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ABBREVIATIONS
en ethylenediamine dmp 2,2,6,6tetramethyl-heptane-
ompa octamethylpyrophosphoramide 3,5-dione
hfacac hexafluoroacetylacetone 3 acac 3-phenyl acetylacetone
bipy 2,2’-bipyndyl MN-Me saltm  N-methyl salicylaldisine
PyNO pyridine M-oxide 1,3-pn 1,3-propylencdiamine
acac acetylacetone phen 1: 10orrho-phenanthrohne
salim salicylaldimme dmg dimethylglyoxume
t-butylsalim  N-t-butyl sal:icylaldimine D PPH. diphenylpterylhydrazine
dprm dipyrromethane Et; NN ‘-al d I-diethyl-N, N -a-alanine
Etydien 1,1,7,7-tetraethyldiethylenetsi- dien diethylenetriamne
amine Hedta ethylene-diaminetetraacetic
dach 1,4-diazacycioheptane acid
enacac, N, N ethylenebis(acetylace- 3-Me acac 3-methyl acetylacetone
tonenmine}

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(1l) ion is a typical
transition metal 10n in 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 3d4? outer eleciron 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 heen characterised® for the cop-
per(Il) ion are summarised in Fig, 1. The coordination numbers of four, five and
six predomunate, but varations of each structure occur through bond-length or
bond-angle distortions. The 4% configuration of the copper(ll) ion is a simple

tinear Triganal-bifyrarmdal Square -pyramidal

D - CUCH (gaseaus) 8q), — CrINH,}CUCLg —_— Eaw = [Cu(13-pn)H O] SO,

Compressed tetragonal- QOctahedrat Elangated tetragonal- Square-copianar
octahedral - 8y, ~ Ko PbCuUlMNO,) —*" actahadrai T O -Catus O

O 4y—Ba,CuFg / \ Dap— C{HON(HT Oy ), 845 —Cu{IMeacac),
Compressed rhombic - Ciz—distorted Trigonal-octahzdral Elangated rbombac-
octahedral octahedrat O, —Culen)y$0, actahedral

D, - Cu{denl,{NO, 1, g~ [Culbipy) (ONONNO, Dgp —Ba,CUHC O aH O
Compressed tetrahedral Tetrahedrat

- Eight coordinate D .5 — CaCu {CHCO.,6H,0

D, , — CsyCuCH, ——r,

Fig. 1. A summary of the known stereochemistries of the copper{lD) ion, their idealised molecular
symmetries, and the refationship 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 4*° configuratton. The way in which the positive hole behaves in the different
stercochemistries of Fig. 1 can be understood qualitatively, using crystal-fieid
theory 32 to predict the ordering of the one-electron orbital levels. The magnitudes
of the sphttings of the electronic energy levels m copper(II) complexes tend to be
laiger than for other first-row transitton metals due to the large bond-length distor-
tions nresent®. Thus, the tetragonal splitigs® of the parent octahedral levels in
Ni(NH ) (NO,), (D!° are less than 2.0kK, whereas the splitting of the 2Eg(0,)
level'! in Cu(NH ), (NO,); (TD)!2 15 13.5k K. The electromic properties of copper(Il)

NOa HO s
1
215 1265
HyN NH HiN = t MH
E 3
"‘--\__‘_\ N!/';,g; 3 3 '“\-\\‘ C[u_‘_’:l/g";
1
HaN""/ \--"""--. NH3 H3M/ i ‘-\\"NH:
1
]
NG MO
I NI(NH3)4(N02}2 1 Cu(NH3}4(N02)2

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

complexes are treated.

B. A SURVEY OF THE STEREOCHEMISTRIES OF THE COPPER(I[) ION

The range of stereochemisiries available to the copper{[I) 1on has been sum-
marised in Fig 1. Examples are listed i1n Table 1, and some typical molecular

structures tustrated (JID(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-crystsl ESR. and polarised electronic spectra.

C. THE FACTORS WHICH INFLUENCE THE STERECCHEMISTRY OF COPPER({I) COMPLEXES

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

(i} The Jahn-Teller theorem

In a regular octahedral ligand-field, the d® configuration of the copper(IT)
ion would result in a degenerate ground state. The single unparred electron could
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be in either of the components d.._,. or 4.2 of the e, 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 symmetrnie normal vibrations whose repre-
sentations are contained 1n the direct product of the ground-state representation
for the appropriate point group. In this case, the representation of the ground state
is ¢, 1n the O, point group. The direct produet reduces to g, xXe, =, ta,te,
and since a, , 1s totaily symmetric and there are no a,, normal vibrations®?, only
the components (V and VI in Fig. 2) of the ¢, mode can remove the degeneracy.
The extrema of these vibrations are the static distortions commonly found 1 six-
coordinate copper(Il) complexes®. The elongated tetragonally-distorted octahedron
(structure 1T in Fig. 2} and elongated rhombically-distorted octahedron can be
thought of as resulting from having the odd electron in the d,z_,2 orbital, so
causing less coulombic repulsion between the copper electrons and the negatively-
charged ligands in the xy-plane, than along the z-axus. The compressed structures

L L |?
[
'
L. _.-L N L N 1 L
--.‘..,:C'J:f \\Cu< \‘\CL /
L-"" i L/ L g
[ 4
. '
L L L i
1L I 11
4
L L L
L ”L ‘L\ /Ll . i L
B o - /Cu ‘\“\ -\-\‘Cu/
" L ~L [ /L/ Mh‘“‘Lmﬁ.
L L L
t
bals v V1

Fig 2. The forms of the tetragonal and rhombic distorntions of an octahedral Cul 4 chromophore
(1, I and IV) and the components of the &, mode of vibration {V and VI}.

Coordin. Chem. Rerp , 5 (1970} 143-207
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(I1f and IV) result from having the odd electron in the 4,; orbital. Detailed calcula-
tions®*® have shown that the elongated structures are usually more energetically
favourable than the compressed struchures, consistent with their more frequent
occurrence?'*, It must be emphasized that although the Jahn—Teller theorem may
m 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 equvalent
ligands, but at first glance does not treat the cases of mequivalent 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 io remove the de-
generacy.

The regular CulNg chromophore'? in K,PbCu(NG,)s would seem to con-
flict with the predictions of the Jabo-Teller theorem3%, but in this complex the
nuclear sramework of the chromophore 1s believed to be undergoing a dynamic
distortion3-¢9~%% rather than the static distortion* observed in the majority of
copper(IT) complexes. Whether the distortion involves a true dynamic distortion
or merely pseudo-rotation’?, is not certain, but the extreme distortion is prebably
a restricted tetragonal-octahedral stereochemistry of the form believed to exist in
the complex®*+7! K,BaCu(NO,). In hoth complexes, the restricted nature of the
tetragonal distortion arises from the high symmetry of the crystals (cubic and
tetragonal respectively). The regular tnigonal-octahedral CulNg, and CuQyg chro-
mophores present in the complexes Cu(en); SO, *? and Cu{ompa),(Cl0O,), *° also
conflict with the predictions of the Jahn—Teller theorem®®. In both of these com-
plexes, the nuciear framework 1s also considered to undergo a dynamic Yahn-
Teller distortion of the form XX now shown to exist>* mn Cu(hfacac),bipy (Table 1,
XVID.

—————
el
=

A
Jt

r

-
n

o]
o

xx Cu(Chelate)y X,
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(i) Pauling electroneutrality principle

Pauling first sugpested 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??. Polarsable higands such as halide ions
would form four-coordinate species (e.g. CuCl, *7) to avoid a large negative charge-
transfer to the metal by covalency, whereas less polarisable ligands, such as water,
would form six-coordmnate species (e.g. Cu(H,0)s2%). In the latter, a regular
octahedral stereochemustry cannot exast and the structure will distort to form a
tetraponal-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 IT, and the Cu—N bond-lengths in Cu(en);SQ, *? and
Cu(en),(BF,),28 of 2.17 and 2.025 A, respectively). Consequently, the four equa-
torial ammoma ligands 1n Cu(NH;),{NO,), (I) are more strongly bound than
those in Ni(NH;),(NO,), (I); this 15 reflected in the successive formation con-
stants”3 of these two rons and in the Irving-Williams?# stability series, wherein
the property measured reflects the strength of the first four (equatorial) bonds.

(iii) The concept of semi-coordination

The arguments of the previous two sections suggest that the coppes(II) 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 o-bonding ligands (such as ammonia’? or ethylenediamine?:77),
but does occur with potentially m-bonding higands as 1n Cu(PyNO),(BF,), 7 and
Cu(3-Me acac), 29 Much the preferred stereochemistry for o-bonding ligands is a
distorted tetragonal octahedron [e.g. Cu(NH,),(NO,), (IT) and Culen),(BF,),
(VID], suggesting that the bondmng effects of the groups present in the axial posi-
tions cannot be ignored. The term “semi-coordination™ has been introduced??-7¢
to describe this situation, and the experimental justification for it has been de-
scribed elsewhere?®. This suggesis that in tetragonal-octahedral copper(ll) com-
plexes mvolving monodentate ligands, the axial fifth and sixth ligands are weakly
bondea at a definite distance (ca. 0.6 A greater than the m-plane distance), and
that the copper(Il) ion should not be considered as spherical, but ellipsordal (with
a difference in the major and minor axes of 0.6 A), The in-plane covalent radius
of tbe 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. This is illustrated schematically in Fig. 3.
An observed bond-lengtb would then be the sum of the covalent radii of tbe
ligand (r.) and the copper(Il} ion (rs or ry as appropriate). For non-equivalent
ligands, the observed bond-length will still involve tbe sum of the appropriate
covalent radu. Using this approach, it is posstbie to estimate'! the values of the

Coordin. Chem. Rev , 5 (1970) 143207
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Compeessed octahedral Regular octahedral Elongated octahedral
cu?*ipn-obiate ellipsoid cu2ton-spherical Cu?%on-protate elhipsotd
Ro=r+ e Ro=f* T Rg=r+r,
Rg=fy+ o F|'fl_=rt #T,

Fig 3. The copper atom and Iigand atorn covalent radi in octahedral and tetragonal-octahedral
stereochemistries {two dimensional}

short (Rs) and long (R;) copper—todine bond lengths as 2 64 and 3.48 A, respect-
wvely: these agree favourably with available observed values of 2.70 and 3.64 A,
in (Cubipy,DI (XV)*2 and Cu(imidazole),I, 2, 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 4.. orbital falls off to 409, of the normal equatonal value at the semi-
coordmate distance. Overlap wrth the p_ orbital actunally increases up to a distance
of 0.3 A greater than the equatorial distance, and then falls off sharply.

() The concept of varymg tetragonal distortion

In copper(Il} complexes the tetragonal distortion (T} may be measured by
the ratio Rg/R;, where Ry has been corrected! for the presence of non-equivalent
ligands The value of T has been shown (Table 2) to decrease from unity for an
octahedral complex, to 0.56-0.66 for a square-coplanar structure®”-2°, The range
of the latter is determined by the variation of the non-bonding ligand distances of
3.0-3.5 A 1n this stereochenustry?®. 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 stereochemistry.

It mught be argued that the particularly short copper—oxygen bonds®*? in
these square-coplanar complexes are due to the presence of metal to Iigand #-bond-
ing, rather than to the greater tetragonal distortion. It is probable that both
effects®® are present, and the decrease of copper-oxygen bond-lengih, from 1.967 A
in 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 m-bonding ligands
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(v) The roelof n-bonding

In all copper(H) complexcs, the main contnbution to bonding is of a o-type,
and with Cu(NH,),X, ! and Cuen,X, 7577, it is the only form of bonding mn
the equatorial planc. However, with these g-bonding ligands, a strict square-
coplanar stereochemistry does not occur*™**+75, and some further capacity for
bondmg 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-
plied2%-2° by n-honding, 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 4,. and
d,. orbitals, which as they are filled, enable negative charge fo be back-donated
to the kgand. In this way, a square-coplanar copper(Il) complex, (which has shorter
in-plane copper-ligand bonds than in the tetragonal-octabedralc ase) has 2 me-
chanism for redistributing the excess negative charge, accumulated on the metal
atom by the formation of four short o-bonds, thus marntainmg an internal distribu-
tion of charge consistent with Pauling’s electroneutrality principle’?,

In a tetragonal-octahedral stereochemusiry the redistnbution required is
smaller as the in-plane bonds are longer (scc sectton C, vi), but some 7-honding
could well occur via the semi-coordinated ligands and the d,. and d,. orbitals®’.

