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Calculations of the orbital energy vs tetrahedral (D,, and C,,) distortion parameters are reported for
copper complexes on the assumption of constant metal-ligand distance. The possible ground states of
the complexes are considered and the respective spin Hamiltonian parameters vs distortion parameters
dependences are calculated. Comparison with experiment led to good agreement: the relation between
the orbital splittings and dihedral distortion angle is found to be linear for symmetry C,, in a wide range
of distortion of the regular tetrahedron, and distortion of the D, crystal field has a compensatory effect
lowering the hfs splitting from 4p-orbital admixture into the ground-state wavefunction.

1. Introduction

Tetrahedral coordination of the copper
(I1) ion is less common than octahedral co-
ordination; moreover, in four-coordinated
Cu(Il) complexes, square—planar geometry
is favored. In spite of this, tetrahedral cop-
per(Il) biocomplexes (e.g., CuN,S, in blue
proteins (/)) play an important role in the
biological activity of proteins (2, 3).

The existing EPR data for Cu(Il) ions in
tetrahedral coordination point to character-
istic differences between the parameters of
these spectra and those of copper(II) ions in
octahedral and square-planar coordina-
tion. The differences are due to the circum-
stance that the crystalline field splitting in
tetrahedral symmetry is usually smaller and
has the opposite sign (i.e., the ground-state
wavefunction differs) and, moreover, a hy-
bridization of the 34 and 4p wavefunctions
appears.

The regular T, stereochemistry of the
copper(Il) complexes is not stable because

of the Jahn-Teller effects in triplet state (4).
Hence, one predominantly deals with
pseudotetrahedral complexes, variously
distorted with respect to the regular 7, ste-
reochemistry. In the limit, an increase in
this distortion leads to planar geometry of
the copper complexes (i.e., square—planar
D, , rectangular C,,, or planar-trigonal
Dg,). Various pseudotetrahedral geometries
of copper complexes are shown in Fig. 1.

Trigonal distortion of the four-coordi-
nated Cu(Il) complexes is very rare and ap-
pears in ZnO:Cu?* (5) and is suggested for
copper(Il) complexes in zeolites (6). We
shall refrain here from considering this kind
of distortion.

Other, more common types of distortion
of the tetrahedron consist in tetragonal D,,
and rthombic C,, distortion of the complex.
Most often, the regular four-coordinated
complexes are weakly distorted to slightly
flattened tetrahedra or tetrahedrally de-
formed square-planar geometry. It is very
interesting that in deformed tetrahedral
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FiG. 1. Symmetry of distorted tetrahedral stereo-
chemistry. Angular distortion parameters 8, 8', ¢ are
defined in Fig. 2. (Asterisk indicates that form cannot
really exist.)

complexes of the Cu(Il) ion, contrary to
tetragonal deformation octahedral com-
plexes, each of the 3d wavefunctions of the
copper ion can be a ground-state wavefunc-
tion depending on the symmetry and degree
of deformation of the complex. Moreover,
a mixing of d—-d and d-p wavefunctions
in low-symmetry pseudotetrahedral com-
plexes considerably affects the EPR param-
eters.

In this paper, we report and discuss crys-
tal field theoretical results for the tetrago-
nally deformed tetrahedron in one-electron
formalism of the Cu(Il) ion. The deforma-
tion of the complex is assumed to occur
with the Cu-ligand distance remaining con-
stant. Moreover, we give the accompany-
ing changes in EPR parameters in the crys-
tal field approximation. We omit the
additive term representing the destabiliza-
tion energy E, = 4F, (R) originating in
metal-ligand repulsion.

