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Abstract

Absorption spectra of octahedral nickel(II) complexes are used to illustrate that the limitation to only the initial and Born—Oppenheimer final
states of an electronic transition is not adequate in order to rationalize the intensity and vibronic structure of the lowest-energy spin-forbidden
transition of these compounds. Qualitative and quantitative models are applied and discussed for a series of absorption spectra measured in solution
at room temperature and for the low-temperature single-crystal absorption spectra of nickel(Il) ions doped into bromide host lattices. The spectra
and models illustrate the influence of multiple allowed transitions on the lowest-energy spin-forbidden band.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The rich electronic structure of octahedral nickel(II) com-
plexes has been explored over the past 50 years towards goals
ranging from applying crystal field theory in inorganic coordi-
nation chemistry [1-3] to modern photophysical effects such as
near-infrared to visible upconversion [4]. The d—d transitions
observed in the absorption spectra provide the crucial exper-
imental information needed to develop and test models and
concepts for these areas. All electronic states arising from the d®
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electron configuration in Oy point group symmetry are shown
in the Tanabe—Sugano diagram in Fig. 1. The most important
excited states discussed in this review are the 3Tog, 3T1,(*F)
and the 1Eg states. The energy of the first singlet excited state,
lEg, is almost independent of ligand-field strength, as it arises
from the same t2‘g6eg2 electron configuration as the electronic
ground state. In contrast, the energies of the triplet excited states
vary strongly with ligand field strength, due to their electron
configurations with an increased population of the E, orbitals.
The d® configuration is particularly attractive for this review,
as the 3T2g and 3T; g(3F) excited states are close in energy at
all ligand-field strengths. The main focus is on the electronic
states in the oval zone in Fig. 1, containing only one singlet
excited state and two nearby triplet excited states. Absorption
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Fig. 1. Tanabe-Sugano diagram for the d® electron configuration in O}, point
group symmetry. Triplet and singlet electronic states are given as solid and dotted
traces, respectively, with excited states relevant to this review emphasized as
thick traces. The oval denotes the energy and ligand-field strength range for
which spectra are analyzed.

spectra covering this zone have been published and transition
energies have been analyzed [1,3,5,6]. In the following, we dis-
cuss the intensity of the lowest-energy spin-forbidden transition,
applying recently developed theoretical models [7,8]. The most
important insight resulting from this review is that a forbid-
den transition close in energy to several allowed bands can lose
or gain intensity compared to a situation where only a single
allowed band is present and an intensity gain always occurs. The
absorption spectra reviewed in the following show that intensity
borrowing from several allowed bands is not additive, an effect
often neglected when “mixed” wavefunctions of excited states
are analyzed.

The transition to the lowest-energy singlet excited state in
octahedral nickel(IT) complexes can often be observed in solu-
tion spectra and it has been extensively discussed in literatures
[1-3]. Both its intensity and unusual band shape, with resolved
vibronic structure at low temperature, have been analyzed with
detailed theoretical models [2,9—11]. All analyses are based on
model potential energy surfaces, which are also the key ingre-
dient to the approach discussed and applied in this review. It is
important to point out that established electronic structure cal-
culations are most often based on the adiabatic approximation
and are not necessarily suitable to rationalize intensities of for-
bidden transitions, which are dominated by effects of coupling
between potential energy surfaces, emphasizing the importance
of detailed analyses of experimental spectra.

Molar Absorptivity & (M'cm™)

0 T T T T T
10 15 20 25 30x108
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Fig. 2. Solution absorption spectra of: (a) [Ni(imidazole)s]%*, (b) [Ni(NH3)s]>*,
and (c) [Ni(bipyridine)3jz+. Traces (a) and (b) are offset along the ordinate for
clarity. Vertical arrows denote the lowest-energy spin-forbidden transition to the
1Eg excited state.