{n) Steric factors

(a) Bulk effect—A sumple 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*2-5! this conformation by the steric requirements®! of the bipyridy! 3,3'-
hydrogen atoms. Consequently, the bipyridyl hgands are forced to twist out of the
equatorial plane to yield a cis-conformation, as m (Cubipy,DI (XV) and {Cubipy,-
(ONO)]NO, (XVIIL), or the suggested twisted conformation®* (XXT) of Cubipy.-

N
[/ \ 2 I
~u — . T ne
;
H
x¥I Cu(bllpy}z(clod)z
(Cl0,),. The tatter type of twisting is also shown®? by Cu(t-buty! salim)., (6 = 62°)
although®® Cu(salim), is strictly coplanar. The approximately tetrahedral stereo-
chemistry®? of Cu(dprmy), 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)]NO,.

(5) Blocking effect.—The a-aminocarboxyhc acids tend to form teiragonal
octahedral complexes with copper(IT) (e.g. Cu(a-alaninate), - 2H,0)27. With cer-
tain substituted e-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), 32 and
Cu(d, I-diethyl-N, N’-¢-alaninate),]2%-3L, 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(1D) ion.

(¢) Chelate effect.—In axial complexes, the effect of chelation 1n the equa-
torial plane is small. Thus thein-plane bond-angle changes from 90° in Cu(NH,),X,
to 86° m Cuen,X,. In Cu(dien)C,0, - 4H,0 *!, the planar tridentate diethylene-
triamine Igand still involves only a total angular distortion of 25°, with the three
copper—nitrogen bonds equivalent in length. The angular distortion is slightly
less3% (17°) for the m-plane dien ligand in Cu(dien),Br, - H,O (X), as the terminal
Cu-N bonds are shghtly longer (2.10 agamst 2.03 A). The out-of-plane higand 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 simular effect has been observed in Cu-
H,edta - H,O (XIT}3, Cu(hf acac),bipy>?, (Cubipy,)1*? and [Cubipy,(ONO)]-
NO, **, In the latier 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 anses when a chelate igand 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(Tl) ion and at an angle of 40° to the z-axis. Stmilar stereo-
chemistries have been observed in Cubipy(ONO), ** 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 typas of chelation (out of the equatonal plane)to form a restrictad
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tetragonal distortion, may be consitdered to arise as a compromise hetween the
desire of the copper(Il) ion to distort and that of the Iigand to chelate strongly.
Whether or not the chelate forms a short or a long hond in the plane, depends on
whether the copper(II) 1on assumes the form of a prolate or oblate ellipsoid The
former will result ;n an elongated restricted tetragomal distortion, as in Cuo-
(dien),Br, - H,0 *? and Cu{hfacac),(bipy) %%, while the latter wall result in a com-
pressed restricted-tetragonal-distortion, as 1n [Cu{bipy),(ONO}NO, (XVII)3:.

{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 m-bonding. This potential for further bonding ahove four-co-
ordination could equally be satisfied by the formation of a five-coordmnate com-
plex. The copper(Il) 1on can form both trigonal-hipyramidal and square-based
pyramidal complexes®®, especially the latter. The former structure frequently arises
where there are particular geometric factors present. Thus, the CulN; chromo-
phore*! in Cu(NH;),Ag(SCN); (XIV) arises because of the trigonal packing of
the Ag(SCN);2~ antons. In Cr(NH,),CuCl; %3, the large tri-positive cation sta-
bilises the uncommon amon CuClg>~. There are too few trigonal-bipyramidal
crystal structures known to allow many generalisations, but bond-lengths are com-
parahle to the wvalues of Rg 1n the tetragonal-octahedral complexes. Thus, the
copper—chlorine bonds*? in CuCl;*~ are in the range 2 29-2 39 A, and compare
with a mean R value”® of 231 A in a tetragonal-octahedral complex.

Crystal-structure®® data for the square-hased pyramidal stereochemustry 1s
much more extensive In this, the fifth ligand is honded at a distance of 0.2-0.6 A
greater than the in-plane hgands. In most cases, the copper(il) 10n is not strictly
coplanar with the equatonal ligands but is hfted ca. 0.2 A towards the ffth ligand.
The equatorial bonds tend to be shghtly longer than those in the corresponding
tetragonal-octahedral or square-coplanar complexes. In [Cu(NH,), - H,0ISOQ,,
the Cu—N bond length®? 1s 2.034 A, compared*® with 2 005 A 1n Cu(NH,),Se0,.
The equatoral Cu-O bond-lengths in Cu(acac), quinoline*? are 1.95 A, compared
with 1.91 A 1n Cu(acac), ?2. In general, there 1s no atom within 3.0 A in the sixth
octahedral position (but see Cu(dien)C,0, - 4H,0)%L.

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 lIigand
must introduce considerahle electrostatic asymmetry along the z-axis. This may
well result in considerahle asymmetry 1n the distribution of charge in the 4.
orhital, above and below the xy plane’5. The movement ot the copper(l) ton out
of the plane occurs for hoth &- and n-bonding equatorial ligands, but n ail known
crystal structures the fifth hgand has some n-honding potential {as 1n water®>-#¢
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or quunoline®*”). The in-plane square-based pyramdal stereochemistry is believed
to be present in the Cu(NH,) X, complexes”,rin which the fifth ligand must be
purely o-bonded, but no crystallographic data is available,

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

The magnetic and ESR properties are mamly deternuned by the electron
configuration in the ground state and only margmally 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 is necessary to
understand the selection rules in single-crystal polarised spectra®*. The measnre-
ment of the ESR spectra gives the most precise information on the electromic
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{IT) tons are magne-
tically dilute (section E) Before examiming 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 varions sym-
metries.

(1) The crystal-field energy levels

The mode of splitting of the five-fold degenerate 34-orbatals by crystal-fields
of octabedral and tetrahedral symmetries is now well understood’—%. The effect
of crystal-ficlds of even lower symmetry (as represented 1n the varrous 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 4. orbital lies above, or below
the d,,, d.. and d,. orbitals in a square-coplanar stereocherustry. 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 4° configuration.

(iny The electronic ground state in different stereocherstries

The orbital sequences of Figs. 46 may be used to summarise the ground
states of the various stereochernistries of Fig. I (Table 3}. The vast majority of
copper(ID) complexcs gives rise to orbitally non-degenerate ground states involving
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a static form of distortion and a dy._,: ground state; a substantial number of
complexes have a o, ground state, and a few have a 4, 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), *5. The degenerate ground-state con-
figurations 4-6 of Table 3 are uncommon, and usuvally some form of dynamc
Jahn-Teller®® or psendo-rotational’® distortion removes the orbital degeneracy

of the ground state.
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TABLE 3

THE ONE-ELECTROMN ORBITAL GROUND STATES FOR THE KNOWN STEREQCHEMISTRIES OF THE COPPER(IT)
10N, Fig I (for notation see sectton D, n)

1 dia,e Elongaled tetragonal-octahedral
elongated rhombic-octahedral
sguare-copfanar
square-based pyramrdal
(in-plane and out-of-plane)

2 dan Compressed tefragonal-octahedral
compressed rhombic-octahedral
linear
trigonal-hipyramidat
cts-distorted octahedral

3 4, Compressed Letrahedral
square-coplanar-Cu{acac}s-type

4c g2, d'viye Octahedratl

or df.::, dzxa_,x
58 4.2, d,.t Trigonal

or d..1, d,-2 elongated tetrahedral
67 de?, de 2. d.t ere Tetrahedral

“ These configurations are orhitally degenerate; m 5 and 6 this orbital degeneracy is removed
by spin-orbit couphng, but i1s not removed by this mechanism m 4 (see section C, 1.

(iv) Electronic excited states in different stereochemistries

The ordering of the one-electron orbital excited states, as determined by
crystal-field calculations, must be considered as extremely approximate, if only
because the poini-charge model usnally ignores the effect of o-bonding, n-bonding,

Coordm. Chem. Rev., 5 (1970) 143=-207



162 B. J. HATHAWAY, D. E BILLING

semi-coordmation and the effects of bond-angle and bond-length distortions. The
only method of determining the energies of these levels with any accuracy is by
using polansed 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(II) ron are primarily determined by
the effective magnetic dilution in the solid state,

(1) Magnetically dilute complexes

When the mndividual copper(II) 1ons 1 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, (), of 1 73 B.M. In practice, the expertmental values
at room temperature lie¢ m the range 1.8-2 0 B.M.; some typical values are given
in Table 4, These lie appreciably above the spm-only value, due to mixing-in of

TABLE 4

SOME REPRESENTATIVE ROOM-TEMPERATURE MAGNETIC MOMENTS (B M } FOR COPPER{[I} COMPLEXES?®
Compound Hery Compound Herr
Na,Cu(NH,),{Cu(5,03:),};NH 4 190 Cs,CuCly 192

Cu(NH ). (SCN). 181 CaCu{CH.CO0;), 6H,O 194
[Cu(NH.);H-.0]80, 1.87 Cu{t-butyl-salrm), 183

Cu(NH 3 ): Ag(SCN); 183 Cu en2{BF;): 188

Cu acac, 191 [Cu bipy(ONO}NO; 189

CucCl; 2H,0 187

some orbital angular momentum from excited states via spin-orbit coupling The
extent of mixing-in is given by the expression®®: u ., = (1 —4r?/4AE)yu, , where
AE 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 sectron H).
As in all known copper(Il) complexes, the “effective” electronic ground state is
orhitally non-degenerate (see D, 1i1), there 15 no 1inherent orbital contmthution 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 techmique of single-crystal
magnetic anisotropy is only a little more informative®®. In a series of complexes
varying from distorted tetrahedral, [Cs,CuCl, (XII1)], to square-coplanar
[Cu(enacac),], the magnetic anisotropies were found to he only shightly 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 stereochermstry). The amsotropy 1n
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),

(ii) Non-magnetically dilute complexes

When the individual copper(Il) tons tn a complex are not well separated
from each other, then imnteractions can occur. In copper{Il} 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 Cuy(CH3CO,), - 2H,0 is related to the close proximity of the two
copper(Il) 10ons'°! (2.64 A). Such interactions are typical of complexes mnvolving
bndging ligands, as found 1n polynuclear structures. These types of complexes
inyolve very complicated electronic properties, which are not understood and fall
outside the range of this review.

F. ELECTRON SPIN RESOMNANCE SPECTRA

(1) Theoretical principles of the E.S.R. of copper(II) complexes'®?

In an applied magnetic field H, the magnetic moment pg = —2 0023 §_S
(8. = the electronic Bohr maguneton), due to the electron spin angular momentum
(), will orient itself to hie parallel or anti-parallel to the field. The energy difference
between these two states, found from the Hamiltonian 3#° = —pucH, 15 AE =
2.0023 g H. for a single electron (g = + ). The direction of the field has been
taken as the axis of quantisation (z)

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

¥ = —H (g +ps) = B.H - (L+200235)

The orbital degeneracy is removed by crystal-fields, but the spin-degeneracy
remains even after the action of spin—orbit couplinig, and 1s lost only in a magnetic
field. The Zeeman splitting of the ground state can therefore, in principle, be ob-
served in an electron spin resonance experiment, The orhital angalar momentum
is “quenched™ for the ground states of most copper{IT} compiexes, 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 ¢quation.
hy = AE = g8 H @

(it} The spin-Hamiltonian

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

Hs=gBS-H+AS-I (2)

for crystal-fields having cubic symmetry (1sotropic). The term in 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®®?, due to the broadness of the signals
from unduuted 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-shape®*. For crystal-fields of (z-) axial symmetry and non-axial symmetry,
equation (2) becomes (respectively)

‘#S =4 ||ﬁeH:S: +gJ_ﬁe(HxSx+ HySy) (3)
and
s = B(gH Sy +9,H,S,+9.H.S.) CY

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

(iif} 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,

Hys = f WEsHUpsdr = (My, Ms | AL~ S | My, Ms>

in the secular equation | Hprg—FE| = 0. Here, E 15 measured relative to the
energy before spin—-orbit couphing, 1 15 the spin-orbit coupling constant, the Jv’s are
wave functions, the M’s are quantum numbers for the many-electron system (M
corresponds to the component of L along z and Mg 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

(M, Mo | AL- S| M, Mo> = ¥A(M | L, | M> (Mg | S | Mg)
+IACM - | Lo | M) {Ms. | S, | M)
+ACMy | Lo | M) (M | S, | Mg
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and the standard!®’ expressions for the non-zero elements:
{Mpyy | Ly | M) = [K(L+1)— MM, +1)}}
(Mp_ | Lo | M) = [(L{L+ 1)_ML(ML'"1):I*
M| L1M> =M,

Mgy ]S | Ms> = [S(S+1)—My(Ms+DT* ®
(Ms_y | S | Ms> = [S(S+1)— Ms(Ms—1)TF
(M| S.[Ms> =M
Here L and S are operators and AL- S has been expanded
AL-S = AL - S.+L,-S,+L.-8)=4ML,-S_+L_-S)+AL._- S,
where
L, =L, +iL, and Sy = S, +1S, (6)

For copper{ll), L = 2and S =}, giving M, = +2, +1 or0and M5 = +1.
As aresult of the interactions described by these matrix elements, the ground
state | Mz, Mc> becomes:

My, Mo (My:, Mo} AL - 8| M, M,
'#"M,=|ML:M5>+ZZI s Ms)> (Mys, My | | My, Mg

My Mgr - EL’,S

There are two such states i, and §_, according as Mz = +%, and they are
degenerate in the absence of a magnetic field. The application of a magnetic field
15 nexi considered along the z-, x- and y-axes, successively. The relevant Hamuil-
tonian term corresponding to the magnetic field being along the z-axis 15 3%°, = B H,
(L.+2.0023S,) and the four matrix elements Hy = (fray | 3. | e3> can be
calculated using Eqns. (5). The secular equation | H, —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 iliustrated in vartous references°*'°%, and in all
cases (except when the ground-state orbrial degeneracy is removed by spin—orbit
coupling rather than by low symmetry crystal-fields) the resulis are identical to
those obtamed from the equations of McGarvey® ®?