2. Crystal Field Theory of
Pseudotetrahedral Copper(Il) Complexes

In regular 7, symmetry the 2D term of the
copper(1l) ion splits into a low-lying doublet
(E) and a high-lying triplet (7,) with split-
ting equal to

Ar = 20gF(R)/27, ey
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where Ay is the tetrahedral cubic splitting
and g the effective charge of the ligand (in
units of elementary charge) distant by R
from the central ion, whereas F,(R) is the
fourth-order radial integral of the crystal
field (7). In a first approximation, on the
assumption of small radial extension of the
unpaired electron wavefunction, we have

FyR) = (r*)/R? (2)
with (r*) the mean-fourth-power radii of
the 3d orbital. Putting (r*) = 0.19555 A*
(8), we obtain

Ar = 16855.488q/R5, (3)

where Ar is in centimeters—! and R in ang-
stroms. For the typical values R = 2 A and
Ar = 3000 cm™! we getg = 5.7¢. This value
of the ligand effective charge leads to good
agreement between our calculations and ex-
periment, and we shall apply it henceforth.

It should be stressed that, when deriving
Eq. (3), we assumed the radial integral F, in
the form (2). Strict calculations of F, apply-
ing Ballhausen’s ‘‘master formula’’ (9, 10)
show that F, from Eq. (2) is underestimated
and that, consequently, the value of g in
Eq. (3) is slightly overestimated.

2.1. Dyy Symmetry

The tetragonally D,, distorted four-coor-
dinated complex is presented in Fig. 2a.
The perturbation parameter is given by the
angle 8 between the z axis of the complex
and the Cu-ligand vector. According to the
deformation angle, we have a regular tetra-
hedron (81 = 54.74°), an elongated tetrahe-
dron (8 < B1), a flattened tetrahedron (8 >
Br), or a square—planar complex for g =
90°. The x,y,z coordinate system is chosen
as for tetrahedral symmetry and, for corre-
lation with the square-planar limit, it
should be 7/4 rotated about the z axis when
B = 90°. The matrix elements of the crystal
field perturbation in D,; symmetry are
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FiG. 2. Tetragonal (D,,), rhombic (C,,), and trigonal (C,,) distortions of a tetrahedron. In T; symme-
try B = 54.74°, 8’ = 109.48°, ¢ = 90°, h = 0.707 a, R = 0.612 a.

Voo = eq(4F, - A/7 + Fy - B/7),
V=V
= eq(2F, - A/7 — 2F;- B/21),
4
Voo = Vooy @)

Vaos = V_g = SeqF, sin*g/6,

>
]

Jcos?B— 1
35 cos*B — 30 cos?’B + 3.

>
I

The other elements of this 5 X 5 matrix
vanish. The preceding formulae involve, in
addition to F,, the dependence on the sec-
ond-order radial integral F,. Like F,, the
radial function F, can be approximated by
the relation

Fp = (r*)/R, &)

where the mean-second-power radii of the
3d orbital is (r?) = 0.28786 A? for the cop-
per(II) ion (8). The solution of the secular
equation reduces to solving an equation of
the 2nd degree, and gives, for the energies
of the 3d orbitals,

€(z2) = 2Ds(3 cos?B — 1)
+ #5A(35 cos*f
— 30 cos?B + 3),
e(xy) = —2Ds(3 cos?B — 1)
+ 135A(35 cosiB
— 50 cos?8 + 19), (6)

e(x®2 — y¥) = —2Ds(3 cos?’B — 1)
+ 35A1(5 cos?B — 4),

e(xz,yz) = Ds(3 cos?B — 1)
— #A1(35 cosiB
— 30 cos?B + 3),

where
Ds = 2qF,/7 = 9539.055 ¢/R? )

and Ds is in centimeters™! if R is given in
angstroms. Ds is a tetragonal crystal field
parameter and is related with the tetrahe-
dral cubic splitting parameters Aq:

Ds(cm™) = 0.565932 R*Ay. 8)

For all known Cu-ligand separations R, in
tetrahedral complexes, Ds exceeds Ay. The
parameters Ds and Ar are plotted in Fig. 3
as functions of the Cu-ligand separation.

The energy levels are plotted vs the dis-
tortion angle 8 in Fig. 4a for R = 2.1 A and
q = 5e. Figure 4 shows that in the com-
pressed tetrahedron d,, is the ground state
if B = 54.74-90°. When the tetrahedron un-
dergoes elongation (8 = 0° + 45°), the
ground-state wavefunction is d,z, and split-
ting is greater than in the flattened tetrahe-
dron. From 8 = 45 to 54.74° the ground
state is twice degenerate, with the wave-
functiond_, ,, . This degeneracy is removed
by spin—orbit coupling.