2. Intensity of a spin-forbidden transition: experimental
overview and qualitative application of perturbation
theory

The absorption spectra of many octahedral nickel(II) com-
plexes can easily be interpreted using the Tanabe—Sugano dia-
gram for the d® electron configuration given in Fig. 1. The
electronic ground state is 3A2g, and spin-allowed transitions
to three triplet excited states are expected and easily observed
in solution absorption spectra. One aspect of these spectra
that has been discussed in detail is the lowest-energy spin-
forbidden transition. Its intensity is often high enough to be
observed in many solution absorption spectra, as illustrated in
literatures [1,3,5,6,12] and for three representative complexes
[Ni(imidazole)s]**, [Ni(NH3)¢]** and [Ni(bipyridine);]** in
Fig. 2. These three homoleptic complexes all have six nitrogen
ligator atoms, but the energies of their spin-allowed bands vary
significantly. The position of the weak, spin-forbidden band can
be either close to the lowest-energy spin-allowed transition to the
3T2g final state, illustrated by the bottom two spectra in Fig. 2, or
close to the T g(3F) band, as illustrated by the top trace in Fig. 2.
For weak ligands, the transition can even be higher in energy than
the 3T1g(3F) band, as has been observed and studied in detail
for the [Ni(H,0)g]>* complex both in solution and in the solid
state and for several solid chloride and bromide host lattices
doped with nickel(Il) ions [4,9-18]. The Tanabe-Sugano dia-
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gram in Fig. 1 illustrates that the two low-energy triplet excited
states 3T2g and 3T g(3’F) are close in energy for the range of
ligand-field strengths denoted by the oval and corresponding to
the complexes in Fig. 2. The third triplet excited state, 3T g(3P),
has a significantly higher energy separation from 3T1,(*F). This
is a consequence of the interaction between the two T} states
[19]. The variation of excited state energies through relatively
minor changes of the ligand sphere is attractive in order to gain
insight on factors that determine intensity borrowing for forbid-
den transitions. It is qualitatively obvious from Fig. 2 and from
the spectra in the literature that the intensity of the forbidden
transition is highest when it is close in energy to the maximum
of a spin-allowed band, and its intensity obviously decreases as
the energy separation increases. From these qualitative observa-
tions, a simple quantitative model based on perturbation theory
has been proposed for the intensity / of the spin-forbidden tran-
sition to the ]Eg excited state [1]:

yz

AE?

I = const ()

In this equation, y denotes the coupling constant between
one triplet excited state and the lEg state. In Oy, point group
symmetry, this constant is equal to ~/6A [2] between the E,
spin-orbit levels of the 1Eg state and those arising from the 3T2g
and 3T1g(3F) states, on the order of 700 cm™! estimated from
the spin-orbit coupling constant A for the free ion, and on the
order of 500—600 cm~! estimated from the spin-orbit coupling
constants A, determined from magnetic susceptibility measure-
ments and EPR experiments for octahedral complexes [3,20].
The energy difference AE can be roughly estimated from the
band maxima of the spin-forbidden and spin-allowed absorption
bands. Based on Eq. (1), the intensity / should therefore increase
with the square of the coupling constant y and decrease with the
inverse square of AE. Experimental absorption spectra show an
obvious decrease of the intensity for complexes with a large
energy difference between the singlet and triplet bands, but a
quantitative application of Eq. (1) is difficult, in part due to band-
shapes that cannot be easily separated into spin-forbidden and
spin-allowed components. It is also obvious from the spectra in
Fig. 2 that the intensity of the spin-forbidden transition is impos-
sible to determine precisely through numerical procedures. It is
often observed as a shoulder on a more intense spin-allowed
band. Any model to analyze the intensity of the spin-forbidden
band must therefore include the bandshapes of both the
allowed and forbidden transitions, as discussed in the following
section.