O[Li[nd<n] L, [0

E.—E, D

g, =20023+21%

where j is any of the x, y or z coordinates, “0* refers to the ground state and n
to an excited state. The matrix elements ‘are easily evaluated using Tahle 5 to
ohtarn the wavefunctions resulting! ®2 from the operation of L,, and the knowledge
that <@, | ¥;> = 3,,. Equation (7) will now be applied to copper(ll) systems of
various symmetries.,
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Firstly, it 15 necessary to recognise certamn similarities between the behaviour
of the d-orbrtals in different point groups. For a given ground state (D, iii), the
calculation of g will depend on which exciied states are coupled to it through
spih—orbit mteractions, and therefore on any degeneracies or symmetry relation-
ships within the excited states. An example will illustrate the importance of such
relationships. Table & shows how the d-orbitals transform in the D, D, and C,,
point groups®®. Thus, if the ground sfate 1s dyz_yz (a combination of My = +2
wavefunctions) it will interact in each point group with 4.. (3 = 0) which has
the same symmetry. For all three point groups, the iteraction results in a new
ground state!?®

Yy = cosed.:_—sinxd.. (&)
while the 4,: excited state becomes

Wy = smad,: —cosxd.» (%)
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

_co

¥, \/- 2+ ~2>)+sina|0)
51

¥y J_ (2>+] —23)—cos x| 0

The three point groups are also simular in permitting no other mixing via syms-

metry. The other d-orbitals therefore remain expressed as

25—~ —-2
Wy = \/—(I >—1 —=23)
-1

W5 = d, =\,—Ia2-(1 13+ —~1))

The matrix elements (5) then show that, in all three pomt groups, L. mixes i,

with /, and ¢, while L, and L, mix ¢, with ¢, and i <, giving* from equation (7).
g: = 2—8icos” afEQP3 — ¥y)
g, = 2221 (cos a++/3 sina)}/E( s — ¥y) (10)
g, = 2—24 (cos a—~/3 sina)?/EQ@p, — ¥,)

where E 15 the indicated electronic energy difference.

* In using Eqn. {7), it must be remembered that the bra {M, M | is the complex conjugate of
the ket | M, A<D and that this affects the sign of i in the expressions for 3 and ws.
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TABLE 5
FUNCTIONS RESULTING FROM THE OPERATION OF E., L, AND E. oN ThE d-onsrrarsi®?
Orbrtal E, z, I
d.- —1 V1, ivVid,. o
dia s —ud,, —id, Zid,,
d,, Iy —ad,; —Md .,
dx: _ldxy —i ﬁdxa i.d,:
Fidesye
d,. idgs s W, —id,
+l \/-B_d:a
TABLE 6
REPRESENTATIONS FOR THE d-ORBITALS IN SEVERAL FOINT-GROUPS
d-Orbifal Represenration tn point group
DZR DZ C}n

Aoy der A, A Ay
dxy B!c B.l A:.
dx: Blg Bz B:
d’,: Bg, B; Bz
TABLE 7
POINT-GROUPS EQUIVALENT FOR THE MIXING OF J-ORBITALS
Key number Equnpalent point-groups

1 Ch, G

2 Ca C2y Cap

3 Dy D3y Can

4 Cyy Capy 54

5 Dy, Dy, Cany Dy

6 Cﬂw; I ok

7 Ci, Da, Cap

B 0. T, O. T, T,

9 CS: Cﬁt CT, CB; DSs 069 CSD

Cﬁn} CJ&t CSPn Cdlu D:ﬂn DS&
DG&- D..’uh D-{-nh Dsa. Dﬁd‘l Sés SS
o I

-
(=]

It has been shown here that the expressions for the g-values are the same
for the D,,, D3 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 Eqgns. (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. Tt should he noted that
in low symuneiry point-groups a further mixing parameter (8) is necessary.

Coordin Chem. Rev , 5 (1970) 143-207
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TABLE §
THE EXPRESSIONS FOR THE g-TACTORS OF COPPER(II} IONS IN VARIOUS ENVIRONMENT:?
Ground  Pomnt —(g:—2) —(gz—2) —(4,—2)
State Group®
da 4,56
(a) 7.9 0 64/ Eota.e0 67 [Esiq e
3 BAsIN? @/E,. 2a(s10 @+ 4/ 3 cos @)/ Eae 216Gin a—~/3 cos a)?/E.q
2 81sn? ofE,. 21(sin &+ /7 cos a)* cos? B/E.. 2Usim a—+/3 cos @y¥cos? B/ Eqa
8 ¢
derya 4,5 81/E,, 23/ Eps.0h 24/ Epa,ey
{b) 3 84 cos® afEy, 2A(cos a-++/3 sin o)/ Ey. 21¢cos a—~+/Asin @/ Eyy
2 81 cos? afEy. 22(cos a+ 4/ sin 2)* cos? BIE,, 2Mcosa—4/Vsina)?cos? B/Ey,
6,9 —4 2 2
7 —4 cos?a 2costa 2cos?a
B <
dry L5 81/E.» 22{E 4 24/E..
{c) 4 SYE.. 2 Eega,es A E ga o
2 SAsin* o/ E, .+ 21 cos? BIE. . 21 cos? BIE..
cos? a cos® FIE )
6,2 —4 2 2
7€ —4dcosta 2costa 2cos?a
g qQ 0 qQ
de- 3 2A/E, 2)/E,, 21/ Esp 43/ Ey}
(d) 2 2ME;, 2Acost afEs. 21 cos? a(1/Egs-+3fEas}
4,5 -2 2—2MV/Es—1/Esp) 22XV E4:—1/Egp)
6,9 —2 2 2
7€ —2cosa 2costax 2costa
1 4] 4] qQ
d,. d
(e}
Notes

¢a) Terms 1n 1Z/E? have been 1gnared, as have those in sin? £ (assuming that § 15 small} The z-axis refers
to the pnincipal symmetry axis States d.i, dys_y1 dyy, drx and o, are respectively referred to as a, b,
¢, 4 and e in the energy subscripts (In the case of muxtures of states, the reference s to the state making
the greatest contribution when « and § are small}

(b} Pomt-group 1 has been excluded due to extreme complications Point-group 10 wull 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 degemeracy is removed by distortion to sahisfy the Jahn-Teller theorem, the resulting
pont-grotp 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(ll) complexes

The ESR spectra of copper(Il) complexes may be measured 1o two ways:
as polyerystalline powders, or as single crystals'®2. The former technique 1s the
most rapid experimentally but only yields approximate!®3-115 g.yalues (Appen-
dix I). and the results may be subject to misinterpretation; the latter!6-118 got
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only yields the most accurate g-values, but also yields their direction cosines
relative to a given crystal face (Appeandices II-IV). Both techniques determine the
crystal g-values, and will only yield the local molecular g-values!?%-*2% (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 effective ligand-field about the copper(IT) icn
(¢} the mutual orientations of the local molecular axes of the separate copper(Il)

chromophores n the unit cell,
Points (ay and (b) have been dealt with in section D; pornt (c) dcterrmnes the
amount of exchange coupling present!2!, which 1s the major factor 1n reducing the
amount of stereochemcal infarmation available from ESR spectra.

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

5{H)

a0 20

Increasing g-valye — o=

Fig. 7 The ifferent types of ESR spectra obtained from polycrystalline samples of copper(I)
complexes (Ist derivative absorption curves}

Coordin Chem. Rev , 5 {1970) 143207
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responding magnetic field (see Appendix I for theory). The spectra may be con-

sidered 1n three general classes:

Isotropic Spectra. Such a spectrum (Fig. 7E} would suggest the presence of
a copper(Il) ion mn:

I. a regular static octahedral or tetrahedral stereochemistry (neither of which
occurs in practice);

2. 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,)s (IID**%3, and in the tris-chelate complexes Cufen);SO, ¢7 and
Cufompa);(ClOy); **-%%;

3. a Cu(L}, chromophore of lower symmetry than octahedral, undergoing free
rotation. This is believed to occur in the cubic hexaammmne®? and pentaam-
mine®? complexes of copper(IT), in both of which the Cu(NH3);2* cation s
constdered to be present;

4. acomplex contamng grossly misaligned *“tetragonal’ axes, as in Cu dien,{INQ ),
(XD'%2, This situation is 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 ¢ > 2.04—such a
spectrum can be observed for a copper(Il) 1on in:

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 stereochemuistries, as occur in Cu(NH;),{(SCN), !, Na,Cu(NH,),-
{Cu(S,03)2},-H,0O (V)?! and Cu(l,3-pn),SO,H,0 (XVI)*S, respectively. In
these axial spectra, the g-values are related by the expression’® G = gy —2f
g1—2 m 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 ts appreciable (assuming r, = r"
and that the energies of the electronuc transttions mvolved are comparable),

2. rhombic symmetry with slight misalignment of the “tetragonal™ axes Thus,
Cu(NH,),(NO;), **? has a two g-value ESR spectrum, with g, = 2 068 and
gy = 2.231;

3. rhombic symmeiry, with the “tetragonal” axes aligned, but in which the in-
plane rhombic component is small and the powder techmique 15 insufficiently
sensitive to resolve the two planmar components. Cu{NH,},(Cul,), has a two
g-value powder ESR spectrum®® (g, = 2.054, gy = 2219 and G = 4.21), but
gives a three g-value single-crystal ESR spectrum (g, = 2054, g, = 2.058, and
gy = 2223);

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

(B) lowest g < 2.03— such specira can be observed for a copper(II) jon 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-bipyranudal stereo-
chemistries as in Ba,CuFg *® and Cu(NH.),Ag(SCN), 4! (XIV) The lat-
ter®%:12% has g, = 2004 and g, = 2.207; the value of G has no significance
in these compressed stereochemistries;

2. compressed rhombtc symmetry with slight misalignment of the “tetragonal™
axes;

3. compressed rhombic symmetry with the “tetragonal® axes aligned parallel, but
mn which the rhombic component is so small that 1t 15 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(ID) 1on in:

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

2. elongated axial symmetry with slight misalignment of the principal axes. Thus,
the axial environments of the CulN, chromophores m [Cu(NH,),H,0]50, *°
are misaligned by 61° and give rise to a three g-valus spectrum®? (g, = 2.047;
g, = 2126 and g, = 2.172}.

(D) Lowestg < 2 03—such a spectrum can be observed for a copper(II) ion 1n:

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 stereochemustries as in (NH,),Cu(INH,),-
(CrO,), 2, [Cu(bipy),(ONO)]NO, *! and [Cu(bipy).1]L ** respectively;

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

The spectrum of Fig. 7F 15 uninformative, except to indicate the presence of
exchange couphng If g4, lies close to 2.00 then a 4. ground state is indicated

(1) Single-crystal ESR data

Not only do the smgle-crystal ESR specira yield more accurate crystal
g-valuest16—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 directtons and magmtudes 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) 143207
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G. ELECTRONIC SPECTRA

The electronic absorption spectra of copper(E) 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 extine-
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, in favourable circumstances, may also yield data'2? 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 kX and over this
range, polarised spectra may be obtained using nicol prisms, cemented by an n-
frared-transparent adhesive. Four types of transitions may be observed in this
range!28-127;

1. pure d — 4 transitions
2. charge-transfer fransitions

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 he 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(TI} complex (which
has no 4 — 4 transitions).

(i) Principles of d - d transitions

The 4 — 4 transitions of the copper(Il) ion are predominantly electric-
dipolar ip onigin3%:931129-132 and are controlled by two selection rules: the spin
multiphcity rule which, however, 15 redundant in the case of copper{Il), as a 4°
configuration only yields 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 infensity may be gamned from the allowed & — p transi-
tion.

