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ABBREVIATIONS 

en 
ompa 
hfacac 
brpy 
PyNO 
acac 
sahm 
t-butylsahm 

dwm 
Et,dlen 

dach 
enacac, 

ethylenediamine 
octamethylpyrophosphoramide 
hexafluoroacetjrlacetone 
2,2’-bipyndyl 
pyridme N-oxide 
acetylacetone 
sahcyIaldumne 
N-t-butyl sahcylaldmune 
drpyrromethane 
1,1,7,7-tetraethyldrethylenetrt- 
amme 
I+d~azacycloheptane 
N,N’-ethylenebrs(acetylace- 
tonermme) 

dmp 

34 acac 
N-Me sahm 
1,3-pn 
phen 
dmg 
D P.P.H. 
Et,NN’-al 
dten 
Hzedta 

3-Me acac 

2,2,6,6-tetrametbyl-heptaue- 
3,5-drone 
3-phenyl acetylacetone 
N-methyl sahcylaldiine 
1,3-propylenedtamine 
1: lO-errho_phenanthrohne 
drmethylglyoxrme 
drphenylptcrylhydrane 
dJ-dtethyl-N,N’-a-alanine 
drethylenetrianune 
ethylene-diaminetetraacetrc 
actd 
3-methyl acetylacetone 

A. INTRODUCTION 

The first-row transrtion metals are characterised by their abdlty to form a 
wide range of coordinatron complexes m which the octahedral, tetrahedral and 
square-coplanar stereochemistnes predominate’. The copper ion is a typical 
transitron metal ran m respect of the formation of coordmatron complexes’*‘, but 
less typrcal in its reluctance to take up a regular octahedral or tetrahedral stereo- 
chemistry _ 3B4 The 3dg outer electron configuratron of the copper ion lacks 
cubic symmetry, and hence yrelds drstorted forms of the basrc stereochemmtries. 
The range of stereochemistries which have now been characterised3 for the cop- 
per(lT) ion are summarised in Frg. 1. The coordination numbers of four, five and 
SIX predommate, but variations of each structure occur through bond-length or 
bond-angle drstortions. The dg configuration of the copper(H) ion is a simple 

LIneal- Trlgonal-blpyramldal Square-pyramidal 
D co~_CuClg(gaseous) D 3h - Cr(NH,),CuC15 - C~v-[Cu(l.3-pn)2H~]S04 

Compresied 
octahedral 

tetragonal- Octahedral 

D4,,- Ba2CuFa 
O,,-K,PbCu(NO,)a 

Elongated tetragonal- 
- Octahedral 

/ 

Compressed rhomblc- 
Octahedral 
D,-Cu(dlen),fNO,l, 

Square-coplanar 
4.-CaCus830,0 

Cls-dlstorted 

, Da,, - C”W2014WC02~ :2, -Cui3~+ 

Trlgonal-octahedral Elongated rhombtc- 
octahedral octahedral 
C2,-~uCb~py)2CON0,1N03 

0, -Cu(en13S0, 
02,, -E!~$Cu(Ht02)~4H~ 

Compressed tetrahedral Tetrahedral 

02d - Cs2CUCl, - G 
-+ Eight coordinate D *,, - CaCu (CH&O&5H,d 

Fig. 1. A summary of the known stereochemistries of the copper(H) ion, their ideal&d molecular 
symmetries, and the relatronship between the regular and rhstorted geometries. 

coordm Chem. Rev, 5 (1970) 143-207 
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system theoretically, as it can be considered as a single positive hole in an otherwise 
filled 8’ cotiguration. The way m which the positwe hole behaves in the different 
stereochemistries of Fig. 1 can be understood qualitatively, usmg crystal-field 
theory5-8 to predict the ordering of the one-electron orbltal levels. The magnitudes 
of the sphttings of the electronic energy levels m copper complexes tend to be 
laxger than for other first-row transitlon metals due to the large bond-length dlstor- 
tions 7resent3. Thus, the tetragonal sphttmgsg of the parent octahedral levels in 
Ni(NH&NOJt (I)‘o are less than 2.01X, whereas the splittmg of the ‘Eg(O,) 

level” in Cu(NH,),(N02), (11)12 1s 13SkK. The electromc properttes of copper(H) 

NO2 NO2 

I 215 ;2c55 

WJ, 1 , NH3 

H,NHN’- NH, 

I I 
NO2 NO2 

I NI(NH,)JNO,I, II Cu(NH,)JNO& 

complexes are thus relatively sensitive to stereochemistry, and Gus review exammes 
this sensitivity for the large number of copper@) complexes of known crystal- 
structure which are avalable 2*3 . The various stereochemistries are first summarised, 
and then their magnetic, ESR and electronic-spectral properties are exammed, in 
an attempt to establish electromc cnteria of their structures. Only mononuclear 
complexes are treated. 

B. A SURVEY OF THE STEREOCHEMISTRIES OI? THE COPPER@) ION 

The range of stereochenuslrles available to the copper(U) Ion has been sum- 
marised in Fig 1. Examples are hsted m Table 1, and some typlcal molecular 
structures Illustrated @)-(XlX). This survey IS not intended to be complete, but 
the examples given are of known crystal-structure and lend themselves to the 
measurement of single-crystil ESR and polarised electronic spectra. 

C. THE FACTORS WHICH INFLUENCE THE STEREOCHEMISTRY OF COPPER(I1) COMPLEXES 

Before discussing the electronic propertles of copper(U) complexes it is worth 
examining some of the factors whch influence the dflerent stereochemistnes. 

(i) The Jahn-Teller theorem 

In a regular octahedral ligand-field, the dg configuration of the copper@) 
ion would result in a degenerate ground state. The single unpaired electron could 



TABLE 1 

STERJJOCHEMISTRIES ESTABLISNED FOR COPJ’J’R(JI) COMPLEXES 

Stereoclremrstry Examples 

A Cer~tros)}mn~err~c con;plexes 

Molecular Spocc Z Alrgrt- Cfwonro- Copper-lrgnnd bond dlstances(/f) Remarks Ref 
slrrrclurc grorrp t#2NI phore 

Fm3 4 P 

Elongated 
t~tragonai 
octahedral 

Square coplanar 

III 

II 
IV 
- 

12/m 2 P 

C2jm 2 P 

P2*/(1 2 41O 
P4&lC 2 P 
P2,lc 2 90° 

D4h CaCuSl40,~ P4/rrcc 4 P 

Elongated 
rhombic 
octahedral 

D4h 

Square- 
coplanar 
rhombtc 

Semi-elongated 
rhombic 

Na~Cu(NH3)4(Cu(S20~)11Z~H20 V 

CSCUCl~ 

c~(H20)6(c~o4~2 

&I2CU(HC0&j ’ ‘fH2O 

CU~H3)2~rz 

CucnC12 

Cu(&(BF& 
Cu(3-Meacac)t 
Cu(saIlm)2 
Cu(Et~NN’al)2 

Cu(NH&(CH&Wz 
~ublpy(ONO)~ 
Cu(&O&, * 2HzO 

VI 

- 

VII 
VIII 

- 

IX 

i4lrn 2 P 

P6122 6 GO” 
P21/c 4 60” 
PI 1P 

C2/m 2 P 

P21 2 P 

PI fP 

PI IP 

P21lc 2 10” 

PI 1P 

PW 2 30” 
P2,jc 4 90” 
P2& 2 

Nl N.2,11 

N4s2 N-2,08, S-3.00 

N,t%’ N-1499, N/-2,65 
0402’ 0.2.00, O’-2 36 
0402 O-2,14, O’-2,55-2% 
04 o-1,91-1 93 

04 0”1,91 

N4 N-2900 

C12C12’C12”CI-2 28; W-2.35, W-2.78 
0202’02” 0”2,09; O’-2,16,0”-2 28 
0202’02” 0.1,97,0’-202,0”-2 18 
N2Br2BrZ’ N-193, Br-2.54; Br’e3 08 
N*Cl&$’ N-2,02-2 03, Q-2.30; W-2 91 

N4p2 N-2,02-2.03 ; F-2.56 

04 o- 1,907 

02N2 O-1,91, N-1.90 

02N2 O-1.91; N-2 03 

N29202’ N-1.97; Q-2,07,0’-2.77 

N20202’ N-1 98, O-l 99; 0’“2.48-2 51 
0201’02” O-f 93; w-1,97; O”-2.68 

Stnctly i”,,-dynamic 
Jahn-TclI~r 

IWro coordination 
Formate bndgmg 
Urnnyl brldginE 
Nearest axral atom 

F-3 34 
Ncarcst axial atom 

Cu-7.56 
Nearest axfal atom 

o-2 88 
Chlorrdo brldgrng 

Broody brldgmg 
Chlorrde bridging 

0’.40’ off z*axIs 
W-37’ off zeaxis 
0”.36’ off z-axis 

13 

14 
12 
1s 
16 
17 

18 

19-21 

22 
23 
24 
25 
26 
27,28 
29 
30 
31 
32 
33 
34 



TABLE 1 (continued) 

Stereochentls&y Examples Molecular Space Z Alrgn- Chromo- Copper lrgnnd bond distances (A) Remarks ReJ; 
slruclare group menl phore 

- 
Compressed 

telragonal 
octahedral 

Compressed 
rhombic 
octahedral 

KzCuF, 
BazCuFs 

Cudienz(NO& 
Cu(methoxyacetat& 2H20 

B Noncen~rosymmelric complexes 

Compressed cs&uc1, 
tetrahedral Cu(t-butyl.sahm)2 

Tngonal Cu(NHMg(SCW 
blpyramldal [Cubipy,I]I 

Cr(NH&CuCI, 
Squawbased KuOJHdJh0l~O~ 

pyramIda 

KuWpnMWlS04 
GL Cu(acac),Qum 

C~(PYNOMNW~ 
Tngonal CuenJS04 

octahedral Wow-xMCIO4)3 

Qs-dlstorted F-hbw,U’WNO~ 
octahedral 

Restwted Cudien2BrlH10 
tetragonal CuHledta Hz0 
rhombic Cu(hfacac)&lpy 

Eight coordmate CaCu(CH,C02)4 * 6H10 

- 

XI 
- 

XIII 
- 

XIV 
xv 
- 
- 

XVI 

- 
- 

XVIII 

X 
XII 
XVII 
XIX 

I4/mmm 2 - 

12/m 1 P 

P212,21 4 90° 
P2,/tt 2 68” 

Pnma 4 - Cl4 

P212121 4 P OzN2 

PB2c 2 P Nz’N2 

PI 2P NrI 

Fd3c 32 - CI2CIJ’ 
Pmcn 4 60” N400’ 

Pm121 4 5” 

PI 2P 

P2,/N 4 40” 

P3/c 2 P 
P3cl 2 - 

PZ,/rr 4 P 

N401 

O4N 

040’ 

Ni 

06 

N402 

P2Jc 4 P 
p211c 4 26” 

c2/c 4 - 

14/m 4 P 

N4Nz 

N204 

NzOLOZ’ N-l 976, O-1.93; 0’.2.296 C2 molecular symmetry 54 

0404’ O-1.97, 0’.2.79 S4 molecular symmetry 55 

W4’ F-1.95, F’-2 08 
Fz F4’ F-1.85, F’-2 08 

&No N-2.01, N’-2.22 
0202’021 O-1.93, Of-2 13; 0”.2.15 

Fluonde bndgmg 35 
36 

C2-molecular symmetry 37 
38 

Cl-2.22 
O-l 90, N-l.98 
N-2 00, N’-I .92 
See molecular structure 
U-2.296, W-2.391 
N-2.034; O-2,34; O/-3.48 

N-2 00; O-2.54 
O-1 95, N-2.36 

O-l 96; 0’.2.44 

N-2.17 

O-2 065 

See molecular structure 

N-2.07; N-2.40 

see molecular structure 

Dza symmetr, 

Regular 
DIstorted 

Cu out of N4 plane, 
p = 0.19 A 

Cu out of N4 plane 
Cu out of O4 plane, 

p = 0.2 A 

Dlmer 
Dynamic Jahn-Teller 
Dynomlc Jahn-Teller 

39 

40 
41 
42 
43 
44,45 

46 
47 

48 
49 
50 
51 

52 

53 
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III K2 Pb 0.1 (ho& IV CU(H$~),,(HC~)~ 

&-I* 
: 

0 
12.88 218 

0 

VI Ba&u(HCO&dH$ 

1256 1322 

i I 

I f 
F0F3 C 

V II Cu (enkJ B F4 Jz VIII Cu (3-Me acac), 

c 

(400 “\ 
&H3 

H,N 197 f I 207 0 
-----d”,’ 

0’I~Nl-l 3 

IX Cu(CH3CO&(NH312 X CU ( dm-t12 Er2 H20 

Coordm. Chem Rev, 5 (1970) 143-207 
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CI 
123’ cL 

\ / 
9” 

- Cl 

cL’=2 

XIX Cu H@ta ff20 

NH3 

I 200 

_SCN.ELCll 

@ - 

I 
r<,_ 

xxx1 CS*CUCI, XEV CuCNt$AgtSCN), 

1 
‘.N 

I 203 
N 196 

I~~,, 270 I 

/ N 210 

\ I 
200 

\KN 

XV [Cu(bIpy)~~X 

Pt.42 
2541 

.0 
,N\f 9N-y 

\ _N.-~“---N-’ 

XVI [Cu(l3-pn$ H20fS0, 

XvfK fCu(bW’)2(0NOjJNO~ 
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A0 10 
'C I _‘, 

I : i 
0 +49”7 

o---,.0 
/ I \ 

F 
'0 

279 f33- 
I 

,/= 

XIX Ca t%tCH,CO& 6sO 

be in either of the components dr2_,, L or d=, of the e, state. The Jahn-Teller 
theorem56 requires any non-linear system with a degenerate ground state to un- 
dergo such a drstortion as will remove the degeneracy. The type of dtstortlon can 
be shown to be any of the non-totally symmetrtc normal vtbrattons whose repre- 
sentations are contained m the direct product of the ground-state representation 
for the appropriate point group. In this case, the representatron of the ground state 
is eB m the 0, point group. The duect product reduces to e, x e, = a, 9 +azs f e,, 
and since alg IS totally symmetnc and there are no ~2~~ normal vibrattons”, only 
the components (V and VI in Frg. 2) of the eB mode can remove the degeneracy_ 
The extrema of these vrbrations are the stattc dtstortions commonly found m six- 
coordinate copper@) complexes4. The elongated tetragonally-distorted octahedron 
(structure II in Frg. 2) and elongated rhombically-distorted octahedron can be 
thought of as resultmg from having the odd electron in the d,=_,, orbrtal, so 
causing less coulombic repulsion between the copper electrons and the negatively- 
charged ligands in the xy-plane, than along the z-axts. The compressed structures 

L 
t 

i 

IV V VI 

Fig 2. The forms of the tetragonal and rhombic dstortions of an octahedral CuLs chromophore 
(II, III and IV) and the components of the q mode of wbratio3 (V and VI). 

Coordm Chem. Rev, 5 (1970) 143-207 
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(III and IV) result from having the odd electron in the dz2 orbital. Detailed calcula- 
tions” have shown that the elongated structures are usually more energetically 
favourable than the compressed structures, consistent wrth their more frequent 
occurrence334. It must be emphasized that although the Jahn-Teller theorem may 
m this way account for the type of distortion observed, it cannot determme the 
magnitude of the distortion. 

This theory’ 6 accounts for distortion in complexes with six equrvalent 
ligands, but at first glance does not treat the cases of mequivalent hgands, whrch 
would not give degenerate ground states. This approach to the problem of in- 
equivalent ligands overlooks the fact that the copper ion can “see” a regular 
octahedral field rf the dtstances of the mequivalent ligands are so arranged that 
higher positions in the spectrochemtcal series” are exact!y counterbalanced by 
longer bonds. Then, although the molecular symmetry is irregular, the “effective” 
electromc symmetry 1s regular and will require a distortion to remove the de- 
generacy. 

