively. Both CsNiIs and CsMnIs obey the Curie-Weilss
law above 190°K, but show significant deviatlon at
77°K. The low temperature deviations and the large
negative Weiss constants indicate that these salts are
antiferromagnetic. The chromium salt, CsCrls, obeys
the Curie-Weiss law throughout the 77° to 300°K region,
This material, however, has a large negative Welss
constant which indicates that 1t is also antiferromag-
netic, The magnetic properties of CsVIa differ from
those of the three previously mentioned salts. The
vanadium salt has a small paramagnetic susceptibility
(2.3 x 10”23 esu/mole) which is essentially independent
of temperature, This observation suggests that the
antiferromagnetic interactions in this material are
significantly stronger than those of the other salts.
These interactions are effective even at room tempera-
ture. Although these susceptibility studies do not
completely characterize the magnetic behavior of the
iodides, there is little doubt about the antiferromag-
netic nature of these materials.

The magnetic susceptibilities of a number of the
analogous bromides and chlorides have also been
studied. Data has been reported for CsVCls,*?!
CsCrCls, 2 CsMnBra,>® CsNiBrs,'* and CsNiCls.'*" '€
A fundamental question to be considered when discus-
sing the magnetic properties of the CsMXs salts 1s
whether the magnetic exchange interactions are direct
(through space) or indirect (through ligand). In
principle both mechanisms are possible, since the
metal-metal separations within a chain are fairly
short (~38) and each metal ion shares three halide
ligands with the neighboring metal ions in the chain,
The comparison of the susceptibility data for the
CsMXs salts shown in Table III gives some qualltative
insight into this question.
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Figure 1. Perspective drawing of the unit cell contents of a
CsMX, salt. Small open circles are metal ions, larger open circles
are halide ions, dotted circles are Cs" ions.
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of CsMnl, vs. absolute temperature.
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Table III. Magnetic Properties of CsMXs Salts

CSVXa

M-M Distance (&) —  %.(297°K) X (77°K)
c1 3.01 13702 1440%
I 3.40 2220 2360
o CsCrXs
M-M Distance (A) X (297°K) X(T7°K)
cl 3.11 4500DP 53000
Br 3.25 - -
I 3.42 6700 12800
., CsMnIs
M-M Distance (A) X (297°K) X (7T7°K)
Br 3.26 11000¢ 18500%
I 3.47 10750 17200
o gSNila
M-M Distance (A) X (297°K) X (77°K)
c1l 2.98 3800°% 92009
Br 3,12 36504 81509
I 3.38 2940 4350

Xvalues are in units of 107° esu/mole
%Reference 11
Reference (12
CReference (T3
dreference (I

Direct exchange is a function of the distance
between interacting ions and would be expected to
diminish as the metal-metal separation increases. On
the other hand, indirect exchange depends more on the
covalency of the metal-ligand-metal linkage. Since
the metal-metal separations in the CsMXs series are
directly dependent on the size of the halide ion, the
strength of direct effects would be expected to follow
the order: ClsBr>I, In contrast, the indirect effects
would be expected to exhibit the opposite order. The
data for the cesium nickel trihalides indicate that
the strength of the antiferromagnetic interactions is
greatest for CsNiIs and smallest for CsNiCls, This
observation suggests that indirect exchange is pre-
dominant in these salts. This conclusion is quite
reasonable in light of simple crystal field theory.
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The unpaired electrons of a d8 system in an octahedral
complex occupy the e, set of orbitals which are dirict-
ed toward the ligandg. For a d° system such as Mn®
direct as well as indirect interactions might be ex-
pected since the unpaired electrons occupy the tzg and
eg orbitals, The data indicate that the coupling in
CSMnBrs is perhaps a little stronger than in CsMnIs,
but the susceptibilities of the two salts are very
similar, It appears that there are considerably
stronger interactions in CsCrCls than in CsCrIs. It
is possible that direct exchange is dominant in a 4%
system since the majority of the unpaired electrons
occupy orbitals (tzy) which are directed away from the
ligands. We hesita%e to speculate on the CsVXs salts
since the susceptibilities are rather small and es-
sentially independent of temperature., These small
susceptibilities may result from a temperature inde-
pendent paramagnetism which has nothing to do with the
normal paramagnetism assoclated with the unpaired
electrons of the V% ion. Clearly, rather strong anti-
ferromagnetic interactions are present in these vana-
dium salts,

One very important point has been neglected in
the qualitative discussion of the magnetic properties
of the CsMXs; salts, It has been firmly established
that the interaction between two paramagnetic lons is
critically dependent on the metal-ligand-mestal angle.
While the structures of the salts that have been dis-
cussed are all similar, this critical angle undoubted-
ly varies to some extent from lattice to lattice. Un-
fortunately, sufficient precise crystallographic data
are not presently available to discuss this important
point,

The electronic spectra of CsVIs, CsCrIs, CsMnIs,
and CsNiIs are shown in Figures 5 and 6, In general,
the spectra show the ligand field transitions that
would be expected from octahedral complexes of these
transition metal ions. The spectrum of CsCrIs shows
an intense absorption edge at approximately 10,000
em™l, The material absorbs strongly throughout the
visible region, Thls intense absorption may be due to
charge-transfer transitions, Charge-transfer absorp-
tion would be expected to appear at lower energies in
these iodides than in similar chloride or bromide
complexes, The shoulder on the absorption edge of the
CsCrIs spectrum has been tentatively assigned to the
spin allowed, SE=°T-, ligand field transition.
Similarly, the CsNiIs spectrum has an intense absorp-
tion edge which appears at approximately 13000 cm™*!
and presumably results from charge-transfer trans-
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CsVIz CsCrl3

Abs.

5000 15000 5000 15000
{em™)

Figure 5. Absorption spectra of mulls of CsVI, and CsCrl, recorded at 77°K

CsMnl, CsNily

Abs.

15000 25000 5000 15000

(emh

Figure 6. Absorption spectra of mulls of CsMnl; and CsNil; recorded at 77°K
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itions, The spectra of CsVIs and CsMnIs do not seem
to be particularly unusual, Table IV glves the band
asslgnments for the iodide salts based on an octahe-
dral ligand field,
Table IV, Spectroscoplc Assignments
CsVIg CsCrlis

Assignment  Energy (cm™ ') Assignment Energy (cm 1)
4hp = 4To 7700 SE — [5T2] 9000 (sh)

- 47, (F) 12000 )

— [2E;®T;] 13000 (sh)

- [®T2] 15300

— 4T, (P) 18700

CsMnls CsNils

Assignment  Energy (cm™*) Assignment  Energy (cm %)
A, = 4T, (@) 17800 Bhs = 3Tp 6500

- 4T5 (G) 20900 — rlg 8000

- 4E,4A, (G) 22100 ~ 37, (F) 10900

- 475 (D) 25500

— 4E(D) 26400

— 4T, (P) 28600

sh = shoulder
Brackets designate assignments whlch are uncertain,

Spectroscopic studies of CsCrCls®, CsCrBr34, CsMnBrst3,

CsNiClsz and CsNiBrsl7218 have been reported,

A com-

parison of the Dq values of the CsMXs salts is pre-
sented in Table V.

Table V, Dq Values for the CsMXag Salts
CsVXa CsCrXs CsMnXa CsNiXga

cl 1000 11455 — 6952'
Br - 1150° 680° 655

I 770 900 605 650
8Reference 3

Reference (4

CReference (I3

Reference Ez

The trends in the Dq values appear to follow that

which would be predicted by the spectrochemical
series, It should be mentioned that the Dq value for
CsMnIs; was derived following the procedure presented
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in reference (13).

The electrical resistivitles of single crystals
of CsNiIs have been studied as a function of tempera-
ture.,1® The material appears to be a semiconductor
with a room temperature resistivity of 107 to 108 ohm
cm and an energy of activation of approximately 0.7
ev,

For a material that is an intrinsic semiconductor
the band gap (the energy separating the valence and
conduction bands) should be equal to twice the energy
of activation of conduction., The intense absorption
edge appears in the spectrum of CsNils at approximate-
ly 1.5 ev which is about twice the observed energy of
activation, This suggests that at room temperature
the material is an intrinsic semiconductor. In spite
of the linear chain structure, the resistivity of the
material is essentlally isotropic.

In conclusion, we hope that we have shown that
the cesium metal triiodides have rather interesting
solid state properties and that these compounds will
be useful for further studies into the nature of the
linear chain M(I)M’(II)Xs compounds.
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Magnetic and Thermal Properties of the Linear Chain
Series [(CH,);NH] MX,.2H.O

J. N. McELEARNEY, G. E. SHANKLE, D. B. LOSEE, S. MERCHANT, and
R. L. CARLIN

University of Illinois, Chicago, Ill. 60680

Introduction

Several previous papers 1in this symposium have
discussed properties of members of the linear chain
serles RMXs (where M=transition metal, X=halide and R=
(CH3) 4N, Cs or Rb). This paper will be concerned with
the new linear chain series [(CHsa)3NH]MX3-2H20, where
M=(Mn, Co, Ni, Fe or Cu) and X=(Br or Cl). Large
single crystals suitable for optical and oriented mag-
netic field studles may be easily obtained for most
members of the series. Single crystal near-zero-field
magnetic susceptibility data (measured using a mutual
inductance technique) and heat capacity data (measured
using standard heat pulse techniques) are presented
here which show several of the interesting features of
this series: anisotropic magnetic behavior greater than
normal with the presence of low-dimensional character-
istics as well as spin-cantling in the ordered state.

Crystal Structures

To a large extent the magnetlic behavior of these
compounds is guite clearly related to their structure.
Not all the members of the series are isomorphic, al-
though they probably are all isostructural, as 1inferred
from their magnetic properties. Structures have been
obtained only for the non-isomorphic (M=Co, Cu; X=Cl)
compounds (1,2), although X-ray studies 1lndlcate that
the (M=Co, Mn; X=Cl) compounds both crystalize 1in the
space group Pnma and are probably isomorphic.

The most important structural characteristics of
these compounds may be seen by considering the projec-
tions of the (M=Co; X=Cl) prototype shown in Figs. 1
and 2. The structure consists of chains of edge-shar-
ing trans-[CoCl,(OHy),] octahedra. The cobalt atoms
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Figure 1. Projection of the unit cell of [(CH,),NH]CoCl; -

2H,O onto the ac plane. Height above this plane of several

of the atoms is indicated. (All cobalt atoms are at the same
height.)

Figure 2. Projection of a portion of the i
crystal structure of [(CH,);NH]CoCl, - !
2H,0 onto the bc plane. Portion used was o |
a 3.33-A thick layer taken parallel to the A O---
bc plane and centered about the cobalt
atoms. Dashed lines give unit cell bounda-

ries.
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are 3.637 A apart (Co-Cl distances are 2.456 and

2.503 A) and the internal chlorine bridging angles are
93.14° and 95.52°. Anionic chlorines tie together
chains which lie in the bec plane via hydrogen bonding.
It 1s important to note the relative tilting of the
[CoCl,(OH,),] molecular units with respect to each
other as seen in the projections. It i1s this tilting,
taken with the tendency of the spins to align in some
manner consistent with the 0-Co-0 vectors, which leads
to the unusual magnetic properties of this series.

Properties of [(CHs)3sNH]CuClsa*2H20

The most unusual property of this compound (in
view of the properties of the other compounds) is that
it behaves as a normal paramagnet above 2°K, showing
only slight signs of magnetic exchange at 1°K prior to
ordering at 0.15°K (3) and that thus intrachain magnet-
ic exchange in this material must be quite small. Thus
its measured heat capacity (which very nearly follows a
T2 law) has been used in conjunction with a correspond-
ing states procedure to determine lattice contributions
to the heat capacities of the other members of the
series.

Properties of [(CHj3) sNH]CoX3-2H.0 (X=C1l, Br)

Both of these compounds behave very similarly. The
(M=Co; X=Cl) compound magnetically orders at 4.14°K,
while the Br analog does so at 3.86°K. The data and
theoretical fits for both are nearly lidentical so only
the results for the (X=Cl) compound will be given here.
The measured heat capacity 1s shown in Fig. 3 and the
extensive amount of short-range order above the order-
ing temperature 1s clearly evident. More than 90% of
the expected entropy change occurs above the transi-
tion. This short-range order is indicative of the
lowered dimensionality of the spin system and 1s con-
sistent with the sheet-like nature of the structure.
Thus since Co(II) usually has Ising-like characteris-
tics, Onsager's solutlion to the anisotropic two-dimen-
sional Ising model (4) has been used to fit the data.
Both the magnetic heat capacity derived from the data
and the fitted curve are shown in Fig. 4. The values
for the exchange parameters determined from the fit are
J/k=7.7°K and J'/k=0.09°K. (The fit of the Br analog
results in J/k=7.0°K and J'/k=0.09°K.) Clearly the
spin system is not far from being one-dimensional.

Thus the measured magnetic susceptibilities,
shown in Figs. 5 and 6, should be nearly one-dimension-
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Figure 3. Zero-field heat capacity data for [(CHs);NH] CoCl, © 2H;0 between 3°
and 15°K. Solid line represents the lattice contribution.
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Figure 4. Magnetic heat capacity (solid line) of [(CH;),NH]CoCl, - 2H.0. Dashed
line is the fit to Onsager’s two-dimensional anisotropic Ising model solution.
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Figure 5. Zero-field magnetic susceptibility of [(CH;);NH]CoCl; -
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Figure 6. Zero-field magnetic susceptibilities of [(CH,);NH]CoCl; -
2H,0 measured along a and ¢ axes. Results of measurements along

the a axis on two different crystals are shown.
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al in character. The nearly discontinuous behavior
near the transition temperature should be noted. It is
evident that there is an extreme amount of anisotropy,
Xp being generally very much smaller than Xq and X,
and that there are indications of a ferromagnetic mo-
ment parallel to the a axlis immediately below the
transition. Additionally, at the lowest temperatures
Xo and Xy are constant, while X, decreases with de-
creasing temperature, as might be expected for an anti-
ferromagnetic material for which ¢ 1s the easy axis.
These facts lead to a spin arrangement model in
which spins lie nearly along the c¢ axis with some cant-
ing towards the a axis. All spins are perpendicular to
the b axis. All the spins in each bc sheet of Co ions
are aligned parallel with ferromagnetic coupling along
and between chains in the sheet. Spins in any neigh-
boring pair of bc sheets are aligned so as to give a
net moment along the a axis with no net moment along
the ¢ axis. Thus the spin arrangement is that of a
canted antiferromagnet or a weak ferromagnet. The
intrachain exchange value determined from the heat
capacity data has been used with the equations derived
(5) for a one-dimensional Ising model to fit the Xp
and Xe data. To take account of the a axls canting,
the results derived by Moriya (6) for the susceptibil-
ity of a canted antiferromagnet have been applied to
the Xa data. The results of the fits are shown in
Fig. 7 and are seen to be extremely good.

Properties of [(CH3) sNH]MnX s 2H20 (X=Cl, Br)

Both of these compounds behave similarly, with
the (X=Cl) compound exhibiting a transition at 0.98°K,
while the (X=Br) compound orders at 1.58°K. Because
of the similarity of the data for these compounds only
the latter will be discussed here. The measured heat
capacity is shown in Fig. 8. The sharp spike corre-
sponds to the magnetic ordering while the broad hump
is indicative of the short-range order expected for a
low-dimensional system. More than 80% of the magnetilc
entropy change expected for an S=5/2 system is gained
above 1.58°K. Likewise, the single crystal suscepti-
bilities measured for this compound, shown in Fig. 9,
show the effects of extensive short-range order. The
broad maximum in X, significantly above the ordering
temperature 1s especially indicative of the behavior
which should be expected for a linear chain. It 1is
also important to note the amount of anisotropy below
10°K and that X and Xg behave as parallel and perpen-
dicular antiferromagnetic susceptibilities, respec-
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tively.

As Mn(II) has an S ground state, it might be ex-
pected that the Heisenberg linear chain model previous-
ly applied to other Mn(II) chains (7,8) could describe
the data. However, a rather significant molecular
field correction (2) to that model is required when it
1s used to fit the data. The fit of Xg achieved with
an intrachain interaction of J/k=-0.41°K and a molecu-
lar field parameter of zJ'/k=-0.74°K is shown in Fig.
10. (The corresponding Cl analog parameters are J/k=
-0.36°K and 2zJ'/k=-0.55°K.) The molecular fleld param-
eter must be interpreted as including all the inter-
actions ignored by the model Hamiltonlian, such as in-
terchain interactions and non-isotropic exchange inter-
actions. It is obvious from the structure that inter-
chain interactions must be small, so the results indi-
cate that the spin Hamiltonian must not be perfectly
isotropic but instead must include a large Ising-like
anisotropy. Actually, this 1s totally consistent with
the Ising-1ike behavior of Xe in which a brocad maximum
appears more than 100% above the ordering temperature.
This is also consistent with recent results (10) which
suggest anisotroplc dipolar interactions must be
present 1n a linear chain compound which possesses iso-
tropic nearest-nelghbor exchange. Such interactlons
would add an Ising-like term to the Hamlltonlan. Thus,
as mlght be expected, the Xe data can be well described
by assuming an Ising Hamiltonian and correcting the
calculated susceptlbility with a molecular fleld term
which then accounts for the 1sotroplc interactlons
lgnored by the Ising model.

Even considering anlsotropic interactions, special
consideration must be given to the behavior of Xp. The
sharp rise with decreasing temperature of Xp below 3°K
is reminiscent of the behavior of Xg in the (M=Co; X=
Cl) compound. There are two important differences:
these data do not rise to very high values, and immedi-
ately below the transition the data polnts drop wlth
decreasing temperature. This behavlior may be explained
if 1t is assumed that there 1s a hidden canting of the
spins along the b axis 1in this compound. That 1s, the
spins in a glven chaln are allgned more or less paral-
lel to the c axls and are canted in the tb direction
with antiferromagnetic coupling between them. Since
there 1s no indication of canting-llke behavior 1in Xa,
the spins must 1lie in the be plane. It 1s interesting
to note that this situation is opposlite to that seen in
the (M=Co) compounds. The supposition of canting 1is
supported by the good fit to the Xp data, shown in Fig.
11, obtained when the molecular field modified linear
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chain model used for the Xg fit is further modified to
include the susceptibility behavior predicted by Moriya
for canted magnets.

Properties of [(CHj3);NHINiBrjs-2H,0

Preliminary susceptibility measurements made on
this material indicate paramagnetic behavior as low as
1°K, with indications of antiferromagnetic exchange.

Conclusions

Clearly the low-dimensional nature of the struc-
tures of these compounds 1s reflected in their mag-
netic behavior. The extensive short-range order ob-
served in the paramagnetic state 1s well described by
one- or two-dimensional models. One interesting dif-
ference between the (M=Co) and (M=Mn) compounds 1s the
relative change in the strength of the intrachain ex-
change when Cl is replaced by Br - increasing for (M=
Mn) and decreasing for (M=Co). Unfortunately, no in-
terpretation is possible until detalled crystal struc-
tures are available. Indeed, the similarities and dif-
ferences among the members of the series, along with
the anisotroplc behavior make them ideal candidates for
further experimental studies.
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ABSTRACT

Magnetization and M§ssbauer studies show that Fe(bipyridine)Cly
and Fe(phenanthroline)Cl; order ferromagnetically at T, ~ 5K. Methyl
substituted bipyridine derivatives appear to be slowly relaxing paramag-
nets in the range of 12 to 2 K. These results are correlated with near-
and far-infrared and x-ray spectroscopic data which suggest six-coor-
dinate chloro-bridged polymeric structures for the unsubstituted di-
imine systems, and five-coordinate dimeric structures for the methyl
substituted compounds.

Introduction

In recent years there have been extensive studies of magnetic
behavior of simple dimeric or small multimetal cluster compounds
containing a variety of organic ligands. The driving force for such
studies is the hope of gaining a better understanding of exchange inter-
actions in magnetically condensed inorganic salts such as anhydrous and
hydrated metal halides which exhibit extended cooperative magnetic
behavior. For instance, anhydrous ferrous chloride has the cadmium
chloride structure with intra- and inter~-chain chloro-bridging. The
intra-chain interaction for this compound is ferromagnetic (J > O) where-
as the inter-chain interaction is weaker and antiferromagnetic. Asa
consequence, anhydrous ferrous chloride exhibits(1,2) a “"meta-mag-
netic” phase transition from an antiferromagnetic to paramagnetic state
in an external field of about 11 kG.

Extended (lattice) ferromagnetic interaction in transition metal-
organic ligand systems is much less common than for simple inorganic

* Please address correspondence to this author.
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salts. In this article we present a MYssbauer and magnetic susceptibility
study of such behavior in polymeric octahedral complexes of the type
Fe(di-imine)Cl, where the di-imine is either 2,2'-bipyridine, hereafter
bipyridine or 1, 10-phenanthroline and substituted derivatives. We also
present x-ray and spectroscopic data bearing on the molecular structure
of these compounds. It is of interest to see if there are any significant
magnetic dilution effects on placing organic ligands "in" ferrous
chloride and at the same time maintaining a polymeric structure. The
weakening of inter-chain interaction by the ligand dilution allows the
possibility of lower dimensionality magnetic interaction and weak meta-
magnetic behavior. In this connection we make comparisons of the mag-
netic behavior of Fe(bipyridine)Clz and Fe(phenanthroline)Cl, to our
preliminary results for Fe(pyridine),Cl,. The latter system is also a
chloro-bridged polymer{(3) but contains the trans-FeN2Cly chromophore
rather than the analogous cis chromophore as in Fe(bipyridine)Cl,. The
effects of preparative technique are also considered in the discussion

of Fe(5,5"-di-CHg -bipyridine)Cl, prepared by high vacuum thermolysis.

Chemical Preparation

Analytical data for the compounds studied are given in Table 1.
All of the complexes were studied as powders as the preparations do
not yield appropriate single crystals. The synthetic methods used con-
sisted of rapid precipitation from aqueous~hydrochloric acid solution
or vacuum thermolysis of [Fe(di-imine)s] Cl, yielding fine dust-like
powders. Attempts at conductivity or molecular weight measurements
by the usual solution methods results in disproportionation to the
thermodynamically more stable Fe(di-imine) t,

Table I: Analytical Data

Compound Calculated Observed
C H N Fe C H N Fe

Fe(phenanthroline)Cl, 46.95 2.63 9.12 18,20 46.77 2.66 9.34 18.60
Zn (phenanthroline)Cly 45.50 2.55 8.85 45.55 2.41 8.79
Fe(bipyridine)Cl2 42,42 2,86 9.91 42,26 2,86 10.10
Fe(4,4'-di-CH;3- 46.31 3.90 9,01 46.36 3.86 8,69

bipyridine)Cl,
Fe(5,5"~di-CHg~ 46.31 3,90 9.01 45,81 3.87 8.35

bipyridine)Cl,
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Susceptibility and Magnetization Studies

A preliminary study of the magnetic susceptibility(4) showed that
a solution preparation of Fe(phenanthroline)Cl, orders ferromagnetically
with T, = 8 + 2K. Fits with a Curie-Weiss law correspond to a para-
magnetic Curie temperature 8= 12 + 4K and the Curie-Weiss constant
C = 3. 81 emu/mole. In this section we present magnetic data for
Fe(bipyridine)Cly also prepared in solution and the substituted derivative
Fe(5, 5'-di-CH3 -bipyridine)Cl, obtained by vacuum thermolysis.

Fe (bipyridine)Cl; clearly is similar to Fe(phenanthroline)Cly but has a
stronger ferromagnetic interaction. Evidence for a ferromagnetic inter-
action is seen (Fig. 1) in the XAvsT plot for which the intercept is
large (2 20 K) and positive. The plot of %=l vs T is linear from ~60K to
200K and a fit with the Curie-Weiss law yields 8 = +25 K and

C = 5.26 emu/mole. The temperature dependence of the dc magnetiza-
tion g at low field (Fig. 2) shows the expected rapid rise in the vicinity
of Tc which is estimated to be S8K. A more precise estimation of T¢
will be discussed in connection with the MYssbauer data. Between 0 and
>=10kG at 4.2 K there is a rapid rise in the magnetic moment per gram,
0. However, above ~10kG there is a gradual increase in 0 and the
compound is clearly not saturated for applied field By, as large as 200kG,
Fig. 3. It is interesting to point out that the sharp rise in ¢ v8 T seen in
Fig. 2 is quite similar to that found(3) for the linear chain polymer
Co(pyridine)yCl,y. In the latter compound the sharp rise in O is attributed
to strong one-dimensional ferromagretic intra-chain interaction (corre-
lation) above the Néel temperature at which the complex undergoes
three-dimensional antiferromagnetic ordering. A similar positive intra-
chain correlation may well be occurring in Fe(bipyridine)Cl, and
M#Ussbauer data bearing on this possibility will be discussed subsequent-
ly.

The field and temperature dependence of the magnetic properties
for Fe(5,5'-di-CHg-bipyridine) Cl, are somewhat different from those
of Fe(bipyridine)Cl,. A plot of Xél vs T (Fig. 4) appears to have a near
Zero or small negative temperature intercept. A fit of the data yields
0 >~ OKor slightly negative with C = 4.3 emu/mole. Thus this material
appears to exhibit very weak, possibly antiferromagnetic interactions.

A weak exchange interaction is also indicated by the gradual rise in
0 vs B, for this compound. The difference in magnetic behavior for the

(o}
two bipyridine systems is related to a difference in molecular structure.

Magnetic Moments. Effective magnetic moments in Bohr mag-
netons (Up) are calculated using the relation

Boge = J3k/N, X, (T-8) = 2.828 JC
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where k is the Boltzmann constant, N, Avogadro's number and X pp is the
corrected molar susceptibility. The values of ¢ obtained for the
preceding values of C are: Fe(phenanthroline)Cly (5. 5up),
Fe(bipyridine)Cl; (6. 4 ) and Fe(5, 5'-di-CHg-bipyridine)Cly (5. 8 up).
Since the spin-only value of the magnetic moment for high-spin ferrous
is 4.9 up, the foregoing values of U.¢r represent in part unusually large
orbital contributions to the moment,in particular for the last two com-
pounds. There is no evidence of any high~-spin ferric or other impurity
that could account for the magnetic moment values we observe. For
instance, an high-spin iron III impurity of ~30% would be required to
increase the room temperature moment from 5.1 to 5.4 pg. Such an
impurity content would be readily observed in both the analytical data
and MYssbauer spectra (Fig. 5). No evidence for iron III is detected.
The MYssbauer spectrum corresponds to a pure material containing a
single iron II environment. Furthermore, for iron III complexes of di-
imine ligands, there is generally instability and a strong tendency for
reduction of ferric to diamagnetic ferrous even on exposure to ordinary
light. It is interesting to note that in a study of Fe(bipyridine)Cl, and
Fe(phenanthroline)Cl, at 300K, Dwyer gt_al(6) also observed large
moments, 5.79 Mg and 5. 72 g respectively. Thus we believe that the
observed large effective moments are "real" and probably reflect,in
part, an orbital contribution.

Difficulty in saturating the compounds at low temperatures (Fig.3)
suggests a large magnetic anisotropy consistent with large, anisotropic
orbital contributions to the moment. For instance, the moment y cal-
culated using the relation:

- Mo
No""B

n

where M is the molecular weight and ¢ the magnetization in emu/gram
are given in Table II, Itis evident that with increasing B, the moments
of all three systems are increasing. However, the high field behavior
shown in Fig. 3 and a similar data for Fe(phenanthroline)Cl, indicate
that these systems are not saturated even at 200kG. The spin-only
value of W is given by

Hg = g/"'BS'

When g = 2 and S = 2 for high-spin ferrous, @ = 4p, the expected
saturation moment. There is, thus, substantial enhancement of the
moment for Fe(bipyridine)Cl, and this is reflected in its high Botr and
f. The somewhat larger value for the moment (Table II) of
Fe(bipyridine)Cl, than for Fe (phenanthroline)Cl; is consistent with the
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Table II: Magnetic Moments

Compound T(K) Bo(kG) Hg
Fe(bipyridi.ne)Cl2 4,2 16.8 4,7
Fe(phenanthroline)Cl, 3.0 48.4 3.1

4.2 215 3.9
Fe(5, 5'-di-CH3-bipyridine)Cl, 4.2 14,7 1.9
4.2 16.8 2.1
3.0 48.4 3.4

larger ferromagnetic interaction of the former; a ratio of 0's for these
complexes is ~2:1.

To conclude this section it is important to mention that the second
order Zeeman effect and spin-orbit coupling can also contribute to the
enhancement of magnetic moments to values greater than the spin-only.
However, this problem has been studied(?) in some detail for simple
tetrahedral iron complexes such as [(C,Hs),N]; FeCl, whose effective
moments (5.4 to 5.6 4p) are high. It is found that the combination of
the foregoing effects increases the moment to only ~5.2 pg. For the
rather distorted systems of this investigation these effects are expected
to be less important. Thus the effective moments for the present com-
pounds are unusually high and we have no simple explanation for their
origin. It is difficult to envision a large direct orbital contribution. A
small_amount of configuration interaction of the ground 3d6 with a nearby
4s13d° having a much higher spin-only moment could greatly enhance the
moments but this would be difficult to demonstrate.

M&ssbauer Studies

The M8ssbauer spectra of Fe(bipyridine)Cl,y and
Fe(phenanthroline)Cl, made in solution are very similar. The onset of
magnetic order is easily seen in the MUssbauer spectra, as illustrated
in Fig. 6 for Fe(phenanthroline)Cly. The Curie points of
Fe(bipyridine)Cl, and Fe(phenanthroline)Cly are T, = 3.8 K and
T. = 5.0K respectively. Magnetization data previously reported for the
Fe(phenanthroline)Cl, suggested a transition temperature of about ~8 K.
The higher apparent T, observed by the magnetization measurements
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may be ascribed to the difficulty in defining the magnetic transition for
the irregularly shaped powder sample. The large susceptibility above T
is illustrated in Fig. 7 where spectra of Fe(bipyridine)Cly (T, = 3.8 K)
at 4,2 K are shown at zero magnetic field and in longitudinal magnetic
fields of 4 and 35 kG. It is seen that the small external field of 4 kG
induces a hyperfine field without polarizing the moment along the ex-
ternal field direction. This is indicated by the presence of Am = 0 lines
in the spectrum and by the fact that the angle 8 between the principal
component of the electric field gradient and the magnetic hyperfine field
as deduced from the spectrum is unique,and close to that observed in
the ordered state below T, in zero external field. At B, = 35kG, the
appearance of the spectrum is considerably altered due to the polariza-
tion of the ferromagnetic moment by the external magnetic field, with a
consequent randomization of 8

Below their respective Curie temperatures Fe(bipyridine)Cly and
Fe(phenanthroline)Cl, have essentially similar spectra. For the former
at 1.5K, H = -60kG, AE = +1.70mm/sec and B ~ 60° while for the lat-
ter H, =-75kG, AE = +2,03 mm/sec and 8 ~ 60°.

As discussed previously the temperature and field dependence of
magnetization of Fe(5,5'-di-CHg -bipyridine)Cl, (prepared by thermoly-
sis) suggests weak,possibly negative,magnetic exchange interactions.
The temperature dependence {n zero field)of the MYssbauer spectra for
this material also suggests weak magnetic interactions. Instead of a
sharp "ferromagnetic” transition over a small (< 0.5K) interval as in
Fig. 6, Fe(S, 5'-di-CHgz-bipyridine)Cl, exhibits gradual changes of the
magnetic hyperfine splitting over a much larger temperature range. The
transitions of the quadrupole doublet start broadening at ~12K and a
fully resolved Zeeman spectrum is not observed until ~2 K indicating
slow paramagnetic relaxation rather than a cooperative ordering process
It will be shown that this compound contains high-spin iron II in a highly
distorted 5-coordination environment. For such a low symmetry, longer
spin-lattice relaxation times and slow paramagnetic relaxation are not
unexpected. The observation of this phenomenon is far less common for
high-spin ferrous than for ferric complexes.

Molecular Structure Studies

Far Infrared Spectra and X-ray Data. The difference in the mag-
netic behavior of Fe(bipyridine)Cl, and Fe(5, 5'-di-CHg-bipyridine)Cl)
is probably due to the preparative method and a difference of basic
molecular structure resulting therefrom, rather than from just simply
a substituent effect. Figure 8 shows the far-infrared spectra of
Fe(phenanthroline)Cl, (prepared in solution) and Zn(phenanthrolinegClz.
The latter zinc complex is known by a single crystal x-ray st:udy(8 to be
a pseudo-tetrahedral monomer. We have compared the x-ray powder
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Figure 7. Maéssbauer spectra of Fe-

(bipyridine)Cl, at 4.2 K in applied

longitudinal fields of (a) B, = 0, (b)
B, =4kG, (c)B, = 35 kG
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Figure 8. Far-infrared spectra of Fe and Zn (phenanthroline)Cl,—min-
eral oil mull on polyethylene at 300 K
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patterns of Fe(phenanthroline)Cly and the zinc analogue and they are not
similar, indicating these systems are not isomorphous. This is
reflected in the far-infrared spectrum of Zn(phenanthroline)Cly. The
two strong terminal Zn-Cl stretching vibrations expected for a monomer
having approximate Cyy symmetry are seen as a broad band centered
~325 cm~1, In the iron analogue these vibrations are shifted to con-
siderably lower energy (~255 cm~1); this is also true for the zinc

and iron bipyridine complexes. These results are consistent with chloro-
bridging(g» 10) as shown in Fig. 9. A similar polymer structure has
been proposed as part of a recent study(ll) of Sn(bipyridine)Cl,, i.e.,
an infinite linear polymer chain with chloro-bridging.

The far infrared spectrum of Fe(5, 5'-di-CHg-bipyridine)Cl, is
shown in Fig. 10. Strong bands at 322 and 240 cm-1 indicate the pres-
ence of both terminal and bridging chloro groups and hence a structure
involving five-coordinate iron Il, Fe(4, 4'-di-CH3-bipyridine)Cly ex-
hibits a similar spectrum and the di-CHj substituted systems probably
have a dimeric structure as shown in the structure of Fig. 11. That is,
a combination of steric effects from the methyl substituents and high
vacuum thermolysis preparation results in dimeric rather than the
extended polymeric structure proposed for the solution preparation of
Fe(bipyridine)Clz. A dimeric structure similar to that presented in
Fig. 11 has been found in a single crystal x-ray study( 2) of
[Ni(2, 9-di~CHg-phenanthroline)Cly],. Recent(13) magnetic studies of

other similar chloro-bridged nickef II dimers suggest weak (intra-
dimer) antiferromagnetic exchange and is consistent with our results
for the methyl substituted derivative.

Near Infrared Spectra. The near-infrared spectrum of
Fe(phenanthroline)Cl, given in Fig. 12 is typical( 4,15) of o pseudo-
octahedral FeN;Cly chromophore and strongly supports the proposed
structure.  Fe(pyridine),Cl, is an octahedral polymer(3) containing
the same chromophore but with trans-nitrogens. As expected, it ex-
hibits a near-infrared spectrum quite similar to that of
Fe(phenanthroline)Cl, and Fe(bipyridine)ClZ. The sign of the quadrupole
interaction for these systems is positive and consistent with a d,
ground orbital, We thus tentatively assign the transitions observed at
6000 am.:l 10,300 cm~1 as SBZ(dxy) - SBl(dxz-YZ) and SBZ(dxy) - 5A1(d22)
respectively.

For a five-coordinate FeN,Cl3 chromophore as suggested for the
methyl substituted complexes, one expects the d-d transition at some-
what lower energies. We observe a ligand-field band for
Fe(4, 4'-di-CH3-bipyridine)Cl, at 9100 and 5000 cm-1,

MYssbauer Isomer Shifts. In Table III we present some isomer
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Figure 10. Far-infrared spectrum of Fe(5,5'-di-CH ,~bipyridine)Cl,—mineral oil
mull on polyethylene at 300 K
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Figure 11. Proposed dimer structure for Fe(5,5-di-
CH (bipyridine)Cl,

RELATIVE INTENSITY

ENERGY (cm™x 103

Figure 12. Near-infrared spectrum of Fe(phenanthroline)Cl,, fluorocar-
bon grease mull at 300 K
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shift (8) and quadrupole splitting (AE) data for compounds (1,2, 3, 4)
investigated in this work and compare these data to those for other
compounds (5 through 8) of known structure.