B. — In centrosymmetric complexes (e g. Cu{NH,),X,), a vibronic mechanism is
invoked, which allows an ungerade mode of wibration 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 fe.g. Cu(3-¢ acac); 1** and Cu(3-Me acac),®°].

The importance of the first iwo mechanisms suggests the division of cop-
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per(If) 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 diflferences in intensity of reflectance spectra’>,
Fig. 8 illustrates how the appearances of reflectance spectra vary with stereo-

Cu(3Me acac),

— Absorbance

feutbipyy, 1] T

[cutipyone MO,

——3 Absorbance

20 18 6 a 12 Lo a8 <]
«——— Energy { kX )

Fitg 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*** (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, mvolving 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!2® 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) 143-207
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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.

Requirements 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 correspend with the electronic axes (althougb this is not inherent), and
they are assumed to do so 1n 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 stniet molecular symmetry, or lower than the approximate

molecnlar symmetry. Given the “effective’™ point-group, the appropriate electronic

selection rules®* may be calculated, the detailed procedure being given by Cotton 4,

The single-crystal measurements give the crystal polarisations. If all the
molecules in the unit cell bave identical orientations, or are related by inversion
10 4 centre of symmetry, then the measured polarisattons 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-
ttons by vector addition of 7 cos® # (where I represents a polarised molecular 1n-
tensity, and # is the angle between the direction of this polarisation and the crystal
direction). Analysis of the spectra is greatly facuitated by using the siagle-crystal
ESR direction-cosine data. A knowledge of the g. direction (fora d,z.. .., d,, or d..
ground state) permits the assignment of the z-polarised spectrum. The 1mportance
of the ESR specira in 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-eleciron orbital sequence
for a copper(Il) complex. This arises for a number of reasons:

1. simgle-crystal polartsation data alone cannot give mformation on the presence
of a centre of symmetry; for example 1t cannot distinguish D, from D,, sym-
metry for a d,, ground state.

2 in non-centrosymmetnc systems, there are ouly three cartesian directions, but
four 4 — d transitions are possible. Therefore, erther one band is electronically
forbidden and only occurs with vibromic mtensity, in the presence of three
electronically allowed ones, or two transitions are electronically allowed in the
same polarisation, and cannot be distinguisbed. In either case, 1t is difficult to
assign all four transitions,

3. in centrosymmetric systems, the polansation should be less marked, as a vi-
broni¢ mechanism is operative, hut the factors determining the most effective
vibrational modes are not understood.

For the above reasons, the results summansed 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.

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

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

165

——— Absorbance

—— Absorbance

25 20 18 1% 14 12 10 8 6

«—— —Energy (kK)
Fig. 9 The electroruc reflectance spectrum of K, PhCu(MNO )¢ (
crystal electronic spectra of K;BaCu(NO2) g (—~—and ... ),

Fig 10 The polarised simgle-crystal electronic spectra of Cu(H,O)(HCO31)2

) and the polansed singte-

has an 1sotropic ESR spectrum®* (g = 2.10), bu* the electronic reflectance spec-
trum {Fig. 9) involves two bands split by 9.0 XK. Although the crystal structure
of K;BaCu(NO,), is unknown, its electronic properties®!-?! are consistent with a
static elongated tetragonal-octahedral stereochemustry. The polarised spectra’® are
shown in Fig. 9, and have been tnterpreted in approximately D,, symmetry, as-
suming a d,._;: ground state, as suggested by the axial ESR spectrum (Table 9).
The similarity of the electronic spectra suggest that K,PbCu(INO,)s also has an
elongated tetragonal-octahedral CulNg 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 2

THE ASSIGNMENT OF THE ELECTRONIC ENERGY LEVLLS OF COPPER{II) COMPLEXES (AK)(ROOM TEMPERATURE DATA};
SINGLE-CRYSTAL MOLECULAR g-VALUES

Complex Effective daz— dy—> die—> d.—> @ gr g2 g3=2gy

symmelry dyz_ox deayz dez_yz dyz_ 2

A dizy: Ground state

K:BaCu(NO;), Dan 8a 165 165 165 2060 — 2071 2238
Cu(NH3)4{(SCIN}; Dan i43 157 175 175 — 2056 — 2237
CufNH ) ,(NO.), Dan 134 162 17.1 IT1 — 2052 — 2234
Cu(H. 0} (UU;),
(AsG,): - 4H O Dy i3 0 120 150 i50 — 20076 — 13554
Cu(H,0),(HCO;), Dy 92 112 132 132 — 2 06 — 235
Na.Cu{NH .},
{Cu({5:03);}> H;O Dy 184 {192} i92 192 — 20520 — 2200
Na,Cu(NH _)s
{Cu(8:01):3 NH, Dy 136 (174) 174 174 — 20567 — 2227
CaCuSiy0,0 Dy 18 8 129 158 158 — 20545 — 2 326°
BaCu(HCO,)s-4HO Dy 84 106 i31 135 2078 — 2109 2383
Culen):{BF,), Doy Dy 180 {18 O~ 120 190 20456 — 20496 2 1982
19 0)
Cuien},Cl, I{;O Dy Dy, 150 (150 181 181 20458 — 20466 22073
18 0}
Cuen)Cl, D, 140 130 ¢a 150 cg 150 20523 — 20534 2239
Cu{dien},;Bra - H,O D, 88 99 154 159 20449 20568 22130
Cu(NH1}:{CH:CO;}, Dy 175 150 175 180 20497 — 21100 22114
(NHLYCu(NH 3}s(PFg)s  Cao 114 — 150 15.0 — 26654 — 2 2516
{Cu(NH,);H,01S0., Cap 160 — 175 175 _— — — —
fCu{1,3-pn).H,0OISO, Ca, i60 —_ i79 179 20503 — 20475 22073
Complex Effective dpa_ja—+ dey—+ Az — dev =gy & g g3
symmetry d.z dsz P 2 d.a

B. d-z Ground state

Cu{dien).(NO ), Ca 92 117 15.6 156 20518 21440 — 2 1589
Cu{methoxyacetate):

2H0 Dy 98 161 123 123 20266 22241 — 23447
[Cu(bipy), i1l Cio 138 12.7 i0R 93 20280 21613 — 21642
[Cu(bipy)z1]I Dy o 108 127 138 — —_— — —
[Cu(bipy):(ONO)INO 3 Csn 146 a5 150 {14 &) 2029 2.%% _ 2205

2 e— 2o~ LY g 2y
2 o e 2ra

< Split by spin—orbit coupling  * Powder data

(b) Elongated tetragonal-octahedral —Polarised single-crystal spectra have
been observed for Cu(INH,)(SCN),* Cu(NH 3},(NO,), (I), Cu(UO,)(As0,),-
8H,0"**%, and Cu(H,0),(HCO,), 13%; those for the formate are shown in
Fig. 10. The spectra of all four complexes have been vibronically assigned in Dy,
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 anse
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TABLE 9 (contunued)

Comipiex Effective d.t—» dyz_yz— d.—> dy. > g1 g 2 gy =y
symmetry dy, dsp ey dyy

C dyy Ground stote

Cu(3-Meacac); D,y 192 1558 158 (14 0— 20569 — 20606 22550

16 0)

CuHedtaH 0O Dyor Dy 82 13t 126 146 20689 — 21142 22505

Cs,CuCl, Dag 905 79 5 55% 4 8° 2083 — 2103 2 3184

Mes;{(adCH)IN]CuCl; Dsy g8 — 59 59 — 2758 — 2.4008

Cu{hfacac),bipy D, g4 — 13.7 146 20722 — 20795 22919

Cu(phen),(C10,}. D, 80 — 150 150 — — — —

CaCu{CH3CO:), 6H,0 DogorSy 127 158 144 144 — 20695 — 2 3602

from its being the only ount-of-the-xy-plane vibration’?%. The tetraammines'! and
Cu(H,0),(HCO,), *¢ yield the one-electron orbtal sequence

dx:-yz >d:> dty >d,, dy:

For meta-zeunerite'>® the order of the 4. and d,, orbitals is mterchanged,
probably due to the effect of m-bonding Although the crystal structure of
Na,Cu(NH,).{Cu(S,0,),}.NH, is not known'?® % accurately, 1t is believed to
be 1sostructurai®! 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’*-?! are shown in Fig. 11, which is very
stmilar to Fig. 10, but the polansation is even more marked, the spectra have
been tentatively assigned in D, symmetry (Table 9).

(¢) Square-coplanar.—An effectively square-coplanar stereochemnstry, in-
volving g-bonding ligands, 1s believed to exist 12 Na, Cu{NH 4}, {Cu(S:0,},}.H.O
(V)?! and, although the water molecules occupy positions midway between the
aligned Cu(NH,), 2" cations, they are considered to be uncoordinated®*. since the
distance (2.88 A) is sligbtly greater than that consistent with semi-coordmation®*-7¢
(2.55 A). The electronic transitions (Fig. 11) occur?! at appreciably higher energies
than for the 1sostructural ammonia adduct'*+?, particularly the d» — d,2_,. tran-
sition (the spectra have been assigned in D, symmetry, with a d.z_ 2 ground state,
see Table 9). The energy of this transition has been established as a measure of
the tetragonal distortion®!-'33 and its high value in this complex is consistent
with an effective square-coplanar sterecchemistry for the monchydrate, 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'*” in D, symmetry (Table 9), with the d.s — d,2_,»
transition at highest energy.

More papers have been written on the assignment of the polarised single
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——» Absorbance

——» Absorbance

22 20 1B 16 14 12 10_5 [

——— Energy (KK )

Fig 11. The polansed sipgle-crystal electronic spectra of NasCuNHa).{Cu{8:0):}. - H,O
{~—-) and NasCu(NH1}, {Cu(5:03)=2}2 NHj ¢ 3

Fig. 12. The polarised single-crystal electronic specira 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-
plex127:8% The results, for the one-electron orbital sequences of various Cu(acac),-
type complexes, are Iisted in Table 10. The almost 90° misalignment of the two
molecules in the unit cell of Cu(acac), ** makes the assignment uncertain'?®. 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 complex!?3 resulted
in a x-polarised 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{Il)

COMPI BXES

Cufarac), 138 Cuf3-p acac)s 3> Cu(3-Meacac); %9  Cufdmp), 132
dyz. g2~ dyy ig 0 169 155 is2
d,e — dy, 156 190 158 16 4
d,. —d,, _— 206 (140-16 O 200

dex — doy 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 ¢rystatl
to the appropriate angle in the light beam. The x- and y- polarised spectra are
experimentally satisfactory, but there is some doubt concermng the z-polarised
spectrum. The polarised spectra®® (Fig. 12) have been partially assigned, as in
Tabie 9, using a vibronic mecbanism in D,, symmetry, and an intensity borrowing
mechanism!33, The results (Table 9) are much more consistent with the previous
assignments?!-**7  (Na ,Cu(NH;){Cu(5.03):}: - H:O and CaCuSi, Qo) 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 compiexes the close proximity of charge-transfer
bands prevented a clear assignment,

(d) Elongated rhombic octahedral —The polansed spectra'?® of Ba,Cu-
(HCQ,), - 4H,O (VD) are shown 1in Fig. 13. There 1s a close resemblance of the
spectra to those of tetragonal-octahedral complexes! =135, but a clear difference

——— Absorbance

—— Absorbance

ézbiéiisﬁtznaé
————Fnargy (AX)
Fig. 13 The polansed single-crystal electronic spectra of Ba, Cu{HCO,), - 4H,0.

Fig 14. The polarised single-crystal electrontc spectra of Cufen)(BF,);.

Coordin. Chen: Rev , 5 (1970) 143-207
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is seen between the x- and y-polarisations. The spectra have been assigned in Dy,
symmetry (Table 9), and y-2ld a one-electron orbital sequence comparable!?* to
that 1n Cu(H,0),(HCO,),, except for the splitting of the d,. and d,_ orbitals. The
strict molecular symmetry?7+28 of Cuen,(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 Dy, with a d,_» ground
state (Table 9). This suggests tbat the methylene groups of the ethylenediamine
ligands do not senously influence the electronic properties’ ’. The polarised single-
crystal spectra of Cu(en)Cl, *** (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 tbis apain suggests that the methylene links in the ethylenediamine
Itpands are not electronically important.