The regular CuN, chromophore’ 3 in K2PbCu(N02)6 would seem to con- 
flict with the predictions of the Jahn-Teller theorems6, but in this complex the 
nuclear aiamework of the chromophore IS believed to be undergoing a dynamic 
distortton’3*60-6g, rather than the statrc distortion4 observed in the malority of 
copper(n) complexes. Whether the distortion mvolves a true dynamic distortion 
or merely pseudo-rotation”, is not certain, but the extreme distortion is prcbably 
a restricted tetragonal-octahedral stereochemistry of the form believed to exrst in 
the complex 61*71 K,BaCu(N0,)6. In both complexes, the restricted nature of the 
tetragonal distortion arises from the htgh symmetry of the crystals (cubrc and 
tetragonal respectively). The regular tngonal-octahedral CuN,, and Cu06 cbro- 
mophores present in the complexes Cu(en),SO, 4g and Cu(ompa),(ClO,), 5o also 
conflict with the predictrons of the Jahn-Teller theorems6. In both of these com- 
plexes, the nuclear framework is also considered to undergo a dynamic Jahn- 
Teller distortion of the form XX now shown to exists4 m Cu(hfacac),bipy (Table 1, 
XVII). 

f 

L 
I 

1 RL 

L,J” =5---L 

LAllL 
I 
I 
I T=09 

L 

xx Cu Khelate)3 X2 
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(ii) Pauling elecfroneutrahty principle 

Pauhng first suggested that in the formatron of a dative covalent bond 
between a hgand and a poatively-charged metal cation, the final equihbnum bond- 
length would be such that the charge difference between the two adjacent atoms 
would be no more than one electron 72 Polarrsable hgands such as halide ions . 
would form four-coordmate species (e.g. CUCI,~- ) to avoid a large negative charge- 
transfer to the metal by covalency, whereas less polarisable ligands, such as water, 
would form ax-coordinate species (e.g. Cu(H,O)ezf). In the latter, a regular 
octahedral stereochemistry cannot exist and the structure will distort to form a 
tetragonal-octahedra1 cation. In order to maintain the electroneutrality over the 
whole molecule. as the two axial bonds lengthen the equatorial bonds mu& 
shorten (see structures I and II, and the Cu-N bond-lengths in Cu(en),SO, 4g and 
Cu(en),(BF4),28 of 2.17 and 2.025 & respectively). Consequently, the four equa- 
torial ammoma hgands m Cu(NH,),(NO,), (II) are more strongly bound than 
those in NI(NH~)~(NO& (I); this IS reflected m the successive formation con- 
stants73 of these two Ions and in the Irvmg-Wrlliams74 stabthty series, wherein 
the property measured reflects the strength of the first four (equatorial) bonds. 

(iii) The concept of semi-coordination 

The arguments of the prevrous two sections suggest that the copper(H) ion 
should be dominated by a tendency to form four-coordinate square-coplanar com- 
plexes. In practice, this stereochemistry is very uncommon3 m copper(H) com- 
plexes involving o-bondmg hgands (such as ammonia” or ethylenedramine76*77), 
but does occur with potentially n-bonding kgands as m Cu(PyNO),(BF,), ’ 7 and 
Cu(3-Me acac), ’ g. Much the preferred stereochemistry for o-bonding ligands is a 
distorted tetragonal octahedron [e-g. Cu(NH,),(NO,), (II) and Cu(en),(BF,), 
(VII)], suggesting that the bonding effects of the groups present in the axial posi- 
tions cannot be ignored. The term “semi-coordmation” has been introduced27s76 
to describe this situation, and the experimental justification for it has been de- 
scribed elsewhere”. This suggests that in tetragonal-octahedral copper(H) com- 
plexes mvolving monodentate hgands, the axial fifth and sixth ligands are weakly 
bondea at a defimte drstance (ca. 0.6 A greater than the m-plane distance), and 
that the copper(H) ion should not be considered as spherical, but ellipsoidal (with 
a difference in the major and minor axes of 0.6 A). The in-plane covalent radius 
of the copper(n) ton has been estunated’l to be ca. 1.30 A, and consequently its 
out-of-plane radius would be ca. 1.90 A. This is illustrated schematrcally in Fig. 3. 
An observed bond-length would then be the sum of the covalent radii of the 
ligand (r,) and the copper(H) ion (rs or rL as appropriate). For non-equivalent 
ligands, the observed bond-length will stdl mvolve the sum of the appropriate 
covalent rddu. Using this approach, it is possible to estimate” the values of the 

Coordm. Chem. Rev, 5 (1970) 143-207 
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Compressed octahedral Regular octahedral Elongated octahedral 
Cu2*lon-ablate elllpsold Cu2+uon-SpherIcal Cu2*lon-prolate elltpsotd 

RL I I-, + rc Ro = rO+ ‘; Rs=rs+rc 
Rs=r.-.+ rc RL=rt+rc 

Fig 3. The copper atom and hgand atom covalent radu m octahedral and tetragonal-octahedra1 
stereochetnistnes (two dtmenslonal) 

short (Rs) and long (RL) copper-iodine bond lengths as 2 64 and 3.48 A, respect- 
rvely: these agree favourably with available observed values of 2.70 and 3.64 A, 
m (CubipyJ)I (XV)42 and Cu(imidazole)41z ’ *, respectively. Some theoretical jus- 
tification for the concept of semi-coordmation has been obtained from the calcu- 
lation of overlap mtegrals” for the dZZ and p= orbitals along the z-axes. Overlap 
with the d=, orbital falls off to 40% of the normal equatorial value at the semi- 
coordinate distance. Overlap with the p= orbital actually Increases up to a distance 
of 0.3 A greater than the equatorial distance, and then falls off sharply. 

(IV) Tlze corzcept of varyzng tetragonal dzstortion 

In copper complexes the tetragonal distortion (7’) may be measured by 
the ratio R,/R,, where RL has been corrected r1 for the presence of non-equivalent 
hgands The value of T has been shown (Table 2) to decrease from urnty for an 
octahedral complex, to 0.56-0.66 for a square-coplanar structure67*80. The range 
of the latter is determined by the variation of the non-bonding hgand distances of 
3-O-3.5 A m this stereochemistry 2g Parallelmg the decrease in T IS a decrease of . 

the short copper-hgand distance, suggesting that the iowest values of the R, occur 
for a square-coplanar stereochemistry. 

It might be argued that the particularly short copper-oxygen bonds2’ in 
these square-coplanar complexes are due to the presence of metal to hgand rr-bond- 
mg, rather than to the greater tetragonal distortion. It is probable that both 
effects” are present, and the decrease of copper-oxygen bond-length, from 1.967 A 
m Cu(hf acac),brpy (XVII) to 1.91 A in Cu(3-Me acac)z (VIII), does indicate a 
decrease of R, with increasing tetragonal distortion, even in complexes with po- 
tentially n-bonding ligands 



9 TABLE 2 
P $& THEVARIATIONOP THETETRAGONALlTY(~)OFCOPPER(H)COMPLEXESWlTH STRUCTURE, 
E IN-PLANE BOND LENGTH AND THE CNCRGY OFTHC APPROPRIATE d-d TRANSITION 
0 
B 
3 Octakedral Restrrcted tetragonal- Tctragorml-octalredral Square-coplafrrrr 

A octahedral 
3 * 
,,, T-theoretical 1.0 09 0 85-0.75 0.66-O 56 
3 
s 
S Oxygetr lrgatrds 
z Cu(ompa) 3WbL Cu(hfacac),blpy Cu(Hz%(HCWz Cu(acac)l 1 91 A 
Y 
2 2 07 A-1 O-8 0 kKn 1.967 pi-0,86-9 4 kK 2.00 Bi 0 85-9 2 AK 0 6-19.2 kK 

BazCu(HC0J64Hz0 W’YW@F~)Z 

2 00 ii-0 92-8.4 kK 1 92 A-0.575J 

Nitrogen Irgands 

KIPbCu(NO& 2.11 ii CuHzedtaHzO 2 07 ,& 

1 O-7,02 kK 0.85-8 2 kK 

Cucn$O* 2.17 Ii CudlenzBrzHzO 2 07 A Cuen2(BF,& 2.03 A N~~CU(NH~)~(CU(SIO~)~)~ * J-LO 

IO-87kK 0 86-8.8 kK 0 75-18 0 kK 2 00 A-0 68-18.4 kK 

D After each complex three numbers are gwen, these are. successwely the m-plane bond length, the tetragonahty Tand the energy of the transItion 
from the dzz to the ground stage. b Unknown. 
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In all copper(H) complexes, the main contnbution to bondmg is of a a-type, 
and with Cu(NH,),X, l r and Cuen,X, 76*77, it is the only form of bonding m 
the equatorial plane. However, with these a-bonding hgands, a strrct square- 
coplanar stereochemistry does not ~ccur~~*~~*‘~, and some further capacity for 
bondmg is required for stabxhty. In the above complexes, this IS supplied by the 
weak bonding of the semi-coordinating’ ’ anions (X), but it may also be sup- 
plied 2 ‘p3’ by n-bonding as in Cu(3-Me acac), and Cu(sahm),. In these complexes, 
the most hkely form 0; z-bonding is out-of-the-plane, usmg the copper Cr,= and 
4, orbitals, which as they are filled, enable negative charge to be back-donated 
to the hgand, In this way, a square-coplanar copper(H) complex, (which has shorter 
in-plane copper-Iigand bonds than in the tetragonal-octahedralc ase) has a me- 
chanism for redtstnbuting the excess negattve charge, accumulated on the metal 
atom by the formatton of four short o-bonds, thus mamtaimng an internal distribu- 
tion of charge consrstent with Pat&g’s electroneutrahty princtpIe72. 

In a tetragon~-oc~edr~ stereochemtstry the redist~butIon required is 
smaller as the in-plane bonds are longer (see sectton C, vi), but some x-bonding 
could well occur vta the semi-coordinated hgands and the d,= and d,, orbitaIsrl. 

(VI) Stem2 factors 

(a) Bulk eficf.-A sunple size factor may well prevent the formation of a 
particular stereochemistry. Thus, while the Cuen2Xz complexes involve a co- 
planar CuNk chromophore, the Cubipy,X, complexes are prevented from assum- 

ing42*s1 this conformation by the stenc requirementssl of the bipyridyl 3,3’- 
hydrogen atoms. Consequently, the bipyridyl hgands are forced to twist out of the 
equatorial plane to yreld a crs-conformation, as m (Cubipy,I)f @V) and [Cubipy2- 
(ONO)]NOJ (XVlII), or the suggested twisted conformation*’ (XXI) of Cubipy,- 

I 

XXI Cu(b~Py)pKtOq)2 

(CIO,),. The latter type of twisting is also shown3g by Cu(t-buty1 salim&, (6 = 62”) 
although 3o Cu(salim)2 is strictly coplanar. The approximately tetrahedral stereo- 
chemistrys3 of Cu(dprm), is also considered to anse from the presence of a bulky 
ligand which prevents a square-coplanar stereochemistry. The trigonal-bipyramidal 
stereochemistry 84 of Cu(Et4dien)BrN3 may result from the bulky ethyl subs&tents 
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on the diethylenetriamme hgand; the unsubstituted ligand does not give rise to 
this stereochemistry’ 5. The trigonal-bipyramidal stereochemistry of (Cubipy,I)I 
may arise from the large iodide ion occupyingS6 two adjacent in-plane coordinate 
positions of a cis-octahedral” stereochemistry see [Cublpy,(ONO)]NO,. 

(b) Blocking effect .-The a-aminocarboxyhc acids tend to form tetragonal 
octahedral complexes with copper (e.g. Cu(a-alaninate), - 2H20)87. With cer- 
tain substituted a-aminocarboxylates, the conformation imposed upon the ligands 
by coordmation can result 111 the blocking of the axial positions, and the formation 
of a square-coplanar complex [e.g. Cu(l-aminocyclopentanecarboxylate)2 ” and 

Cu(d,i-dtethyl-N,N’-a-alaninate),l 8gV31. A sinular stereochemistry has also been 
suggested for Cudach,(ClO,), go, m which the conformations of the methylene 
groups in the ligand rings effectively block the axial positIons of the copper(K) ion. 

(c) Chelate effect.-In axial complexes, the effect of chelation m the equa- 

torial plane is small. Thus the m-plane bond-angle changes from 90” in CU(NH~)~X~ 
to 86” m Cuen,Xz. In Cu(dren)C,O, - 4H,O gl, the planar trldentate dlethylene- 
triamme hgand still involves only a total angular distortion of 25”, with the three 
copper-nitrogen bonds equivalent in length. The angular distortion is slightly 
less” (17’) for the m-plane dlen ligand in Cu(dien),Br, * H,O (X), as the terminal 

Cu-N bonds are shghtly longer (2.10 against 2.03 A). The out-of-plane hgand is 

even more distorted, due to the non-spherical symmetry of the copper(U) ion, 

involving a total bond-angle of 23” and a slgnificantIy longer terminal (2.40 A), 

than central (2.04 & Cu-N bond. The difference of 0.36 A 1s significantly lower 
than that observed in tetragonal-octahedral complexes involvmg monodentate 

ligands (ca. 0.6 A), and the presence of out-of-the-plane chelation has reduced the 
extent of the tetragonal dlstortlon. A similar effect has been obsemed in Cu- 
Hzedta - H,O (XII)53, Cu(hf acac),bipy54, (Cubipy&142 and [Cublpy,(ONO)]- 
NO3 51. In the latter complexes, the difference between the in-plane and out-of- 
plane Cu-N bond lengths IS less than 0.15 A. This type of restricted tetragonal 

distortion could occur in the trigonal complexes Cuen,X,, Cubipy,X, and 
Cuphen,X, 6 ‘. 

A slightly different type of chelate effect is shown m the molecular structure3’ 

of Cu(NHMCH3CO2)z 0 and arises when a chelate hgand 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(n) ion and at an angle of 40” to the z-axis. Simdar stereo- 

chemistries have been observed in Cubipy(ONO)2 33 and Cu(hydrogen-o-phtha- 

late), - 2H,O . 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-0 bonds being appreciably longer than expected (see next section). 

These types of chelation (out of the equatonal plane)to form a restnctezl 
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tetragonal distortion, may be constdered to arise as a compromise between the 
desire of the copper(X) ion to distort and that of the hgand to chelate strongly. 
Whether or not the chelate forms a short or a long bond in the plane, depends on 
whether the copper(II) ion assumes the form of a prolate or oblate ellipsoid The 
former ~111 result m an elongated restricted tetragonal dtstortion, as in Cu- 
(dien),Br, - Ha0 ” and Cu(hfacac),(bipy) 54, while the latter will result in a com- 
pressed restricted-tetragonal-distortion, as m [Cu(bipy),(ONO)]NO, (XVIII)51. 

(viz) Structural factors in five-coordinate copper complexes 

The discussion so far has been confined to the relationshtp between the 
ideahsed geometries of the tetragonal octahedron and the square-plane, both of 
which supplement a basic four-coordmation ; the former by semi-coordmation, 
and the latter by rr-bondmg. This potential for further bondmg above four-co- 
ordination could equally be satisfied by the formation of a five-coordmate com- 
plex. The copper(H) ion can form both trigonal-bipyramtdal and square-based 
pyramidal complexesz6, especially the latter. The former structure frequently arises 
where there are particular geometric factors present. Thus, the CuN, chromo- 
phore4’ in Cu(NH&Ag(SCN)s (XIV) arises because of the trigonal packing of 
the Ag(SCN)s*- anions. In Cr(NH&CuC15 43, the large tri-positive catton sta- 
bikes the uncommon anion CuCls3-. There are too few trigonal-bipyramidal 
crystal structures known to allow many generalisatrons, but bond-lengths are com- 
parable to the Mues of Rs m the tetragonal-octahedral complexes. Thus, the 
copper-chlorine bonds4’ in CuC15 3 - are in the range 2 29-2 39 A, and compare 
with a mean Rs value76 of 2 31 A in a tetragonal-octahedral complex. 

Crystal-structure 2b data for the square-based pyramldal stereochemrstry IS 
much more extenstve In this, the fifth ligand 1s bonded at a dtstance of O-2-0.6 A 
greater than the m-plane hgands. In most cases, the copper(I1) ion is not strictly 
coplanar with the equatorial hgands but is hfted ca. 0.2 A towards the fifth ligand. 
The equatorial bonds tend to be slightly longer than those m the correspondmg 
tetragonal-octahedra1 or square-coplanar complexes. In [Cu(NH,), - H2O]SO4, 
the Cu-N bond length45 is 2.034 A, compared45 with 2 005 A m Cu(NH,),SeO,. 
The equatorial Cu-0 bond-lengths m Cu(acac), qumohne4’ are 1.95 A, compared 
with 1.91 A m Cu(acac), g2 In general, there IS no atom withm 3.0 A in the sixth _ 

octahedral position (but see Cu(dien)C,O, - 4H20)g1. 
Why the copper@) ion should be so relatively stable m a square-based 

pyramidal stereochemistry is not clear, but the close approach of the fifth hgand 
must introduce considerable electrostatic asymmetry along the z-axis. This may 
well result in considerable asymmetry m the distribution of charge in the dzz 
orbital, above and below the xy plane “. The movement ot the copper(I1) ran out 
of the plane occurs for both G- and 7r-bondmg equatorial hgands, but m all known 
crystal structures the fifth hgand has some n-bonding potential (as m water45*46 
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or qumoline4’). The in-plane square-based pyrpdal stereochemistry is belreved 
to be present in the Cu(NH,),X, complexesg3, III which the fifth ligand must be 
purely o-bonded, but no crystallographic data is available. 

D. THE ELECTRONIC PROPERTIES 

(I) The electronic properties of the complexes of tlze copper ion 

The magnettc and ESR properttes are mamly determmed by the electron 
configuration in the ground state and only margmally by the electron configuration 
in the excited states The electronic spectra are pnmartly concerned wrth the 
energy differences between the ground state and the excited states, although a 
prectse knowledge of the ground and excited state configurations 1s necessary to 
understand the selection rules m smgle-crystal polarised spectrag4. The measure- 
ment of the ESR spectra gtves the most precise information on the electronic 
ground state (sectron F); and angle-crystal polansed spectra (section G) give in- 
formatton on the relative ordering of the excited states. 

