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ABBREVIATIONS
en ethylenediamine dmp 2,2,6,6-tetramethyl-heptane-
ompa octamethylpyrophosphoramide 3,5-dione
hfacac hexafluoroacetylacetone 3-¢ acac 3-phenyl acetylacetone
bipy 2,2’-bipyndyl N-Me salim  N-methyl salicylaldimine
PyNO pyridine N-oxide 1,3-pn 1,3-propylencdiamine
acac acetylacetone phen 1: 10-ortho-phenanthroline
salim salicylaldimine dmg dimethylglyoxime
t-butylsahm  N-t-butyl salicylaldimine D P.P.H. diphenylpicrylhydrazine
dprm dipyrromethane Et,NN’-al d,I-diethyl-N,N’-a-alanine
Etsdien 1,1,7,7-tetracthyldiethylenetri- dien diethylenetriamine
amine H.,edta ethylene-diaminetetraacetic
dach 1,4-diazacycloheptane acd
enacac, N,N’-ethylenebis(acetylace- 3-Me acac 3-methyl acetylacetone
toneimne)

A. INTRODUCTION

The first-row transition metals are characterised by their ability to form a
wide range of coordination complexes in which the octahedral, tetrahedral and
square-coplanar stereochemistries predominate!. The copper(ll) ion is a typical
transition metal 1on 1n respect of the formation of coordination complexes!+Z, but
less typical in 1ts reluctance to take up a regular octahedral or tetrahedral stereo-
chemistry®**. The 34® outer electron configuration of the copper(Il) ion lacks
cubic symmetry, and hence yields distorted forms of the basic stereochemistries.
The range of stereochemistries which have now been characterised® for the cop-
per(Il) ion are summarised in Fig. 1. The coordination numbers of four, five and
s1x predominate, but variations of each structure occur through bond-length or
bond-angle distortions. The d° configuration of the copper(II) ion is a simple

tinear Trigonal-bipyramidat Square -pyramidal

Deo 1~ CUCH, (gaseous) D3, ~ Cr{NH,)5CuCl —_— Cav~[Cu(13-pn),H O] SO,
Compressed tetragonal- OQctahedral Elongated tetragonai- Square-coplanar
octahedral T 0,~K,PbCU(NO,)g —™ octanedral ——* 0,,-CaCuSi,0;5

0,4),—BayCufg Dgp—Cu(H0),4(HCO,), D055 —Cu(3Meacac),

/N ~_

/
Compressed rhombic - Cis—~-distorted Trigonal-octahedratl Elongated rhombic-

Octanedral octahedral 04 -Culen);SO, octahedral
D, - Culdien),{NO;), €5, ~[Cutbipy),(ONOJNO, Dyp, —B2,CUltHCO,) gaH,0
Compressed tetrahedral Tetrahedral — Eight coordinate D ,4 — CaCu (CH,CO a>¢6Hsd

Dyq — CspCuCH, - I

Fig. 1. A summary of the known stereochemistries of the copper(II) ion, their idealised molecular
symmetries, and the relationship between the regular and distorted geometries.
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system theoretically, as it can be considered as a single positive hole in an otherwise
filled d*° configuration. The way 1n which the positive hole behaves in the different
stereochemistries of Fig. 1 can be understood qualitatively, using crystal-field
theory”~8 to predict the ordering of the one-electron orbital levels. The magnitudes
of the splittings of the electronic energy levels in copper(II) complexes tend to be
laiger than for other first-row transition metals due to the large bond-length distor-
tions present®. Thus, the tetragonal splittings® of the parent octahedral levels in
Ni(NH,),(NO,). (D'° are less than 2.0kK, whereas the splitting of the 2Eg(O,)
level!! in Cu(NH3),(NO,), (I1)'2 1s 13.5kK. The electronic propertics of copper(Il)

NO, NO,
215 :265
HaN\ NI% NH3 H3N \ CIU1/99NH3
H3N/ T NH, H:,N/ i T,
NO2 N2
I Ni(NH,)(NO,), I CulNH,)(NOL),

complexes are thus relatively sensitive to stereochemistry, and this review examines
this sensitivity for the large number of copper(Il) complexes of known crystal-
structure which are available?:3. The various stereochemistries are first summarised,
and then their magnetic, ESR and electronic-spectral properties are examined, in
an attempt to establish electronic criteria of their structures. Only mononuclear

complexes are treated.

B. A SURVEY OF THE STEREOCHEMISTRIES OF THE COPPER(II) ION

The range of stereochenmusiries available to the copper(II) 1on has been sum-
marised in Fig 1. Examples are listed 1n Table 1, and some typical molecular
structures illustrated (ID(XIX). This survey 1s not intended to be complete, but
the examples given are of known crystal-structure and lend themselves to the
measurement of single-cryst~l ESR and polarised electronic spectra.

C. THE FACTORS WHICH INFLUENCE THE STEREOCHEMISTRY OF COPPER(II) COMPLEXES

Before discussing the electronic properties of copper(Il) complexes it is worth
examining some of the factors which influence the different stereochemistries.

(@) The Jahn-Teller theorem

In a regular octahedral ligand-field, the d° configuration of the copper(Il)
ion would result in a degenerate ground state. The single unpaired electron could
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be in either of the components d.._,. or d.. of the ¢, state. The Jahn-Teller
theorem>® requires any non-linear system with a degenerate ground state to un-
dergo such a distortion as will remove the degeneracy. The type of distortion can
be shown to be any of the non-totally symmetric normal vibrations whose repre-
sentations are contained in the direct product of the ground-state representation
for the appropriate point group. In this case, the representation of the ground state
is e, n the O, point group. The direct product reduces to e, x e, = a,,+a,,+e,,
and since aq,, 1s totally symmetric and there are no a,, normal vibrations®7, only
the components (V and VI in Fig. 2) of the e, mode can remove the degeneracy.
The extrema of these vibrations are the static distortions commonly found 1a six-
coordinate copper(Il) complexes®. The elongated tetragonally-distorted octahedron
(structure II in Fig. 2) and elongated rhombically-distorted octahedron can be
thought of as resulting from having the odd electron in the d,:_;. orbital, so
causing less coulombic repulsion between the copper electrons and the negatively-
charged ligands in the xy-plane, than along the z-axis. The compressed structures

L L L
. ;
(I L L L 1 L
\\:Cu:, \Cu< \CL /
1
1
L L L )
jiis I 1I
t
L L li
- -t ‘L\ /L’ e l L
-
,Cu/ /Cu \ \Cu/
L~ -~ l L »L (B L / \L\
-
L lI L
v v VI

Fig 2. The forms of the tetragonal and rhombic distortions of an octahedral CuL.g chromophore
(I, III and IV) and the components of the ¢, mode of vibration (V and VI).

Coordin. Chem. Rev , 5 (1970) 143-207
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(I1I and IV) result from having the odd electron in the 4, orbital. Detailed calcula-
tions>8 have shown that the elongated structures are usually more energetically
favourable than the compressed structures, consistent with their more frequent
occurrence**. It must be emphasized that although the Jahn-Teller theorem may
mn this way account for the type of distortion observed, it cannot determine the
magnitude of the distortion.

This theory>® accounts for distortion in complexes with six equivalent
ligands, but at first glance does not treat the cases of inequivalent ligands, which
wouid not give degenerate ground states. This approach to the problem of in-
equivalent ligands overlooks the fact that the copper(Il) ion can *“see” a regular
octahedral field if the distances of the inequivalent ligands are so arranged that
higher positions in the spectrochemical series®® are exactly counterbalanced by
longer bonds. Then, although the molecular symmetry is irregular, the “effective™
electronic symmetry is regular and will require a distortion to remove the de-
generacy.

The regular CuNg chromophore'? in K,PbCu(NG,)s would seem to con-
flict with the predictions of the Jahn-Teller theorem 3¢, but in this complex the
nuclear sramework of the chromophore 1s believed to be undergomng a dynamic
distortion'3-6°~¢°, rather than the static distortion* observed in the majority of
copper(Il) complexes. Whether the distortion 1nvolves a true dynamic distortion
or merely pseudo-rotation’?, is not certain, but the extreme distortion is prcbably
a restricted tetragonal-octahedral stereochemistry of the form believed to exist in
the complex®!-7* K,BaCu(NO,),. In both complexes, the restricted nature of the
tetragonal distortion arises from the high symmetry of the crystals (cubic and
tetragonal respectively). The regular trigonal-octahedral CuNg, and CuQOg chro-
mophores present in the complexes Cu(en);SO, #° and Cu(ompa);(ClO,), *° also
conflict with the predictions of the Jahn—Teller theorem35. In both of these com-
plexes, the nuclear framework 1s also considered to undergo a dynamic Jahn-
Teller distortton of the form XX now shown to exist># 1n Cu(hfacac),bipy (Table 1,
XVII).

——————
0
=

A
Jt

-

—‘
"

(o]
o

XX Cu(Chelate); X
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(ii) Pauling electroneutrality principle

Pauling first suggested that in the formation of a dative covalent bond
between a ligand and a positively-charged metal cation, the final equilibrium bond-
length would be such that the charge difference between the two adjacent atoms
would be no more than one electron’2. Polarisable ligands such as halide ions
would form four-coordinate species (e.g. CuCl,27) to avoid a large negative charge-
transfer to the metal by covalency, whereas less polarisable ligands, such as water,
would form six-coordinate species (e.g. Cu(H,0)¢%2"). In the latter, a regular
octahedral stereochemistry cannot exist and the structure will distort to form a
tetragonal-octahedral cation. In order to maintain the electroneutrality over the
whole molecule, as the two axial bonds lengthen the equatorial bonds must
shorten (see structures I and II, and the Cu-N bond-lengths in Cu(en);SO, *° and
Cu(en),(BF,),28 of 2.17 and 2.025 A, respectively). Consequently, the four equa-
torial ammoma higands in Cu(NH,).(NO,), (I) are more strongly bound than
those in Ni(NH;),(NO,), (I); this 1s reflected in the successive formation con-
stants’> of these two 10ons and in the Irving-Williams’# stability series, wherein
the property measured reflects the strength of the first four (equatorial) bonds.

(iit) The concept of semi-coordination

The arguments of the previous two sections suggest that the coppez(Il) ion
should be dominated by a tendency to form four-coordinate square-coplanar com-
plexes. In practice, this stereochemistry is very uncommon?® 1n copper(II) com-
plexes involving g-bonding ligands (such as ammonia’5 or ethylenediamine?®:77),
but does occur with potentially n-bonding ligands as 1n Cu(PyNO),(BF,), !7 and
Cu(3-Me acac), 2o Much the preferred stereochemistry for ¢-bonding ligands is a
distorted tetragonal octahedron [e.g. Ca(INH;)4(NO,), (IT) and Cu(en),(BF,),
(VID)], suggesting that the bonding effects of the groups present in the axial posi-
tions cannot be ignored. The term “semi-coordination” has been introduced?7:7¢
to describe this situation, and the experimental justification for it has been de-
scribed elsewhere”. This suggests that in tetragonal-octahedral copper(Il) com-
plexes mnvolving monodentate ligands, the axial fifth and sixth ligands are weakly
bondea at a definite distance (ca. 0.6 A greater than the in-plane distance), and
that the copper(Il) ion should not be considered as spherical, but ellipsoidal (with
a difference in the major and minor axes of 0.6 A). The in-plane covalent radius
of the copper(Il) 1on has been estimated!?® to be ca. 1.30 A, and consequently its
out-of-plane radius would be ca. 1.90 A. Thus is 1llustrated schematically in Fig. 3.
An observed bond-length would then be the sum of the covalent radii of the
ligand (r.) and the copper(Il) ion (rs or rp as appropriate). For non-equivalent
ligands, the observed bond-length will still mnvolve the sum of the appropriate
covalent radn. Using this approach, it is possible to estimate'! the values of the

Caoordin. Chem. Rev , 5 (1970) 143-207
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Compressed octahedral Regular octahedral Elongated octahedral
Ccu2*ion-oblate eilipsord cu?*ion-sphericat Cu?*on-prolate ellipsoid
Ry=rg+ 1 Rg=rg+re Rg=ry+r.
Rg=rg+ rc RL=rl+rc

Fig 3. The copper atom and higand atom covalent radu 1n octahedral and tetragonal-octahedral
stereochemistries (two dimensional)

short (Rs) and long (R,) copper-iodine bond lengths as 2 64 and 3.48 A, respect-
wely: these agree favourably with available observed values of 2.70 and 3.64 A,
n (Cubipy,DI (XV)*? and Cu(inudazole),I,’%, respectively. Some theoretical jus-
tification for the concept of semi-coordination has been obtained from the calcu-
lation of overlap integrals’® for the d.. and p_ orbitals along the z-axes. Overlap
with the d_. orbital falls off to 409 of the normal equatorial value at the semi-
coordinate distance. Overlap with the p. orbital actually increases up to a distance
of 0.3 A greater than the equatorial distance, and then falls off sharply.

() The concept of varying tetragonal distortion

In copper(II) complexes the tetragonal distortion (7)) may be measured by
the ratio Rs/R;, where R, has been corrected!! for the presence of non-equivalent
higands The value of 7 has been shown (Table 2) to decrease from umty for an
octahedral complex, to 0.56-0.66 for a square-coplanar structure®”-8°, The range
of the latter is determined by the variation of the non-bonding ligand distances of
3.0-3.5 A 1n this stereochemustry?®. Paralleling the decrease in T 1s a decrease of
the short copper-ligand distance, suggesting that the lowest values of the R occur
for a square-coplanar stereochemustry.

It might be argued that the particularly short copper—oxygen bonds?? in
these square-coplanar complexes are due to the presence of metal to ligand n-bond-
ing, rather than to the greater tetragonal distortion. It is probable that both
effects®® are present, and the decrease of copper-oxygen bond-length, from 1.967 A
mn Cu(hf acac),bipy (XVII) to 1.91 A in Cu(3-Me acac), (VIII), does indicate a
decrease of Rg with increasing tetragonal distortion, even in complexes with po-
tentially n-bonding ligands
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(v) The roelof n-bonding

In all copper(I) complexes, the main contribution to bonding is of a o-type,
and with Cu(NH,),X, ! and Cuen,X, 7977, it is the only form of bonding n
the equatorial plane. However, with these o-bonding ligands, a strict square-
coplanar stereochemistry does not occur'*-?!-7%, and some further capacity for
bonding is required for stability. In the above complexes, this 1s supplied by the
weak bonding of the semi-coordinating”® anions (X), but it may also be sup-
plied??+3° by n-bonding, as in Cu(3-Me acac), and Cu(salim),. In these complexes,
the most likely form of n-bonding is out-of-the-plane, using the copper d.. and
d,, orbitals, which as they are filled, enable negative charge to be back-donated
to the ligand. In this way, a square-coplanar copper(II) complex, (which has shorter
in-plane copper-ligand bonds than in the tetragonal-octahedralc ase) has a me-
chanism for redistributing the excess negative charge, accumulated on the metal
atom by the formation of four short -bonds, thus maintaining an internal distribu-
tion of charge consistent with Pauling’s electroneutrality principle”?.

In a tetragonal-octahedral stereochemustry the redistribution required is
smaller as the in-plane bonds are longer (sce section C, vi), but some n-bonding
could well occur via the semi-coordinated higands and the d,. and d,. orbitals*.