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

———» Abrorbance

—— Apsorhance

22 20 8 % w 12 © 8 6
a—— —Enerqy { KK}
Fig 15. The polarised single-crystal electronic spectra of Culen)Ci.
Fig. 16 The polansed single—crystal electronic spectra of Cu{den},Br, - H,O.
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——-»Absorbance

—» Absurbance

22 20 1B 16 4 2 ® & 6
———— Frerqy (KK}
Fig. 17. The polansed single-crystal electroruc spectra of CuH edta « H,O.
Fig. 18. The polansed single-crystal electronic spectra of Cu(MNH3):(CH :CO3)a.

assigned jn D, symmetry (Table 9), and much less satisfactorily in C,, symmetry,
suggesting that, i 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°) umposed by the diethylenetriamune ligands.

The polansed single-crystal spectra®’ of Cul,edtalH,O are shown in
Fig. 7. A correlation between the polanisation directions, the crystal g-values and
the crystal structure®® requires that the x- and y-axes lie between the equatorial
bonds, rather than along them. The spectra can then be assigned, with a 4d,,
ground state, in the non-centrosymmeiric pomt-group, P,, and equivalently, m
the centrosymmetric point-group D,,, notwithstanding the clear lack of a centre
of inversion in the molecular structure CX1I).

The low energies of the first tramsitions®?, 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 polansed single-crystal spec-
tra’? of Cu(NH,),{CH,CO0,), 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). Tbe d.z —+ d,a_;. transi-
tion (17.5 kK) is intermediate in energy between that (18.4 kK) of the effectively

Coordir Chem Rev, 5 (19700 143207
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——>» Absorbance

Absorbance

22 20 ¥V B 14 12 0V 8 &
*«—  Frewmy (kN )
Fig 19. The polarised stngle-crystal electronic spectra of Cu(dren},(INO3);.

Fig. 20. The polarised single-crystal electrome spectra of Cs,CuCl,.

square-coplanar NaCu(NH ), {Cu(S,03): }» * H,O ! complex, and that (13.6 kX))
of the tetragonal-octahedral ammonia analogue!l, This is consistent with its stereo-
chemistry being intermediate between a square-plane and a tetragonal-octahedron,
due to the mahility of the termunal acetate oxygen atoms to coordinate effectively

along the z-axis (IX).

(f) Compressed retragonal octahedral.—No polarised single-crystal spectra
of copper(Il) complexes having exactly this stereochemistry are known (see ref.
143). Cu(dien),(NO;), has almost this structure (XI)*7 and its spectra’®® are
shown in Fig. 19. The alignment of the four molecules in the unit cell®*? 1s not
ideal, but allows a reasonable spectral assignment in C; symmetry, using the 4.z
ground state established by the single-crystal ESR data (Table 9). This yields the
one-electron orbital sequence 4,2 > dyz_z > dyy, > dy., 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 fong-bonded equatorial positions®?.

(g) Compressed rhombic-octahedral.—The polarised single-crystal spectra'??
of Cu(methoxyacetate), - 2H,O *® have been assigned in the effective electronic
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symmetry I}y, (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.

() Compressed tetrahedral—The polarised single-crystal spectra**3:*4? of
Cs,CuCl, are shown in Fig. 20, Partial data’*® have been obtained for {(CHj;),-
N(C H sCH )],CuCl,, using a crystal-tilting tecbmque. The spectra of both com-
plexes have been assigned in the D, pomt-group, with a d,, ground state (Table 9).

(i} Trigonal-bipyramidal —The polansed single-crystal spectra®’? of Cu-
(NH ), Ag(SCN); are shown in Fig. 21, and the ESR spectrum®?* clearly estab
lishes a 4, gronnd state. The observation of three clear bands rules out the assign-
ment of this spectra in the simple D, point-group, as only two transitions are
predicted (Fig. 6). The spectra have been assigned**” (Table 9) in the D3, double
group (including spin-orbit coupling?##), wath the interesting result that the parent
d,,, dy2_,2 level is lower in energy than d,., d,, (Fig. 6). This reversal has been
accounted for by ont-of-the-plane n-bonding of the thiocyanate ligands with the
d_. and d,_ copper orbitals'*?. The polansed single-crystal spectra (Fig. 22)'47 of
the distorted trigonal-bipyramidal complex [Cu(bipy),I]1 CGiV) may be assigned
(Table %) 1n C,, or D, symmetry, with a d,z ground state. The former point-group
15 preferred, and yields the inverted sequence of one-clectron orbitals, as above.

— Absorbance

—» Absorbarnce

22 20 1B 1B 14 2 1 8 6
——Enemy {kX}
Fig. 21. The polarised single-crystal electrontc spectra of Cu(NH 1) Ag(SCN)s.

Fig. 22. The polarised single-crystal electronic spectra of [Cu(bipy)21]1.

Coordin. Chem. Rev., 5 (1970) 143-207
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(j) Square-based pyramidal—The polarised single-crystal spectra'*? of
[Cu(l,3-pn), - H,0]80,, are shown in Fig. 23, and merely show a change of
intensity hetween the two polansations, The spectra may be assigned in Cj, sym-
metry, with a d,»_,, ground state (Table 9). Comparable results have been ob-
tained”? for {Cu(NH ), + H,0]SO,. Although?® NH,[Cu(NH ;};I(PF¢), 15 of un-
known crystal structure, it 1s believed to contain a square-based pyramudal CuNj
chromophore, and the polarised single-crystal spectra’® have been assigned in

————» Absorbance

Absorbance

L1 1 1 ] L4 1 1 I (]
22 20 B 16 14 12 W0 a8 [
«———— Eneryy (kK)

Fig 23 The polansed single-crystal electronic spectra of {Cu(1,3-pn); H,0]50,.
Fig 24 The polarised single-crystal electrontc spectra of Cu/Zn(bipy)aBr. 6H.O.

C,, symmetry, using the single-crystal ESR data. The polarsed single-crystal
spectral>? of CufS,CN(C,Hy),], (which has a dimenc square-based pyramndal
structure’ *1) have been partiaily assigned in C,, symmetry and a single broad band
at 22.0 kX attnbnted to the d,, d,. — d,2_,» transttion.

(k) Trigonal-octahedral (D3).—The polarised single-crystal®®4? spectra of
copper(1I) doped into Zn(bipy) ,Br, - 6H, O and Zn{bipy);80, - 7H,0, are the same
(Fig. 24) and comparable to those of the undiluted complex Cu(bipy);Br, - 6H,O
(ref. 149). A slightly different type of spectrum has been observed for Cu (phen),-
(ClIOQ.),, which is closely comparable to that of Cu(hfacac),bipy (Fig. 25)*¢°. The
spectra of the Iatter 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 certainly for Cu(bipy);Br, - 6H,O.

() Cis-distorted octahedral —The polarised single-crystal spectra'®? of
[Cubipy) ,(ONO)INO, are shown 1n Fig. 26. The ESR spectrum®3? establishes a
d.z ground state, (all four molecules 1 the unit cell’! have their molecular axes
aligned} and the spectra are assigned in C,, symmetry, with a principal x-axis.

——»Absorbance

———» AbSOrbance

%2 20 1B 16 14 12 © & o
«— Energy {kX)
Fig 25 The polarised single-crystal electronic specira of Cuthfacac);bipy.

Fig 26. The polarsed single-crystal electronic spectra of [Cu(bipy);(ONOIINO,

(m) Coorditation numbers greater than srx—The polarised stngle-crystal
spectra’?s of CaCu(CH;3CO,), - 6H,O (XIX)** are shown mn Fig. 27. These are
assigned m S, and D,, symmetry, using a d,, ground state. )

(iit} Conclusions from the electronic spectra

A number of generaiisations may be drawn from the data on the electronic
energy levels of copper(IT} complexes presented in this section,

{3) Orbital sequence—For a given stereochemistry the sequence of one-
eleciron orbitals is essentially constant; e.g. for a tetragonal octahedront+?7:235;

Coordin Chem. Rep., 5 (1970} 143-207
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——» Absorbance
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Fig. 27. The polarised single-crystal electronic spectra of CaCu(CH yCO.)s - 6H,O

dy2y2 > d2 > d, > d,, d,,. The effect of different hgands 1s reflected 1n theic
contribution to the value of 1003, Thus, in Cuf{en),{BF,), the above order applies,
but 1n Cu(en)Cl, *** the order of the d.» and d,,, levels is reversed, as the chloride
ion lies much lower in the specirochemical series*® than does ethylenediamine. In
a square-coplanar stereochemustry, the d. level Lies below d, ., 4. m CaCuSi,0,,**7
but ahove it tn Na,Cu(NH,), {Cu(S,0,),},H,0 2!, for a comparable reason. The
effect of n-bonding on the sequence varies; in Cu(H,0),(HCO,), 3¢ it is negli-
gible, 1n meta-zeunerite!*? it mterchanges the relative positions of the 4., and 4.,
levels, and in Cu(NH ), Ag(SCN); *7 and [Cu(bipy),I]I it completely changes the
point-charge sequence.

(b) Correlation diagram —The results substantiate a correlation diagram
which relates the energy levels of a restricted-tetragonal-octahedron, through those
of a tetragonal-octahedron to those of a square-plane, for CuQ,, and CuN, chro-
mophores (Fig 4). In general, the spectra are much more sensitive to differences
1n bond-length’*5 (as above), than to diferences in bond-angle (e.g. Cu(NH,) X, !
and Cu(en),X, 77). The evidence for correlation diagrams relating the square-
plane and square-based pyramid (see section G, ni, ¢), and relating the cis-octa-
hedron and trigonal-bipyramid, is less clearly established¢7-152,

(c) The concept of varying tetragonal distortion.—This concept, established!?
on the basis of crystallographic bond-length data, finds substantial support from
the correlation’** between the tetragonality (7) and the energy of the d,» — d,2_ 2
transition (Table 2). There is no such clear relationship between the energy of the
d.2 — d.a_g2 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 parent squarecoplanar chromophore (compare 184 kX in Na,Cu(NH,),-
{Cu(S,03),}.H,0 2* with 16.0 kK in [Cu(NH,),H,01SO, *) but not to the value
(~ 14.0 kK) observed in tetragonal-octahedral complexes (r.e. Cu(NH ), (SCN), 1)
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notwithstanding the closer approach of the single fifth hgand {2.34 A in
[Cu(NH,),H,0]S0,]*}. This insensitivity of the energy of the d,» — dy2_, tran-
sition to the effect of a fifth lipand may be enhanced by the ability of the copper(IT)
ion to move out of the plane of the equatonal ligands, towards the fifth ligand
{XVD, p = 0.19 A m [Cu(NH,),OH;ISO, **}. 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.. — dya_;2
transitton. In contrast, a fifth Ligand without any n-bonding potential, such as
ammomna 1n (NH)Cu(NH;) s(PF¢); ®* has much more effect on the energy of the
da — d.._j> transition, (it 1s reduced to 11.4 kK m this complex); this suggests
that the fifth ammmonia group will bond at a shorter distance than 2 3 A, in order
to satisfy the addrtional bonding potential of the Cu(NH 3),2* cation (section C, 1n).

(d) Chelate effeci.—The consequence of a change, from a monodentate
Iigand to a chelate ligand, 15 mmimal, as long as there is no change 1n 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,052 and Cu dieny(NO,),*7), then 1t has a major electromc effect (Table 2),
significantly lowenng the energy of the d.» — d,»_,» or d_,, transitions®7+125.

(e) Electronic ground state—There 1s no electronic spectral evidence that
the ground state of the copper(IT) ion in its complexes 1s ever orbitally degenerate.
The d,a._;: orbital 1s the most common ground state, the .. is quite commeon, and
the d, occurs occasionally. The difference betweena d;a_,» and a 4> ground state,
for the same symmetry, is not observable in the electromic spectra, but can be
readily distinguished hy the ESR data (e.g. Cu(dien),Br, - H,0 ¢7 and Cu(dien),-
(NO,), 12%). A d,, gronnd state, m the Cuacac),-type complexes'33, is associated
with enhanced intensity 1n y-polausation, due to intensity-borrowing®3? from a
low-energy charge-transfer band. It is not possible to say whether this mechanism
is primanly a consequence of the ground state configuration, or of the particular
ligand involved.

{f) The active mode of vibration in a mbronic mechanism.—In practice, the
vibronic mechanism has been resiricted to D4, and D,, symmetries. In both, in-
dependent of the higand atom or whether it is involved as a chelate, the most
active normal vibrations are the out-of-plane bending modest?:77:136 (4, and
b,, in D,,, and b,, in D,, symmeiry).