Table III: Mdssbauer Data

Compound + Refer-
Structure-Chromophore T(K) ) AE ence

1. Fe(phenanthroline )Cl2 300 1.04 1.45
polymeric-octahedral-cis-FeNyCl, 78 1.16 2,17

2. Fe(phenanthroline )Br2
polymeric-octahedral-cis-FeNyCl, 78 1.13 1,98 *

3. Fe(4, 4'-di-CH3-bipyridine)C12 300 0.92 3.55
dimer-five-coordinate FeNyClg 78 1.04 3.73

4. Fe(5, 5'-di-CH3-bipyridine)C1 300 0.93 3.51
dimer-five-coordinate FeNZCf3 78 1.06 3.72

5. Fe (pyridine)2012 300 1.07 0.56 15
polymeric-octahedral-trans-FeN)Cl, 78 1.20 1.28

6. Fe(pyridine)4012 300 1.05 3.15 15
monomeric-octahedral-trans-Fe ClyN 4 78 1.14 3.35

7. Fe(quinoline)yCl 300 0.8 2,76 16
monomeric-tetrahedral-FeNaCly 78 0.98 3.07

8. Fe(2, 9-di-CH3 -phenanthroline)Cl, 300 0.80 2.66
monomeric-tetrahedral -FeNyClp 78 0.91 2.77

* This work

mm/sec, relative to iron foil, source at 300 K.

It is seen that for the six-coordinate FeCl,-imine nitrogen systems a
more positive isomer shift is observed. (17) With decreasing coordination
number the isomer shift generally decreases 18) 45 evidenced by table
entries 7 and 8 for known tetrahedral complexes. (19) The intermediate
isomer shift(20) and large quadrupole interaction of compounds 3 and 4
are reasonable for the proposed five-coordinate structure.

Magnetic Behavior and Structure

In view of the proposed structure (Fig. 9) and considerable support-
ing data, the observation of ferromagnetism for Fe (bipyridine)Cly and
Fe(phenanthroline)Cly is not unreasonable. Various models(21,22) pre-
dict ferromagnetic interaction for such a structure when (a) the metal
and bridging atoms lie in the same plane; (b) bridge angles are
~900; (c) the exchange involves bridge atom p- and metal d-orbitals;
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and (d) the exchange is between metal atoms in oxidation states corre-
sponding to a more than half-filled tzgmanifold. A study of the ferromag-
netic behavior for other bridging anions (F~, Br~, I") may enable assess-
ment of the contribution of direct metal-metal exchange as opposed to
"super-exchange' via the bridging ligands since the metal-metal distance
can be varied considerably. This work is now in progress. Also inter-
esting is the absence of meta-magnetic behavior for the systems of this
investigation in studies to as low as 1.4 K and for fields up to 200 kG. We
have observed metamagnetic behavior in Fe(pyridine)yCl, and
Fe(pyridine)z(NCS)z. This work will be discussed in a forthcoming pub-
lication. (23)
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The Unusual Magnetic Properties of an Imidazolate
Bridged Polymer of an Iron(Ill) Hemin

IRWIN A. COHEN
Brooklyn College, The City University of New York, Brooklyn, N.Y. 11210

DAVID OSTFELD
Seton Hall University, South Orange, N.J. 07079

For the last several years we have been interested in elec-
tron transfer processes involving metalloporphyrins because of
the important biological role of the cytochromes (1,2). This
has led us to consider the stability of ligand bridging between
metalloporphyrins and the utilization of such bridges in elec-
tron transfer and spin coupling processes.

The antiferromagnetic coupling of the two irons in
[TPPFe(I11)]»0 due to the oxo bridge, shown schematically in
Figure 1, 1s now well known (3). But other bridges, especially
those involving ligands generally associated with heme proteins
have not been as well investigated. Histidine has been found
bound to the heme iron in hemoglobin (%) and cytochrome c¢ (5)
and this has generated a great deal of interest in imidazole +
adducts of iron porphyrins. Thus the [porphyrin Fe(III)(ImH)o]
fon has been well studied by several research groups (6-13). The
structure of that cation is shown schematically in Figure 2.
Imidazolate complexes of porphyrins have not been well examined
in spite of the interesting possibility of bridge formation and
mediation of electrom transfer,

Reported imidazolate complexes are generally assumed to be
polymeric (14) as confirmed by single crystal structure deter-
minations on the Zn(II) (15) and Cu(I1I) (16) complexes. The
ability of this ligand to conduct electrons is not shown by the
electrical conductivity of the imidazolates since crystalline
samples of Co(II), Cu(II) and Zn(II) imidazolates have been
found to possess greater resistivities than imidazole itself (17).
However, the antiferromagnetic behavior found for copper imidazo-
late (18) has indicated the possible role of the anion in spin
pairing between metal ions. Thus, when we observed that the
addition of base to solutions of hemin fluoroborate and imida-
zole caused the formation of compounds with porphine to irom to
imidazolate ratios of 1:1:1, we embarked on a study of their
magnetic properties.

Addition of a solution of base to one containing TPPFeBF,
and imidazole consistently produced an insoluble product.

221
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Examination of the X-ray powder diffraction patterns of the pro-
ducts indicated that exact duplication of the reaction conditions
reproduced identical products but that variations in the solvents
lead to products with different solid phases. In additiom, the
powder patterns indicated that irreversible changes occurred upon
grinding the solid phases, after which all the products failed

to produce any observable reflections and thus appeared to be-
come amorphorous. No common solvent (e.g. Hz0, CHgOH, (CHs)oCO,
DMSO, CH5CN, CHpClo, CgHg) was found capable of dissolving any
of the products, although long exposure to methanol generally
caused decomposition of the solids and produced the oxo dimer,
(TPPFe)20. In no case did the infrared (KBr) spectrum of the
product reveal any absorption at 870" Y. This shows the absence
of (TPPFe)50 in each of the products. The ir absorption bands
characteristic of the TPPFe group were observed at the normal
frequencies and the Raman spectrum of the one solid product
examined was extremely similar to that observed for solid

[TPPFe( ImH),]C1.

Preparative reactions were carried out under two sets of
conditions which differed mainly in the time allowed for addi-
tion of the basic solution to that of the hemin and imidazole.
The reactions considered to be rapid involved addition of the
basic solutions dropwise with stirring over a period of less
than 30 min. The reactions considered to be slow involved two
phase systems which were carefully added to the same flask so as
to preserve an interface. The product formed at the interface
over a period of mere than two days. Variation of the composi-
tion of the solvent or changes in the time allowed for the ra-
action did not appear to change the overall stoichiometry of the
product. Analytical data indicated that the reaction product
was TPPFeIlm - S where Im is the imidazolate anion and § is a
small molecule, usually solvent, such as Ho0 or CHyOH. For one
set of reaction conditions, S was observed to be a mole of ImH.
In no case was any anion except imidazolate found to be present
in any solid porphine reaction product., It was also found pos-
sible to convert a sample of TPPFeIm * ImH to TPPFelm * HoO sim-
Ply by washing the insoluble solid with wet methanol and di-
chloromethane to remove trapped imidazole.

The structure of the product is proposed as indicated in
Figure 3 and is justified by the following: A) the low solubil-
ity of the product indicates a high molecular weight; B) the ab-
sence of additional anions requires the presence of imidazolate
anion (rather than imidazole) for charge compensation of the
ferric hemin; C) the similarity of the Raman spectrum of the
product to that of the TPPFe(ImH), cation reveals the hexacoor-
dination of the hemin iron; D) the overall stoichiometry of the
solids is always TPP/Fe/Im = 1/1/1; E) the additional small mole-
cule (eq. Hp0, CHaOH) contained in the solids are easily removed
without changing the ratio of TPP/Fe/Im; F) other metal imida-
zolates have been found to be polymeric and nome have been proven
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Fe—O—Fe

Figure 1. Schematic of the structure

(3b) of the p oxo bridge in [TPPFe],0.

Vertical lines represent the plane of the
porphine ring.

+
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\N—Fe—N// T
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Figure 2. Schematic of the structure (12) of
the cation, TPPFe(ImH),". Vertical lines repre-
sent the plane of the porphine ring..

L —n/2

Figure 3. Proposed structure of [TPPFelm],.
Vertical lines represent the plane of the porphine
ring.
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to be momeric.

The magnetic properties of solid TPPFeIm - Hp0 were exam=-
ined and a field dependence of the susceptibility was observed.
Figure 4 shows a plot of x; vs 1/H at 300°K and includes only
those data points with H > 6kG. This type of plot is often used
to determine the paramagnetic susceptibility of a sample in the
presence of ferromagnetic impurities which can be saturated by
the available magnetic fields (19). The intercept in Figure &
as determined by a least squares fit of the data {is 105x1 =
1980 £ 60 cgs/mole at 300°K.

A study of the temperature dependence of the field depen-
dent susceptibility would ascertain the posgible maintenance of
the Curie Law for X,. This requires large fields to magneti-
cally saturate the sample, but the use of a Cryostat restricts
our available fields to a maximum of 5980 gauss. However, the
uge of a few data points allows a reasonable estimate of Xg at
TT°K.

Application of the above technique to two different solid
samples at T7°K produced values of 10®Y, of 6910 and 5990 cgs/
mole, The values of X reveal an interesting value of the mag-
netic moment., At 300°K Wogg = 2.15 BM/Fe and at TT°K 4 £ =
1.9 to 2.1 BM/Fe. ¢

Therefore, within experimental error, the polymers exhibit
a paramagnetic moment of 2.1 BM/Fe which is temperature indepen-
dent between T7 and 300°K. This agrees with the measured moment
(between 4.2 and 50°K) of TPPFe(ImH)5Cl where Uegf = 2.36 BM/Fe
{(13). These values are all consistent with low spin Fe(III) ex-
hibiting some spin orbit coupling.

The linearity shown in Figure L implies that the field de-
pendent portion of the susceptibility of the sample is saturated
when H > 6kG. This is shown in Figure 5 as molar magnetization
vs field. 1In this case the magnetization (M = de) is deter=-

mined from the observed Y° less the field independent Xi; taken

as 1920 x 10°® cgs/mole in accord with the result of Figure k4.
The room temperature saturation magnetization, for TPPFeIm « Ho0
is found as 11.5 cgs units/mole.

This corresponds to an extremely small moment at saturation
{300°K) of 2.06 x 10°3 BM/Fe, if all the iron present is assumed
to be involved. As small as this value is, TPPFeIm * Hz0 shows
magnetic ordering at room temperature.

The study of the temperature dependence of the susceptibil-
ity of TPPFeIm . Ho0 was carried at a fixed field of 6,44 KGauss
and the results ara presented in Table I, The data indicates a
non-linear relationship between 1/ € and T with 1/x; decreasing
faster than the Curie-Weiss Law predicts as temperature de-
creases. This behavior (downward curvature of a 1/x vs T plot)
is reminiscent of a ferrimagnetic material above its Neel tem-
perature (20). However, that interpretation can be rejected
since the Neel temperature according to this data would have to
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Figure 4. Observed e vs. 1/H for TPPFeIm - H,0 at 300°K withH > 6
KGauss
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Figure 5. Molar magnetization at 300°K vs. H for TPPFelm - H,0. The field
independent portion of the susceptibility, y; — 1920 X 10° cgs/mole, was
subtracted from the observed xy¢, M = H(xu® — x1)-
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be below 100°K. This is inconsistent with the field dependent
behavior of the same sample, because saturation can be observed
at room temperature.
TABLE I. Magnetic Properties of TPPFelm . Ho0
Between 77 and 344°K at H = 6.4L KGauss

° a.C c a b
I_E 10 M I/XM loaxi calc. 106Xd

7 8200 122 7792 408

89 7719 129 6Th1 978
104 7146 140 5769 1377
127 6372 157 24 1648
15k 5766 173 3986 1870
185 5295 189 3243 2052
217 4908 204 2765 2143
251 4551 220 2390 2161
286 k300 232 2098 2202
300 4200 238 2000 2200
319 o8k 245 1881 2203
3l 3978 251 174k 2230

ax = the paramagnetic susceptibility calculated for a

i calec.
system with u = 2,2 BM,

b c
X = % T X4 cale.
ceptibility.
Inasmuch as the paramagnetic moment of TPPFeIm « Ho0 was
shown to remain between 2 and 2.2 BM from 77 to 344°K; the cor-
responding field independent susceptibility can be calculated
(x 1 ) at each temperature. Subtraction of x1 rom XH
leaves " the field dependent portion of € at each temperature
(Table }3 The variation of ¥4 at constant field with T is
shown in Figure 6. It is apparent that the extent of magnetiza-
tion decreases considerably with decreasing temperature. An ex-
trapolation of the curve implies that should become negligible
below TO°K and then the total observed susceptibility should be
due to alone. The observation of the loss of magnetization
at low temperature is indicative of a ferromagnetic system which
undergoes a magnetic phase change at low temperature or a ferri-
magnetic system which possesses a high Neel temperature and a
low temperature compensagion point (20).

The dependence of XM on T at low temperature and high field
is shown in Figure 7. It is evidently quite complex and does not
fit the Curie-Weiss Law in any region of T. The lack of know-
ledge of the value of X4 below TT°K prohibits separation of
into ¥, and X4 at each temperature but the anomalous behavior of
the sample at about 60°K is evident. It is also rather important
to note that the total observed susceptibility at low temperature
is only about 10% of the Xi calculated on the basis of u £=

2 EM. Clearly, the constant moment observed above 77°K is not

; the field dependent portion of the sus-
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|03x P (cgs/mol )

L 1 1 I 1 Il 1 1 1 1 1 1

1
80 120 160 200 240 280 320
TEMPERATURE °K

1

Figure 6. Field dependent portion of susceptibility vs. temperature for TPPFelm
H,0 at H = 6.44 KGauss. Value of xi.m. was calculated at each temperature
for a system with p.;; = 2.2 BM and i = xu" — Xicaier
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constant below TT°K,

The approach used here to determine Xi in the presence of a
field dependent moment is usually required for the study of sam-
ples containing ferromagnetic impurities. In addition, the very
small moment observed by determining the saturation magnetiza-
tion of TPPFeIm - HoO suggests that the ordered system is in
fact only an impurity in the sample. It could be argued that
the [TPPFeIm] system is behaving like [TPPFe(ImH)>]" and pos-
ses a temperature independent “ef of about 2,5 BM and the im-
purity alone is responsible for tﬁe field dependent effects.

The analyses certainly do not rule out such a possibility. On
the other hand, the starting material TPPFeBF, does not show any
and simply grinding the solid product which is not expected
to effect the amount of an impurity does change the value of %g°

It is also rather significant that the treatment of TPPFeBF,
with imidazole produces TPPFe(ImH)2+ which does not show any
field dependent moment and the treatment of TPPFeBF, with OH™
produces {TPPFe)o0 which also does not exhibit any field depen-
dent magnetic properties. We do not therefore expect that treat-
ment of TPPFeBF, by ImH and OH together will produce a ferro-
magnetic impurity in the product. Another strong argument a-
gainst an impurity being responsible for the field dependence
follows a consideration of the low temperature dependence of ¥_.
Below 60°K the value of Y& drops well below that consistent with
au =2 system, There 18 no way that a magnetic impurity can
subtract from the total susceptibility of a sample; that is, the
minimum ¥ for an impure sample must be due to the paramagnet it-
self, Either the magnetic behavior and the anomaly at 60°K is
characteristic of the bulk sample or we must require that the im-
purity and the polymer both coincidentally undergo some magnetic
phase change at about 60°K.

It is also significant to note that no EPR spectrum could
be observed at room temperature or T7°K for TPPFeIlm - H0. How-
ever even 1 part per thousand of either iron metal or magnetite
could be observed in the EPR spectrum when those materials were
specifically added to a solid porphine. Finally, acsample was
prepared which showed a large field dependence of xM (i.e. 133%
change in € when H varied from 2 to 6 KGauss). The sample was
suspended in CHoCl, and gaseous HCl was bubbled through the sus-
pension for 1 min., The solid immediately dissolved. The solu-
tion was not disturbed for 5 min. and then the solvent was re-
moved in a stream of N». The solid was dried in vacuo at room
temperature and was not purified or additionally treated in any
manner. The final solid as was obtained was examined magneti-
cally and the € was observed to change by only 6.3% between
high and low field, Furthermore, the observed corresponded
to ay e between 5.6 and 5.8 BM/Fe. The visible spectrum in-

dicated that the treatment with HCl had converted the polymer to
TPPFeCl [known ueff = 5.9 BM (21)1].
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We conclude that the field dependent magnetic behavior of
the sample is characteristic of the polymer because mild treat-
ment which breaks up the polymer also eliminates the field depen-
dence of ¥,. The very high susceptibilities and field dependence
observed indicates that [TPPFeIm]n is capable of magnetic order-
ing. The fact that the field dependent magnetization can be
saturated (at room temperature) eliminates antiferromagnetic
coupling and implies that ferro- or ferri- magnetic coupling is
occurring. The temperature dependence of does not allow the
straightforward assignment of either ferro- or antiferromagnetism
to this system. A ferrimagnetic model requires the presence of
two different types of magnetic sites for the iron with an anti-
ferromagnetic interaction between them (gg). It is extremely
difficult to envision how this could occur for this system. In
particular, interchain interactions can be ignored because of the
large gseparation between chains required by the size of the por-
phine ring. However, the unusual properties observed may be due
to the linear structure of the polymer.

The problem of unidimensional magnetically ordered systems
has been of considerable theoretical and experimental interest
for several years. This is in part due to the proof by Mermin
and Wagner (gg) that an infinite one dimensional system at fi-
nite temperature cannot exhibit long range order and thus can-
not act as a perfect ferro- or antiferromagnet. It is however
still possible for short range interactions to occur which can
lead to both types of magnetic ordering. Several groups have
subsequently discussed the theory of these systems (gz,gg). Most
of the experimental work has concerned antiferromagnetic systems
(25) but CsNiF; has been found to act as one dimensional ferro-
magnet by susceptibility and neutron diffraction studies (26)

The results observed for [TPPFeIm]n appear too complicated to
attempt any quantitative fit to the theories at this time. How-
ever the very low saturation moment derived from the field depen-~
dent magnetization of [TPPFeIm]n is consistent with the occur-
rence of only weak, short range ordering of the ferromagnetic
type. If only a small portion of the bulk sample is ordered then
the remainder of the iron sites could continue to exhibit normal
paramagnetism and contribute to a field independent moment of
reasonable magnitude as observed. This model could also explain
the extreme variability of Xg between samples because the condi-
tions of precipitation and presence of solvent could greatly
change the extent of the small ordering that occurs.

In order to better ascertain the applicability of a linear

ferromagnetic model for [TPPFeIm] we will require considerably
more information derived from low" temperature susceptibility and

Mossbauer studies, Knowledge regarding the Wogs Delow 60°K and
the nature of the anomaly about 60°K is currently being sought.

The facts that the polymer can be prepared and the imidazo-
late bridges allow metal-metal interactions to occur, support our
interest in this system. Thus our current study of the role of
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imidazole in oxidation reduction reactions involving iron porphy-
rins may provide a model for part of the biological electron
transport chain.

We thank Arthur Tauber at the U.S. Army Electronics Command
for the measurement of susceptibility below 77°K and the Public
Health Service for support of this work through Grant AM-11355.
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Local and Collective States in Single and Mixed
Valency Chain Compounds

P. DAY
University of Oxford, South Parks Rd., Oxford OX1 3QR, England

Abstract

Compounds containing chains of metal atoms are found
with four distinct classes of structure, each of which,
as a result of the widely varying strength of the
metal-metal interaction, has associated with it its

own characteristic pattern of physical properties.

Thus one may have either single or mixed valency phases
with near neighbor contact between metal ions formed
either directly or through anion bridges. The optical,
X-ray photo electron, magnetic and transport properties
of examples of each class are surveyed, with particular
emphasis on work carried out at Oxford, to highlight
the relative importance of single center and collective
excited states in each category, in relation to their
structures and the magnitude of the metal-metal
interaction. It is pointed out that a collective
description may be appropriate for magnetic and
electronic excitations even without electron
delocalization.

1. Introduction

Only in the last few years have inorganic chemists interested
in the electronic structures of metal complexes paid much
attention to the consequences of the interactions which can take
place between molecules and ioms placed next to each other in
the solid state. At their weakest such interactions may manifest
themselves only in relatively subtle shifts and splittings of
electronic absorption bands, and in magnetic ordering at low
temperatures. On the other hand, strong intermolecular
interactions lead to spectacular color changes or the appearance
of new absorption bands not found in the spectra of the isolated

234
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molecules or ions. Finally, in extreme cases the entire range

of physical properties of the crystal may be profoundly different
from those expected of ordinary ionic or molecular solids. Of
the latter situation, the most famous instance is certainly the
one-dimensional metallic conducting behavior of the partially
oxidized platinum compounds such as KgpPt(CN)4Brg,3:3H70. The
exceptional properties of this material have served to focus
attention on metal atom chain compounds in general.

For a number of years we ourselves have been interested in
both magnetic and charge transfer interaction effects in
inorganic crystals. The purpose of the present paper is to
bring together some of these observations, primarily
concentrating on one-dimensional examples, to exemplify how the
optical, magnetic and electron transport properties are
influenced by the strength of the metal-metal interaction. Metal
atom chain compounds are found with a great variety of structures
and are formed by a large number of different elements. It may
be useful therefore to attempt some general classification of
the pattern of physical behavior characteristic of each structure
type, and of the strength of the metal-metal interaction. One
reason why this class of materials is so interesting is that
they span the entire range from localized to collective behavior
and thus should be a good testing ground for theoretical models
of the solid state.

2. localized and Collective States

Before discussing the various classes of metal chain
compound, a general point which needs to be touched on concerns
the meaning of the words 'localized' and 'collective' as used
in this context. Unlike solid state physicists, inorganic
chemists are not usually accustomed to constructing wavefunctions
which are invariant to the operations of translation within a
periodic lattice. Nevertheless, if a crystal such as K2Pt(CN)4
absorbs a photon of such an energy that one of the constituent
complex anions undergoes a ligand field transition, it is an
inescapable fact that we do not know which of the 1023 anions
in the crystal has been excited, and that as a result, the
excited state wavefunction must allow an equal probability of
each ion being excited: in other words the wavefunction is a
Bloch function. In one sense the state which it describes is
'collective,' since the excitation belongs to the whole lattice.
How far and how fast it can move in practice, however, depends
on the magnitude of inter-ionic coupling or transfer integrals
compared with either intra-ionic electron correlation or
repulsion effects on the one hand, or electronic-vibrational
interactions on the other., Crudely, if the excitation is capable
of being transferred from molecule to molecule faster than each
molecule can accommodate its geometry to the excitation, then
the excitation, or 'exciton,' 'belongs' to the whole lattice.
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Otherwise, its range of travel is limited to a few adjacent
molecules (or finally, only to one), and it is localized.

Delocalization of excitation, however, is far from implying
delocalization of electrons, or the occurrence of electronic
conductivity., Exciton migration over hundreds of angstroms is
familiar in aromatic molecular crystals, for example, yet in
their ground states they are excellent insulators. For
conductivity it is obvious that we need to form crystal states
in which the electron occupancg at different sites has been
altered, e.g., creating Pt(CN);~ and Pt(CN)Z in K,Pt(CN)4. In
ordinary ionic and molecular crystals such processes require a
large energy input, and it is therefore inappropriate to talk
of collective electron states in these materials. Interionic
electron transfer states are only formed readily in solids
containing an integral number of electrons per atom when the
electron concentration is high enough to screen an excited
electron from the positive hole left on the ion from which it
originated. In contrast, if different sites in the crystal are
already occupied by different numbers of electrons when the
lattice is formed, much less energy 1s needed to form states in
which these sites are merely interchanged. It may then be
possible to form conducting states at lower electron
concentrations, or with smaller overlap between ions, than one
would need to generate energy bands of finite width in
stoichiometric single valence solids. This is the significance
of mixed valency, as we shall see in the survey of metal ion
chain compounds which follows.

3. Types of Transition Metal Chain Compound

Transition metal compounds in which each cation has only
two nearest neighbors are formed both in single and mixed valency
situations. In turn, each of these may be formed either with
or without anion bridges between the neighboring cations. Some
examples of each type of compound are given in Table 1. The
principal class of anion bridges single valence chains is that
of the hexagonal perovskites ABXj., When X is a halide ion and
A a univalent ion the lattice can be thought of as made up of
a close gacked array of A and X, if they are of comparable size,
e.g., Cs" and C1 . Now in a close packed assembly of ions the
number of octahedral holes equals the number of close packed
atoms, but in the system AX, only one_quarter of the octahedral
holes are surrounded exclusively by X 1ons and are hence
available for occupation by the B2t cations. The ABXq
stoichiometry would then be generated by filling all the holes
of this type. If the lattice of (A+3X) is cubic close packed
we have the cubic perovskite structure formed by many oxides
and fluorides. However another possibility is hexagonal close
packing of (A+3X). In that case the octahedral BXg groups are
stacked in columns sharing pairs of opposite faces so that the
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B to B separation is much smaller parallel to the c-axis of the
hexagonal unit cell than perpendicular to it. If the B
octahedra were undistorted, and if the ionic radius of AT were
equal to that of X the ratio of the nearest neighbor B-B
distance along the stacks to the distance between stacks would
be 2.449. In many examples, however, the ratio is larger since
one can use cations such as N(CH3)X which are bigger than X~. On
the other hand, with undistorted BXg the nearest neighbor B-B
distance is 2/v3 times the B-X bond length. It 1s clear
therefore that the anions will play an important role in any
exchange processes between the B ions. Whatever the pathway of
the B-B interaction though. A convincing demonstration of its
one-dimensionality is provided by the ratio of intra-chain and
inter-chain exchange integrals in a compound such as

N(CH3) 4MnCl;, which has been determined as 10° (2).

The other class of single valence chain compounds in which
anion bridging plays a role are the hydrated ternary transition
metal halides. Here the coordination of each bivalent metal
ion is again octahedral, consisting of four halide ions and two
cis-water molecules (3). The octahedra are joined into chains
through approximately 180° bridges involving the trans halide
ions.

Halide bridges between cations of differing oxidation state
are mainly confined to situations in which one of the cations
has a low spin a8 configuration, and hence basically square
planar coordination. The vacant sites perpendicular to the
plane containing the ligands may then be occupied by halide ions
which are themselves coordinated to another cation. In the most
common examples of this type, the second cation has a low spin
a6 configuration and thus octahedral coordination. The halide
bridges may also be the terminal groups of linearly coordinated
d10 cations such as Aul. 1In fact, a famous example of the latter
is the black compound known as Wells' salt, which has the
empirical formula CsAuCly. The structure, determined many years
ago by Elliot and Pauling (4) contains chains of alternating
linear AuCl, and square planar AuCl,. However, each AuCl, also
has four chioride ions from four AuCl, coordinated at right
angles to its principal axis, so in toto, the lattice could be
viewed as a distorted version of the cubic close packed
perovskite.,

To achleve a close enough approach between metal ions for
direct interaction between them to outweigh interactions through
bridging ligand groups, the most favorable situation is clearly
to have complexes which are coordinatively unsaturated, so that
another metal ion, or complex, can act, as it were, as a ligand.
The most familiar examples of coordinative unsaturation are
square planar complexes, so it is among low spin a8 compounds
that some of the most spectacular intermetallic interaction
effects are found, both in single and mixed valency compounds.
Also, because it is the trans sites in such a geometry, which
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are available for coordination, polymerization is bound to give
linear systems. Single valence examples are found with 3d8,

4d8 and 5d8 configurations, both where the _units are neutral
molecules like PtenCly, anions like Pd(CN)4 or alternating
anions and cations, as in Magnus' Green Salt. 1In all of these,
important intermetallic interaction effects are observed, as we
shall indicate later. At the present time examples of direct
metal-metal interactions in mixed valence chains are only known
for systems based on partial oxidation of square planar complexes
in the third transition series. We and others have made repeated
efforts to prepare Ni and Pd analogues of the partially oxidized
Pt chain compounds, but with no success. Evsn attempts to dope
RPt(CN)4Brg, 30.3H,0 with Pd(CN)§~ or Ni(CN)4~ by
co~crystallizing it in the presence of large excesses of these
two ions do not lead to any detectable incorporation of 3d8 or
4d8 complex. Whether this is because the greater radial
extension of the 5d orbital is needed to obtain sufficient
overlap between the cations to stabilize the band structure, or
whether it is connected with the smaller nd-(n+l)p separation

in the third transition series we cannot say.

Following this brief and generalized survey of the main
structure types of the metal chain compounds, some account can
now be given of the physical properties associated with each
type. In order to avoid this having too much of the character
of a review, reference will mainly be made to work on chain
compounds which has been carried out in Oxford in the last few
years.,

4. Single Valence Metal Chain Compounds

(a) Anion Bridged Compounds. An outline of the properties
of single valence metal chain compounds is given in Table 2,
which highlights the differences found between compounds
containing anion bridges rather than directly interacting metal
ions. The key observation is that none of the anion bridged
compounds have any low energy excited states of metal-to-metal
charge transfer type. Since, as we have noted, it is mixing of
this kind of state into the ground state which leads to
collective electronic behavior, it is no surprise that all known
examples are insulating, with localized ground states.
Ligand-to-metal charge transfer states exist in the ultraviolet,
however, and insofar as these involve the bridging ligands,
their mixing into the ground state provides a mechanism for
superexchange, leading to magnetic ordering at low temperatures.
At lot has been written about one-dimensional magnetic ordering,
but a single representative example will illustrate some of the
characteristics of this kind of system.

Unlike CsCuCl4, which distorts from the hexagonal perovskite
structure so as to provide each Cu atom with four short and two
long bonds, the other first transition series ion which
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customarily shows strong Jahn-Teller distortion, crll, forms a
compound CsCrClj which, at least above 172 K, has an undistorted
hexagonal perovskite structure (5). That one-dimensional spin
correlations are important in this compound follows at once from
the temperature variation of the magnetic susceptibility which
has a broad maximum near 170 K, then decreases with the onset
of antiferromagnetism., In fact though, three dimensional
magnetic ordering does not take place until the Neel temperature
of 16 K is passed, so between 170 and 16 K only antiferromagnetic
interactions within the chains are of any importance. An even
more direct measure of the one-dimensionality of the spin
correlations is the dispersion of the spin-wave excitations
parallel and perpendicular to the chain (6). Just as we have
to write the electronic excited state wavefunctions of a crystal
as Bloch functions, so as to allow the excitation an equal
probability of residing on any of the constituent ions, so, in
the same way, must a magnetic excitation (that is, the deviation
of a spin from the direction it would have in the totally ordered
lattice) be delocalized. Spin waves of differing wavelengths
(or wave vectors) have different energies, which can be
determined by inelastic neutron scattering, thus building up a
picture of the dispersion curve experimentally. The experimental
spin-wave dispersion of CsCrClj near 4 K parallel and
perpendicular to the chains is shown in Figure 1. Although the
results do not cover the entire Brillouin zone, because of the
small size of the crystal available to us, they do show very
clearly that the dispersion perpendicular to the c-axis is
essentially zero. The exchange integral between neighboring Cr
ions in the basal plane is therefore negligibly small whilst
within the chains curve fitting to the experimental points on
the dispersion curve gives J; ™ 26.7 cm .

Since customarily there are no charge transfer states in
the visible or near ultraviolet in this class of compound, the
lowest energy excited states are ligand field in type, and can
therefore be described as Frenkel, or tight-binding, excitons.
Many ligand-field excited states have spin projections different
from the ground state and transitions to them should consequently
be electric dipole forbidden. It has been known for a number
of years, however, that such transitions can be rendered allowed
in antiferromagnetic compounds by using the exchange interaction
to couple an exciton formed with decrease of spin (e.g., sextet
to quartet) with a spin deviation among the rest of the ions in
the lattice, which remain in their ground states. The most
famous examples of such 'exciton-magnon' combination bands are
found in manganese salts (7), so it 1s interesting to see how
the effect manifests itself in MnIIl salts of the hexagonal
perovskite type, which contain chains of antiferromagnetically
coupled ions like that found above in CsCrClj.

In overall appearance the ligand field spectra of MnIl chain
compounds are much like those of other six-coordinate Mnll
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complexes, confirming again that the metal-metal interactions

in anion bridged single valence chains are weak. Two features
stand out, however. First, the oscillator strengths of the
transitions are greater than in non-bridged ('outer-sphere')
salts where magnetic interactions are negligible. Second, the
temperature dependences of the oscillator strengths follow a
rather curious pattern, quite unlike that of the usual 'coth'
plot for a simple vibronically induced transition. Some
experimental examples are shown in Figure 2(a) (8). 1In all
cases the oscillator strength increases rapidly at first when
the temperature is raised above 4.2 K, then passes through a
broad maximum at a temperature which varies from one compound

to another, but appears to be the same for all the bands in each
compound. Then after dropping slightly it finally increases
slowly and monotonically towards room temperature. This
variation has some general resemblance to the curve of
susceptibility vs. temperature for these materials (9). 1Im
fact, the results in Figure 2(a) stimulated Tanabe and Ebara to
calculate the intensity, frequency and linewidth variation of
the magnon sidebands in linear antiferromagnets, with the result
shown in Figure 2(b) (10). It can be seen that the overall form
of the variation is nicely reproduced. Tanabe's theory requires
that the temperature at which the broad maximum occurs in the
intensity is approximately 'J/kIS(S+1) For the three compounds
we investigated, the values of J/k derived from the spectra are
listed in Table 3, which also shows that for the two compounds
for which we have susceptibility data (9,11), the level of
agreement between the latter and the optically derived value of
J/k is very satisfactory.

(b) Directly Interacting Metal Ions. When metal ions are
brought close enough together in a chain to interact directly,
without the intermediary of a bridging ligand, the effect of
the neighboring ions on the electronic states of each metal ion
is naturally increased. Unfortunately no examples of such chains
are known in which the constituent ions have unpaired spins
because, as we noted already, they are all based on square planar
d8 complexes. The single exception known to us is Pt(NH3)4CuC14
which, however, contains chains of alternating Pt(NH3)2 and
CuClA and so has a diamagnetic ion between each pair of a9
ions. Consequently it has a Neel temperature of only 0.5°K,
from which near neighbor exchange integral of about 0.25 cm™
can be estimated (12).

Turning to optical properties, one finds two different types
of situations in the single valence chains with directly
interacting metal ions, depending on whether the lowest energy
excited states of the constituent complexes are forbidden or
allowed. The former are most likely to be ligand field states,
which are parity forbidden from the ground state in
centrosymmetric complexes like PtC1Z‘ and may in addition be
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spin—forbidden. The latter may be either 'atomic' (e.g., 5d -+
6p in pel complexes) or charge transfer.

Cases where the lowest excited states are of ligand field
type are the salts KoPtCl,, PtenX, (X=C1,Br) and Pt(NH3)4PtCIA
Magnus' Green Salt (MGS), although some of the earlier workers
thought that the unusual color of the last example pointed to
'metal-metal bonding,' and the existence of new excited states
vwhich could not be traced back in parentage to any intramolecular
transitions of the constituent anion or cation (13). At first
sight it does seem peculiar that MGS should be green, since
Pt(NH ) is colorless, both in solution and in Pt(NH4),Cl
while PtClz is pink in solution and in K2Pt014. Nevertheiess,
by looking at the way the polarized crystal spectra vary along
a series of MGS analogues Pt(RNHZ) PtCl, as the R group is made
more bulky, we showed some years ago (12) that the visible bands
in MGS are all traceable to ligand field transitions appearing
in the spectrum of PtCla' in KpPtCl,, albeit with red shifts up
to 4000 cm-1, Examples of these are shown in Figure 3. They
are also considerably intensified compared to K,PtCl,, most
dramatically when the incident electric vector is parallel to
the metal stack (15). The reason for the intensification is
assumed to lie in the fact that the transitions borrow their
intensity vibronically from allowed transitions out in the
ultraviolet which are themselves strongly red-shifted by the
intermolecular interaction.