(v1) Steric factors

(@) Bulk effect.—A simple size factor may well prevent the formation of a
particular stereochemistry. Thus, while the Cuen,X, complexes involve a co-
planar CuN, chromophore, the Cubipy,X, complexes are prevented from assum-
ing*?-5! this conformation by the steric requirements®' of the bipyridyl 3,3"-
hydrogen atoms. Consequently, the bipyridyl ligands are forced to twist out of the
equatorial plane to yield a cis-conformation, as 1 (Cubipy,DI (XV) and [Cubipy,-
(ONO)INO; (XVIII), or the suggested twisted conformation®? (XXI) of Cubipy,-

N
l/ \CU/N\!
\N/ e N

- .-

XXI  Culbipy),(CIO,),

(CIO,),. The latter type of twisting is also shown*? by Cu(t-butyl salim),, (6 = 62°)
although®° Cu(salim), is strictly coplanar. The approximately tetrahedral stereo-
chemistry®® of Cu(dprm), is also considered to arise from the presence of a bulky
ligand which prevents a square-coplanar stereochemistry. The trigonal-bipyramidal
stereochemistry®* of Cu(Et,dien)BrN; may result from the bulky ethyl substituents
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on the diethylenetriamine ligand; the unsubstituted ligand does not give rise to
this stereochemistry®®. The trigonal-bipyramidal stereochemistry of (Cubipy,D)I
may arise from the large iodide ion occupying®® two adjacent in-plane coordinate
positions of a cis-octahedral®! stereochemistry see [Cubipy,(ONO)INO,.

(&) Blocking effect.—The a-aminocarboxylic acids tend to form tetragonal
octahedral complexes with copper(Il) (e.g. Cu(x-alaninate), - 2H,0)27. With cer-
tain substituted a-aminocarboxylates, the conformation imposed upon the ligands
by coordination can result 1n the blocking of the axial positions, and the formation
of a square-coplanar complex [e.g. Cu(l-aminocyclopentanecarboxylate), 28 and
Cu(d,l-diethyl-N,N'-a-alaninate), ]33!, A similar stereochemistry has also been
suggested for Cudach,(ClO,), ?%, 1n which the conformations of the methylene
groups in the ligand rings effectively block the axial positions of the copper{II) ion.

(¢) Chelate effect.—In axial complexes, the effect of chelation 1n the equa-
torial plane is small. Thus the in-plane bond-angle changes from 90° in Cu(NH,),X,
to 86° in Cuen,X,. In Cu(dien)C,0, - 4H,0 %!, the planar tridentate diethylene-
triamine ligand still involves only a total angular distortion of 25°, with the three
copper—nitrogen bonds equivalent in length. The angular distortion is slightly
less32 (17°) for the in-plane dien ligand in Cu(dien),Br, - H,O (X), as the terminal
Cu-N bonds are shghtly longer (2.10 aganst 2.03 A). The out-of-plane hgand is
even more distorted, due to the non-spherical symmetry of the copper(Il) ion,
involving a total bond-angle of 23° and a significantly longer terminal (2.40 A),
than central (2.04 A) Cu-N bond. The difference of 0.36 A 1s significantly lower
than that observed in tetragonal-octahedral complexes involving monodentate
ligands (ca. 0.6 A), and the presence of out-of-the-plane chelation has reduced the
extent of the tetragonal distortion. A similar effect has been observed in Cu-
H,edta - H,O (XID)>3, Cu(hf acac),bipy®*, (Cubipy,DI*? and [Cubipy,(ONO)]-
NO; ®*. In the latter complexes, the difference between the in-plane and out-of-
plane Cu~-N bond lengths 1s less than 0.15 A. This type of restricted tetragonal
distortion could occur in the trigonal complexes Cuen;X,, Cubipy;X, and
Cuphen;X, °7.

A shghtly different type of chelate effect is shown in the molecular structure®?
of Cu(NH,),(CH;CO,), (IX) and arnises when a chelate ligand is unable to co-
ordinate exactly along the coordinate axes. One oxygen atom of each carboxylate
group coordinates in-the-plane, and the remaining oxygen occupies a position
2.77 A from the copper(Il) ion and at an angle of 40° to the z-axis. Similar stereo-
chemistries have been observed in Cubipy(ONO), *3 and Cu(hydrogen-o-phtha-
late), - 2H,0 34, In all three molecular structures, the molecules may be described
as square-coplanar, except for the presence of the offset oxygens, and the in-plane
Cu-O bonds being appreciably longer than expected (see next section).

These typss of chelation (out of the equatonal plane)to form a restricted

Coordin. Chem Rev , 5 (1970) 143207



158 B. J. HATHAWAY, D. E. BILLING

tetragonal distortion, may be considered to arise as a compromise between the
desire of the copper(Il) ion to distort and that of the ligand to chelate strongly.
Whether or not the chelate forms a short or a long bond in the plane, depends on
whether the copper(IT) 1on assumes the form of a prolate or oblate ellipsoid The
former will result 1n an elongated restricted tetragonal distortion, as in Cu-
(dien),Br, - H,O 32 and Cu(hfacac),(bipy) >4, while the latter will result in a com-
pressed restricted-tetragonal-distortion, as in [Cu(bipy),(ONO)]NO; (XVIIL)>L.

(vit) Structural factors in five-coordinate copper(Il) complexes

The discussion so far has been confined to the relationship between the
idealised geometries of the tetragonal octahedron and the square-plane, both of
which supplement a basic four-coordination; the former by semi-coordination,
and the latter by n-bonding. This potential for further bonding above four-co-
ordmation could equally be satisfied by the formation of a five-coordinate com-
plex. The copper(Il) 1on can form both trigonal-bipyramidal and square-based
pyramidal complexes®®, especially the latter. The former structure frequently arises
where there are particular geometric factors present. Thus, the CuN; chromo-
phore*! in Cu(NH3),Ag(SCN); (XIV) arises because of the trigonal packing of
the Ag(SCN);2~ anions. In Cr(NH3)sCuCl; #3, the large tri-positive cation sta-
bilises the uncommon amon CuCls®~. There are too few trigonal-bipyramidal
crystal structures known to allow many generalisations, but bond-lengths are com-
parable to the values of R 1n the tetragonal-octahedral complexes. Thus, the
copper—chlorine bonds*? in CuCls®~ are in the range 2 29-2 39 A, and compare
with a mean Rg value”® of 2 31 A in a tetragonal-octahedral complex.

Crystal-structure®” data for the square-based pyramudal stereochemustry is
much more extensive In this, the fifth ligand 1s bonded at a distance of 0.2-0.6 A
greater than the in-plane ligands. In most cases, the copper(Il) 1on is not strictly
coplanar with the equatorial igands but is lifted ca. 0.2 A towards the fifth ligand.
The equatorial bonds tend to be shghtly longer than those in the corresponding
tetragonal-octahedral or square-coplanar complexes. In [Cu(NH;), - H,0]SO,,
the Cu~N bond length*® 1s 2.034 A, compared** with 2 005 A i Cu(NH,),SeO,.
The equatorial Cu-O bond-lengths 1n Cu(acac), quinoline*” are 1.95 A, compared
with 1.91 A in Cu(acac), 92. In general, there 1s no atom within 3.0 A in the sixth
octahedral position (but see Cu(dien)C,0, - 4H,0)°'.

Why the copper(Il) ion should be so relatively stable in a square-based
pyramidal stereochemistry is not clear, but the close approach of the fifth ligand
must mtroduce considerable electrostatic asymmetry along the z-axis. This may
well result in considerable asymmetry 1n the distribution of charge in the d..
orbital, above and below the xy plane’>. The movement ot the copper(Il) 10n out
of the plane occurs for both o- and n-bonding equatorial ligands, but 1n all known
crystal structures the fifth higand has some n-bonding potential (as m water*3:4¢
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or qunoline*?). The in-plane square-based pyramdal stereochemistry is believed
to be present in the Cu(NH ;)sX, complexes®?, in which the fifth ligand must be
purely o-bonded, but no crystallographic data is available.

D. THE ELECTRONIC PROPERTIES
(1) The electronic properties of the complexes of the copper(Il) ion

The magnetic and ESR properties are mainly determined by the electron
configuration in the ground state and only marginally by the electron configuration
in the excited states The electronic spectra are primarily concerned with the
energy differences between the ground state and the excited states, although a
precise knowledge of the ground and excited state configurations i1s necessary to
understand the selection rules 1n single-crystal polarised spectra®*. The measure-
ment of the ESR spectra gives the most precise information on the electronic
ground state (section F); and single-crystal polarised spectra (section G) give in-
formation on the relative ordering of the excited states.

The measurement of the magnetic susceptibility of a complex can give little
information, other than to indicate whether or not the copper(Il) 1ons are magne-
tically dilute (section E) Before examining each of these properties in detail (sec-
tions E-QG), it 1s worth examining, rather qualitatively, the way in which the
energies of the one-electron levels are influenced by crystal-fields of various sym-
metries.

(1) The crystal-field energy levels

The mode of sphtting of the five-fold degenerate 3d-orbitals by crystal-fields
of octahedral and tetrahedral symmetries is now well understood®—8. The effect
of crystal-fields of even lower symmetry (as represented 1n the various stereoche-
mustries of Fig. 1) 1s less clear’, but the suggested orderings are shown in Figs. 4-6.
Crystal-field calculations cannot give precise energies, or even detailed orderings;
for example they cannot determine whether the d.. orbaital lies above, or below
the d,;, d.. and d,. orbitals 1n a square-coplanar stereochemustry. Crystal-field
theory can specify which of the five d-orbitals has the highest energy®® and which,
therefore, will contain the odd electron (positive hole) of the d° configuration.

(i) The electronic ground state in different stereochemistries

The orbital sequences of Figs. 4-6 may be used to summarise the ground
states of the various stereochemistries of Fig. 1 (Table 3). The vast majority of
copper(If) complexes gives rise to orbitally non-degenerate ground states involving
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a static form of distortion and a d,:_,: ground state; a substantial number of
complexes have a d,. ground state, and a few have a d,, ground state. The last
group are confined to square-coplanar complexes involving chelate ligands with
n-bonding potential, as in Cu(acac), ?° and Cu(salim), °7, and compressed tetra-
hedral complexes, such as Cu(t-butyl salim), 2. The degenerate ground-state con-
figurations 4-6 of Table 3 are uncommon, and usually some form of dynamic
Jahn-Teller®? or pseudo-rotational’® distortion removes the orbital degeneracy

of the ground state.
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TABLE 3

THE ONE-ELECTRON ORBITAL GROUND STATES FOR THE KNOWN STEREOCHEMISTRIES OF THE COPPER(II)
10N, FiG 1 (for notation see section D, n) )

1 dray: Elongated tetragonal-octahedral
elongated rhombic-octahedral
square-coplanar
square-based pyranudal
(mn-plane and out-of-plane)

2 d. Compressed tetragonal-octahedral
compressed rhombic-octahedral
hnear
trigonal-bipyramidal
cis-distorted octahedral

3 4, Compressed tetrahedral
square-coplanar-Cu(acac),-type

4% d2.., d 2 y: Octahedral

or dlgx, dzxz_,z
5% d..*, d,.* Trigonal

or d-1, d,-2 elongated tetrahedral
6° dr2, d2, d,.t etc. Tetrahedral

2 These configurations are orbitally degenerate; m 5 and 6 this orbital degeneracy is removed
by spin-orbit coupling, but 1s not removed by this mechanism mn 4 (see section C, 1).

(iv) Electronic excited states in different stereochemistries

The ordering of the one-clectron orbital excited states, as determined by
crystal-field calculations, must be considered as extremely approximate, if only
because the point-charge model usually ignores the effect of 6-bonding, n-bonding,
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semi-coordination and the effects of bond-angle and bond-length distortions. The
only method of determuning the energies of these levels with any accuracy is by
using polarised single-crystal techniques, and even then the results may not be
completely unambiguous (section G). An attempt to calculate’® the energies of
the one-electron orbital levels using the angular overlap model has been rather
more successful, but only results in a best-fit of the single-crystal polarised spectra.

E. MAGNETIC SUSCEPTIBILITY DATA

The magnetic properties of the copper(Il) 1on are primarily determined by
the effective magnetic dilution in the solid state.

(1) Magnetically dilute complexes

When the individual copper(I@) 1ons 1n a complex are physically well separat-
ed from each other (>5 A), then the effective magnetic moment®® may be given
by the spin-only value, (i, ,), of 1 73 B.M. In practice, the experumental values
at room temperature lie 1n the range 1.8-2 0 B.M.; some typical values are given
in Table 4. These lie appreciably above the gpin-only value, due to mixing-in of

TABLE 4
SOME REPRESENTATIVE ROOM-TEMPERATURE MAGNETIC MOMENTS (B M ) FOR COPPER{II) COMPLEXES®?

Compound Hersr Compound Uerr
Na;Cu(NH;),{Cu(S,03).};NH; 190 Cs,CuCl, 192
Cu(NH3)4:(SCN), 181 CaCu(CH,CO;), 6H,O 194
[Cu(NH;);H,0]SO. 1.87 Cu(t-butyl-salim), 183
Cu(NH3;):Ag(SCN)s 183 Cu en,(BF.), 188
Cu acac, 191 [Cu bipy2(ONO)INO; 189
CuClz 2H20 187

some orbital angular momentum from excited states via spin-orbit coupling The
extent of mixing-in is given by the expression®®: p, ., = (1—4r?A/4AE)p,, where
A4E is the energy separation of the ground state from the excited state being mixed
in and r is the combined orbital and spin—-orbit reduction parameter (see section H).
As in all known copper(I) complexes, the “effective” electronic ground state 1s
orbitally non-degenerate (see D, 1ii), there 1s no inherent orbital contribution to
the magnetic moment of the ground state, and hence no stereochemical informa-
tion is forthcoming from this source, unlike other first-row divalent transition metal
complexes®®. Even the use of the more sophisticated techmque of single-crystal
magnetic anisotropy is only a little more informative®®. In a series of complexes
varying from distorted tetrahedral, [Cs,CuCl, (XIIl)], to square-coplanar
[Cu(enacac),], the magnetic anisotropies were found to be only slightly sensitive
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to stereochemistry, but more sensitive to the degree of covalency present (although
indirectly the covalency is also a function of stereochemustry). The anisotropy mn
the magnetic susceptibilities is related to the anisotropy in the ESR g-factors by
the expression X, = N2g,2S(S+1)/3RT, in which i = x, y or z directions. As the
g-factors can generally be more readily measured than the X,’s, the ESR techni-
que is preferred (section F).

(if) Non-magnetically dilute complexes

When the individual copper(Il) 1ons 1n a complex are not well separated
from each other, then interactions can occur. In copper(I) complexes, these are
antiferromagnetic 1n form and result in a reduction of the observed magnetic
moment below the spin-only value. Thus, the observed magnetic moment!°®® of
1.4 B.M for Cu,(CH;CO,), - 2H,0 is related to the close proximity of the two
copper(II) 1ons!®! (2.64 A). Such interactions are typical of complexes mvolving
bridging higands, as found 1n polynuclear structures. These types of complexes
involve very complicated electronic properties, which are not understood and fall
outside the range of this review.

