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PART 1. INORGANIC SPECTROSCOPY: BASIC
PRINCIPLES AND THE EXPERIMENT

II. ELECTRON PARAMAGNETIC RESONANCE (EPR)
A. The Experiment!

In the EPR experiment the total spin (S = 1) of the 2B, ground
state is perturbed by the application of an external magnetic field
H that produces a Zeeman splitting of the M, = =+ 15 levels equal
to gBH. Here B is the Bohr magneton which is a constant equal to
4.67 X 107% ecm~!/gauss, and g is the quantity of experimental and
theoretical interest. The EPR experiment is usually performed with
a fixed input microwave energy Av (~9 GHz = 0.30 cm~! for X-
band and 35 GHz = 1.16 cm~! for Q-band microwave sources).
When the scanning magnetic field results in a Zeeman splitting equal
to the fixed microwave energy, absorption will occur [Figure II-1
and Eq. (1I-1)]. Assuming for now a value of g = 2,

gBH = hv (11-1)

resonance occurs at a magnetic field of ~3300 gauss for an X-band
microwave source. For enhanced resolution the EPR spectrum is

My = +1/2 fixad miorowove fraquenscy = hy
2
" o l[\/\/\/
s = 1/2
He—
Mg « ~1/2

FIGURE 11-1 The EPR experiment: Increasing Zeeman splitting of § = Y with
increasing magnetic field (H) for fixed input microwave energy (Av).
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FIGURE I1-2 The EPR spectrum: First derivative of the microwave absorption spec-
trum.

plotted as the first derivative (Figure I1-2). The crossover point is at
the magnetic field associated with the g value (= Av/BH) of the
ground state.

The g value of CuCl,= is found? to be anisotropic. This means that
the Zeeman splitting of the 2B, ground state depends on the ori-
entation of the complex relative to the external magnetic field. When
the CuCl,= complex is oriented with its z axis along the magnetic
field, microwave absorption occurs at the value of the magnetic field
associated with g,, while absorption occurs at g, when the z axis is
perpendicular to the external magnetic field. For CuCl,=, g, > g,
> 2.00 (Figure II-3).

For an arbitrary angle 9 of the z axis of the complex relative to
the external field, one observes absorption at a value of g.; given by
the direction cosines in Eq. (1I-2):

8u® = g%c0s?0 + g,%sin0. (11-2)

The above is appropriate for a single crystal EPR study where the
complex has an orientation defined by the unit cell. Usually, however,
one is interested in a sample which is a frozen glass or dilute powder.
Here, all orientations of the complex are present. Hence, absorption
occurs continually over the region from g, to g, and is weighted by
the number of molecules with a given orientation, which increases
in probability toward the perpendicular orientation. This distribution
of absorption intensity is given on the left of Figure II-4. The EPR
spectrum obtained from the derivative of this intensity distribution
is given on the right of Figure II-4.

Finally, copper has a nuclear spin of I = 3/ which couples to the
electron spin producing a hyperfine splitting of the EPR spectrum
into 2I + 1 = 4 lines (Figure 1I-5). Note that 4,, which is the
hyperfine splitting with the molecular z axis oriented parallel to the

231



AOON < 8 < :Mv

‘{01 9AUE[3I J[Nd3[oW Jo uoreIuduo uo juspuadap 74 = & jo Junupds urwssz “_*|PND-¥*@ jo senfea 8 sidonoswry ¢-11 FANOIA

6
IQ;_.m = Ay —m«
<———= H ———H
b6
b ‘e

gg'2 - B

1102 Alenuer ST /E:€T @IV Papeo |uwog

_U/ \_U

«——NY

’ _U\ /_u
_UVA_U

12 10

I

232



13: 37 15 January 2011

Downl oaded At:

91
First v
Abs derivative " 4 9

H-————

FIGURE 1I-4 EPR spectrum for g, > g, > 2.00: First derivative of the powder
pattern absorption spectrum.

external magnetic field, is much larger than A4 |, the hyperfine splitting
for z perpendicular to the field. The origin of hyperfine sphtting will
be discussed in some detail in Section VII.