Intense absorption when the incident electric vector is
parallel to the metal chains has often been taken as evidence
for metal-metal bonding, but as we first pointed out (16), this
conclusion may be based on a false interpretation of the
available absorption mechanisms. It is undoubtedly true, of
nickel dimethylglyoximate for example, that the crystal, which
contains metal chains, has an intense absorption band in the
visible, polarized parallel to the chains, which does not appear
in the solution spectrum. It 1is equally true, however, that
the first intense band of nickel N-methyl-salicycaldimine, which
does not form chains in the crystal, is also polarized
perpendicular to the molecular planes. In both cases the
transition is most probably a d_5 - m* charge transfer, but the
feature distinguishing them is fhat when the molecules are
stacked plane to plane the transition dipoles are all parallel,
so interactions between them are maximized and very large Davydov
shifts occur. No intermolecular electron exchange need be
invoked in either case. In fact, we believe that in general,
when the lowest energy excited states of the molecular units
are polarized perpendicular to their planes, the lowest excited
states of the stacks of molecules in the crystal are always
neutral Frenkel excitons rather than ionic excitons. This
prejudice is based on the magnitude of the Davydov splitting to
which the neutral excitons will be subject (a 'back of an
envelope' calculation suggests around 14,000 eml for transition
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Table 3. Temperature Dependence of Intensity of Magnon Sidebands
in Linear Antiferromagnets

me (exp.) J/k J/k (susceptibility)
CsMnCl3.2H20 20-40 K 3.3 K 3.0 K
CsMnBr3.2H20 30-60 4.5 -
(NMe4)Mn013 50-80 6.7 6.3
VAR
) ‘\ —{3o00
\
\ // \ (A)

200

250 100

200

E 150

100

50
100

50

Figure 3. Polarized absorption spectra of (a) Pt(CH,NH,),PtCl,, (b)
Pt(C.H;NH,),PtCl,, and (c) K,PtCl,. Dotted lines are E c, full lines
E c (15).
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dipole length of 1A& in a stack of molecules separated by 3.25R).
On the other hand, if the parent transition is polarized within
the molecular planes, Davydov splitting of its neutral excitons
in the crystal is smaller (actually one half of the other in
the point dipole approximation) and ionic excitons may become
observable. An example here is the work of Martin and his
colleagues on PtenX, (17,18).

One way of verifying that 'new' electronic transitions
appearing in chain compounds with polarizations parallel to the
stacks are actually Davydov components of transitions which take
place in the ultraviolet in the isolated units is to determine
how theilr energy varies as one changes the intermolecular spacing
in the stacks. In the point dipole approximation the separation
between the Davydov components is proportional to lMlZ/R , where
M is the transition dipole moment and R the distance between
the centers of the molecules (19). A particularly favorable
set of molecules to exemplify this expression is that of the
tetracyang-platinites. Many salts of this anion contain stacks
of Pt(CN)Z' with their planes parallel, though with changing
cation the Pt-Pt spacing can be varied from 3.138 (Mg) to 3.69%
(Rb) (20). Although the lowest excited state of Pt(CN)E' in
solution lies at 35,600 cm~l, in all such salts there is an
extremely intense absorption band in the visible or near
ultraviolet, polarized entirely along the direction of the
stacks. With increasing Pt-Pt separation the band moves to
higher energy, and in Figure 4 we plot its energy against 1/R3.
Both for the tetracyano-platinites and the isomorphous
tetracyanopalladites, which are included on the same plot, there
is a very satisfactory correlation between these two quantities.
Furthermore, extrapolating the two straight lines of Figure 4
to R = o, {,e., to the isolated molecule, we find energies of
44,800 cu~l (Pt(cN)Z™) and 52,900 cm~! (Pt(CN)Z~) which, bearing
in mind that the aqueous solution spectra of the ions do not
strictly represent those of the isolated molecules, is well
within the energy range of the z-polarized allowed transitions
assigned by Mason and Gray (21).

5. Mixed Valence Metal Chain Compounds

About forty elements form compounds in which, to satisfy
the observed stoichiometry, one has to assign different oxidation
numbers to different metal ions of the same element in the same
lattice. These so-called 'mixed valence' compounds often have
properties far from a simple superposition of those we would
predict for each of the oxidation states taken separately. In
particular, if the sites occupied by the metal ions of differing
valency have similar coordination numbers and ligand
environments, the energy needed to transfer an electron from
one to the other, i.e., to interchange the valencies, may be
very low, Indeed, if the metal ion sites in the lattice of our
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mixed valence compound all turn out to be crystallographically
identical, then one may have a non-integral number of electrons
at each site, even in the ground state. Searching out the known
mixed valence compounds from all corners of the Periodic Table,
and correlating their properties with the observed structures,
we find that they can be divided into three broad classes (22).
If the ligand fields around the ions of differing valence are
very different, ionized excitons, or in chemists' language
metal-to-metal charge transfer states, lie a long way above the
ground state whose properties, along with those of many lower
excited states, are very close to being just a superposition of
the properties of the constituent ions, This category, called
class I, is of little interest here. At the opposite extreme,

a truly non-integral number of electrons at each metal ion site,
which would be required if they are all crystallographically
identical, can only be achieved in a metal if the lattice is
continuous. This category we call class III. Between classes

I and III lies a continuous spectrum of cases (class II) in
which two types of metal ion sites can be distinguished by
crystallography, but in which ionized excitons lie close enough
to the ground state that they contribute to the optical spectrum
in the visible or even the near infrared. Some of the ionized
excitons may even have the correct symmetry to mix with the
ground state, partly smudging out the formal oxidation numbers
defined by counting electrons at the two metal ion sites. We
will now examine the properties of the known mixed valence metal
chain compounds in the light of this simple classification.

Just as in the single valence chains, we distinguish the two
cases of anion bridging and directly interacting metal ions.

(a) Anion Bridged Compounds. All the anion bridged Pt and
Au compounds have two sets of crystallographically distinct
metal ion sites, and may therefore be characterized as containing
trapped valences in their ground states, (II,IV) in the former
and (I,III) in the latter. X-ray photoelectron (XPS)
spectroscopy should be a powerful tool for deciding whether
different partial changes must be assigned to the ions or each
type of site, because we might hope to see core ionizations from
each type. If we do not (assuming that the reason is not simply
the poor resolution of the technique), then the partial charges
are equal or, sald another way, the electrons are exchanging
between the sites more rapidly than the time taken for the core
electron to be ejected. Figure 5 shows some XPS spectra of Pt
chain compounds in the 4f region (23), including the mixed
valence PtenCljy (en: ethylenediamine). Crystallographically,
the latter can be thought of as made up of alternating square
planar PtIIenC12 and octahedral PtIVenC14 molecules, Comparison
between the spectra of PtenCl3 and its separated constituent
molecules is made more difficult by the ease with which PtenCl,
and PtenCly reduce in the X-ray beam. However, by carefully

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



17. pay  Chain Compounds 249

ul Pd (CN)Z salts ]

Figure 4. Variation in energy of the

lowest intense transition in solid pal-

ladocyanides and  platinocyanide
salts with intermetallic spacing

em’! X 103

.020 .024 .028 .032

7/2

ta) Figure 5. XPS spectra of Pt chain
compounds in the Pt 4f region, (a)
PtenCl,, (b) PtenCl,, (c) PtenCl,

(L)

{c)

024686
f S S S

{eV)

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



250 EXTENDED INTERACTIONS BETWEEN METAL IONS

following the spectra of these two compounds as a function of
irradiation time one finds that the PtenCly spectrum is indeed
close to a superposition of those of PtenCl; and PtenCl, (Figure
6).

However, the same cannot be sald of the optical properties,
for in addition to weak absorption bands, polarized perpendicular
to the chains, which do identify closely with locally excited
ligand from transitions of the constituents, PtenClj and other
similar salts all have intense absorption across most of the
visible, polarized entirely parallel to the chains (24). This
we assign as due to metal to metal charge transfer, i.e., to
ionized exciton states, and the compounds belong to class II
defined above. Because the valences in the ground state are
trapped, though, the crystals are semiconducting rather than
metallic.

(b) Directly Interacting Metal Ions. In the single valence
chains when the metal ions were brought close enough together
to interact directly, instead of through a bridging group, large
Davydov shifts of the neutral exciton states showed that the
metal-metal interaction was very much increased, A comparable
effect on the ionized exciton states of a mixed valence chain
might bring them close enough to the ground state for the system
to find itself on the other side of a Mott transition, and to
have a conducting ground state in which the electron states were
truly collective. This is the background to the recent interest
in compounds like K2Pt(CN)4Br0.303H20(KCP) (25). At first sight
it has all the characteristics expected of a class III mixed
valency compound: despite the non-integral oxidation number,
all the Pt atoms appear to occupy crystallographically equivalent
sites; with the incident electric vector parallel to the chains
it is opaque throughout the visible and infrared down to very
low frequencies, and has a plasma edge in the reflectivity in
the visible; at room temperature it is a metallic conductor.
Unfortunately, if more interestingly, however, there are some
features which complicate such a simple view. At low
temperature, the compound is not metallic, but semiconducting.
There 1s also evidence of a tendency for the Pt atoms to become
inequivalent as a result of long wavelength acoustic phonon
instabilities. If such an instability, which showed up by
inelastic neutron scattering as a Kohn anomaly in the acoustic
phonon dispersion became locked in as a static distortion, it
would provide enough reason for the energy gap at low
temperature. A crucial experiment would therefore be to examine
the crystal structure at liquid helium temperature.

We recently collected X-ray diffraction data from a single
crystal of KCP at room temperature, 77° and 4.2°K (26). The
arrangement of the diffractometer and cryostat required one to
concentrate on one crystal axis at a time, and we chose the
(0,0,2). Within that limitation we found no sign of Bragg peaks
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corresponding to 'locking in' a Pelerls distortion at the repeat
distance (6.67 times the Pt~Pt spacing) suggested by the neutron
scattering results, What we did find, however, is a set of
seven peaks indexing as (0,0,c), where £ = n/f. The peaks with
n odd are weaker than those with n even, and a least squares

fit to the Bragg angles of those withn = 1,2,3,4,6,8,10 yields
a value for 7 of 8.97. A key observation is that the peaks are
present at room temperature as well as at 4,2°K, and that they
do not vary in any discontinuous way as the temperature is
lowered. They must therefore result from some superlattice
ordering which has not previously been detected. Our present
view is that the superlattice is probably connected with ordering
among the bromide ions, supposed in the original crystal
structure determination to be randomly distributed on three
fifths of the available sites within channels between the stacks
of Pt(CN), groups. From analogies with other 'tunnel' compounds,
such as the hexagonal tungsten bronzes, we believe a random
distribution of anions is a priori unlikely, a view reinforced
by the very narrow composition range which KCP exhibits. Since
it has become such an important model compound for
one-dimensional metallic behavior the subtler details of its
structure obviously deserve the closest attention.
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Evidence for Extended Interactions between Metal
Atoms from Electronic Spectra of Crystals with

Square Complexes

DON S. MARTIN, JR.

Ames Laboratory of the U.S.A E.C., Iowa State University, Ames, Iowa 50010
Abstract

Frequently, the square-planar molecular or ionic complexes of
platinu %ll) or palladlum(ll) in crystals are aligned directly
over one another in one dimensional stacks. The electronic ab-
sorption spectra of the crystals for polarized light in favorable
circumstances provide information about the crystal interactions
and possible intermolecular electron transfers in the solid state
For crystals with large metal-metal separations, >4, 1k, the d-d
spectra correlate closely in energies and |nten51t|es with solu-
tion spectra. The spectra of crystals with Pt;Brg®”~ ions indi-
cate metal-metal electron transfer between metals at 3. SSA, al-
though the transfer may be influenced by the bromide bridges.

For Magnus‘ green salt the spectral changes of PtC1,®~ are con-
sistent with large energy shifts of Frenkel excitons by crystal
effects. However, for some molecular complexes with separations
of 3.4-3.51%, electron transfers to ionic exciton states occur.

Introduction

The electronic absorption spectra have been measured recently
for single crystals of a number of ionic or molecular square
planar complexes of platinum(li). Frequently, such complexes
stack face to face in linear arrays in crystals to provide strong
anisotropies in the absorption of polarized light and in the
electrical conductivities. Our concern here will be for the ev-
idence of transfer of electrons between the platinum atoms. |If
such electron transfer transitions can be identified, their wave
lengths provide directly the energy required for the transfer.
Our work to the present has been restricted to the complexes with
halide and amine ligands.

The absorption bands for the platinum complexes at room tem-
perature are rather broad; half-widths of approximately 2, 000 cm™
are common at 300°%K. A transition band_is normally characterlzed
by the wave length, A, or wave number, ¥, of the maximum, by the
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intensity, e€max, molar absorptivity at the maximum or as the
oscillator strength: f = 4.32 x 107 [c dV and by the temperature
dependence of the intensity. For single crystals there is a limit
upon the intensity imposed by the practical lower limits of crys-
tal thickness, which has been extended down to 1-20u. Thus, the
studies are limited to bands with ¢ less than 1,000-2,000 cm 1y~
These are the normally forbidden transitions. Hence, the allowed
transitions are not characterized by crystal absorption spectros-
copy except in their absence.

The temperature dependence of intensity is an especially
powerful diagnostic property. For the d—d transitions, for exam-
ple, which are symmetry forbidden, an asymmetric vibration may
serve as a perturbation to give a vibronic wave function into
which is mixed an asymmetric electronic wave function. Thus the
transitions may obtain a non-zero transition moment and observ-
able intensity. Since the average amplitude of the vibration,
which serves as the perturbation, decreases at lower temperatures,
there is normally a decrease in intensity. For a band, excited
vibronicly by a vibration of wave number, v;, the intensity
dependence (1) is given by the equation:

f(T) = f(0%) coth(hV;/2kT). m

However, for a band with a non-zero transition dipole, since the
integrated intensity is not temperature dependent, the peak
height, epax» Will increase as the band narrows at lower tempera-
ture.

For the halide and amine~halide complexes of platinum(11l)
the crystal spectra have indicated the one-electron orbital
ordering in Figure 1, which applies to the tetragonal symmetry
Dah. The lowest unoccupied orbital is the o* orbital based on
the dys_yz With by g symmetry. With the other d-oribtals filled,
the ground state will be a A;,; and d-d transitions to the
singlet and triplet states of Azg, Eg and Big respectively should
occur, the triplet states lying below the corresponding singlets.
With the high spin-orbit coupling of a heavy Pt-atom the spin
designations are not exact,and the states must be described by
the double symmetry group, in this case Di. Interactions along
a stack of square planar ions will normally involve the d,z
orbital, which possesses sigma character about the stacking axis.
For complexes with low energy m acceptor orbitals such as cyanide
and oxalate, the d» orbital may be much higher, and indeed has
been considered by Schatz and coworkers (2) to be the highest
filled orbital for Pt(CN)s®>~. Even in the halide complexes the
assignment of the transition to By g state (¢ +«d,a) is somewhat
open to question since the assigned band is surprisingly weak.
Below the d orbitals in Figure 1 are shown the orbitals derived
from 7w and ¢ orbitals on the ligands. Only the odd orbitals are
designated for these can provide intense Pt(o™)4+-L, transitions.
A possible alternative assignment of intense transitions may
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be 6p,-5d, for the 6p, orbital is the second lowest unfilled
orbital.

Fully allowed molecular transitions in Dsp must be a2y (z-
polarization) or 1E (x,y polarization). All other transitions
are seen as a consequence of vibronic and spin-orbit perturbations
which mix these states into the wave functions. |In a considera-
tion of all the vibrations of an ion such as PtBr42' it is found
that the Azq state is vibronicly forbidden in E-polarization
but allowed in x,y. The E_ and 1Blg transitions are allowed in
the three polarizations x 1 and z. Since the singlet spin func-
tions have the symmetry, A1, and triplets are A4 and E{ in the
double group, Di, the triplet state selection rules are different
from those of the singlet states.

For crystalline states in which extended interactions are
small, there is negligible overlap between orbitals on different
complexes, and electrons are locallized. Excitations are not
locallized, however, and other members of the crystal influence
transition energies. In such cases the theory of Frenkel type
excitons for molecular crystals can apply. The crystal ground
state wave function will have the form

¥ =% o) (2)

where ¢° is the ground state molecular wave func-
tion and the product is over the N molecules
in the crystal.
A wave function for a state in which the i-th molecule of the
p-th unit cell is excited is:

Bl =R e 0lp oeee O (3)

where there are h molecules per unit cell.
The crystal states will constitute a band of functions:

- (N/h)-%g exp(ikor)) 81, ()

where k is the wave vector.
However, for the absorption of light the selection rule applies:
§°-34, i.e. only the transition to k = 0 is allowed. For the
case of only one molecule per unit cell, the transition energy is
given by (3):

V=P +0' + 1! (5)
where Y is the energy for the free ion.

D' is the difference in van der Waals energy between the excited
molecule and the ground state molecule. This term is frequently

not well characterized but is intensity independent. The I' term
has received extensive investigation since such terms provide the
Davydov splitting of states. 1' contains a sum of interaction
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terms, %1 . Frequently, these terms are taken as the inter-
action Bf transition dipoles on the two atoms, m and n, with form.
= NS a2 [yl 1yl 15,1
|mn h Rmn € (xmxn * YoVm T Zznzm ) (6)
where R, is the separation of the molecules m
and n, ex& is the x component of the trans-
ition dipole on the m-th molecule, etc.
x', x! and y', y! are directed along sets of parallel axes on the
tho mdleculeS and the z direction is along the axis of centers of
the transition dipoles. For a linear stack of molecules separated
by 3.4A and with a transition moment of 1§ in the z or stacking
direction the Iy, terms of the two adjacent molecules in the
stack provide a red shift of 12,000 cm . A similar value for an
x or y transition moment will give a shift to shorter wave length
of 6,000 cm !, Hence in such stacks, rather large changes in the
transition energies can occur which are proportional to the in-
tensity, even with no electron delocalization.

KzPtBrs and KoPtClg: Minimum Extended Interactions

KzPtBrs possesses the KoPtCly structure shown in Figure 2
with a = 7.354 and ¢ = 4.33%. The Pt-Br bond length is 2.45},
The PtBr.°®~ ions stack directly over one another. They are
separated by the K* ions and are at the relatively large distance
of 4.33A from one another so interactions are small. The absorp-
tion with light polarized in the c-direction provides the ionic
z-polarization whereas the polarization normal to c, i.e. (a),
provides the ionic x,y-polarization. This is therefore an ideal
crystalline system to study, for the ion occupies a site of full
Dysh symmetry so that the situation is not compromised by a lower
site symmetry.

The crystal spectra for K;PtBr, are shown in Figure 3. The
bands at energies below 29,000 cm ! are then the d-d transitions.
The large decrease in intensity at 15% is characteristic of
vibronic excitations. The locations of the maxima in this region
correspond closely to the V's reported for solution spectra of
PtBra®" (4,5) so apparently the D' and I' terms of equation 5
match closely the solution effects. For a-polarization there is
a shoulder at 300% which is resolved as a peak with vibrational
structure at 24,000 cmt in the 15% spectrum. This band is
completely absent in the c-polarization, and it can therefore be
assigned unambigously as Thzg. The band in both polarizations at
27,000 cm™® is assigned as 'Eq from analogy to the PtC1,2~ spec-
trum where an A-term in the MCD spectrum is clearly discernable
(6,7). The shoulder and peak in each polarization at ca. 17,000
and 19,000 cm™! are presumably components of 3Agg and *E,. The
shoulder at 22,700 cm ! with vibrational structure, whicﬁ is
apparent in a-polarization and also is very faint in c-polarization,
is assigned as the 3Blg(c*kd22). With this assignment of the
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triplet state the 1819 state is expected to lie at some 9,000
12,000 cm™ higher energy. Consequently, the transntuon seen at
33,800 cm Tl oin c~polarization is assigned to this Blg transition.
However, the intensity of this transition appears uncomfortably
small for this assignment. It is hardly more intense then the
spin-forbidden transitions despite its greater proximity to the
strong bands from which intensity is borrowed, and the assignment
clearly is subject to question.

There is a close correspondence between the d-d spectra of
KzPtBry and K;PtCl, which is clear from Figure 4 where the
energies of the transitions are compared. The transition intensi-
ties are indicated by the length of lines designating the states,
which for the crystals are proportional to log ep,, at 15K, It
can be seen that each d-d transition in KzPtBr, falls 1,500-2,200
cm ! below a corresponding transition in KzPtCla. 1{In addition,
the vibrational structure is observed at 15% on correspondlng
transitions. However, the intense bands of the two anions are
quite different. First of all, the solution spectrum PtBr,®~ has
a band at 31,500 cm !, ¢ - 600 cm 'M%, Since the crystal spectra
for both polarizations have a deep valley at 29,000 cm !, this
band is presently assigned to a solution species other than
PtBry,®~, probably PtyBrs®~., The solution does exhibit strong
bands at 34,200 and 37,200 cm™* with €max ©f 3,000 and 8,500 cm”
Ml respectively. The c-polarlzed crystal spectrum, which can be
recorded to 37,000 cm 1, requires that both these transitions be
polarized x,y. The present assignment attributes them to snnglet
and triplet states of the same irreducible representation in D},
viz. Elg, with nearly the same energy which mix, are split and
share lntenSIty. The separation of 3,000 cm * for these are
consistent with the expected spin-orbit coupllng for the Pt ion.
The singlet state is probably the *E, arising from M(c™)-L.
Accordlng to Jorgensen (8), the E, transition gains intensity by
mixing of 1 and o character in the ey ligand orbitals.. There
should be a As, state correspondlng to M(c¥)L at roughly this
energy. However, it arises from o*(byg)~bau. Since bzy is pure
T in character, the transition should be, according to Jorgensen,
much weaker. It may lie just above 37,000 cm Y, However, there
can not be a strong YAzy transition below 48,000 cm™. With
Ptcl4 ~ the MCD studies of Schatz and coworkers (7) show that a
shoulder at 43,000 cm™ is E, whereas an intense peak at 46,000
cm™! must be 1Agu. The difference between Ptcl4 " and PtBr42'
suggests that the intense transitions in PtC1,®~ are primarily
6p-5d. The Ay state would correspond to 6pz~5d 2.

The very weak peak at ca. 30,500 cm "1 seen in both polari-
zations deserves some comment., In c-polarization, at least, it
seems that a vibronicly excited transition would be apparent in
the 300%K spectrum. Even though the absorption is rising rapidly
in this region, it can not be discerned at all, It appears there-
fore to have a small but non-zero transition dlpole and it is
assigned as Eu. The transition to this state is dipole-allowed
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by virtue of the spin-orbit coupling in both polarizations.

Magnus' Green Salt. Pt(NH3)aPtCla.

It has long been recognlzed that there must be strong crys-
tal effects on the spectra in Magnus' green salt (MGS),
Pt(NHs)4PtCl,. The component cation, Pt(NHs)s> +, is colorless in
aqueous solution or halide salts whereas the anion, PtCI42", is
red. As the name implies the MGS is a dark green, very insoluble
salt. It possesses a tetragonal crystal structure (9) with two
of each ion per unit cell. There are stacks of alternatlng ions
which are illustrated in Figure 5 with a spacing of 3.2} between
the anions and cations in the chains. The polarized crystal speo-
tra are presented in Figure 6. The crystals are hlghly dichroic.
A crystal which appears dark green in c-polarization is pale yel-
low in a-polarization. At all wave lengths the absorption is
much higher in the c-polarization than in the a. The green color
results from a window at about 20,000 cm™ . The waves in the
recording at low absorbance are due to interference by multiply
reflected light (10). Although the instrumentation did not per-
mit measurements below 17,000 cm 1, it is clear that the low
energy band in c-polarlzatlon is vibronic in character. At
higher energies the absorption increases beyond an ¢ of 700 cm™!
M, the limit of the measurements. In a-polarization the spec-
trum is dominated by a single peak at about 25,000 cm = al though
there is a shoulder at 23,000 cm™ and a weak spin-forbidden band
below 17,000 cm 1, The wave numbers of the three peaks in KgPtCl,
solution are shown by the 3 arrows in Figure 6. It is concluded
that the spin-forbidden peak of PtC1,%~ has been red-shifted by
about 4,000 cm™ in MGS. The lAsq transition and the E, trans-
itions have coalesced to the snng?e peak at about 25,000 cm .
This corresponds to a red shift of not more than | 000 cm™! for
the *Az g state and about 4000-5000 cm™ for the 1g) state. The
relatlve shift of these transitions is attributablé to the D'
term of equation 5. The angular dependence of the d orbitals |n-
volved is shown in Figure 7. Thus, for the transition to the Asg
state, g’ (d 2 _v2 ) dyy, both orbitals are concentrated in the
plane of the ion and their electrons suffer similar interactions
with the electron clouds of the adjacent ions. For the dy,
orbital, however, there is a considerable electron densnty out of
the plane of the ion., The energy of the electron in this orbital
is therefore raised by the electron-electron repulsions, and a
red shift for the transition occurs.

The high absorption in the c-polarization is clarified from
diffuse reflectance spectra for KyPtCl, and MGS which are shown
in Figure 8. 1t can be seen that the maximum, which correspond
to a very intense transition, has been shlfted from ca. L, 000
cm ! in KzPtCl, to 35,000 cm " MGS. This band is apparently
in the c-polarization. Such a large red shift must be largely
caused by the |I' term of equation 5. It would require strong
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Figure 5. Alternate stacking of ions in
Magnus’ green salt
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transitions of comparable energy in both PtCl,®~ and Pt(NH3)42+.
This is the allowed transition from which the vibronic excitations
in c-polarization borrow intensity, and the proximity of this band
enhances their intensity by about an order of magnitude.

The spectra of MGS therefore indicate that the striking color
changes result from crystal interactions, primarily with adjacent
neighbors, which modify the molecular transitions but without de-
localization of electrons.

Pt,Bre®~ Spectra

A dimer complex provides an opportunity for the demonstra-
tion of electron delocalization on a limited scale by absorption
spectroscopy. The dimeric anion crystallizes in the tetraethyl-
ammonium salt which is triclinic with a micaceous cleavage for
which the structure was reported by Stevenson (II) The projec-
tion of dimeric ion on the cleavage face is shown in Flgure 9.
There is one anion per unit cell. The platinum atoms in a dimer
are separated 3.55A, and the anions are separated 7.6} from their
nearest neighbors by the bulky cations. The light beam therefore
enters dimer anion nearly end on. The molecular axes of heavy
anion apparently establish the axes of the indicatrix, so there
is very little directional change of these axes with wave length.
One extinction for crystals was aligned, as accurately as could
be determined, with the projection of the y molecular axis upon
the crystal face over the entire wave length region which was
studied. The absorption in this extinction direction gave a very
clean intermediate axis or y-polarization. The other extinction
provided primarily the short axis or x-polarization. Preliminary
spectra are shown in Figure 10, The absorption in y-polarization
is much higher than in the x-polarization. Thus, at room tempera-
ture there is a peak in y polarization at 23,500 cm * very close
to the 24,000 cm ' first spin-allowed transition in KzPtBrg.
However, the €max for the bagd at this ¥V in KzPtBr, was on]z ca.
100 cm™ XM 1, In"the PtyBre®” salt it was 800 cm™*/M(Pt;Brs®").
But when the crystal was cooled, the peak height increased to
1600 cm /M, which indicated that the transition was dipole-
allowed rather than vibronic. 1In the x=polarization there was
not much indicated structure in the spectrum but the absorption
increased as V increased. A peak at 36,500 cm™! occurs just
where the M-L charge transfer band occurs in PtBry®" solution.
This may be then an x-polarization or out-of-plane M-L which ap-
parently is very weak in PtBr42- as well. At 159 K, band maxima
at 29,000 cm * and 32,000 cm  are seen as well, and there is a
shoulder at 26,000 cm™?,

In consideration of this spectrum each platinum atom can be
considered to bring into the dimer its complement of five 5d-
orbitals, Molecular orbitals for the dimer are constructed by
taking the sum or difference of corresponding d-orbltals on dif-
ferent platinum atoms., With the choice of axes the ¢” orbitals
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Figure 9. Projection of the dimeric ions, Pt,Brs*” upon the 001 cleavage face
of [N(C.:H;),]1. [Pt,Br;]
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Figure 10. Polarized crystal absorption spectrum for [N(C.H;);]14[Pt,Brs]
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are formed from the platinum d_,'s, and the orbitals with 7~
character located in the moleczfar plane are the dyz_,2's. The
two linear combinations for these atoms with their symmetry
designation under Dzh are shown in Figure 11. This figure also
shows the LC of ligand orbitals with the same symmetry as the LC
of platinum orbitals and which contribute to the ¢ and 1 bonds.
Thus there are two filled orbitals and two empty orbitals and a
possibility of 4 transitions. |If the platinum atoms were essen-
tially isolated and the orbitals were of pure d-character, then
only a single spectral band with vibronic character is expected.
However, each pair of the filled and empty M.,0,'s contains a g
and a u state. Therefore two of the four excited states will
have u | character and two will have g character. As indicated in
Figure 11, both ungerade excited states have Bz, symmetry and
should have dipole-allowed character in the y-polarization, for
which the intensities will depend somewhat upon the degree of
overlap of the d orbitals. However, the intensities may be modi-
fied by the bridging ligand orbital as well. The high intensity
and dlpole character of the band in l-polarlzatlon indicates that
there is electron delocalization in the transition. The investi-
gation of this system is continuing.

Pt(en)Cl; and Pt(en)Brz. Transitions to lonic States

For the molecular crystals of the two compounds, Pt(en)Cly
and Pt(en)Brz, where en is ethylenediamine, there is now evidence
for electronic transitions in which electrons are transferred
from one molecule to an adJacent molecule (12, 13) The excited
state for such a transition is therefore a bound ionic exciton
state. In both crystals, which are orthorhombic, the molecules
stack face to form one-dimensional chains as shown in Figure 12.
The chelating group in adJacent molecules lie on alternate sides
so there are two molecules in a primative cell. However, the
corresponding molecular axes of the non-equivalent molecules are
parallel, Under such conditions the transition probability to
one of the two Davydov states for each transition will be exactly
zero, and only one crystal transition is observable for each
molecular transition. The molecular symmetry is Cz. However the
local symmetry at the Pt is Cyy and the molecular symmetry
deviates from this only by the puckering of the chelate ring. It
is likely that the selection rules are established by the Cay
symmetry. The choice of axes is shown in Figure 12. The X,y
and z molecular axes are aligned with the orthorhombic a, b, and
c axes, respectively. Spectroscopic quality crystals grew with
well developed 100 faces so absorptions for ¢ and b polarizations
were measurable to provide the molecular z and Yy polarizations
respectively. The symmetry of the d-orbitals are shown in Figure
13. Under the choice of axes the dy, orbital is a part of the

g*-M0. The Czv symmetry splits the E degeneracy of Dgh and four
distinct d—d transitions are possuble. Since Cyy does not contain
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a center of symmetry, the ligand field perturbations can contrib-
ute dipole-allowed character to the d—d transitions. The states
attained from spin-allowed d—d transitions together with the

al lowed polarization by the ligand field perturbations in the
order of |ncrea5|ng energy as indicated by the orbltal scheme of
Figure 13 are: 1By, d ' d.2_\2, X polarlzatlon, A , =
forbidden; B, , d* ~d Ty -éolzrlzatlon, and 85, d’ zhd Xy zz
polarization. Thexefore, there should be no ligand= ¥|e¥d-allowed
d-d transition with y or b-polarization.

The spectrum of a solution of Pt(en)Clgz is in Figure 14. It
is quite characteristic of other solution spectra of halide-amine
complexes of platinum(ll). Two spin-forbidden bands can be re-

solved between 23,000 and 29,000 ¢cm !, There are then two spin=-
allowed bands discernable. The transition at 33,000 c¢cm ! can be
assigned to the Bz and the band at 37,000 c¢cm™ to the pair of
transitions *Az and 1B, which are derived from 1Eg (Dap). Fol-
lowing a rather deep valley at 40,000 cm ! there Ts an intense
band at 49,000 ¢cm™ ., For comparison the b-polarized crystal
spectrum at 300% is included in Figure 1%, There is a sharp
peak at 33,000 cm * which is nearly 3 times as intense as the one
in solutlon at that energy. A valley occurs at 37 000 cm * and
a rather definite shoulder is seen at 39,000 cm !, very close to
the valley of the solution spectrum. The b-polarized intensities
however, are an order of magnitude below the ¢ polarlzed spectrum,
Both crystal spectra for 300% and 15%K are included in Figure 15
together with a room temperature diffuse reflectance spectrum.
The intensity features of the c-polarization and the reflectance
spectra are very reminiscent of those for MGS. There is a very
strong enhancement in the intensity of vibronic transitions
which are derived from the red-shift of an intense band polarized
in the stacking direction from an energy at least as high as
49,000 cm™! in the solution down to 37,500 cm * in the crystal.
This shift must be due to a considerable extent to the 1' type of
term in equation 5., There is a red-shift of the spin-forbidden
bands as well, perhaps not quite as great as in MGS but here the
stacking dlstance is 0,15} greater.

The unpredicted feature of the spectrum was the dipole-
allowed character of the two transitions in b-polarization at
33,000 and 39,000 cm * indicated by the temperature dependence of
thelr intensity. In this direction the ligand field perturbation
does not contribute any transition dipole to d—d transitions.
Therefore, it has been concluded that these two transitions cor-
respond to the transfer of electrons between molecules, i.e. to
ionic states. The theory for electron delocalization between
elements of a one dimensional chain was treated by Merrifield Q_)
Overlap between orbitals of adjacent atoms is required, and in
general the electron from one molecule can be transferred to an
unoccupied orbital, g molecules removed from the hole which re-
sults. The lower energy states are bound ionic states with a
fixed separation between the electron and hole, which are however
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mobile in the chain. Because of the coulomb attraction of the
hole and electron the lowest ionic states result when the hole
and electron are on adjacent molecules. A system with such a
one-molecule transfer from a d_; orbital to an adjacent d¥
orbital, B = +1, is illustrateé in Figure 16, At high ené¥gies
the treatment describes a conduction band for the free hole and
electron. A crystal wave function for a B separation of the hole
and electron and for which the one-dimensional wave vector, k, is
zero (a requirement for a dipole allowed crystal transition) is:

34(8) = N2 % ﬂj(e). (7

Now the wave function for the transfer of the electron in the
opposite direction (-8) will be degenerate with 83(B). The two
crystal states formed from linear combination of these degenerate
functions will be for g =

¥1(1) = 27288 (+1) + 8(-1)] (8)
vi(1) = 272 (+1) - &' (-1)]. 9)

The function Yi(1) has the same symmetry as the Frenkel state,
84, (equation 4) and these two states may interact as is shown in
Flgure 17. If the Frenkel state is allowed, then both states will
mix and share intensity. Unless their energy is very close,
¥1(1) will be much weaker than &} . However, if the Frenkel state
and therefore ¥} are forbidden, then it may be possible for Y. to
be allowed, since it is of different symmetry. The requirement
for allowed character is that:

I
=T a 70 (10)
where r! . is the transition moment for the
t+éﬁs¥er of an electron from the j to

the j+1 member of the stack, i.e.

’J+] ju ru (1)

where uo and u' are the filled and empty
orbitals respectively.
Such a non-zero transition moment does require significant over-
lap of the orbitals. An examination of the symmetry of the d
orbitals reveals that there |s only one d-d electron transfer
transition viz. (d ). -(dy for which the condition of equa-
tion 10 applies foryan and ﬁeﬁce a b polarization. Therefore
this assignment has been given to the crystal transition at 33,000
cm t in the b polarization. It is interesting to note that it is
the absorption with polarization normal to the stacking direction
which provides evidence for delocalization of the electrons along
the stack in the transition. However, there is the second trans-
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ition at 39,000 cm ™} which must be assigned. Of all possible
jonic state transitions into the o*(d,,) or into the 6p, orbital,
for that matter, there is only one, a §*m=Cl (d7 «az) which will
provide a non-zero transition moment in accordanc® with equation
10. The 39,000 cm=! transition has been given this assignment.

In the recent work with the Pt(en)Brp system (13), the .
stacking distance of the molecules is 3.50} compared to the 3.394
for the Pt(en)Clz. The solution spectrum for Pt(en)Brp, Figure
18, exhibits similar features of that for Pt(en)Clz. However,
the spin forbidden and spin allowed components have been red-
shifted about 2,000 cm } and .a maximum in the intense spectrum
was not reached below 50,000 cm 1, where a molar absorptivity of
12,000 cm 1M~! was attained. The crystal spectrum for Pt(en)Brs
is in Figure 19. In the diffuse reflection the highest maximum
is at 36,500 cm ', very close to that in Pt(en)Clz. Again, the
corresponding spin-forbidden bands in c-polarization are a factor
of at least 10 more intense than in b-polarization. In the b
polarization a component band at 31,000 cm * has vibronic charac-
ter and probably corresponds to 1g, (d* Fdxg ). The small bump
at 33,500 cm > however has dramatically incFZZsed in height as
the band narrows. It has therefore been attributed to the cor-
responding ionic state (d, ).ilh(dxz)-. Since normally the bands
for bromide complexes- are xeﬁ-shifted in comparison to chloride,
the occurrence of this band at nearly the same wave number as in
Pt(en)Cl; is consistent with the greater separation of the mole-
cules and the higher coulomb energy for separation of the electron
and hole. The spectrum could not be extended to a high enough
energy to observe a second peak as was the case for Pt(en)Cls.

in the ionic crystal state the interaction of the excited
jons with the remainder of the crystal is an important energy
term. Thus the electron transfer between the neutral molecules
was observed whereas there was no evidence for a similar trans-
ition in MGS. In that case an electron transfer from PtCl4®” to
Pt(NH3)42+ would replace a pair of doubly charged ions in an
jonic lattice by a pair of singly charged ions with a consider=-
able reduction in the lattice energy. This effect therefore removes
the electron transfers to higher energies than can be observed.