F. ELECTRON SPIN RESONANCE SPECTRA
(t) Theoretical principles of the E.S.R. of copper(II) complexes! >

In an applied magnetic field H, the magnetic moment ug = —2 0023 .S
(B. = the electronic Bohr magneton), due to the electron spin angular momentum
(S), will orient 1itself to lie parallel or anti-parallel to the field. The energy difference
between these two states, found from the Hamiltonian s#° = —ugH, 1s AE =
2.0023 B_H. for a single electron (ing = +31). The direction of the field has been
taken as the axis of quantisation (z)

For the d° configuration of copper(Il), there 1s also an interaction between
H and the magnetic moment u, = —f_L due to the orbital angular momentum
(L) of the electrons. The total interaction, assuming Russell-Saunders coupling,
is given by the Hamultonian:

¥ = —H - (up+ups) = B.H - (L+200235)

The orbital degeneracy is removed by crystal-fields, but the spin-degeneracy
remains even after the action of spin—orbit coupling, and 1s lost only in a magnetic
ficld. The Zeeman splitting of the ground state can therefore, in principle, be ob-
served in an electron spin resonance experiment. The orbital angular momentum
is “quenched” for the ground states of most copper(IT) complexes, but spin—orbit
coupling mixes-in some contributions from excited states, the extent being ex-
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pressed by the Landé multiplet splitting factor ““g” in the energy equation.
hv = AE = g8 H Q)

(i1) The spin-Hamiltonian

This contains those parts of the total Hamiltonian which are relevant for
the purposes of ESR; 1.e. the spin-vectors only. For copper(Il) complexes, it is

Hs=gBS-H+AS I )

for crystal-fields having cubic symmetry (isotropic). The term 1n g contains the
spin—orbit (AL.S) and electronic Zeeman interactions. The second term describes
the interaction between the electren-spin and nuclear spin, which splits the ESR
signal into hyperfine components. For copper(II) compounds, this structure 1s only
resolved in dilute liquid or solid solutions' 3, due to the broadness of the signals
from undiuted crystals Such crystals are the subject of this review, and hyperfine
structure is only important for the present purposes in that it contributes to the
line-shapel®*. For crystal-fields of (z-) axial symmetry and non-axial symmetry,
equation (2) becomes (respectively)

«;fs = g"ﬂcH:S: +g.!_ﬁe(HxSx+HySy) (3)
and
‘%ﬂs = ﬁe(ngxSx"'ngySy'i'g:HzS:) (4)

Here, g,, g, and g. are the principal components of the g tensor along three
orthogonal axes.

(iii) The calculation of g-factors

An evaluation of the effect of mixing excited states into the ground state via
spin—orbit coupling, may be described by the series of matrix elements,

Hps = f WE.s Uy s dt = (My, Mg | AL S | My, M)

in the secular equation | H;’s»—E| = 0. Here, E 1s measured relative to the
energy before spin—orbit coupling, 1 1s the spin-orbit coupling constant, the ’s are
wave functions, the M’s are quantum numbers for the many-electron system (A,
corresponds to the component of L along z and Mj to the component of S), L and
S refer to the ground state and L’ and S’ to a series of excited states. These matrix
elements are evaluated*®> using the expression

My, M- | AL+ S| My, M) = MMy | Ly | M > {M5. | S_| M)
+3A My [ L_ | M) (M5 | S+ | Ms)
+A My | L. | M) {My | S, | Ms)
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and the standard!®3 expressions for the non-zero elements:

{Mp,y | Ly | M) = [L(L+1D)— M (M, + D}
(My_y | Lo | M) = [L(L+1)— M (M, - DT}
M| L. | M> =M,
{Ms.1 1S+ | Ms) = [S(S+1)—M(Ms+1)]*
{Ms_y | S- | Ms) = [S(S+1)—My(Ms—1)]*
{Ms|S:| Ms = My

)

Here L and S are operators and AL- S has been expanded
AL-S = A(L,-Sx+L,-S,+L.-S.) =3AL,-S_+L_-S)+AL.-S;
where

Ly =L, +iL, and S; =S, 15, ©)

For copper(ll), L = 2 and S = %, giving M, = 42, +1 or0and Mg = +31.
As a result of the interactions described by these matrix elements, the ground
state | M,, Mg)> becomes:

| My, Mg {My, Mg | AL - S | My, Ms)
Uns = | M, Ms>+ Y, Y, s 25 -

My, Mg '—'EL',S

There are two such states ¥, and {_, according as M5 = +1%, and they are
degenerate in the absence of a magnetic field. The application of a magnetic field
1s next considered along the z-, x- and y-axes, successively. The relevant Hamul-
tonian term corresponding to the magnetic field being along the z-axis1s 5% . = B _H.
(L.+2.0023S,) and the four matrix elements Hy = {¥ 1+, |5, | ¥ +;3> can be
calculated using Eqns. (5). The secular equation | H 3 —E | = 0 1s then solved for
the energies, relative to the original energy (without the field). This gives two
solutions E, and E,, and hence resonance is observed at iv = AE = E, —E;. For
H, and H,, the calculation is similar, except that equations (6) must also be used.

This process has been 1llustrated in various references'°%:1°>, and in all
cases (except when the ground-state orbital degeneracy is removed by spim-orbit
coupling rather than by low symmetry crystal-fields) the results are identical to
those obtaned from the equations of McGarvey!°?

OIL;In><n| L, [0

E,—E, ™

g, =20023+21)

where j is any of the x, y or z coordinates, “0” refers to the ground state and »
to an excited state. The matnx elements ‘are easily evaluated using Table 5 to
obtain the wavefunctions resulting! ° from the operation of L, and the knowledge
that <Y/, | ;> = 3,,. Equation (7) will now be applied to copper(II) systems of
various symmetries.
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Firstly, it 1s necessary to recognise certain similarities between the behaviour
of the d-orbitals in different point groups. For a given ground state (D, iii), the
calculation of g will depend on which excited states are coupled to it through
spin—orbit 1nteractions, and therefore on any degeneracies or symmetry relation-
ships within the excited states. An example will illustrate the importance of such
relationships. Table 6 shows how the d-orbitals transform in the D,,, D, and C,,
point groups®®. Thus, if the ground state 1s d,z_;z (a combination of M = +2
wavefunctions) it will interact in each point group with 4, (3f; = 0) which has
the sime symmetry. For all three point groups, the interaction results in a new
ground state!©®

Yy = cosad,z_y.—sinad. (8)
while the d. excited state becomes

Y, = smad,2_ ;2 —COSx d.a ©)
where « is an angle describing the size of the non-axial component of the crystal-
field, such that sin « and cos ¢ are normalised nuxing coefficients. In terms of
orbital angular momentum, these states are rewritten

_cosa ’ 23)+si o
lpl“"_—\/i 2>+ —=2»)+sina | 0)

Y, = T(I 2>+] —2>)—cos x| 0}

The three point groups are also similar 1n permitting no other mixing via sym-
metry. The other d-orbitals therefore remain expressed as

Vs = dyy = %a 25| ~2))
—1
Vs = de = (D=1 =1)

Ws = d,, = 7’5(1 13+ —1)

The matrix elements (5) then show that, in all three point groups, L. mixes i,
with ¥, and {5 while L, and L, mix {; with ;4 and ¢ 5, giving* from equation (7).
g- = 2—84 cos” a/E(Y3 = Y1)
. = 2—21 (cos a++/3 sin)/E(Ys — ;) (10)
g, = 2—24 (cos a—+/3 sind)*/E(W, — ¥,)
where E is the indicated electronic energy difference.

* In using Eqn. (7), it must be remembered that the bra {M, M5 | is the complex conjugate of
the ket | M, Ms> and that this affects the sign of i in the expressions for 3 and 5.
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TABLE 5
FUNCTIONS RESULTING FROM THE OPERATION OF L, i, AND L. ON THE d-ORBITALS!02
Orbutal y I:, I,
d.. —1V3d,. iVid,. 0
dyzy: —id,, —id,. 2id,,
dyy 1. —1ds —d,.,-
dy- —1d,, —iV3d,. id,:
+idez_y2
d;. idea sy vdy, —ids
-+1 vgd:z
TABLE 6
REPRESENTATIONS FOR THE d-ORRBITALS IN SEVERAL POINT-GROUPS
d-Orbital Representation in point group
Dzn Dz Czp

d.zydya 2 A, A A,
dx, Bla B.l Az
dx: Bzg Bz Bl
dy: B;'.g B3 BZ
TABLE 7
POINT-GROUPS EQUIVALENT FOR THE MIXING OF d-ORBITALS
Key number Equwalent pownt-groups

1 Clr CI

2 Cs, Cz5 Cap

3 Dipy D3, Cap

4 C4, C4h’ S4

5 Dy, D4y, Cop, D24

6 Ceou, D «<h

7 C3! D 3 CJF

8 O, T,,0, T, T,

9 CS: CG’ C79 CB’ DS’ DG: C5D

Cﬁm C3hv CS}u Cﬁhs D3h’ DSh
DGhs D34’ D4d’ DSdD DGH: SG! SB
L,1

pant
<

It has been shown here that the expressions for the g-values are the same
for the D,,, D, and C,, groups if the ground state is identical. This is a result of
the way the d-orbitals are grouped by symmetry, and Table 7 shows the other
point groups which are equivalent to this extent.

Using these similarities, and Eqns. (5) and (7), the g-values for most ground-
states and most point-groups have been calculated for the copper(Il) ion in non-
degenerate ground states; the results are given 1n Table 8. It should be noted that
in low symmetry point-groups a further mixing parameter (f) is necessary.

Coordin Chem. Rev , 5 (1970) 143-207
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TABLE 8§
THE EXPRESSIONS FOR THE g-FTACTORS OF COPPER(II) IONS IN VARIOUS ENVIRONMENT>?
Ground Pownt —(9:—2) —(gx—2) —(9,—2)
State Group®
d. 4,5,6
(a) 7, 9 0 61/5;(4_;) 6)/Ea(d )
3 8ismn2 a/E,. 22(sin @+1/3 cos a)?/E,, 21(sin @—~/3 cos ®)*/Eaq
2 84 smn? a/E,. 2A(sin a+4/3 cos a)? cos? B/E.. 2A(sm a—+/3 cos @)*cos? B/E ..
8 c
deaeys 4,5 81/E°c ZZ/ED“.,) zl/Eb(d.e)
(b) 3 84 cos? afEp. 2A(cos x+4/3 sin ®)*/Ey, 2](cosa—4/3sin®)*/Epg
2 81 cos? a/E,. 24(cos a+4/3 sin a2 cos? B/E,. 2A(cosx—+/3sinx)?cos? B/Epa
6,9 —4 2 2
7¢ —4 cos? a 2cos? 2cos*x
8 c
dyy 3,5 81/E.s 22[E., 24/E..
) 4 83/E,, 24/Eca,ey 22/ Ecca e
2 8A(sin? afE ..} 24 cos? f/E.4 22 cos? B/E..
cos? a cos? S/E )
6,9 —4 2 2
7 —4cos?a 2cos? 2cos?a
8 0 0 0
de= 3 21/ E4e 27/E, 2A(1/E4p+3/Ega)
) 2 22/E,. 21 cos? af/E,. 22 cos? a(1/Egp-4-3/Ea)
4,5 -2 2—2)(1/{Eqc—1/Eap) 2—2A(1/Egc—1/Eqp)
6,9 -2 2 2
7° —2cos? o 2 cos2 a 2cos?x
8 0 0 0
d,. d
(e)
Notes

(2) Terms 1n A2/E? have been 1gnored, as have those in sin? £ (assuming that g 1s small) The z-axis refers
to the principal symmetry axis States d:i, dy2_y2, dxy, dx- and d;. are respectively referred to as a, b,
¢, d and e in the energy subscripts (In the case of mixtures of states, the reference 1s to the state making
the greatest contribution when « and £ are small)

(b) Poimnt-group 1 has been excluded due to extreme complications Point-group 10 will not occur, since a
distortion is necessary to remove the degeneracy not hfted by spin-orbit coupling See Table 7 for key
numbers.

(c¢) Ground state degeneracy is removed by distortion to satisfy the Jahn-Teller thecrem, the resulting
pomnt-group is of lower symmetry

(d) Interchange x- and y-axes and treat as a d,, ground state

(e) See also ref. 107.

(iv) The practical value of the ESR spectra of copper(Il) complexes

The ESR spectra of copper(Il) complexes may be measured 1n two ways:
as polycrystalline powders, or as single crystals!®2. The former technique 1s the
most rapid experimentally but only yields approximate!®%-113 g.values (Appen-
dix I). and the results may be subject to misinterpretation; the latter!16-118 pot
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only yields the most accurate g-values, but also yields their direction cosines
relative to a given crystal face (Appendices II-IV). Both techniques determine the
crystal g-values, and will only yield the local molecular g-values!!?-12° (Appen-
dix V) if the crystal structure is known.
The factors which determine the type of ESR spectrum observed are:

{a) the nature of the electronic ground state
(b) the symmetry of the effecuive ligand-field about the copper(Il) ion
(¢) the mutual orientations of the local molecular axes of the separate copper(Il)

chromophores 1n the unit cell. .
Points (a) and () have been dealt with in section D; pomt (c¢) determines the
amount of exchange coupling present'2!, which 1s the major factor mn reducing the
amount of stereochemical information available from ESR spectra.

(@) Powder ESR data.—F1g. 7 shows some typical polycrystalline ESR spec-
tral line-shapes, with the approximate g-values!®® indicated n terms of the cor-

S(H)

[\
(o]
m.
N
(e}

B
N
e}

2

Increasing g-value ——

Fig. 7 The different types of ESR spectra obtained from polycrystalline samples of copper(1l)
complexes (Ist derivative absorption curves)
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responding magnetic field (see Appendix I for theory). The spectra may be con-
sidered in three general classes:

Isotropic Spectra. Such a spectrum (Fig. 7E) would suggest the presence of

a copper(Il) ion 1n:

1.

2.

a regular static octahedral or tetrahedral stereochemistry (neither of which
occurs in practice);
a regular octahedral stereochemistry undergoing a dynamic®® or pseudo-rota-
tional’? type of Jahn—Teller distortion. This is believed to occur in K,PbCu-
(NO,)¢ (II)°'-%3, and in the tris-chelate complexes Cu(en);SO, ®” and
Cu(ompa)3(ClO,), **°%;
a Cu(L), chromophore of lower symmetry than octahedral, undergoing free
rotation. This is believed to occur in the cubic hexaammine®? and pentaam-
mine®3 complexes of copper(Il), in both of which the Cu(NH;);2™ cation 1s
constdered to be present;
a complex contamng grossly misaligned ““tetragonal’ axes, as in Cu dien,(NO;),
(XD'22, This situation 1s probably the most common reason for the observa-
tion of an 1sotropic ESR spectrum.

Axial spectra. Two types of axial spectra are observed, depending on the

value of the lowest g-factor (Fig 7A and B)”°. (A) Lowest g > 2.04—such a
spectrum can be observed for a copper(Il) 1on 1n:

1.

axial symmetry with all the principal axes aligned parallel, and would be con-
sistent with elongated tetragonal-octahedral, square-coplanar or square-based
pyramidal stereochemustries, as occur in Cu(NH;),(SCN), !, Na,Cu(NH,),-
{Cu(S;03),},-H,0 (V)*! and Cu(l,3-pn),SO,H,0 (XVI)*®, respectively. In
these axial spectra, the g-values are related by the expression”’® G = g —2/
g1—2 = 4.0 (see section H, i, b) If G > 4.0, then the local tetragonal axes are
aligned parallel or only slightly misaligned; if G < 4.0, significant exchange
coupling?! is present and the misalignment 1s appreciable (assuming r, ~ )
and that the energies of the electronic transitions involved are comparable),

. rhombic symmetry with slight misalignment of the “tetragonal” axes Thus,

Cu(INH;),(NO), 123 has a two g-value ESR spectrum, with g, = 2 068 and
g, = 2.231;

. thombic symmetry, with the “tetragonal” axes aligned, but in which the in-

plane rhombic component is small and the powder techmique 1s insufficiently
sensitive to resolve the two planar components. Cu(NH3),(Cul,), has a two
g-value powder ESR spectrum!! (g, = 2.054, g, = 2219 and G = 4.21), but
gives a three g-value single-crystal ESR spectrum (g, = 2 054, g, = 2.058, and
g3 = 2223);

compressed tetragonal or trigonal-bipyramidal molecules occupying two non-
equivalent sites, with the principal axes inchined at 90°; this situation has not
been observed.

(B) lowest g < 2.03— such spectra can be observed for a copper(Il) ron in:
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1. axial symmetry with all the principal axes aligned parallel, and would be con-
sistent with compressed tetragonal-octahedral or trigonal-bipyramidal stereo-
chemistries as in Ba,CuFg *® and Cu(NH,),Ag(SCN); 4! (XIV) The Iat-
ter®6:12% has g, = 2004 and g, = 2.207; the value of G has no significance
in these compressed stereochemistries;

2. compressed rhombic symmetry with slight misalignment of the “tetragonal®
axes;

3. compressed rhombic symmetry with the “tetragonal’ axes aligned parallel, but
in which the rhombic component is so small that 1t 1s not resolved by the
powder technique

Rhombic spectra. Two types of spectra may be observed, depending upon

the value of the lowest g-factor. (Fig. 7, C and D.)