The measurement of the magnettc susceptlbthty of a complex can gave httle 
mformatton, other than to indicate whether or not the copper(H) tons are magne- 
ttcally dtlute (section E) Before exammmg each of these properties m detail (sec- 
ttons E-G), it IS worth examming, rather quahtatlvely, the way in which the 
energtes of the one-electron levels are influenced by crystal-fields of vartous sym- 
metries. 

(zz) TJze crystal-@ekd energy levels 

The mode of splitting of the five-fold degenerate 3d-orbltals by crystal-fields 
of octahedral and tetrahedral symmetries is now well understood’-*. The effect 
of crystal-fields of even lower symmetry (as represented m the vartous stereoche- 
mtstries of Ftg. 1) IS less clear’, but the suggested orderings are shown in Figs. 4-6. 
Crystal-field calculattons cannot give precise energies, or even detaded orderings; 
for example they cannot determme whether the & orbttal lies above, or below 
the d,,, 4= and d,= orbttals m a square-coplanar stereochemtstry. Crystal-field 
theory can specify which of the five d-orbitals has the highest energyg5 and which, 
therefore, will contain the odd electron (positive hole) of the dg configuration. 

(izz) TJze electronic ground state zn dzflerent StereocJzemzstries 

The orbital sequences of Figs. 4-6 may be used to summartse the ground 
states of the various stereochemtstries of Fig. 1 (Table 3). The vast majority of 
copper complexes gtves nse to orbttally non-degenerate ground states mvolvmg 
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a static form of distortion and a dxz+ gr ound state; a substantial number of 
complexes have a dz2 ground state, and a few have a d_, ground state. The last 
group are confined to square-coplanar complexes involving chelate ligands with 
x-bondmg potential, as in Cu(acac), g6 and Cu(salim), g7, and compressed tetra- 
hedral complexes, such as Cu(t-butyl sahn& g8. The degenerate ground-state con- 
figurattons 4-6 of Table 3 are uncommon, and usually some form of dynarmc 
Jahn-Teller6’ or pseudo-rotational ‘O drstortion removes the orbital degeneracy 
of the ground state. 
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tetrahedral and cis-octahedral symmetry. 
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TABLE 3 

THE ONE-ELECTRON ORBITAL GROUND STATES FOR THE KNOWN STEREOCHEMISTRIES OF THE COPPER(U) 

ION, FIG 1 (for notation see sectlon D. II) 

1 dxz+ 

2 d=. 

Elongated tetragonal-octahedral 
elongated rhombxc-octahedral 
square-coplanar 
square-based pyramrdal 
(m-plane and out-of-plane) 

Compressed tetragonal-octahedra1 
compressed rhombic-octahedral 
lmear 
trlgonal-btpyramidal 
cts-distorted octahedral 
Compressed tetrahedral 
square-coplanar-Cu(acac)z-type 
Octahedral 

Trigonal 
elongated tetrahedral 
Tetrahedral 

3 dx, 

4“ d2=,, d’,,_,: 
or dl,=, dz,._,. 

5= dxz, d,:’ 

or G1, d.= 
6“ dn2, dn2. d,l etc. 

e These configurattons are orbitally degenerate; m 5 and 6 this orbIta degeneracy is removed 
by spin-orbrt couplmg, but IS not removed by this mechamsm m 4 (see section C, I). 

(iv) Electronic excited states in dxerent 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 point-charge model usually ignores the effect of o-bonding, n-bonding, 
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semi-coordmation and the effects of bond-angle and bond-length dlstortlons. The 
onIy method of determming 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 (sectlon G). An attempt to calculate7’ 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 smgle-crystal polarised spectra. 

E. MAGNETIC SUSCEPTIBILITY DATA 

The magnetic properties of the copper(H) Ion are prlmarlly determined by 
the effective magnetic ddution in the sohd state. 

(2) Magnetzcally dzlute complexes 

When the mdlvldual copper(K) Ions m a complex are physlcally well separat- 
ed from each other (~5 A), then the effectwe magnetic momentgg may be given 
by the spm-only value, or, ,,), of 1 73 B.M. In practice, the experunental values 
at room temperature he m the range 1.8-2 0 B.M. ; some typlcal values are given 
in Table 4. These he gemeclab!v above the Sum-only value, due to mixm_g-in of 

TABLE 4 

SOME REPRESENTATIVE ROOM-TEMPERATURE M4GNETIC LIOMENTS (B M ) FOR COPPER(U) COXlPLEXES9’ 

Compound Pe3r Compound 

Na*Cu~H3)4{Cu(SzOJ)2)tNH3 190 
CuW-LMSCN), 1 81 
l’WN&),H,OlSO~ 1.87 
Cu(NHn)t&dSCN)~ 1 83 
Cu acac2 I 91 
CuCIz 2HzO 1 87 

cs#3lc14 1 92 

CaCu(CH,CO,), 6Hz0 1 94 
Cu(t-butyl-sallm), 1 83 
Cu en?(BF& 1 88 
Ku blpy,W’JO)lNO~ 1 89 

some orbrtal angular momentum from excited states via spm-orblt coupling The 
extent of mixing-in is given by the expression” : peff = (l-4rZ1/~E)~, D where 
dE 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 sectlon H). 
As in all known copper(II) complexes, the “effective” electronic ground state IS 
orbltally non-degenerate (see D, Iii), there IS no Inherent orbital contribution to 
the magnetic moment of the ground state, and hence no stereochemical informa- 
tion is forthcoming from this source, unhke other first-row dlvalent transition metal 
complexes “. Even the use of the more sophisticated techmque of single-crystal 
magnetic anisotropy is only a little more informativeg8. In a series of complexes 
varying from distorted tetrahedral, [Cs,CuCl, @III)], to square-coplanar 
[Cu(enacac),], the magnetic anisotroples were found to be only shghtly sensitive 
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to stereochemistry, but more sensitrve to the degree of covaiency present (although 
Indirectly the covalency is also a function of stereochemrstry). The amsotropy m 
the magnetic susceptibilitres is related to the anisotropy in the ESR g-factors by 
the expresston X, = N2g,2S(S+ 1)/3RT, in which i = x, y or z directions. As the 
g-factors can generally be more readrly measured than the X,‘s, the ESR techni- 
que is preferred (section F). 

(ii) Non-magnetically ddute complexes 

When the indivrdual copper(K) Ions m a complex are not well separated 
from each other, then mteractions can occur. In copper complexes, these are 
anbferromagnetic m form and result in a reduction of the observed magnetic 
moment below the spm-only value. Thus, the observed magnetic moment’00 of 
1.4 l3.M for CU~(CH&O~)~ - 2H20 is related to the close proximity of the two 
copper Ions lo1 (2.64 A). Such interactrons are typical of complexes mvolving 
brrdging hgands, as found m polynuclear structures. These types of complexes 
involve very comphcated electromc propertres, which are not understood and fall 
outside the range of thus review. 

F. ELECTRON SPIN RESONANCE SPECTRA 

(I) Tlreoretical prrnciples of the EAR. of copper complexes’ O2 

In an apphed magnetic field H, the magnetic moment 12, = -2 0023 /i,S 
(#?, = the electronic Bohr magneton), due to the electron spm angular momentum 
(S), will orrent rtself to he parallel or anti-parallel to the field. The energy difference 
between these two states, found from the Hamiltonian &? = -&f, 1s LIE = 
2.0023 /3,H= for a single electron (!ZQ = t&). The direction of the field has been 
taken as the axis of quantisation (z) 

For the dg configuration of copper(U), there IS also an Interaction between 
H and the magnetic moment pL = -_B,L due to the orbital angular momentum 
(L) of the electrons. The total interaction, assuming Russell-Saunders coupling, 
is grven by the Harmltonian: 

.8 = --H .&+,+) = j?,H *(L+20023S) 

The orbital degeneracy is removed by crystal-fields, but the spin-degeneracy 
remains even after the action of spm-orbrt couplmg, and 1s lost only in a magnetrc 
field. The Zeeman splitting of the ground state can therefore, in prmcrple, be ob- 
served in an electron spin resonance experiment. The orbital angular momentum 
is “quenched” for the ground states of most copper complexes, but spin-orbit 
coupling mixes-in some contrrbutions from excited states, the extent bemg ex- 
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pressed by the Land6 multrplet splitting factor “g” in the energy equation. 

hv = AE = g&H (1) 

(ii) The spin-Hamiltonian 

This contains those parts of the total Hamdtonian which are relevant for 
the purposes of ESR; r-e. the spm-vectors only. For copper complexes, it is 

&=g/3$*H+AS.I (2) 

for crystal-fields havmg cubic symmetry (rsotroptc). The term m g contains the 
spin-orbit (2L.S) and electronic Zeeman interactions. The second term describes 
the interactron between the electron-spur and nuclear spin, whtch sphts the ESR 
signal mto hyperfine components. For copper compounds, thus structure IS only 
resolved in drlute liquid or solid sohttions’03, due to the broadness of the signals 
from undiluted crystals Such crystals are the subject of this review, and hyperfine 
structure is only important for the present purposes in that it contnbutes to the 
Ime-shape . lo4 For crystal-fields of (z-) axral symmetry and non-axial symmetry, 
equation (2) becomes (respectively) 

*s = g II/%H=S= + g,P,(H,S, + H&J (3) 
and 

ss = /%(s,H,S, + g,.HySy +g&%) (4) 

Here, gX, gY and g= are the prmcipal components of the g tensor along three 
orthogonal axes. 

(iii) The calculation of g-factors 

An evaluatton of the effect of mtxing exerted states into the ground state via 
spin-orbrt coupling, may be described by the series of matrix elements, 

H L’,s’ f 
s 

sr*.s *1jlL,s dr = <ML’, MS I AL- S I ML, MS) 

in the secular equation 1 HLtsl --E 1 = 0. Here, E 1s measured relative to the 
energy before spin-orbrt couphng, 3. IS the spin-orbrt couphng constant, the $‘s are 

wave functions, the M’s are quantum numbers for the many-electron system (ML 
corresponds to the component of L along z and MS 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 evaluatedro5 using the expression 

<ML.. Ms. I 3.L. S I ML, MS> = &KM,. I L, I ML> 04,. I S- 1 MS> 

++A<M, I L- I ML> <MS* I S+ I MS> 
+ A<M,. I L I ML> <rcr,r I Sz I MS> 
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and the standardlo expressions for the non-zero elements: 

<ML,, I L I ML> = cw+1b-LwfL+m+ 

<ML--IIL--JML> = cJxL+o--LwL--1)l* 

<MLIL=IML> =ML 

<%,I I s+ I MS> = cv+o--M&%+111* 
<A&_, 1 s- I MS> = Cs(s+l)-iW,&kf~-l)]* 

<MS I sr I MT> = MS 

Here L and S are operators and AL. S has been expanded 

AL - s = A(L, - &4-L, - &.4-L, - SJ = &l(L* - S--l-L_ - S,)-i-AL= - s= 

where 

(5) 

L* = L, -t_ iLp and s, = s, + IS, (6) 

For copper(U), L = 2 and S = t, gtvmg ML = +2, + 1 or 0 and M, = 43. 
As a result of the interactions described by these matrrx elements, the ground 

state I ML, MS> becomes: 

+ MS= IM,Afs>+~ Az 
I ML*, MS) <M,,Ms I AL - S I ML, MS> 

* , --L~.s 

There are two such states $+ and #_+ according as MS = 23, and they are 
degenerate in the absence of a magnetrc field. The application of a magnetic field 
IS next consrdered along the z-, x- and y-axes, successrvely. The relevant Hamtl- 
tonian term corresponding to the magnetic field being along the z-axes a-X= = &Hz 
(LZ +2.0023S,) and the four matrix elements W, = <JI l + I 2: I I) *+> can be 
calculated using Eqns. (5). The secular equation I H* --E I = 0 IS then solved for 
the energies, relative to the orrgmal energy (without the field). This gives two 
solutions E1 and E2, and hence resonance is observed at hv = dE = E2 -Er. For 
H, and H,, the calculation is similar, except that equations (6) must also be used. 

This process has been rllustrated in various references’02v’os, and in all 
cases (except when the ground-state orbrtal degeneracy is removed by spm-orbit 
coupling rather than by low symmetry crystal-fields) the results are identical to 
those obtamed from the equations of McGarveylo2 

g, =20023+2,Xx 
<oILjb><~IL,w> 

n Eo-En 
(7) 

where j is any of the X, y or z coordinates, “0” refers to the ground state and f~ 
to an excited state. The matruc elements ‘are easrly evaluated usmg Table 5 to 
obtam the wavefunctions resultmg 1 O2 from the operatron of L,, and the knowledge 

that <$,, I $q> = fip4. Equation (7) will now be applied to copper systems of 
various symmetries. 

Coordin. C/tern. Reu ,5 (1970) 143-207 
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Firstly, it IS necessary to recognise certam similantles between the behaviour 
of the d-orb&als m different point groups. For a given ground state (D, iii), the 
calculation of g ~111 depend on which excited states are coupled to it through 
spm-orbit Interactions, and therefore on any degeneracies or symmetry relation- 
skps w&m the excited states. An example will illustrate the importance of such 
relationships. Table 6 shows how the d-orbltals transform in the LIZ,,. II2 and C,, 
point groups . g4 Thus, if’ the ground state IS ci,; _pz (a combmatlon of ML = + 2 
wa>efunctions) it will interact in each point group with & (ML = 0) which has 
the stme symmetry. For all three pomt groups, the Interaction results in a new 
ground state’ O6 

$I = cosu dxt+ -since dz2 (8) 
while the dz2 excited state becomes 

+/2 = smcL dx2+ -costs dz2 (9) 

where a is an angle describing the size of the non-axial component of the crystal- 
field, such that sin IT and cos 01 are normahsed nuxing coefficrents. In terms of 
orbital angular momentum, these states are rewritten 

cos CL 

$1 = - JZ (12>+i -2>)+sin a IO> 

sin CL 
$2 = Jz (I 2>+1 -2>)-cos a 1 o> 

The three point groups are also simdar m permlttmg no other mlxmg via sym- 
metry. The other d-orbitals therefore remain expressed as 

$3 =d,=+>--I -2)) 

ti4 = dSz = =&, l>-_I -1)) 
42 

$5 = dyr = L &(I I>+1 -1)) 

The matrix elements (5) then show that, in all three pomt groups, L= mixes $, 
with $Z and ti3 while L, and L,. mix $I with ti4 and Ij15, givmg* from equation (7). 

9: = 2-8R cos2 a/E($, + el) 

g = 2-22 (cos a+ 

gx - 2 

3 sina)*/E(t,b5 + t,bl) 

212 (cos a-2 sin@ /E(ti 2 

Y- - 4 + $1) 

(10) 

where E is the indicated electronic energy dfierence. 

+ In usmg Eqn. Q, it must be remembered that the bra <ML, iU.. 1 is the complex coqugate of 
the ket 1 ML. MS> and that this affects the sign of i in the expressions for yS and vs_ 
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TABLE 5 

FUNGI-IONS RESULTING FROM THE OPERATION OF ix, & AND ;= ON THE d-oxwT‘ALs102 

Orbrtal L G 2; 

TABLE 6 

REPRESENTATIONS FOR THE d-ORBITALs IN SEVERAL POINT-GROUPS 

d-OrbItal Representation m pomt group 

D,, D, C 2rr 

A* A Ar 
B IP BI A2 

B 29 B2 B1 

B 39 BS BZ 

TABLE 7 

POINT-GROUPS EQWALENT FOR THE MlXING OF d-owwrALs 

Key number Equwalettt pomt-groups 

10 

c,, c2, c2h 

Dzh. D2, CZD 

G, Gh, S-S 

04, De,, Gz, D2d 

C Dek mv, 

C3, D3, CJ. 

Q,, Tat, 0, Z Ti 

Cs, G, C7, ‘A, Ds, De, Cm 

c6.a C3h9 CSh, Cbh, D31,r &h 
d 

Des,, D3d. Da, Dsa. Dcid. SS. ss 

Ih, I 

It has been shown here that the expressrons for the g-values are the same 
for the DZh, D2 and C,, groups rf the ground state is identrcal. This is a result of 
the way the d-orbit& are grouped by symmetry, and Table 7 shows the other 
point groups which are equivalent to thrs extent. 