Summary

The absorption spectra for the systems described in this re-
view indicate that if the metal ions in the platinum(Il) complexes
are separated by greater than L. 0-4.1}, the extended interactions
have negligible influence on the molecular elecsronic transitions.
When the separations are reduced to 3.25 to 3.5A4 there are observ=-
able effects. At this point the crystal effects, even in the
absence of electron delocalization do provide striking changes in
some of the transition energies. Finally, the identification of
electron transfer transitions in PtzBre® and the molecular crys-
tals Pt{en)Clz and Pt(en)Brz indicate the energy required, 3-4
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e.v, to provide the electron transfers between the metal ions.
Such high energies for electron transfer require, of course, the
characterization of the materials as insulators,

The absorption spectra which apply to weak transitions are
complimented by the polarized specular reflection spectra for the
intense transitions, which will be discussed by Professor Anex in
the following paper.
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The Nature of the Lowest-Energy Allowed Electronic
Transition in Crystals of Certain 4° Transition Metal
Complexes that Possess Extended Metal Chains

BASIL G. ANEX

University of New Orleans, New Orleans, La. 70122
Abstract

The Magnus' salts and glyoximates and alkaline-
earth cyanides of Pt(II), PA(II), and Ni(II) are
representatives of a group of 4° transition-metal
complexes that show striking solid-state optical
properties. The most obvious manifestations of the
solid-state effects involved here are either directly
or-indirectly related to the lowest-energy allowed
electronic transition displayed by these crystals. A
series of single-crystal optical studies involving
primarily polarized specular reflection techniques has
thus been carried out with the aim of characterizing
the crucial low-energy transition in each group of
compounds listed above. The results obtained for
crystals containing only one metal species combined
with separate work on the individual ions that con-
stitute the Magnus' salts have allowed the identifi-
cation of the single-molecule origin of the crystal
transitions. Evidence is thus provided regarding the
atomic orbitals involved in the crystalline excited
state., The extension of these investigations to in-
clude studies of systems containing more than one
kind of metal atom has allowed one to ascertain the
extent to which the crystal excited state involves de-
localization over more than one center. A rather com-
prehensive picture of the experimental situation for
these systems with regard to their optical properties
has thus emerged and provides a critical standard by
which proposed models for their electronic structure
may be evaluated.

The work reported here has been in part supported by
the National Science Foundation and the National
Institutes of Health.
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Introduction

For a number of years our laboratory hag had an
interest in a rather broad group of planar d° systems
whose crystals show absorptive behavior that is mark-
edly and often dramatically different than that dis-
played by their component ions or molecules as isolat-
ed entities. The compounds studied in this work have
included the glyoximates and alkaline-earth cyanides
of Pt(II), PAd(II), and Ni(II) and a variety of Magnus'
salts. These systems all possess crystal structures
characterized by the component planar species stacking
one on top of the other and the metal atoms forming
parallel chains extending the length of the crystal.
The interplanar spacing in the molecular stacks appears
to be limited by repulsive interactions between the
component molecules, since in each class of compounds
one finds roughly the same lower limit to the metal-
metal spacing, 3.2 - 3.3 A, and an opening up of the
stack when one introduces relatively bulky substituents
into the ligands involved (or, in the case of the
cyanides, introduces more bulky cations).

The optical studies we have carried out on these
substances have had two broad objectives: to establish
the nature of the characteristic solid-state absorp-
tion that one finds in these systems and to identify
the relationship, if any, between these absorptions
and the "single-molecule’ (or "isolated-molecule")
spectra of the component complexes. Throughout, polar-
ized single-crystal spectroscopy has played a key role.
The polarizations of the electronic absorption bands
thus determined not only allowed one to relate the
observed transitions to theory and to resolve over-
lapping bands, but also - most importantly - provided
"labels" that one might use to follow a given transi-
tion as he moved from one compound to another within
a given series.

One may also note that in addition to the devel-
opment of evidence bearing on the questions stated
above, this work has also led to the accumulation of
much valuable information concerning the spectroscopy
of the allowed bands of the complexes involved as
such. Although ligand-field spectra of transition-
metal complexes have been rather extensively studied,
and polarization determinations are not uncommon for
them, detailed work on the strongly-allowed bands
(often loosely called "charge-transfer" bands) is less
frequently carried out, and polarization assignments
for them have been largely non-existent. These bands,
however, contain a wealth of valuable and, as will be
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seen, sometimes surprising information.

The reasons for the pauclty of information con-
cerning the intense bands in these systems include the
fact that they are often strongly overlapping and thus
difficult to resolve, and they are sufficiently intense
that polarization determinations by direct absorption
become formidable undertakings which require very thin
samples, very good spectrometers, or, more likely, a
combination of these two factors (1). Except for the
glyoximate studies, the techniques of single-crystal
reflection spectroscopy provided the key in the present
work for avoiding these difficulties. For this reason,
in what follows, we will first briefly recapitulate
the manner in which the reflection approach is applied
in our laboratory. In subsequent sections we will sum-
marize our work on the classes of compounds mentioned
previously following an order that reflects the se-
quence in which the research was actually done.

Specular Reflection Spectroscopy

Even if one has available a spectrometer with
reasonably low levels of stray light, and thus may
study samples of relatively high optical density,
obtaining crystal spectra for transitions that in so-
lution studies show molecular extinction coefficients
of even a few thousand may require rather exotic
methods of sample preparation. Figure 1 of Reference
1 presents some extreme examples of the distortions
that one can obtain if the samples employed in an ab-
sorption study are sufficiently thick that one essen-
tially measures the stray light in his spectrometer
over much of the absorbing region of the spectrum. One
can have situatiors wheredistortions of the spectra
due to opaqueness of the sample are much more subtle
than those shown in Reference 1. Careful direct ab-
sorption studies on high absorbers thus usually
involve a fairly elaborate set of self-consistent
studies, such as ascertaining the optical density as a
function of crystal thickness at critical wavelengths.

Although the sample preparation necessary for the
study of relatively highly-absorbing crystals can some-
times be accomplished (2,3), the techniques that have
been developed are not generally applicable and typi-
cally involve considerable effort. For this reason it
is fortunate that specular reflection spectroscopy pro-
vides a reasonable approach to the study of such sys-
tems (1). Specular, or mirror-like, reflection from
the surface of a solid (to be distinguished from dif-
fuse reflectance, where the incident radiation actually
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traverses the interior of a usually-powdered sample)
closely parallels the behavior of the index of refrac-
tion (n) in the vicinity of an absorption. Since n
typically rises to relatively high values as one ap-
proaches an absorption from the low-energy side and
then falls to relatively low values on the high-energy
side, similar behavior by the reflectivity may be used
to infer the existence of absorption bands. Moreover,
since the strength of a reflection band is, generally
speaking, dependent on the strength of the absorption,
the observation of reflection bands becomes easier as
direct absorption methods become difficult. The rela-
tionship between reflection and absorption also implies
that if one uses a single crystal and polarized inci-
dent radiation, the reflectivity may be expected to
have a polarization dependence paralleling that of the
related absorption. Polarized reflection studies may
thus be used in a manner completely analogous to polar-
ized absorption studies to ascertain the polarization
of the transitions involved.

Figure 1 shows the relationship that exists be-
tween the absorptive properties of a crystal, the index
of refraction, and the reflection coefficient in a
representative situation. The extinction coefficient,
k, plotted in Figure 1 is related to the usual molar
extinction coefficient through

e = (b4rk)/(2.303\C) (1)

where A is the wavelength to which € and k refer and C
is the molar concentration of the absorber in the
crystal.

The optical constants (n and k) shown in Figure 1
are in fact not measured quantities, but have been
derived by application of the Kramers-Kronig analysis
(1) to the reflection spectrum. In this procedure, one
first computes through the application of the integral

expression -
Wy
i 1n R(w)
e(wi) == Jrr 5 > dw (2)
w”= Wy
o}

the phase change that incident radiation of the fre-
quency of interest undergoes when it is reflected from
the crystal surface. In Equation 2, G(wi) is the phase
change for light of circular frequency wj (w = 27V
where v is the frequency of the light in questionf and
R(w) is the reflection coefficient for light of circu-
lar frequency w. Once one knows the phase change and
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reflection coefficient for a given frequency, the cal-
culation of n and k is a straight-forward matter. For
k, the quantity of most direct concern here, the rele-
vant expression is

k (-ER%sin Gy/O:ER%cos 6 + R). (3)

li

Equations 1 - 3 allow one to obtain from reflection
data detailed absorptive information that is identical
to that which results from direct absorption measure-
ments. Moreover, this analysis gives absolute inten-
sities (molar extinction coefficients) directly, and
obtaining such data from direct absorption studies
entails the often difficult measurement of sample
thickness on very thin specimens.

The only aspect of the Kramers-Kronig analysis
that prevents its application from being totally rou-
tine is the fact that the integration of Equation 2
extends over the complete frequency range from O to o,
while one is of course limited experimentally to some
finite spectral region. The method of correcting for
phase contributions from outside the experimental range
followed in our laboratory involves placing an effec-
tive transition in the vacuum ultraviolet, the region
most likely to make the most significant contribution
in studies such as are dealt with here. The properties
of this transition are then varied until the derived
spectrum fulfills some predetermined criterion - most
commonly, that € should be equal to zero in regions
where the crystal is known to be transparent. The
effective transition thus arrived at is then used to
compute the optical constants throughout the region of
interest. This procedure has the effect of intro-
ducing the proper phase correction in the region where
it can be verified and then using an appropriate wave-
length dependency in applying this correction to the
remainder of the spectrum. The application of this
procedure is illustrated in Figure 2. It has in gen-
eral provided very satisfactory results - especially
for bands of at least moderate intensity, which make a
major contribution to the phase in the vicinity of the
frequencies at which they occur and thus require rela-
tively small phase corrections, and for bands that fall
well within the experimental region.

Unless noted otherwise, crystal absorption spectra
discussed in the following sections of this paper have
been obtained via the application of Kramers-Kronig
analysis to the appropriate reflection spectra.
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The Glyoximates

Nickel dimethylglyoxime (NiDMG) itself provides a
classic example of the kind of phenomena that have
attracted attention to the compounds being discussed
here. Those familiar with the determination of nickel
as the dimethylglyoximate will recall the red floccu-
lent precipitate that is obtained in this procedure.
This material will dissolve in chloroform, however,
and does so to give a pale yellow solution., The dif-
ference between the solution spectrum and that of the
solid becomes even more striking when one examines a
single crystal of NiDMG, which has. a dark body color
and displays a green metallic lustrous sheen in re-
flection. This sheen, when examined with a linear
polarizer, is found to be polarized parallel to the
needle, or stacking, axis of the crystal.

The differences between the solution and solid
spectra of NiDMG are shown in a quantitative manner by
Figure 3. Here the solution spectrum has been obtain-
ed in a suitable glass-forming solvent. On cooling to
liquid nitrogen temperatures, a glass forms and simul-
taneously a finely dispersed precipitate of NiDMG
appears, allowing one to compare rather precisely the
solution and solid-state spectra (3). The most obvi-
ous, but not singular, new feature in the solid-state
spectrum is the strong new band at 17.8 kK. It is
clearly this green band, combined with other bands in
the blue, that gives the red body color to NiDMG, and
it is this band whose characterization we seek.

The polarization of the green band of NiDMG is
displayed in Figure 4, which reports the polarized
absorption spectra obtained for a thin film of NiDMG
prepared by vacuum sublimation onto a quartz plate.

It can be seen that this band is polarized exclusively
perpendicular to the molecular planes, or parallel to
the stacking axis, which is consistent with the quali-
tative observations on the reflectivity of the crystal
noted in the remarks introducing this section and the
quantitative reflection spectra reported by Anex and
Krist (3).

In an effort to establish the single-molecule
origin of the green band of NiDMG a series of nickel
glyoximates has been studied, consisting of NiDMG
itself, two forms of nickel ethylmethylglyoxime (a-
NiEMG and B-NiEMG), and nickel heptoxime (NiHept).
B-NiEMG and NiHept possess the stacking structure
characteristic of NiDMG, while ao-NiEMG, which turns
out to be a crucial compound in thils study, possesses
a non-stacked structure. The crystal spectra of
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Figure 4. Polarized absorption spectra of an oriented film of

nickel dimethylglyoxime. The || curve obtained when electric

vector of the incident light vibrates parallel to the molecular

planes, and 1 obtained when it vibrates perpendicular to the
molecular planes (3).
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a-NiEMG approximate rather closely those you would
expect from its solution spectrum and an oriented gas
model for the crystal (3). The intermetallic spacings
in NiDMG, B-NiEMG, and NiHept are 3.25, 3.4, and

3.60 K, respectively, and thus this study can be viewed
as an experiment in which the distances between the
complexes in the stacks are successively increased un-
til in a-NiEMG we reach the point where we obtain a
spectrum that is essentially characteristic of the free
complex.

Figure 5 shows the out-of-plane spectrum of each
of the crystals in this series and demonstrates rather
convincingly that as the complexes within the stacks
are separated the characteristic solid-state band of
NiDMG retreats into a single-molecule band located at
23.0 kK in a-NiEMG. This falls in the first set of
solution absorptions observed for these complexes (all
three complexes have essentlally the same solution
absorption spectrum). If one accepts Gray and Ball-
hausen's assignment (4) of the first allowed solution
bands of the cyanides to metal-to-ligand charge-trans-
fer transitions, one may conclude by analogy that the
crucial out-of-plane band of a-NiEMG may be represented
orbitally as
Ni

3,2

* Ni
‘_—> cle + cgu'pz + s (4)
where n* refers to the appropriate linear combination
of anti=bonding ligand r-orbitals and c; and c, are
mixing coefficients. 1In the Gray and Ballhausen pic-
ture, then, one would have in solution a situation
where ¢j >>co and be dealing, as noted above, with an
essentially metal-to-ligand transition. Anex and
Krist (3) have argued that one can then rationalize
growth in intensity, red shift, and sharpening of the
crystal transition relative to its solution counter-
part in terms of the solid-state perturbation, whose
nature was not specified, lowering the 4pz orbital in
energy to the point where ¢y <<¢p. One would then be
dealing with essentially a %22——f> py transition con-
fined to the metal.

Explanations for the development of the green
band of NiDMG that involve specific hypotheses con- -
cerning the nature of the solid-state perturbations
have been proposed (2,6). These can most fruitfully
be discussed after the related systems to be dealt
with here have been reviewed.
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The Magnus' Salts

The gualitative observation of the color changes
involved in the formation of Magnus' green salt,
[Pt(NH3)4l[PtC1ly], make it appear that the phenomena
observed there parallel rather closely those described
previously for NiDMG. One thus finds that 1f an
aqueous K,PtCl) solution, which is red, is combined
with a coforless aqueous Pt(NH3)4Cl, solution, a green
precipitate of Magnus' green salt (ﬁGS) is obtained.

A crystal color different than that of either of the
components might thus lead one to assume that once
again one has some "new" absorption band appearing in
the visible part of the spectrum. Day and coworkers
(7) and, more recently, Martin et al. (8), have mea-
sured the visible absorption spectra of MGS single
crystals and shown them to be perturbed PtClj2- spec-
tra, and not to possess any bands that could not be
traced to those found in the anionic species in the
KoPtCly crystal and its aqueous solution. The green
color of the MGS crystal results from a red shift and
intensification of the PtClug' bands in MGS leading
to a "window" in the green region of the spectrum,
rather than from the development of an additional band
in the visible part of the spectrum. (KoPtCly also
has a crystal structure in which the complex species
are stacked, but here the metal-metal separation is
4.13 R, and one may expect that strong intercomplex
interactions will not be manifested - an assumption
that is born out by the reasonably close correspondence
of the solution and crystal absorption for this
system. )

A connection between the optical phenomena ob-
served in MGS-type salts and those discussed previously
for nickel glyoximates was to become apparent, however.
Day et al. carried out a series of particularly sig-
nificant experiments, analogous to those described in
the preceding section on the glyoximates, in which the
spacing between complexes in the MGS crystal was in-
creased by modifying the nature of the ligands in a
manner expected to affect the "single-molecule" spec-
tra in a minimal fashion (7,9). MGS-type salts were
thus prepared in which the Niz ligands of Pt(NH=)=t
were replaced by CHz-NHp (Me—aGS) and CH —CHE—Ng
(Et-MGS), respectivély. The MGS and Me-MGS crystals
have the same metal-metal spacing (3.25 ﬁ%,while in
Et-MGS this parameter has a value of 3.4 R (5). The
visible spectra of MGS and Me-MGS are very similar,
and as one might expect, the Et-MGS spectra are inter-
mediate between those of MGS and K,PtCly, (7,9). Of
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equal importance, Day et al. also carried out diffuse
reflection studles on these same systems, and found a
strong correlation between metal-metal dlstance and
the location of a strong ultraviolet transition:

Metal-Metal Position of uv Transition

Compound Distance (Diffuse Reflectance)
MGS 3.25 & 34.5 kK

Me-MGS 3.25 34.5

Et-MGS 3.4 40

K,PtCly 4.13 Lo, 5%

* Actual absorption to blue of this (11).

It was thus suggested that the effects observed in the
visible spectrum of the Magnus' salts could be under-
stood in terms of the visible bands' borrowing inten-
sity from the strong metal-metal separation dependent
ultraviolet band. 1In such a situation, the closer the
uv band was to visible transitions, the greater its
influence on them could be expected to be. Further,
the fact that the intensity perturbations were strong-
er for the out-of-plane bands than the in-plane, led
to the conclusion that the perturbing band must have
out-of-plane polarization.

These observations and the conclusions drawn from
them led directly to the study of the allowed bands
in the same series of three Magnus' salts in our labo-
ratories (10). The results were strikingly in accord
with the suggestions made by Day et al., as may be
seen in Figure 6, which presents The ¢ cruc1al portions
of the out-of- plane absorption spectra obtained by
Kramers-Kronig analysis of the corresponding reflec-
tion spectra. The strong ultraviolet absorption band
is found to occur at 34.5, 34.4, and 39.9 kK respec-
tively for MGS, Me-MGS and Et- MGS in excellent agree-
ment with the results of diffuse reflection. It was
also possible to develop a guantitative correlation
between the position and intensity of the strong ultra-
violet band in these systems and the corresponding out-
of-plane visible intensity. Strong evidence was thus
provided for the proposal that interaction between the
exclted states responsible for the visible bands and
that of the ultraviolet transition plays a substantial
role in the perturbation of the visible spectra.
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The bands shown in Figure 6 were thought by both
Day and coworkers and our group to be correlated with
the solution band of K,PtCly that peaks at 46.3 kK
with a max}mum molar extinction coefficient of
10,230 cm” mM-1 (11). This transition would clearly
have undergone an intensification in the MGS crystal,
but in estimating the magnitude of this effect one
must first observe that the e-values reported in Fig-
ure 6 must be divided by 3 for comparison to solution
values and, secondly, note that a true comparison of
intensities requires integrations over the bands. Re-
cent studies (12) indicate that this band intensifies
by a factor of approximately 2.5 in going from K2PtClu
to MGS. Thus, although the behavior of the ultravio-
let band in the Magnus' salts in some ways parallels
the visible band of the nickel glyoximates, it differs
in one crucial factor: it does not show the dramatic
intensification observed for the green band of NiDMG
in going from essentially infinite metal-metal sepa-
ration to one of 3.25 R, This intensity behavior is
in accord with the picture developed for NiDMG, if one
recalls that in Magnus' salts one is dealing with
ligands that do not possess unsaturation. In Equation
4, therefore, c, would become zero for MGS and related
compounds and t%e transition would be essentially
d —> p at all stages of solid-state perturbation.
Hence one would not expect in this case to see a dra-
matic drop in intensity as one moves to the "single-
molecule" spectrum.

This interpretation of the Magnus' salt spectra
of course carries strong implications for the 46.3 kK
solution band of K,PtCly: it should, if this picture
is correct, at leagt have a component that can be
associated with a platinum ion 5d,2 —> 6p, promotion.
Since at the time this proposal was made the 46.3 kK
absorption was generally thought to be ligand-to-metal
charge-transfer in character (4,11), a study aimed at
characterizing the high-energy allowed bands in
K2Pt014 and related compounds was undertaken.

Tetrachloroplatinate(II) Ton and Related Systems

Figure 7 shows the solution spectra of K,PtCly
and KoPdCl)y. It will be noted that the 46.3 KK band of
KoPtCl)y has roughly the same epgx and, except for its
s%ructure, is very similar in appearance to the 35.7 kK
K,PdC1ly band. It was thus rather generally accepted
(il) that these two bands were correlated with one
another, that the 46.3 kK PtC1,2- band was strongly
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red shifted when Pd was substituted for Pt, and that
the second PdClqz' band had similarly red-shifted from
its vacuum-ultraviolet location in PtClp2-. Moreover,
the whole array of strong quartz ultraviolet bands in
these ions was taken as being charge-transfer in
nature.

In order to examine the validity of this picture
and, more particularly, to explore the possibility of
a d —> p transition being involved in the 46.3 kK
PtClue' band, the reflection spectra of K,PdCly and
KoPtCly were obtained and are shown in Figures 8 and
9. It is clear that KpPtCl)y contains a strong high-
energy out-of-plane transition, while K,PdCl) displays
no analogous absorption. If one makes the reasonable
assumgtion that comparable transitions occur in
PtC1y°~ and_PdC1j,°-, then the behavior of the out-of-
plane PtClqe' band is just the opposite of that former-
ly thought to be the case - it shifts to higher, not
lower, frequencies on moving from PtCl 2- to PdCluz'.

+ Examination of the d —> p transitions of Pt and
Pt' and the comparable palladium species reveals a
blue shift similar to that inferred for the tetra-
chloro ions as one moves from platinum to palladium
(11), a correlation that lends additional plausability
to the d —> p assignment in PtCly2-. One may also
note that at least two predictions flow from the fore-
going discussion:

1) Since in ammonia the electrons analogous to
those thought to participate in the lowest-
energy ligand-to-metal charge-transfer band
in PtCl,<~ are tied up in bonding, one would
expect %his band to occur a% considerably o-
higher energies in Pt(NHz)y * than in PtC1y“,
while the 54,2 —> 6p, transition, being con-
fined to the metal, should be found in roughly
the same spectral region for both ions.

2) Since the strong out-of-plane fransition in
the solution spectrum of PtCl)<”™ undergoes an
approximately 12 kK shift in MGS, it might be
expected that the d —> p transition hypothe-
sized to occur in the vacuum ultraviolet in
the free PAC1ly2- ion could be shifted into the
guartz ultraviolet in the spectra of the
palladium analog of MGS ([Pd(NH,),][PdC1y,]).

One in fact observes a strong trangition in
aqueous solutions of Pt(NHs)jCl, (11l) and recent
crystal studies (13) have Shown this transition to
have an out-of-plane polarization. Likewlse, the
palladium Magnus' salt shows a moderately strong out-
of-plane absorption peaking in reflection at
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Figure 8. Polarized single-crystal reflection spectra of K,PdCl,. The
|| curve obtained when electric vector of the incident light vibrates
parallel to the molecular planes; | curve obtained when it vibrates

perpendicular to the molecular planes (11).
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45.8 kK (14). The findings for Pt(NH )4012 are parti-
cularly significant relative to the 53

assigrment, since for Pt(NH )42+ it is difficul% to
propose an alternative assignment for an out-of-plane
band occurring in the 45-50 kK region.

Characterization of the Excited State

Having reached the point where one has developed
a reasonably good picture of the single-molecule ori-
gin of the crucial solid-state absorption bands in
these systems, the next logical step is to seek know-
ledge regarding the nature of the excited states
assoclated with these bands. In particular, one would
like to distinguish between the view that would char-
acterize the transition here as an essentially intra-
molecular one that is highly perturbed by its environ-
ment and those that would invoke varying degrees of
delocalization in at least the excited state.

As has been pointed out previously (3), mixed
crystal experiments of the general type done by Banks
and Barnum (15) and Basu, Cook, and Belford (16)
could have an 1lmportant bearing on this problem. Un-
fortunately, this earlier work on the glyoximates,
which was carried out on colloidal suspensions and
NaCl pellets, appears to have yielded spectra that
were not particularly well resolved. In any case,
these studies resulted in contradictory findings, in
that Banks and Barnum reported a single intermediate
band lying between those of the pure components in
various binary mixtures of the Ni(II), Pt(II), and
Pd(II) dimethylglyoximates, while Basu et al. reported
a series of intermediate bands in such situations.

In light of the above observations, a series of
mixed-crystal studies involving single-crystal mea-
surements was undertaken in our laboratories. The
results of one of these 1nvestigations was recently
reported ﬁlu) In this work "mixed" Magnus' salts of
the form [PE(NHz);1[PdC1ly] and [Pd(NHs))]1[PtC1y] were
prepared and studied via the techniqués of specular
reflection spectroscopy The out-of-plane spectrum
for [PA(NHz)y1lPtC1y] is shown in Figure 10, where the
out-of- plane spectra of MGS and its platinum analog
are also shown for comparison. It will be noted that
the mixed-crystal spectrum possesses a single band
with a width comparable to those of the two "pure"
salts located almost midway between them. It also
shows an intensity intermediate between those of the
pure salts. (All three crystals have essentially the
same unit-cell parameters (17). Thus, the metal-metal
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Figure 9. *Polarized single-crystal reflection spectra of K,PtCl,. The ||
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Figure 10. Reflection spectra when electric vector of the incident

radiation vibrates parallel to the out-of-plane direction of single

crystals of [Pt(NH,),] [PtCl,] ( ), [Pd(NH,),]1[PtCL,] (---),
and [Pd(NH,),][PdCL,] (---) (14)
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spacing and molar concentrations are approximately the
same for each salt.) Perhaps the most surprising fact
developed in this investigation, however, is that the

out-of-plane spectrum of the second mixed Magnus' salt
studied, [Pt(NHz) J[Pac1lyl, corresponds closely enough
to that shown ih %igure 10" for [PA(NHz)y,l[PtCly] that

it can be represented by the same curve.

These findings certainly provide telling evidence
for a strongly delocalized excited state.” It is in
fact as if all that matters for this transition is to
have the metal ions lined up at the appropriate spac-
ing, with the ligands, beyond this role, simply acting
as spectators. As will be noted later, however, the
situation has to be somewhat more complex than this.

The 34.5 kK MGS band shown in Figure 6 is the
only one apparent in the out-of-plane spectrum in the
quartz ultraviolet region and, in particular, no out-
of-plane transitions corresponding to the 4,2 —> o
bands of K;PtCly and Pt(NHz))Cly are observed in this
region for MGS.** 1In view o% the high degree of de-
localization now known to exist in these systems, the
most reasonable interpretation of this finding would
appear to be that the 34.5 kK MGS-band has its parent-
age in both the cationic and anionic d —> p tran-
sitions, both having been red-shifted sharply in MGS.
For this reason, current practice in our laboratory
is to use the total concentration of complex species
present, both anionic and cationic, in computing e-
values for MGS-type systems. Recognition is thus made
of the fact that both metal-containing species are
thought to be contributing to the absorptive process
in the Magnus' salts. The e-values and other inten-
sity measures - such as integrated intensities -
obtained for the Magnus' salts are then directly com-
parable to those computed in the usual way for the
component ions as "isolated" species. It will be seen
that this manner of computing concentrations results
in concentration values that are just twice those
based on the number of formula units of the Magnus'
salt in question per liter, which was the basis of the
concentrations used and listed in Reference 10.

*The emphasis here is on the excited state, since one
finds little evidence in, for instance, the d —> d
transitions of MGS or transitions of the NiDMG crystal
other than the crucial green band to make one feel
that the ground state is extensively delocalized.

*xAnalogous comments apply to other Magnus-type salts.
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Comment should also be made at this point on the
differences in the levels of reflectivity shown by
the MGS curves of Figure 2 of Reference 10 and Fig-
ure 10 of the current publication. The improvement
shown in the later measurements primarily reflects
improved sample size and quality resulting from
recently-developed techniques of sample preparation.
The increased reflectivities for MGS in themselves
would lead to increased e-values for the Kramers-
Kronig absorption spectra that result from them. This
effect is, however, opposite to that resulting from
the change in the basis of computing the crystal con-
centration noted above, and one thus obtains roughly
the same ¢ ax for the d —> p transitions of K2Pt014
and Pt(NH3)301, and the 34.5 KK MGS band (12).° An
increased widtg of the MGS band then accounts for the
approximate 2.5-fold increase in integrated intensity
in MGS alluded to in an earlier section of this paper.

Another group of substances whose study is par-
ticularly informative concerning the extent of de-
localization in the crucial excited state in crystals
of the type being dealt with here are the barium salts
of the tetracyano complexes of Ni(II), P4d(II), and
Pt(II). These compounds, which form single crystals
having the general formula BaM(CN)y-4H,0, present a
situation that in many respects parallels that de-
scribed previously for NiDMG. Once again one has a
stacking of the complexes in the solid state - with
consequent "metal chain" formation - and the develop-
ment of a strong, relatively low-energy band that has
no obvious counterpart in the free ions (5,18,;%).

The "solid-state" bands here are again thought to have
as their free-ion parentage relatively weak bands in
the "charge-transfer" region of the solution absorp-
tion spectrum (18).

One of the interesting aspects of the solid-
state studies on these compounds is the fact that one
can prepare mixed crystals of them in which two dif-
ferent complex species appear in the same crystal. One
can, for instance, grow crystals of the following type:

BalN1(CN), ] [Pt(CN), ), -4H, 0 (5)

*Isomorphism of these crystals with the single-anion
crystals has not been ascertained by direct experiment,
but is inferred from the gradual gradation of optical
properties as one varies the composition of the mixed
crystals.
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While the mixed-Magnus' studies had the advantage of
definite ionic distribution in the metal stacks (one
knows that in Magnus' salts the anionic and cationic
species alternate along the chain), one is limited, at
least with the crystals prepared to date, to a 1l:1
ratio of the two metals involved. In the present
situation the advantages and disadvantages are just
reversed relative to the Magnus' salts: one can vary
composition, but the sequenclng along the chain is

no longer known.

If one prepares crystals with a composition
corresponding to x in Equation 5 having a value of
approximately 0.5, the spectral results are completely
analogous to those observed for the mixed-Magnus case:
a single band whose energy and intensity are midway
between those of BaNi(CN)y-4H,O and BaPt(CN))-U4H,0
(18). The unique results of Zhis study are, howéver,
iTTustrated by Figure 11, where there is plotted the
position of the out-of-plane reflection band as a
function of Pt(CN)ye- content for a series of
BaPt(CN%q-BaNi CN)y mixed crystals in which the
Pt(CN)4=2- content is varied over rather wide limits.
Regardless of the amount of Pt(CN)y2- that was intro-
duced into the BaNi(CN)y crystal, only one reflection
band was found, and for even the lowest levels of
concentration of one species in the presence of the
other, this band was assuming "intermediate" charac-
teristics.

The behavior shown in Figure 11, which is paral-
leled by other spectral characteristics of the bands
in question, presents very convincing evidence for
extensive delocalization in the exclted state respon-
sible for the strong out-of-plane band in these crys-
tals. The implication here is that if, as appears to
be the case, the effects of substitution became appar-
ent after 5% "impurity" is introduced, then one would
have to have averaging over a rather large number of
centers in the relevant excited state. Otherwise, one
might expect the development of one or more "inter-
mediate" bands, along with a band corresponding to the
major component, in the earlier stages of substitu-
tion (5,16).

General Discussion

The overall picture that emerges here is one of
a strong parallelism in the optical phenomena observed
for all of the closely stacked crystals discussed.
Thus, in the glyoximates, the Magnus' salts, and the
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Figure 11. Variation of position of the out-of-plane reflectivity maximum as
a function of BaPt(CN), - 4H,O content in mixed crystals of the form
Ba[Ni(CN),1,[P{(CN),1,. - 4H,0.
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cyanides, one finds for the metal-separation dependent
out-of-plane band:
1) Similar behavior with respect to relative
position as a function of the central metal
ion involved (14,16,18).

2) Similar behavior with respect to increasing
metal-metal separation (3,10,18).

3) Similar behavior when mixed crystals are
studied (14,15,18).%

These observations provide a convincing case for
the proposition that one is dealing with basically
the same kind of transition in each instance. If one
accepts the various arguments presented in the fore-
going sections, this transition becomes identified as
a highly perturbed d,2 —> p, promotion.

As was remarked in connection with the mixed
Magnus' salt studies, it is tempting to view this as
a situation in which one is essentially involved with
a chain of interacting metal atoms and to deemphasize
the role of ligands in attempting to understand the
phenomena being dealt with. That this would be an
oversimplification becomes clear when one recognizes,
for instance, that Magnus' green salt, with a Pt-Pt
distance of 3.25 (17), has its strong out-of-plane
absorption located dE—Bﬁ.5 kK (10), while the compar-
able absorption in BaPt(CN)),-4H,0, which possesses a
Pt-Pt separation of 3.27 R, occlirs at 22.6 kK (18,19).
Similarly, the strong out-of-plane absorption band for
B-NiEMG occurs at 20.5 kK (3) and the analogous band
in BaNi(CN)y-UHo0 is observed at 27.2 kK (13), in
spite of approximately equal metal-metal separations
(3,21). Finally, one may note that the ortho-
rhombic form of Ni(II) N-methylsalicylaldiminate,
whose structure is similar to Ni1DMG and has a metal-
metal spacing of 3.30 (22), shows no band analogous
to the NiDMG green band throughout the visible and
quartz ultraviolet (23). Thus, the nature of the
ligand appears to play an important role in the ener-
getics and even the formation of the out-of-plane band
of special interest here.

The specific nature of the solid state pertur-
bation operative in these systems is as yet not de-
termined with any certainty. Early speculations on

*Preliminary studies on single-crystals of the mixed
dimethylglyoximates (20) show that the behavior here
parallels that found Tor the mixed Magnus' salts and
the Pt(II) and Ni(II) cyanide mixed crystal with x
equal approximately 0.5 in Equation 5.
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the electronic structure of these compounds (24)
invoked band formation involving the highest TTlled
d,2 and the lowest empty p, orbitals on the metal ions
making up the chains, and some of the latest work in
this area continues these ideas (25). Alternate pro-
posals (5,6,16,26) have been made in which electro-
static perturbations, excitonic interactions, and
charge-transfer effects are invoked, and in some cases
the d —> p assignment to a greater or lesser extent
challenged. The experimental information now on hand
makes 1t unlikely that an elementary application of
any of these approaches will adequately account for
all the observations, although each of them can be
discussed in terms of a perturbed d —> p transition.
For instance, band theory for MGS (25) predicts sepa-
rate dz2 bands and separate p, bands for the anionic
and cationic species, and thus more than one electron-
ic transition. Even if one invokes lack of spectro-
scopic resolving power as the reason for the failure
to observe more than one transition, such arguments
will not apply to the mixed-crystal experiments.
Similarly, in addition to having to invoke in a some-
what ad hoc manner some extremely large second-order
effects To explain the intensity behavior in the
glyoximates and cyanides, it does not appear that
exciton theory will, at least in a straight-forward
manner, account for the mixed-crystal results., Com-
ments similar to those regarding the exciton mechanism
apply to that of charge-transfer.

The foregoing remarks are not meant to imply that
exciton effects, charge-transfer, and/or band forma-
tion will not figure in the final explanation of the
optical properties of these systems. At this point
all one can say is that none of them obviously and
clearly explains the observations, and more sophisti-
cated approaches appear to be required. Whether one
or a combination of the old approaches, or a totally
new one, will prove adequate remains to be seen. 1In
any case, a sufficient amount of experimental evidence
now exists to provide rather critical qualitative and
quantitative tests for any proposals that are put
forward,
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Introduction

Among square planar d8 complexes 1t might be ex-
pected that those of the lowest formal metal valence
(in the absence of "partial oxidation"{1l)) would ex-
hibit the most striking evidence of extended metal-
metal interaction. This prospect was borne out in 1966
by the work of Pitt and others (2), who first document-
ed the anlsotropic electrical conductivity of dicar-
bonyl acetylacetonato-rhodium(I) and -iridium(I).