The orbital splitting with respect to the
ground state is shown in Fig. 4b for the
above-considered cases. Here, the smallest
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FiG. 3. Influence of the Cu-ligand distance R on the
crystal field parameters Ay (cubic splitting in 74 sym-
metry), A, (cubic splitting in O, symmetry), and Ds
(tetragonal field parameter in D,, tetrahedral field). Ef-
fective charge of a ligand is assumed as g = 5.7e.

angle 8 amounts to 30° since no greater
elongation of the tetrahedron should be ex-
pected to occur because of the steeply in-
creasing ligand-ligand repulsion. In the
limit, flattening of the tetrahedron leads to
square—planar coordination (8 = 90°), for
which the ground state takes the formd z_,»
(on rotation of the coordinate system x,y,z
by 45°). It is characteristic for this coordi-
nation, resulting from Eqgs. (6), that the or-
bital splittings referred to the ground state
fulfill the equation

3E22 + 2E:u = 4E:z,uz (9)

Most commonly a tetragonally flattened tet-
rahedron occurs, such as CuN,S, with 8 =
60° in blue proteins (/), CuN, with 8 = 60°
in the series of pyrrole-2-carboxaldehyde
Schiff base Cu(Il) complexes (I1), and
CuN, with 8 = 70° in the series of bis (sali-
cylaldiminato) Cu(II) complexes (/2). A te-
tragonally elongated tetrahedron with the
ground state d_: has been proved by EPR to
exist in CaWO,:Cu?* (13).

A similar analysis of the d-orbital ener-
gies of CuCl:~ tetrahedron subject to D,y
deformation has been performed by Smith
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(24) assuming the covalency of o and =
bonding.

2.2 Cy, Symmetry

The C,,-thombic distorted tetrahedral
complex is shown in Fig. 2b. The distortion
parameter is given by the angle ¢. For ¢ =
90°, we have the structure of a regular tetra-
hedron, whereas at ¢ = 0° we deal with
rectangular—planar geometry. The coordi-
nate system x,y,z is chosen so that the axes
x and y shall halve the dihedral angles. The
perturbation matrix elements now are

Voo = _4eqF4/9,

Vi = V_i1 = 8eqF,/27,
Vg = V_g_p = —2eqF,/2], (10)
Vo, = V_,, = eq(—80F,cosg /189
—4F, cos¢/7),
Vz_z = V_zz = _loeqF4 COSZ¢/27.

The other matrix elements vanish and solu-
tion of the secular equation, in this case,
provides the energies of the orbital levels:

6(22) = —3AT/5’

40
D2q
20
3 m
5 3
w 10 -~
13574
| R I S | t i S T
0° 30° ° 3 60° 90°
angle 8

FiG. 4. Influence of the D, tetragonal distortion of a
tetrahedron on 3d-orbital energies € and d—d transition
energies E. The angle 8 is defined in Fig. 2. The
ground-state wavefunction is d,z (A,) in the range 8 =
0-45°,d,,,, (E) in the range B = 45-54.74°, and d.,
(B,) in the range 8 = 54.74-90°. The Cu-ligand sepa-
ration R = 2.1 A and ¢ = 5e are assumed.
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e(xy) = —Ar(1 + 5 cos2¢)/10,
e(x® — y?) = —A(1 — 5 cos2¢)/10,

e(yz) = 2A((1 — 10 cosd/7)/5 (11)
—2Ds cos¢,
€(xz) = 2A4(1 + 10 cos¢/7)/5
+ 2Ds cosd,