(C) Lowest g > 2 04—such a spectrum can be observed for a copper(Il) 1on 1n:

1. elongated rhombic symmetry with all the axes aligned parallel and would be
consistent with elongated rhombic-octahedral, rhombic square-coplanar or dis-
torted square-based pyramidal stereochemistries, as in Ba,Cu(HCO,)¢ - 4H,0
(ref. 24), Cu(3-Me acac),2® and [Cu(1,3pn), - H,O]SO, 9, respectively;

2. elongated axial symmetry with slight misalignment of the principal axes. Thus,
the axial environments of the CulN, chromophores i [Cu(NH;),H,0]SO, **
are misaligned by 61° and give rise to a three g-value spectrum?? (g, = 2.047;
g, = 2.126 and g5 = 2.172).

(D) Lowest g < 2 03—such a spectrum can be observed for a copper(II) ion in:

1. compressed rhombic symmetry with all of the axes aligned parallel, and would
be consistent with compressed rhombic-octahedral, cis-distorted octahedral or
distorted trigonal-bipyramidal stereochemistries as in (NH,),Cu(INH;),-
(CrO,); 12, [Cu(bipy),(ONO)INO; ! and [Cu(bipy),I]I *? respectively;

2 compressed axial or thombic symmetry with shght misalignment of the axes,
as in Cu(methoxyacetate), 2H,O 3%,

The spectrum of Fig. 7F 1s uninformative, except to indicate the presence of
exchange coupling If g, lies close to 2.00 then a d_. ground state is indicated

(11) Single-crystal ESR data

Not only do the single-crystal ESR spectra yield more accurate crystal
g-values!!6—118 than the powder spectra, they also yield the direction cosines of
the principal axes of the g-tensor with respect to a given crystal face. Equally
important, the directions and magnitudes of the crystal g-values can be used to
interpret polansed single-crystal electronic spectra’® of copper(II) complexes of
known, and sometimes of unknown, crystal structure.

Coordin Chem Rev , 5 (1970) 143-207
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G. ELECTRONIC SPECTRA

The electronic absorption spectra of copper(II) complexes may be measured
in solution, or in the solid state by diffuse reflectance and by single-crystal meas-
urements’ . All allow the measurement of the energies of the component states,
although to varying accuracy. The solution spectra readily yield accurate extinc-
tion coefficients and the single-crystal spectra yield polarisation data, which under
favourable circumstances allow absolute assignment of the spectral bands to the
energy levels. The spectra, 1in favourable circumstances, may also yield data'27 on
(1) spin—orbit coupling, (2) the mechanism of the excitation process, and (3), the
coupling of the nuclear and electronic motions (vibronic coupling). Electronic
spectra may be conveniently measured in the range 4.0-30.0 XK and over this
range, polarised spectra may be obtained using nicol prisms, cemented by an 1n-
frared-transparent adhesive. Four types of transitions may be observed in this
rangel28-127;

1. pure d — d transitions

2. charge-transfer transitions

3. internal ligand transitions

4. combination and overtone vibrations of the ligands, in the near infrared region.
In copper(Il) complexes, (1) and (4) tend to occur below 20 kK, (2) and (3) above
20 kK. Spectra of type (4) tend to be sharp, relative to d-d spectra, and are gen-
erally easily distinguished; this may be facilitated by comparing the spectra with
that of the free ligand or with that of the corresponding zinc(II) complex (which
has no d — d transitions).

(i) Principles of d — d transitions

The d — d transitions of the copper(Il) ion are predominantly electric-
dipolar in origin39:95:129-132 and are controlled by two selection rules: the spin
multiplicity rule which, however, 1s redundant in the case of copper(Il), as a d°
configuration only yiclds doublet states, and the Laporte rule.

Three mechanisms are available to account for the breakdown of the La-

porte rule!29-132;

A. — In non-centrosymmetric complexes (e g. Cs,CuCl,), d~p mixing may occur,
and some electronic intensity may be gained from the allowed d — p transi-
tion.

B. — In centrosymmetric complexes (e g. Cu(NH,),X,), a vibronic mechanism is
invoked, which allows an ungerade mode of vibration of the molecule to
couple with the electronic excited state.

C. — A less common mechanism is “intensity borrowing” from a low-energy
charge transfer band [e.g. Cu(3-¢ acac), 133 and Cu(3-Me acac}),%°].

The importance of the first two mechanisms suggests the division of cop-
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per(ID) spectra into those of centrosymmetric complexes and those of non-centro-
symmetric complexes. The latter should be distinguishable by a higher intensity
(as seen in the reflectance spectra of Fig 8), but caution should be exercised in
placing too much emphasis on differences in intensity of reflectance spectra’.
Fig. 8 illustrates how the appearances of reflectance spectra vary with stereo-
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Fig 8 The electronic reflectance spectra of some copper(Il) complexes

chemistry. However, not only do the spectra depend upon stereochemistry, but for
a given stereochemistry, they vary with the value of 10 Dg*3* (see Fig. 4), and with
the extent of the tetragonal distortion®”. Consequently, although square-coplanar,
tetragonal-octahedral, cis-distorted octahedral, square-based pyramidal and tri-
gonal-bipyramidal stereochemistries, involving nitrogen ligands, may be tentatively
recognised’®, less recognisable are the rhombic-octahedron, compressed tetra-
gonal-octahedron and compressed tetrahedron. Consequently, stereochemical as-
signments based upon reflectance spectra should be considered as tentative.

More precise information'?” may be obtained from the measurement of
polarised single-crystal spectra, but considerably more experimental work!28 is
involved. A knowledge is required of:

1. the crystal structure of the complex (preferably with all molecules in the unit
cell aligned), the indices of the main faces of the crystal, and the orientation of
the local molecular axes to these faces;

Coordin Chem Rev, 5 (1970) 143207
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2. the polarised single-crystal spectra, measured preferably in three mutually per-
pendicular directions parallel to the local molecular axes.

3. the crystal g-values and their direction cosines, measured with respect to a
known crystal face.

Requrements 2. and 3. enable the “effective” electronic point group symmetry®”’

of the crystal chromophore to be determined, and related to the crystallographic

and molecular symmetry. There is little evidence, so far, to suggest that the magnetic
axes do not correspond with the electronic axes (although this is not inherent), and
they are assumed to do so in the present article. There is considerable evidence
against the equivalence of the molecular axes and symmetries to those cf the

“‘effective” electronic axes and symmetries®’. In practice the effective symmetry

may be higher than the strict molecular symmetry, or lower than the approximate

molecular symmetry. Given the “effective’ point-group, the appropriate electronic
selection rules®* may be calculated, the detailed procedure being given by Cotton®%.

The single-crystal measurements give the crystal polarisations. If all the
molecules in the unit cell have identical orientations, or are related by inversion
1n a centre of symmetry, then the measured polarisations are equivalent to the local
molecular polarisations If there 1s more than one molecular orientation per unit
cell, then the microscopic polarisations are related to the macroscopic polarisa-
tions by vector addition of 7 cos? 8 (where I represents a polarised molecular n-
tensity, and @ is the angle between the direction of this polarisation and the crystal
direction). Analysis of the spectra is greatly facilitated by using the single-crystal
ESR direction-cosine data. A knowledge of the g_ direction (for a d,>_. ., d,, or d.»
ground state) permits the assignment of the z-polarised spectrum. The importance
of the ESR spectra 1n determining the electronic ground state has been referred
to earlier (section F).

Even when all of the above data is available (and it frequently 1s not), it
may still not be possible to completely determine the one-electron orbital sequence
for a copper(Il) complex. This arises for a number of reasons:

1. single-crystal polarisation data alone cannot give information on the presence
of a centre of symmetry; for example i1t cannot distinguish D, from D,, sym-
metry for a d,, ground state.

2 in non-centrosymmetric systems, there are only three cartesian directions, but
four d — d transitions are possible. Therefore, either one band is electronically
forbidden and only occurs with vibronic intensity, in the presence of three
electronically allowed ones, or two transitions are electronically allowed in the
same polarisation, and cannot be distinguished. In either case, 1t is difficult to
assign all four transitions.

3. in centrosymmetric systems, the polarisation should be less marked, as a vi-
bronic mechanism is operative, but the factors determining the most effective
vibrational modes are not understood.

For the above reasons, the results summarised 1n the following section are
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tentative and generally incomplete, but by examining the sequence of the one-
electron orbitals and their energies, for a wide range of complexes of different
structures, it 1s possible to obtain some stereochemical information.

(@) Experimental results
(@) Octahedral—A single electronic transition (¢,, — €,; split at the most

by 1.2 kK = 32/2, due to spin-orbit coupling within the ¢,, Ievel) and an isotropic
g-value, would be predicted for this stereochemistry!3° (Fig. 4). K,PbCu(NO,),

165

——————> Absorbance

~——3 Absorbance

22 20 1B ® 14 12 10 B8 6
<«———Energy (kK)

Fig. 9 The electronic reflectance spectrum of K,PbCu(NO.)g (-

crystal electronic spectra of K;BaCu(NO,)s (———and -..- ).

Fig 10 The polarised single-crystal electronic spectra of Cu(H,0),(HCO_),

) and the polanised single-

has an 1sotropic ESR spectrum®! (g = 2.10), but the electronic reflectance spec-
trum (Fig. 9) involves two bands split by 9.0 kK. Although the crystal structure
of K,BaCu(NO,), is unknown, its electronic properties®*-7! are consistent with a
static elongated tetragonal-octahedral stereochemustry. The polarised spectra’* are
shown in Fig. 9, and have been interpreted in approximately D,, symmetry, as-
suming a d,2_;. ground state, as suggested by the axial ESR spectrum (Table 9).
The simularity of the electronic spectra suggest that K,PbCu(NO,)¢ also has an
elongated tetragonal-octahedral CuNg chromophore, which, in order to be con-
sistent with the ESR spectrum®!, must be undergoing a pseudo-rotational type of
Jahn-Teller distortion®3+7°,

Coordin, Chem. Rev., 5 (1970) 143-207
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TABLE 9

THE ASSIGNMENT OF THE ELECTRONIC ENERGY LEVELS OF COPPER(1I) COMPLEXES (AK)(ROOM TEMPERATURE DATA};
SINGLE-CRYSTAL MOLECULAR g-VALUES

Complex Effective dz— dy—> diz> 4> gy ay gz gs =4
symmetry dyz_s2 dezyr  dra_y2 dez_yz

A dr:y: Ground state

K;BaCu(NO,), Dgay 86 165 165 165 2060 — 2071 2238
Cu(NH 3)4(SCN), Dy 143 157 175 175 —_ 2056 — 2237
Cu(NH3),(INO3), Dyy 134 16 2 17.1 171 —_— 2052 — 2234
Cu(H,0).(UO;),
(AsOy),-4H 0 Dy 130 120 150 iso —_— 20676 — 2 3554
Cu(H0)4(HCO,); Dy 92 112 132 132 _— 206 — 235
Nay,Cu(NH,).
{Cu(S:03)2}; H,O D 184 (192) 192 192 — 20520 — 2200
Na‘;Cu(NH“)‘;
{Cu(S.0:).4{> NHj; Dy 136 (174) 174 174 —_— 20567 — 2227
CaCuSi 0,0 Dy 188 129 158 158 _ 2054 — 2 326°
BaCu(HCO,)s - 4H,0O D3y 84 106 131 135 2078 — 2109 2383
Cufen).{BF;)2 D,y Dy, 180 (18 - 190 190 20456 — 20496 2 1982
190)
Culen).Cl, H,O Dy Dy 150 (150~ i81 181 20458 — 20466 22073
18 0)
Cu(en)Cl, D, 140 130 ca 150 ca 150 20523 — 20534 2239
Cu(dien),Br, - H,O D, 88 29 154 159 20449 — 20968 22130
Cu{lNH 3):{CH3CQO5): Day 175 150 175 180 20497 — 21100 22114
(NHL)Cu(NH3)s(PFe)a Cso 114 e 150 15.0 —_ 26654 — 22516
[Cu(NH;),H,0180, Cav 160 — 175 175 —_— — — —
[Cu(1,3-pn), H,01S80., Can 160 B 179 179 20503 — 20475 22073
Complex Effective dez_j2—> dyy—> dee — dpz—> g1 =gy g2 g gs
symmetry d.z d.z d;=2 d.z

B. d.: Ground state
Cu(dien),(NO 1), C, 92 117 15.6 156 20518 2.1440 — 2 1589
Cu{methoxyacetate),

2H,0 Dy 98 161 123 123 20266 22241 — 23447
[Cu(bipy). Il Ca, 13.8 12.7 108 ®3) 2.0280 21613 — 2.1642
[Cu(bipy). ]I D, ©3) 108 127 138 — — — —_
[Cu(bipy)(ONO)INO 3 Cap 14 6 95 150 (14 6) 2029 2.15 —_— 2205

2> 2> 2 o> 2r,—>
2y 7 & b

CuNH3;AgSCN) 3 D2 (11.1) 105 133 146 2006 — 22020 —

< Split by spin-orbit coupling ® Powder data

(b) Elongated tetragonal-octahedral —Polarised single-crystal spectra have
been observed for Cu(NH3),(SCN),'* Cu(NH;),(NO,), (II), Cu(UO,),(AsO,).-
8H,0"*%, and Cu(H,0),(HCO,), (IV)'*°; those for the formate are shown in
Fig. 10. The spectra of all four complexes have been vibronically assigned in D,
symmetry, with a d,._ > ground state (Table 9). The most active mode of vibration
m this point-group appears to be of b,, symmetry, and its efficiency may arse
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TABLE 9 (continued)

Complex Effective d.2— dyz_y2—> di.— dy. —> g1 g Yz gs=4gy
symmetry dyy dyy dyy dyy
C dxy Ground state
Cu(3-Meacac), Dy 192 155 158 (14 0— 20569 — 20606 22550
16 0)
CuH,edtaH,O Daor Dy, 82 131 126 146 20689 — 21142 22905
Cs,CuCly D3, 905 79 5 554 4 8° 2083 — 2103 2384
[Mea(dCH,)N],CuCl, Day 88 — 59 59 —_ 2.758 —_ 2.4008
Cu(hfacac),bipy D, 94 — 13.7 146 20722 — 20795 22919
Cu(phen)3(ClO,), D, 80 — i50 150 —_ —_ —_ —_
CaCu(CH3CO,)s 6H,O DjyorSg 127 158 144 144 —_— 20695 — 2 3602
136

from its being the only out-of-the-xy-plane vibration'?®. The tetraammines!! and
Cu(H,0),(HCO,), 136 yield the one-electron orbital sequence

de:_y>d.>d.,>d.,d,

Xz

For meta-zeunerite'*® the order of the 4. and d,, orbitals is interchanged,
probably due to the effect of m-bonding Although the crystal structure of
Na,Cu(NH,),{Cu(5,0,),},NHj is not known'® 29 accurately, 1t is believed to
be 1sostructural?*! with the monohydrate (V), and to involve an elongated tetra-
gonal-octahedral stereochemistry with the fifth ammoma weakly coordinated in
the axial position Its polarised spectra!!'2! are shown in Fig. 11, which is very
similar to Fig. 10, but the polarisation 1s even more marked, the spectra have
been tentatively assigned in D,, symmetry (Table 9).