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

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

THE EXPRESSIONS FOR THE g-TACTORS OF COPPER IONS IN VARIOUS ENVIRONhiENT3’ 

Ground Pant -(gz-2) -_(g*--2) -(s,-9 
State Groupb 

4,5,6 
799 
3 
2 
a 

0 
81 sm2 a/E., 
81 sm2 a/E,, 
C 

d+zx 4.5 wJ%, 
<b) 3 8.X cos2 a/Ebc 

2 81 cos2 ajEb, 
69 -4 
7= -4 cos2 a 
8 c 

dn 3,s 
(c) 4 

2 

699 
7= 
8 

g11/E,b 
8;1/&, 
8Xsm2 a/E,,+ 
cos2 a cos2 f3/ECO) 
-4 
-4 cos2 a 
0 

2; 2 3 

4,s 
69 
7= 
a 

21/C= 
2rllEd, 
-2 
-2 
-2 cos2 a 
0 

d 
Gj 

d 

6-v&d,d 6flE.w e, 
2R(sm a-+- fl cos aj2/E., ZR(sin a-d cos a12/Eaa 
2l(sin a-l- fi cos a)2 cos2 B/E,, 21(sm a- 2/? cos a)‘cos2 NE.,, 

2,%%,d,,, Z#Eb(d.e, 

Zl(cos a+* sm a)2/Ea. Zl(cos a - fi sin a)‘/Ebd 
22(COS dL+fi Sin d2 COS2 JjEbe a(COS a-&Sin a)2COS2 /?/&d 

2 2 
2 cos2 a 2 cos2 a 

2 
2 cos2 a 
0 

2?/&, 
21 COS2 a/Edc 

2--2.%1/Edc--1i&b) 

L 

2 co5 a 
0 

2 
2 cos2 a 
0 

2%I/&c,+3/&) 
21 COS2 CC(l/Edb+3/Edn) 

2--7A(1/&-l/E& 
2 
2 cos2 a 
0 

Notes 

(a) Terms m .lz/E2 have been Ignored, as have those in sm2 fl (assuming that fi IS small) The z-axis refers 
to the pnncipal symmetry aws States d,,, dx._,r, dxy, ci,r and dS are respectively referred to as a, b, 
c, dand e in the energy subscripts (In the case of nurtures of states, the reference s to the state making 
the greatest contribution when a and /3 are small) 

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

(c) Ground state degeneracy is removed by dlstortlon to satisfy the Jahn-Teller theorem, the resulting 
pomt-group is of Iower symmetry 

(d) Interchange x- and y-axes and treat as a d, ground state 
(e) See also ref. 107. 

(iv) The practicsrl CaIue of the ESR spectra of copper(U) complexes 

The ESR spectra of copper complexes may be measured III two ways: 
as polycrystalline powders, or as single crystal~‘~~. The former technique IS the 

most rapid experimentally but only yields approximate’08-1’ 5 g-values (Appen- 

dix I). and the results may be subject to misinterpretation; the latter”6-11 8 not 
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only yields the most accurate g-values, but also yields their direction cosmes 

relative to a given crystal face (Appendices II-IV). Both techmques determine the 
crystal g-values, and ~111 only yield the local molecular g-values”g*LfO (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 electromc ground state 
(6) the symmetry of the effective @and-field about the copper ion 
(c) the mutual orientations of the local molecular axes of the separate copper 

chromophores m the unit cell. 

Points (a) and (b) have been dealt with in section D; pomt (c) determines the 
amount of exchange couphng present12’, which IS the major factor m reducing the 

amount of stereochemlcal information avadable from ESR spectra. 

(a) Powder ESR data.-Fig. 7 shows some typical polycrystallme ESR spec- 
tral lme-shapes, with the approximate g-values’0g indicated m terms of the cor- 

lncreasmg g-value - 

Fig. 7 The different types of ESR spectra obtamed from polycrystalline samples of copper(H) 
complexes (1st derivative absorption curves) 

Coordur Chem. Rev, 5 (1970) 143-207 
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responding magnetic field (see Appends I for theory). The spectra may be con- 
sidered m three general classes: 

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

a copper@) ion m: 

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

2. a regular octahedral stereochemistry undergoing a dynami@’ or pseudo-rota- 
tiona17’ type of Jahn-Teller dlstortlon. This is believed to occur in K,PbCu- 
(NO,), (m)61’63, and in the tris-chelate complexes Cu(en),SO, 67 and 
Cu(ompa)3(C10& 65*6 ’ ; 

3. a Cu(L), chromophore of lower symmetry than octahedral, undergomg free 
rotation_ This is beheved to occur in the cubic hexaammme62 and pentaam- 
mineg3 complexes of copper( in both of which the CU(NH~)~‘+ cation IS 
consldered to be present; 

4. a complex contammggrossly mlsahgned “tetragonal” axes, as in Cu dlen,(NO,), 

0 * 122 This sltuatlon IS probably the most common reason for the observa- 
tion of an lsotroplc ESR spectrum. 

Axial spectra. Two types of axial spectra are observed, dependmg on the 
value of the lowest g-factor (Fig 7A and B)75. (A) Lowest g > 2.04-such a 
spectrum can be observed for a copper(U) Ion m: 
1. axial symmetry with all the principal axes ahgned parallel, and would be con- 

sistent with elongated tetragonal-octahedral, square-coplanar or square-based 
pyramidal stereochemlstnes, as occur m Cu(NH,),(SCN), ‘I, Na,Cu(NH,),- 
{cu(s203>2)2 -H,O m2’ and Cu(l,3-pn),SO,H,O (XVI)46, respectively. In 
these axial spectra, the g-values are related by the expression76 G = g,, -2/ 

91-2 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 c 4.0, significant exchange 
couplmg12’ is present and the misahgnment IS appreciable (assuming r, cz r,, 

and that the energies of the electromc transItIons mvolved are comparable), 
2. rhombic symmetry with slight misahgnment of the “tetragonal” axes Thus, 

cu(NH3)2(No3)2 123 has a two g-value ESR spectrum, with g1 = 2 068 and 
g,, = 2.231; 

3. rhombic symmetry, with the “tetragonal” axes aligned, but in which the in- 
plane rhombic component is small and the powder techmque IS msufficlently 
sensitive to resolve the two planar components. Cu(NH,),(CuI,), has a two 
g-value powder ESR spectrum” (gl = 2.054, g,, = 2 219 and G = 4.21), but 
gives a three g-value single-crystal ESR spectrum (gl = 2 054, g2 = 2.058, and 
g3 = 2 223); 

4. compressed tetragonal or trigonal-blpyranudal molecules occupymg two non- 
equivalent sites, with the principal axes mclmed at 90”; this situation has not 
been observed. 

(B) lowest g c 2.03- such spectra can be observed for a copper@) Ion in: 
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1. axial symmetry with all the principal axes ahgned parallel, and would be con- 
slstent with compressed tetragonal-octahedra1 or trigonal-blpyranudal stereo- 
chemistrres as in Ba,CuF, 36 and Cu(NH3)2Ag(SCN)3 41 (XIV) The lat- 
ters6*“’ has gl! = 2 004 and g1 = 2.207; the value of G has no significance 
in these compressed stereochemistries; 

2. compressed rhombic symmetry with shght mrsalignment of the “tetragonal” 
axes; 

3. compressed rhombic symmetry with the “tetragonal” axes aligned parallel, but 
m whrch the rhombic component is so small that It IS not resolved by the 
powder technique 

Rhombic spectw. Two types of spectra may be observed, dependmg upon 
the value of the lowest g-factor_ (Frg. 7, C and D.) 
(C) Lowest g > 2 G-such a spectrum can be observed for a copper(H) ran m: 
1. elongated rhombic symmetry with all the axes aligned parallel and would be 

consistent with elongated rhombtc-octahedral, rhombic square-coplanar or dts- 
torted square-based pyramidal stereochemistries, as in Ba,Cu(HC0,)6 - 4Hz0 
(ref. 24), Cu(3-Me acac)22v and [Cu(l,3pn), - H,0]S04 46, respectively; 

2. elongated axial symmetry with slight mtsahgnment of the prmcipal axes. Thus, 
the axral environments of the CuN, chromophores m [Cu(NH3),H20]S04 4s 
are misaligned by 61” and give rise to a three g-value spectrum” (gt = 2.047; 
g2 = 2.126 andg, = 2.172). 

(D) Lowest g c 2 03-such a spectrum can be observed for a copper(H) ion m: 
l_ compressed rhombic symmetry with all of the axes ahgned parallel, and would 

be consistent with compressed rhombtc-octahedral, cis-drstorted octahedral or 
distorted trigonal-bipyramidal stereochenustries as in (NH&C&NH,),- 
(CrO,), 126, [Cu(bipy),(ONO)]N03 51 and [Cu(btpy),I]I 42 respectively; 

2 compressed axtal or rhombic symmetry with slight mtsahgnment of the axes, 
as in Cu(methoxyacetate), 2H20 38. 

The spectrum of Fig. 7F IS unmformative, except to indicate the presence of 
exchange couphng If gr hes close to 2.00 then a d=z ground state is indicated 

(II) Szngle-crystal ESR data 

Not only do the smgle-crystal ESR spectra yield more accurate crystal 
g-values r l 6-1 l8 than the powder spectra, they also yield the direction cosines of 
the prmclpal axes of the g-tensor with respect to a given crystal face. Equally 
Important, the directions and magnitudes of the crystal g-values can be used to 
interpret polansed single-crystal electronic spectra7 5 of copper(H) complexes of 
known, and sometrmes of unknown, crystal structure. 

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

The electronic absorptron spectra of copper(H) complexes may be measured 
in solution, or in the sohd state by d&use reflectance and by single-crystal meas- 
urements’s . All allow the measurement of the energies of the component states, 
although to varying accuracy. The solution spectra readtly yield accurate extmc- 
tron coeffictents and the single-crystal spectra yreld polarisatton data, which under 
favourable circumstances allow absolute assignment of the spectral bands to the 
energy levels. The spectra, m favourable circumstances, may also yreId datai2’ on 
(1) spin-orbit coupling, (2) the mechamsm of the excrtatton process, and (3), the 
coupling of the nuclear and electronic matrons (vrbronic couplmg). Electronic 
spectra may be conveniently measured in the range 4.0-30.0 kK and over thus 
range, polarised spectra may be obtamed usmg nicol pnsms, cemented by an m- 
frared-transparent adhesive. Four types of transitions may be observed in this 
range 128.1271. 

. 

1. pure d --* d transrtions 
2. charge-transfer transmons 
3. internal ligand transitions 
4. combination and overtone vibrations of the ligands, in the near infrared region. 
In copper(H) complexes, (1) and (4) tend to occur below 20 kK, (2) and (3) above 
20 kK. Spectra of type (4) tend to be sharp, relatrve to d-d spectra, and are gen- 
erally easrly distinguished; this may be facrlitated by comparing the spectra with 
that of the free ligand or with that of the corresponding zinc(n) complex (which 
has no d + d transitions). 

(i) Principles of d + d transitions 

The d + d transitions of the copper ion are predominantly electric- 
dipolar in orrgm5p~p5*12p-132, and are controlled by two selection rules: the spin 
multrphcity rule whrch, however, IS redundant in the case of copper@.), as a dg 
configuration only yields doublet states, and the Laporte rule. 

Three mechamsms are avarlable to account for the breakdown of the La- 
Porte rule’2p-‘32: 
A. - rn non-centrosymmetric complexes (e g. Cs,CuCl,), d-p mixing may occur, 

and some electromc intensrty may be gamed from the allowed d --, p transi- 
tion. 

B. - In centrosymmetric complexes (e g. Cu(NH,),X,), a vrbronic mechanism is 
invoked, whrch allows an ungerade mode of vrbration of the molecule to 
couple with the electronic excited state. 

C. - A less common mechanism is “intensity borrouing” from a low-energy 
charge transfer band [e.g. Cu(3-95 acac), 133 and Cu(3-Me acac)280]. 
The importance of the first two mechanisms suggests the drvision of cop- 
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per@ spectra into those of centrosymmetric complexes and those of non-centro- 
symmetric complexes. The latter should be distmguishable by a higher intensrty 
(as seen in the reflectance spectra of Frg S), but caution should be exercised in 
placing too much emphasis on differences in intensity of reflectance spectra”. 

Fig. 8 rllustrates how the appearances of reflectance spectra vary with stereo- 

20 18 16 12 10 8 6 
< 

Fig 8 The electromc reflectance spectra of some copper complexes 

chemistry. However, not only do the spectra depend upon stereochemistry, but for 
a given stereochemistry, they vary with the value of 10 Dq’34 (see Fig. 4), and wrth 
the extent of the tetragonal drstortion ” Consequently, although square-coplanar, . 

tetragonaGoctahedra1, cis-distorted octahedral, square-based pyramidal and tri- 
gonal-brpyranudal stereochemistries, involving nitrogen ligands, may be tentatively 
recognised , ” less recognisable are the rhombic-octahedron, compressed tetra- 
gonal-octahedron and compressed tetrahedron. Consequently, stereochemical as- 
signments based upon reflectance spectra should be considered as tentative. 

More precise information’27 may be obtained from the measurement of 
polarised single-crystal spectra, but considerably more experimental work12’ is 
involved. A knowledge is required of: 
1. the crystal structure of the complex (preferably wrth all molecules in the unit 

cell ahgned), the indices of the main faces of the crystal, and the orientation of 
the local molecular axes to these faces; 

Coordrn CJretn Rev, 5 (1970) 143-207 
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2. the polarised single-crystal spectra, measured preferably in three mutually per- 
pendicular drrectrons parallel to the local molecular axes. 

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

Requirements 2. and 3. enable the “effecttve” electromc pomt group symmet#’ 
of the crystal chromophore to be determined, and related to the crystallographic 
and molecular symmetry. There is httle evidence, so far, to suggest that the magnetic 
axes do not correspond with the electronic axes (although this is not Inherent), and 
they are assumed to do so m the present article. There is considerable evidence 
against the equivalence of the molecular axes and symmetries to those of the 
“effective” electronic axes and symmetnes6’. In practice the effective symmetry 
may be higher than the strict molecular symmetry, or lower than the approximate 
molecular symmetry. Given the “effective” point-group, the appropriate electromc 
selection rulesg4 may be calculated, the detailed procedure bemg given by Cottong4. 

The single-crystal measurements give the crystal polarisations. If all the 
molecules in the unit cell have identical orientations, or are related by inversion 
m a centre of symmetry, then the measured polarisattons are equivalent to the Iocal 
molecular polarisations If there IS more than one molecular orientation per unit 
cell, then the microscopic polarisations are related to the macroscopic polansa- 
tions by vector addrtion of Icos2 8 (where I represents a polarised molecular m- 
tensity, and 6 is the angle between the directton of this polarisation and the crystal 
duection). Analysis of the spectra is greatly facthtated by using the smgle-crystal 
ESR direction-cosme data. A knowledge of the g, direction (for a d+_,+ d,, or d=, 
ground state) permits the assignment of the z-polarised spectrum. The Importance 
of the ESR spectra m determimng the electromc ground state has been referred 
to earlier (section F)_ 

Even when all of the above data is available (and it frequently IS not), it 
may still not be possible to completely determme the one-electron orbrtal sequence 
for a copper(H) complex. Thrs arrses for a number of reasons: 
1. smgle-crystal polarisatron data alone cannot give mformation on the presence 

of a centre of symmetry; for example it cannot distingmsh D2 from D,, sym- 
metry for a d’ ground state. 

2 in non-centrosymmetnc systems, there are only three cartestan directtons, but 
four d + d transitrons are possible. Therefore, either one band is electronically 
forbidden and only occurs with vrbromc Intensity, in the presence of three 
electronically allowed ones, or two transittons are electromcally allowed in the 
same polarisation, and cannot be distmguished. In either case, it is difficult to 
assign all four transitions. 

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

For the above reasons, the results summarrsed m the following section are 



MONONUCLEAR COMPLEXES OF -I-IS CU” ION 175 

tentative and generally incomplete, but by examining the sequence of the one- 
electron orbitals and their energies, for a wide range of complexes of drfferent 
structures, it IS possible to obtain some stereochemical information. 

(iz) Experimenfal results 

(a) OcfahedraL-A single electronic transition (tzg + e,; split at the most 
by 1.2 kK s 3;1/2, due to spin-orbit coupling withm the tzs level) and an isotropic 
g-value, would be predicted for this stereochemrstry130 (Frg. 4). K,PbCu(NO,), 

22 20 18 16 14 12 10 8 6 
-Energy (kK 1 

Fig. 9 The electromc reflectance spectrum of K,PbCu(N0z)6 ( -) and the palmed single- 
crystal electromc spectra of K,BaCu(NO& (- - - and ---- ). 

Fig 10 The polarised single-crystal electronic spectra of CU(H~O)~(HCO& 

has an rsotropic ESR spectrum6r (g = 2.10), but_ the electronic reflectance spec- 
trum (Frg. 9) involves two bands split by 9.0 kK. Although the crystal structure 
of K2BaCu(N0,)6 is unknown, its electronic propertres6’*” are consrstent with a 
static elongated tetragonal-octahedral stereochemtstry. The polarised spectra” are 
shown in Frg. 9, and have been interpreted in approximately Da,, symmetry, as- 
suming a d,, + ground state, as suggested by the axial ESR spectrum (Table 9). 
The sirmlarity of the electronic spectra suggest that &PbCu(NO& also has an 
elongated tetragonal-octahedral CuN, chromophore, which, in order to be con- 
sistent with the ESR spectrum61, must be undergomg a pseudo-rotational type of 
Jahn-Teller distortion63n70. 