B. Basic Principles

We now quantitatively consider the ligand field theoretical origin of
the g values. The effects of an external magnetic field (H) on the
ground state wavefunction () is given by the Zeeman operator in
Eq. II-3 where L is the total orbital angular momentum operator
and S is the total spin angular momentum operator:

Egerman = BHWIL + 28W5,. (11-3)

% |

Al

FIGURE 1i-5 Effects of adding hyperfine coupling to Figure 1i-4: For D,,~CuCl,=,
=2and 4, > A
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First consider a ground state which contains only spin angular mo-
mentum, S = V2. Here the \, are [SM,> = |V3, +V2) and |3, —¥53)
which split under the application of Eq. (II-3). The splitting is equal
to (2.00)8H and gives the g value in Figure I1-1 as 2.00. Next, consider
the free Cu(II) ion which has a 2D+, ground state where the subscript
5/2is the value of the total angular momentum J = L + S. In addition
to spin (S = V%) this state has orbital angular momentum, L = 2,
Application of Eq. (1I-3) to this ground state results in a g value of
1.20, given by the Landé formula in Eq. (II-4)

JU+1) — LIL+1) + S(S+1)
g=1+ 20U+ 1) -

Here the g value differs significantly from 2.00 due to the presence
of orbital angular momentum in the ground state which contributes
to the Zeeman splitting through the L operator in Eq. (II-3). For
CuCly , from Figure I-1, the ground state is 2B, (x> — y?) which has
S = V. The effect of the orbital angular momentum operator on
the real d orbitals? is given in Table II-1.

Clearly the orbital angular momentum operator in Eq. (II-3) can-
not contribute to the Zeeman splitting for the 28, ,(x? — y?) ground
state since (x? — p? IZ.{ x* — p» = 0. Thus the g value is again
predicted to be the spin only value of 2.00. This type of argument
led Van Vleck* to the concept that the orbital angular momentum
of the free ion is “‘quenched” by the ligand field. However, in the
previous section it was observed experimentally that for CuCl,=
gy > g > 2.00. Thus an additional term must be present in the
Hamiltonian of the CuCl,= complex which modifies the ground state
wavefunction by mixing in some orbital anguiar momentum. This
term is the spin-orbit coupling which is given by AL - S where A =

TABLE II-1
Effect of L, on real d orbitals
Ld,= —id, Ld,=ids,—iV3ids Ld,=id,
Ld,=iV3ds+ids, Ld,=id, Ld,= —id,
Ld,=id, Ld,= —id, Ld,= —2id, ,
Ldo p= —id, Ld. = —idy, Lda ,=2id,
Ld.= —iV3d, Ld,=iV3d, Ld.=0
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+ £,,/2S, the +{—) being for a less (greater) than half-filled many
electron configuration and £, is the one-electron spin-orbit coupling
parameter. For Cu(Il), {,; = 830 cm~!, therefore A = —830 cm .
The quenching of the orbital angular momentum of the 2B, (x? — y?)
ground state derives from the splitting of the fivefold degeneracy of
the d orbitals in the free ion due to the square planar ligand field in
Figure I-1. Inclusion of spin orbit coupling will partially mix these
energetically separated d orbitals into the d.._,, orbital producing
the perturbed ground state wavefunction given in Eq. (II-5). Here
E. ,— E,(E._, — E,,) is the energy difference between the
x2 — y?and xy (x* — yp? and xz,yz) orbitals in Figure I-1:

 Mx? — yIL - Sixp)
Exz,yz - E

Xy

|2B/1g> — |.X2 . y2> |xy)

_ Axt — y2|z, . :lez,yz>
E. ,—E,,

xzyz). (I1-5)

Application of the Zeeman operator to this perturbed ground state
wads to nonzero contributions from the orbital angular momentum
operator to the g value; further, these contributions depend on the
orientation of the external magnetic field as indicated by

Eeemn = BHCB,| L + 25PB,,). (11-6)
[——'A_—\

L+ L+ L.

When the magnetic field is oriented along the z axis, it projects out
the L, operator in Eq. (II-6). Application of this operator on ?B,,’
produces the orbital contribution to g given on the right of Eq. (II-
7a).

