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1V. ELECTRONIC ABSORPTION—CHARGE TRANSFER
TRANSITIONS

A. Basic Principles

When the absorption spectrum of CuCl,= is extended to energies
higher than those associated with the d — d transitions, new, ex-
tremely intense absorption bands are observed. These are Laporté-
allowed charge-transfer transitions which result from optical exci-
tation of an electron from the valence 3p orbitals on the chloride
ligands into the half-occupied d,._,. orbital on the copper ion. Inter-
pretation of the energy and intensity of these ligand-to-metal charge
transfer transitions requires that the energy level diagram in Figure
ITI-1 now be extended to include the valence orbitals on the four
chloride ligands.

In D,,—CuCl,=, each chloride ligand donates three 3p valence
orbitals, one of which participates in a o type of bonding interaction
along the Cl-Cu bond, the other two being perpendicular to the Cl-
Cu bond and involved in in-plane-(h) and out-of-plane-(v) 7 type
bonding with the copper (Figure IV-1). Treating the equivalent or-
bitals on the four Cl- ligands together, nine different symmetry-
adapted linear combinations of ligands orbitals, x;, are obtained.?
These are given in Figure IV-1. In the CuCl,= complex these ligand-
orbital combinations are split in energy both due to ligand-ligand
interactions and bonding interactions of x, with metal-centered or-
bitals of the same symmetry. Consideration of these interactions
results in the qualitative molecular-orbital energy level ordering
shown in Figure 1V-2. The specific order and quantitative splitting
of the levels can be very dependent on the type of molecular bonding
calculation used. Thus it is critical that the calculated energy level
diagram be evaluated experimentally. Excitation of electrons from
the filled ligand-centered orbitals into the hole in the copper d,. ,:
produces the charge-transfer excited states indicated to the right of
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FIGURE 1V-1 Symmetry-adapted linear combinations of ligand valence orbitals for
D,,~CuCl,= (taken from Ref. 1).
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FIGURE IV-2 Charge-transfer excited states of D,,—~CuCl,=: Extension of Figure I1I-
1 to include transitions from the 3p valence orbitals of the four chloride ligands.

Figure IV-2. These can be probed in detail by electronic absorption
Spectroscopy.

The intensity with which the nine charge-transfer transitions can
contribute to the absorption spectrum is again dependent on the
electric dipole transition moment integral, f\{s, M(x,y,2){,d7 in Eq.
(111-1v). For D,,—CuCl,=, group theory indicates that three transi-
tions are electric dipole allowed: two 2B, — *E, transitions which
are x,y polarized, and the 2B, - ’B,, transition which is allowed

251



13: 37 15 January 2011

Downl oaded At:

when the E vector of light is oriented along the molecular z axis.
The remaining charge-transfer transitions are forbidden but can still

contribute to the absorption spectrum, with several orders of mag-
nitude lower intensity, through vibronic coupling or through static
distortion of the CuCl,= complex to a symmetry lower than D,

The above selection rules derive only from group theory. It is also
important to quantitatively consider the charge-transfer transition
intensity, as this directly relates to the overlap between ligand x; and
metal ¢y, orbitals. Upon bonding, the wavefunctions associated with
the molecular orbitals of the complex become ® = Cydy + C.x
where the C’s are the normalized coefficients of mixing. The electric
dipole transition moment occurring in Eq. (III-1b) can now be written
as an integral over the one-electron molecular orbitals involved in
the transition of the electron from the ground to excited state.

f(bg rddr = C4Cy f¢§4 Féfdr + C{C f¢§4 7 xtdr

+ C8Cy fxf Foudr + CECt fxf 7 xidr. av-n

Here @, is a one-electron molecular orbital dominantly on the ligand
and &, is the b, molecular orbital dominantly on the copper. The
first term in the expansion must be zero for metal-centered d orbitals.
Generally, calculations® indicate that it is the last term which dom-
inates the intensity of charge-transfer transitions. This involves only
contributions from chloride-centered ¥, in the one-electron molecular
orbitals of the ground and excited states. Hence, in order to have
transition intensity, C; must be greater than zero and thus there
must be some mixing of the x{ having b,, symmetry into the copper
d,:_,. orbital. Note that this mixing is also required by the g values
obtained from EPR spectroscopy in Section II-C. Further, if con-
tributions due to overlap of p orbitals on adjacent ligands are ne-
glected, the following relation is obtained#:

4
f X§ 7 xidr = 2 keke ro O, (1v-2)

a=1
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In Eq. (IV-2), a are the four ligands, k, is the coefficient of ligand
a in the x., 7, is the position vector of ligand a taken from the
metal center, and &,. derives from overlap of orbitals on a given
ligand in the molecular orbitals associated with the ground and
excited states. Within this approximation, transition intensity requires
that the same type of orbital (por, pm,, or pm,) must be present on
a given ligand in both the ground and excited states.

In summary, the charge-transfer transition energies and intensities
are sensitive probes of metal-ligand bonding interactions in complexes
which enable an accurate evaluation of the results of molecular orbital
calculations.

B. The Experiment

Polarized single-crystal electronic absorption spectral studies in the
charge-transfer region parallel those outlined for d — d transitions
in Section 1I1-B with additional complications associated with the
very high € values of some of these Laporté-allowed transitions. It
is unrealistic to polish a crystal to less than 2p thickness without
generating cracks which cause stray light problems that distort the
absorption band. This places limits on the e values accessible by
absorption spectroscopy on pure single crystals of metal complexes.
(For a 2 thick crystal, with a concentration of complex =3.7 g
cm~? an absorbance of 2 corresponds to an € = 300.) Two ap-
proaches are generally taken to overcome this problem. The first is
to grow doped crystals of a spectroscopically transparent isomor-
phous host which have small percentages of the complex of interest
homogeneously dispersed, and therefore at lower concentration. This
requires that the structure of the complex in the host lattice be the
same as in the pure material. Alternatively, polarized spectral studies
can be performed directly on single crystals of the pure material using
the technique of specular reflectance spectroscopy.’ Here, light is
again propagated incident to the crystal face, but now the reflected
light is detected. The absorption spectrum is then obtained through
a Kramers-Kronig transformation of the reflection data. This trans-
formation requires an integration of the reflectivity over all energies.
Since intense allowed transitions must exist in the vacuum UV which

are not readily accessible experimentally (see Section V), these must
be approximated in this integration by an effective reflectivity peak
at high energy. This, however, can be reasonably fit so as to give a
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zero value of € in the Kramers-Kronig transformed absorption spec-
trum in the low energy nonabsorbing region. The sensitivity of re-
flectivity measurements increases as the € of an absorption band
increases. With a lower limit of ¢ = 200, this method provides an
important complement to direct polarized single-crystal absorption
studies. One complication associated with studies of pure materials
must be realized. As €’s become quite high (> 2,000), intermolecular
coupling of transitions can occur which produces exciton effects® that
can distort the molecular absorption spectrum.

The polarized single crystal absorption spectrum of the charge-
transfer region of D,,—CuCl,= is shown’ in Figure IV-3. Two dom-
inant absorption bands are observed, one at ~26,500 cm~' and a
second at ~36,000 cm~'. These are xy polarized and split by the
lower-than-D,, site symmetry of the CuCl,= complex in the crystal.
Thus they must be assigned as the 2B,, — 2E, transitions. No sig-
nificant intensity is observed in z polarization. At higher sensitivity
in Figure IV-3b, the lowest energy charge-transfer transition at
~23,000 cm~! is observed. It is xy polarized but unsplit by the low
Cu(Cl, = site symmetry and thus is 2 nondegenerate, forbidden charge-
transfer transition made allowed by vibronic coupling. Detailed stud-
ies of the energy of this band in different D,,~CuCl,= crystal lattices
indicate it to be the B,, - 24,, transition.