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

THE ASSIGNMENT OF THJZ ELEC&RONIC ENERGY LEVELS OF COPPER(II)COMPL (kK)(ROOhfTEhfFERATURE DATA); 

SINGLE-CRYSTALhlOLECULA.R~-VALUES 

Complex Effective dzt + d,, + dX, -+ d,,= + g1 
symmetry d_,++z d,++ dXz_s d,z_s 

g_L gz 93 ‘911 

A ci,._,, Ground rtafe 

%BaCu(NWO 
Cugunr3)4WW, 

Cu(NH&@JOz), 

Cd&0MJWz 

(J=O& - 4H& 
~(H2O)*fHCO,k? 

N%Ce=L14 

ccu(s2w2h so 

NGWNH 1 ).+ 
{CWLO,), 12 NH3 
CaCuS&O10 
B~CU@ICO,)~ - 4H20 
Cu@n)&3FJ)z 

Cu(en)+C& Hz0 

Cu(en)Cl, DZ 140 
Cu(dienjzBrz - Hz0 D2 88 

Cu(NH&GHK%)z Dth I7 5 

fNHJCufNH,M’F& C 4fl II4 

ICucNH3JM3lSO~ C 4rr 160 

tCu(l,3-Pn)&zOl=b c 2” 160 

E)4h 86 16 5 16 5 16 5 2060 - 2071 2 238 

-D.ah 14 3 157 17 5 17 5 - 2056 - 2 237 
D4h 134 I6 2 17.1 17 1 - 2 052 - 2 234 

&h 
D4h 

130 
92 

D4, 184 

D 4h 13 6 
&h 18 8 
Dzh 84 

Dzh &h 18 0 

DG D2h 15 0 

I2 0 150 150 - 20676 - 2 3554 
112 13 2 I3 2 - 206 - 2 35 

(19 2) 19 2 19 2 

(17 4) 
12 9 
10 6 

(18 O- 
190) 

(15% 
180) 
130 ( 
99 

15 0 
- 
- 
- 

174 174 - 2 0567 - 2 227 
15 8 15 8 - 2 054b - 2 326b 
13 I 13 5 2 078 - 2 109 2 383 
190 19 0 20456 - 2 0496 2 1982 

18 1 18 1 2 0458 - 2 0466 2 2073 

:a 150 co 150 

154 1.59 
17 5 180 
150 15.0 
17 5 17 5 
179 179 

- 20520 - 2200 

2 0523 - 20534 2239 
20449 - 2 0968 2 2130 
2 0497 - 2 1100 22114 
- 2 0654 - 2 2516 
- - - - 

2 0503 - 20475 22073 

Complex 

B. d==, Ground state 

cu(~~n)zfE;r~3~2 G 92 117 15-6 15 6 20518 2.1440 - 2 1589 
Cu(methoxyacetate)z 

2&O f)zh 98 16 1 12 3 12 3 20266 22241 - 2 3447 

tcu@iPY),IlI C *r, 13.8 12.7 10 8 (9 3) 2.0280 2 1613 - 2.1642 
[CWwwMl~ D2 (9 3) 108 127 138 - - - - 

~C~(~~PY)Z(ONO)INO, C20 I46 95 150 (146) 2029 2.1; - 2205 
2r,+ 2&j-b "r,+ 2r,+ 

2rs 2r* fr* 2ri3 

CuNHozAgSCN)s hia (11.1) 10 5 13 3 146 2006 - 2 2020 - 

p Spilt by spin-orbit couplmg b Powder data 

(6) Ehtgated tetragonal-octahedrai - Polarised single-crystal spectra have 
been observed for CU(NX~)~(SCN)~~~ Cu~H~)~~~~)~ @I), Cn(uQMAsO,),- 
8H20135, aud W%O)4W~Wz @Wx3? those for the formate are shown in 

Fig. 10. The spectra of all four complexes have been vibronically assigned in Ddh 
symmetry, with a dx=_y2 ground state (Table 9). The most active mode of vibration 

m this point-group appears to be of bl, symmetry, and its efficiency may anse 
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TABLE 9 (cunrmued) 

Complex 

C dxp Ground state 

Cu(3-Meacac), 

CuH,edtaH,O 
CstCuCl‘$ 
[MeAWH&WZuCL 
Cu(hfacac),blpy 
Cu(pben)J(C1032 
CaCu(CH3C0& 6HzO 

D2h 19 2 1s 5 1.5 8 (140- 2 0569 - 2 0606 2 2550 
160) 

D+orDzh 82 13 1 12 6 14 6 2 0689 - 2 1142 2 2905 
D2ci 905 79 555’ 48” 2083 - 2 103 2 384 
DZd 88 - 59 59 - 2.758 - 2.4008 
D1 94 - 13.7 146 2 0722 - 2 0795 2 2919 
Dz 80 - 150 150 - - - - 
D2,,orSJ 12 7 15 8 144 144 - 2 0695 - 2 3602 

from its being the oniy out-of-the-xy-plane vibratton136. The tetraammines” and 
Cu(H,0)-4HCOz)z 136 yield the one-electron orbital sequence 

d,,_,, > d=z > dx,. > d,,, d,, 

For meta-zeunerlte’35 the order of the dz2 and dx,, orbitals is Interchanged, 
probably due to the effect of rr-bondmg Although the crystal structure of 
Na4Cu(NH3)4{Cu(S203)2}2NH3 is not knownlg ” accurately, rt is beheved to 
be rsostructura12’ with the monohydrate (V), and to mvolve an elongated tetra- 
gonal-octahedral stereochemistry wrth the fifth ammoma weakly coordmated m 
the axral posttron Its polarrsed spectra”.2’ are shown m Fig. 11, which is very 
srmdar to Fig. 10, but the polansation IS even more marked, the spectra have 
been tentatively assigned m Ddh symmetry (Table 9). 

(c) Square-coplanar.-An effectrvely square-coplanar stereochemrstry, in- 
volvmg a-bondmg hgands, IS believed to exist 1x1 N~,CU(NH~)~(CU(S~O~)~}~H~O _ 

w2’ and, although the water molecules occupy posrttons midway between the 
ahgned CU(NH~)~‘+ cations, they are considered to be uncoordmated”. since the 

- distance (2.88 & is shghtly greater than that consistent wrth semr-coordmatron1’*76 
(2.55 A)_ The electronic tram&ions (Fig. 11) occur*’ at apprectably hrgher energtes 
than for the tsostructural ammonia adduct”**‘, partrcularly the dzl + dxz_y+ tran- 
sition (the spectra have been assigned m DGh y s mmetry, with a dxz-yz ground state, 
see Table 9). The energy of this transition has been estabhshed as a measure of 
the tetragonal drstortion”V’35, and its high value m this complex is consistent 
wrth an effective square-coplanar stereochemistry for the monohydrate, in contrast 
to the elongated tetragonal-octahedron of the monoammine addu&‘. 

The partml polarised spectra of Egyptian Blue” ‘, (CaCuSr,O,.), which has 
a strictly square-coplanar stereochemistry’* involving potentially n-bonding oxy- 
gen ligands, has been assigned 13’ in D.,,, symmetry (Table 9), with the dzl 4 d,,_,, 
transitron at highest energy. 

More papers have been written on the assrgnment of the polansed single 

coordm. Chem. Rev., 5 (1970) 143-207 
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c 

22 20 18 16 14 12 10 8 6 
-Energy (kK) 

Fig 11. The polansed nogle-crystal electronxc spectra of N~oCU~NH~)~{CU(S,O,),~~ l H20 
G---l and NasCufNH~)),(Cu(S20,),)= NH3 h---1. 
Fig. 12. The poIansed single-crystal electronic spectra of Ct1(3-Mea~a& 

crystal-spectra of square-coplanar bis (chelate) copper complexes, involving po- 
tentiahy z-bonding ligands, such as acetylacetone, than on any other type of com- 
Plex 127*80. The results, for the one-electron orbital sequences of various Cu(acac),- 
type complexes, are hsted in Table 10, The almost 90” misalignment of the two 
molecules in the unit cell of Cu(acac), g2 makes the assignment uncertain138. The 
misalignment”3g in Cu(dmp), IS fess (w-45”), but there is some uncertainty con- 
cerning the pubhshed spectra (two of the spectra which should be the same, are 
not: Frg. 1, ref. 140). Cu(3-cj, aca~)~ has two molecules, misaligned by 40”, in the 
unit cell14”, and the method of resolving the spectra of this complex133 resulted 
in a x-polarrsed spectrum consisting of a continuously rising background. This is 

TABLE 10 

A SUMMARY OF THE ONE-ELECTRON ORRTlXL ENERGIES OF THE BIS(CHELATE-OXYGEN) COPPER 

coIKPLExEs 

d -3 xz-~ & 180 169 15 5 I8 2 
d s_-+dn 15 6 190 158 164 
d + ds, - y_ 206 (14 O-16 01 200 
ri,z + dsy 145 154 19 2 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 aca& 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 trlting the crystal 
to the appropriate angle in the light beam. The x- and y- polarised spectra are 
experimentally satisfactory, but there is some doubt concernmg the z-polarised 
spectrum. The polarised spectra*’ (Fig. 12) have been partially assigned, as in 
Table 9, using a vibronic mechamsm in D,, symmetry, and an intensrty borrowmg 
mechanismL33. The results (Table 9) are much more consistent with the previous 
assignments21~‘37 (Na,&u(NH3)4{Cu(S203)2}2 - H20 and CaCuSr.+O,,) of 
square-coplanar complexes, than are those of Table 10. 

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

(d) Elongated rhombic octahedral -The polansed spectra’36 of Ba2Cu- 
(HC02)6 - 4H20 (VI) are shown in Fig. 13. There is a close resemblance of the 
spectra to those of tetragonal-octahedra1 complexes’ ‘*r3’, but a clear difference 

22 20 16 16 w 12 x) 6 6 
c---Energy (kK 1 

Rg. 13 The polansed smgle-crystal electroux spectra of Ba,Cu(HCO,), - 4H,O. 

Fig 14. The polarised smgle-crystal electromc spectra of Cu(en)z(BFJz. 

Coordm. Chem Rev, 5 (1970) 142207 
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is seen between the x- and y-polarisations. The spectra have been assrgned in Dzs 
symmetry (Table 9), and yeld a one-electron orbital sequence comparablei36 to 

that m Cu(H,O),(HCO&, except for the sphtting of the dxz and dyz orbitals. The 
strict molecular symmetry2 7*28 of Cu en,(BF.+), (VII) is C,, and three g-values are 

observed (Table 9), but the difference between gX and g,, is very Smalley. The 

polansed spectra 77 (Frg 14) do not drstinguish the x- and y-polansatrons and . 
have been partially assigned in the effecttve symmetry of D4,, wrth a d,z-yz ground 
state (Table 9). Thus suggests that the methylene groups of the ethylenediamme 

ligands do not senously mfluence the electronic properties77. The polarised single- 

crystal spectra of Cu(en)CI, 134 (Fig. 15) have been interpreted in the non-centro- 
symmetric point-group &, wrth a dxz_,,~ gr ound state (Table 9). The electromc 
properties clearly correspond with a princrpal axis perpendrcular to the chelate 
plane, rather than wrth the princrpal axis of the approximate C, molecular sym- 
metry, and this again suggests that the methylene links in the ethylenedramine 
hgands are not electronically important. 

The polarised single-crystal spectra67 of Cu(dren),Br, - Hz0 are shown m 
Fig 16. Although there are four molecules m the unit cell of thus complex, the 
Iocal molecular axes are aligned, If the x- and y-axes lie along the equatonal Cu-N 

bonds This has been estabhshed through a correlatron of the smgle-crystal elec- 
troruc and ESR spectra6’ with the crystallographrc data’*. The spectra have been 

20 18 16 14 12 10 8 6 
c-----Energy (kK1 

hg 15. The polarised smgle-crystal electromc spectra of Cu(en)CJ2. 

Fig. 16 The polansed smgle-crystal electromc spectra of Cu(dleo)zBrz - H20. 
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22 20 16 16 I4 12 l0 B 6 
-Energy (kK) 

Fig. 17. The polansed single-crystal electronx spectra of CuHzedta - H20. 
Fig_ 18. The polamed single-crystal electronic spectra of Cu(NH&(CH&O& 

asslgned in I& symmetry Ogble 9), and much less satisfactorily in C,, symmetry, 
suggesting that, m 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”) unposed by the diethylenetriamme ligands. 

The polansed smgle-crystal spectra6’ of CuHzedtaH,O are shown in 
Fig. 17. A correlation between the polansation dlrections, the crystal g-values and 
the crystal structures3 reqmres that the x- and y-axes lie between the equatorial 
bonds, rather than along them. The spectra can then be assigned, with a dx,, 
ground state, in the non-centrosymmetric pomt-group, D2, and equivalently, m 
the centrosymmetric poim-group D2,,, notwlthstanding the clear lack of a centre 
of inversion in the molecular structure (XlI). 

The low energies of the first transitions6’, in Cu(dien),Brz - Hz0 and 
CuH,edta - HzO, reflect the restricted-tetragonal distortlon Imposed by the o& 
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~CO~)~ are shown in Fig. 18. The polarisation is not very 
marked, due to misalignment 3z of the “tetragonal” axes by 60”, but the spectra 
have been tentatively assigned in DZh symmetry (Table 9). The dzz + dx,_,l transi- 
tion (17.5 kK) is intermediate in energy between that (18.4 kK) of the eff?&vely 

Coordm Chem Rev, 5 (1970) 143-207 
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a9 

Is 16 14 12 10 6 6 

Fig 19. The polarised smgle-crystal electronic spectra of Cu(&en)l(N03)5. 
Fig. 20. The polarised smgle-crystal electromc spectra of CslCuC14. 

square-coplanar Na,Cu(NH,)4{Cu(St0,)2)2 - H,O 21 complex, and that (13.6 kK) 
of the tetragonal-octahedral ammoma analogue I1 This is conststent with its stereo- . 
chemistry being intermediate between a square-plane and a tetragonal-octahedron, 
due to the inability of the termmal acetate oxygen atoms to coordmate effectively 
along the z-axis (IX). 

(jJ Compressed tetragonal octahedral. -No polarised single-crystal spectra 
of copper@) complexes having exactly thts stereochemistry are known (see ref. 
143). Cu(dien)A(N0,)2 has ahnost this structure (XQ3’ and its spectra12’ are 
shown in Fig. 19. The alignment of the four molecules in the unit ce1137 IS not 
ideal, but allows a reasonable spectral assignment in C, symmetry, usmg the dz2 
ground state established by the single-crystal ESR data (Table 9). This yields the 
one-electron orbital sequence d,, > dx=+ > dx,, > dxz, dyI, the order of the last 
three orbitals conflicting with the prediction of crystal field calculations’44_ The 
low energy of the d,,_,= -+ dz2 transition, in this complex, is conststent with the 
restricted tetragonal distortion due to chelatton from the short-bonded axial posi- 
tions to the Iong-bonded equatonal positio&‘. 

(g) Compressed rhombic-octahedral. -The pohuised single-crystal spectra” 5 
of Cu(methoxyacetate), * 2H20 38 have been assigned m the effective eiectronic 
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symmetry Dth (Table 9). The ESR data indtcate a predommantly d,, ground state, 
with the z-axis along the short Cu-0, bonds and the x- and y-axes close to the 
other bonds. 

(h) Compressed tetrahedral .-The polarised single-crystal spectra145*‘4g of 
Cs&uCl, are shown in Fig. 20. Partial data146 have been obtained for [(CH,),- 
N(C6&CH2)]&uC14, using a crystal-tilting techmque. The spectra of both com- 
plexes have been assigned in the Dzd pomt-group, with a dx,, ground state (Table 9). 

(i) Trigonal-bipyramidaZ.-The polansed angle-crystal spectra14’ of Cu- 
cNH3)zAg(SCN)3 are shown in Frg. 21, and the ESR spectrum’24 clearly estab 
lishes a (I,2 ground state. The observatton of three clear bands rules out the asngn- 
ment of this spectra in the simple Dfh point-group, as only two transitions are 
predicted (Frg. 6). The spectra have been assigned14’ (Table 9) in the D\,, double 
group (includmg spin-orbrt couphng14* ), with the mterestmg result that the parent 
d,,, G-y 2 level is lower in energy than d,.., d,, (Fig. 6). This reversal has been 
accounted for by out-of-the-plane rc-bonding of the throcyanare ligands with the 
d,_ and d,,, copper orbrtals’47. The polansed angle-crystal spectra (Fig. 22)14’ of . 
the drstorted trigonal-bipyramidal complex [Cu(brpy),I]I (XV) may be assigned 
(Table 9) m C,, or Dt symmetry, wtth a d,, ground state. The former point-group 
1s preferred, and yields the inverted sequence of one-electron orb&Is, as above. 

127 

22 20 18 16 14 12 10 8 6 
c-----Energy (kK) 

FIN_ 21. The polarised single-crystal ekctromc spectra of Cu(NH&Ag@CNh. 
Fig. 22. The polarised single-crystal ekctronic spectra of [cU(biPYhI]I. 