The most detailed experimental analysis of intensity borrow-
ing as a function of the parameter AE has been made through
luminescence lifetime measurements at variable external pres-
sures, mainly for a variety of doped oxide and halide lattices with
octahedral sites occupied by chromium(III) ions [21]. External
pressure leads to a variation of AE, and a model based on Eq.
(1) has been successfully applied to rationalize many observa-
tions. The coupling constant y obtained from these experiments
is independent of AE or pressure and the inclusion of inten-
sity borrowing from all vibronic levels has been shown to lead

to a precise quantitative agreement with experimental lumines-
cence lifetimes [21]. These experimental results and theoretical
models [22,23] indicate that intensity borrowing as described
by Eq. (1), i.e. from a single allowed transition, appears to be
quantitatively correct if the lowest-energy electronic transition
is spin-forbidden, a result that has been implicitly generalized to
all spin-forbidden transitions. This review emphasizes that such
a generalization can be fallible for higher-energy forbidden tran-
sitions and explores more adequate models.

3. A theoretical model for the absorption spectrum of
two coupled states: the lowest-energy spin-forbidden
transition and a spin-allowed band

All absorption spectra in Fig. 2 show a shoulder near the
lowest-energy spin-allowed transition, traditionally assigned as
the spin-forbidden 3A; — 'E, band. The close proximity of the
singlet and triplet excited states leads to strong mixing through
spin-orbit coupling, effects that have been analyzed in detail
for a number of octahedral complexes of nickel(Il) [1-3,9-13].
The mixing causes an increase of the intensity and bandwidth
of the spin-forbidden transition, leading to a band that is easy
to detect in the spectra in Fig. 2, in contrast to all other transi-
tions to singlet excited states, which usually are not observed
in solution absorption spectra. An important consequence of
the coupled excited states is the change of band shapes, which
also influences the energies of the band maxima. In order to
analyze these effects, a quantitative model has to be used, and
calculated spectra have to be fitted to experimental data. We
apply a theoretical model developed by Neuhauser et al. [7] to
calculate the absorption spectrum of a forbidden spin-flip tran-
sition close in energy to an allowed interconfigurational band.
This model neglects the coordinate dependence of the transi-
tion dipole and is strictly applicable only to complexes without
inversion symmetry, as vibronic intensity mechanisms are not
treated. It successfully reproduces the spectra of many octahe-
dral complexes of nickel(I) [5,6,13] and chromium(II) [13]
where coupled electronic states of different multiplicity occur,
indicating that the assumption of an allowed transition does not
lead to significant discrepancies between experimental and cal-
culated spectra. In the following, we review the results obtained
from the application of this model to six-coordinate nickel(II)
complexes with and without inversion symmetry.

Fig. 3 illustrates the model. The potential energy curves for
the 3A2g ground state as well as the 1Eg and a single *T" excited
states are given by the solid traces in Fig. 3, which can be calcu-
lated from the harmonic approximation and ground-state Raman
frequencies. Identical frequencies define all harmonic potential
energy curves for the electronic states in Fig. 3. We use the same
symbols for all quantities as given in the original publication of
this model [7]. The energy minimum of the ground-state poten-
tial energy curve corresponds to the equilibrium geometry. As
no metal-ligand bonding changes occur in the singlet excited
state, its minimum is placed at the same position as the ground
state minimum along the normal coordinate in Fig. 3. The mini-
mum for the I excited state is offset by AQ along one or several
normal coordinates. In the absence of coupling, the band max-
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Fig. 3. Model for an absorption spectrum involving the lowest-energy singlet
excited state (1Eg) and one triplet excited state (T of octahedral nickel(IT) com-
plexes. Diabatic and adiabatic potential energy surfaces are given as solid and
dotted traces, respectively and parameters used to calculate spectra are defined.
Of particular importance are the coupling constant y and the energy difference
AE between the vertical transitions to the diabatic potential energy curves for
the singlet and triplet excited states.

imum of the triplet band is given by the parameter A, and the
forbidden transition occurs at energy er. The energy difference
AE in Eq. (1) is calculated as the difference between ep and
A. The solid-line diabatic potential energy curves describe the
singlet and triplet excited states in the absence of coupling, i.e.
for a coupling constant y of zero. Nonzero values for y lead to
the adiabatic potential energy surfaces shown as dotted curves
in Fig. 3, different from the harmonic diabatic curves. Both sets
of curves are necessary to calculate the absorption band sys-
tem arising from transitions to these coupled excited states. The
Hamiltonian for the two excited states described by the coupled
potential energy surfaces is given by [7]:
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2M [0 1
1 2.2
EMwa + ¢F Y
+ | @
y fMaJ(z)(x — xp)’+ep—AE