As 1llustrated in Figure 1, these compounds cry-
stallize (as do many of their analogs discussed in this
Symposium) with the planar molecules stacked parallel
to each other in chains and short metal-metal distances.
The compounds were first prepared by Bonati and
Wilkinson (3), and the crystal structure work by Balley,
et al (4), has shown the two structures to be isomor-
phous, with a 3.@65 M-M separation for the rhodium com-
pound and a 3,208 separation for the iridium compound.
The space group is Pl with 2 = 2. The molecular sym-
metry is Cpy, although the site symmetry is, of course,
only Cq. Pitt found the dc electrical conductivity of
single crystals to be 100 times greater along the M-M
direction than perpendicular to it for the rhodium com-
pound and 500 times greater for the iridium compound
(g). He suggested that we might try to determine the
polarized single crystal electronic spectra as an
adjunct to the electrical measurements, but 1t was
obvious at a glance, from the lustrous, metallic appear-
ange of the crystals, that absorptivities in excess of
102 were involved, which would preclude consideration
of single crystal absorption techniques. However, the
success of Anex (25 in deriving polarized single cry-
stal absorption spectra from specular reflectance mea-
surements suggested that this might be a useful tech-
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nique to try in this instance. We have constructed
equipment for this purpose and the results of our mea-
surements on these rhodium and iridium complexes form
the basls for this paper,

Single Crystal Micro Specular Reflectance Attachment
for the Cary-l4R

Figure 2A shows a schematlc dilagram of our polar-
ized micro specular reflectance attachment for the
Cary 14R spectrophotometer, We chose to base the
equipment on a high quallity spectrophotometer rather
than starting "from scratch", in order to take advan-
tage of the lnherent long term stablility of the double
beam instrument and 1its high resclution scanning mono-~
cromator. The attachment fits within the extended cell
compartment of the Cary 14R; 1t 1is not attached to the
compartment, but 1s placed within 1t and aligned by
screws vertically and horizontally. Once aligned, the
accessory can be taken out and replaced without further
alignment. As shown in Figure 2A, the monochromatic
light beam enters from the signal generator compartment
through a calcite Glan-Thompson polarizer (P) in the
left wall of sample compartment, passes through a
quartz substrate beam splitter (BS) and is focused on
the surface of the sample (S) by a 36X Cassegrain
microscope objective (0O). The sample 1s aligned by a
gonlometer (Gg so as to reflect the beam back through
the obJective. The light thus impinges on the crystal
at nominally normal incidence. The reflected intensity
strikes the beam splitter and that which 1s reflected
is directed by plane mirrors (M1, M2, M3) back into the
normal path for the instrument and thus to the detec-
tor. Concurrently the reference beam is attenuated by
neutral density filters and an iris diaphram so as to
balance the beams within the range of the slide wire.
'In order to avold back reflection from the central
mirror of the Cassegrain optics, the obJective 1s used
in an off axls orientation, as 1llustrated 1in Figure
2B, The designh of this equipment is very similar to
that used previously by Anex (5) except that 1t 1s an
easlly interchangeable accessory to an existing 1n-
strument. It 1s described more completely elsewhere @9.

The Electronic Structure of Planar d8 Complexes

For a planar Cy, d8 complex the orientation of the
axes gilven in Figure 1 leads to the highest filled d
orbital being the d,o_.o (aj 1n Co,) and the lowest
unfilled, the dyy (%2 In Coy). Thls orientation em-
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Figure 1. Molecular structure and crystal packing
of M(CO).acac

= R-% y ES/ "
mnnchisneter L;I / ........
1

i

M\

‘..‘.......>_
deiector

Figure 2. Single crystal microspecular reflectance attachment for

the Cary 14R spectrophotometer. (A) Incident (——) and reflected

(—-——)ﬂli‘ght paths. (B) Orientation of light path with respect to
objective axis.
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phasizes the importance of the metal-metal Interaction
and 1s the same as that used by Martin (7) recently 1in
his analysis of the spectrum of the analogous Pt(en)ClQ
In such a molecular system one might expect to observe
several types of transitions, including ones localized
on the metal, others involving transfer of electron
density from the metal to the ligands and visa versa,
and still others localized on the ligands. Some of
these are 1illustrated in Figure 3 along with the sym-
metry properties of the ex_.ited states and the mole-
cular axls along which each would be allowed. The
ground state 1s of course Al in these diamagnetic
compounds.

Results and Discussion

Solutions of Rh(CO)oacac and Ir(CO),acac are only
faintly colored, in marked contrast to tﬁe lusterously
opaque solids. The spectra of the two compounds in
chloroform solution are shown in Figure 4. The resol-
ution 1s not very inspiring, but in both spectra
essentlally the same pattern 1s observed; that 1is,
three strong bands, each accompanied by a weaker
shoulder. Although it 1is possible that some ligand-
ligand bands are involved here--particularly in the 33
kK region (8)--these bands might otherwise logically
be assigned to either d-d or charge transfer transi-
tions. In terms of metal localized transitions the
three stronger bands would be the three spin-allowed,
symmetry-allowed bands and the shoulders, the spin-
forbidden counterparts. However, observations on
Pt(II) complexes would suggest that the spin-forbidden
bands should be expected at considerably lower energy
than those observed here. Charge transfer, on the
other hand, appears a much more likely explanation--
at least for the more prominent features at 30.5 and
39.0 kK for the rhodium complex and 29.2 and 39.2 kK
for the iridium complex. (The region around 33 kK
likely involves an acac transition, though the differ-
ence in absorptivity and band shape between the two
compounds may indicate a third prominent charge trans-
fer transition here also.) The larger size of the
iridium would predict lower energy charge transfer than
in the rhodium analog, whereas the d-d transitions
would be expected at higher energy. Thus, the rela-
tively low energy of the iridium bands favors the
charge transfer assignment. These tentative assign-
ments are summarized in Table 1.

Before we completed our specular reflectance
accessory we attempted to quantify the intense absorp-
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Figure 4. Solution spectra of M(CO),acac
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TABLE 1
M(CO)2acac SOLUTION SPECTRA

M = Rh M =1Ir Assignment
Energy (kK) €rax  ENErgy (kK) € ax
27.0 500 26.5 500 d-d
30.5 4000 29.2 3000 d-Lm
32.0 500 31.9 200 d-d
33.8 2000 33.8 2500 daLm
35.5 800 36.3 200 dad
39.0 4500 39.2 3000 d-aLm

tion of these compounds in the solid phase gilving rise
to the metallic luster, by measuring the spectra of
mulls and KBr pellets. The mull spectra were of rather
poor quality and, although the KBr disks did, in fact,
reveal a strong visible band in both compounds between
14 and 20 kK, the results from run to run were not
reporducible and gave evidence of decomposition during
preparation--particular when the samples were ground in
the presence of oxygen. Furthermore, the polarization
properties of the solid state band or bands were of
course not available from these nonoriented samples.

From material generously supplied by Pitt we were
able to grow high quality single crystals of both com-
pounds with faces of ca. 1 mm square. The rhodium
erystals were grown by slow sublimation at reduced
pressure and the iridium crystals, by slow evaporation
of acetone solutions.

In Figure 5 is shown the polarized specular re-
flectance electronic spectrum of Rh(CO),acac measured
in the Cary 14R. The most prominent feature 1s the
intense z-polarized band at 19.1 kK. In Figure 6 we
see the analogous data for the iridium compound. Again
the most prominent feature of the spectrum is the z-
polarized band in the visible., It is at lower energy
than in the rhodium analog--so low in fact that it 1s
the lowest energy band observable within the range of
the GaAS detector.

The data were obtained by substracting the appar-
ent absorption of the instrument with the reference
mirror in the sample position (Aper) from that with
the crystal 1in position (Acryst): with all other con-~
ditions the same. The reflectance R of the crystal 1is
‘then given by

R w)xlo‘(Acryst‘Aref) (1)

cryst(w) = Rref(
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L Rh(CO)2ococ

Specular Reflectance
z —

20} Xy —--—

40 30 2.0
Figure 5. Polarized single crystal specular reflectance spectrum of
RKCO).acac
I 1r(CO),acac

Specular Reflectance
z
.20F XY ——~ =

0 e i A n ' I
40 30 20
. kK
Figure 6. Polarized single crystal specular reflectance spectrum of
Ir(CO)zacac
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Rper(w) was determined by Planar Optics over the range
5-50 kK. Data polnts were taken manually from the Cary
recorder chart and fed into a PDP-15 computer which
calculated the R.., St(w) and plotted reflectance vs,.
energy spectra (prggrams PSRC, SRI, FIXR and PLOTR). A
values used were the average of 3-5 runs on different
crystals, The standard deviation of the raw data was
normally < 5% except in the high energy region (<ULOkK).

The reflectance data were used as input to a pro-
gram (KRAMER) which calculated the phase shift and from
this the other necessary optical constants n, k, and e.
The methods used are similar to those reported by Anex
(5) and by Stern (9) and others and amount to a
Kramers-Kronig analysis. In such a calculation the
phase shift 6 depends on the reflectance at all values
of p from -« to +», and thus some estimation of the
reflectance at energies higher and lower than the
region of observation (11-40 kK) is necessary. Sev-
eral procedures have been used to make this extrapo-
lation, including setting the reflectance outside the
measurement interval equal to an adjustable constant
(10) or an exponential function (9), or generating a
dummy band in one or both of the cutlylng regions (5).

We found a modification of Stern's exponential
method (9) most satisfactory. In this method

R = R1 (w/wl)p w < w (2a)
R =Ry (wy/w)? ® > w, (2p)

where Ry and wy; refer to the reflectance and energy at
the lower 11m1% of the measurement interval, and

and wpo to the corresponding values at the upper limit,
The values of the phase shift for w below the measure-
ment interval (61), in the interval (65), and above it
(63) are then

Il

R w.) wy + W 10 (w/uw )2n+1
1 0 0 1, P 1/ %0
el(wo) = 5= in R in — + = X —
m 1 Wo T % Tn=0 (2n + 1)
o (o) wy fwz AnR( w) -2nR{wy) . (30) (3a)
2\%/ =7 w 2 2 w
1 U.)O - W
2n+1
1 Ro wp = wy g 10 (uy/w)
e3(wo) =55 0 groy 4o - + T =,
m wo wy T Wy Tn=0 (2n + 1)

(3c)
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From equation (3) values of € = 67+6p5+63 were calcu-
lated using values of the parameters p and q empiri-
cally chosen according to the following crilteria:
éa; 8 is positive on the interval wy < w < wp;
b) the calculated extinctlon coefficient, k, 1s
nearly zero in the neighborhood of wq;
(¢c) the smallest possible values of p ané q are
used to obtain the conditions in (a) and (Db).

Criterion (b) was established because it was assumed
that the complexes studied are nearly transparent in
the neighborhood of ; (ca. 11 kK). Criterion (c) was
established so that t%e calculated results would have
the least possible dependence on the emplrical para-
meters. No workable criterion could be established for
choosing the high-frequency parameter, q. It was ex-
pected that the complexes would have rather strong
absorption bands beyond the high-frequency cutoff,
(ca. 45 kK), and it was impossible to guess the magg?—
tude of the phase change which would be imparted by
these bands. Since the calculated value of @ near wo
could be widely varied, depending on the value q
chosen, not much confidence can be placed in the mag-
nitude of 6 above 30 to 35 kK. The shape of the curve
was not changed to an appreclable extent, however, by
wide variation of q; therefore the general features of
the calculated spectra are valid.

Once sultable values of 6 were established, the
refractive index, n, and the extinction coefficient, k,
were calculated, and lastly, values of the molar
absorptivity, e, were computed from k by the following
expression:

elw) = praklu) (1)

where w 1ls the frequency in cm_l and M 1s the concen-
tration of the crystalline complex in moles per llter.
Figure 7 shows the derived molar absorptivity of
Rh(CO)oacac. Four bands are evident, thg most promi-
nent being at 19.1 kK with an ¢ of 15x10-, allowed, as
noted before, only along the metal-metal axis (z). oOf
particular interest also are the two lower energy bands
at 14.6 and 15.L4 kK, one xy, the other z polarized.
Although, as Anex (1l) has pointed out, spurious bands
are often observed adjacent to regions of high reflec-
tivity, it 1s interesting to note in this case a band
is observed in the xy polarization even though there
is no adjacent region of high reflectivity in that
orientation of the polarizer. The fourth band is also
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xy polarized and 1s seen at 32.5 kK.

Figure 8 shows the corresponding results for the
iridium analog. In this spectrum only the strong z-
polarized band at 17.6 KK seems to be well defined.
This is almost certainly analogous to the 19.1 band of
the rhodium crystal. Because of the low-energy limit
of the detector it was not possible to cover the region
where weaker bands corresponding to the 14.6 and 15.4
kK bands of the rhodium compound were observed.

In assigning these spectra, either a molecular or-
bital band model or an exciton model 1s possible. Both
of these models are considered in detail in other
papers in this symposium with reference to closely ana-
logous "square planar" complexes. Our own considera-
tion of these possibilities led us first to estimate
the gap which might develop between a filled d,2 mole-
cular orbital band and an empty p, band. The orbital
energles were calculated by a mod%fied Wolfsberg-
Helmholtz scheme. 1In the absence of available mole-
cular orbital overlap integrals, the overlaps were
based on atomic orbitals. These relatively crude cal-
culations lead to estimated band widths for the rhodium
d,2 and P, bands of 6 and 50 kK, respectively, with a
band gap of 26 kK. For the iridium compound the p,
band width 1s estimated to be 13% smaller, but the d22
band width, 50% greater, leading to an appreciably
smaller band gap than in the rhodium complex. This
would predict lower transition energy and greater con-
ductivity for the iridium compound, 1in agreement with
observation. Although the size of the estimated band
gaps 1s reasonable compared to the 19.1 and 17.6 kK
energles of the prominent bands, this model offers no
explanation for the lower energy bands observed in
the rhodium compound. Presuming that these bands are
not artifactual, this 1is a serious drawback to the
simple MO model.

The above considerations led us to explore the
predictions of an exciton model. Martin (7) has
recently presented arguments for assigning the solild
state bands in Pt(en)Clp, to both Frenkel and ionic
exclton transitions. Assuming the same basic dipolar
model (7), one should expect in these rhodium(I) and
1ridiumris complexes also that Frenkel exciton states
based on z-polarized bands in the 1isolated molecule
should be shifted ca. 12 kK to lower energy. The ab-
sorptévities of the prominent z-polarized bands of ca.
15x10° are Just three times those of the solution
spectral transitions at 30.5 and 29.2 kK for rhodium
and iridium, respectively. This 1is the required rela-
tionship between the intensities of the z-polarized
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Rh(CO),acac
Derived Molar Absorptivity
15}
z
XY = e e
bol
2 10}
x
w
5t
0

Figure 7. Molar absorptivity of Rh(CO).acac derived from specular reflectance

Ir{CO) acac
15t Derived Molar Absorptivity

z
XY —— —

0

40 30 20
Figure 8. Molar absorptivity of Ir(CO),acac derived from specular reflectance
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spectrum and those of the solution spectrum, and
supports the assignment of these bands to Frenkel ex-
citons based on the d,2_.2 (a;) » L_ (by) transitions
in the isolated moleculeg, with Davydov splittings of
11.4 and 11.6, respectively.

Turning to the weaker transitions in the rhodlum
crystal, we might consider first those at higher energy
than the 19.1 kK band. Those at 32.5 and ca. 40 kK
appear most likely to be unperturbed molecular transi-
tions. The tall on the high energy side of the 19.1 kK
band could conceivably be due to spin-forbidden d-d
transitions which gain intensity by spin orblt coupling
and excited state mixing with the exciton band.

The two bands which appear at 14.6 kK (z) and 15.4
kK (xy) are more difficult to rationalize. The z~-
polarized band may also be associated with a Frenkel
exclton state, based perhaps on the d + L_ transition
at 27.0 kK. However, since a Davydov splytting can
only increase the energy of an xy-polarized transition,
the band at 15.4 kK cannot be the result of a Frenkel
state. On the other hand, it could be due to an lonic
exciton state similar to those described by Martin (7)
for Pt(en)Clg. Such states involve excltatlon of an
electron from a fi%led dy, or dy, orbital on one mole~
cule to an empty dy, orbifal on“an adJacent molecule.
One of these excitations (dy, = as.) 1s y-polarized and
the other, x-polarized. If %his t¥ansition 1s derived
from the 32.0 kK d-d band in the solution spectrum, the
observed shift is 16.6 kK, which is within reasonable
bounds. The assignments of the crystal spectra are
summarlzed in Table 2.

Although the possibility of confirming additional
ionic exciton states as described above 1s appealing,
and the flexibllity of the exciton model offers rea-
sonable explanations for all the features of these
spectra, 1if further investigation should show that the
lower energy bands in Rh(CO§2acac are (as Anex (11) has
suggested) artifactual, the apparent advantage of the
exciton model over the molecular orbital model would
be considerably diminished.
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TABLE 2
M(CO)zacac SINGLE CRYSTAL ABSORPTIVITY (DERIVED)

Energy (kK) emax(z) € (xy)

max

M = Rh
15,6 1000 - dad Frenkel exciton
15,4 - 720 d-+d Ionic exciton
19.1 14000 - d-L; Frenkel exciton
2k 1000 - d=+d Spin forbidden(?)
32.5 -- 3500 daL
4o - 1000 d-»LTT

M =1Ir
17.6 15000 - daL, Frenkel exciton
22 - 1400 d=d Spin forbidden(?)
25 4000 - ?
35 5000 2000 daL. (?)

Literature Clted

w N

ow 0 oW\

—

ja
=
.

Krogman, K., et. al., in paper no. of this
Symposium discuss "partially oxidized" compounds.
Pitt, C. G., et. al., J. Amer. Chem. Soc. (1966)
88, L4288.

Bonati, F, and Wilkinson, G., J. Chem. Soc.
(London) (1964) 3156.

Bailey, N. A., et. al., Chem. Comm. (1967) 1041.
Anex, B, G., Mol., Cryst. (1966) 1, 1.

Dessent, T. A, and Palmer, R. A., to be published,.
Martin, D. S., et. al., J. Amer. Chem. Soc. (1971)
93, 5433.

Cotton, F, A., Harris, C. B. and Wise, J. J.,
Inorg. Chem. (.967) 6, 909.

Stern, F., Solid State Phys. (1963) 15, 338.
s%hgtz, P. N., et., al., J. Chem. Phys. (1963) 38,
2650.

Anex, B, G., Ross, M, E. and Hedgcock, J. Chem.
Phys. (1967) 46, 1090.

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



21

Directed Synthesis of Linear Chain Metal Complexes

with Well-Defined Cooperative Properties

R. ADERJAN, D. BAUMANN, H. BREER, H. ENDRES, W. GITZEL, H. J. KELLER,
R. LORENTZ, W. MORONI, M. MEGNAMISI- BELOMBE, D. NOTHE, and
H. H. RUPP

Anorganisch-Chemisches Institut der Universitit Heidelberg, D 6900 Heidelberg 1,
Im Neuenheimer Feld 7, GFR

Abstract

A simple band model deduced from the one-electron
metal functions split by an electric field of the 1i-
gands can be successfully used as a guldellne in the
directed synthesis of linear chain transition metal
complexes with strong intermolecular interactions.
One-dimensional metallic behaviour can be found for
instance in planar transition metal compounds with
8 d-electrons but only if small and strongly n-elec-—
tron accepting equatorial llgands are used. Sultable
ligands are carbonyl and isonitrile groups in connec-
tion with iridium(I) and rhodium(I) ions. I.r
'H-n.m.r., 195Pt-n.m.r., e.s.r., u.v. and 1931 p-M5R-
bauer spectra show that increasing bulkiness and in-
creasing electron donating properties of the ligands
considerably decrease the strength of the intermole-
cular metal interactions. A danar transition metal com-
plex with less than 8 d-electrons per metal should be
far better suited for the formation of l1d-metals. But
because of the strong Lewis acid activity of these
compounds the donating solvent molecules occupy the
axial positions of the central metal atom and hence
prevent the self-association necessary for the buil-
ding up of a linear chain. Preparative procedures to
overcome these problems are proposed. The structure
and chemical properties of one of the obtained "mixed
valence" solids which contains a linear I3-chain addi-
tionally is especially interesting since fwo non de-
generate conduction spines are running closely paral-
lel to each other through the lattice.

I. Introduction

Very recently it was shown by a.c. and d.c. con-
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ductivity measurements as well as by optical, X-ray
and neutron scattering experiments that at least one
of the many linear chain metal complexes - a platinum
complex of stoichiometry X, [Pt(CN)ylBrg 5 - 3Hp0 - be-
haves like a one-dimensional metal at rodm temperature
(1). While the evidence for a 1d-metallic state in
this "mixed valence" platinum system at room tempera-
ture is overwhelming and widely accepted, the inter-
pretation of the phase transitions which occur at lo-
wer temperatures and which destroy the 1d-metallic
state seems to be controversial. This controversy mo-
tivates the search for other 1d-metallic transition
metal complexes.

In order to study the aptitude of linear metal
chain compounds to form 1d-metals, first principles
must be developed to direct a synthesis of the best
suited molecules for building up linear 1d-metallic
chains. This problem with respect to the highly con-
ducting organic charge transfer salts of the "TCNQ"
type was recently discussed by Heeger and Garito (2)
and will be outlined in the following sections using
planar metal complexes as lattice elements. These
planned syntheses give rise to the following questions:
"Which kind of molecular parameters of the individual
elements govern the properties of these solids?" and
"What special rules can be set up to prepare suitable
compounds in a systematic way?" In order to find such
rules for the synthesis of tailor-cut molecules, the
electronic structure of planar transition metal com-
plexes, which crystallize preferably in columnar
stacks with direct metal contacts, has to be investi-
gated.

II. Electronic structure of suitable metal complexes

The intermolecular contacts in the known linear
chain metal compounds with direct metal-metal bonds
are brought about mainly by the central metals d-elec
trons. Though most of the complexes have covalently
bonded ligands an overlap of d-functions of the cen-
tral metal ions with appropriate ligand functions can
be omitted in a first approximation, to keep the model
as clear as possible. A very simple and perhaps over-
simplified pure crystal field approach can be used to
explain the electronic structure of the solids. The
central metal ions of planar transition metal com-
plexes residing in columnar stacks are exposed to a
tetragonally distorted octahedral ligand field (fig.1)
exerted by the four equatorial ligands and the two ad-
jacent metal ions in the axial positions. The degree
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Figure 1. Energies of d-electrons in a one-
dimensional linear chain d®-configurated tran-
sition metal complex
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of tetragonal distortion depends on the relative

"strength" of the axial and equatorial ligand groups.

Equal strength of axial and equatorial ligands results

in an "octahedral” field with degenerate d_2 -and

dy2_y2 -levels. If intermolecular interactfons are
included bands are obtained the width of which depends

upon the degree of overlap between the one electron d-

functions. The best intermolecular overlap is assumed

between the dyz2~functions, while the orbitals locali-
zed mainly in the complex plane are less suited for
interactions and therefore give very small bands. Par-
ticipation of ligand orbitals could be added easily if
necessary but would not give a qualitatively different
picture. This model could in contrast to earlier pro-
posed energy level diagrams (3, 4) give a more ade-
quate description of the electronic structure of these
solids, because an appreciable mixing of metal s- and
p-states seems fairly unlikely with respect to the

large energy differences of about 15 eV involved (5).
What kind of consequences can be drawn from this

scheme? This question is first answered in context

with d8-complexes. Most of the known linear metal
chain compounds with direct metal-metal contacts con-
tain metal ions with 8 d-electrons (4). In this case,
all the bands are filled with electrons with the ex-
ception of the dy2_,2-band. This model predicts if the
tetragonal distortidon is appreciable and the energy
gap AE is quite large, a semiconducting behaviour and
only weak intermolecular interactions. On the other
hand the model could explain 1d-metallic behaviour of
d%-compounds as well. Strongly electron accepting 1i-
gands will decrease the energy separation between the
dgz2- and dx2-y2-orbitals and the energy gap would
vanish in a formally "octahedral" field. The former
case is that what is actually found in most known 1li-
near chain d°-metal compounds. But this model clearly
hints at the_strengthening of the predicted weak inter-
actions in d°-complexes with large AE. This goal could
beachieved if it is possible to:

i) diminish the energy gap between the dz2 and
dx2_y2-bands by using suitable electron accepting
ligands,

ii) oxidize transition metal complexes crystallizing
in columnar stacks, so the filled dgz2-band will
be depopulated and a partially occupied band re-
sults no matter how large AE is,

iii) synthesize linear chain metal complexes with less
than 8 d-electrons per metal site.
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III. Choice of Spectroscopic Methods for Identifica-
tion of Co-operative Phenomena

After having set up rules for selecting suitable
compounds there remains the question of how to identi-
fy the variation of intermolecular interactions in dif-
ferent complexes on a quantitative basis. It is neces-
sary to find spectroscopic methods which are able to
identify intermolecular interactions and to classify
their strength. The methods should work on polycrys-
talline samples since the preparation of large single
crystals is often very difficult.

In general, the usually successful spectroscopic
methods: optical, e.s.r., n.m.r., e.g. can be used to
identify collective electron behaviour. Especially ob-
vious are the results of X-ray structure determination
(M-M distances) and of optical methods in the visible
and near infrared region. The mtermolecular interac-
tions cause an intense electronic transition, which in
single crystals is linearly polarized parallel to the
direction of the metal chains and often appears as a
striking anisotropic metallic lustre in cases where
strong interactions take place (1).

There are two methods namely n.m.r. and MdéRbauer
spectroscopy, which can and have been used to measure
electron density at the position of metal nuclei in
the chain and so should be able to identify co-opera-
tive electronic interactions. Results of these two
methods are later discussed in connection with the iri-
dium and platinum compounds. Other methods; e.s.r. aqg
neutron scattering experiments have been used by dif-
ferent groups to examine the collective state in 1li-
near chain compounds.

IV. Choice of suitable transition metal compounds

What we had to do first of all was to synthesize
linear chain metal compounds with moderate intermole-
cular interactions, to vary their molecular constitu-
tion systematically and to investigate their changing
solid state properties by spectroscopic methods. It is
reasonable to start with known linear chain transition
metal complexes, the structures of which are proved by
X-ray analysis. On these selected species a systematic
variation of ligand properties by preparative chemical
methods could be achieved without major structural
changes. The properties of d®-compounds were investi-
gated firstly. The following types of complexes with
linear metal chains and 8 d-electrons per central me-
tal ion are known:
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1 Tetrahalogeno metal anions of the type [M XpIn-
with X = C1=, Br-, CN- like [Pt(CN)yl2- (3).

2 Complex-cations of the typée[M L, ]t with L a mono-
dentate neutral donor like NHz 'or isonitrile. The
cation [Rh(CNR)yl* is a simple example for this
group of compounds (6, 7).

3 In mixing both types of complexes stacks with alter-
nating cations and anions are obtained (Magnus'
Green Salt e.g.) (4, 8).

I Planar dicarbonylmetal(I) species containing the
metals rhodium and iridium. To this group belong
the numerous derivatives of (Pentan-2,4-dionato)
dicarbonyliridium(I) and rhodium(I) (9, 10, 11).

A simple compound of this type is IrfCOi3Cl (12).

5 Bis{(o,B-diondioximato)metal(II) complexes Lﬂi.

6 Bisgmaleodinitri1edithiolato)metal(II) compounds
(13).

Other known special examples of compounds with
columnar structure and d°-central metal-ions are clas-
sified into one of the above groups.

There are only a few compounds known earlier
which could be classified as "mixed valence" compounds
with direct metal-metal interactions and are as fol-
lows:

The most famous examples are the "mixed valence"
solids derived from the platinum(II) complex ions
[Pt(CN)yl2- and [Pt(Cp0y)212= (3).

Halogenocarbonyliridium and possibly rhodium com-
pounds synthesized firstly by Malatesta (14).

Partially oxidized Bis(or,A-diondioximato)metal(II)
%omgounds containing additional linear lodine chains

15).

V. Systematic Variation of Ligand Parameters

There are several well-known examples of the va-
riation of metal-metal interactions with the kind of
ligand. The compounds KpPtCly and its derivatives may
be used as a simple example of the changes which can
be done on this type of complexes and what solid state
consequences will be expected. The intermolecular in-
teractions between the platinum atoms are almost zero
in solid KoPtCly. A large energy gap AE causes solid
state properties to show no sign of collective elec-
tron behaviour. Therefore, the intermolecular platinum
platinum distance is quite large (4, 13 A) (16). How-
ever, as pointed out in the described crystal field
model, the intermetallic interactions can be enhanced
heavily by using moreelectron withdrawing ligands than
chlorine; especially r-acceptors (e. g. cyano-groups).
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In a simple energy schemethis results in a lowering

of the energy of the dy2_-y2-band diminishing the ener-
gy gap. Actually the Pt-Pt-distances in [Pt(CN)yl2-
compounds are considerably decreased and some of the
solid state properties of compounds of this type
clearly show the effect of anisotropic intermolecular
interactions (3). Comparison of different solid My
[PE(CN)y4] or M'[Pt(CN),] species points out that at
least one more important parameter besides the "elec-
tronic" factor has to be considered, the steric requi-
rements of the lattice elements. This is proved by the
dependance of intermolecular metal interactions on
hydration sphere around the cations (3).

Furthermore the interaction can be enhanced by
adding electrostatic attraction between lattice ele-
ments instead of repulsion in the purely anionic
stacks of PtC1y2~. Magnus' Green Salt with alternating
[Pt (NH3),12* and PtC1,2~ units and Pt-Pt distances of
3.25 A”shows considerably enhanced intermolecular in-
teractions with an energy gap AE of about 0.7 eV (17).

But these compounds are not well suited for our
special purpose. In order to find a relation between
the electron accepting properties 'of a ligand and its
sterical requirements on one side and the degree of
intermolecular electron exchange on the other the 1li-
gands have to be varied systematically over a wide
range but in small steps. For this reason we prepared
and investigated a group of isonitrile derivatives
the type [Pt(CNR)j][PtCly] with R= aryl and varied
the ligands systematically by using different substi-
tuted isonitriles (18). As expected on the basis of
the simple model, electron withdrawing groups had an
effect of strengthening the metal-metal interactions
and hence the co-operative properties while electron
donating substituents on the ligand are weakening
these interactions. This is easily shown by studying
the optical properties of the compounds. Complexes
with strongly electron accepting groups, decrease of
AE, absorb strongly in the red part of the visible
spectrum and are deep blue or violet in the solid
state. Complexes with donating isonitrile groups are
absorbing in the blue part and appear yellow for this
reason. By using bulky isonitrile ligands the inter-
actions between the metal ions are decreased as well
but this effect is minor compared to the "electronic™"
effect. Complexes of this type, with bulky and donating
ligands, look yellow generally while the ones with
small accepting ligands look blue, show a typical cop-
per-like metallic lustre which is linearly polarized
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parallel to the needle axis of the crystals (18).

The same systematic change in solid state proper-
ties with the variation in equatorial ligands can be
observed in planar chelatodicarbonylrhodium(I) and
iridium(I) compounds (group 4) some of which cristal-
lize in columnar stacks (9). The anisotropic physical
properties of these solids resulting from intermolecu-
lar interactions, which were thesubject of intense in-
vestigations several years ago (19), can be varied by
chemical synthesis. Complexes of this type, e. g. of
stoichiometry Ir(CO)>(L~L), can be obtained easily by
substituting one carbonyl group and a chloride ligand
in Ir(CO)3CI. The synthesis proceeds especially well
if the tricarbonylchloroiridium(I) is reacted with the
"Triton B" (triphenylbenzylammonium hydroxide) salt of
the ligand (10).

Some conclusions upon the intermolecular interac-
tions can be drawn by looking at their optical absorp-
tion spectra. The interactionsare diminished with in-
creasing size of the ligands and by substituting do-
nating groups and the absorption is shifted to shorter
wave lengths. The electric conductiity is decreased
drastically in compounds with large organic dye bases
as ligands(20).In some cases with very large ligands
even modification changes can be observed, which in-
dicate that the interactions are not very strong in
these solids and that the lattice structure is deter-
mined by the large organic ligand molecules. The con-
clusion that one of the modifications crystallizes
without essential intermolecular interactions is drawn
from the differences in the optical spectra of these
systems. The optical absorption spectra of the two mo-
difications are quite different. One of them shows a
broad band in the "red" which is totally absent in
the second modification, which no longer has signs of
collective electron behaviour (11). We are in the
process of completing the X-ray structure determina-
tion of the different modifications.

The M8Rbauer effect is a more sensitive spectros-
copic probe for the identification of intermolecular
interactions and the more accurate classification of
their strength. It works quite well with iridium
(193Ir) and as shown by our results, the isomer shifts
as well as the quadrupole splittings depend strongly
on the strength of the intermolecular interactions
along the metal chains(21, 22). This is summarized in
figure 2 which shows that a very consistent list of
shifts ist obtained. Negative isomer shifts, relative
to iridium metal as the standard, are found in solids
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which give clear evidence to strong intermolecular in-
teractions in the solid state. The compounds with on-
ly weak metal-metal interactions show positive shifts
and quite large quadrupole splittings.

Especially interesting are the data of these com-
plexes which crystallize in two modifications, one of
which only contains columnar stacks. As expected, the
isomer shifts of the modification without any sign of
co-operative electron behaviour are larger than those
of the deeply colored form crystallizing in columnar
stacks. The quadrupole splittings are smaller for the
compounds with strong intermolecular interactions
growing larger with decreasing influence of the axial
ligands as predicted by the simple crystal field mo-
del. By comparing the M8fbauer results with those of
other spectroscopic methods, it seems that the Mof-
bauer effect is a well suited method in the case of
iridium complexes to classify intermolecular interac-
tions in linear chain metal complexes.

A similar relation between solid state properties
on one side and sterical and electronic ligand parame-
ters on the other hand can be found in ghe "dioximato"
complex series. Numerous complexes of dions with these
ligands were described in the past (4, 23). Especially
strong interactions in these solids are found in the
Bis(1,2- benzoqu1noned10x1mato)metal(II) spe01es the
11gand of which is relatively small and is capable of
delocalizing metal d-electrons (24).

These examples prove that even a8-ions in linear
metal chain complexes are capable of strong interac-
tions giving rise to co-operative electron behaviour as
pointed out by investigations of their optical spectra.
Especially those candidates which have only small and
strongly electron accepting ligands are capable of
very strong interactlions and show collective electron
behaviour in one dimension such as high conductivity
and long wavelength absorptions.Therefore, it _seems
possible to synthesize 1d-metals even with "d%-ions"
if appropriate ligands are used. Ir(Cg) 3C1 which con-
sidered in our opinion to be a pure d®-compound, is an
impressive example that the energy gap AE can be re-
duced very much by using electron accepting groups and
that the d.c.-conductivity can be raised by using
small ligands to almost metalic behaviour.

Neverthelgss the intermetallic interactions in
all of these d° transition metal complexes are not
strong enough to overcome the sterical problems and a
d.c.-conductivity corresponding to a metallic state
has not been achieved. Especially, if using large and
polarizeable organic dye molecules which are necessary
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in the search for a "Little model compound" (25, 26)
the mobility of charge carries is decreased consider-
ably. Therefore we tried to synthesize new "mixed
valence" solids by oxidizing d®-compounds.

VI. Preparation of "Mixed Valence" Solids

The results of oxidation reactions on d8 linear
chain metal complexes were studied thoroughly Hr the
tetrakis(cyano)platinum(II)complexes and some oxalato
derivatives. The first investigations were carried out
more than 100 years ago and the results of all of the
work are well known and are summarised (3).

One important question remains to be answered:
"Why does the oxidation of other square planar plati-
num(II) compounds, crystallizing in columnar stacks,
not proceed to "mixed valence" one-dimensional metals?"
This can be answered by investigating the association
reactions in solution, which lead to linear chains.
This "piling up"-reaction is essentially a donor-
acceptor association between a square planar plati-
num(II) donor and a solvated platinum(IV) acceptor.
The reaction is prevented if solvent molecules occupy
the "axial positions" in the strongly accepting plati-
num(IV) moiety, which cannot be removed by donating
platinum(II) species. A chain is obtained if the axi-
ally bound soclvent molecules can be substituted by the
donating platinum(II) species, that means, if the fol-
lowing reactions proceed to associates;

[c1 - PtIV(CN)y - Hp0]1™ + [Hp0 - Pt(II)(CN)y + Hp01%%

[H0 - Pt{II)(cN)y - PtIV(CN), - Hp012~ + H,0 + C17;
[Hy0-Pt(II)(CN)y-PtIV(CN)y.Hp012™ +[H,0-Pt(CN)y Hp0]%a
(H,0-PtII(CN)y-PEIV(CN) - PII(CN) Yy Ho0147+2H,0;

This type of reaction does take place in aqueous solu-
tion in the case of [Pt(CN)yl12~ and [Pt(Cp04)p12" ions
but is prevented in the same solvent when using com-
plexes of the type PtCly2~ or [Pt(NH3)yl2*, because
either the reduced form of the oxidizing agent (most-
ly halogenide ions) or the solvent molecules are bon-
ded very covalently onto the axial positions of the
platinum(IV) acceptor. If this assumption is correct,
the oxidation should proceed to "mixed valence" com-
pounds only if the reaction can be carried out in non-
donating oxidizing solvents. The medium could be half
concentrated sulfuric acid. The red KpPtCly, the yel-
low Pt(NHZ-CHg-CH2~NH2)ClZ and the green Magnus' Salt
can be oxidized to deeply coloured compounds with a
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remarkable red metallic lustre in half concentrated
sulfuric acid. Chemical and physical evidence clearly
proves that these compounds are mixed valence solids.
Since the reaction is a heterogenous one and for this
reason only powders could be obtained (27) this proce-
dure is not appropriate in the synthesis of 1d-metal-
lic single crystals. We are still looking for other
better suited solvents and oxidizing agents.