Coordm Chem. Rev., 5 (197Oj 143-207 
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(j) Square-based pyramidal .-The polarised single-crystal spectra14’ of 
[Cu(l,3-pn), . H20]S0,, are shown m Fig. 23, and merely show a change of 
intensity between the two polansations. The spectra may be asstgned in C,, sym- 
metry, with a ri,,_,, ground state (Table 9). Comparable results have been ob- 
tained’s for [Cu(NH,), - H,O]SO,. Althoughg3 NH4[Cu(NH3)&PF& IS of un- 
known crystal structure, it IS believed to contam a square-based pyramtdal CuN5 
cbromophore, and the polarised single-crystal spectra” have been assigned in 

22 20 18 16 14 12 10 8 6 

-Energy (kK 1 

Fig 23 The polansed smgle-crystal electromc spectra of [CU(I,~-~I&H~O]SO,. 

Fig 24 The polansed single-crystal electromc spectra of Cu/Zn(blpy)JBrz 6Hs0. 

C,, symmetry, usmg the smgle-crystal ESR data. The polarised single-crystal 
spectral 5o of Cu[S,CN(C,H,),], (which has a dimenc square-based pyranndal 
structure’ ” ) have been partiahy assigned in C,, symmetry and a single broad band 
at 22.0 kK attrrbuted to the ci,, dY= + dx2_Y2 transrtron. 

(k) Triganal-ocrahedral (&).-The polarised single-crysta166~14g spectra of 
copper(H) doped into Zn(bipy),Br, - 6H,O and Zn(bipy)sSO, - 7Hz0, are the same 
(Frg. 24) and comparable to those of the und&.tted complex Cu(bipy),Br, - 6H,O 
(ref. 149). A shghtly different type of spectrum has been observed for Cu (phen),- 
(ClO,),, which is closely comparabie to that of Cu(hfacac),bipy (Fig. 25)14g. The 
spectra of the latter have been tentatively assigned in D2 symmetry, with a a7, 
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ground state (Table 9), and a comparable assignment14g has been suggested for 
Cu(phen),(ClO,),, and less certamly for Cu(bipy),Br, - 6H20. 

(I) Cis-distorted octahedral .-The polarised single-crystal spectra’ s2 of 
[Cu(bipy),(ONO)]NO, are shown m Fig. 26. The ESR spectrum’s2 establishes a 
d,, ground state, (all four molecules m the umt cells1 have their molecular axes 
aligned) and the spectra are assigned in C,, symmetry, with a principal x-axis. 

146 
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Fig 25 The polarised single-crystal electronic spectra of Cu(hfacac)zblpy. 

Fig 26. The polansed smgle-crystal electronic spectra of [Cu(bipy),(ONO)]NO, 

(m) Coordmatzon numbers greater than szx.The polarised single-crystal 
spectra” 5 of CaCu(CH,CO& - 6H2O (XDQ5’ are shown m Fig. 27. These are 
assrgned m S, and I& symmetry, using a dx,, ground state. 

(iii) Conchmom from the electronic spectra 

A number of generahsatrons may be drawn from the data on the electromc 
energy levels of copper(B) complexes presented in this section. 

(a) Orbital sequence. -For a given stereochemistry the sequence of one- 
electron orbitals is essenttally constant; e.g. for a tetragonal octahedron”*77~L3s: 

Coordm Chem. Rev., 5 (1970) 143-207 
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Fig. 27. The polarised single-crystal eIectromc spectra of CaCu(CH&O& - 6Hz0 

dx2-Yz > dz2 > dxl > d,.., d,,=. The effect of drfferent hgands 1s reflected m their 
contnbution to the value of 1ODq. Thus, in Cu(en),(BF& the above order applies, 
but m Cu(en)Cl, 134 the order of the dz2 and dxp levels is reversed, as the chloride 
ion Iies much lower in the spectrochemical series ” than does ethylenediamine. In 

a square-coplanar stereochemtstry, the dz2 level hes below d,=, d,,= tn CaCuSi40,r,137 
but above it m Na4Cu(NH3)4(Cu(S,03)2)2Hz0 21, for a comparable reason. The 
effect of x-bonding on the sequence varies; m Cu(H,O),(HCO& 136 rt is negli- 
gable, m meta-zeunerite’35 it Interchanges the relative positrons of the dzz and dxY 

levels, and in Cu(NH,),#g(SCN), 14’ and [Cu(bipy),IjI 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 CuO, and CuN, chro- 
mophores (Fig 4). In general, the spectra are much more sensitive to drfferences 
m bond-length’ 3 5 (as above), than to differences in bond-angle (e.g. Cu(NH,),X,’ 1 
and Cu(en),X, “). Th e evidence for correlation diagrams relating the square- 
plane and square-based pyramid (see section G, m, c), and relating the cu-octa- 
hedron and trigonal-bipyramid, is less clearly establ~shed’47g1 52. 

(c) The concept of varying tetragonaI dzstortion.This concept, estabhshed' r 
on the basrs of crystallographic bond-length data, finds substantial support from 
the correlation’ 3 5 between the tetragonality (T) and the energy of the dzz + d,, + 

transitron (Table 2). There is no such clear relatronshrp between the energy of the 
dzz + dS_,2 tram&ion and the bond-length of the fifth ligand m square-based 
pyramidal complexes. The energy of this transition is reduced from its value in 
the parent square-coplanar chromophore (compare 18.4 kK in Na,Cu(NH,),- 
{Cu(S,O,),),H,O 21 with 16.0 kKin [Cu(NH3),H20]S04 ‘l) but not to the value 
(- 14.0 kK) observed in tetragonal-octahedral complexes (2.e. Cu(NHs),(SCN), l’) 
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notwithstanding the closer approach of the smgle fifth hgand (2.34 A in 
[CU(NH,),+H,O]SO,]~~}. This insensitivtty of the energy of the d,t + dxz-pz tran- 
sition to the effect of a Gfth ligand may be enhanced by the ability of the copper 
ion to move out of the plane of the equatorial ligands, towards the fifth ligand 
{@VI), p = 0.19 A m [Cu(NH,),0H2]S0, 45). This crystallographic effect, 
which may be associated with the n-bonding potential of the fifth ligand, could 
possibly “cushion” the effect of the fifth hgand on the energy of the dzz --+ dx2+ 
transitron. In contrast, a fifth hgand without any n-bonding potential, such as 
ammonia m (NH4)Cu(NH,),(PF,), g3 has much more effect on the energy of the 
d dxz =2 + _y2 transitron, (it IS reduced to 11.4 kK m this complex); this suggests 
that the fifth ammonia group will bond at a shorter drstance than 2 3 A, in order 
to satisfy the addmonal bonding potential of the Cu(NH,),‘+ cation (section C, III). 

(6) Chelute effect.--The consequence of a change, from a monodentate 
hgand to a chelate ligand, 1s mmimal, as long as there is no change m the bond- 
lengths or bond-angles (e.g. Cu(NHs)4X2 i1 and Cu(en),X, “). If the chelation 
occurs in a way that restrtcts the extent of elongation or compressron (Cu dien,- 
Br, - H20s2 and Cu dren2(N03)237), then tt has a major electromc effect (Table 2), 
sigmficantly lowermg the energy of the d,, + dx+_g2 or dx,, transitions67*‘25. 

(e) Electronic ground state.- There is no electronic spectral evidence that 
the ground state of the copper(B) ion in its complexes IS ever orbitally degenerate. 
The d&_, 2 orbital 1s the most common ground state, the dz2 is quite common, and 
the d, occurs occasionally. The difference betweena dx2+ and a d,, ground state, 
for the same symmetry, is not observable in the electromc spectra, but can be 
readily distmgurshed by the ESRdata(e.g. Cu(dlen),Br, - Hz0 67 and Cu(dien),- 

(No,)2 l 2 5)_ A dxy ground state, m the Cu(acac)2-type complexes’ 3 *, is associated 
with enhanced mtensity m y-polansation, due to intensity-borrowing’33 from a 
low-energy charge-transfer band. It is not possible to say whether this mechanism 
is primarily a consequence of the ground state configuration, or of the parttcular 
ligand involved. 

(f) The actiue mode of vibration in a vzbronic mechanism.-In practice, the 
vibronic mechanism has been restricted to D,, and D2,, symmetries. In both, in- 
dependent of the hgand atom or whether it is Involved as a chelate, the most 
active normal vibrations are the out-of-plane bending modes11*77*136 (a2& and 
b2u in D4,,, and bl, in D2,, symmetry). 

(g) The electronic consequence of a centre of inversion.-The polarrsed 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 
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sensitivity of the electromc spectra to the presence or absence of a centre of inver- 
sion is of interest. The spectral mtensltles of Cu(NH,),X,, [Cu(NH3),0H2]S0,“, 
NH,[Cu(NH,),JCPF,), g3, Ba,Cu(HCO& - 4H,O 136, Cu(acac), 13’ and Cu- 
H,edta * Hz0 67 are quite sumlar. The intensity appears to be a function of the 
ligand atom, mtrogen atoms producing more intensely coloured complexes than 
oxygen hgands. This could result from lower energy charge-transfer bands m the 
latter. The extents of polarisations observed for centrosymmetrlc complexes are 
only slightly less than those observed for non-centrosymmetrlc structures : compare 
Na,Cu(NH3)4{Cu(S,03),), - NH3 21 with Cu(dlen),Br, *H20 67; or Ba,Cu- 
(HCo&j - 4&o 13’ with CuH,edta - Hz0 67 There is no experimental test for . 

the presence of a centre of mverslon (see the assignment of CuH,edta H20 m 
both D2 and D2,, symmetrles67). Probably, the presence of a chelate hgand is not 
sufficient an electromc effect to remove a centre of inversion, but a gross bond- 
angle distortion is important. Thus, the dIstorted tetrahedron (D2& tngonal- 
blpyramid (D3,,) and square-based pyramid (C,,) clearly lack a centre of mverslon, 
while CuH,edta - Hz0 does not, since it is baslcally a tetragonal octahedrons3. In 
Cu(dlen),Br, - H,O 52 and Cu(dien)2(N03)2 3 7, It IS probably not the presence of 
methylene links themselves, but their accumulative dlstortlon of the Cu-N bond- 
angles, which removes the centre of symmetry 

(h) The electronrc consequences of n-bondmg.-The effect of z-bondmg on 
the electronic energy levels of a copper ion is relatively small, compared with 
the effect of o-bondmg, and consequently the former effect IS difficult to estabhsh. 
It IS beheved to be responsible for (a) the reversal of the order of the d,,, dxz_,,, 
and d=,=, dyz levels m Cu(NH,),Ag(SCN), 147 (and less certainly’47 in [Cublpy,I]I), 
(b) the existence of stnctly square-coplanar Cu(acac),-type complexes* ‘, their 
relatively short copper-oxygen bonds and hence the high energies of their dzz + dx,, 

transItIons, and (c) the relativeIy low values of the combmed orbltal and spm-orbit 
reduction factors m complexes, particularly with oxygen hgands’35. It may also 
be present m complexes involving semi-coordinated ligands”, such as, the nitro 
groups m Cu(NH3),+(N02),, and the thlocyanate groups m CU(NH~),(SCN)~ and 
Cu(en),(NCS), 77. n-bonding may also play a sign&ant part in satlsfymg the 
addltional bondmg capacity of a four-coordmate chromophore in formmg a 
square-based pyramldal structure, as m [Cu(NH,),H,O]SO,. The z-bondmg of 
the fifth water ligand may partially account for the energy of the dzl + dx2_9z 
transitlon in this complex. 

H. ORBITAL REDUCTION FACTOR!3 AND THEIR SIGNIFICANCE 

Under favourable circumstances, it is possible to combine the ESR spectra 
of copper@) complexes with their electronic energy-levels, and from the expres- 
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sions of Table 8, to obtam values for the combmed orbital and spm-orbit reduction 
parameters. Before examining the results, it is worth considermg the origm of 
these reductxons. 

(i) Spin-orbit reduction 

Two mechamsms have been suggested5’*ls3 to account for the apparent 
numerical reduction of the spin-orbit couphng constant from its free-ion valuegg 
(-0 829 kK). It appears that both factors are important’ s4, but their relative in- 
fluences have not yet been established. 

(a) Central-field-covalcy.-This causes a real reduction of L and of AL, 
and depends on the variation 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 kL and RAL, where the coefficients k and R describels4 “orbital reduc- 
tion“ and “spin-orbit reduction”. 

The introduction of these parameters modifies the expressions of Table 8, 
to the extent that L must be replaced by kRd. (It has been assumed that the reduc- 
tion factors associated with the matrix elements between two tzg orbrtals are the 
same as those associated with the matrix elements between a tzs and an e, orbital ) 
Now d the crystal-field IS not cubic, then k and R will display the same amsotropy 
as does g. Thus, m Table 8, A must be replaced by k,R,rZ in the g, (i = x, y, z) 
expressions_ 

In the axial case, k,,R,, and klRl may be determined from g ,,, gL and the 
electronic energies The individual k and R values cannot therefore, be measured, 
but only parameters rII = Jk,, - RI, and r, = ,/k, - Rl. These have previous- 
1Y 77~136~152 been referred to as “combmed orbital reduction-factors”, or simply 
as “orbital reduction-factors”. 

In the non-axial cases, the three measured g-values, and the electromc ener- 
gies must be used to determine one (rr) or two (a, j?) angles which describe the 
crystal-field, and also the three parameters r,, ry and rz Solutions dre only possrble 
if some approximations are made. Generally p will be assumed to be zero, and 

r, M r,,. Thrs allows a, r, and rII to be calculated. 

(b) Symmetry-restricted-coualency -This causes an apparent reduction of R 
through delocalisation of the metal electrons, and has been treated by means of 
molecular-orbital theory g6J02*156*157. The case of tetragonalg6*r5’ symmetry 
(D4,,) will be Illustrated, since the derived expressions are often assumedQ6*’ “A 62 
to be relevant m other pomt-groups (& expressions have also been given’63v164). 
For a dx+,l gr ound state, the d-orbitals contribute to the followmg antibondmg 
molecular orbitals, which are based on the metal atom and the coordinating atoms 
of four ligands (denoted by superscripts 1,2,3,4) arranged in a plane. 
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a(d,a_y2)-a’[--0,(1)+~~)-t~,(3)-a3<4)]/2 

a,(d,2)-aa,‘[o,‘1)+0,(2)-a,(3)-a,<4)]/2 

b,(d,)-b,‘Cp (l)+p (‘)-p (3)-p 

b(dJ - b’QJ$’ -pj],,/2 ’ 

“‘]/2 

= 

b(d,,)- b’[$=‘2’-pz’4’]/J2 

(The o-orbttals are hybrids of the ligand s and p orbitals). The g-values derived 
by operating on these wavefunctions with the axial Hanultoman (3) are 

911-2 = -8p[ab,-a’b,S-a’(l-b,2)~T(n)]2] 
91-2 = -2,u[ab-a’bS-a’(l- b2)*T(n)/,/2] I 

(11) 

where S is the overlap integral mvolving u’~z_,,~ (the small overlaps for d’, d,= 
and dy, are ignored); T(n) IS a function of the metal-hgand distance, the effective 
nuclear charge and the extent of s-p hybridisauon of the ligand orbttals; p = 
AabJE(+, - 43), ,u = hb/E(Cp, - 44,5) and E is the energy of the indicating transi- 
tion. An interesting case arises if there is no .metal-hgand z-bonding (hence 
bI = b = 1 and b,’ = b’ = 0), then (usmg a2 + (a’)2 -2aa’S = 1, for the norma- 
lisatron of dl) 

g,,-2s -81 
(a’>’ 
y- +B 1 IJ%~JI-43) 

91-2 = --2i~. 
a2 (a’)2 E 2 - 2 +3 /WI-~,,,) 1 

and 

(12) 

The best test of this relationship involves the complexes21 Na,Cu(NH,),- 
[CU(S~O~)J~L, where L = NH, or HzO. In both cases, no equatorial tc-bondmg 
IS posstble with the NH, ligands, and E(c#J, - tf~~,~) x E(tf~ , - 43)_ No axial z-bond- 
ing is possible for the monoammine adduct, resulting in a G-value (4.01) very close 
to 4.00. The slightly lower value (3.85) for the monoaquo adduct could be due to 
(a) slight axial n-bonding, although any electronic effect of the Hz0 molecules 
has been ruled-out2’, (b) the effect of central-field covalency, or (c) inaccuracies 
in measuring the broad g,, resonance, or locating the dm + dxz-y2 transition. 

When n-bonding is present it is necessary to simplify equations (11) (unless 
nuclear and ligand hyperfke structure provide extra data) by ignoring overlap and 
the small terms in T(n). Thts leads to expressions previously derived by Steven? 56 : 

911 = 2-8812a2b,21E(+I-@3) 

g1 = 2-2~a2b21E(~I-4& I 
(13) 

These expressions are those of Table 8, modified by replacmg I with gb2112 or 
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a2b21Z. Thus, the parameters ab, and ab in the symmetry-restricted description 
have the same function as rII and rL m the central-field description. When both 
mechanisms are important, A must be replaced m Table 8 by r,,ab,ll or r,abit. 