{g) The electronic consequence of a centre of inversion—The polansed 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 electromc mechanism, and the

Coordin. Chem Rev , 5 (1970} 143207
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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 mtensities of Cu(NH 3}, X,, [Cu(NH;),OH,]S0, %,
NH,[CuNH ) 1(PF); %3, Ba,Cu(HCO,)s - 4H,0 3¢, Cu(acac), **® and Cu-
H,edta - H,O %7 are quite surular. The intensity appears to be a function of the
ligand atom, nitrogen atoms producing more intensely coloured complexes than
oxygen higands. This could result from lower energy charge-transfer bands in the
latter. The extents of polarsations observed for centrosymmetric complexes are
only slightly less than those observed for non-centrosymimetric structures: compare
Na,Cu@NH4), {Cu(S;03),}, - NH; 2! with Cu(dien),Br, -H,0 *7; or Ba,Cu-
(HCO,)s - 4H,0 3¢ with CuH,edfa - H,0O %7, There is no experimental test for
the presence of a centre of inversion (see the assignment of CuH,edta H,0O in
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 (D) and square-based pyramud (C,,,) clearly lack a centre of mversion,
while CuH,edta - H,O does not, since it is basically a tetragonal octahedron®?. In
Cu(dien),Br, - H,O *% and Cu(dien),(NO,), *7, it 15 probably not the presence of
methylene links themselves, but their accumulative distortion of the Cu-N bond-
angles, which removes the centre of symmetry

() The electrome consequences of m-bonding.—The effect of n-bonding on
the electronic energy levels of a copper(II) ion is relatively small, compared with
the effect of s-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 d,,, d2_,.
and d, d, levels i Ca(NH3),Ag(SCN); **7 (and less certainly*#7 in [Cubipy, I]I),
(b) the existence of strictly square-coplanar Cu(acac),-type complexes®®, their
relatively short copper-oxygen bonds and hence the high energies of thewr d,: — 4,
transitions, and (¢) the relatively low values of the combined orbital and spin-orbit
reduction factors in complexes, particularly with oxygen ligands!35. It may also
be present mm complexes involving semi-coordinated ligands™’, such as, the nitro
groups m Cu{NH5),(INO,),, and the thiocyanate groups in Cu(NH,),(SCN); and
Cu{en),(NCS), 77. n-bonding may also play a significant part in satisfynng the
additional bonding capacity of a four-coordinate chromophore in formung a
square-hased pyramudal structure, as m [Cu(NH,);H,0]80,. The r-bondmng of
the fifth water ligand may partially account for the energy of the d.. - da.. 2
transition in this complex.

H. ORBITAL REDUCTION FACTORS AND THEIR SIGNIFICANCE

Under favourable circumstances, it is possible to combine the ESR spectra
of copper(Il) complexes with their electronic energy-levels, and from the expres-
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sions of Table 8, to obtamn values for the comhined 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®®:!53 to account for the apparent
numerical reduction of the spim-orbit coupling constant from its free-ion value®?
{—0 829 kK). Tt appears that hoth 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 1L,
and depends on the vanation of the effective charge m the partly filled shell, due
to transfer of electrons from the ligands into metal orbitals. Hence L and AL
become kI, and RAL, where the coefficients k and R describe!s? “orbital reduc-
tion™ and “‘spin-arhit reduction™.

The introduction of these parameters modifies the expresstons of Table 8,
to the extent that A must he replaced by kRA. (It bas been assumed that the reduc-
tion factors associated with the matrix elements between two z,, orbitals are the
same as those associated with the matrix elements between a 7, and an e, orbital )
Now 1f the crystal-field 15 not cubic, then & and R will display the same anisotropy
as does g. Thus, m Tahle 8, 2 must be replaced by &k, RAin the g, (i = x, 3, 2)
expressions.

In the axial case, kR and k, R, may be determined from gy, g, and the
electronic energies The individual & and R values cannot therefore, be measured,
but only parameters r; = Jk" ‘R and r; = Jki - R,. These have previous-
1y77:136:152 heen referred to as “comhined 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 (x) or two (a, B) angles which describe the
crystal-field, and also the three parameters ry, r, and r. Solutions are only possible
if some approximations are made. Generally £ will be assumed to be zero, and
re & r,. This allows «, r; and r to be calculated.

(&) Symmetry-restricted-covalency—This causes an apparent reduction of A
through delocalisation of the metal electrons, and has been treated by means of
molecular-orbital theory®$:102:156.137 The case of tetragonal®®:!57 symmetry
(D) will be 1llustrated, since the derived expressions are often assumed®%-157-162
to be relevant 1n other pomnt-groups (D, expressions have also been gaven!63-164),
For a d.2_,» ground state, the d-arbitals 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.

Coordin. Chem Rev , 5 (1970) 143207
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$; = a(da_)~a [~ P +6,P+a, P ~ag, @2

¢2 = a,(d)—a, [6. ' +6,P—06,P—a, ]2

by = bl(dry)"‘bl’[Pyu)'}'Px(z)—Py(s)“Px@)]fz

¢4 = b(d.)-b'[p."7—~p.2/ /2

ps = b(dyx)'"b’[pz(z)_'P:“}]/\/z
(The s-orbitals are hybrids of the ligand s and p orbitals). The g-values derived
by operating on these wavefunctions with the axial Harmmlitonian (3} are

gy—2= —Sp[ﬂbn—ﬂ'bxs—ﬂ'(l-bxz)*T(ﬂ)/z]}

g:—2 = —2plab—a’bS—a’(1-b*}*T(n)}/2] an

where S is the overlap integral involving d,a_,. (the small overlaps for d,,, d,:
and d,, are 1gnored); 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(p, — P 1), it = Aab]E(p;—¢,4,s) and E is the energy of the indicating transi-
tion. An interesting case arises if there is no metal-ligand =-bonding (hence
b, = b =1andb,’ = b’ = 0), then (using a*+{a)*~-242'S = 1, for the norma-
lisation of ¢,)

(a)*
2

2 (cl
g —2 = —24 [f’—— @)

gy—2 = —83 [—"5- - S +1] 1549

- +=1r] [E(hy — o)

and

G = gy—2 _ 4-E(p1—Pas) 12

92 E(@—¢3)

The best test of this relattonship involves the complexcs?! Na,Cu(NH,),-
[Cu(S,0,);].L, where L = NH, or H,O. In both cases, no equatorial n-bonding
18 possthle with the NH, ligands, and E(¢$; — ¢, 5) = E(¢d,—¢d,). No axial n-bond-
ing is possible for the monoammine adduct, resulting in a G-valee (4.01) very close
to 4.00. The slightly lower value (3.83) for the monoaguo adduct could be due to
(a) slight axial w-bonding, although any elecironic effect of the H,0O molecules
has been ruled-out??, (b} the effect of central-field covalency, or (¢) inaccuracies
in measuring the broad g; resonance, or locating the d,, —» d,z:_ ;. 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'(rr). This leads to expressions previously derived by Stevenst*¢:

gy = 2—81a”h,*IE(¢, —¢’3)}
g, = 2_Mzbz/E(¢’1_¢4.s)

These expressions are those of Table 8, modified by replacing 1 with a?5%,1 or

{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, m the central-field descniption. When both
mechanisms are important, 4 must be replaced 1n Table 8 by ryab; A or r abA.
For D,, symmetry, the orhitals ¢, and ¢ 5 are no longer degenerate (because
d,, and 4. lose their degeneracy), and the following expressions are used!%4+2¢3:

g. = 2“8;-‘12!712/E(¢1“¢3)
g. = 2—21a’c*E(¢;— ) (14)
g, = 2—22a*b*E(p; — ds)

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

If terms in a, 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*2 or a®c?4,
As with the central-field mechamism, 1t is necessary to assume that b a2 ¢ 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 coeflicients 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,
“2” measures”® o-bondmng “b” measures out-of-(xy)plane m-bonding, and 5,
measures in-(xy)plane m-bondmg. It 1s often assumed!37:139:160.164 that thare 15
no out-of-plane m-bonding (& = 1), when the MO description 15 used, but the
examples discussed below will illustrate that such a generalisation is invalid.

(i) Measured reduction factors

The most accurate data are obtamable only when ESR and polarnised electro-
nic spectra are recorded on single-crystals of known structure. Table 11 lists all
such available data on the amsotropy of 2°f1 (1" is the effective value of the spin-
orbit coupling constant, A 1ts free-1on value}.

It 1s impossible to determine all of the parameters ry, r,, @, b; and b from
this data, but consider first the possibility that the domuinant factor is symmetry-
restricted covalency. Then 1n the absence of in-plane n-bonding (b, = 1) g and &
may be determined. The bis-ethylenediamine complexes?” 1nvolve this situation
(b, = 1), since ethylenediamine is incapable of n-bonding and the “sems~- >rdin-
ated” axial ligands can only n-hond with the d.. and 4. orbitals. Tahle 12 lists
the values obtamed for *g™ and “b™. Only ranges can be given, since E(¢; —¢3)
is only known within Iimits. The values of b arc all close to unity, as expected for
little out-of-plane n-bonding (with axial ligands), but not equal to unity. Cu(en),-

Coordin. Chem Rev , 5 {(1970) 143207
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TABLE 11

ANISOTROPY I THE REDUCTION OF THE SPIN-ORBIT COURLING CONSTANL, CALCULATED FROM CRYSTAL
DATAYT

Campound (A ufd)t (A jARE Ref.
Cufen)«{BF.)2 13-.7% 74 77
Cu{en),(ClO,): TJ6-77 74 77
Cu{en):(SCN)2 TFi-75 T 77
Cu(en)z(Noa): 3076 .78 77
Cu{en).Cl; H;0O 68-75 71 77
Cu{en};Br. H;O 69- 76 72 77
Culen)Cl, 68 67 134
Na.;Cu(‘NH;).;{Cu(S:O;};}: h NHJ T7 .78 21

Na Cu(MNH;3): {Cu(8:03)2}: - H0 .76 78 21
Cu{NH 4)3{CuBr;)2 65— 75 72 1t
Cu(NH ) (NO2) - T4 .73 11
Cu{NH,),50, H:O — 75 11
Cu(NH 3)4(SCN); 74 76 11
Cu(NH 3}a{Cul3): .78-72 71-78 It
Cu{U0;}{As0ys); - BHO .80 78 135
Ba,Cu{HCO,;)s 4HLO .78 .86 136
Cu(HCO;); - 4H, 0O T7 69 136
{MeNH,);CuCl, 1 ab 1656
CuHgzedta HiO g2 72 67
CaCu{CH:COy)s SH,O 926 78 125
(MC;QSCH:N):CUCI.; —_ 52 146, 25
Cs;CuCl, £9 51 167
Cu{dmg}. — a0 158, 169
(NHICu(WNH ) {PFs)3 — 17 93,75
KzBaCu(NOQG 8] 77 7t
Cu{N-Mesahm}; 75 77 170
Cu{3-Meacac);* 77 74 80
Ce(N Ha)zAg(SCN)J -_ .68 147

* Other acetylacetone systems are omnited, unce no agreement has been reached on the electronic

assigement {section G, 12, ¢}
t WNo corrections are applied to the electronic energies 1n respect of wibrational quanta, nor s
the rejatwistic correction to the free-electron’s g-value inchuded

(CIO,), 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’’ valves overlap, but that of the chloride extends to the lowest value The
chioride would be expected to have the greatest covalency, since it has *72 the
shortest Cu—N bonds (1.985 A). Previous data on the bis-ethylenediamine 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 QRBITAL COEFFICIENTS FOR COP?ER{H} BIS-ETHYLENEDIAMINE AND TETRAAMMINE COM-
PLEXES, CALCULATED FROM CRYSTAL DATA

Componnd a b
Cu(en}.(BF,), 7375 981 60°
Culen),{(C10,), 76-77 96-98
Cufen),;(SCHN) T1-75 94-1 GO -
Cu(en);(NO»), .70-76 b
Cu{en);Cl; - H:O 6875 94-1 00
Culen);Br; H,O 69— 16 95-100
N&CU(NH;).; {CU(S 10 3)1 }z Hzo .76 1060
Na4Cu(NH3)4, {Cu(S ;0 3)2 }1 NH 3 77 100
Cu(NH 3)4(CuBr.): 65-75 96-1 0O
Cu(NH a)-l(No 2)1 74 .99
Cu(NH,).(SCN), 74 s

Cu(NH 3)<(Culs), J8-72 91-1 00

2 The values of “‘b™ have been curtatled at { 00, since b cannot have a value greater than unity
& All caleulated values of **b™ are greater than unity This has been explained?? for Cu{en)2(NO3)2
mn terms of an ambiguity in ¢; and g values affecting only this complex For Cu(NH 3} (SCN),,
there may be a shght error 1n g, due to large angles of misahignment resulting from awkwardly
shaped crystals

The values of 2’y and 4’, for the mono-chelate Cu(en)Cl; are both less than
the respective values in the bis-species. This ts 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 w-bonding. The 1nvolvement of considerable
metal-ligand n-bonding with the chlorine atom is also suggested by the low values®®
of X' and i’ for the tetragonal-octahedral complex (MeNH,),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 obtamned. Again the
values of “b” are close to unity, and the iodide may have the lawest b-value,
consistent with its having'* the smallest tetragonal distortion. Further the range
of g-values extends highest 1n the 1odide, and lowest in the bromide. If the actual
values behave m the same way, covalency is greatest in the bromide, and least in
the iodide. This agrees with the Cu-N bonds 1n the todide'™ (2.14 A mean),
being the longest of all the tetraammunes and almost the shortest in the bro-
mide!7* (1.996 A).