(¢) Square-caplanar.—An effectively square-coplanar stereochemistry, in-
volving o-bonding ligands, 1s believed to exist 1n Na,Cu(NH ;) {Cu(S,0,),},H,0
(V)?! and, although the water molecules occupy positions midway between the
ahgned Cu(NH,),2" cations, they are considered to be uncoordinated®*. since the
distance (2.88 A) is shghtly greater than that consistent with semi-coordination!!-76
(2.55 A). The electronic transitions (Fig. 11) occur?! at appreciably higher energies
than for the 1sostructural ammonia adduct'*-2!, particularly the d_» — d,z_,- tran-
sition (the spectra have been assigned i D, symmetry, with a d.2_ ;2 ground state,
see Table 9). The energy of this transition has been established as a measure of
the tetragonal distortion!!-133, and its high value 1n this complex is consistent
with an effective square-coplanar stereochemistry for the monohydrate, in contrast
to the elongated tetragonal-octahedron of the monoammine adduct®*.

The partial polarised spectra of Egyptian Blue!37, (CaCuS1,0,,), which has
a strictly square-coplanar stereochemistry'® involving potentially n-bonding oxy-
gen ligands, has been assigned'3” in D, symmetry (Table9), with the d.2 — d,2_»
transition at highest energy.

More papers have been written on the assignment of the polarnised single
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Fig 11. The polansed single-crystal electromic spectra of Na,Cu(NH,):{Cu(8,0s).}. H.O
(~—-) and NasCu(NH21)s{Cu(S203)2}> NH3 ¢ ).

Fig. 12. The polansed single-crystal electronic spectra of Cu(3-Meacac);

crystal-spectra of square-coplanar bis (chelate) copper(Il) complexes, involving po-
tentially n-bonding ligands, such as acetylacetone, than on any other type of com-
plex127-89_ The results, for the one-electron orbital sequences of various Cu(acac),-
type complexes, are histed in Table 10. The almost 90° misalignment of the two
molecules in the unit cell of Cu(acac), ®? makes the assignment uncertain*38. The
misalignment'3® in Cu(dmp), 1s less (~45°), but there is some uncertainty con-
cerning the published spectra (two of the spectra which should be the same, are
not: Fig. 1, ref. 140). Cu(3-¢ acac), has two molecules, misaligned by 40°, in the
unit cell**!, and the method of resolving the spectra of this complex33 resulted
in a x-polanised spectrum consisting of a continuously rising background. This is

TABLE 10
A SUMMARY OF THE ONE-ELECTRON ORBITAL ENERGIES OF THE BIS(CHELATE-OXYGEN) COPPER(II)

COMPLEXES

Cufacac), 3% Cuf3-d acac), 3% Cu(3-Meacac), 8® Cufdmp), *3°
dyzoyzs~—>dyy, 180 169 155 182
d.. > d,, 156 190 158 164
d,. —d,, — 206 (14 0-16 0) 200

dez — dyy 145 154 192 15.6
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unusual, and places some doubt on the assignment, but not upon the discussion
of the proposed intensity-borrowing mechanism. The crystal-structure of Cu-
(3-Me acac), involves?® only one molecule in the unit cell, and hence avoids the
complications present in the above complexes. Unfortunately, the crystals obtained
are so thin that the polarised spectra®® could only be easily obtained in one face
of the crystal, and different polarisations were only obtained by tilting the crystal
to the appropriate angle in the light beam. The x- and y- polarised spectra are
experimentally satisfactory, but there is some doubt concerning the z-polarised
spectrum. The polarised spectra®® (Fig. 12) have been partially assigned, as in
Table 9, using a vibronic mechanism in D,, symmetry, and an intensity borrowing
mechanism'33. The results (Table 9) are much more consistent with the previous
assignments?!-*37  (Na,Cu(NH,),{Cu(S;0,),}, - H,O and CaCuS1,0,,) of
square-coplanar complexes, than are those of Table 10.

The polarised single-crystal spectra®? of Cu(salim), and Cu(N-Me salim),
have been reported, but in both complexes the close proximity of charge-transfer
bands prevented a clear assignment.

(d) Elongated rhombic octahedral —The polansed spectra’3® of Ba,Cu-
(HCO,)s - 4H,0 (VI) are shown in Fig. 13. There is a close resemblance of the
spectra to those of tetragonal-octahedral complexes!*+*35, but a clear difference

~————3> Absorbance

-~
2

~——> Absorbance

I 2 : " — e —— ==
2 20 1B B W4 12 0O 8 6

«———Energy (kK)
Fig. 13 The polansed single-crystal electronic spectra of Ba,Cu(HCO.)s * 4HO.

Fig 14. The polarised single-crystal electronic spectra of Cu(en),(BF,)2.
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is seen between the x- and y-polarisations. The spectra have been assigned in D,y
symmetry (Table 9), and y-sld a one-electron orbital sequence comparable**® to
that in Cu(H,0),(HCO,),, except for the sphtting of the d,. and d,. orbitals. The
strict molecular symmetry?7:28 of Cu en,(BF,), (VII)is C,, and three g-values are
observed (Table 9), but the difference between g, and g, is very small’’. The
polarised spectra’’ (Fig. 14) do not distinguish the x- and y-polansations and
have been partially assigned in the effective symmetry of D,, with a d,._,. ground
state (Table 9). This suggests that the methylene groups of the ethylenediamine
ligands do not sertously influence the electronic properties” . The polarised single-
crystal spectra of Cu(en)Cl, 3% (Fig. 15) have been interpreted in the non-centro-
symmetric point-group D,, with a d.z_,. ground state (Table 9). The electronic
properties clearly correspond with a principal axis perpendicular to the chelate
plane, rather than with the principal axis of the approximate C, molecular sym-
metry, and this again suggests that the methylene links in the ethylenediamine
higands are not electronically important.

The polarised single-crystal spectra®’ of Cu(dien),Br, - H,O are shown 1n
Fig 16. Although there are four molecules 1n the unit cell of this complex, the
local molecular axes are aligned, if the x- and y-axes lie along the equatorial Cu-N
bonds This has been established through a correlation of the single-crystal elec-
tronic and ESR spectra®? with the crystallographic data®2, The spectra have been

———>Absorbance

-————3 Absorbance

—_ 2 ' x e

22 20 18 16 W 12 10 8 6
«————Energy (kK)

Fig 15. The polarised single-crystal electronic spectra of Cu(en)Cl..
Fig. 16 The polansed single-crystal electronic spectra of Cu(dien),Br; - H>O.
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-3 Absorbance
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Fig. 17. The polansed single-crystal electronic spectra of CuH.edta - H,O.
Fig. 18. The polarised single-crystal electronic spectra of Cu(NH3).(CH1COQO>),.

assigned in D, symmetry (Table 9), and much less satisfactorily in C,, symmetry,
suggesting that, in this case, the methylene groups are important in removing the
center of symmetry. However, this could also be removed by the accumulative
bond-angle distortion (12°) imposed by the diethylenetriammne ligands.

The polansed single-crystal spectra®’ of CuH,edtaH,0O are shown in
Fig. 17. A correlation between the polarisation directions, the crystal g-values and
the crystal structure®3 requires that the x- and y-axes lie between the equatorial
bonds, rather than along them. The spectra can then be assigned, with a d,,
ground state, in the non-centrosymmetric point-group, D,, and equivalently, 1n
the centrosymmetric poini-group D,,, notwithstanding the clear lack of a centre
of inversion in the molecular structure (X1I).

The low energies of the first transitions®’, in Cu(dien),Br, - H,O and
CuH,edta - H,O, reflect the restricted-tetragonal distortion imposed by the out-
of-the-xy-plane chelation of these polydentate ligands (X) and (XII).

(e) Semi-elongated rhombic-octahedral—The polarised single-crystal spec-
tra’® of Cu(NH,),(CH;CQ,), are shown in Fig. 18. The polarisation is not very
marked, due to misalignment3? of the “tetragonal” axes by 60°, but the spectra
have been tentatively assigned in D,;, symmetry (Table 9). The d_» — d,._ ;. transi-
tion (17.5 kK) is intermediate in energy between that (18.4 kK) of the effectively
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Fig 19. The polarised single-crystal electronic spectra of Cu(dien),(NO3),.
Fig. 20. The polarised single-crystal electronic spectra of Cs,CuCl,.

square-coplanar Na,Cu(INH;),{Cu(S,03).}, * H,O 2! complex, and that (13.6 kK)
of the tetragonal-octahedral ammonia analogue!?. This is consistent with its stereo-
chemistry being intermediate between a square-plane and a tetragonal-octahedron,
due to the 1nability of the terminal acetate oxygen atoms to coordinate effectively

along the z-axis (IX).

(f) Compressed tetragonal octahedral—No polarised single-crystal spectra
of cepper(Il) complexes having exactly this stereochemistry are known (see ref.
143). Cu(dien),(NO3), has almost this structure (XI)*? and its spectra’?’ are
shown in Fig. 19. The alignment of the four molecules in the unit cell®7 1s not
ideal, but allows a reasonable spectral assignment in C, symmetry, using the d..
ground state established by the single-crystal ESR data (Table 9). This yields the
one-clectron orbital sequence d;2 > dyz_;2 > dy, > d,., d;;, the order of the last
three orbitals conflicting with the prediction of crystal field calculations!**. The
low energy of the d,._,> — d.. transition, in this complex, is consistent with the
restricted tetragonal distortion due to chelation from the short-bonded axial posi-

tions to the long-bonded equatorial positions®”’.

(g) Compressed rhombic-octahedral—The polarised single-crystal spectral?3
of Cu(methoxyacetate), - 2H,O 32 have been assigned 1n the effective electronic
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symmetry D,, (Table 9). The ESR data indicate a predominantly d,. ground state,
with the z-axis along the short Cu-O, bonds and the x- and y-axes close to the
other bonds.

(k) Compressed tetrahedral—The polarised single-crystal spectral*>:14? of

Cs,CuCl, are shown in Fig. 20. Partial data'*® have been obtained for [(CH),-
N(CcHsCH,)],CuCl,, using a crystal-tilting techmque. The spectra of both com-
plexes have been assigned in the D,, pont-group, with a d,, ground state (Table 9).

(i) Trigonal-bipyramidal—The polansed single-crystal spectra!4”? of Cu-
(NH;),Ag(SCN); are shown in Fig. 21, and the ESR spectrum'?# clearly estab
lishes a d,. ground state. The observation of three clear bands rules out the assign-
ment of this spectra in the simple Dj, point-group, as only two transitions are
predicted (Fig. 6). The spectra have been assigned!*#7 (Table 9) in the D3, double
group (including spin—orbit coupling!#8), with the interesting result that the parent
dyy, dy2—y2 level is lower in energy than d,., d,, (Fig. 6). This reversal has been
accounted for by out-of-the-plane n-bonding of the thiocyanate ligands with the
d.. and d,_ copper orbitals'*”_ The polarised single-crystal spectra (Fig. 22)'47 of
the distorted trigonal-bipyramidal complex [Cu(bipy),I]l (31V) may be assigned
(Table 9) 1n C,, or D, symmetry, with a d,; ground state. The former point-group
1s preferred, and yields the inverted sequence of one-electron orbitals, as above.

w3 Absorbance

Absorbance

22 20 1B 1B 14 12 10 8 6
«———— Energy (kK
Fig. 21. The polarised single-crystal electronic spectra of Cu(NH3).Ag(SCN) 3.

Fig. 22. The polarised single-crystal electronic spectra of [Cu(bipy).I]l.
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(j) Square-based pyramidal—The polarised single-crystal spectra’*® of
[Cu(1,3-pn), - H,0]S0O,, are shown i Fig. 23, and merely show a change of
intensity between the two polarisations. The spectra may be assigned in C,, sym-
metry, with a d,._,. ground state (Table 9). Comparable results have been ob-
tained”* for [Cu(NH ), - H,0]JSO,. Although?®3 NH,[Cu(NH,);](PF¢); 1s of un-
known crystal structure, it 1s believed to contain a square-based pyramidal CuNj
chromophore, and the polarised single-crystal spectra’® have been assigned in

————> Absorbance
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1 L 1. 1 i ]
22 20 118 16 4 12 10 8 S
<«——— Energy (kK)

Fig 23 The polansed single-crystal electronic spectra of {Cu(1,3-pn).H,0]SO;,.
Fig 24 The polansed single-crystal electronic spectra of Cu/Zn(bipy)sBr. 6H,O.

C,4, symmetry, using the single-crystal ESR data. The polarised single-crystal
spectra'®? of Cu[S,CN(C,Hs),], (which has a dimeric square-based pyramudal
structure® ) have been partially assigned in C,, symmetry and a single broad band
at 22.0 kX attributed to the d,_, d,. — d,>_,> transition.

(k) Trigonal-octahedral (D3).—The polarised single-crystal®®1#° spectra of
copper(Il) doped into Zn(bipy) ;Br, - 6H,O and Zn(bipy);SO, - 7H,0, are the same
(Fig. 24) and comparable to those of the undiluted complex Cu(bipy).Br, - 6H,0
(ref. 149). A slightly different type of spectrum has been observed for Cu (phen) ;-
(ClO,),, which is closely comparable to that of Cu(hfacac),bipy (Fig. 25)**°. The
spectra of the latter have been tentatively assigned in D, symmetry, with a d,,
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ground state (Table 9), and a comparable assignment!#® has been suggested for
Cu(phen);(ClO,),, and less certamnly for Cu(bipy);Br, - 6H,0.

(D) Cis-distorted octahedral—The polarised single-crystal spectra'®2? of
[Cu(bipy),(ONO)]NO, are shown in Fig. 26. The ESR spectrum® 52 establishes a
d.» ground state, (all four molecules 1n the unit cell5! have their molecular axes
aligned) and the spectra are assigned in C,, symmetry, with a principal x-axis.
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Fig 25 The polarised single-crystal electronic spectra of Cu(hfacac),bipy.
Fig 26. The polanised single-crystal electronic spectra of [Cu(bipy).(ONO)JNO;

(m) Coordination numbers greater than six.—The polarised single-crystal
spectra’?® of CaCu(CH;CO,), - 6H,O (XIX)** are shown 1 Fig. 27. These are
assigned 1 S, and D, symmetry, using a d,, ground state.

(iit) Conclusions from the electronic spectra

A number of generalisations may be drawn from the data on the electronic
energy levels of copper(Il) complexes presented in this section.

(@) Orbital sequence.—For a given stereochemistry the sequence of one-
electron orbitals is essentially constant; e.g. for a tetragonal octahedron!!»77:135;
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Fig. 27. The polarised single-crystal electronic spectra of CaCu(CH;CO.)s - 6H,O

dyz_y2 > d2 > dy, > d,., d,,. The effect of different ligands 1s reflected 1n their

coniribution to the value of 100g. Thus, in Cu{en),(BF,), the above order applies,

but m Cu(en)Cl, '3* the order of the d.. and d,, levels is reversed, as the chloride
[PUDESI, P .- T Al A L

ion lies much lower in the spectrochemical series*® than does ethylenediamine. In

a square-coplanar stereochemiustry, the d_. level lies below d, _, d,_ in CaCuSi, 0,37

/ATTYY

but above it in Na,Cu(NH ), {Cu(8,0,),},H,0 2!, for a comparable reason. The
effect of n-bonding on the sequence varies; 1n Cu(H20)4(HC02)2 136 1t is negli-
ngle, 1 meta—zeunerlte"' l[ ultercnanges the l'elauve pOSlIlOﬂS OI Ine a,z anu a

levels, and in Cu(NH;),Ag(SCN); 147 and [Cu(bipy).I]JI it completely changes the
point-charge sequence.