On the other hand we have continued our search
for "mixed valence" solids with central metals other
than platinum. In order to obtain partially oxidized
solids only co-ordination compounds, the ligands of
which should be stable against oxidation by halogens
or similar substances could be used as starting mate-
rials. As shown by many investigations dioximato 1i-
gands are chemically very stable and give metal colum-
nar stacks. "Mixed valence" solids isolated by oxida-
tion of Bis(1,2-diphenylglyoximato)-nickel(II) and
palladium(II) have been known for a long time but were
not recognized as strongly interacting metal chains.
In fact the crystals contain stacks of pancaked metal
complexes (with an average oxidation number of 2.33
for the central metal ion) and linear chains of Iz~
units parallel to these stacks. A structure very simi-
lar to the one found in the blue starch-iodine adducts
was proposed. The essential difference is that both
stacks could show collective electron behaviour. This
is very interesting with respect to the prediction
that mobile electrons on two parallel non-degenerate
conduction spines could interact with each other in a
manner proposed by Little for an excitonic high-tem-
perature superconductor (28). A similar solid could be
obtained by oxidizing bis(1,2-benzoguinonedioximate)
palladium(II) and nickel(II) in dichlorobenzene to
mixed valence species which differ in their solid state
properties considerably from their unoxidized parent
compounds. The results of X-ray analysis so far sug-
gest that linear metal and iodine chains run parallel
through the lattice of tetragonal symmetry as shown
schematically in figure 3.

Furthermore we have used another well-known type
of reaction to come to mixed valence solids: the so-
called oxidative addition reactions. This type of re-
action could possibly be used for piling up linear me-
tal chains by adding a tetrakis(arylisonitrile) rho-
dium(III) species to a tetrakis(arylisonitrile) rho-
dium(I) compound in the following manner:
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Figure 3. Schematic of two non-degener-

ate conduction spines in the lattice of bis-

(1,2-benzoquinonedioximatoYiodonickel (11,
v)
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Figure 4. Structure proposed for the RNC ! CNR
“mixed valence” solid diiodotetrakis(2,6-di- : Rh i
methylphenylisonitrile)rhodium(l, 111). RNC I CNR
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Figure 5. Molecular structure of the p-iodobis [tetrakis( phenylisonitrile )cobalt(11)]*
cation in diiodotetrakis(phenylisonitrile)cobalt(II)
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2[Rh(CNR)41* + [Rh(CNR)yIo]*e=
[I-Rh(CNR),~Rh(CNR)~I12* + [Rh(CNR),]*
== [I-Rh(CNR),~Rh(CNR),~Rh(CNR)y~I13*....

By mixing the 2,6-dimethylphenylisonitrile rhodium(I)
and rhodium(III) derivatives in chloroform a sudden
change of color is observed turning from a yellow-red
to dark blue. From this solution a violet solid with a
striking linearly polarized metallic lustre can be ob-
tained. Whether the compound contains directly bound
metal-metal chains or an iodine bridged M - I - M - I
lattice can be decided only after the X-ray determina-
tion has been completed. The preliminary spectroscopic
data indicate an iodide-bridged structure (7) as indi-
cated schematically in figure 4.

Finally we would like to present just one result
which we obtained on our search for linear chain com-
pounds containing d7-metal ions. A typical and very
stable ion with this electronic configuration is co-
balt(II). The earlier report of Malatesta that diiodo-
tetrakis(arylisonitrile)cobalt(II) compounds can be
isolated in two crystalline modifications of which one
is diamagnetic and shows a remarkable metallic lustre
(29) prompted us to determine the exact structure of
one of these compounds (30).The molecular structure of
the tetrakis(phenylisonitrile)cobalt(II) is shown in
figure 5 which is in fact p-iodo-bis[iodotetrakis
(phenylisonitrile)cobalt(II)liodide. The linearly po-
larized optical absorption of the solid corresponds to
a transition along the I - Co - I - Co - I heavy atom
chains all of which run parallel to each other.

Though a pure linear chain d7—compound would be
ideal for our purposes the synthesis of such solids
seems to be very difficult because of the strong Lewis
acid activity of these compounds.
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Magnus Green Salt Solid Solutions Containing Mixed-
Valence Platinum Chains: An Approach to 1-D Metals

B. A. SCOTT, R. MEHRAN, and B. D. SILVERMAN

IBM T. J. Watson Research Center, Yorktown Heights, N.Y. 10598
M. A. RATNER

New York University, New York, N.Y. 10003
Introduction

The class of inorganic solids composed of the partially oxi-
dized platinum chain salts are of special interest to partici-
pants in this Symposium, as they represent perhaps the most ex-
tended type of interaction realizable in the 1-D systems: that
leading to free carriers and metallic-like conductivity. Such
systems are typified by the compound K2Pt(CN)ABro.3°3H20(KCP).

In terms of the known formal oxidation states of platinum (+2,+4)
the stoichiometry of KCP can be written

K2[Pt(II)O.SSPt(IV)O.IS(CN)A]BrO.3.3H20' However, it is clear

from Professor Krogmann's crystal structurel for this compound
that all Pt-sites are equivalent and separated by the extremely
-]

short intermetallic distance of 2.88 A along the [001] stacking
axis. Thus, strong metal-metal interaction involving the 5d22

orbitals, which are the highest lying occupied statesz, along the
c-axls permits the system to attain a fractional, or partially
oxidized valence of +2.3. The x-ray structure shows that the
charge compensating Br ions are located in the interstices be-
tween the [Pt(CN)A] stacks. The interstices also contain sites

for the alkali ions and water molecules. 3.4

Table I, taken in part from recent reviews”’ , shows some
of the considerable number of known partially oxidized platinum
chain salts. All of these salts are composed of tetracyano- or
bisoxalato-platinum complexes. In the structures of these com-

pounds3 the common feature is the presence of [Pt(CN)4] or
Pt(Ox)2 stacks comprised of closely spaced Pt ions with oxida-

tion numbers between 2.26 and 2.40. Charge compensation occurs
through the presence of halide ions in the structure, or vacanc-
les on the alkali-cation sites. For KCP the oxidation number of
2.3 corresponds to 1.7 electrons per platinum; i.e., = 5/6 filling
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of the 5d22 band. This condition leads to metallic-like

electrical conductivity near room temperature. The electrical
properties of KCP, as well as the results of a large number of
golid state measurements, are reviewed by Dr. Zeller in this
Symposium volume and will not be discussed here. Rather, our
primary concern will be the phase diagram of KCP and related sys-
tems shown in Table I. Why do these compounds occur with stoi-
chiometries corresponding to 1.6-1.74 5d22 electrons/platinum?

Is there a special stability in the degree of band filling associ-
ated with these electron concentrations? Answers to these ques-
tions are important to solid state chemists, providing the rules
necessary to design high conductivity into new 1-D metal chain
systems.

In discussing our approach to understanding the stoichiom-
etry of the 1-D metallic-type partially oxidized metal chain com-
plexes, it is useful to consider the oversimplified "binary"
phase diagram of the aqueous K2Pt(II)(CN)4—K2Pt(IV)(CN)4Br2 8ys—

tem at room temperature, as shown in Fig. 1. Here the divalent
platinum complex is denoted by II and the tetravalent complex
designated IV. KCP occurs at a mole fraction, x=0.15 in this
system, corresponding to n(d22)=l.7 and the oxidation state 2.3.

For x < 0.15 compound II and KCP crystallize out of solutionm,
whereas for x > 0.15 KCEB and IV crystallize on evaporation of
the solvent. All of the known partially oxidized platinum salts
can be represented on a phase diagram such as Fig. 1. For ex-
ample, the bisoxalato salts of Table I can be designated on a
phase diagram in which II = (cation)ZPt(II)(0204)2 and

IV = "Pt(1IV)(C,0,).", i.e., a pseudo-compound of tetravalent
27472

platinum. The specific composition at which the partially oxi-
dized compound appears on the diagram ranges between x = 0.13 to
0.20. We term the exact composition of the phase for a given

system "x ", because there appears to be a specific minimum,

magic
or "magic" electron concentration at which the 1-D metallic phase
is stable. The reasons for this are not yet clear, but theories

have been proposed3 and others will be discussed in this as well
as subsequent papers in the Symposium.
In the present paper we wish to indicate an alternative ap-

proach to the 1-D metallic state which attempts to reach xmagic

in a way which we believe provides some clues to the stoichio-

metry of the partially oxidized platinum chain compounds. This

approach is illustrated in Fig. 2, depicting a hypothetical phase

diagram between a platinum(II) and a platinum(IV) compound. We

require that II be an insulating phase with a stacking of Pt(II)
(-

ions at a separation < 3.3 A, and further that the structure of
II contain vacant interstitial sites for the introduction of a
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TABLE I

Partially Oxidized Chain Compounds

Complex Oxidation Number Pt-Pt x  n(d,2)
of Platinum Distance
Kz[Pt(CN)4]Clo.32°3H20 +2.32 2.880 Z 0.16 1.68
Kz[Pt(CN)4]Br0.30'3H20 +2.30 2.887 0.15 1.70
Mg[Pt(CN)4]ClO.28.7H20 +2.28 2.985 0.14 1.72
Kl.74[Pt(CN)4]'l.8H20 +2.26 2.96 0.13 1.74
Hl.60[Pt(C204)2].2H20 +2.40 2.80 0.20 1.60
Lil.64[Pt(C204)2]‘6H20 +2.36 2.81 0.18 1.64
K1.62[Pt(C204)2]'xH20 +2.38 2,81 0.19 1.62
(NH4)1.64[Pt(C204)2]'H20 +2.36 2,82 0.18 1.64
Ba0.84[Pt(C204)2].4H20 +2.32 2.85 0.16 1.68

n(dZZ) = number of 5d22 electrons per platinum

x = mole fraction composition parameter in pseudo-binary
Pt(II)-Pt(IV) system. (See text)

KCP=K, PHCN), Brp 3-3H20

KCP

E KCP +IL
KCP
1
0 oI5 05 1.0
prd 1S
X ——t
KoPHCN), Ksz(CN)4Brz

Figure 1. Oversimplified “binary” phase diagram between
II — K,P{CN), and IV = K,Pt(CN),Br, in water at room
temperature
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charge compensating ion into the lattice. Thus, we wish to create
a solid solution system through the introduction of "Pt(IV)" com-

plexes into the stacks5 with concomitant charge compensation in
the interstitial sites. By analogy with the inorganic semicon-
ductor silicon doped with aluminum, we might expect II to trans-
form as follows with increasing x : II(insulator) -+ p-type semi-
conductor + degenerate semiconductor = 1-D metal. We contend
that the final transformation will occur (possibly abruptly) at

X = xmagic' For the moment we neglect the influence of disorder,

the very likely possibility of one or more miscibility gaps

(8 # 0 in Fig. 2) and other perturbations which may turn off the
metallic conduction (e.g. Peirels distortion), and confine our-
selves instead to the first order problem: What are the solid

state factors stabilizing xmagic? Note also that we have assumed,

for generality, a finite homogeneity range, y # 0, for the 1-D
metal phase in Fig. 2. Fig. 2 would transform into the special

case of Fig. 1 if y =0 and x _ . = 6 = 0.15.
magic

In the present study we have chosen II as Magnus' green salt
(MGS) , Pt(NH3)4Pt014, and IV = K2Pt(CN)4Y2 (Y = C1,Br) and

K2PtCl6. The tetragonal Magnus salt structure is shown in Fig. 3.
It is characterized by the stacking gf square co-planar Pt(NH3)4++
cations and PtClA_ anions at a 3.24 A separation along the crys-
tallographic c-axis, and the relatively long interchain Pt-Pt

distance of 6.35 Z along the <110> direction.6 Previous studies

suggested that the electrical and opt?cal pr:operties7-9 of MGS
could be described by Miller's model’ in which filled 5d22 metal

bands are separated by o 0.6 eV from empty 6pz bands. Recent

band calculationslo, conductivityll’12 and infrared measurements
suggest that the 5d 2—6pz gap 1s v 4.5 eV and that the measured
8,9,%1,12 6 t0 1072 g oca L,
may be impurity dominated. In our EPR studies of M.GSl4 we have
suggested that the signal is due to a self-trapped 5d22 hole

13

conductivities, which range from 10~

whose energy level may lie ~ 0.6 eV above the top of the 5d22

valence bands. Such states are formally equivalent to those in-
troduced by the substitution of Pt(III) for Pt(II) in the Pt(II)
lattice and are introduced into MGS due to the prggence of Pt(IV)
complexes during the preparation of the compound. This situa-
tion is depicted in the band model of Fig. 4, which may be con-
sidered our starting point and equivalent to a solid solution

with a very small value14 of x (=10_4) in the phase diagram of
Fig. 2. 1In the present work we have found it possible to in-
crease x to fairly large values and report the effect of such
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SOLID
SOLUTIONS 10 METAL + I¥

II(SS)

X —— i

Figure 2. Hypothetical phase diagram between a Pt(II) and

P(IV) compound illustrating the approach taken here for achiev-

ing the 1-D metallic state. Parameter § is width of two-phase

region, and vy is assumed homogeneity range for the 1-D metallic

phase. In principle, many intermediate phases all separated by
small immiscibility gaps could exist in such a system.

Figure 3. Stacking of Pt(NH,),> and
PtCl,% ions in Magnus® green salt (6)
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systematic variations in the total electron concentration on
the physical properties of the system. It 1s our contention,
then, that there will be a special x = for which MGS will

in the MGS sys-

xmagic

behave as a 1-D '"'metal”. The approach to x
magic

tem, and its implications for the entire class of partially oxi-
dized metal chain compounds, is thus the main subject of this
work.

Materials Preparation

All platinum salts used in this study were prepared from
99.99% pure platinum metal by standard conversion techniques as
described by Brauerls. Samples of K2Pt016, KZPtCI4 and
K2Pt(CN)4-3H20 were also obtained from Strem Chemicals (Danvers,

Mass.) for purposes of comparison. The results reported herein
were found to be independent of materials source.

The Magnus salt solid solutions (MGS(SS)) were prepared ac-
cording to the following reaction scheme

€9 (a)Pt(II)(NH3)4H + (1;)1’1:(11)014= + (c)Pt(IV)L4Y2= -+ MGS(SS),

where the tetrammine platinum(II) complex was present as the c1”

or 0104_ salt, KZPtCI4 was the anion source, and the molar ratio

(a):(b) = 1. Successful incorporation of higher valence Pt into
MGS was found to occur_under the following conditions: (i) dis-

solution of Pt(IV)LAYZ— dopant into the PtCl4- solution prior to

reaction, (i11) maintaining the solution concentrations in the
range 0.01-0.1 M with (¢) < 0.5(a) = 0.5(b) and finally,

(1i1) rapidly mixing the cation and doped-anion solutions. The
resulting MGS(SS) is metastable as it 1s not the expected phase
under equilibrium conditions. This is because a complex redox
equilibrium occurs during MGS precipitation. For example, if
PtClA_ is eliminated from reaction (4) and L = Y = Cl, we find
2 peTQmy, +Prcl” > [Pr(¥Hy),C A
Such reactions have been extensively analyzed in the past where
the platinum (II)-(IV) redox pair are both present as anions (or
cations), and the resulting substitution reactions are known to

12]PtCl

occur rapidly in the presence of halide ion.16 For this reason
we have carried out reaction (1) in the presence as well as ab-
scence of excess Cl , but this had no discernible influence on
the degree of solid solution formation. The point to be made,
however, is that a redox reaction between the cation and plati-
num(IV) "dopant" 1is also occuring during MGS(SS) preparation un-—
der the conditions of our experiments. If such experiments are
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carried out under conditions required for the growth of single
crystals-for example, by slow diffusion of the components as in

a gell7—the redox reactions have gone to completion prior to
crystal growth and "doping" proceeds under equilibrium conditionms,

yielding only small concentration (x 7 10-4) of platinum(III)
centers. For these reasons we are convinced that the initial
formation of halide bridged chains of the type
Pt(II)...Y—Pt(IV)L4-Y...Pt(II), as in the Pt(II)-catalyzed Pt(IV)

substitution reactionle, is essential to the doping of MGS with
high concentrations of Pt(III) centers.

Experimental Results

Provided that the above conditions for the preparation of
MGS(SS) are fulfilled, the reaction products from (1) are a series
of single phase solid solutions ranging in color from deep green
for the undoped (x = 0) Magnus salt to blue for the most partial-
ly oxidized (SS) phase. The materials were then characterized by
several techniques including chemical analysis, electron spin res-
onance, x-ray diffraction, IR spectroscopy and electrical conduc-
tivity measurements.

Solid Solution Stoichiometry. Using Guinier x-ray diffrac-
tion techniques it was established that the products of reaction
(1) were single phase materials having the structure of Magnus'
green salt. This was done by searching for secondary phases on
x-ray film which had been overexposed to the primary MGS(SS) dif-
fraction pattern. The sensitivity of this technique was found to
be considerably better than 1 mole% of second phase contamination
as determined by analyzing standard mixtures of MGS with other
Pt(II) and Pt(IV) complexes.

Chemical analysis of the precipitated MGS(SS) powders for
the case of K2Pt:(IV)(CN)4Br2 dopant (oxidant) permits direct mea-

surement of the degree of partial oxidation since both carbon and
bromine determinations can be compared. This is shown in Fig. 5,
where an essentially 1:1 correlation of incorporated platinum
(based on the carbon analysis) to incorporated bromine is ob-
served. This suggests that Pt is formally present as Pt (I1I),
since this would require compensation by just one Br . Complete
chemical analysis of the products, moreover, indicates that the
MGS is PtCl, deficient. Similar results were obtained for

K2Pt:(CN)4C12 oxidation of MGS, resulting in the following formu-

lation for the solid solutions:
(3) Pt (11) (NH

(Pt(II)Cl _q(Pt(III)(CN)4)qu,

34 W1
where X = Br ,C1 . Similarly, for doping (oxidation) with K,PtCl,
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ANION 6p;

CATION 6p,

~45eV

=0,6eV

————— I_ — —— 5d,2 HOLES (PtH)

Figure 4. Schematic band structure for
extrinsic MGS
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Figure 5. Number of moles of Pt vs. Br introduced

into MGS by solid solution formation (and partial

oxidation) with K,Pt{(CN),Br,. Potassium concen-

tration is 3 = 2 mmoles for all samples shown. The

two straight lines are the results expected for Pt:Br
=1:1o0rl:2.
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4) Pt(II) (NH,), (Pt(II)Cl -q(Pt(III)C14)q01q'

34 W1
The maximum values of q obtained for the various systems is
shown in Table II. It should be noted that the parameter q as
used in the formulae for MGS(SS) systems is a measure of the de-
gree of substitution of MGS anionic sites by Pt(III). It is of
course related, but not equivalent to, the composition parameter
x of Figs. 1 and 2. For comparison, the partially oxidized
Pt(+2.3) state occurs at x = 0.15 in Figs. 1 and 2 and would be
equivalent to q = 0.6 in Formulae (3) and (4) if an "averaged"
oxidation state were appropriate for the MGS solid solutions.
This point will be considered again in the subsequent discussion.
If the top of the 5d22 valence bands are mostly of anionic

(Pt(II)Cl4=) character, as shown in Fig. 4, then the 5d22 hole is
located on the PtCl4 groups 1in both (3) and (4); i.e., (3) becomes

(&) Pt(II)(NH3)4(Pt(II)C14)1_2q(Pt(II)(CN)4)q(Pt(III)C14)qu.

E.P.R. powder data for solid solutions of the type (4) gave
the following g-tensor parameters: 8| = 1.94 and g = 2.50.

These values are identical to those measured14 for MGS(SS) in
which KZPt(CN)4C12 or Kth(CN)4Br2 is the oxidant; Thus, EPR

suggests that the Pt(III) site is independent of oxidizing agent.
Whether the SdZZ hole resides primarily on (PtC14) or Pt(NH3)4

groups depends on the relative energies of the cation and anion
bands, of course, and we choose the former site to be consistent

with the assignments in Miller's original model.7

Our formulation of Magnus salt solid solution systems places
charge compensating halide ions in interstitial sites in the
structure. Our main evidence for this consists of infrared data
and x-ray diffraction measurements of the lattice constants of

MGS(SS). The far infrared spectrum of the K2Pt(CN)4Br2—oxidized

MGS product with q = 0.2 shows no evidence for a Pt-Br stretch
band. Such a band would be expected for substitution along the
chain, or for charge compensation through replacement of one of
the ligands within the Pt square coordination plane (e.g., re- -1
placement of NH3). The changes in infrared pattern above 700 cm

with increasing q values are shown in Fig. 6. These spectra were
taken for constant solid concentration in the KBr matrix, and
show only the introduction of one new band due to the C = N

stretching vibration_near 2200 cm-l. This is consistent with the

replacement of PtCla_ anions in the MGS structure with Pt(CN)4_

as determined by chemical analysis.
Unit cell data as a function of q for the KZPt(CN)4Br2 oxi-

dized solid solutions, shown in Fig. 7, indicates expansion of
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TABLE II

Solid Solution Limits

Dopant (Oxidizing Agent) q*
K,PtCl . 0.03
K2Pt(CN)4C12 0.08
K2Pt(CN) 4Bl‘2 0.20
*See Eqs. (4), (5).
WAVELENGTH (MICRONS)

3.4 5 6 7 8 9 10 It 12 13 K4 15
LR T vy :

TRANSMITTANCE —

I I I I | | l 1
3000 2000 1500 1200 1000 900 800 700

cm™!

Figure 6. Infrared spectra for MGS(SS) formed by partial oxidation with
K;Pt(CN),Br,. Composition parameter q is defined in Equation 5.
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the MGS cell along the tetragonal ao-axis and contraction along
the SR stacking direction. Expansion transverse to the linear

chains is plausible for Br interstitials combined with the in-
troduction of Pt(CN)4 groups in anionic lattice sites, whereas

contraction along LR is consistent with the attendant introduc-

tion of the smaller Pt(III) ions in the chains. In this connec-
tion it is relevant that all the partially oxidized Pt salts
shown in Table I have very short Pt-Pt spacings. Thus, our ob-
servation of a decrease in ER for MGS(SS) is entirely expected

with partial oxidation (increasing q) of this phase. However,
unlike the metallic-like salts of Table I, we expect two differ-
ent types of platinum sites along the chains: a majority con-
sigsting of the Pt(II) hosts, and the remainder Pt(III) sites. In
fact, the expected disorder along the chain as a consequence of
this arrangement is clearly observed in the x-ray diffraction as
a loss and broadening of (00&) reflections with increasing q.

Electrical and Optical Properties. The formation of mixed
valence solid solutions through the introduction of Pt(III) has
profound effects on the properties of MGS. Measurements of the
d.c. electrical conductivity of powder compactions shown in
Table III show a four order of magnitude change in ¢ as the com-
position was changed from ostensibly pure MGS (undoped, q = 0) to
a solid solution containing the maximum degree of substitution,

q = 0.20., Moreover, the hole ionization energies, Ea’ determined

from the activation energies for electrical conduction become
smaller with increasing q. Although the measurements were per-
formed on compacted powders, these general trends are clearly
evident and quite similar to the behavior of doped three-dimen-
sional semi-conductors as the impurity concentrations are in-
creased.

The optical spectrum in the near infrared region also re-
veals some interesting features. These measurements were carried
out on samples dispersed in KBr pellets. Fig. 8 depicts the spec-
trum for two different "pure" (q = 0) MGS samples. Sample A was
measured in two separate pressings of the same pellet to deter-
mine the variation in optical density to be expected due to var-
iations in sample preparatory technique. The spectra were mea-
sured with no reference in the standard compartment of the spec-
trometer. We ascribe the absorption rise in the 1-2.4p region
of the spectrum mostly to scattering, as there do not appear to
be any distinct bands in this range. On the other hand, Fig. 9
shows the absorption in the MGS(SS) system, prepared with
K2Pt(CN)ABr2 oxidant, for the range of compositions q = 0.05 to

0.2. The new band appearing in this frequency region is intense,
and directly proportional to the concentration of Pt(III) centers
in the sample as determined by chemical analysis based on carbon
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Figure 7. Lattice constants vs. mole % platinum
introduced for MGS(SS) prepared by K Pt{(CN),Br,.
Constants obtained by least-squares refinement of

Guinier camera powder data.
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Figure 8. Spectra of nominally pure MGS in the near IR.
Curves A correspond to spectra obtained in two separate press-
ings of the same pellet; curve B obtained from a separate MGS
preparation made up to the same concentration in pellet as A.
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(CN) content. Excluding the q = 0.05 samples, whose chemical

analysis is least re%iable, we find an absorption coefficient

o= (6.0 +0.3) x 10° 1/mol+cm, assuming the absorption is en-
tirely polarized along the c-axis of the crystallites (i.e.,

A, >> o ).
]] 1)

In addition to the intense absorption peaking near 1.3y,
another important feature of Fig. 9 is the gradual shift of ab-
sorption edge to lower energies with increasing q. This is sug-
gested by the general increase in optical density at 2.4p as q
increases. Although we can not obtain an accurate absorption
edge from the pellet measurements, this qualitative trend is con-
sistent with the lowering of activation energy for electrical
conduction with q as shown in Table III.

It is relevant to point out that early measurements of the
IR spectrum of ostensibly "pure" MGS also reported absorption in

the near IR region shown in Fig. 9. Moreover, Collman et. al.8
reported photocurrent in MGS with excitation between 0.74-2.5n.

Other measurements, including those on much purer MGS samplesl3,

cast doubt on the presence of this absorpt:ion,18 but it is clear
that samples prepared in the presence of Pt(IV) complexes defi-
nitely contain the broad IR peak. We have in fact found the iden-
tical IR band in MGS(SS) samples produced by K.th(CN)4C12 and
Kth:Cl6 oxidation. However, we interpret the absorption as due

to transitions from the SdZZ valence band to the SdZZ bound

8
states, rather than to an interband transition.7’

Discussion

It is worthwhile to review some of the properties of the
mixed valence MGS solid solutions before examining their re-~
lationship to the class of partially oxidized platinum salts of
Table I such as KCP. Previously, we found from EPR measure-

ments'® that "extrinsic'" MGS crystals usually contain small con-
centrations of bound SdZZ holes (Pt(III)) lying ~ 0.6 eV above
the SdZZ orbitals. The Pt(III) holes whose occurence is due to

the presence of Pt(IV) complexes during sample preparation, have
a fairly wide extent-over at least several metal chain lattice

sitesl4. In these studies we have been able to significantly in-
crease the concentration of Pt(III) centers by partial oxidation
with Pt(IV) complexes, resulting in as many as one out of ten

Pt (II) chain sites replaced by Pt(III) for the case of oxidation
with Kth(CN)4Br2 (Table II, q = 0.2). Concomitant with the in-

creasing Pt(III) concentration is an increase in d.c. conductivity
and the appearance of a strong IR transition due to SdZZ band to

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



EXTENDED INTERACTIONS BETWEEN METAL IONS
TABLE III

Electrical Data on Powder Compactions

((1v) = K2Pt(CN)4Br2)

-1
q OpT! (ohm-cm) Ea’ eV
0.0 3.7 x 107/ 0.66
0.12 2.5 x 1072 0.27
0.20 6.3 x 1072 0.15
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Figure 9. Near IR spectra for MGS(SS) prepared from K,Pt{ CZ\();-

Br,. Composition parameter q defined in Equation 5. Similar

results were obtained for partial oxidation of MGS with K.PY( CN);-
Cl, and K,PtCl,.
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5d22 hole excitation. Activation energies obtained from the d.c.

conductivity measurements indicate a decrease in E_, the hole ion-
1zation energy. In what follows we will consider®the potential
the MGS system has for exhibiting a transition to a "1-D metal"

at dopant levels higher than we have been presently able to
achieve and further implications concerning the stabilization of
known 1-D metals such as KCP at special stoichiometries.

By considering the low hole concentration limit, one can more
clearly understand just what might be responsible for a transition
to metallic behavior at higher hole concentration. If we envision
a full band (the MGS limit) and introduce a few local carriers by
substitution, then the carrier, in this case a d22 hole, will not

be freely mobile, but will instead be rather tightly bound to its
site. This binding may arise simply from the coulomb attraction
between the Pt(III) hole and the charge compensating anion and re-
sult in the formation of an excitonic or quasibound particle-hole

state rather than in a free carrier.l9 This coulomb particle-hole
attraction can however be reduced in several ways. As the concen-
tration of dopant and density of carriers increases, the single
carrier potential resulting from the charge compensators will tend
to be screened. This mechanism, analogous to the Mott mechanism
in higher dimensional isotropic conductors, should lead to a semi-
conductor-metal transition. Also, with an increase in doping, the
density of charge compensators which an individual d22 hole sees

will become effectively constant, i.e. independent of the site on
which the hole finds itself. This will occur since the overlap-
ping coulomb tails from the impurity or compensator distribution
will average out the one electron (hole) potential fluctuations
more effectively at high concentrations. For the case of the KCP
limit, there are ~ 0.3 halide ions for each Pt. We suggest that
for KCP it is this stoichiometric ratio, corresponding to the

composition xmagic v~ 0.15 in our phase diagram (Fig. 1) at which

the local exciton state goes over to the metallic state. The

fact that this ratio occurs considerably below a Pt (III)/Pt(II)
ratio of unity comes about because the holes, while localized,

are in extended eigenstates which reach several Pt sites along

the chain. Such interpretation can be inferred from the EPR spec-

trumz’14 as well as the lattice regularity1’3. This indicates
that the hole-anion interaction reduced by hole-hole interactions
and smoothed due to increased halide concentration could result,
at sufficiently high dopant level, in a single hole wave function
with a coherence length sufficiently large to result in metallic-
1like behavior.

It is interesting to note that following Mott's original ar-

gument, the dopant density xmagic %~ 0.15 is in near agreement with

the original Mott criterion for the transition. Following Mott's
original argument, based on Thomas-Fermi screening of the
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carriers, the semiconductor -+ metal transition for impurity con-
duction in a three dimensional system should occur approximately

§/3 ay ~ .25. As Mott and Twose point out,21 a sharp break

in the conductivity of both n-type and p-type germanium occurs in

§/3 ay v .3. In these expressions, ng is the carrier

density and ay is the effective site radius. If we take ay as

one-half of the Pt-Pt spacing along the chain, then né/3 ay v .3

when n

fact for n

at the KCP stoichiometry; thus our suggestion of the role of the

critical stoichiometry xmagic is in accord with the original Mott

criterion for the transition. The dopant density, however, calcu-
lated in this manner must be taken with some reservation. First,
the short distances that we are concerned with, namely the halide
ion-Pt site separation, does not simply justify the use of a
macroscopic dielectric constant. Second, the extreme anisotropy
of the system as well as the fact that the halide ions are located
off the Pt chain will introduce significant modifications into any
screening calculation. It is however interesting (if not fortui-
tous) that the value one obtains from the Mott type estimate is
so close to what is observed.

At the maximum solid solution limit found in our MGS system,
q = 0.2, the holes still appear to be bound so that transport is
an activated process. It is therefore evident that at this com-
position, which is equivalent to x = q/4 = 0.05 in the terminol-
ogy of the phase diagrams of Figures 1 and 2, the doping is still
not high enough to precipitate an electronic phase transition in-

to the 1-D metallic state, i.e. x is still less than x for
magic

this system. With increasing x we can expect such a transition
to occur for MGS. KCP and the remaining partially oxidized metal-
lic phases of Table I have crystallized already at this stoichiom-

etry and as can be appreciated from the ranges xmagic ~ 0.13-0.20

in this table, the precise value of x will be very system
magic
dependent.
Regardless of the specific electronic model required to un-
derstand the stoichiometry of the 1-D metallic Pt salts, we may
ask why KCP (and similar compounds of Table I) do not show a

range of solid solutions from x = 0 to x . That is, why the
magic

difference between MGS, which is following the phase diagram of
Fig. 2, with solid solutions between x = 0 to x = 0.05 < xmagic’
and the metallic partially oxidized systems of Fig. 1? Taking KCP
as an example, there appear to be two main reasons for the differ-

o
ence: the rather large metal-metal distance (3.50 A) in the end
member K2Pt(CN)4'3H20, and the apparent lack of a large enough in-

terstitial site for the substitution of a charge compensating ha-
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lide ion.22 This last requirement may not be a necessary condi-
tion for mixed valence solid solution formation, since alkali
cation vacancies can fulfill the latter role. However, a rela-
tively short Pt-Pt distance, as found in MGS, may be a necessary
condition for the stabilization of the trivalent Pt(IIL) state,
since EPR indicates that even at very low concentrations these
states extend over several lattice sites. Lattice energy may also
play an important role. There is considerable evidence from or-

ganic systems23 that separate stacking ("segregated" stacks) of
cations and anions does not provide high Madelung energy. Thus,
segregated stack-type end members (II) such as K2Pt(CN)4-3H20 may

be considerably destabilized by (SS) formation, whereas the MGS-
type of crystals are not, due to the extremely high lattice ener-

gies of alternate cation and anion stacking.24 Thus, for these
reasons the two phase system of Fig. 1 is more stable in the
cyanoplatinates than the solid solutions of Fig. 2, and the par-

tially oxidized form occurs only when x is reached.
magic

Since we have yet to completely transform MGS into a 1-D met-
al, it is relevant to inquire whether it is possible to complete
the process of continuously introducing 5d22 holes, with charge
compensation, into the lattice until xmagic is reached. Our ex-
perimental work suggests that solution redox reactions are the
limiting feature of the substitution process, and not crystal
chemical factors. For example, the solid solution region is lar-
ger in MGS partially oxidized with K2Pt(CN)4Br2 (q = 0.20) than

with K2Pt(CN)4C12 (q = 0.08). This is the reverse of the extent

of_(SS) expected on the basis of crystal chemical factors, since
€1~ is smaller than Br . However, the greater rate of
K2Pt(CN)4Br2 vS. K2Pt(CN)4012
that the solution redox reaction is the important feature to be
controlled if more extensive solid solution is to be attained.
There are several other compounds in which mixed valence sol-
id solution formation may be possible. Among these are dichloro-
(ethylenediamine) platinum(II), Pt(en)Clz, in which neutral

reduction by Pt(NH3)4++ suggests

Pt(en)Cl, units stack with an intermetallic separation of

3.39 Z.ZE The alkaline earth cyanoplatinates form a more inter-
3,4 with Pt(II)-Pt(II)
separations below 3.3 A. }n particular, MgPt(CN)4-7H20 exhibits

esting group, since many of them crystallize
-]

at Pt-Pt distance of 3.16 A and the structure appears closely re-
lated to that of the 1-D metallic MgPt(CN)401 28-7H20, according

to Krogmann.26 Thus, there exists the strong possibility of ex-
tensive solid solution in this system between x = 0 and
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xmagic = 0.14 (6§ = 0, Fig. 2). The Pt site equivalence present

in these structures also makes them attractive, since the inequiv-
alence of cation and anion sites in MGS (hence strongest mixing
between alternate identical sites) may ultimately be the factor

limiting the attainment of x in that system.
magic
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Studies on Some 1-D Metal Group VIII Complexes

K. KROGMANN

Institut fiir Anorganische Chemie

H. P. GESERICH
Institut fiir angewandte Physik, Universitit Karlsruhe, D 7500 Karlsruhe 1, Germany

The abbreviation "TCNQ compounds" stands for a group of
organic substances with strongly anistropic behavior in
conductivity, reflectivity, and other properties. A similar
abbreviation for an inorganic group of compounds with similar
properties is still lacking besides "KCP" which stands for only
one compound. I am tempted to propose TCMP (= tetra coordinated
metal plane) for this group of square planar complex compounds.
In both cases, the letters give a short hand notation of the
essential structural units, and their similarity reflects the
similarity of their properties.

There are two types of TCMP compounds, the stoichiometric
ones with central atoms in integral oxidation states, and the
partially oxidized (po-TCMP) compounds. The latter are known to
behave 1ike 1-D metals, whereas the former are more or less
semiconducting. Of the po-TCMP, three structures have been
studied to some detail : Ky [Pt(CN)4] Xg,3 - 3 H0 (1) .