8\
g =2- — (11-7a)
ny — E,
2
g =2-—" (11-7b)

Exz*yz — Exz'yz

For I:I perpendicular to the molecular z axis, only I:” are active,
producing the expression for g, given in Eq. (II-7b). Since the energy
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denominators are positive and A is negative for Cu(II), Eq. (II-7)
gives g, > g, > 2.00. A general perturbation expression for the g
values of any d orbital ground state, y, (derived as indicated above),
is given in Eq. (II-8), where / = x,),z, s, are the d orbitals, and

g = 2(1 _ }‘) 2 <¢g|Li|¢e><¢elLi|¢g> (II-S)

eg Eg - Ee
values for the orbital angular momentum operator are obtained from
Table 11-1. As the geometry of the complex is changed, the d orbital
splitting in Figure I-1 changes and thus the g, values given by Eq.
I1-8 change. For example, if the octahedral cupric complex in Figure
I-1 were compressed rather than elongated along the z axis, a 24, 2D
ground state would eventually occur. Equation I1-8 then gives Eq.
II-9 with g, > g, = 2.00.

g = 2.00 (11-9)

9
E, - E

Xz,yz

g =2 -

Hence the g values are dependent on the nature of the d orbitals
contributing to the ground state wavefunction, which in turn results
from the geometry of the complex.

C. Comparison of Experiment and Theory

The experimental® g values for CuCl,~ are given in Table II-2. Sub-
stitution of A = —830 cm~' and the splittings of the & orbitals
G.e,E. ,» — E,and E,._, — E,,,, obtained from electronic ab-
sorption spectroscopy (see Section II1)) into Egs. (1I-7a) and (II-7b)
gives the crystal-field-theory derived g values also included in Table
I1-2. Clearly these have greater deviations from g = 2.00 than do
the experimental values indicating the presence of too much orbital
angular momentum contribution to the g values for the f.B,,"> ground
state given in Eq. II-5. This arises because the treatment presented
in Section II-B has not allowed for covalent mixing of the d orbitals
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TABLE II-2
Expenmental and theoretical g values for D,,-CuCl,~

SCF-Xa-SW calculations

Exp Crystal-field theory adjusted to experiment
£ 2.221 2.743 2.220
2, 2.040 2.177 2.041

with the 3p orbitals of the chloride ligands. This mixing allows the
unpaired electron in the d,. ,; orbital to delocalize onto the ligands
which have less spin-orbit coupling, and thus lowers the orbital
angular momentum contribution of the 2B,,” state to the g value. In
ligand-field theory the crystal field g values are adjusted to agree
with those obtained by experiment, giving an experimental estimate
of covalency. An analogous approach’ of adjusting the results of an
SCF-Xa-SW calculation to fit experiment, gives

Y(by) = 63%d,_,» + 37% Cl por (11-10)

for the b,, orbital of the ground state of CuCl,=. The unpaired
electron is ~35% delocalized onto a linear combination of p o orbitals
of the four Cl- ligands (see Section IV). Thus the B, ground state
pictured in Figure I-1c must also be modified for covalent interaction
with the ligands as shown in Figure II-6.

(CUCL432 381G LEVEL XY PLANE Atom Positions
Cl
X
Cl Cu C|
Cl

FIGURE II-6 SCF-Xa-SW contour diagram for the 2B, ground state wavefunction
of D,,~CuCl,=.
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g values were computed from the wavefunctions given by a SCF-Xa-SW
calculation. The wavefunctions formed the basis set for a complete calculation,
and the diagonal elements were the observed transition energies. Both ligand-
field and charge-transfer states were included in this matrix. The off-diagonal
elements were computed through the operation of both ligand and metal spin-
orbit coupling on these functions. The matrix was diagonalized and a new, spin-
orbit corrected ground state wavefunction was obtained. A g2 tensor was cal-
culated and the principle g values were obtained. A single parameter was
introduced in the original wavefunctions to alter the covalent mixing between
metal and ligand components. This parameter was varied to fit the calculated
g values to those experimentally observed.

III. ELECTRONIC ABSORPTION—LIGAND-FIELD
TRANSITIONS

A. Basic Principles

In EPR spectroscopy we focused on the 2B, ground state wave-
function. This was accomplished by perturbing it with an external
magnetic field and observing transitions between the Zeeman-split
ground state components using radiation in the ~0.3 cm—! region.
In electronic absorption spectroscopic studies of the ligand-field tran-
sitions,! we are probing the splittings of all the d orbitals produced
by the ligand field. For CuCl,=, excitation of electrons from the filled
d orbitals into the hole in the b,,(x? — p?) orbital produces a number
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