No simphfication 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, ¢ertain trends can be seen.
In most cases 'y > A’,, suggesting the presence of more out-of-plane z-bonding
than nplane n-bonding Only for Ba,Cu(HCO,), - 4H,0 and Cu(N-Mesalim), is
this not true.

The layer structure'® of Cu(HCQ,), - 4H,Q requires that the oxygen (for-
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mate) p-orbital, unused in sp? o-bonding (to copper and carbon, leaving 2 lone
pair), is pexpendicular 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 4, orbital, and can give little overlap. The crystal
structure therefore agrees with the anisotropy 1in m-honding which is suggested by
the A’ valuoes.

The situation in the structure®# of Ba,Cu(HCO,)s - 4H, O is complicated by
the presence of Ba—O(formate) bonds, These require the formate groups of the
(water)O-Cu—-O(formaie) plane to be orientated so that the oxygen p-orbitals are
directed towards the 4, orbital. This leads, as observed, to m-bonding anisctropy
of the opposite type to that of Cu(HCOQ,), - 4H,0. In Cu(UO,),(As0,), - 8H,0'8,
the m-orbitals of the uranyl ion can bond with the copper 4,. and d,. orbitals, to
produce the observed amsotropy. Acetate groups perform the same function in
CaCu(CH;CO,), 6H,0 *3, the amsotropy of CuHedta - H,O is not under-
stood®7, Cu(N-Mesalim),*?° appears to have more in-plane z-bonding, than out-
of-plane n-bonding, and 13 also not understood.

The five-coordinate complexes Cu(NH;),Ag(SCN); 47 and (NH,)Cu-
(NH,)s(PFs); 7° are interesting, in that the 1°, values indicate more out-of-plane
bonding in the former. This 15 expected, due to the presence of thiocyanate h-
gands**?_If a square-based pyramidal stereochemistry is appropriate for the latter,
then no n-bonding can be present and (4 O = (1, /D), as in NaCu(NH,),-
{Cu(S,03):},NH, 2* (Table 11). Using an estimated value of (A’;/2)* = 0.77,
and g = 2.2516 a value of the energy of the d;, — d,2_ ;. transition of 15.7 kX is
obtained, in reasonable agreement with a value of 15.0 kX for the energy of the
d.., d,; & d.a_,x transition. This suggests that, in axial copper(IT) complexes in-
volving og-bonding ligands, the values of (1’ JOY and (X', /1)* may be reasonably
equated, and used to evaluate the energy of the d,, — d,a_,» transiion The recent
attempt®”?* to calculate the effect of covalency on the second moments of the
ESR spectrum of Na,Cuo({INH,},{Cu(§5,0,),}, (assuming that the ammonia ad-
duct was nsed?!) must be incorrect, as the energy of the d,., d,; — d;2_ . transition
was ““estimated” to be at 250 kK.

In spite of the partial success of this treatment, it has ignored central-field
covalency and although, on this hasis, the data can be understood in terms of
varying metal-ligand n-bonding, the presence of metal-higand r-bonding 1s not
established.

Hitchman?7® has considered the interpretation of rhombic g-tensors and
has obtained the probabulity distribution of the unpaired electron along the x-, y-
and z-axes. In the case of two complexes. Cu(MeOAc), - 2H,0 and [Cu{bipy),-
ONOINQO;, Hitchman’s treatment differs from ours! 52 in the defimtion 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-axus, 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

I LINE SHAPES FOR NON-DILUTE POWDERED SAMPLES!®4

In a polycrystalline sample, all possible onentations of the molecules are presented to the
magnetic field, and therefore a spread of the signal 1s observed, this bemng the envelope for all
g-values between the principal values!®* Each g-value contnbutes to the Iine-shape acecording to
1ts statistical weaght. Several analyses of the line-shape have been used®¢ 192113 varying n
sophistication, accordmng to whether the g-value, hyperfine and Iine-width tensors are considered
to be 1sotropic, axial or completely anisotropic This allows computer simulation of the line-shape
for a given set of parameters

For each hyperfine component (nuclear quantum number f}, the absorption intensity at
ficld H 1=

1 dH
GIF I)f(f?) iN n
where for the axtal case, J(9) = g, g /o)>+1]/8 (and g2 == 4,2 cos® (1+g, 2 sin? 0, when the
field 15 at angle @ 10 the g vector} and takes into account the vanation of transiion moment

S(H) =

TABLE 13
A COMPARISON OF SOME CRYSTAL AND {UNCORRECTED) POWDER ESR. DATA
Complex Crystaf g-vafues Pouder g-values

@ g2 g3 Rel. ¢ g2 g3 Ret
CuF, SHF 35H,0 2 090 2410 103 2 084 2383 103
CuCl, 2HQ 2037 2.187 2252 103 2050 2195 2250 125
Cus0, - 5H,0 207 228 109 24907 228 125
{(NH):Cu(SO,); - 6H.O 209 225 232 03 2.07 221 235 125
{(NH,):Zn(S0,.): 6H, O 204 226 226 103 246 22R 228 125
K.CuCl, 2H,O 206 2.22 222 103 207 224 224 125
(NH,),CuCl, - 2H,O 207 224 224 103 207 226 226 125
Cu(salmn), 2.040 2050 2200 103 2055 2 180 125
Cua, 8, v, 8, ¢, porphyrin* 205 217 103 207 219 103
Cu(NH 3,80, - H.O 2 054 2104 2181 103 2050 2100 2 183 125
Cufen)50. 2.110 2126 177 2,130 2130 125
Cufen)}2(NCa). 2 059 2059 2189 103 2 050 2180 125
CufenyCl; 2 049 2239 10} 2045 2240 125
Cu(NH3)s(NHL) (PFg)a 2 0643 2 Q666 22516 125 2 D53 2240 93
CuCly(py)s 20611 20854 22198 125 2065 208 232 115
Cu(NCS):{D¥}2 2 0573 20598 22790 125 2055 227 125
Ca(NH,):(CHACOL)s 20497 21100 22114 125 2049 2113 2214 113
Cutren(NCS}); 2 0835 21321 21572 125 2060 2178 2178 124
(NH,}:CuCl, 2.0652 231714 2.1734 125 2152 2152 2152 125
K:CuNQ;), 21014 21214 21794 125 10 210 2174 115
Cu(dmpyC1;H, 0O 20299 21335 22752 125 20313 2,171 2234 125

* Measurements at hiquid mitrogen temperatures
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with angle. AN 1s the number of spins {from the iotal of N,} with therr princepal axes inclrned
between angles § and (64 d8) to the field, and is miven by dN = (Nof2} sin 8 df. Eqn. (27) must
be integrated over all 8, and the results summed for all hyperfine components Typical resulis
(a5 derivative curves) are given 1n Fig 7.

When these curves are compared with the parameters used for plotting them, 1t 15 found
that the fields at points A, C, D, E and F correspond!?®? quite closely to the values of g and g,
(axial case), ga, g2 and g; (non axial case with gz >> g2 > &) For g, the agreement 15 even
better!! ® with the field at a point dividing BC in the ratio of (AH/P—KAH) - KAH Thedifference
between thefieldsat B and C is 4 /P, and can be used o estumate the crystal line-width (assumed
isotropic) The values!!> of the coefficients P and K depend on whether the Itne-shape 1s gauss:an.

SUH) = S(Ho) exp [-4 na = H")z]
AH
or lotentnan,
(H—Ho)*
S(H)Y = S(Hy)/ [I +-4 —'EH—-].

(where M, is the field at the centre of the signal). In the gaussran case P = 1.8 and X == 02,
whitle for a lorentzian curve P =228 and K =015

Table 13 shows a companson between some powder {g, uncorrected), and crystal, g-values.
Table 14 gives a further comparison'?®, for the tetraammines and bis(ethylenediamine) cam-
plexes, which shows the advantage of the above correction procedure for g,. For better results
from powder data, 1t s necessary to use computer simulation techniquest*t 114,

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

II. ANGULAR VARIATION OF g-VAILIES

It has been shown!92 that the solution of the wave equation, using the axral Hamilton.an
(1), mtves AE = gRH with g = g, cos® g, sin? 8, where 8 1s the angle between the apphied
field and the pnincipal axis For the non-axial case, the solutton is similar and

g* = g +g, m* +g.°n* (I35)

TABLE 14

A COMPARISON OF 50ME CRYSTAL AMD POWDER ESR DATA SHOWING THE EFFECTIVENESS OF THE
CORRECTION OF g, FOR LINE-SHAPE DEPENDENCE'2%-7%

Complex Crystal g-talues Powder g-values*

n g1 gy gifu) g, (G} g (L}
Cu(NH )4 (CuBrs}, 2214 2047 2206 2041 2044 2044
Cu{lNH ;) (Cul;}). 22231 2056 2219 2051 2055 240535
Cu(NH:).(NO,), 2234 20852 2239 2048 20350 2050
Cu{NH,),Ag(SCN), 2232 2052 2228 2046 2050 2050
Cu(NH ) (SCN), 2237 2056 2233 2047 2052 2.051
Culen);{(C10,)- 2209 2048 2200 2045 2048 2048
Cu(en).(NCS); 2195 2044 2195 2043 2044 2044
Cufen);(BF,): 2198 2048 2192 2043 2048 2048
Cufen),Cl; - H,O 2205 2047 2205 2043 2045 2045
Cufen);Br; - H,0 2208 2049 2205 2042 2045 2045
Cufen)z;(NO3); 2184 2066 2180 2050 2057 2057
Culen); NKKCN) 2213 2050 2206 2047 2049 2049

* g,{u) 15 the uncorrected value, while g, (G) and g, (L) are corrected respectrvely for gaussian
and larentzian hine-shapes



MONONUCLEAR COMPLEXES OF THE Cu'! 10N 197

where [, m and n are direction cosmes of H, with respect to the magnetic x-, ¥- and z-axes Thig
relationship may be used to dernve®!® others, which express the g-value refative to an arbitrary,
orthogonal, set of axes X, Y and 2

gyt = gy cos® Putg.2 sin? . +24,.% cos P, sin Py

gv® = G272 c05® ytgaa® SIN? 24,2 COs B, sin P, {16)

g2 = gz° cos® d.4g5,7 sin? Po+24,,% cos ¢osm P
Here, gx. gy and gz are the g-values at angles ¢, ¢, and ¢, dunng rotations of the magnetic
field about the X-, Y- and Z-axes, respectively The g,;* coefficients are the elements of the
I %3 matrx {g1?] Measurements of the g-values at severa! angles, during the three rotations
about X, Y and Z, allow these coefficients to be evaluated by means of a Founer, or a least-
squares, analysis (see section C) If the [g.,*] matrix 15 trapsformed by rotating from the (X, Y, 2)
reference system to the (x, v, 2} frame, the diagonal matrix

g= 0 0
0 a* 0
0 o0 g?

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

F P M

my m, m; (17

Hn m,
where 2, m; and n; are the direction cosmes of the g;-axis {f = x, ¥ or z), with respect to the
X-, Y- and Z.-axes Thus, the angles between the principal g-axes and the expenimental X-, Y-
and Z-axes, can be evaluated {from matnix 17). The [atter axes will be defined relative to the a,
b and ¢ crystallographic axes The method, mven above, 1s of general application and must be
employed for trictinic crystals A simpler methed, given by Schontand!!?, 15 available for mono-
chnic erystals. Once the tnclinic cormnputer programme has been written, 1t 15 convenient to use it
for monoclinic, trigonal, hexagonal and orthorthombic crystals atso (wathout modification).
Further, corrections [or misalignments {see section 111} are easily included in the same programme
For tetragonal crystals, 1t 1s often possible to obtamn the pnncipal g-values by making two meas-
urements on the appropriately orientated crystal For cubic crystals, there s no anisotropy to
measure

Data on the ornentation of the principal g-axes have been lttle used until now, more

emphasis being put on the actual values of the g-factors However, it is possible to use angular
data to establish the electronic ground state, when other data are ambiguous Thus the ground
state 1n the bis-ethylenediamine complexes®” 1s dp:..,- rather than 4., (in the “*hole' formalism),
because the axes of g, and g, point almest along the Cu-N bonds, rather than between thetn
Further, in cases where the effective crystal-field symmetry does not correspond to the crystallo-
graphic molecular symmetry, the former can be determined by locating the pnincipal magnetic
axis Thus, Cu{en)Cl; behaves electronically®?* as if it had D, symmetry, with the z axis perpen-
dicular to the chelate plane, rather than the crystallographic C; symmetry.