where Ds and Ay have the same meaning as
before. The ground state of the electron 3d°
in the C,, perturbated tetrahedron is d,,
(Fig. 5). The energy levels are plotted vs the
dihedral angle ¢ in Fig. 5a, whereas split-
ting with regard to the ground state is
shown in Fig. 5b. In the rectangular-planar
limit (¢ = 0°) of C,, deformation, the coor-
dination system x,y,z of Fig. 2a is no longer
appropriate. In order to achieve good cor-
relation with the square-planar limit, we
rotate the coordinate system x,y,z by «/2
about x. We now obtain sequences of orbit-
als as in the case of square—planar coordi-
nation with degenerate orbital level 4, ,,,.
A different degeneracy of the orbitals is
found for ¢ = 45°. Here, the orbitals d,,
and d,»_,» are degenerate, as for the cubic
field. This is so because for ¢ = 45° two
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ligand planes (see Fig. 2a) lie exactly be-
tween the lobes of the d,2_,. and d, orbit-
als. As the angle ¢ decreases from the tetra-
hedral limit to the planar limit, than at ¢ =
45° the |xy ) wavefunction goes over into |x?
— y?) and vice versa.

A discussion concerning the possible
ground state in C,, symmetry based on po-
larized single-crystal electronic spectra of
CuN, complex in Cu(bipyam), (ClO,), has
already been given in Ref. (/4). It thus can
be presumed that for ¢ > 45° we have a C,,
distorted, flattened tetrahedron, whereas
for ¢ < 45° we have tetrahedrally distorted
rectangular—planar geometry. It is note-
worthy that for the C,, flattened tetrahe-
dron, the orbital splittings referred to the
ground-state increase linearly as the dihe-
dral angle decreases. This correlation be-
tween the splittings and ¢ has been found
experimentally as the result of optical spec-
troscopy studies (/5). Within the series of
pseudotetrahedral C,, copper(Il) com-
plexes of 2,2'-dipyridylamine (HDPA) with
dihedral angle in the range 55-57°, the
CuN, tetrahedron (/6, 23) exhibits direct
proportionality between the increase in en-

x2y? Cav
20+
140
i 10r m
v 4 =
‘:O_ XLyl ou
— (2]
w Or o 3,
H20—=
2Z\yz
~-10F
xy
_20.—
[ I B [P S N
o° 30° 60° [od 30° 60° 90°
angle ¢

FiG. 5. Influence of the C,, rhombic distortion of a tetrahedron on 3d-orbital energies and d-d
transition energies E. The dihedral angle ¢ is defined in Fig. 2. The ground-state wavefunction is ds_,:
(A,) for small ¢ values and d,, (B,) for large ¢ values. The Cu-ligand distance R = 2.1 Aandg = 10e

are assumed.
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TABLE I

THE GROUND-STATES IN TETRAHEDRAL AND PSEUDOTETRAHEDRAL COPPER(II) COMPLEXES
(DISTORTION PARAMETERS ARE DEFINED IN FiG. 2)

Ground state

Symmetry Distortion parameter value Symmetry 3d wavefunction
T, B = 5474, 8 = 109.48°, $ = H° T, Xy, Xz, ¥Z
Dy, 0<pg8 =45 A,y 22
45° < B < 54.74° E Xz, yz
5474 < B = 90° B, xy
Dy B =90 B, xt—y?
Cy 0= ¢ <45° A, X% —
45° <=9 B, Xz
Csp 90° < B’ < 109.48° E' XZ, ¥2

ergy of the optical transitions (optical band
energy) and the decrease in dihedral angle.
The same relationship is suggested from
studies of halocuprates(II) with dihedral an-
gle in the range of 50° in the CuCl, pseudo-
tetrahedra (17).

Hence, according to the kind and magni-
tude of deformation of the tetrahedron, the
ion Cu(Il) exhibits different ground states.
The latter are listed in Table 1.

3. EPR of Pseudotetrahedral Copper(II)
Complexes

EPR parameters are affected by various
factors, in particular by the ground-state
wavefunction.