(b) Correiation diagram —The results substantiate a correiation diagram
which relates the energy levels of a restricted-tetragonal-octahedron, through those
of a tetragonai-octahedron to those of a square-piane, for CuO,. and CulN, chro-
mophores (Fig 4). In general, the spectra are much more sensitive to differences
1n bond-length'33 (as above), than to differences in bond-angle (e.g. Cu(NH ), X,'*
and Cu(en),X, 77). The evidence for correlation diagrams relating the square-

pldﬂC al]u bquarc-oaseu pyran’uu \SCC Sectlon U, 111, C), anu relaung tne cis-octa-
hedron and trigonal-bipyramid, is less clearly established!47-152,

(c) The concept of varying tetragonal distortion.—This concept, established!!

acss PRSPy | S J.-g T ol

on the basis of cryud.uugrdpm(., Uuuu-u:ugul data, finds substantial support from

the correlation!*3 between the tetragonality (T) and the energy of the d,z — d,2_,»

transition (Tabile 2). There is no such clear relationship between the energy of the

d.: — d.:_,. transition and the bond-length of the fifth ligand 1n square-based

pyramidal complexes. The energy of this transition is reduced from its value in

the pa_rent square—coplanar chromophore (compare 18.4 kK in Na,Cu(NH,),-
LV A o~ MATITT N\ TIiv 1

{Cu(8,03),},H,0 2! with 16.0 kK in [Cu(NH;),H,0]S0, **) but not to the value
(~ 14.0 kK) observed in teiragonal-octahedral complexes (i.e. Cu(NH3),(SCN), 11)
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notwithstanding the closer approach of the single fifth ligand {2.34 A in
[Cu(NH ;),H,0]S0,]**}. This insensitivity of the energy of the d,2 — d,2_;. tran-
sition to the effect of a fifth ligand may be enhanced by the ability of the copper(Il)
ion to move out of the plane of the equatorial ligands, towards the fifth ligand
{XVID), p =0.19 A 1n [Cu(NH,),OH,]SO, *3}. This crystallographic effect,
which may be associated with the n-bonding potential of the fifth ligand, could
possibly “cushion” the effect of the fifth ligand on the energy of the d.: — d,2_;2
transition. In contrast, a fifth ligand without any n-bonding potential, such as
ammonia in (NH,)Cu(NH ;) ;(PF¢); %3 has much more effect on the energy of the
d> — d.a_,» transition, (it 1s reduced to 11.4 kK 1n this complex); this suggests
that the fifth ammoma group will bond at a shorter distance than 2 3 A, in order
to satisfy the additional bonding potential of the Cu(NH ;)%™ cation (section C, 11).

(d) Chelate effect.—The consequence of a change, from a monodentate
higand to a chelate ligand, 1s minimal, as long as there is no change in the bond-
lengths or bond-angles (e.g. Cu(NH;),X; !* and Cu(en), X, 77). If the chelation
occurs in a way that restricts the extent of elongation or compression (Cu dien,-
Br, - H,0°2 and Cu dien,(NO;),37), then it has a major electronic effect (Table 2),
sigmficantly lowering the energy of the d.. — d,._. or d_, transitions®7-125,

(e) Electronic ground state—There is no electronic spectral evidence that
the ground state of the copper(Il) ion in its complexes 1s ever orbitally degenerate.
The d,2_ . orbital 1s the most common ground state, the d.: is quite common, and
the d,, occurs occasionally. The difference betweena d,._;» and a d,: ground state,
for the same symmetry, is not observable in the electronic spectra, but can be
readily distinguished by the ESR data (e.g. Cu(dien),Br, - H,0 ¢7 and Cu(dien),-
(NO3), '2%). A d,, ground state, 1n the Cu(acac),-type complexes' 38, is associated
with enhanced intensity in y-polarisation, due to intensity-borrowing!33 from a
low-energy charge-transfer band. It is not possible to say whether this mechanism
is primarily a consequence of the ground state configuration, or of the particular
ligand involved.

(f) The active mode of vibration in a vibronic mechanism.—In practice, the
vibronic mechanism has been restricted to D, and D,, symmetries. In both, in-
dependent of the ligand atom or whether it is involved as a chelate, the most
active normal vibrations are the out-of-plane bending modes!!:77:136 (4, and
b,, in Dy, and by, in D,, symmetry).

(g) The electronic consequence of a centre of inversion.—The polarised spec-
tra, described in this section, cover a wide range of stereochemistries, some centro-
symmetric and some non-centrosymmetric. The former spectra have been assigned
using vibronic selection rules, the latter using an electronic mechanism, and the
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sensitivity of the electronic spectra to the presence or absence of a centre of inver-
sion is of interest. The spectral intensities of Cu(NH3),X,, [Cu(NH;3),OH,]SO,'%,
NH,[Cu(NH;);](PFs); °3, Ba,Cu(HCO,)s - 4H,O0 3¢, Cu(acac), '*® and Cu-
Hjedta - H,0 °7 are quite similar. The intensity appears to be a function of the
ligand atom, mitrogen atoms producing more intensely coloured complexes than
oxygen ligands. This could result from lower energy charge-transfer bands 1n the
latter. The extents of polarisations observed for centrosymmetric complexes are
only slightly less than those observed for non-centrosymmetric structures: compare
Na,Cu(NH;3),{Cu(S,03),}, - NH; 2! with Cu(diwen),Br, ‘-H,0 ¢7; or Ba,Cu-
(HCO,)¢ - 4H,0 3% with CuH,edta - H,O ®7. There is no experimental test for
the presence of a centre of inversion (see the assignment of CuH,edta H,O n
both D, and D,, symmetries®?). Probably, the presence of a chelate higand is not
sufficient an electronic effect to remove a centre of inversion, but a gross bond-
angle distortion is important. Thus, the distorted tetrahedron (D,,), trigonal-
bipyramid (D5,,) and square-based pyramid (C,,) clearly lack a centre of inversion,
while CuH,edta - H,O does not, since it is basically a tetragonal octahedron®3. In
Cu(dien),Br, - H,O *2 and Cu(dien),(NQOj3), 7, 1t 1s probably not the presence of
methylene links themselves, but their accumulative distortion of the Cu-N bond-
angles, which removes the centre of symmetry

(h) The electronic consequences of n-bonding.—The effect of m-bonding on
the electronic energy levels of a copper(Il) ion is relatively small, compared with
the effect of o-bonding, and consequently the former effect 1s difficult to establish.
It 1s believed to be responsible for (a) the reversal of the order of the 4., d,>_,:
and d,_, d,. levels n Cu(NH),Ag(SCN); '*7 (and less certainly'*” in [Cubipy,I1I),
(b) the existence of strictly square-coplanar Cu(acac),-type complexes®?, their
relatively short copper-oxygen bonds and hence the high energies of their d;: — d,
transitions, and (¢) the relatively low values of the combined orbital and spin-orbit
reduction factors 1n complexes, particularly with oxygen ligands!3>. It may also
be present 1n complexes involving semi-coordinated ligands'*, such as, the nitro
groups in Cu(INH;),(INO,),, and the thiocyanate groups in Cu(NH;),(SCN), and
Cu(en),(NCS), 77. n-bonding may also play a significant part in satisfying the
additional bonding capacity of a four-coordmate chromophore in forming a
square-based pyramudal structure, as 1n [Cu(NH;),H,0]SO,. The n-bonding of
the fifth water ligand may partially account for the energy of the d.: —» d,>_;=
transition in this complex.

H. ORBITAL REDUCTION FACTORS AND THEIR SIGNIFICANCE

Under favourable circumstances, it is possible to combine the ESR spectra
of copper(1) complexes with their electronic energy-levels, and from the expres-
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sions of Table 8, to obtain values for the combined orbital and spin-orbit reduction
parameters. Before examining the results, it is worth considering the origin of
these reductions.

(i) Spin-orbit reduction

Two mechanisms have been suggested®®:1%3 to account for the apparent
numerical reduction of the spin-orbit coupling constant from its free-ion value®®
(—0 829 kK). It appears that both factors are important!>#, but their relative in-
fluences have not yet been established.

(a) Central-field-covalency.—This causes a real reduction of L and of AL,
and depends on the variation of the effective charge 1n the partly filled shell, due
to transfer of electrons from the ligands into metal orbitals. Hence L and AL
become kL and RAL, where the coefficients k and R describe!>* “orbital reduc-
tion’™ and ““spin-orbit reduction”.

The introduction of these parameters modifies the expressions of Table 8§,
to the extent that 1 must be replaced by kRA. (It has been assumed that the reduc-
tion factors associated with the matrix elements between two f,, orbitals are the
same as those associated with the matrix elements between a f,, and an e, orbital )
Now if the crystal-field 1s not cubic, then k and R will display the same amisotropy
as does g. Thus, 1n Table 8, 1 must be replaced by L, R A inthe g, (i = x, y, 2)
expressions.

In the axial case, kR, and k; R; may be determined from gy, g, and the
electronic energies The individual k£ and R values cannot therefore, be measured,
but only parameters ry = /kj - Ry and ry = \/k; - R,. These have previous-
ly77-136,152 phaen referred to as “‘combined orbital reduction-factors™, or stmply
as ““orbital reduction-factors’.

In the non-axial cases, the three measured g-values, and the electronic ener-
gies must be used to determine one (&) or two (a, f) angles which describe the
crystal-field, and also the three parameters r,, r, and r, Solutions are only possible
if some approximations are made. Generally f will be assumed to be zero, and
r. = r,. This allows «, r, and r; to be calculated.

(b) Symmetry-restricted-covalency—This causes an apparent reduction of 1
through delocalisation of the metal electrons, and has been treated by means of
molecular-orbital theory®¢-192:156:157 The case of tetragonal®®:'*7 symmetry
(D) will be 1llustrated, since the derived expressions are often assumed®é-157-162
to be relevant 1n other point-groups (D, expressions have also been given!63:164)
For a d,»_ ;. ground state, the d-orbitals contribute to the following antibonding
molecular orbitals, which are based on the metal atom and the coordinating atoms
of four ligands (denoted by superscripts 1, 2, 3, 4) arranged in a plane.
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¢1 = a(dxz—yz)‘-a,["ax(l)"-o-y(Z)+o-x(3)—o-y(4)]/2

¢, = a,(d.a)~a, 6.V +6,P—0,~0,¥]/2

¢35 = by(d.)—b,'[p,’+p. P —p,P—p @]/2

¢, = b(d.)—bTp. " —p.*1//2

Ps = b(dyz)—b'[pz(z)"Pz(4)]/\/2
(The o-orbitals are hybrids of the ligand s and p orbitals). The g-values derived
by operating on these wavefunctions with the axial Hamiltoman (3) are

g-2 = —8p[ab1—a'b1s—a'(1~b12)*T(n)/23}

g,—2 = —2p[ab—a'bS—a’'(1—b**T(n)/,/2] an

where S is the overlap integral involving d,._,. (the small overlaps for d,,, d,.
and d,, are ignored); 7(n) 1s a function of the metal-ligand distance, the effective
nuclear charge and the extent of s—p hybridisation of the ligand orbitals; p =
Aab,[E(¢, — d3), n = Aab[E(¢, —¢4,s) and E is the energy of the indicating transi-
tion. An interesting case arises 1f there is no metal-ligand n-bonding (hence
b, = b =1 and b,” = b’ = 0), then (using a*+{@’)>*—2aa’'S = 1, for the norma-
lisation of ¢,)

2 n2

gy—2= —81 [%' - (02) +'}]/E(¢1"¢’3)
2 (a’ 2

g1~z = -2 [5 = L 3B~ 400

and
— g_"—Z — 4- E(ds—a,s)
gi—2 E(¢,—¢3)

The best test of this relationship 1nvolves the complexes?! Na,Cu(NH,),-
[Cu(S,03),1,L, where L = NH, or H,O. In both cases, no equatorial n-bonding
1s possible with the NH; ligands, and E(¢; — ¢4, s) =~ E(P; — ¢3). No axial n-bond-
ing is possible for the monoammine adduct, resulting in a G-value (4.01) very close
to 4.00. The slightly lower value (3.85) for the monoaquo adduct could be due to
(a) slight axial n-bonding, although any electronic effect of the H,O molecules
has been ruled-out?!, (b) the effect of central-field covalency, or (c) inaccuracies
in measuring the broad g resonance, or locating the d,, — d,:_,. transition.
When n-bonding is present it is necessary to simplify equations (11) (unless
nuclear and ligand hyperfine structure provide extra data) by ignoring overlap and
the small terms in 7'(n). This leads to expressions previously derived by Stevens!*¢:

gy = 2—8}.a2blzlE(¢1—¢3)}
g, = 2-—-2).a2b2/E(¢1—¢4.5)

These expressions are those of Table 8, modified by replacing 4 with a*6*,4 or

a2

13)
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a’b?A. Thus, the parameters ab, and ab in the symmetry-restricted description
have the same function as r| and r, 1n the central-field description. When both
mechanisms are important, 1 must be replaced 1n Table 8 by ryab;A or ryabA.
For D,, symmetry, the orbitals ¢, and ¢ 5 are no longer degenerate (because
d,, and d,_ lose their degeneracy), and the following expressions are used!®4-*¢%;

g: = 2—8)-“21712/}3(‘1’1—‘1’3)
9. = 2—22a’C[E(p, ~¢s) }
g, = 2—21a*b*|E(dp, —ds)

where the parameter b in the degenerate ¢, 5 orbitals has been replaced by & and
c for ¢, and ¢, respectively. These expresstons should be modified due to the
mixing of ¢, and ¢, via symmetry.

If terms 1n @, and «,” (introduced through spin-orbit coupling between ¢,
and ¢,, in their symmetry-mixed forms) can be ignored, then instead of Eqns. (14),
the expressions of Table 8 may be used, with A replaced by a?b,%4, a®b*4 or a*c?A,
As with the central-field mechamsm, 1t is necessary to assume that b = ¢ if any
solutions are to be obtained.

Since a, b,, b and ¢ are molecular-orbital coefficients, their values must be
less than or equal to unity. Further, unless most of the d-electron density 1s 1n the
ligand orbitals, the coefficients must be greater than 0.5.

The extent of the departure of these coefficients from unity measures the
extent of delocalisation of the metal electrons due to metal-ligand bonding. Thus,
“a” measures’® g-bonding “b> measures out-of-(xy)plane zn-bonding, and %;
measures in-(xy)plane n-bonding. It 1s often assumed!37:159:160,164 th5¢ there 15
no out-of-plane n-bonding (b = 1), when the MO description is used, but the
examples discussed below will iliustrate that such a generalisation is invalid.

14

(i1) Measured reduction factors

The most accurate data are obtainable only when ESR and polarised electro-
nic spectra are recorded on single-crystals of known structure. Table 11 lists all
such available data on the amisotropy of A’/A (1’ is the effective value of the spin-
orbit coupling constant, 4 its free-ion value).