Mgg g2 [Pt(C204)21 - 6 H20 ( 2 ), Ir(CO?z,gC]l.l ( 3). They all
contain columns of TCMP units stacked in a staggered manner to
minimize interligand repulsion. The partial oxidation makes the
complex columns less negative than they were without oxidation.
In the first structure (also named KCP), this partial positive
charge per complex is allowed for by incorporating the necessary
amount of halide ions (C1~ or Br™) at sites apart from the
complexes, and occupied up to 64 percent ( 1 ). The second
structure attains electroneutrality by a defect of cations, which
way seems to be favoured by all dioxalatoplatinates and some Ir
compounds ( 2 ). The third structure ( 3 ) is supposed to contain
mainly neutral units without atoms or ions linking the different
columns. The crystals of all these materials tend to grow as thin
needles in one direction only, making it difficult to obtain
crystals big enough for physical mearurements, which is
especially true for the compound last mentioned with VAN DER
WAALS forces only acting between the chains.

We supposed Ir(+I) to be a promising central atom for
po-TCMP compounds because it has less effective charge than
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Pt(+II) in its 548 configuration, and we found a number of salts
containing the Ir(C02)C1o unit, which are of the 1-D metal type
(4). Alist of compoungs is given in table I, showing no great
variation in distances except in the last case, though there are
rather large differences in the degree of partial oxidation (DPG).
The results are based on preliminary single crystal (H*, K*) or
reliable GUINIER powder data. Some of these salts have been

Table I.
Columnar structures with Ir (4)

compound oxidation number distance (R)
Ir(C0)p g3 CI +1.07 2.85
(H30)p,38 Ir(C0)2Cl12 +1.62 2.86
Ko.58 " +1.42 2.86
Csp.5 " +1.50 2.86
(N?me%) .55 " +1.45 2.86
(As(ph)a)g g2 " +1,38 2.86
Li, e ? 2.86
Mg " ? 2.86
Ba " ? 2.86
Ir{C0),C1, Ir(CO)pacetat  +1.50 2.78

previously prepared either by high pressure CO treatment ( 5 ) or
formic acid refluxing (6, 7) of KoIrClg (or similar compounds),
but analyses reported and structures derived from them did not
lead to the correct interpretation. It is interesting to note,
that the Ir(C0)pCls salts are similar to the dioxalatoplatinates
in their cation defect structures as well as in the tendency of
the free acid to from strongly absorbing blue coloured solutions,
which may contain polymers 1ike the Pt acid ( 8 ).
Dioxalatoplatinates of the 1-D type are able to crystallize
in many different phases with no detectable difference in
composition. We reported three Mg salt modifications ( 2 ), but
for potassium, the situation is more complicated, as there are at
least five different powder patterns. Recent single crystal growth
and x-ray studies revealed, that one of the powder diagrams we
named "Phase A" can be obtained from three crystal structures
differing in their superstructures, which do not show up in the
powder photographs. We can imagine several reasons for super-
structures. One already mentioned is the staggered stacking of
ligands leading to a ligand superstructure. There may also be a
lattice period connected with the composition or the degree of
partial oxidation (DPO), which may be called a PEIERLS super-
structure according to the theory of 1-D metals ( 10 ). Such a
lattice distortion was shown for KCP ( 11,12 ) to behave Tike a
soft vibrational mode instead of a static superstructure. The
evaluation of the diffuse scattering effects lead to shifts of
about 0.01 R in the Pt positions along the metal chain. A
reciprocal lattice vector due to a PEIERLS distortion period ch
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should be related to the reciprocal metal sublattice vector ch
by
cp. = e - (DPO)/2

The corresponding superstructure period p is then given by
Cp = Cy * 2/(bPO) ,

which is no simple integer multiple of ¢y in most cases. Neutron
and diffuse x-ray scattering proved such an "aperiodic" but
dynamic superstructure for KCP ( 11,12 ).

On the other hand, the superTattices we observed (table II)
are static, as we see BRAGG diffraction spots, and "“aperiodic",
but with still different periods, at least in the first two
phases AOl and A

B -
Table II.
Superstructure periods in K1 64 Pt(0204)2 - 4 H20, Phase "A"
superstructure
substructure  (cy) Tligand (c ) shifted metal (cg)
triclinic A, 2.84 R 4.00 = 6.63 > cy
triclinic Az 2.84 R 4.00 9.35

monoclinic A, 2.84 R 6.00

The PEIERLS period may be calculated from the composition :
Cp = 5.56 x cy for all phase A modifications, which does not
coincide with any of the observed superstructures.

Preliminary results show that the displacements of the heavy
atoms from the ideal positions are transverse instead of
longitudinal as for KCP. The amplitude of the “shift wave" is
about 0.2 & (Fig. 1). There is also the case of a helical "wave"
in the Ir compound last mentioned in table I, where the radius of
the helix is 0.7 R, and the period is 9.6 > cy.

Many TCMP compounds show a metallic luster, which leads to
the assumption of a 1-Dmetal system. Polarized specular reflectance
spectra clearly distinguish between 1-D metal and semiconductor
systems (po- and no-TCMP), as the comparison of KCP and
Ir(C0), acac shows. The latter is a no-TCMP compound with Ir(+1).
In Fig. 2, the KCP strongly reflects for photon energies less
than 2.0 eV even in the FIR, if the 1ight is polarized parallel
to the chain direction. The Ir(+1) complex with completely filled
valence shell displays a steep maximum in reflectivity up to
60 % at 2.0 eV also, but quite normal values of about 10 % are
found in the IR region. The substance is, there fore, no
1-D metal, although it is of similar appearance as KCP (13).
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Ko [Pt (o), ]-4 40 ["(‘0):“:][" (yac]
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Figure 1. Shifts of heavy atoms from ideal positions in some 1-D metal phases
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Some Comments on the Electronic Structure of
Krogmann Salts and the Stability of Pt 2.31

AARON N. BLOCH* and R. BRUCE WEISMAN'
The Johns Hopkins University, Baltimore, Md. 21218

I. Introduction

Salts of the divalent tetracyanoplatinate or dioxaloplatinate
ions typically display crystal structures in which the planar com-
plex anions are stacked to form linear chains, separated by com-
paratively wide channels containing counterions and water mole-
cules (1). Fram solutions of the camplex which have been partially
oxidized, crystals can be grown having similar structures but con-
siderably reduced metal-metal distances (1) and a formal platinum
valence (1) close to 2.3+. Nominally, these are "mixed-valence"
campounds, but the term is probably misleading inasmuch as X-ray
(1), infrared (2,3), and photoelectron (4) spectroscopic studies
show the oxidation states of all the metal atoms to be equal.
Rather, there is ample evidence (1,5) for the formation of a well-
defined quasi-one-dimensional band structure, including a par-
tially filled conduction band of appreciable width. Hence, wh.11e
their divalent parent campourds are electrical insulators (1),
partially oxidized "Krogmann salts" display large electrical (5, 6)
and optical (7) conductivities along the chain axis, and recently
have excited widespread interest as prototypes for the study of
one-dimensional conductors.

Fram this pomt of view, our understanding of the physics of
these materials is by now well developed (5,8-10). Their theoret-
ical chemistry, however, has received less attention, and several
fundamental questlons remain cutstanding. (a) Why do these unique
structures occur in only two chemical forms (1), the filled-band
(Pt2+) insulators and a series of conductors whose conduction—band
occupations fall in a narrow range near five-sixths filling (Pt 2.3+4)?
(b) Why do the intermetallic spacings (1) vary among the former
group of campounds over the enormous range 3.09-3. 60A, while those
in the latter group are much shorter and restricted to the range

{Alfred P. Sloan Foundation Fellow
Present address: Department of Chemistry, University of Chicago,

Chicago, Illinois 60637
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[+]
2.88-2.98A for the cyanides and 2.80-2.85A far the oxalates? (c)
Finally, why do cyanide and oxalate, alone among cammon ligands to
platinum, farm campounds of this class?

The final disposition of such questions must of course await
detailed calculations of the electronic structure of the materials.
Pending these, however, enocugh experimental information is avail-
able to guide a preliminary inquiry into the basic principles
involved. Such a contribution has already been made by Krogmann
(1), who proposed a plausible answer to (a) and (b) based on sim—
ple one—dimensional band-structure arguments. In this article we
oconsider these arguments in more detail. We find, surprisingly,
that while they probably do answer question (b), they do not
resolve (a). We suggest instead that the fractional valence is a
covalent molecular effect, and represents the optimum value for
stability of the complex anion itself. A tentative response to ()
follows directly.

The paper is divided into seven parts. In Section ITI our
approach is formulated within the framework of current empirical
evidence. We conclude that the arguments of Krogmann (1) are to
be cast in temms of the contribution of a single five-sixths-filled
one-dimensional conduction band to the internal energy of the crys-
tal. As an illustration, this calculation is performed in Section
III using a simple tight-binding model. We find that the band-
structure energy gained from oxidation of the Krogmann—salt struc-
ture to Pt 2.3+ is much too small to provide a realistic answer to
question (a). Section IV inquires whether this conclusion is
altered significantly by improving upon the simple tight-binding
model. Appealing once more to empirical evidence, we find that
neither the tight-binding limit nor the free-electron model recent-
ly proposed by Zeller (10) is fully consistent with experiment. A
simple intermediate treatment corrects this deficiency, but still
does not account for the stability of the five-sixths-filled band.
We therefore suggest in Section V that the effect must reside in
the covalent internal energy of the camplex anion, and briefly dis-
cuss the chemical physics of a system in which the valence can be
treated as a contimous variational parameter. We note that the
most stable oxidation state of a molecule need not be an integer,
and that in practice it can be attained only in unique molecular
crystal structures, such as those of the Krogmann salts, in which
the effective total charge of the molecule is not quantized. The ex-
istence of two stable oxidation states with the same general crys-
tal structure has electrochemical implicationsas well, and Section
VI presents a preliminary experimental account of the electrochemi-
cal oxidation of a single crystal of KpPt(CN)4¢2H20 to a solid-
state galvanic cell. In Section VII we summarize our conclusions.

II. General Remarks

We shall find it useful at the ocutset to review briefly the
salient physics of the materials. The Krogmann salts represent a
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particularly interesting class of model systems in which the roles
of instabilities (11), fluctuations (9), and disorder (8,12) in
the physics of the one-dimensional electron gas can be studied
directly. The metallic state in one dimension is inherently
unstable (11), and the beautiful experiments of Zeller and co-
workers (10) have shown that the platinum chains do undergo a
Peierls distortion (11) with decreasing temperature. The phase
transition is, however, incomplete (13), probably owing to the in-
trinsic structural disorder (1) of the systems. The static poten-
tial fluctuations associated with random occupantion of the coun-
terion and water sites tend to suppress the transition, reducing .
the mean-field transition temperature and placing weakly localized
electronic states in the Peierls energy gap (12,14). Indeed, we
have argued elsewhere (8,12,15) that certain features of the elec-
tron transport and low-frequency dielectric response cannot be
understood in terms of the Peierls distortion alone, but arise
fram a finite density of localized states at the Fermi level.

For the present discussion of chemical stability, however, the
disorder is of scant importance. The potential fluctuations
reun_red to explain the observed transport phencmena (8,12,15) are
in this case but a small fraction of the unperturbed bandwidth (14),
and the configurational entropy associated with the partially
occupied interchain sites make a contribution of but order kT to
the total free energy per molecule (16). The electronic entropy
of the partially filled conduction band is smaller still (16). We
conclude that the stability of Pt 2.3+ resides in the internal
energy of the crystal, and that this is negligibly different from
that of a hypothetical analogous ordered system.

We write this energy schematically as:

U=U,+Ug+Up+ 0y, ()
where Us is the total covalent binding energy of the camplex anion,
Ug the band-structure stabilization of the chains, URr the repulsive
energy between adjacent planar camplexes on a chain, and Uy the
remainder of the Madelung energy of the crystal. Admittedly, these:
distinctions are to same extent arbitrary--the first and second
terms, far example, are never fully separable—-but we shall find
them to be of conceptual value.

Now, we can immediately dismiss on empirical grounds the
possibility that the number of conduction electrons per molecule,
Z, and intermetallic spacing, R, in the Pt 2.3+ Krogmann salts are
determined primarily by Uy. Among the dozens of campourds in the
class, structural and chemical differences which presumably lead to
substantial differences in Madelung energy produce only minor dif-
ferences in 2 and R (1). From those of a typical example such as
KoPt (CN) 4Brg_3+3H20, these parameters change but little when Cl is
substituted for Br; when halogen is excluded altogether in favor
of a deficiency of cations; when oxalate is substituted for cyanide;
when any alkali or alkaline earth metal is substituted for K; when
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the water content is changed; or when the gross crystal structure
itself changes fram tetragonal to triclinic, monoclinic, or ortho-
hambic (1). It is as though the interchain species had been left
to adjust themselves to dimensions and chemical composition which
are essentially fixed by strong intrachain forces.

Toward an elucidation of these forces, Krogmamn (1) has
suggested in effect that the stability of the oxidation state
Pt 2.3+ (Z2=1.7) arises from an optimization of the band-structure
term Ug. Such an effect would represent a rough one-dimensional
analog of the well-known Hume-Rothery rules (17) for the composi-
tion of alloys.

We shall cast these arguments in a simple mathematical form.
As a preamble, we observe that in calculating Ug we are dealing
with a single conduction band, not degerate with any other band at
the Fermi level. This we affimm by using the Peierls distortion
as a probe of band occupancy. The distortion reflects the under-
lying divergence of the one~dimensional electronic response func-
tions at wavenumber g=2kp, where kp is the Fermi wavenumber (18).
Where the conduction electrons are shared by two one-dimensional
bands which overlap in energy at the Fermi level, the Fermi "sur-
face" consists in general of two distinct values of kp; only when
such degeneracy is absent does kp assume the single value wZ/2R.
Now, it is found (13) experimentally that with the small variations
in Z which do occur among the different Krogmann salts (inferred
from their stoichiametries), the period of the distortion also
varies, and always correspords precisely to a reduced wavenumber of
T1Z/R. We conclude that only one hand in the system is partially
occupied.

III. Band-Structure Energy U_ in the Tight-Binding Model

For simplicity of illustration, we treat this band initially
in the cne-electron tight-binding limit (19), and defer to the next
section a discussion of the adequacy of this approximation and the
roles of hybridization and the Peierls distortion. Let E° be the
energy of the relevant molecular orbital ]i>, centered on site i
of the chain, in the presence of the Madelung field but the absence
of any interaction between adjacent molecules on the chain. When
the state |i> is perturbed by the lattice potential of the chain,

Hy=:2;V;, the energy of the one-electron conduction-band state of
wa' mlger k is:

Ek=E°—a—ZBcoskR (2)

Here —0.is the band shift <i|H;|i>, and -Bthe charge-transfer inte-
gral <i|Hj|itl>. BAs usual, overlap integrals S of the form<i|itl>
have been ignored.

Clearly, E° contains local contributions to Uc and UM. To
evaluate Up, we integrate the quantity Ek—E° over all occupied
states |k> of the band:
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= - g0 - 3B oin (T2
UB— Za 1Ts:.n(z) (3)
We note that both a and B are functions of R and Z, and that
the principal dependence of B8 on these parameters is surely expo-
nential. Taking the radial screening constant for the wavefunction
|i> to have roughly the Slater form (20), we write this dependence as

B ~ 8 exp [-(u-nZ)R] (4)

where Bg, M, and n<<u are constants.

In contrast, the variation of the small (19) energy o with
each of the parameters R and 2 is at most a power-law dependence,
camparable with those of typical contributions to the Madelung
energy Uy. This observation has special significancefor the filled~-
band case Z=2, where Up according to Equation 3 is simply -2o.
Under these circumstances, we expect R to be determined largely by
Uy rather than Ug. We thereby account for the wide variation in R
among the divalent parent campounds (1), in partial answer to
question (b).

With partial oxidation of these materials to form Krogmann
salts, the strongly R- and Z- dependent second term in Equation 3
enters Ug, and the situation is altered drastically. On the basis
of our discussion in the preceding section, it is not unreasonable
to regard the interchain channels as a "charge sink", capable of
accammodating as many counterions as are necessary to balance any 2
in the range of interest. To the extent that this is true, the
chains constitute a chemically unique system in which the number of
bonding electrons may be regarded as a variational parameter. If,
as suggested by Krogmann (1), Z is determined by Ug, then for
given R the observed Z must correspond to a minimm in Up:

ou
B -~ - 2 , 4 3B
57 |lr = © (a+280057+-1?§—Z—R

When Equations 4 and 5 are combined, a transcendental equa-
tion is obtained relating R and Z. A typical solution is shown in
Figure 1. Here we have simply determined p and n according to
Slater's rules (20), and adjusted the ragtio B,/0 so as to reproduce
the experimental value 2=1.7 for R=2.88A. More elaborate fitting
procedures are certainly available, but we have found no physical-
ly reasonable choice of parameters which substantially alters
Figure 1 or our final conclusions.

Under the condition imposed by Equation 5, we are now in a
position to calculate Ug fram Equations 3 and 4. The result is

sin 72 (5)

- sin(nz/2)
Up/® = = 2 * 75y cos (7z/2) + (3ink/32) Sin (12/2) (6)
Equation 6 is plotted in Figure 2, which represents the variation
of Ug with R under the constraint that each R, 2 is self-
consistently to be readjusted so as to minimize Ug.
Qualitatively, the calculation is consistent with the
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2.0

R (R)

Figure 1. Variation of conduction-band occupation, Z, with lattice
constant, R, for a one-dimensional tight-binding system under the
constraint of Equation 5
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R(R)
.20 28 27 28 285 288 29

Figure 2. Variation of band-structure stabilization Uy with R and Z for a

one-dimensional tight-binding system under the constraint of Equation 5.

At the experimental values Z = 1.7 and R = 2.88 A, Up(Z)-Ug(2) is much
too small to account for the stability of Pt 2.3+.
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description offered by Krogmann (l). Faor large R, we have Z=2 and
Up/o independent of R. With decreasing R, the bandwidth 48 is
increased, until the highest-lying states in the band became anti-
bornding with respect to E°. The band-structure energy Ug now
favors partial oxidation of the chains, and the parameters Z and R
are coupled according to Figure 1. With progressive oxidation and
shrinkage of the lattice, energy Ug is gained as shown in Figure 2.
Ultimately, however, the campression and hence the oxidation must
of course be limited by the repulsive term UR in Equation 1, which
rises rapidly for R small and decreasing. The result is a minimum
in the sum UgtUp at same short R and fixed oxidation state 1<2<2,
in broad agreement with observation.

Quantitatively, however, the description fails. Since UR is
positive and monotonic inR, thedepthof the minirum in UgtUg must be
smaller than Ug(2)-Up(Z). According to Figure 2, this can be a
large energy for Z<1.3, but for the observed 2 of 1.7 it is only
about 0.05c¢. Now, o is a small energy (19): it is characteristic-
ally no more than a few tenths of an electron wolt, and in the pre-
sent case surely no larger than the important contributions to Um.
We conclude that within the tight-binding model, the depth of the
hypothetical minimum in UgtUR at Zz=1.7 is of order kT at room tem-
perature. Obviously, such a broad, shallow minimm cannot account
for the stability of the five-sixths filled band and the absence
of intemmediate axidation states between Pt 2.0+ and Pt 2.3+.

Essentially, the difficulty arises fram the square-root
singularity in the density of states at the top of a one—dimension-
al conduction band. When a symmetric, one-dimensional, tight-
binding band is half-emptied, a substantial gain in kinetic energy
(of order B) results. But when only cne-sixth of the electrons are
removed, most of the emptied states lie in the region of the singu-
larity, close to the top of the band, and the gain in energy is
slight.

IV. Beyond the Tight-Binding Approximation

How heavily model-dependent are the results of the preceding
section? Let us examine same physically plausible departures fram
the simple tight-binding approximation considered there.

Extra stability is,certainly conferred, for example, by the
incipient (9,21)Peierlsgap in the density of states; the contribu-
tion to UB-H:JR however, will only be of the order of the mean—field
transition temperature (18,21) of a few hundred degrees Kelvin.
Further, this contribution appears at all fillings Z<2, and is
largest for z=1 (11). In effect, then, the Peierls contribution
simply aggravates the trend of Figure 2.

Nor is distortion of the tight-binding bands through hybridi-
zation of the basis molecular orbitals likely to play an important
role. It is easy to show that the s-d hybridization suggested by
Zeller (10) has no effect upon the center of the conduction band,
but lowers the energy of the remaining states, with the largest
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effectoamngatthetopandborttanextrenesoftheband Ocnpared
with the symmetric band of the previous section, the result is a
carpre551mofthetophalfofthebandontheenergyscalearﬂan
elongation of the bottam half. This amounts to a further destabil-
ization of Pt 2.3+ relative to Pt 2+. The p—d mixing suggested by
Krogmann (1) has the opposite effect: it is symmetry-forbidden at
the center and edges of the Brillouin zone and strongest at the
center of the band. Thus it reduces the density of states in the
phalfofthebandanddoestendtohelpstabilizePtz 3+. This
effect is partially cancelled by the s-d hybrldlzatlon, gowever
and we have satisfied ourselves that the 5dz2-6s and 5dz -6p energy
differences deduced fram spectroscoplc (22) and theoretical (23)
studies of the free camplex are in any case too large for such mix-
ing to play a significant role in the structure of the conduction

WlthJ.n the standard tight-binding approximation, then, there
appears little room for a contribution to Ug which accounts for
Pt 2.3+, Atthlspomt 1tlsnatura1toasktovmat@<telttlus
approximation itself is valid for the Krogmann salts. There is
strong experimental evidence that it is not.

Consider, for example, the optical reflectivity (5,7,10),
which shows a well-defined plasma edge near 2 eV, polarlzed along
the chain axis and responsible for the characteristic coppery lus-
ter of the Krogmann salts. In a quasi-one-dimensicnal conductor,
the plasma frequency is-(25):

= gNev /e (7)

vhere N is the number of chains per unit cross-sectional area, Vg
the Fermi velocity, and € the background dielectric constant.
For the Krogmann salts, with €.2.2, the Fermi velocity deduced in
this manner (24) would correspond in tight-binding theory to an
unreasonably large bandwidth of ca. 8.5 eV. Indeed vp is very
close to its free—electron value (24).

This circumstance has led Zeller (10) to suggest that due to
a fortuitous amount of s-d mixing, the entire conduction band in
the Krogmann salts has nearly the free—electron form, with an
effective mass m* of unity. In our view there is little founda-
tion for this proposal, either in theory or in experiment. One
does not achieve a spatially uniform charge distribution through
superposition of the rapidly oscillating 5d and 6s wavefunctions,
nor does one escape the tight-binding limit simply by adjusting
the gecmetries of the basis orbitals. To put the matter another
way, the nearly-free-electron representation is fundamentally a
statement about the effectiveness of the screening of the atomic
pseudopotential, and not about the degree of configuration inter—-
action between atamic orbitals.

In light of these objections it is not surprising to find the
nearly-free-electron model inconsistent with experiment. Far
example, the thermoelectric power is small and positive (6,26-28),
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indicating that in the vicinity of the Fermi level the band is
hole-like rather than electron-like. In other words, although the
first derivative vp of the electronic dispersion curve has approx-
imately the free-electron value at the Fermi level, the second
derivative has the wrong sign. .

Further, in a nearly-free-electron system with a five-sixths
filled conduction band and m*/m=1, it is readily verified that the
threshold for the first interband optical transition should occur
at or above 23,000 an~l. No such threshold occurs in the observed
optical spectrum (7,24,29): indeed, the only distinct feature
found in the entire visible and near-ultraviolet region above the
plasma edge is the weak plasmon absorption (24,25,29) centered at
15,800 an-l. This absorption has been studied in detail by one of
us and collaborators (24,25). We found that for a quasi-one~dimen—~
sional structure it does not occur in the free-electron model, and
is appreciable only in the case of a relatively narrow band for
which the bandwidthW is comparable with, or less than, fwp. We con-
clude that the nearly-free-electron model is inconsistent with the
observed optical properties of the material.

The failure of both the free-electron and tight-binding models
suggests the need for an intermediate description within which the
observed plasma frequency and thermoelectric power can be recon-
ciled with the upper limit on W inferred from the plasmon absorp-
tion. Foward such a description, we note that for a band as narrow
as W~2 eV, the departures from the simple tight-binding model are
unlikely to be severe. This encourages us to represent the correc-
tions simply by retaining the basic tight-binding formalism, but
including the overlap integrals S=<i|itl> which were neglected in
the standard Equation 2. In light of the recent molecular orbital
calculations of Interrante and Messmer (23), such neglect appears
unjustified. This extension of the tight-binding approximation is
the precise analog of the Wheland extension of the simple Hiickel
approximation in cne-electron m-molecular orbital theory (30).

With inclusion of overlap, the one-electron energies of Equa-
tion 2 are replaced by

_ mo _ 028 cos kR
Ey =E - 1355 cos R 8

with group velocity
hV - (B‘US) (ZR sin };'R) (9)
(1+2S cos kR)

Now, in a quasi-one—dimensional metal, the sign of the thermo-
electric power is determined by the logarithmic derivative of the
density of the states p(E) with respect to energy, evaluated at
the Fermi level:

omp| _1p 2| _13 L
% |Ep o Ok 9E |E, K oK G2 |xe (10)
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Substituting (9) into (10) and assuming B>>0S, we find that for
Z=1.7 the thermoelectric power is positive for small S, and crosses
zero near S=0.37. Fram the very small positive values observed, we
estimate $~0.35.  Then using Equations 7_and 9 and the observed
plasma frequency (7,24, 29) of 15,800 cn~l, we have B-aS~0.32 eV.
The bandwidth - -

W= 4(8;‘25) ~ 2.5 eV (11)
1-4s8
is then comparable with . The cbservation of a well-defined

plasmon absorption (24,29) suggests that the true value of W is
somewhat smaller still, but the overall agreement with experiment
is good encugh to demonstrate that a minimal improvement upon the
simplest tight-binding approximation, such as Equation 8, is a
reasonably accurate representation of the conduction band in the
Krogmann salts.

In acoounting for the stability of Pt 2.3+, however, the im-
proved description fares no better than the old. Indeed, the band-
structure term Ug now tends to drive Pt 2.3+ less stable than Pt 2+.
Integrating Equat.lon 8 (31), recall:l.ng that S scales roughly as B,
and proceeding as in the previous section, we find that with the
same values of u and n, Ug for Z=1.7 is positive with respect to
7Z=2 by about 0.1 eV. This result is not substantially altered for
any physically reasonable choices of u and n. Improving the accur-
acy of our representation of the conduction band has simply re-
affirmed our conclusion that the stability of Pt 2.3+ is not
associated with the kinetic energy of the conduction electrons.

V. The Covalent Energy U.

In the preceding sections we have argued that the variations in
UpmtUptUR in Equation 1 are too small, and possibly of the wrong

sign, to be responslble for the peculiar stability of Pt 2.3+. The
remaining term is the covalent binding energy Uc of the complex
cyanoplatinate ion itself, and we now suggest that this term
accounts for the observed effect.

It is well known that in square-planar camplexes of a8 trans-
ition metals the occupied molecular orbitals uppermost in energy
are weakly antibonding. The complex is nevertheless stable because
the repulsive contribution from these orbitals to Uc is more than
canpensated by the attractive contribution fram other orbitals,
principally the strongly o-bonding ags blg' and ey (23,32). Let
us consider the oxidation of such a cdmplex under conditions where,
as in the Krogmann salt structure, the (time-averaged) occupation
Z of a high-lying orbital may be regarded as a continuous rather
than a discrete variable.

Since the removal of an infinitesimal amount of charge from
the @8 complex lowers the occupation of an antibonding orbital, it
certainly tends to stabilize the complex. With progressive
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oxidation, however, the many-electron wavefunction is readjusted
and the effective one—electron energy-level scheme renormalized so
as to accammodate the change in electron-electron interaction and
screening of the core potential. In particular, the high-lying
orbitals must drop in energy, reflecting the increasing difficulty
of further oxidation; eventually the highest occupied orbital
becames bonding, and the oxidized species displays substantial
electron affinity.

In the case of square-planar platinum camplexes, this has
apparently happened by the time ane full electron is removed.
Hence Pt 3+ is unstable, and four-coordinated Pt 4+ does not occur
in the square—planar gecmetry. Viewed fram this perspective, the
usual Pt 2+ in the free camplex does not represent a true minimm
in Uc as a function of Z, as the presence of filled antibonding
orbitals attests. Rather, Pt 2+ is the best compramise which can
be attained under the constraint that Z be an integer. When this
constraint is lifted, the real minimm occurs at that fractional
oxidation state for which the energy of the partially occupied
orbital passes through zero. Clearly, this occurs somewhere
between Pt 2+ and Pt 3+, and we suggest that in the cyanoplatinate
ion it occurs close to Pt 2.3+.

It is hardly necessary to emphasize that to test this conjec-
ture requires more detailed claculations than have been presented
here. Nevertheless, we are impressed at this preliminary stage by
its plausibility and by the lack of a reasonable alternative.
Unlike the weak (or non-existent) minimum in UgtUg, the minimum in
Uc occurs at a sharply defined value of Z, and presumably repre-
sents a substantial gain in the binding energy of the camplex. The
existence of such a minimmm at a fractional valence is not of
course unique to cyanoplatinate, but probably occurs for any mole-
cule whose ground state includes filled antibonding orbitals. The
realization of the minimum in practice, however, requires a unique
structure, such as that of the Krogmann salts, in which covalent,
metallic, and ionic bonding coexist.

VI. Electrochemical Oxidation of Crystalline K,Pt((N), to a Solid-
State Galvanic Cell - N

Before concluding, we digress to remark that the existence of
two stable oxidation states in the same general crystal structure
has interesting practical ramifications. In particular, the
materials are known to exhibit ionic conductivity. It has been
shown by Gamm and Underhill (33), and independently by others (28,34),
that sufficiently strong electric fields reduce the Krogmann salt
KpPt (QN) 4Brg, 3°2.3H20 to a campound of divalent platinum.

wWe have found that, contrary to an assertion by Gamm and
Underhill (33), the reverse reaction can also be induced: hydrated
single crystals of K,Pt(CN)4 are easily and reversibly oxidized by
application of modest electric fields along the needle axis, using
mercury or silver-paste electrodes. After the field is raised
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above a threshold of ca. 100 V/am, the resistance falls abruptly
by two orders of magnitude, and a dark, copper-colored area forms
at the anode and spreads toward the cathode, where vigorous evolu-
tion of hydrogen gas is observed. When the polarity is reversed
the reaction is reversed also, and the sharp boundary between the
two phases recedes until the original white crystal is recovered.

At constant temperature, humidity, and applied voltage, the
current does not diminish as the reaction proceeds to campletion.
The (hydrated) product crystal displays the coppery lusture and
dichroism characteristic of Krogmann salts (1), and has shrunk to
about 90% of its fommer length; this corresponds to the typical
difference in the lattice spacing R between Krogmann salts and
their divalent parent compounds (1).

By monitoring the infrared transmission spectrum of the crys-
tal as the reaction proceeds, we confirm that the product is a
Krogmann salt, and that Pt 2+ and Pt 2.3+ are the only oxidation
states present in measurable quantity. We have accumulated evi-
dence that the reaction proceeds via a proton-transfer-and-
reduction mechanism similar to that suggested by Lecrone and
Perlstein (35) for the electrochemical reduction of mixed-valence
oxaloplatinate systems, and we assign to the product the previous-—
ly unreported formula KyPt(QN)4(OH) x°nH20, where x~0.3.

If the applied field is removed before the reaction is cam-
‘plete, a potential difference exists between the oxidized and
unoxidized sections, and the partially converted crystal acts as a
galvanic cell. The Krogmann—salt region is the anode. Because of
the high internal resistance associated with the KyPt(QN)4 section,
this miniature solid-state battery functions as a current rather
than a voltage source. As in the initial oxidation, the current
is quite sensitive to water vapor in the surrounding atmosphere,
and is in fact a measure of relative humidity. Near 100% humidity
and 22°C, we find typical current densities of ca. 5 ma/an? and an
open-circuit potential of 1.35 V.

VII. Summary and Conclusions

We summarize our conclusions as follows. The partially
oxidized Krogmann salts are characterized by a single five-sixths-—
filled conduction band which is adequately described neither by the
nearly-free—electron model nor by conventicnal tight-binding theory.
Instead, a reasonable intermediate representation, consistent with
experiment, is obtained by extending the tight-binding formalism
to include the effects of arbital overlap between neighboring
molecules.

The electronic kinetic energy of such a band cannot account

for the stability of the five-sixths filled band (Pt 2.3+).
Rather, we suggest that the appearance of this phase is a molecu-
lar effect, representing the minimization of the covalent binding
energy of the camplex anion with respect to the band occupation Z.
Such an effect can only occur, of course, in an unusual crystal
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structure in which the oxidation state of the camplex is
continuously adjustable.

Once 2 is fixed in this manner, the intermetallic spacing R
is closely controlled by the band energy Ug as suggested by
Krogmann (1) and dep:.cted in Figure 1. In contrast, R in the Pt 2+
parent campounds is determined by the Madelung energy Uy, and hence
varies widely fram campound to

Thus we answer questions (a) and (b) posed in the Introduction.
In response to (c), we suppose that only in the oxalo- and cyano-
platinate camplexes is the balance between o-bonding and m-"back~
bonding” such that the 5alg (dz2) orbital lies high enough in energy
to form a band which can be oxidized to 2=1.7. For example, this
band must not intersect any of the flat bands derived from the
other high-lying occupied orbitals (23) above the Z=1.7 Fermi level.

If these conclusions are correct, it appears likely that the
partially oxidized Krogmann salts are chemically unique systems in
which, by accident, a set of rather exacting energetic and struc-
tural criteria are similtanecusly satisfied. If this is so, then
the synthetic search for analogs is likely to be frustrating.

Finally, we remark that these considerations probably do not
apply to most of the organic TCONQ salts (12,27,36), whose struc-
tural and physical properties are in same respects similar to those
of the Krogmann salts. Here packing considerations seem to pre—
clude any adjustment of the counterion population so as to minimize
UC' and the small value of W severely limits the influence of Ug.

A partial exception is the newly developed class of organic semi-
metals such as TIF-TCNQ (36), in which the conduction electrons are
distributed between two different species of conducting chains.

In these, the best organic conductors known, there is real promise
of adjusting Z, and hence the electrical properties, through
chemical control of Ug (36).
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The Peierls Transition in One-Dimensional Solids

H. R. ZELLER and P. BRUESCH

Brown Boveri Research Center, CH-5401 Baden, Switzerland

In his book "Quantum Theory of Solids" (1) Peilerls shows
that a one-dimensional metal is inherently unstable and will
undergo a phase transition into a semiconducting state. Almost
simultaneously and independently the theory of this phase tran-
sition was worked out by Frohlich (2). Frohlich showed that the
phase transition may result in a low temperature state which is
not semiconducting but superconducting with transition tempe-
ratures not restricted to the cryogenic range.

Recently experimental systems have been studied which under-
go a Pelerls transition and which are potential candidates for
the Frohlich mechanism of superconductivity. In particular the
transition was shown to occur in K, [Pt(CN),] Br  , 3(H,0) (KCP)
and related salts (3). There is evidence that a Peierls tran-
sition also takes place in TTF TCNQ (4).

In the following we will restrict the discussion to the best
understood system, 1.e., K, [Pt(CN)“] Br, 30'3(H20). For a
general introduction the reader is referréd to reference (3).

Before we turn to the discussion of the Peierls instability,
there 1s one point which should be made in connection with
extended metal-metal interactions. At first sight it would seem
that due to the small overlap a tight binding model for the band
structure should be a very good approximation, i.e., the carriers
would be holes in a dz2 band., It came as a big surprise when we
discovered that the conduction band is definitely not a sinusoidal
tight binding band but rather a parabolic free electron band with
effective mass m* = me. Although this sounds highly implausible
at first sight, it can be explained as typical dimensionality
effect. Nearly free electron behaviour means nearly constant
electron density. As can be seen from Fig. 1 a nearly constant
electron density along the strand axis can be achieved at a
relatively modest overlap of the wave functions (in this case
d,2~g orbitals). This is not possible in two or three dimensions.
The essential features of the argument can also be visualised as
follows: In an array of spheres it is always possible to have them
touch in one line but there 1s always empty space between the
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spheres in a plane or in 3-d space. Thus as a function of over-
lap, free electron behaviour 1s reached much earlier in 1-d
systems than in 2-d and 3-d ones. Of course free electron
behaviour is restricted to the strand axis (5).