3.1. Ground State d ., (B,)
The ground-state d,, occurs in D,, flat-

tened tetrahedral Cu(Il) complex; the EPR
spectrum now possesses the axial symme-
try. To this ground state of symmetry B,,
the crystal field can admixture the state
4p, of the same symmetry (see Table II).
The latter admixture can attain as much as
30% (i8). Similar effects of hybridization
occur for the states d,,, d,., and 4p,, 4p,.
Accordingly, the wavefunctions now are

P(By) = adyy + p.,
W(B)) = dy_p,

W(E) = ydez e + LPr.y>
WA, =8d,2 + 8.

(12)

Hence, neglecting small terms (second-or-
der in 7 and {), the spin Hamiltonian param-
eters become

TABLE II
SYMMETRY OF ORBITALS IN TETRAHEDRAL AND PSEUDOTETRAHEDRAL GEOMETRIES

Orbitals
Symmetry z? xt — xy Xz vz Pz Py Pz s
T, E E T, T, T, T, T, T, A,
Dy, A, B, B, E E B, E E A,
Dy, Ay B, B,, E, E, Ag E, E, Ay
Csy A, A, A, B, B, A, B, B, A,
Ca A, E E E E A, E E A,
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g” = 2.0023 - Sazhd/EzZ_yz,
g = 2.0023 — 2(a%y™\,
- a'yczkp)/Ezz,yz »
+3g — 2] + Pm*(—x + 3),
A, = Py[—ka® + 30? + H(g, — 2)]

+ Pni(—k — %),

where A\, = —829cm™' and A, = —925cm™!
are free-ion spin—orbit coupling constants
for 3d and 4p orbitals, respectively. E;; are
the energy separations between the ground
state (B,) and the d,; orbital. P; = 0.0360
cm™! and P, = 0.0402 are the copper-ion
dipolar hfs parameters for 3d and 4p orbit-
als, and « is the Fermi contact parameter
(kp = 0.43 in free Cu(Il) ion). An admixture
of states B, and E does not affect g, but
slightly lowers g, and A, . The hfs splitting
value A is the most strongly affected by 4p,
mixing. Since the first term of (/3) is nega-
tive, whereas the second term—that due to
the 4p admixture—is but slightly smaller
and positive, it lowers |4, very considera-
bly. If the p-state admixture is negligible (5
= { = 0), i.e., when dealing with a purely
d,, ground state, the dependence of g and A
on the deformation angle of the flattened
tetrahedron is easy to obtain. Assuming the
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splitting values of Egs. (6) for R = 2.1 A
and g = 5e and taking P, = 0.0360 cm™! and
x = 0.25 (as in aqua-copper(Il) complexes),
we obtain the plot of g and A values vs
angle 8 shown in Fig. 6. One notes that
when the tetrahedron is compressed (in-
volving an increase in B8 from 54.74 to
90°), gy, g,, and A, decrease, whereas |4|
strongly increases. In the square-planar
limit (8 = 90°) the changes ing,, g,, and A,
are negligible. Obviously, the D,, deforma-
tion of the tetrahedron leads to a change in
|A,| opposite to that caused by an admixture
of 4p orbital; however, this effect can only
partly compensate for the decrease in |A|
caused by the admixture in question.

The influence of such a tetragonal defor-
mation on the EPR parameters can be eval-
uated by comparing the latter for square-
planar (D,,) and pseudotetrahedral (D,;)
[CuCL]™2 complexes in K,PdCl,:Cu?* (/9)
and CsZnCl,:Cu?* (20), respectively,

g =2.233, g = 2.049,
Ay =164, A =345,
g = 2.446, g = 2.090,

A, =25 A =48,

where the A values are in 107¢ cm™', The
above comparison shows that the tetrahe-
dral deformation of the [CuCl,]?~ complex

26 Dag
—160
- A,<0 i
L 9 >
S24 120~
K =
| - Q
o | n&
80 3,
22+ ] =
- 40
9, &ﬁ
20+
1 1 1 1 1 1
60° 70° 80° 60° 70° 80° 90°

angle B

FiG. 6. Dependence of the spin Hamitonian parameters ¢ and A on angular distortion of the D,,

flattened tetrahedron with 4, ground-state wavefunction; R = 2.1

A,qg=5¢,k=025P=0.036cm™.
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is in good agreement with the predictions of
crystal field theory (Fig. 6).