It 1s impossible to determine all of the parameters ry, r,, a, b, and b from
this data, but consider first the possibility that the dominant factor is symmetry-
restricted covalency. Then 1n the absence of in-plane n-bonding (b, = 1) @ and b
may be determined. The bis-ethylenediamine complexes’? 1nvolve this situation
(b, = 1), since ethylenediamine is incapable of n-bonding and the “semi- >rdin-
ated” axial ligands can only n-bond with the d,. and d,. orbitals. Table 12 lists
the values obtained for “a” and “b”. Only ranges can be given, since E(¢, —¢d3)
is only known within Irmits. The values of b are all close to unity, as expected for
little out-of-plane n-bonding (with axial ligands), but not equal to unity. Cu(en),-
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TABLE 11

ANISOTROPY IN THE REDUCTION OF THE SPIN-ORBIT COUPLING CONSTANT, CALCULATED FROM CRYSTAL
DATAT

Compound (A yfA)* (A jA)* Ref.
Cu(en)a(BF,)2 7375 74 77
Cu(en),(ClO4)2 7677 74 77
Cufen),(SCN). T1-75 71 77
Cu(en);(NO;). .70-.76 .78 77
Culen):Cl, H,O 68~ 73 71 77
Cu(en);Brz H_zo 6976 72 77
Cu(en)Cl. 68 67 134
NH4CU(NH3)4{CU(5203)2}2 -NH3 77 .78 21
Na,,Cu(NH;h{Cu(S;O;); }2 - Hzo .76 78 21
Cu(NH3)4(CuBr3). 6575 .72 i1
Cu(NH3).(NO;), .74 .73 i1
Cu(NH,;);S0, H:O — 75 11
Cu(NH3)4(SCN), 74 76 11
Cu(NH;3)4(Culz), 78-.72 71-78 11
Cu(U0,).(As04), - 8H,O .80 78 135
Ba.Cu(HCO;)s 4H.O .78 .86 136
Cu(HCQO,); - 4H,0 77 .69 136
(MeNH),CuCl, 71 66 166
CuH,edta H,O0 82 72 67
CaCu{CH3CO;). 6H,O 926 78 125
(Me3¢CH2N),CuCly — 52 146, 25
Cs,CuClyg 69 51 167
Culdmg), — 60 168, 169
(NH4)CU(NH3)5(PF5)3 —— 77 93’ 75
K,;BaCu(NO2)s 81 77 71
Cu(N-Mesahm)» 75 77 170
Cu(3-Meacac),* 77 74 80
Cu(NH3),Ag(SCN) s — .68 147

* Other acetylacetone systems are omitted, since no agreement has been reached on the electronic

assignment (section G, , ¢)
+ No corrections are applied to the electronic energies i respect of vibrational quanta, nor 1s

the relativistic correction to the free-electron’s g-value included

(ClO,), has the highest value of “¢””, and this is consistent with its having'?* the
longest Cu-N bonds (2 04 A), and hence the least covalency. The ranges of the
other “a” values overlap, but that of the chloride extends to the lowest value The
chloride would be expected to have the greatest covalency, since it has *7? the
shortest Cu—N bonds (1.985 A). Previous data on the bis-ethylenedianune com-
plexes have not been considered, since the frozen solution results'®® were based
upon incorrect guesses for the electronic energies, and the crystal data**®*73 were
interpreted on the incorrect basis of pure axial symmetry. There is now no reason
to make an axial assumption, since expressions have been developed (see Appen-
dix V) for calculating non-axial g-values for crystals containing two inequivalent
molecular orientations. Cu(dmg), has a lower value of X', in agreement with the
probability of considerable out-of-plane n-bonding.
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TABLE 12

MOLECULAR ORBITAL COEFFICIENTS FOR COPPER(II) BIS-ETHYLENEDIAMINE AND TETRAAMMINE COM-
PLEXES, CALCULATED FROM CRYSTAL DATA

Compound a b
Cu(en)(BF;), .73-.75 98-1 00¢°
Cu(en),(ClOy). 76-77 96— 98
Cu(en),(SCN). T1-175 94-1 00 .
Cu(en),(NO3), 70-.76 b
Cu(en).Cl, - H,O .68-75 94-1 00
Cu(en).Br. H,O 69-76 95-100
Na4Cu(NH3)4{CU(Szo 3)2 }z H.0 .76 100
Na,Cu(NH;),{Cu(S:03).}, NH; 77 100
Cu(NH,).(CuBr.)., 65-175 96-1 00
Cu(NH 3)4(N02)2 74 .99
Cu(NH3;).(SCN), 74 4

Cu(NH 3)4(Cul,), .78-.72 91-1 00

2 The values of *‘b” have been curtailed at 1 00, since b cannot have a value greater than umty
b All calculated values of ‘b’ are greater than unity This has been explained?” for Cu(en).(NO3).
in terms of an ambiguity in g, and g, values affecting only this complex For Cu(NH3)4(SCN).,
there may be a shight error 1n g, due to large angles of misalignment resulting from awkwardly
shaped crystals

The values of 2’ and &', for the mono-chelate Cu(en)Cl, are both less than
the respective values in the bis-species. This 1s expected, since the structure?® of
Cu en Cl, involves chlorine atoms in the equatorial plane and these may contribute
both to in-plane and to out-of-plane 7-bonding. The involvement of considerable
metal-ligand n-bonding with the chlorine atom is also suggested by the low values®®
of 2’y and 4’ for the tetragonal-octahedral complex (MeNH3;),CuCl,, and the
flattened tetrahedral complexes'®” Cs,CuCl, and [Me ;¢¢CH,N1],CuCl,.

The assumption of no in-plane n-bonding, should also be valid for the
tetraammines'!, and Table 12 gives the MO coefficients then obtained. Again the
values of ““b” are close to unity, and the iodide may have the lowest b-value.
consistent with its having®*® the smallest tetragonal distortion. Further the range
of a-values extends highest i the 10dide, and lowest 1n the bromide. If the actual
values behave 1n the same way, covalency 1s greatest in the bromide, and least in
the iodide. This agrees with the Cu-N bonds n the 10dide!’* (2.14 A mean),
being the longest of all the tetraammines and almost the shortest in the bro-
mide! 7 (1.996 A).

No simplification can be made for the other complexes listed in Table 11,
since in-plane n-bonding cannot be discounted for chlorine or oxygen atoms. No
M.O. coefficients can therefore be calculated. However, certain trends can be seen.
In most cases A’y > 4°y, suggesting the presence of more out-of-plane n-bonding
than mplane n-bonding Only for Ba,Cu(HCO,), - 4H,0 and Cu(N-Mesalim), is
this not true.

The layer structure!® of Cu(HCO,), - 4H,0 requires that the oxygen (for-
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mate) p-orbital, unused in sp? o-bonding (to copper and carbon, leaving a lone
pair), is perpendicular to the plane of the CuQ, (formate) unit, and can therefore
form n-MO’s with the d, . and d,. (and carbon) orbitals The lone pair is directed
parallel to one lobe of the d., orbital, and can give little overlap. The crystal
structure therefore agrees with the anisotropy in n-bonding which is suggested by
the A’ values.

The situation in the structure?* of Ba,Cu(HCO,); - 4H,0 is complicated by
the presence of Ba—O{formate) bonds. These require the formate groups of the
(water)O-Cu-O(formate) plane to be orientated so that the oxygen p-orbitals are
directed towards the 4., orbital. This leads, as observed, to n-bonding anisotropy
of the opposite type to that of Cu(HCO,), - 4H,0. In Cu(UO,),(AsO,), - 8H,0'5,
the m-orbitals of the uranyl ion can bond with the copper d,. and d,_ orbitals, to
produce the observed anisotropy. Acetate groups perform the same function in
CaCu(CH;CO,), 6H,O °°, the amsotropy of CuH,edta - H,O is not under-
stood®”. Cu(N-Mesalim),'7? appears to have more in-plane n-bonding, than out-
of-plane n-bonding, and is also not understood.

The five-coordinate complexes Cu(NH;),Ag(SCN); *47 and (NH,)Cu-
(NH,)s(PF¢)s 7° are interesting, in that the 4’ values indicate more out-of-plane
bonding in the former. This 1s expected, due to the presence of thiocyanate li-
gands!*7_ If a square-based pyramidal stereochemistry is appropriate for the latter,
then no 7-bonding can be present and (4'/A)* =~ (4',/1)*, as m NaCu(NH;),-
{Cu(S,03),},NH; 2! (Table 11). Using an estimated value of @y [A)F = 0.77,
and g, = 2.2516 a value of the energy of the d,, — d,z_: transition of 15.7 kK is
obtained, 1n reasonable agreement with a value of 15.0 kX for the energy of the
d_., d,. —» d.a_,. transition. This suggests that, in axial copper(I) complexes in-
volving o-bonding ligands, the values of (2’ ;/A)* and (', /A)* may be reasonably
equated, and used to evaluate the energy of the d,, — d.._,: transition The recent
attempt'”?® to calculate the effect of covalency on the second moments of the
ESR spectrum of Na,Cu(NH5),{Cu(S,0,),}, (assuming that the ammonia ad-
duct was used??) must be incorrect, as the energy of the d,., d,; ~ d,2_. transition
was “‘estumated” to be at 250 kK.

In spite of the partial success of this treatment, it has ignored central-field
covalency and although, on this basis, the data can be understood in terms of
varying metal-ligand n-bonding, the presence of metal-ligand m-bonding is not
established.

Hitchman!7% has considered the interpretation of rhombic g-tensors and
has obtained the probability distribution of the unpaired electron along the x-, y-
and z-axes. In the case of two complexes. Cu(MeOACc), - 2H,0 and [Cu(bipy),-
ONO]NO;, Hitchman’s treatment differs from ours!52 in the definition of mole-
cular axes. The dominant perturbation in the stereochemistry of these complexes
appears to be an axial compression. We, therefore, take this to be the z-axis, while
Hitchman defines 1t as the x-axis. This labelling will not effect the physical proper-
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ties, however, it probably invalidates Hitchman’s approximation that r, = r; for
these complexes. Plots of r, and r_, for varying r_, indicate relatively small changes,
but are more valuable 1n showing that the wavefunction coefficients are relatively
constant.

APPENDIX

1 LINE SHAPES FOR NON-DILUTE POWDERED SAMPLEs! 04

In a polycrystalline sample, all possible onientations of the molecules are presented to the
magnetic field, and therefore a spread of the signal 1s observed, this being the envelope for all
g-values between the principal values'®* Each g-value contributes to the line-shape according to
1ts statistical weight. Several analyses of the line-shape have been used!®4 198-115 varying in
sophistication, according to whether the g-value, hyperfine and Itne-width tensors are considered
to be 1sotropic, axial or completely amsotropic This allows computer simulation of the line-shape
for a given set of parameters

For each hyperfine component (nuclear quantum number ), the absorption intensity at
field H 1s

1 dHq
S(H) = mfw) AN @n

where for the axial case, f(0) = g, %[(g,/9)?+1}/8 (and g2 == g2 cos? O-+g, % sin? O, when the
field 1s at angle € to the g, vector) and takes into account the variation of transition moment

TABLE 13
A COMPARISON OF SOME CRYSTAL AND (UNCORRECTED) POWDER ESR DATA
Complex Crystal g-values Powder g-values

g1 g2 gs Ref. g g gs Ret
CuF, S5HF 5H.O 2090 2410 103 2084 2383 103
CucCl, 2H,O0 2037 2,187 2252 103 24050 2195 2250 125
CuSO; - SH,O 207 228 109 207 228 125
(NH4).Cu(S0O,), - 6H,0 209 225 232 103 2.07 221 235 125
(NH,4)2Zn(S0,4)2 6H.O0 204 226 .26 103 206 228 228 125
K.CuCl, 2H,O 206 2.22 222 103 207 224 224 125
(NH,4)2CuCl, - 2H.O 207 224 224 103 207 226 226 125
Cu(salim), 2.040 2050 2200 103 2 055 2180 125
Cug, B, y, 9, ¢, porphyrin* 205 217 103 207 219 103
Cu(NH;).S0, - H.O 2054 2104 2181 103 2050 2100 2183 125
Cu(en)3SO4 2.110 2126 177 2.130 2130 125
Cu(en).(NO3). 2059 2059 2189 103 2 050 2180 125
Cu(en)Cl, 2049 2239 103 2045 2240 125
Cu(NH3)s(NH,) (PFe)3 20643 20666 22516 125 2053 2240 93
CuCl(py)2 2.0611 20854 22198 125 2065 209 222 125
Cu(NCS)2(py)2 20573 20599 22790 125 2055 227 125
Cu(NH;)(CH1CO,), 2 0497 2.1100 22114 125 2049 2113 2214 123
Cutren(NCS), 20835 21321 21572 125 2 060 2.178 2178 124
(NH,)>CuCl, 2.0652 21714 2.1734 125 2152 2152 2152 125
K;Cu(NO;)s 2.1016 21214 21794 125 2.10 210 2174 125
Cu(dmp)Cl,H,O 20299 21325 22752 125 2033 2171 2234 125

* Measurements at liquid nitrogen temperatures
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with angle. dN 1s the number of spins (from the total of Ny) with their principal axes inclined
between angles @ and (8-4-d8) to the field, and is given by dN = (Np/2) sin 8 dF. Eqn. (27) must
be integrated over all 6, and the results summed for all hyperfine components Typical results
(as derivative curves) are given 1in Fig 7.

When these curves are compared with the parameters used for plotting them, 1t 1s found
that the fields at points A, C, D, E and F correspond!®? quite closely to the values of g, and g,
(axial case), g3, g2 and g, (non axial case with gs > g, > g,) For g, the agreement is even
better'? s with the field at a point dividing BC in the ratio of (4H/P—KAH) - KAH The difference
between thefieldsat B and C is AH/P, and can be used to estimate the crystal ine-width (assumed
isotropic) The values!!® of the coefficients Pand K depend on whether the Iine-shape 1s gaussian.

H— Hy)?
S(H) = S(H,) exp [—4 In2 (——H‘i]
or lorentzian,
(H— Ho)?
S(H) = S(Hyp)/ [l +4 —A_II——]'

(where H, 1s the field at the centre of the signal). In the gaussian case P = 1.8 and K =02,
while for a lorentzian curve P =228 and K =015

Table 13 shows a comparison between some powder (g, uncorrected), and crystal, g-values.
Table 14 gives a further comparison®25, for the tetraammines and bis(ethylenediamine) com-
plexes, which shows the advantage of the above correction procedure for g,. For better results
from powder data, 1t 1s necessary to use computer simulation techniques!!? 14,

By whatever method the powder g-values are measured they can only yield the crystal
g-values, rather than the molecular g-values

II. ANGULAR VARIATION OF g-VALUES

It has been shown!?2 that the solution of the wave equation, using the axial Hamilton.an
(3), gives AE = gBH with g2 = g2 cos? 8+4g, ? sin? 6, where 8 1s the angle between tke applied
field and the principal axis For the non-axial case, the solution 1s similar and

9* = g:°I*+g,°m*+g.*n* as

TABLE 14

A COMPARISON OF SOME CRYSTAL AND POWDER ESR DATA SHOWING THE EFFECTIVENESS OF THE
CORRECTION OF g, FOR LINE-SHAPE DEPENDENCE!?5:76

Complex Crystal g-values Powder g-values*

gu 9 gu gy(u) g,(G) g,(L)
Cu(NH3)4(CuBr;), 2214 2047 2206 2041 2044 2044
Cu(NH3),(Cul,). 2223 2056 2219 2051 20655 2055
Cu(NH3),(NO,)» 2234 2052 2239 2048 2050 2050
Cu(NH);Ag(SCN); 2232 2052 2228 2046 2050 2050
Cu(NH ;) (SCN). 2237 2056 2233 2047 2052 2051
Culen);(Cl0,)- 2209 2048 2200 2045 2048 2048
Cu(en),(NCS), 2199 2044 2195 2043 2044 204
Cufen),(BF,)> 2198 2.048 2192 2043 2048 2048
Cu(en),Cl,; - H,O 2205 2047 2205 2043 2045 2045
Cu(en),;Br; - H;O 2208 2049 2205 2042 2045 2045
Cu(en);(NO3)2 2184 2066 2180 2050 2057 2057
Cu(en); Ni(CN)4 2213 2050 2206 2047 2049 2049

* g,(u) 1s the uncorrected value, while g,(G) and g,(L) are corrected respectively for gaussian
and lorentzian line-shapes
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where I, m and n are direction cosines of H, with respect to the magnetic x-, y- and z-axes This
relationship may be used to derive!! € others, which express the g-value relative to an arbitrary,
orthogonal, set of axes X, Y and Z

G = Gyy® €0s? P+ g% sin? h+2g,.2 cos ¢, sin Py

gy® = g::* cos? P, +gix.® sin? ¢, +2g.,2 cos ¢, sin ¢, (16)

gz* = gzx" c0s* $o-+g5,° sin? $-+2g,,% cos s P
Here, gx, gr and gz are the g-values at angles ¢, ¢, and ¢., during rotations of the magnetic
field about the X-, Y- and Z-axes, respectively The g;;* coefficients are the elements of the
3% 3 matrx {g:?] Measurements of the g-values at several angles, during the three rotations
about X, Y and Z, allow these coefficients to be evaluated by means of a Fourer, or a least-
squares, analysis (see section C) If the [g;*] matrix 1s transformed by rotating from the (X, Y, Z)
reference system to the (x, y, z) frame, the diagonal matrix

g 0 0
0 g2 0
0 o0 g7

results. This gives the desired principal g-values if 2 matrix can be found which does diagonalise
[g:*1 This problem 1s the standard eigenvalue problem, and can be solved by a computer to
give eigenvalues g2, g, and g.2, and also the transformation matrix of eigenvectors.