C. Comparison of Experiment and Theory

As indicated in Section I1V-A, detailed spectroscopic studies of the
charge-transfer transitions allow an accurate evaluation of the results
of molecular bonding calculations. The results of an SCF-Xa-SW
transition state calculation’ of the charge-transfer transitions of D,,—
CuCl,= are given in Table 1V-1. The experimental energies given in
the third column come from the polarized single crystal spectrum
assigned in Figure IV-3. For the three charge-transfer transitions
observed, the calculated energies are significantly lower than those
obtained from experiment. Alternatively, the last two columns in-
dicate that there is good quantitative agreement between the observed
and calculated charge-transfer energy differences. As these differences
reflect the splittings of the ligand orbitals, this agreement supports
the results of the calculation in evaluating ligand-ligand interactions
and bonding interactions with the metal ion. A rough estimate of
the relative magnitude of these interactions can be obtained from a
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weighted average of the results in Table 1V-1: o- splitting ~7500
cm~!, L-L splitting ~10-13000 cm—'. Hence both contribute signii-
icantly to the energy splittings of the charge-transfer transitions.
Figure II-6 can now be extended to include the SCF-Xa-SW gen-
erated wavefunctions of the observed charge-transfer excited states
(Figure 1V-4),

There has been some interest in correlating the changes in energy
of charge-transfer transitions with geometry.® This can be evaluated
both experimentally and theoretically for a distortion of CuCl, = from
D,, to D,, The results™ are given in Figure IV-5. One model which
has been used assumes that all change in charge-transfer energy
derives from the change in energy of the half-occupied d,._,. orbital
due to the change in ligand field as discussed in Section III-C. This
ligand-field model, which requires that the ligand-derived molecular
energy levels in Figure 1V-2 do not change energy upon distortion,
predicts all D,,—CuCl,= transitions to shift to lower energy by ~5000
cm~'. From Figure IV-5, correlation of the three observed charge-
transfer transitions in D,,—CuCl,= to the analogous transitions in
the D,, complex indicates that all do shift to lower energy, but by
significantly different amounts (24, by 1000 cm-!, 2E(s) by 1700
cm~!, 2E(c) by 2400 cm~!'). These differences from the ligand-field
prediction dominantly result from changes upon distortion in ligand-
ligand repulsion for the wavefunctions shown in Figure 1V-4. Thus,
the correlation of charge-transfer transition energies with geometry
is more complex than the geometric effects on the d — d transitions
discussed in Section III-C.

The intensities of the group-theoretically-allowed charge-transfer
transitions have been calculated as discussed in Section IV-A, using
the SCF-Xa-SW wavefunctions in Figure 1V-4. These results’ are
compared with experiment in Table IV-2. The reasonable agreement
between theory and experiment gives some confidence in the coef-
ficients of mixing of these wavefunctions which were used in Eq. (IV-
1). It should be emphasized that these calculations predict no intensity
in the 2B,, — 2B,, transition which is group theoretically allowed in
z polarization but not experimentally observed (Figure 1V-3).

The b,, orbital in D,, has contributions only from the x, derived
from the Cl po orbitals (Figure IV-1). In the model discussed in
Section IV-A the intensity is derived from overlap of the ligand 3p
orbitals in the ground and excited states. Together, these consider-
ations place strong requirements on the nature of the ligand character
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FIGURE 1V-4 SCF-Xa-SW contour diagrams of the observed charge-transfer levels
of D,;—CuCl,=. Coordinates as in Figure 1I-6.
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TABLE 1V-2
SCF-Xa-SW calculated and observed oscillator strengths for symmetry allowed
charge-transfer transitions of D,,—CuCl,=

Oscillator strength®

Frequency
Transition (cm-1e Theoretical Experimental
1b,, - 3by, 27,520¢ 0.0 0.0
de, - 3b, 26,400 0.104 0.055
3e, - 3by, 37,400 0.355 0.405

*For transitions from e, orbitals, the frequency of the x-polarized transition is given.
*For transitions from e, orbitals, only the x-polarized component of both the theoretical
and experimental oscillator strength is given.

‘Value estimated from Xa transition-state calculations.

in the orbital from which the excited electron originates, in order to
have charge-transfer intensity. The 3e, (o) level has 70% p o character
making the 2B, - 2E,(0’) transition quite intense, while the 2B, -
2E () transition associated with the 4e,(7r) level acquires intensity
by configurational mixing of po character from 2E (o). Since the
1b,, orbital contains no Cl po character (Figure IV-1) it has no
overlap with the 3b,, ligand orbitals and thus the >B,, - 2B,, tran-
sition has no intensity even though it is allowed by group theory.
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