3.2. Ground State ds (A,)

This ground state of the Cu(Il) ion occurs
in the tetragonally elongated D,, tetrahe-
dron. For this ground state, an ‘‘inverted”
axial EPR spectrum is expected with the
spin Hamiltonian parameters (with accu-
racy to the second-order of perturbation
calculus)

8 = 2.0023 - 3()‘/E.'cz,yz)2s
g = 2.0023 — 6MEz, .

- 6( MExz,yz)za
2
-
L6 A 15
7E:cz,uz 7 Egz,yz, (14)
A 3\ 2
P _K(l - 2E§zmz> -7
L N S T A
7 E.tz.uz —IZE:‘u.uz ’

where A = Az and P = P, as in formula (13).
The g and A values vs 8 (the angle of the
D, deformation) are plotted in Fig. 7 for g
= 10e, R = 2.1 A (Egs. (6)), k = 0.25, and P
= 0.0252 cm™! (i.e., on the assumption of
the orbital reduction factor £k = 0.7). Such

HOFFMANN AND GOSLAR

an inverted EPR spectrum (with g, < g ) is
observed for copper(II)-doped CaWO, (13)
with g, = 2.072, g, = 2.286, |A,| = 38.5 x
1074 cm™, |A| = 55.6 X 1074 cm™'. Thus
the ordering of the g and A parameters is in
conformity with crystal field theory (Fig. 7),
but the experimental values of the hfs pa-
rameters A are much lower. This is so be-
cause of the quite uncommonly low value of
P =10 x 107 cm™! (Eqs. (14)), postulated
on the basis of EPR measurements (/3)
(i.e., with k = 0.03) for the case under con-
sideration. Taking P = 0.0072 cm™! (i.e.,
the orbital reduction coefficient ¥ = 0.2),
one gets for 8 = 35° (Fig. 7), g, = 2.0, g =
229, A,=44 x 10t cm™,and A, = —53 X
10~ cm™, in good agreement with the ex-
perimental results.

3.3. Ground State d 22 (A,)

This ground state appears in C,, tetrahe-
drally distorted rectangular geometry of
copper(Il) complexes. With regard to the
doublet d, (B,) and d,, (B,) splitting, one
should expect a nonaxial EPR spectrum for
the above type of symmetry.

On inspection of Table II one notes that
the wavefunctions are mixed in the ground
and in other states, i.e., that

26 D2q
A, <O T
4200
005
824 F =
2 A>0 g
LR 9
5 ) 1 4
1
2.2 4100~
9y
20
1 1 1 1 i 1 0
20° 30° 40° 20° 30° 4o°
angle 8

F1G. 7. Dependence of the parameters g and A on angular distortion of the D,, elongated tetrahedron
with d = ground-state wavefunction; R = 2.1 A, ¢ = 10e, x = 0.25, P = 0.0252 cm™.
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l!l(A;) = ady_yp + 6d.. + np, + 6,5,

l1‘(1'12) = d.ty
Y(By) = By + LiP s,
Y(B,) = Bzduz + LPy-

With the wavefunctions in the preceding
form the formulae for ¢ and A become
highly complicated. They are to be found in
Ref. (21) with omission of admixtures from
p and s orbitals (y = & = { = 0). On negiect-
ing the d.; admixture to the ground state,
one obtains formulae for g and A identical
with Egs. (13) with E,»_,. replaced by E,,
for the case of an axially symmetric spec-
trum. A plot of g and A vs the dihedral
angle ¢ in syrnmetry C,, (with nonaxial

DD gmartmim) 1a chawvm in Fio f An nm Ic
LLIOIN dpoLiLiuiLly iS SNOWIL 11l 1 15. O ULl Vo~

sion of the p-orbital admixture (at R = 2.
A, g = 10e, P = 0.360 cm™, « = 0.25).
Thus, for the above deformation of the
complex, the spin Hamiltonian parameters
remain essentially unaffected, and the un-
axiality of the EPR spectrum (i.e., g, — g)
is very small and practically negligible.