For Dzh symmetry, the orbrtals 4.+ and $s are no longer degenerate (because 
d,, and d,,= lose theu degeneracy), and the following expressions are used’64J65: 

gr = 2-S82.a2b,2/E(q5,-q53) 

sx = 2-2Aa2c2[E($J1-&) (14) 
gY = 2-21aZb2/E(4, -4.J 1 

where the parameter b in the degenerate +4,5 orbitals has been replaced by b and 
c for +4 and 45, respectively. These expressrons should be modrfied due to the 
mrxing of Cpi and & via symmetry. 

If terms m ~~ and ul’ (Introduced through spin-orbit coupling between $~r 
and 42, in their symmetry-mixed forms) can be ignored, then instead of Eqns. (14), 
the expressrons of Table 8 may be used, with f. replaced by a2b12A, a2b2A or a”c’A, 
As with the central-field mechanism, rt is necessary to assume that b x c if any 
solutions are to be obtained. 

Smce u, bl, b and c are molecular-orbital coefficients, their values must be 
less than or equal to unity. Further, unless most of the d-electron density is m the 
ligand orbitals, the coefficients must be greater than 0.5. 

The extent of the departure of these coefficients from umty measures the 
extent of delocalisation of the metal electrons due to metal-hgand bondmg. Thus, 
“D” measuresg6 a-bondmg “b” measures out-of-(xy)plane n-bonding, and al 
measures in-(xy)plane rc-bondmg. It 1s often assumed 157.159.160.164 that there 1s 

no out-of-plane z-bonding (b = l), when the MO description is used, but the 
examples discussed below will illustrate that such a generahsatron is invalid. 

(il) Measured reduction factors 

The most accurate data are obtainable only when ESK and polansed electro- 
nic spectra are recorded on angle-crystals of known structure. Table 11 lists all 
such avarlable data on the amsotropy of X/J. (2.’ is the effective value of the spin- 
orbit coupling constant, Iz its free.-Ion value). 

It IS impossible to determine all of the parameters rJl, rL, a, bl and b from 
this data, but consider first the possibility that the dommant factor is symmctry- 
restricted covalency. Then m the absence of in-plane z-bonding (b, = 1) a and b 
may be determined. The his-ethylenediamine complexes” mvolve this situation 
(b, = l), since ethylenediamme is incapable of n-bonding and the “semi-~ Brdm- 
ated” axial hgands can only n-bond wtth the d, and d,,= orbitals. Table 12 lists 
the values obtamed for “a” and “6”. Only ranges can be given, since E(+, -+J) 
is only known withm hmtts. The values of b arc all close to unity, as expected for 
little out-of-plane z-bonding (with axial ligands), but not equal to unity. Cu(en),- 
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TABLE 11 

ANlSOTFXOPY IX THE REDUCt-ION OF THE SPIN-ORBIT COUPLING CONSTANT, CALCULATED FROlcf CRt-STAX. 

DATA? 

Compound (f:,,l?.)* Cn;lAl * Ref. 

CWen)2CBF4h 
Cu(exO2CC104b 

CuCen)2CSCN12 

Cu(ed2(N0& 
Cu(e&C12 H+O 
Cu(en&Brjt l&O 
Cu(en)Cb 
Na4Cu(NHJ)r(Cu(Sz03)2)2 - NH3 
Na,Cu(NH3)*~Cu(S~O~)~~~ - Hz0 
CU(NH&(CUB~Z)Z 
Cu(NH&WO& 
Cu(NH&S04 Hz0 
CuCNH&(SCN)2 
CuOilH&&uI2)~ 
Cu(UO,),(AsO& - 8i-W 
Ba~Cu(HCO& 4&O 
Cu(HCO& - 4HzO 
(MeNH&CuCI, 
Cu&edta Hz0 
C&U(CHJCO& 6Hz0 
(Me3@ZH2N)&uC14 
Cs,CuCI, 
Cu(dmg)t 
(NH~)CU~~~)~(~F~)~ 
K~BaCu(N0z)6 
Cu(N-Mesalm& 
Cu(3-Meacac)2* 
cu(NH&Ag(SCN)3 

.73---75 

.76- 77 

.71--75 
-7%-76 
6% 75 
69- 76 
68 

-77 
-76 
6% 75 

-74 
- 

.74 

.78-.72 
-80 
-78 
-77 
-71 
82 
926 

- 

-69 
- 
- 

81 
75 
77 

- 

-74 77 
74 77 

-71 77 
-78 77 
.7x 77 
72 77 
67 J34 

-78 21 
78 21: 

.72 11 
-73 11 
75 11 
76 11 
71- 78 11 
78 335 

-86 136 
-69 136 
66 166 
72 67 
78 125 
52 146,25 
51 167 
60 158,169 
77 93,75 
77 71 
77 I70 
74 80 

-68 147 

* Other acetytacetone systems are omitted, smce no agreement has been reached on the electronic 
asslgtlment (section G, If, c) 
t No corrections are apphed to the electronic energes m respect of wbrattonal quanta, nor IS 
the relativlstlc correction to the free-electron’s g-value included 

(CIO,), has the highest value of “a”, and this is coaststent wnh I% havrng’7’ the 
Iongest Cu-N bonds (2 04 A), and hence the least covalency. The ranges of the 
other “a” values overlap, but that of the chloride extends to the lowest vaIue The 
chloride would be expected to have the greatest covalency, since it has 172 the 
shortest Cu-X bonds (1.985 -4). P revious data on the bls-ethylenedtarmne com- 
plexes have not been consrdered, stnce the frozen solution resuIts’6o were based 
upon incorrect guesses for the electronic energies, and the crystal data” g*l 73 were 
interpreted on the incorrect basis of pure axial symmetry. There is now no reason 
to make an axiai assumption, since expressrons have been developed (see Appen- 
dix V) for calculatmg non-axial g-values for crystals containing two inequivalent 
molecular orientations. Cu(dmg)z has a lower value of A’, in agreement with the 
probabriity of considerable out-of-plane n-bonding. 
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TABLE 12 

MOLECULAR ORBITAL COEFFICIENTS FOR COPPER@) BIS-ETHYLENEDIAMINE AND TETRAAMMINE COM- 

PLEXES, CALCULATED FROM CRYSTAL DATA 

Compound n b 

Cu(enMBF& .73--75 98-100’ 
Cu(enMC10& 76- 77 96- 98 
Cu(er&(SCN)= .71- 75 94-l 00 
Cu(en)2(NO& .70--76 b 
Cu(en)nC1z - Hz0 .68- 75 94-l 00 
Cu(e&Br2 Hz0 .69- 76 -95-I 00 
NalCu(NHJ)s(Cu(SzOJ)2)Z Hz0 -76 100 
Na,Cu(NH3)J{Cu(SZ03)z}z NH3 77 loo 
Cu~H3)JCuBr~), 65- 75 96-l 00 
Cu(NH,),(NWz 74 -99 
Cu(NH&(SCN)z 74 b 

C~(NH3MC&& .78--72 91-100 

0 The values of “b” have been curtatled at 1 00, smce b cannot have a value greater than umty 
* All calculated values of “b” are greater than umty Thus has been explained” for Cu(en)t(N03)L 
m terms of an ambrgutty in g1 and gz values affecting only thus complex For Cu(NH3)&CN),, 
there may be a shght error m g1 due to large angles of mrsahgnment resulting from awkwardly 
shaped crystals 

The values of XII and ,I’, for the mono-chelate Cu(en)CI, are both less than 
the respecttve values in the brs-species. This IS expected, since the structurez6 of 
Cu en Cl2 involves chlorme atoms in the equatorial plane and these may contribute 
both to in-plane and to out-of-plane z-bonding. The mvolvement of considerable 
metal-ligand x-bonding with the chlorme atom is also suggested by the low values66 
of I.‘,, and I_‘, for the tetragonal-octahedra1 complex (MeNH&CuCl,, and the 
flattened tetrahedral complexes’67 CszCuC1, and [Me,+CH,N],CuCl,. 

The assumptron of no m-plane zr-bonding, should also be valid for the 
tetraammines”, and Table 12 gtves the MO coeffictents then obtamed. Agam the 
values of “b” are close to unity, and the iodide may have the lowest b-value. 
consistent with its having” the smallest tetragonal dtstortton. Further the range 
of a-values extends htghest m the Iodide, and lowest m the bromide. If the actual 
values behave m the same way, covalency IS greatest in the bromide, and least m 
the iodide. Thts agrees wrth the Cu-N bonds m the rodide’74 (2.14 A mean), 
bemg the longest of all the tetraammmes and almost the shortest in the bro- 
mide174 (1.996 A). 

No slmphficatron can be made for the other complexes hsted in Table 11, 
smce in-plane x-bondmg cannot be discounted for chlorine or oxygen atoms. No 

M-0. coefficients can therefore be calculated. However, certain trends can be seen. 
In most cases il’,, > XL, suggesting the presence of more out-of-plane z-bonding 
than mplane sr-bondmg Only for Ba,Cu(HCO,), - 4H,O and Cu(N-Mesahm), is 
this not true. 

The layer structure r ’ of Cu(HCOt), - 4H20 requires that the oxygen (for- 
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mate) p-orbltal, unused in sp2 a-bondmg (to copper and carbon, ieavmg a lone 
pair), is perpendicular to the plane of the Cu04 (formate) unit, and can therefore 
form n-MO’s with the d,= and dyz (and carbon) orbltals The lone pair is directed 
parallel to one lobe of the d, orb&& and can give httle overlap. The crystal 
structure therefore agrees with the anisotropy m z-bonding which is suggested by 
the 1’ values. 

The atuatlon in the structure 24 of Ba2Cu(HC02)6 - &I20 is complicated by 
the presence of Ba-O(formate) bonds. These require the formate groups of the 
(water)O-Cu-O(formate) plane to be orientated so that the oxygen p-orbltals are 
directed towards the d, orbital. This leads, as observed, to Ir-bondmg anisotropy 
of the opposite type to that of Cu(HC0,)2 - 4H20. In CU(UO,),(ASO,)~ - 8H201 6, 
the x-orbitals of the uranyl ion can bond with the copper d,= and d,,= orbitals, to 
produce the observed amsotropy. Acetate groups perform the same function in 
CaCu(CH,CO,), 6H2O ’ 5, the amsotropy of CuH,edta - H,O is not under- 
ctood6 ‘. Cu(N-Mesahm), ” ’ Y appears to have more in-plane n-bonding, than out- 
of-plane n-bondmg, and 1s also not understood. 

The five-coordinate complexes CU(NH~)~A~(SCN)~ 14’ and (NH,)Cu- 

(NH&@‘F& ” are interestmg, in that the Xl values indicate more out-of-plane 
bondmg in the former. This IS expected, due to the presence of thiocyanate h- 
gands14’. If a square-based pyramidal stereochemistry is appropriate for the latter, 
then no 7c-bonding can be present and (1.’ ,,/A)% z (A’JA)*, as m NaCu(NH,),- 
{Cu(&O& 1&H, ” (Table 11). Using an estimated value of @‘,,/A)* = 0.77, 
and gll = 2.2516 a value of the energy of the d” + dx2_pz transition of 15.7 kK is 

obtained, m reasonable agreement with a value of 15.0 kK for the energy of the 
dx5, d,= 4 d,+z transition. This suggests that, in axial copper(n) complexes m- 
volvmg c-bonding hgands, the values of (Xl,/%)* and (Xl/A)* may be reasonably 
equated, and used to evaluate the energy of the dsy -+ d,,_,2 transmon The recent 
attempt?” to calculate the effect of covalency on the second moments of the 
ESR spectrum of Na,Cu(NH,),{Cu(S,O,), j 2 (assummg that the ammonia ad- 
duct was used2’) must be incorrect, as the energy of the d,=, d,, --, dxz--y2 transItIon 
was “estimated” to be at 25 0 kK. 

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

Hltchman”6 has consldered the interpretation of rhombic g-tensors and 
has obtained the probabdity dlstnbution of the unpaired electron along the x-, y- 
and z-axes. In the case of two complexes_ Cu(MeOAc), * 2H,O and [Cu(bipy),- 
0NO]N03, Hitchman’s treatment drffers from oursl” 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 bc the z-axes, while 
Hitchman defines it as the x-axis. This labellmg wdl not effect the physxcal proper- 
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ties, however, it probably invalidates Hitchman’s approximation that r, = rY for 
these complexes. Plots of rY and r,, for varying r,, indicate relatively small changes, 
but are more valuable m showing that the wavefunctlon coefficients are relatively 
constant. 

APPENDIX 

1 LINE SHAPES FOR NON-DILUTE POWDERED SAMPLFZS*~” 

In a polycrystalhne sample, all possrbIe onentatrons of the molecules are presented to the 
magnetrc field, and therefore a spread of the signal 1s observed, thus being the envelope for all 
g-values between the principal values ‘OS Each g-value contnbutes to the lure-shape accordmg to 
its statistical weight. Several analyses of the lme-shape have been usedlo ro8-r1s, varying m 
sophlstlcatton, accordmg to whether the g-value, hyperfine and hne-width tensors are consldered 
to be notropic, axial or completely amsotroptc This allows computer sunulation of the hne-shape 
for a given set of parameters 

For each hypertine component (nuclear quantum number I), the absorption intenstty at 
field H IS 

S(H) = (21+ 1) --l---f(B) - ;; 

where for the axral case, j(0) = g12[(ga/g)2+l]/S (and g2 = gl12 cos2 &l-g12 sin2 0. when the 
field 1s at angle 0 to the g,, vector) and takes into account the vanatron of transmon moment 

TABLE 13 

A C~VPARIS~N OF sohuz CRYSTAL AND (UNCORRECTED) POWDER FSR DATA 

Complex Crystat g-values Powder g-tafues 

91 gz 93 Rel- g1 92 93 ReJ 

CuFz 5HF 5H20 2 090 2 410 103 2 084 2 383 103 
CuCIz 2HzO 2 037 2.187 2 252 103 2 050 2 195 2 250 125 
CuSO4 - 5H20 2 07 2 28 109 2 07 228 125 
(NH.ACu(S0.A _ 6H20 2 09 2 25 2 32 103 2.07 221 2 35 125 
WH.&Zn(SO& 6H2O 204 2 26 2.26 103 2 06 2 28 2 28 125 
KzCuCI, 2H20 2 06 2.22 2 22 103 2 07 2 24 2 24 125 
(NH&CuCI~ - 2H.0 207 224 2 24 103 207 2 26 2 26 125 
Cu(sahm)z 2.040 2 050 2 200 103 2 055 2 180 125 
Cux, A Y. S, & porphyrin* 205 2 17 103 2 07 2 19 103 
Cu(NH &SO4 - H,O 2 054 2 104 2 181 103 2 050 2100 2183 125 
Cu(en)3SO, 2.110 2 126 177 2.130 2 130 125 
Cu(e&(NO& 2 059 2 059 2 189 103 2 050 2 180 125 
Cu(en)Clt 2049 2.239 103 2045 2240 125 
WNH,)s(NW (FF& 2 0643 20666 22516 125 2 053 2240 93 
CuClz(PY)r 2.0611 20854 22198 125 2 065 2 09 222 125 
CWCS)z(PY)z 2 0573 2 0599 2.2790 125 2 055 2 27 125 
Cu(NH3)2(CHsCWz 2 0497 2.1100 22114 125 2049 2113 2214 123 
Cutren(NCS), 2 0835 2 1321 2 1572 125 2 060 2.178 2 178 124 
(NHJzCuC14 2.0652 2 1714 2.1734 125 2 152 2152 2152 125 
KAWNOA, 2.1016 21214 21794 125 2.10 2 10 2 174 125 
Cu(dmp)ClzH20 2 0299 2 1325 2 2752 125 2033 2.171 2 234 125 

* Measurements at bquid nitrogen temperatures 
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with angle. dN ts the number of spins (from the total of No) with then prmcrpal axes inchned 
between angles B and (B+d& to the field, and is gtven by dN = (Nc/2) sin 8 de. Eqn. (27) must 
be integrated over all 8, and the results summed for all hyperfine components Typical results 
(as derivative curves) are given m Frg 7. 

When these curves are compared wrth the parameters used for plottmg them, It IS found 
that the fields at points A, C, D, E and F correspondaop qmte closely to the values of gr, and q1 
(axial case), g3, gz and gr (non axtal case with g3 > g2 > gr) For qL, the agreement 1s even 
better1r5 with the field at a pomt dividmg BC in the ratio of (AH/P-KAH)-KAH Thedtfference 
between thefieldsat B and C is AH/P, and can be used to estrmate the crystal hne-wrdth (assumed 
isotropic) The values1r5 of the coefficients Pand K depend on whether the hne-shape IS gaussran. 

S(H) = S(H,,) cup 
(H-Ho)’ 

-4 In 2 -F 1 
or lorentztan, 

S(H) = S(Ho)/ [ 1+4 (H;Fz]. 