L I, L
[m, my m:] an
n. n, n
where /;, m; and n, are the direction cosmes of the g,-axis (i = x, ¥ or z), with respect to the
X-, Y- and Z-axes Thus, the angles between the principal g-axes and the experimental X-, Y-
and Z-axes, can be evaluated (from matrix 17). The latter axes will be defined relative to the a,
b and c¢ crystallographic axes The method, given above, 1s of general application and must be
employed for triclinic crystals A simpler method, given by Schonland!!7, is available for mono-
clinic crystals. Once the trichinic computer programme has been written, 1t 1s convenient to use 1t
for monochnic, trigonal, hexagonal and orthorhombic crystals also (without modification).
Further, corrections for misahgnments (see section II¥) are easily included in the same programme
For tetragonal crystals, 1t 1s often possible to obtain the principal g-values by making two meas-
urements on the approprnately orientated crystal For cubic crystals, there 1s no anisotropy to
measure
Data on the orientation of the principal g-axes have been little used until now, more
emphasis being put on the actual values of the g-factors However, it is possible to use angular
data to estabhsh the electronic ground state, when other data are ambiguous Thus the ground
state in the bis-ethylenediamine complexes?? 1s dy:_ - rather than d,;, (in the “*hole” formalism),
because the axes of g; and g, point almost along the Cu-N bonds, rather than between them
Further, in cases where the effective crystal-field symmetry does not correspond to the crystallo-
graphic molecular symmetry, the former can be determuned by locating the principal magnetic
axis Thus, Cu(en)Cl, behaves electronically*3# as if 1t had D, symmetry, with the z axis perpen-
dicular to the chelate plane, rather than the crystallographic C, symmetry.

III MEASUREMENT OF THE PRINCIPAL g-VALUES OF SINGLE-CRYSTALS

As discussed above, the method depends on rotating the crystal about three orthogonal
axes, measurmg the g-value dependence on angle 1n each case. Eqns (16) are then solved It has
been found conventent to mount, using grease, the same face of the crystal (~2 mm x 1 mm X
0 5 mm) on to mutually perpendicular faces, A and B, of the perspex rod illustrated in Fig. 28
This rod can then be mounted vertically 1n the cavity of the ESR spectrometer, and rotated in
the horizontal magnetic field (or the field . otated about the cavity), a scale of angle being attached
to the rod (or to the magnet) The rod is placed 1 the Varian variable-temperature quartz dewar
insert, where it 1s centralised by ring D and cone C. The g-value 1s measured by recording the
first derivative signal, as the field 1s scanned. Cahbration 1s achieved using a speck of DPPH
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Fig 28 The perspex rod used for single-crystal ESR measurements

(g = 2 0036) on the rod (E), and by measuring the hyperfine sphtting of a sample of MgO powder
(containing Mn?* 1mmpurity), at the same chart speed Using the central 86 7-gauss interval 1n
the Mn2+ spectrum, the scale on the chart can be calibrated in gauss/cm, while the DPPH signal
fixes the field at one point on the chart (if the klystron frequency is measured, since hvy =
2 0036 fHo) Hence the field at which the sample resonance occurs can be calculated from the
distance on the chart between it, and the sharp DPPH signal

A promunent face of the crystal is first mounted on to rod-face A, with the edge of the
crystal face lying along the intersection of faces A and B Then the rotation about the rod-axis,
may be defined as the X-rotation, if the perpendicular to the crystal face 1s defined as X The
crystal is then slid around on to face B of the rod, and under a microscope, the edge (which may
be defined as the Z-axis) of the crystal face 1s aligned perpendicularly to the rod-axis (using the
microscope cross-wires) Rotation about the rod-axis gives the Y-rotation Finally, using the
microscope, the crystal is reonientated on rod-face B, so that the Z-axis lies along the rod-axis
(rotation about which gives the Z-rotation).

The Geusic—Brown Eqns.1*¢ (16) have, implicit within them, angular origins, such that

90° when H is parallel to X
0° when H is parallel to X

¢: = 90° when H is parallelto Y
If these origins are not located exactly, then angular errors &x, &, and & will occur in the measure-
ments Fortunately, it 1s possible to correct for these misalignments (and all errors, since these
may be represented as contributions to g, for example, in the Y-rotation, if the edge of the crystal
1s not accurately aligned perpendicularly to the rod-axis, there i1s a contribution to &,), using three
matrix elements, which would otherwise be redundant. Reference 118 shows how this 1s done,
and also gives equations for the least-squares analysits

The angles ¢ are given by

28, = +[cos™? l (az_ay)lz(bxz';‘cxz)* l —tan~! l Cx/bx I]

2e, = +fcos™! [ (ax—a)/2(b,2+-¢,)* | —tan~! [ ¢,/b, {]
2e. = Ffcos™?! | (a,—a)/2(b2+c:D)F | —tan~' | /b, |]

¢ = 0° when H1s parallel to Y
&, = 90° when H 1s parallel to Z
¢, = 0° when H 1s parallel to Z (18)
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The angles on the right-hand-side of these equations may be taken in the first quadrant, if the
sign (£) is that of c/b. Here, a = g:2+g,% b = ¥(gu®—g;,?) cos 2e-+gi>sin2¢, and ¢ =
guy* cos 2e—3¥(gu®—g,, sin 2e.

Ayscough'”® suggests that the maximum and minimum g-values 1 each rotation may be
used to calculate the off-diagonal elements of the [g{,*] matnx-

gi? = MAX)*—(gu>—g,)*1* 1)
(Ayscough’s equation 5.18 is incorrect!*?) where AX is the difference between the maximum and
muimum values of g2 = X. It 1s also possible to obtain the diagonal eiements, 1 the same
way47, in terms of the X’ = Xnax + Xmin®

G = MX )+ X =— X))

gyyz = é(X,y:‘i‘Xlxy'—X'x:)

z:z = é(X'y:'*’X,x:—X'xy)
where the subscripts xy, xz and yz refer to the planes perpendicular to the rotation axes. g1, 1s
taken to be positive if g* reaches a maximum n the quadrant between the posttive 1~ and j-axes,
and negative 1if g* reaches a minimum 1n this quadrant.

Thus, all the diagonal and off-diagonal elements of [g;,°] may be evaluated, using egns (21)
and (22), from only six measurements—the maximum and the minimum value of g* 1n each of
three rotations These measurements can easily be made with an instrument such as the JEOL
JES-3BS-X ESR spectrometer, where the oscilloscope display s sufficiently sensitive to the varia-
tion of g-value, so that the positions of the extrema may be Iocated visually. A further advantage
of this simple method 1s that angular musalignments are taken into account automatically

22)

1v ESR LINE WIDTHS FOR SINGLE CRYSTALS!02.103 179 180

Electron spin resonance consists not only 1n an absorption of energy to give an excited
state, but also the decay (“‘relaxation”) of this excited state If the relaxation is fast, the excited
state lifetime 1s short, and hence the energy uncertainty 1s large (via the Heisenberg principle),
resulting in a broad spectral absorption line The Iine-width (expressed as a magnetic field) is

AH ~ 1/Q2xTy)

where T, is the relaxation time. The relaxation mechanism is, therefore, important, and can be
of two forms—spin-lattice relaxation, or spin-spin relaxation Uusually, the energy is transferred
from the electron spin-system to the lattice vibrations The spin—lattice coupling (characterised
by Ty) is provided by the spin—-orbit interaction

T, decreases (4H increases) as the temperature increases, because the lattice vibrations
1ncrease 1 amphtude 7y also depends on g, and hence on the sensitivity of g to stereochemustry.
This sensitivity depends on the presence of low-lying excited states which are spin—orbit coupled
to the ground-state For tetrahedral copper(Il) compounds!€7 (e ¢ CuCl;27), there often 1s such
a low-lying state (due to the splitting of the 2T, state), hence T 1s short and AH large

There may be an interaction between two or more spin-systems (z ¢ metal ions) and this
1s characterised by the spin—spin relaxation ttme (7;) There are two mechamisms for this process
—a dipole/dipole interaction between ions regarded as fixed magnets, and an exchange inter-
action, through the correlation of electron spins via orbital overlap Neither of these effects 1s
temperature dependent, but both are proportional to the inverse-cube of the mter-spin distance.
Thus, dilution reduces the spin-spin contributions to 4H

Spin—spin interactions may broaden the resonance hine, because the electron spin produces
a magnetic field of ~ 600G at a typical distance of 4 A. This adds or subtracts from the apphed
field, thus spreading it. However, electron delocalisation results in line-narrowmg because the
electron ‘‘sees” the average of all the local variations mn magnetic field. The combined effects of
the dipolar and exchange contributions are given by!'®*

AH = 20H*/3H.
where the dipolar component Hp is 1.849 10* g/ao® (ap = unit-cell length m A) for a cubic
lattice, and the exchange component H. is 2[2 83S(S4-1)1*JAc/gp (J = exchange energy in cm™?).

Coordin. Chem. Rev., 5 (1970) 143-207
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The results of these two factors can be described by distinguishing four cases-

(¢) Identical (S = }) spin-sites give rise to line-narrowing through contnibutions to the fourth
moment of the hine [[ (H— Ho)*I(H) dH, where H, is the resonance value of the field, and
I(H) gives the shape of the absorption curve, as a function of H]

(1i) Non-i1dentical spin-sites give rise, in addition, to a broadening, through contnibutions to the
second moment of the hne [ (H-~ Ho)2I(H) dH]. However, lines due to each of the non-
equivalent sites will be observed.

() Relatively strong exchange between non-equivalent 1ons causes the narrowing effect to be-
come dominant Further, the several lines draw together as the exchange interaction in-
creases, and finally coalesce {when J > (¢g—g")$H, vhere g and g’ refer to different sites} at
the root-mean-square g-value This effect 1s shown!82 at 9000 Mc/s (X-band) by CuSO,*
S5H,0, but at higher frequencies the two separate lines are observed

(1) Strong exchange results when 1dentical 10ns are grouped in1solated pairs The effect, then, is
of asingle spin-system with § =1 or 0 Thuis situation 1s present® 33 1n [Cu(CH;CO3>); - H,O0]»
The triplet state gaves a zero-field splitting and hence absorptions at two values of the magnetic
field. It is not the purpose cf this review to discuss these binuclear complexes

Now, if the unit cell of the copper(Il) complex contains molecules 1n only one orientation,
spin—-spin interactions will affect the line-width, but not the g-values, until the strong exchange
of case (iv) 1s reached However, 1f the unit cell contains two or more sets of crystallographically
non-equivalent 1ons, the spin—spin 1nteraction will not only affect the line-width, but may cause
the individual signals to draw together!82 or coalesce before the exchange interaction becomes
strong (J ~ 0.03 cm~! compared with J ~ 300 cm~! for [Cu(CH;CO.). H,0l.). In fact,
virtually all non-dilute mononuclear copper(Il) complexes, with non-equivalent 10ons exhibit only
the single coalesced signal at X-band frequencies:©3. This is probably due to the dependence of

J on A2, which 1s relatively large for copper(ll)

Other contributions to the crystal ine-width come from unresolved hyperfine structure! 93,
and from the avoidable instrumental effects of saturation broadening (too much power) or
modulation broadening (too large a sweep field)

V THE CALCULATION OF MOLECULAR g-VALUES FROM CRYSTAL g-VALUES

Consider the case of a unit cell containing only two sets of crystallographically non-
equivalent (but chemically equivalent) axial molecules Let the two principal axes of the molecules
(along the directions-of g’ |, and g7 for the two sets of molecules) be mclined at angle 2y,
and let the y and z axes bisect this angle, while the x axis 1s perpendicular to the plane containing

—x

Fig. 29. A, the relationship between two axial molecules and B, the relationship between two
non-axial molecules
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the g°y and g7, vectors (Fig 29A) Then it has been shown!'?® that the crystal has principal
g-values which are along the x-, y- and z-axes, and given by:

gx = gy
gy = [gy* cos® y+g, * sin? y}* 23)
. = [gy® sin® p+g, % cos? pI*

Thus, if y = 45°, g, = g. and the crystal could be mistaken for one with effective g-values of
“gy” =g, and “g,” = W(gy2+g,D/2]%.

Unul recently!29, equations were not available for the non-axial case. This requires two
further angles (6 and #) to specify the inclination of the two sets of g; axes to the x-axis The
x-axis is defined as perpendicular to the plane containing the two g3 axes, these being inclined at
an angle 2y to each other, and the y- and z-axes bisect the angle 2y internally and externally
(Fig. 29b). Hypothetical rotations of the magnetic field are performed, about the x-, y- and z-axes
to give a matrix [(g:;*)?], in the same way that [g;;] 1s obtamned experimentally The elements of
this matrix are!2°.

(92x%)? = g1% +3(g2%—9g13) (cos? d-+cos? 1)

(g5y*)? = g3® cos? y+g22 sin? y—3(g>*—g,?) sin? y (cos? 5-+cos? 1)

(g::*)? = g3®ssin® y+g.* cos® y—3(g:% —,7) cos? y (cos? 5+cos? 1) 24
(9,:*)* = 4(92>—g,?) 5102 y (cos2 5—cos2 1) CH
(9::*)* = (92> —g1?) cos y (sin 26+s1n 27)

(g9xy*)* = —3(g2>—g:7) sin y (stn 26 —sn 2z)

If this matrix 1s diagonahised, the principal g-values are obtained Conversely, from the measured
principal crystal g-values (g,, g» and g.), the molecular g-values g,, g, and g1 may be calculated
The problem 1s complicated, unless (as usual, since molecules are often related by screw diad
anes) § = n when g,-* = g.,* = 0 In this case, g, g2 and g3 may be obtained from the measured
values and the crystallographic angles y and J using the simultaneous equations

g = (g,,%)*
g2 +92 = (gxx*) +(g::*)? (25)

g2 g’k = (gxx‘)z b (g::‘)z_(gx:‘)“

The problem 1s generally more complicated for more than two non-equivalent sets of
molecules, but may be simplified if the sets are related by symmetry elements Thus, if there are
four sets of axial molecules 1n an orthorhombic unit cell, all making the same angle p between
their z-axes and the crystallographic c-axis they may often divide into two pairs Within each
pair, the z-axes are inclined at angle 2p, and the planes containing the z-axes of each par are
inclined at the same angle (@) to the a-axis, and at angle 2w to each other Due to exchange
narrowing, each pair forms a system with principal g-values given by equations (23) (with y = p).
The pairs interact through exchange narrowing, according to equation (24) (where y = ® and
8 = 5 = 0), giving the following principal g-values!2$

g, = [g, 2+ (g2 —g, ) sin? p sin® w]*
g5 = g, *+(g>—g,?) cos® p]* 26)

gr = [g,*+(gy2—g,?) sin? p cos? o]*

In particular, if the four axial molecules are arranged with their z-axes pomting towards
the corners of a tetrahedron, p = 54°44’, and @ = 45°, giving g, = g¢ = g» = (28> +g»/315
and only one g-value 1s observed at all orientations A similar, apparently isotropic, signal 1s
produced from three mutually perpendicular molecules. Other combinations may give principal
g-values which are so close that they cannot be resoived The case of four non-axial molecules in
an orthorhombic unit cell has also beer considered!?® However, exchange 1s not the only me-
chamism which can produce isotropic signals, alternative explanations snvolve the presence of
free-rotation, or of pseudo-rotation of the dynamic Jahn—Teller type”°®

Coordin Chem Rev, 5 (1970) 143-207
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