An EPR spectrum corresponding to such
C,, deformation has been observed by us in
dehydrated copper(Il)-doped NaY-zeo-
lites. On dehydration of the zeolite at

(15)

ey

[

400°C, we observed a powder EPR spec-
trum w1th well-separated hfs lines at both g,
and g, with the parameters obtained by

computer simulation of the spectrum g, =

2.336, g, = 2.055, |A,| = 167 x 10~* cm™!,
and A | — 24 v 104 ~Ama—1 tha cman
alu an.l Vs BEATN AV will Py l C .y ulC bPCb‘

trum was axial within a high degree of accu-
racy (error in A values amounted to *=1).
The four-coordinated low-symmetrical
complex CuO, is postulated on the basis of
structural and physicochemicai studies (one
water molecule and three oxygen atoms of
the host lattice of the zeolite). A low sym-
metry of the complex and an axially sym-
metric EPR spectrum are possible only in
the case of a C,, deformed four-coordina-
tion complex, as is indicated by the above-

At arvctal fald thans

dicongcad ragnit «r
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Q
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3.4. Ground State d,, (B,)

This ground state exists in C,, symmetry
at large dihedral angles, i.e., for slight de-
formations of the tetrahedron, as weil as in
a narrow range of angles g for D,, deforma-
tion (see Table I), and at C,, trigonal defor-

mation of the tetrahedron (6). The EPR
spectra of Cu(Il) complexes with this
ground state are characterized by spin
Hamiltonian parameters atypical for Cu(Il).

26 H‘\ ]
Cay A;<0 160
I i
S 24k 120 >
E —
o f———— <Q
- 80 ﬁb
2.2|- - 5_‘.
9 A>O
2.0+
! ] ] i 1 1
0 10° 20° o° 10° 20° 300 4&0°
angle ¢

Fi1G. 8. Dependence of the parameters g and A on angular distortion of the C,, rhombic distorted

rectangular complex with d2_,s ground-state wavefunction; R = 2.} A, g=10e k=

nml

CiIl

0.25, P = 0.036
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For the pure d,, state we have

8 = 07

1 1
& =Mz~ )

whereas orbital mixing (see Table II) leads
to very essential changes in the parameters
and highly complicated formulae (22). De-
pending on the degree of deformation of the
complex and the magnitude of the admix-
ture of other orbitals to the ground state,
the values of g, and g, can be positive or
negative and range from -2 to +4 (I, 22).
The EPR experiment, of course, measures
only the magnitude of the g factors.

4. Conclusions

On the basis of crystal field theory, we
analyzed the changes in orbital energies and
EPR parameters due to deformation of the
regular tetrahedral complex of the Cu(I)
ion. We assumed the Cu-ligand distance as
unaffected by deformation, and neglected
ligand -ligand repulsion. Moreover, when
considering the EPR parameters, we as-
sumed that all the ionic parameters (the
spin-orbit coupling constant A\, orbital re-
duction parameters k&, and Fermi contact
contribution x to hfs) remain constant dur-
ing the deformation. In spite of these sim-
plifying assumptions, the theory led to good
results. We succeeded in confirming the ex-
perimentally found linear dependence of
the orbital splittings and the dihedral angle
in C,, of the perturbated tetrahedron. We
found that in the D,, flattened tetrahedron
the effect of 4p, orbital mixing into the d,,
ground state is partly compensated by the
effect of the crystal field.

The results of Figs. 6 and 8 show that the
effect of tetrahedron deformation for the
ground states d,, and d,=_, is similar to
that of tetragonal octahedron deformation,
i.e., an increase in g entails a decrease in
|A,|, and vice versa.

HOFFMANN AND GOSLAR

A modification of the results should be
expected if spin-orbit coupling is taken
into account in the crystal field theory and
if a closer analysis is performed of the influ-
ence of 4p-orbital admixture in conjunction
with MO theory.
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