(where Ho IS the field at the centre of the signal). In the gausstan case P = 1.8 and K = 0 2, 
whtle for a lorentuan curve P = 2 28 and K = 0 15 

Table 13 shows a compartson between some powder(gl uncorrected), and crystal,q-values. 
Table 14 gives a further compartson 125, for the tetraammines and bis(ethylenedramine) com- 
plexes, which shows the advantage of the above correctton procedure for gl. For better results 
from powder data, It IS necessary to use computer simulatron techniquesrl’ ‘14_ 

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

II. ANGULAR VARIATION OF q-VALUES 

It has been shownro2 that the solutron of the wave equatton, usmg the axral Hamrltoman 
(3), grves AE = gf3H wrth g2 = g,,2 cos= 6+qL2 smZ 0, where 8 IS the angle between the applied 
field and the pnncrpal axis For the non-axtal case, the solutton 1s simrlar and 

g2 = g,212+gYzmz+gz2nz (15) 

TABLE 14 

A COMPARISON OF SOME CRYSTAL AND POWDER ESR DATA SHOWING THE EFFECTIVENESS OF THE 

CORRECTION OF gl FOR LINE-SHAPE DEPENDENCE125’76 

Complex Crystal g-values Powder g-cakes* 

911 91 9II gICu) gl@) glCL/ 

Cu(NH3MCuJhh 
Cu(NHA(CuL)+ 
CuO’JHMNW, 
CdN&LAdSCN) 
Cu(NH,MSCNL 
Cu(enMCIO& 
Cu(enMNCSh 
Cu(enMBF4)2 
Cu(en)lCIz - Hz0 
Cu(en)zBra - Ha0 
Cu(en)2(NO& 

Cu(enMWCNL 

2 214 
2 223 
2 234 

3 2 232 
2 237 
2 209 
2 199 
2 198 
2 205 
2 208 
2 184 
2 213 

2 047 2 206 2041 2044 2044 
2 056 2 219 2 051 2 055 2 OS5 
2 052 2 239 2048 2 050 2 050 
2 052 2 228 2046 2 050 2 050 
2 056 2 233 2047 2 052 2.051 
2048 2200 2045 2048 2048 
2044 2 195 2 043 2044 2044 
2.048 2 192 2043 2048 2048 
2047 2 205 2043 2045 2045 
2049 2 205 2042 2045 2 045 
2 066 2 180 2 050 2 057 2 057 
2 050 2 206 2047 2049 2049 

* 91(u) 1s the uncorrected value, whtle gl(G) and gl(L) are corrected respecttvely for gaussian 
and lorentzian lme-shapes 
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fig 2% The perspex rod used for single-crystal ESR measurements 

(g = 2 0036) on the rod (E), and by measuring the hyperfine sphttmg of a sample of MgO powder 
(contaming MnZ+ Impurity),, at the same chart speed Usmg the central 86 7-gauss mterval m 
the MnZ+ spectrum, the scale on the chart can be cahbrated in gauss/cm, while the DPPH slgnal 
ties the field at one point on the chart (if the klystron frequency is measured, smce hv,, = 
2 0036 BHo) Hence the field at which the sample resonance occurs can be calculated from the 
&stance on the chart between it, and the sharp DPPH slgnal 

A pronunent face of the crystal is first mounted on to rod-face A, with the edge of the 
cry&d face lying along the Intersection of faces A and B Then the rotation about the rod-axis, 
may be defined as the X-rotation, If the perpendicular to the crystal face IS defined as X The 
crystal is then shd around on to face B of the rod, and under a rmcroscope, the edge (which may 
be defined as the Z-AXIS) of the cry&d face IS ahgned perpendlcuiarly to the rod-a (using the 
microscope cross-wires) Rotation about the rod--s gives the Y-rotation FmalIy, using the 
rmcroscope, the crystal is reonentated on rod-face B, so that the Z-axis hes along the rod-axis 
(rotation about whxch aves the Z-rotation). 

The Geusn-Brown Eqns.116 (16) have, lmphcit wlthm them, augular ongins, such that 

& = 0” when WIS parailel to Y 
& = 90’ when HIS parallel to Z 
4, = 0” when WIS parallel to Z 
$y = 90” when Nis parallel to X (18) 

& = 0” when Nis parallel to X 
$z = 90” when N is parallel to Y J 

If these origins are not located exactly, then angular errors c~, cp and E= ~111 occur m the measure- 
ments FortunateIy, it IS possible to correct for these misahgnments (and all errors, since these 
may be represented as contnbutions to E, for example, in the Y-rotation, If the edge of the crystal 
IS not accurately aligned perpendicularly to the rod-axis, there IS a contnbution to 3, usmg three 
matrix elements, which would otherwise be redundant. Reference 118 shows how t& IS done, 
and ako qves equations for the least-squares analysis 

The angles E are given by 

2&z = flcos-’ I (u~-4/2(b,*+c,2)* I -tan-’ 1 cJb= II 
2.5, = f[cos-’ 1 (a,-u_-)/2(bpz+cyz)* 1 --tan-l 1 c,/b, I] 
2e, = f[cos-’ 1 (a,--a,)lZ(b,*+c,=)* I --tan-’ 1 c=/b, I] 
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The angles on the right-hand-side of these equations may be taken in the first quadrant, if the 
srgn (St) is that of c/b. Here, a = grC2+g,,2, b = t(gil* 
gr,* cos 2c-_g(grr*-g,,=) sin 2e. 

-g,/) cos 2e+g$ sm 2.s, and c = 

Ayscough”* suggests that the maximum and mmimum g-values m each rotatron may be 
used to calculate the off-diagonal elements of the [g,,‘] matnx- 

BC? = ~I(~X~2-(9112-9,,2)21* (21) 
(Ayscough’s equation 5.18 is mcorrect I*‘) where dXis the drfference between the maximum and 
mmimurn values of g2 = X. It 1s also possrble to obtam the chagonal eiements. m the same 
wayL4’, in terms of the X’ = X,, + X,,,,- 

su: z = MX,,+x’,-X& 
g,, 2 = t(x’,+x’_-x’,, 

I 
(22) 

gzzz = B(x’,+X~~--x’zJ 

where the subscripts xy, xz and yz refer to the planes perpendrcular to the rotatron axes. gr12 IS 
taken to be posrtrve rfg2 reaches a maximum m the quadrant between the posrtive r- and j-axes, 
and negative rf g2 reaches a nunimum m this quadrant. 

Thus, all the diagonal and off-diagonal elements of [gnz] may be evaluated, using eqns (21) 
and (22), from only SIX measurements-the maxrmum and the muumum value of g2 in each of 
three rotatrons These measurements can easdy be made with an instrument such as the JEOL 
JES3BS-X ESR spectrometer, where the oscdloscope display IS sufficrently sensitive to the varia- 
tion ofg-value, so that the postttons of the extrema may be located vrsually. A further advantage 
of this simple method 1s that angular mrsahgnments are taken into account automatically 

IV ESR LINE WIDTHS FOR SINGLE CRYSTALS102-‘03 *” Iso 

Electron spin resonance consrsts not only m an absorptron of energy to gve an exerted 
state, but also the decay (“relaxatron”) of this excited state If the relaxation is fast, the excited 
state hfetrme IS short, and hence the energy uncertamty 1s large (vra the Hersenberg pnnciple), 
resultmg in a broad spectral absorption lme The hne-width (expressed as a magnettc field) IS 

AH - 1/(2nTl) 

where Tl is the relaxatron time. The relaxation mechamsm is, therefore, Important, and can be 
of two forms-spur-lattice relaxation, or spin-spin relaxation Uusually, the energy is transferred 
from the electron spur-system to the lattice vrbratrons The spur-lattice coupling (characterised 
by Tl) is provided by the spin-orbit interaction 

Tl decreases (AH increases) as the temperature mcreases, because the lattrce vrbratrons 
increase m amphtude Tl also depends on g, and hence on the sensitivity of g to stereochemrstry. 
This sensitivity depends on the presence of low-lymg excited states whrch are spm-orbrt coupled 
to the ground-state For tetrahedral copper(R) compounds”’ (e g CUCI~~-), there often IS such 
a low-lying state (due to the sphttmg of the zT2p state), hence TX IS short and AH large 

There may be an interactron between two or more spm-systems (I e metal ions) and th:s 
1s charactensed by the spin-spin relaxation time (T2) There are two mechamsms for tlus process 
-a drpole/drpole Interaction between ions regarded as fixed magnets, and an exchange inter- 
actron, through the correlatron of electron spms via orbital overlap Neither of these effects 1s 
temperature dependent, but both are proporttonal to the inverse-cube of the mter-spin dntance. 
Thus, dilution reduces the spm-spm contributions to AH 

Spm-spm interactions may broaden the resonance hne, because the electron spm produces 
a magnetrc fieId of N 600G at a typical drstance of 4 A. Thus adds or subtracts from the applied 
field, thus spreading it. However, electron delocahsation results m lure-narrowing because the 
electron “sees” the average of all the local variatrons rn magnetic field. The combined effects of 
the dtpolar and exchange contrrbutions are gtven by”’ 

AH = 20Hp2/3H, 

where the drpolar component HP is 1.849 lo4 gJao3 (a0 = unit-cell length 111 A) for a cubrc 
latttce, and the exchange component H, is 2[2 83S(S+l)]*Jhc/gfl (J = exchange energy in cm-l). 

Coordm. Chem. Rev., 5 (1970) 143-207 
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The results of these two factors can be described by drstmguishmg four cases- 
(1) Identrcal (S = +) spin-sites give rise to lme-narrowing through contnbutlons to the fourth 

moment of the lme [f (H--W#I(H) dN, where Wa is the resonance value of the field, and 
f(U) @VW the shape of the absorptron curve, as a funchon of HI 

(ri) Non-Identical spin-sites give rise, in addrtron, to a broadening, through contnbutions to the 
second mo 

$ 
ent of the ime [I (H-ff#f(H) dW]. However, lmes due to each of the non- 

equivalent SL es ~111 be observed. 
(rn) Relatively strong exchange between non-equrvalent Ions causes the narrowmg effect to be- 

come dominant Further, the several lures draw together as the exchange interaction m- 
creases, and finally coalesce [when J > (g-g’)fifi, where g and g’ refer to different sites] at 
the root-mean-square g-value This effect 1s shownrE2 at 9000 MC/S (X-band) by CUSOO- 
5H20, but at higher frequencies the two separate lures are observed 

(IL) Strong exchange results when rdentrcal ions are grouped in isolated pans The effect, then, is 
of a single spin-system with S = 1 or 0 Thus situation 1s present1 83 m [Cu(CH3C0& - Hz012 
The trrplet state grves a zero-field sphttmg and hence absorptrons at two values of the magnetrc 
field. It is not the purpose of this review to drscuss these binuclear complexes 

Now, rf the umt cell of the copper(D) complex contams molecules m only one onentation, 
spm-spm mterachons ~111 affect the lure-width, but not the g-values, until the strong exchange 
of case (iv) 1s reached However, If the unit cell contains two or more sets of crystallographrcally 
non-equivalent ions, the spm-spin Interaction wrll not only affect the Ime-wrdth, but may cause 
the mdrvrdual signals to draw together1s2 or coalesce before the exchange mteractron becomes 
strong (J - 0.03 cm-’ compared wrth J - 300 cm-’ for [Cu(CHaCO& H,O],). In fact, 
vutually all non-ddute mononuclear copper(D) complexes, wrth non-eqmvalent Ions exhibit only 
the smgle coalesced signal at X-band frequencres ro3_ This is probably due to the dependence of 
J on AZ, which IS relatively large for copper(D) 

Other contnbutions to the crystal hne-width come from unresolved hyperfine structurero4, 
and from the avoidable mstrumental effects of saturatron broadenmg (too much power) or 
modulation broadenmg (too large a sweep field) 

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

Consrder the case of a urut cell containing only two sets of crystallographically non- 
eqmvalent (but chemrcally equrvalent) aural molecules Let the two prmcipal axes of the molecules 
(along the directions-of g’,, and g”,, for the two sets of molecules) be mclined at angle 2y, 
and let the y and z axes brsect thus angle, while the x axrs IS perpendrcular to the plane contamrng 

Fig. 29. A, the relationship between two ax& molecules and B, the relationship between two 
non-axial molecules 
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the g’,, and g-,1 vectors (Fig 29A) Then it has been shown II9 that the crystal has principal 
g-values which are along the x-, y- and z-axes, and given by: 

sx =g1 
gp = Ig,,* cos* y+g12 sin* y]* 
g= = [9,,* sin* y+g,* cos* y]* I 

(23) 

Thus, if y = 45”, g, = gr and the crystal could be mrstaken for one with effective g-values of 
“‘g,,” = g1 and LLgL” = a7,,*+~~3/21*. 

Untd recentlyl*o, equatrons were not avadable for the non-axtal case. Thrs requues two 
further angles (6 and r,r) to specify the mchnatton of the two sets of g* axes to the x-axrs The 
x-axis IS defined as perpendrcular to the plane contammg the two g* axes, these bemg Inclined at 
an angle 29 to each other, and the y- and z-axes bisect the angle 2y mtemally and externally 
(Fig. 29b). Hypothetical rotations of the magnetic field are performed, about the x-, y- and z-axes 
to gave a matrtx [(gl)*)*], m the same way that [srr2] 1s obtamed experimentally The elements of 
this matrix are**O_ 

(g,,*)* = g3* cos* y+g2* sm* T-_3(g2*-gl*) sm2 y (cos* 6+cos* v) 
(gZZ*)* = g** sin* y+g** cos* y-_t(g**-gr*) cos* y (cos* 6fcos* q) 
(g,;*)* = &(g**-g,*) sm2 y (cos2 6-cos2 17) (24) 

(gXZ*)’ = 3(g**-gr*) cos y (sm 26+sm 2~) 
(gxp*)* = -a(g**-gl’) sin y (sm 26-sm 2~1) 

(grx*)* = 91*+&72*-91*) ms* BfCOS2 d 

If thus matrix IS dragonahsed, the principal g-values are obtained Conversely, from the measured 
prmclpal crystal g-values (ga, ga and gc), the molecular g-values g,, g* and g* may be calculated 
The problem 1s comphcated, unless (as usual, smce molecules are often related by screw drad 
axes) 6 = 11 when g,.=* = g=,.* = 0 In thrs case, gl. g* and g3 may be obtained from the measured 
values and the crystallographtc angles y and 6 using the simultaneous equations 

%* = (SPY*)= 
g.*-i-gc* = (gx.r*)*+(g:Z*)* (25) 
ga * - gc* = (gxx*)* - b7:,*)*--_(gzz*Y 1 

The problem IS generally more comphcated for more than two non-equivalent sets of 
molecules, but may be slmphfied rf the sets are related by symmetry elements Thus, rf there are 
four sets of axial molecules m an ortborhombtc unit cell, all makmg the same angle p between 
their z-axes and the crystallographrc C-MIS they may often divide into two pairs Within each 
pair, the z-axes are mclmed at angle Zp, and the planes contwnmg the z-axes of each parr are 
inclined at the same angle (0) to the a-axrs, and at angle 20 to each other Due to exchange 
narrowing, each pair forms a system with prmcrpal g-values given by equations (23) (wrth y = g). 
The pairs interact through exchange narrowing, accordmg to equatron (24) (where y = w and 
6 = 11 = 0), giving the following pnncipal g-valuesrz5 

9P = ]g1*+(g,,* -gL2) sin2 p sin* o]* 
glJ = rg1* +(g a*--913 cos* PI* 

1 
(26) 

gr = l&*+(g,, * -gl*) sin* p co? o]* 

In parttcular, tf the four axial molecules are arranged wrth their z-axes pomtmg towards 
the corners of a tetrahedron, p = 54”4I’, and w = 45”, giving gr, = g4 = g, = [(2g1*+g11*)/3]*, 
and only one g-value 1s observed at all orrentattons A smular, apparently isotropic, signal 1s 
produced from three mutually perpendrcular molectdes. Other combinatrons may give principal 
g-values which are so close that they cannot be resolved The case of four non-axial molecules in 
an orthorhombic umt cell has also beer. considered ‘*’ However, exchange IS not the only me- 
chanism which can produce tsotroptc signals, alternative explanations mvolve the presence of 
free-rotation, or of pseudo-rotation of the dynamic Jahn-Teller tyFe’O 

Coordm Chem Rev, 5 (1970) 143-207 
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VI. THE ELECTRONIC SELECTION RULES FOR THE COPPER ION IN VARIOUS SYMMETRIES AND GROUND STATES: VIBRATIONS ALLOWING THB TRANSITIONS 

Polnr a0 b c d e a-Ground state 
group b+a C-W d+a e3a 
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a+b c+b d+b e+b 

c-Ground state 

a-w b-w d-w e3c 
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u The letters a, b, c, d and e represent the dz2, d, 2_y2, dXY, dXz and dyl orb&&, respectively b These ground states are not appropriate as they would be doubly deEener~te and 
SubJect to a Jnhn-Teller distortion to a lower symmetry, or the degeneracy IS hfted by spm-orblt couplng, in which case the double group must be consldcred 
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