In the following we will discuss the Pelerls-Frohlich tran-
sition and the possibility of high temperature superconductivity
based on the Frohlich mechanism., Below the phase transition a
sinusoidal distortion of the strands takes place such that an
energy gap at the Fermi energy is created (6). For instance in a
quarter filled band this distortion will have the period of four
lattice spacings, splitting the conduction band into a filled and
three empty bands. Above the transition temperature a precursor
shows up in the form of a soft lattice vibration which corresponds
to the low temperature static distortion. Due to the one-
dimensional nature of the system fluctuations are extremely impor-
tant. There is in general no sharp transition but a very gradual
transformation from a metallic into a semiconducting state.

Associated with the sinusoidal distortion is a sinusoidal
charge density wave (CDW). Frohlich had realized that within a
continuum model the free energy of the system does not depend on
the phase of the CDW. This implies that the CDW can be shifted
freely up and down the strands without any activation energy. As
in conventional superconductivity the presence of an energy gap
effectively inhibits scattering processes. Thus the system
should behave as a superconductor with the electrons surfing on
the propagating lattice distortion (Fig. 2).

The existence of a Peierls distortion in KCP was clearly
demonstrated by diffuse x-ray scattering (7) and inelastic
neutron scattering (8) experiments. Also the Pelerls gap shows
up in the optical spectra at low temperatures at about 0.2 eV (9).

Next we turn to the central question whether the Pelerls-
Frohlich transition really leads to superconductivity. For a
conventional BCS superconductor the conductivity ¢ (w) is
repregsented by a S-function at w = 0 and a peak at energies cor-
responding to the breaking of a Cooper pair. In an analogous
fashion the ideal Frohlich superconductor should exhibit a é-
function at w = o and a peak at w * Eg, where Eg 1s the Peilerls
gap. Figure 3 shows the experimental result on KCP at 40°K
obtained from Kramers Kronig analysis of reflectivity data. The
peak at w = 1600 cm™! = 0,2 eV corresponds to excitations across
the Pelerls gap. But instead of a §-function at w = o Frohlich
collective mode produces a peak with finite width centered at
about 2 - 4 meV dependent on sample perfection. At higher tempe-
ratures the peak gets broader and disappears around 200°K.

In their fundamental paper Lee, Rice and Anderson (10) have
discussed why no true superconductivity based on the Frohlich
mode is expected. Due to commensurability with the lattice para-
meter, to random potentials provided by impurities or disorder
and to 3-d coupling the translational invariance is broken and
the CDW is pinned. This corresponds to a spring constant and
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Figure 2. Electron transport by the Fréhlich collective mode. As in any in-

suiztor the electrons are bound to a periodic potential. In the Peierls Frohlich

state the periodic potential is not fixed in space but propagating and able to
carry an electric current along the strands.
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Figure 3. Experimentally found conductivity of K,[Pt(CN),1Bros, -
3(H;0) at 40°K. Broad peak at about 1600 cm™ corresponds to excita-
tions across Peierls gap. Smaller peak at » =~ 15 cm™ is due to the
Frihlich collective mode.
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hence the conductivity peak will be centered not at w = o but at
a small (compared with Eg) but finite frequency. Lifetime effects
vhich are particularly important at higher temperature cause a
finite width of the peak instead of a §-function. As a con-
sequence in the region of the transition temperature the Frohlich
mode may contribute to or even dominate the dc conductivity.
Whether this 18 the case or not can most easily and directly be
determined from measurements of R (W) in the microwave and far
infrared region. Due to the large effective mass of the Frohlich
mode its oscillator strength is small and it can at most form a
narrow peak in 0 (w) superimposed on the very broad single
particle conductivity.

From what we have learned on the model system KCP it seems
feasible to synthesize systems which exhibit a sufficiently
small pinning force such that high dc conductivities based on the
Frohlich mode can be achieved. A large part of the work on KCP
described in this paper was carried out in collaboration with
D. Kuse, M.J. Rice and S. Strassler. We also wish to acknowledge
stimulating discussions with P. Fulde and T.M. Rice. Fig. 2 is
due to L. Niemeyer.
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The Preparation of and the Anisotropic Dielectric
Properties of K,Pt(CN )sBro50+ 3H,O

R. B. SAILLANT and R. C. JAKLEVIC
Ford Motor Co., P.O. Box 2053, Dearborn, Mich. 48121

The purpose of this report is to describe the variations in
the composition of K2Pt(CN)qBr0.30-3H20, the chemical methods
used to minimize these variations, and a physical method that re-
flects the intrinsic physico-chemical properties but is sensitive
to small material variations.

Early attempts to grow crystals of the mixed-valence plati-
num salt resulted in crystals which were pitted, exhibited trans-
verse striations and tended to grow very rapidly in the needle
direction. Cavities and pits had been reported by other workers
(1). Neutron activation analysis of typical crystals revealed
chloride contamination of the bromide salt. Results of this
study have appeared (2). The crystal growth affords a partition-
ing between chloride and bromide which strongly favors the chlo-
ride complex in the solid state.

The solution behavior of K,Pt(CN)yBrg, 39°3Hp0O was examined
to determine if exchange reactions might occur since Pt(II) is
known to catalyze Pt(IV) substitution reactions (3). The elec-
tronic spectrum from 10,000 to 40,000 em™! of K,Pt(CN)), was taken
and compared to that of KyPt (CN) ,Bry, fig. 1. One maximum was
observed for each complex in this region. KyPt(CN), exhibited a
transition at 35,900 cm™), € = 1528, previously identified as a metal
to ligand charge transfer band (4). KyPt(CN)yBr; exhibits a max-
imum at 29,200 cm~!, € = 1280, which is located in an € = 0
region of the KyPt(CN), spectrum. The energy separation of these
two maxima and knowledge of the extinction coefficients enable
one to obtain an exact ratio of Pt(II)/Pt(IV) and, therefore, fix
the stoichiometry of the mixed-valence complex. When, however,
crystals of the mixed-valence complex are dissolved in aqueous
solution, fig. 2, the spectrum is not that expected from the pro-
portional mixing of the starting compounds. The crystals must be
dissolved in 0.5N KBr in order to suppress interference due to
aquation and hydrolysis products. When the spectrum is obtained
in 0.5N KBr solutions, the ratio of Pt(II) to Pt(IV) is deter-
mined to be 3.333 * .004. This corresponds to 0.30 bromide atoms
per complex if the platinum (IV) is present as KpPt(CN)Brp. Other
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Figure 1. Solution spectra of K Pt(CN), (solid line) and
K,Pt(CN),Br, (broken line)
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Figure 2. Solution spectra of K;Pt(CN),Br,.s, without KBr
(broken line) and with 0.5N KBr (solid line)
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methods including X-ray fluorescence suggest the ratio of K:Pt:Br
as 2:1:0.30 (5) which generally supports the bromide concentra-
tion.

The hydrolysis of the platinum (IV) complex may be followed
by observing the change in pH with time (6). The rate and extent
of hydrolysis of the chloro-complex is much more rapid than the
bromide complex and is shown in fig. 3. It is possible to sup-
press hydrolysis by the addition of the halide salt. The con-
tamination of the bromo-complex by chloride may be the result of
the increased lability of the chloride compound. This increased
lability might play a role in the growth of the solid phase, which
contains square planar platinum, from the solution phase which
contains both square planar and octahedral platinum complexes.

In the following

X—Pt—X2" + Pt2-gm2x-pt2- 6N
2 =amtn g2~

(Pt) | + xPt° &= (Pt) Pt—X (2)

(Pt) ;Pt—x2~ + Pt2- @ (Pt) L7, + xPt3- (3)

reaction sequence the cyanide ligands have been omitted for
clarity. The more labile the halide is in the left hand species
in reaction 3, the more rapidly the solid phase would grow.
Thus, the competition of chloride and bromide depends on their
respective labilities at this step (2).

Special care must be taken to grow KyPt(CN)yBrg, zg°3Hp0 from
only the purest materials and the salt is prepared from high
purity platinum metal. The best crystals are grown from solutions
which are tenth normal in KBr and 1 molar in urea. These crystals
show no pits, no transverse etch marks and no channels. In addi-
tion, the urea acts to retard the growth along the needle axis
and the result is large 0.8 x 0.8 x 2 cm crystals suitable for
various types of physical measurements (2).

The physical measurement used in this study involves the un-
usually high dielectric constant reported for K;Pt (CN)yBrg 3q°*
3Hp0. The condition for resonance of a dielectric is that the
size must be (Ao/VE3 where lo is the free space wavelength and
€ is the dielectric constant. Since € has been reported to be
about 103 (1), millimeter type dimensions are to be expected at
1010nz frequencies.

The dielectric resonator is analogous to a resonant metal
cavity in that the highly reflecting dielectric walls serve to
trap waves in the dielectric. However, the size of the resonant
dielectric is reduced by the factor g1/2 and therefore, for large
dielectric constant materials, the crystal can be placed directly
inside a standard microwave waveguide and the resonance observed
by finding the wavelength at which the crystal absorbs power.

For an anisotropic material, with values g, and g3 parallel
to and perpendicular to the c-axis respectively, a rectangular
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parallelepiped of dimensions a, b and ¢ will have resonant fre-
quencies £, given by

2
[if_o_] =_1_[ &2 4 (‘1)2]+1_(“_)2 (4)
Ve €y a b € C

where the integer £ or m > 0 and the integer n > 0 and Ve =

3 x 1010 cm/sec. These modes are TM(H) modes in which the mag-
netic field is everywhere transverse to the c-axis and the exter-
nal fields are magnetic multipole in character. The lines of
electric field tend to be circular while magnetic lines are per-
pendicular to the boundaries. The TE modes also exist but do not
have low frequency resonant modes since only €, is involved in
the frequency equation and €, = 4.0. To derive Eq. 4, the so-
called open-circuit boundary conditions are used in which the
parallel and perpendicular components of E and H respectively are
a maximum at the boundary, while their respective perpendicular
and parallel components are zero. These are the exact opposites
of the conditions imposed at a metal boundary, and are appropri-
ate for a nearly infinite dielectric constant material. Hence
Eg. 4 is only approximate and experience has shown that it can be
off by as much as 25% for low order modes even when € 2 100 (7).
Theoretical arguments show that the direction of the error is
such that observed resonant frequencies are higher than predicted
by Eq. 4; hence one would underestimate €; or €. Higher order
modes are expected to obey Eg. 4 more accurately. An accurate
theory for anisotropic dielectric resonators does not exist at
present.

The microwave measurements were done in a simple reflectance
spectrometer between 4 and 20°K. The experimental detail has
been presented elsewhere (8) . The results provide values for g
and €, of 3000 and 4.0 respectively which must be considered
lower limits. This method is very sensitive to impurities,
crystal imperfection and dehydration, and is non-destructive.
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A SCE-X«-SW Investigation of Solid State
Interactions in Pt(CN),” Complexes

L. V. INTERRANTE and R. P. MESSMER

General Electric Corporate Research and Development, P. O. Box 8,
Schenectady, N.Y. 12301

Introduction

Recent work on the compounds, K,Pt(CN) X, ,'nH,0, (X = Cl,
Br, hereafter referred to as KCP) ané some reiaied non-stoichio~-
metric, mixed-valence platinum and iridium complexes, has
evidenced highly directional electrical and optical properties in
the solid state, consistent with largely one-dimensional inter-
actions among the constituent planar complex units (1). X-ray
diffraction studies suggest that the primary interatomic inter-
actions are within the linear, parallel chains of closely spaced
metal atoms which result from the columnar stacking of these
units (2).

The nature of these interatomic interactions and their
relationship to the unusual solid state behavior of these systems
is not very well understood at present. It has been suggested
that the interactions of primary importance are those involving
the "d, 2" orbitals on the metal atoms which overlap in the solid
to produce a one-dimensional band of states of appreciable width
(1,2). For the Pt(CN)“n' complexes, an energy level scheme
deduced from spectral and magnetic circular dichroism data which
places the "d, 2" orbital as the highest occupied level in the
free Pt(CN), 2~ ion (3) is generally assumed as the appropriate
starting point for the discussion of the electronic structure of
the solid complexes. In the case of the KCP derivatives, this
leads directly to the conclusion that the Fermi level position
must lie within a dzz-like band (Figure 1) (4).

Recent ESR results lend support to this conclusion regarding
the Fermi level position in KCP (5); however, the assumption that
the "d,2" orbital is also the highest occupied level in the free
Pt(CN), 2" ion is still open to question. Indeed, the order of
the d-like orbitals in this ion have been the subject of much
controversy in the past and at the present time the experimental
evidence does not permit any definite conclusions in this regard

®).

382

In Extended Interactions between Metal lons; Interrante, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1974.



27. INTERRANTE AND MESSMER Solid State Interactions 383

As part of a detailed theoretical study of the electronic
structure of the KCP system we have carried out some molecular
orbital calculations using the self-consistent-field-Xa-scattered
wave (SCF-Xo-SW) method on the Pt(CN),2” ion and a dimer unit,
[Pt(CN)uZ-]z, arranged in the configuration found in KCP solid
(2). The intent of these studies is to investigate the inter-
molecular orbital interactions and, in general, the transformation
in electronic structure that occurs on formation of a molecular
solid such as KCP from its constituent planar complex units.

Preliminary results of the Pt(CN) 2- calculation have been
reported elsewhere (7). This paper describes further details

regarding this calculation and the results of the study of the
dimer unit.
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Figure 1. Previously postulated energy level scheme for P{CN),> and
the KoPt(CN), X5 - 3H,O complexes (cf. Ref. 1 and 4)

Method of Calculation

The SCF-Xo-scattered wave method (8,9) used in these
calculations employs the Xa theory of Slater (10) and the
multiple scattering formalism of Johnson (11) to solve the Xa
equations. The Xa theory is a one-electron method and 1s thus
similar in this respect to the more traditional Hartree-Fock
theory. However, unlike the Hartree-Fock theory which has a non-
local exchange potential, the Xo has a local exchange potential
proportional to the cube root of the electronic charge density.

The latter fact makes it possible to set up a multiple
scattering formalism for a molecule or cluster of atoms which 1is
similar in many respects to the Korringa-Kohn-Rostoker method (12)
in the theory of energy bands in solids.

In the scattered wave method, the space occupied by a mole-
cule is divided into three regions. Region I consists of
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spherical volumes located about the centers of the regpective
atoms, so constructed that the spheres are tangent to one another
[or more generally, are somewhat overlapping (13,14)]. Region II
is the volume outside the atomic spheres and inside an "outer
sphere" which surrounds the molecule and is centered at the mole-
cular center; this outer sphere 1s constructed to be tangent to
the atomic spheres at the extremities of the molecule. Region
III is the space outside the outer sphere. In the case of ionic
specles, such as the ones considered here, the electrostatic
potential provided by the surrounding medium in solid or solution
is approximated by surrounding the ion by a sphere [the so-called
Watson sphere (15)] with a charge opposite to that on the ion.,

In each of the atomic spheres a value of o, the exchange
parameter, is used which has been determined from atomic
calculations (16). The values of a and the atomic sphere radii
used for the Pt(CN), 2~ case have previously been given (7); these
same values are employed here for the dimer. The outer sphere
and Watson sphere radii in the case of the dimer were both set
at 7.828 Bohr.

The SCF-Xo-SW method has been applied to analogous square-
planar systems (17,18,19) such as PtCl 2-, PdCl, 2~ and
[PtC1,(C,H,)]”, as well as a variety of other transition metal
complexes (20,21) with a great deal of success. The optical
properties and, when available, x-ray photoemission spectra in
each case have been found to be in very good accord with
experiment.

Results and Discussion

The results of the calculations on both the Pt(CN) 2~ and
[Pt(CN), 2=], units are given in Figure 2 in the form of one-
electron orﬁital energy level diagrams.

For the Pt(CN), 2~ ion there are several features of the
calculation which are particularly noteworthy. First of all,
contrary to previous assumptions, we find extensive admixture of
metal "d" orbitals with ligand 0 and T orbitals in many of the
molecular orbitals of the complex suggesting an appreciably
covalent metal-ligand bonding interaction. This is illustrated
in Table I which lists the proportion of orbital charge in metal
and ligand atomic spheres for several of the highest occupied
molecular orbitals. Appreciable metal d-orbital character is
evident in the relatively deep le,, 1b28 and 4a,, bonding
orbitals as well as their antibonging counterpar%s, 2e,, 2b28
and 5a,, at higher energy. The extensive metal-ligand overlap in
the 1b28 orbital, for example, is illustrated in Figure 3.
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between orbitals
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Table I
Molecular Orbital Charge Distribution For Pt(CN)Z-

Z of Orbital Charge

Orbital Pt c N Inter-sphere OQuter Sphere
2bpg 34.0 10.8 28.4 24.7 2.0
2e, 25.9 14.4 31.1 26.9 1.8
la, 0.0 23.9 39.3 35.0 1.8

g
ey 1.3 27.7 34.5 34.8 1.7
1b, 0.0 24.3 36.9 37.0 1.7
u
5a, 72.7 4.2 1.4 21.3 0.4
g
2a, 1.3 24.4 32.1 40.4 1.8
u
be, 13.0 37.8 19.7 26.6 2.9
le, 65.8 9.5 6.4 17.9 0.3
1b, 57.1 13.1 7.6 21.8 0.4
g
ba 4.3 8.8 58.3 17.6 11.0
1g
3b 2.2 8.4 60.0 17.7 11.8
1g
3e, 3.5 17.5 46.2 25.5 7.3

0f these d-like molecular orbitals the 5a;, 1s rather unique
in its concentration of charge on the metal, As is shown in
Figure 4, this orbital is substantially antibonding with respect
to the metal-ligand interaction and has a high component of metal
d,2 character with a large proportion of the electronic charge
extending out perpendicular to the Pt(CN), 2~ plane along the z
axis. It also appears that there is signlficant 8 character in
this orbital, as is suggested by the Pt-C overlap and the general
shape of the orbital. Thus the likelihood of extensive inter-
action among such orbitals in a solid such as KCP is quite
evident.

Along with the general strong metal-ligand mixing, the upper-
most "d-like" orbitals are not energetically separated from the
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Figure 3. Contour plot of 1b,, molecular orbital wave func-

tion. Amplitude of wave function increases by a factor of 5

with each increase in absolute value of contour label. Sign

of labels gives sign of orbital lobes. Interior nodes at various
atoms are not shown for clarity.

Figure 4. Contour plot of 5a,, molecular orbital wave function,
labeled as in F i%ure 3 except that each integral increase in value
of contour label is a factor of 3 increase in orbital amplitude
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ligand~-based orbitals as is usually supposed but are found in the
same energy region. In fact, the important d,2 (+ s) molecular
orbital (the 5a18). rather than being the highest occupied

orbital in the free ion, as has been assumed in most of the solid
state studies of the KCP derivatives, is found to lie below three
CN~ based orbitals and is 0.8 eV below the highest occupied

energy level. Among the occupied d-like orbitals the energy order
is dxy>dxz yz>d 2, which is the same as that previously proposed by
Mason. and éray zgg) but unlike that deduced by Piepho, Shatz and
McCaffery (PSM) (3) on the basis of spectral and magnetic circular
dichroism data.

The same energy level order was obtained in our earlier
studies of the MC1,2” (M = Pd,Pt) complexes (18) where again the
highest occupied energy level was the b,, (dy,). The major
differences with respect to the MCluz’ energy level diagrams are
the relative positions of the unoccupied 4 b, (dxz_y2) and
3a,, (M p,+L) orbital energy levels which are reversed in the two
types of complexes,

This 3a,, orbital is found to be mainly localized on the
nitrogen atoms of the CN~ groups and is considerably closer in
energy to the occupied d-like MO's than in the MCl 2~ case, which
should lead to relatively low energy electronic transitions with
appreciable M -+ L charge transfer character.

In a manner analogous to that previously reported for the
MCl 2~ complexes (18), transition state calculations were carried
out on the Pt(CN)bz' ion leading to calculated electronic
transition energies which are in good agreement with both spec~
tral and magnetic circular dichroism experiments as well as
photoelectron data. The comparison with the spectral data 1is
shown in Table II.

Following PSM (3), the lowest energy visible absorption band
has been assigned to a E;' state (using double group notation)
produced by mixing of the usual "singlet" and "triplet" excited
states of the Pt(CN)uz' ion under the influence of spin orbit
coupling (It must be emphasized that spin orbit coupling has not
been explicitly included in this calculation, only its effect on
the number and symmetry of the excited states has been considered).
Here, however, the origin of this transition is identified as the
2b2 level rather than the a, (d,2) as was assumed by PSM. Also
the shoulder at 5.1 eV has been assigned to a transition from one
of the ligand m-levels (la2 ) to the 3a o Otherwise the assign-
ments are in basic agreemen§ with those proposed previously and
are entirely consistent with the available magnetic circular
dichroism and spectral data. Furthermore, the results are also in
good qualitative agreement with the photoelectron data for the
Pt(CN) 2~ complex (7,23) suggesting that, indeed, a satisfactory
description for the electronic -structure of this ion has been
obtained.

As is evident from Figure 2, combining two such Pt(CN)bz‘
units at 2.89 A geparation in the staggered configuration found
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in the unit cell of the KCP complexes results in substantial
interaction among several of the orbitals leading to "bonding"
and "antibonding" orbital pairs separated by as much as 2.65 eV,
The largest interaction is clearly among the a,, orbitals and in
particular between the 5a1 orbitals which our calculations
indicate are largely based on the metal and have a high concen-
tration of electron density along the metal chain axis. In the
case of the 5a__ orbital this interaction 1is sufficient to raise
an antibonding &, orbital such that it becomes the highest
occupied level in the dimer unit. Large interactions are alsoc
indicated among several of the a,4 levels - particularly the low~
est unoccupied 3a2u - as well as among certain of the e levels.
In general, within each type of orbital there seems to be a rough
correlation between the amount of orbital interaction and the
proportion of electron density on the metal, as would be expected
due to the relatively large inter-ligand separation in the
staggered arrangement of the Pt(CN), 2~ units., In contrast, the
in-plane b,, and b, orbitals show essentially no interaction at
this metal-metal separation (2.89 A) carrying over as essentially
unsplit b, b_ pairs of levels. In addition to these direct
orbital interactions there is a general raising of the energy of
the orbitals in the dimer with respect to those in the free ion,
presumably reflecting the increased shielding in the closely
spaced dimer unit.

These observations have some important implications with
regard to solid state interactions in Pt(CN) U% .omplexes. In
particular, the ordering of the energy bands and the position of
the Fermi level in these solids should be a very sensitive
function of the intermolecular separation and in the case of the
KCP complexes, where this.separation is quite short, the highest
occupied band is indeed likely to be a nearly free-electron like
d,2 + s band as has been suggested previously (24). However, as
these results show, it does not follow that the dj2-like orbital
is also the highest level in the free ion and, indeed, for many
of the solid Pt(CN)kz- complexes which display unusual solid state
spectral properties buj where the metal-metal separations are in
the range 3.63 - 3.09 A (6), the Fermi level may well lie within
quite narrow "dy " or "dy, y," type bands rather than a wide
d,2-1ike band.

More definitive answers to these questions and to the
central question regarding the electronic structure of the KCP
complexes are currently being sought in further SCF-Xa-SW
calculations on [Pt (CN) n‘]m units as well as through the use of
band structure calculation methods.
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One-Dimensional and Pseudo-One-Dimensional
Molecular Crystals

ULRICH T. MUELLER-WESTERHOFF and FRIEDRICH HEINRICH
IBM Research Laboratory, San Jose, Calif. 95193

In this concluding talk of the symposium we want to discuss
new systems which we are looking at in order to obtain some
clarification concerning the Peierls instability and how to
circumvent it. Since it is the last talk, I also think that a
brief outlook to promising future work is in order. First of
all, we want to distinguish the systems that we are working on
and which we want to call Pseudo-one-dimensional Molecular
Crystals, from the one-dimensional square planar complex systems
like Krogmann's Salt and the not so strictly one-dimensional
molecular crystals of the TTF-TCNQ type. Our systems are
composed of either mixed valence cations of square planar
ligand-bridged bis-transition metal chelates with acceptor anions
such as TCNQ as the counterion or of donor cations with ligand
bridged bifunctional transition metal complex counterions. In
both cases we will deal with radical ion salts of charge transfer
systems. The particularly interesting aspect of these compounds
lies in the coexistence of intramolecular as well as
intermolecular exchange and electron transfer interactions
between the transition metals involved. These systems are
designed to maintain the anisotropic properties of
one-dimensional molecular crystals and have incorporated in them
the first possibility of avoiding the transition to an insulating
Peierls state. Eliminating the metal-insulator tramnsition of
highly conducting compounds is of course equivalent to creating
organic and organometallic metals in the actual sense. However,
the molecular design does not eliminate the possibility that we
may create a true insulator, although from all energetic
considerations this would not be very likely.

One-dimensional Systems

In order to better explain the reasons for our suggesting
bifunctional ligand bridged systems for this investigation, we
like to first take a look at the known inorganic and organic
one-dimensional molecular crystals.

392
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Inorganic Linear Systems

Several talks in this symposium discussed properties of a
one-dimensional inorganic salt, which currently is very much en
vogue: the so-called Krogmann's Salt ("KCP", K Pt (CN) 0.3Br3H2
in which during the transformation from the neugral Pt?II)
complex by bromine oxidation to the mixed valence compound there
occurs a substantial decrease in the intermetallic (in this case
equal to. the interplanar) distances from 3.2,to 2.88 A, by means
of which the overlap between the platinum 5dz atomic orbitals
is increased. This gives rise to metallic béhaviour in one
dimension along the platinum backbone of the essentially
one-dimensional molecular crystal. For similar systems like
the mixed valence oxalates and others, one-dimensional metallic
behaviour and high anisotropy ratios of optical and other related
properties have been established. At low temperatures, KCP
behaves like a semiconductor (1).

0)

Organic Linear Systems

The organic counterpart to KCP is the class of TCNQ radical
anion salts (2), which is currently being studied in a number
of laboratories. The unique feature of TCNQ salts is that, due
in part to the polarized charge distribution in the radical
anion, Coulomb interactions favor a linear arrangement within
the molecular crystals. Exceptions are known, e.g. TMPD-TCNQ,
in which the separation of the positive charge centers in the
cation is identical to the separation of the negative charge
centers in TCNQ anion; this could well be the main reason for
a D-A-D-A-D-A stacking being energetically favored by coulomb
attraction. While in charge transfer systems the overlap of
the T-systems will generally favor a linear arrangement, the
symmetry of the interacting molecular orbitals is rarely as
suited for the formation of segregated stacks as in TCNQ radical
anion salt. Due to the rather delicate balance between Coulomb
and packing forces, the molecular symmetry is directly related
to the anisotropy of molecular crystals. Two main classes of
TCNQ salts have to be distinguished:

Class C: TCNQ radical anion salts of Closed shell cations;
within this class, there are such diverse systems as
LiTCNQ, Cs, (TCNQ),, NMP-TCNQ, NEtP-TCNQ, Q-TCNQ,

Et NH-TCNQ etc.

Class O: TCﬁQ radical anion salts of Open shell catioms,
comprising the most interesting systems like
BFD-(TCNQ).,, TTF-TCNQ, TMPD-TCNQ and others.

The cations in &lass C compounds do not directly participate
in the electronic conduction process, although in some of them
the qualities of polarizability and permanent dipole moments  _
have bearing on the Coulomb potential along the conductive TCNQ
chains.
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Class O compounds are true charge transfer salts of closed
shell donor and acceptor molecules. It should be kept in mind,
ho¥everz that a typical class C compound can also be a CT Balt:
Li TCNQ 1s a true charge transfer salt but of an open shell
donor and a closed shell acceptor, leading to a closed shell
donor cation and an open shell acceptor anion. In Class O
salts, the coexistence of radical cations and anions is the key
to high conductivities, since in addition to the properties
available also in class C compounds there is the possibility in
donor and acceptor ions for both electron and hole conduction.

In the TCNQ complex of bisfulvalene~diiron BFD-(TCNQ),,
which represents the first mixed valence complex salt of TENQ,
the intramolecular electron transfer within the Fe(II)-Fe(III)
systems seems to play an important role. However, here the
limit of intermolecular interactions is the same as in TTF-TCNQ:
it is the overlap between T-electron systems. (3)

This kind of limitation has prompted us to consider mixed
valence systems with direct intermetallic bonds as the most
promising approach to stable highly anisotropic organometallic
metals.

Transition Metal Complexes and TCNQ Salts

It is a tempting approach, to try to combine the two known
linear systems: linear mixed valence square planar transition
metal complexes (for which in the further discussion we will
only consider platinum as the classic example) and organic or
organometallic acceptors (for which we will take TCNQ as the
example of choice - although in its acceptor properties it is
no longer particularly outstanding).

Consider the two approximate spacing parameters of the
following illustration describing a TCNQ stack and a linear Pt
chain: 1In TCNQ the interplanar spacing is about 3.2 &, the
overlap is roughly between the center of the molecule to the
center of the malonitrile group of its neighbors - giving us a
packing distance of 4.2 & as a average value. In KCP the Pt-Pt
distance is 2.88 &, Since we are dealing in this case with
square planar units with a total negative charge of 2.3 units,
it is reasonable to expect that due to the lesser coulomb
repulsion in a neutral complex a Pt-Pt distance of 2.7 to 2.8
2 can be obtained, with this number being an important factor
for determining the stoichiometry of square planar mixed valence
systems containing stacks of TCNQ as the counterions. As shown
in the following diagram there is only the one allowed ratio of
2.8/4.2 = 0,67 TCNQ's per Pt in uniformly stacked solids.

Although several attempts have been made in other
laboratories to produce conductive organometallic mixed valence
systems of the above kind, such approaches cannot be successful
since there is a discrepancy between the Pt-Pt distance of 2.8
& for optimal interactions and the minimal distance (3.2 &) for
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TCNQ stack Pt chain

Pt/TCNQ = 4.2/2.8 = 1.5 (i.e.: TCNQ/Pt = 0.67)

organic ligand molecules imposed by repulsion forces. The only
way by which in such compounds significant metal-metal
interactions can be obtained is to distort the molecules from
their planar ground state and to create dimeric species. Such
structures are reminiscent of the Peierls state of
one-dimensional systems.,

A thorough crystallographic study (4) of the unsubstituted
dithiene-platinum complex showed such dimers. Schematically,
the distortion is shown in the following diagram.
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We consider this distortion to be one of the main reasons
for the absence of organometallic transition metal complexes of
more than semiconductor qualities (with the BFD system above
being the only exception so far). It is reasonably safe to
predict that there can be no metallic systems based on square
planar linearly overlapping organometallic transition metal
complexes. One alternative structure that avoids the steric
problems is based on the use of polymeric associates of the
(C.H.T1)y and (CgHgEu), type. For CpTl, a linear alternating
Cp~and Tl arrangement in the solid is known and partial oxidation
of such a stack by TCNQ could lead to T1(I)-T1(III) mixed valence
cations segregated from stacks of TCNQ anions. Attempts in our
laboratory to prepare such systems have been unsuccessful.

Our approach to avoid the ligand repulsion problems and to
still utiiize the advantages of direct metal-metal bonding
through d° orbitals as in KCP lies in the construction of
bifunctiofal organometallic species, which offer several
surprising advantages.

Pgeudo-One-Dimensional Systems

The principle of our approach lies in the synthesis of two
classes of T-ligand bridged bimetallic planar transition metal
complexes. The significant point in pursuing the synthesis of
these complexes lies in their unique possibility of avoiding
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the Peierls State. As a matter of fact, these compounds have
to undergo a distortion in order to become metallic!! Herein
lies their particular promise, The digplacement out of the
compound plane should have a negligble influence on the
intramolecular interactions.

We are currently looking at two main classes of complexes.
In the first class, transition metals are complexed by rigid
bifunctional ligand systems. The synthesis of such ligands
poses severe difficulties, which are understandable to anyone

familiar with the preparation of macrocyclic compounds. However,
we have recently succeeded in preparing such compounds and
complex systems ~ although these experiments do not as yet allow
the preparation of ligands in useful quantities.

The second approach is to use ligand exchange reactions to
construct complexes that exhibit strong intramolecular
interactions. In this approach, we sacrifice molecular rigidity
for synthetic simplicity. Useful bridging ligands which are
incorporated in this synthesis are of the 2,2'-bipyrimidyl type
to give us complexes of the following general type.

0l
o L
X @ X

Both methods produce planar systems containing two metal atoms.
For the following discussion, we wish to represent these systems
by the notation
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which schematically equals a side view of these systems. The
entire complex carries either a positive or negative partial
charge, depending on the counterion involved.

The Two Stacking Arrangements

There are two principal ways in which complexes of this type
together like a linear stack of counterions can be arranged in
regular stacks in molecular crystals and stili fully utilize
the stabilization offered by the overlap of d_ orbitals. These
two arrangements, termed by us the "step" and®""ladder" stackings
require quite different stoechiometries in their mixed valence
state.

As a sideline, it should be noted that there are presently
also a few neutral mixed valence system under investigation in
our laboratory. These, of course, form a completely different
class of compounds and will be described separately.

———Pte————— Pt——-

~—=Pte—————— Pte—-

STEP Arrangement

===Pte—c——e=Pt—--
Pt Pt——-

——=Pt=—em——e=Pto—-
=—=Pte———ee—Pt---
——=Pt-—r————Pt——— LADDER Arrangement
——=Pte———ee Pt——m
——=Pte—————— Pt——

The STEP Arrangement

Considering spacing and stoechiometry for a molecular crystal
made up from stacks of TCNQ radical anions and bifunctional
mixed valence cations in the step arrangement, we have only one
free parameter that determines the relation between stoechiometry
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and intramolecular Pt-Pt distances, In both stacks the
interplanar spacing is 3.2 A, the TCNQ chain spacing is 4.2 1,
which has to be matched as illustrated in the following diagram.
For a 1:1 stoechiometry (one Pt per TCNQ), the intramolecular
Pt-Pt distance has to be 7.8 &, For non-integral
stoechiometries, the values in the following table apply.

h
/ c
/ ’
TCNQ Pt (step)

Pt-Pt Distance Stacking Distance Pt/TCNQ Ratio
(intramol., a) (c)

4.0 5.12 1.64

5.0 5.92 1.50

6.0 6.80 1.24

7.0 7.70 1.10

8.0 8.62 0.98

9.0 9.55 0.88

10.0 10.50 0.80

In order to achieve significant intermolecular metal-metal

overlap, the molecules have to distort in the same way as it
was found for the dithiene-Pt complex dimer. However, since
the dimers in this case of bifunctional systems are connected
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by a conductive m-electron ligand bridge, they are in essence
stabilizing the metallic state through this distortion. As is
evident from the above sketch, we now have systems with
intramolecular interactions as well as direct intermolecular
metal-metal coupling. The step arrangement appears to be stable
and not subject to further distortions.

The LADDER Arrangement

The alternative stacking arrangement depicted above offers
significant advantages over the step arrangement, since the
relation between packing requirements and intramolecular Pt-Pt
distance has been removed. Bridging ligands of any size can be
accomodated as long as they do not deviate from planarity. As
is evident from the following diagram,

! B Pr---
l4-2 ceePtemmeemgmmmmmmmmme e Pt---
l 13.2

B Pt---

the confining limitation in the spacing of complex units relative
to TCNQ units leads to a fixed stoechiometry of (Pt-Pt)/TCNQ =
1.31, which for simple TCNQ salts corresponds to a Pt oxidation
state of 2.66.

Again, as in the step arrangement, a distortion of the
bifunctional molecule is needed to maximize the metal-metal
overlap and to achieve the metallic state:

Pt
Pt
3.2 | 2.8
Pt
Pt
2.8 3.2
Pt
Pt
3.2 P[t 2.8
Pt
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Although the advantages of this arrangement are obvious, there
is one possibility which might lead to a pairwise "in phase”
distortion as illustrated below, which would lead to a much less
conductive state. In this case, the properties will be similar
to the mixed valence BFD-(TCNQ); system mentioned earlier. A
priori, there are no criteria to safely predict which of the

two distortions will occur - the stabilized metallic state or
the real Peierls state. Since extended interactions will
stabilize the total system, we would expect the "out of phase"
metallic state to be energetically favored. It is important

ﬁt Pt
Pt t
Pt ) Pt
Jt Pt

to realize that the two states should not interconvert, since
to do so, we would have to break a metal-metal bond, move the
metal through the molecular plane and reform a metal-metal bond
on the other side. Thus, even if metallic conduction is not
achieved, we are eliminating the metal-insulator transition and
are beginning to understand which influence the deviations from
strict one~-dimensionality have on the preservation of regularly
spaced transition metal complex systems.
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