11 MEASUREMENT (OF THE PRIMCIPAL g-VALUES OF SINGLE-CRYSTALS

As discussed above, the method depends on rotating the crystal about three orthogonal
awxes, measuring 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 mmx 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 in the cavity of the ESR spectrometer, and rotated in
the horizontal magmnetic field {or the field .otated about the cavity), a scale of angle betng attached
to the rod {or to the magnet) The rod is placed 1n the Varian varrable-temperature quartz dewar
insert, where it 1s centralised by ring I} and cone C. The g-value 1s measured by recording the
first dertvative signal, as the field 15 scanned. Calbratron 15 aclueved using a speck of DPPH

Coordin Chem Rev, 5 {1970) 143-207



198 B. J. HATHAWAY, D. E. BILLING
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Fig 2B The perspex rod used for single-crystal ESR measurements

(g = 2 0036) on the rod (E), and by measuring the hypecfine splitting of a sample of MgOQ powder
(containing Mn*+* impunty), at the same chart speed Using the central 86 7-gauss interval in
the Mn2+* spectrum, the scale on the chart can be calibrated in gaussfcm, while the DPPH signal
fixes the field at one pomnt on the c¢hart {if the klystron frequency is measured, since Ay, =
2 0036 SH,) 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 promment 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-axs,
may be defined as the X-rotation, if the perpendicular to the crystal face 15 defined as X The
crystal 15 then shid around on to face B of the rod, and under a microscope, the edge {which may
be defined as the Z-axs) of the crystal face 15 aligned perpendicularly to the rod-axis (using the
microscope cross-wires) Rotation about the rod-axis gives the Y-rotattion Finally, using the
mcroscope, the crystal is reonentated on rod-face B, so that the Z-axis Ites along the rod-axis
{rotation about which gives the Z-rotation).

The Geusic—-Brown Eqns.*!% (18} have, implicit within them, angular ongins, such that

¢y = 0° when H s parallelto Y
@ = 90° when H 1s parallel to Z
¢, = 0° when H s parallel to Z
¢, = 90° when H is paraliel to X (18}
- = 0° when H is parallel to X

¢: = 9¢° when H is parallelto Y
If these origins are not located exactly, then angular errors &, £, and £- will occur in the measure-
ments Fortunately, it 15 possible to correct for these misalignmenis {(and all errors, since these
may be represented as contnbutions to £, for example, in the Y-rotatron, 1f the edge of the crystal
s not accurately aligned perpendicularly to the rod-axis, there 1s a contnbution to g.), using three
matrix elements, which would otherwise be redundant. Reference 118 shows how this 1s done,
and also gives equations for the least-squares analysis

The angles £ are given by

26, = Afcos™ | (@ —a}2(b2 + DY | —tan™" | exfb. ]

2£y = Z':{cos-l i(az_a:))lz(byj-‘-c:z}*f _tan_l Ifx[br H

28, = Ffeos™ ! [ {@,—a )20 +e:AY | —tan~! | /5. 1]
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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 ¢/b. Here, a = gi* 1412 & = Hgu® —g5*cos2et g2 sin2e, and ¢ =
Gis* cos 2e—H(gu®—g,47) sin 2e.

Ayscough'?® suggests that the maximum and minimum g-values in ¢ach rotation may be
used to calculate the off-diagonal clements of the [g,,%] matnx-

ol = HAX) (g — g, )]+ 21
(Ayscough’s equation 5. 18 is mcotrect!*?) where 4X is the difference between the maximum and
munimum values of g2 = X. It 15 also possible to obtain the diagonal eiements, 1 the same
wayi*7 in terms of the X = Xmex + Xonin®

g“.‘t = i(l",‘,-i—X'x:—X’ﬂ)

gnz = i(X',:-}-X',,—-—X'_.,) (22)

Gt = HX b X o= Xy}

where the subscripts xy, xz and yz refer to the planes perpendicular to the rotation axes. g2 15
taken to be positive 1f g* reaches 2 maximum in the quadrant between the positive s- and j-axes,
and negative 1f g* reaches 2 nunimum 10 this quadrant.

Thus, all the diagonal and off-diagonal elements of [4:,°] may be evaluated, using eqns (21)
and (22), from only six measurements-—the maxamum and the nrunimum value of g2 1o each of
three rotations These measurements can easily be made with an instrument such as the JEQL
JES-3RS-X ESR spectrometer, where the oscilloscope display 1s sufficient!y sensttive to the varia-
tion of g-value, so that the positions of the extrema may be Jocated visually. A further advantage
of this simple method 15 that angular nusalipnments are taken into account automnatically

v BSR LINE WIDTHS FOR SINGLE CRYSTAIS!02,193 172 180

Electron spin resonance consists not only in 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 Iifetime 15 short, and hence the energy uncertainty 15 large (via the Hersenberzg pnnciple),
resuling in & hroad spectral absorption ine The line-width (expressed as a magnetic field) 1s

AH ~ 1/2rT,)

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

T: decreases (AH increases) as the temperature increases, bacause the lattice wibrations
increase mn amphtude Ty ailso depends on g, and hence on the sensitivity of g to stereochemustry.
This sensitivity depends on the presence of low-lying excrted states which are spin—orbit coupled
to the ground-state For tetrahedral copper(Il) compounds®<? (¢ g CuCl,? ), there often ts such
a low-lying state {due to the splitting of the *T;, state), hence T; 1s short and AH large

There may be an interaction between two or more spin-systems ( ¢ metal ions) and this
1s characterised by the spin—spin relaxation trme {T:) There are two mechanisms for this process
—a dipole/dipole interactton 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 inter-spin distance.
Thus, dilution reduces the spin—spin contributions to AH

Spin—spimn interactions may broaden the resonance line, because the electron spm produces
a magnetic field of ~ 800G at a typical distance of 4 A. This adds or subtracts from the applied
field, thus spreading it. However, electron delocalisation results 1o hine-narrowing because the
electron *‘sees™ the average of all the local variations In magnetic field. The combined effects of
the dipolar and exchange contributions are given by'®!

AH = 20H2{3H.
where the dipolar component He is 1.849 10* g/ag® (ap = unit-cell length 1n A} for a cubic
lattice, and the exchange component f, is 2{2 83S(S+ 1)]%Jhe/gB (J = exchange energy in cm™ ).

Coordin, Chkem. Rev., 5 (1570} 143-207
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The results of these two factors can be descnibed by distinguishmng four cases”

{2) Idenucal (S = ¥) spin-sites give rise 10 ime-parrowing through contnbutions to the fourth
moment of the hine [[ (& — Hoy*f(H) dH, where H, is the resonance value of the field, and
I{H) mves the shape of the absorption curve, as a fupcton of H]

{ri} Non-dentical spin-sites give rise, in additon, to a broadening, through contntbutions to the
second moment of the line I_[ (H— H)*I(H)dH). However, lIines due to each of the non-
equivalent siles will be observed.

(120} Relatively strong exchange between non-equivalent 10ns causes the narrowmg eifect to be-
come domtmant Further, the several lines draw together as the exchange interaction m-
creases, and finally coalesce fwhen J > {(g—g)fH, vhere g and g’ refer to different sites] at
the root-mean-square g-value This effect 15 shown'®? at 9000 Mc/s (X-band) by CuSO,*
S5H,, but at higher {requencies the two separate lines are observed

{11} Strong exchange results when identical 10n0s are grouped in 1solated paurs The effect, then, is
of asingle spmm-system with § =1 or 0 This situation 15 present? ®3 i [Cu{CH sCO.); - H,0]2
The tnplet state gives a zero-field sphitting and hence absorptions at two values of the magnetic
field. It is not the purpose of this review to discuss these hinuclear complexes

Now, tf the unit cell of the copner{iI) complex contains molecules 1n only one orrentation,
spm—spm interactions will affect the line-wadth, but not the g-values, until the strong exchange
of case {(iv) 15 reached However, if the unit cell contains two or more sets of crystallographically
non-equivalent 1ons, the spin-spin interaction will not only affect the hine-width, but may cause
the mdividual signals to draw together!#2 or coalesce before the exchange interaction becomes
strong {F ~ 0.03 cm~! compared with J ~ 300 cmm~?! for [CulCH.CO:): H.0l). In fact,
vartually all non-ditute mononuclear capper(lI} complexes, with non-equuvalent 1ons exhibit only
the smgle coalesced signal at X-band frequencies?®3. This is probably due to the dependence of

J on 12, which 15 relatively large for copper{II}

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

¥ THE CALCULATION OF MOLECULAR g-VALUES FROM CRYSTAL @-VAIUES

Consider the case of a unit cell containing only two sets of crvstallographically non-
equivalent (but chemically equivalent} axial molecules Let the two principal axes of the molecules
(along the directions-of g’y and g7, for the two sets of molecules) be inclined at angle 2y,
and let the ¥ and z axes bisect this angle, while the x axis 15 pempendicular to the plane contammng

Fig. 29. A, the relationship between two axial molecules and B, the relationship between two
non-axial molecules
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the ¢"¢ and g”, vectors (Fig 29A) Then 1t has been shown!*? that the crystal has principal
g-values which are along the x-~, y- and z-axes, and given by:

G = )
g, = [gy? cos? y+g,* sin? y1* (23)
g: = [g4* sin? y+g, % cos® p1¥

Thus, if y = 45°, g, = g. and the crystal could be mistaken for one with effective g-values of
“gy" =g, and “g," = Hgy*+g, HR2]%

Unul recently !9, equations were not available for the non-axial case. This requires two
further angles (6 and g) to specify the ncitnation of the two sets of g: axes to the x-axis The
x-axis 15 defined as perpendicular to the plane contamning the two ga axes, these being mclined at
an angle 2y to each other, and the y- and z-axes bisect the angle 2y internally and extemally
{Fig. 29b). Hypothetical rotations of the magnetic field are performed, about the x-, y- and z-axes
to give a matnx [(¢g:;*)*], In the same way that [g;;*] 1s obtained experimentally The elements of
this matrix are'2°.

(9:2*)* = g1 +1(9:* —¢:7) (cos® §+cos? 1)

(@'Y = ga® cos? y+g.2sm? y—Hg:2—g,?) sin? p (cos? §+cos? )

(9::*)* = ga” sin? y+g,” cos® y—3(g.* —¢:?) cos? y (cos® S+cos? 1) 24
(92:*) = A g2?—g13) sin2 y {cos2 §—cos2 1) (24)
{(G5=*) = ¥Hg22—g12) cos y (510 25451 217}

(g2*Y = —H@z"—g1*) sin y (st 26—smn 2y)

If this matrix s dragonahsed, the principal g~values are obtained Conversely, from the measured
principal crystal g-values (g., g» and .}, the molecular g-values g;, ¢- and g; may be calculated

The problem i1s complicated, unless (as nsual, since malecules are often related by screw diad
ares} 5 = p when g,-* = 2.,* = 0 Inthis case, g,, g and g3 ntay be obtained from the measured
values and the crystallographic angles y and § using the simultaneous equatrons

sz = (gyy'}:
3282 = (G:*V 5 (g::*)? {25)
gez " ch = (gxx-)z " (Q::‘)z_(gn‘)‘

The problem 15 generally more complicated for more than two non-equivalent sets of
maolecules, but may be sumphfied if the sets are related by symmetry elements Thus, :f there are
four sets of axial molecules 11 an orthorhombic untt cell, all making the same angle p between
their z-axes and the crystallographic c-axis they may often divide into two pairs Writhin each
pair, the z-axes are mclined at angle 2p, and the planes contamnimg the z-axes of each par are
inclined at the same angle (@) to the a-axas, 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 namrowing, according to equation (24} (where y = « and
& = 5 = 0}, giving the following prmeipal g-values!?$

g. = g 2 Hgy* — g, 2} sin® p sin? @]t
Gq = [g,* Hagy*—g, 2} cos® pI* 26)
g = g, 2+ (942 —g. ) sin? p cos® w]*

in paricular, 1if the four axial molecules are arranged with their z-axes pomntmg towards
the corners of a tetrahedron, p = 54°44", and @ = 45°, gving g, = g¢ = gr = (28, > +g,")21
and only one g-value 1s observed at all orientattons A sinular, 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 resolved The case of four non-axial molecules in
an orthorhombic unit celf has also beer. considered*** However, exchange 1s not the only me-
chanism which can produce 1sotropic signals, alternative explanations snvolve the presence of
free-rotation, or of psendo-rotation of the dynamic Jahn—Teller type?®

Coordin Chem Rev, 5 {1970) 143207
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