2

Analytical and numerical solutions for the absorption spec-
trum resulting from transitions to these two coupled excited
states have been published and discussed [7,13]. The calculated

spectrum involving the coupled states is given by:

1 o :
o(w) = E/ <(1/O|e—t(H—w)t—F\t||([/O> dt
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The absorption spectra in Fig. 2 do not allow an experi-
mental determination of all triplet excited levels arising from
3T2g or 3T ¢ Split by deviations from octahedral symmetry and
spin-orbit coupling. We describe the band shape for the allowed
transition to the triplet excited state in the absence of coupling
to the singlet excited state by a Lorentz profile with a width of
A/@ok [7]. With this simplification, which also makes it unnec-
essary to specify individual normal coordinates and offsets AQ,
an analytical equation for the absorption spectrum is obtained

[7]:
(w) 11 P (4)
olw)=——Im | ———
@ L4 1 —y2ap
where « and B are defined as:
: B : (%)
o = _—, -
w—¢ep+il’ o — A+ i/Jwor

I’ in Egs. (3) and (5) denotes the vibronic line width of each
transition. This model has been applied in the literature with
two quantitative goals. The original reason for its development
and the first scientific goal was to explore interference effects
arising from the coupled final states of a forbidden and a single
allowed transition in absorption spectra of molecules. Interfer-
ence dips occur in such spectra, and their formal relationship
to Fano antiresonances observed in atomic spectroscopy was
derived [7]. Second, the model leads to precise energies ep of
the forbidden transition in the absence of coupling. These val-
ues have been discussed in terms of interelectronic repulsion
effects and are of particular relevance for complexes with a
mixed ligand sphere, where empirical correlations such as the
nephelauxetic series [24] cannot be applied in a straightforward
way and where the energies of the singlet excited state have to
be known precisely [5,6]. In this review, we focus on a third
aspect not discussed before: the intensity of the spin-forbidden
transition, in particular its variation as a function of the cou-
pling constant y and the energy difference AFE in Eq. (1). We
will compare the intensities calculated for a spin-forbidden tran-
sition from the model described by Eq. (4) and compare to the
expectation from Eq. (1).

A series of calculated spectra used to determine the inten-
sity of the forbidden transition is shown in Fig. 4. All spectra
show a weak spin forbidden band at an energy defined by the ef
value of 8000cm™! and an intense spin-allowed band with its
maximum at an energy A higher than 10,000cm™". In Fig. 4a,
the energy A is varied, showing the effect of AE on the inten-
sity of the forbidden transition. It is qualitatively obvious that
the spin-forbidden band is most intense in the spectrum with
the smallest value of AE. Numerical integration of the spin-
forbidden band leads to the intensity decrease with increasing
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Fig. 4. Calculated absorption spectra obtained with Eq. (4) for the transition to
the coupled singlet and triplet excited states illustrated in Fig. 3. The energy e
of the singlet excited state is set to 8000 cm~! for all calculations. (a) Variation
of the energy difference AE between the singlet and triplet excited states. The
inset shows the intensity of the forbidden transition as a function of AE with
a fit to Eq. (1). (b) Variation of the coupling constant y. The inset shows the
intensity of the forbidden transition as a function of y with a fit to Eq. (1).

AE shown in the inset to Fig. 4a. The trace in the inset is a fit
to Eq. (1) with a constant value of y, indicating that the model
defined by Eq. (4) is in quantitative agreement with Eq. (1).
Fig. 4b shows calculated spectra for different values of the cou-
pling constant y. The intensity of the spin-forbidden transition
increases with y, and the intensity obtained by numerical inte-
gration is shown in the inset to Fig. 4b. The solid trace again
is a fit to Eq. (1) with a constant value of AE, illustrating that
the calculated intensity increases as described by Eq. (1). Fig. 4
confirms that absorption spectra calculated with Eq. (4) for dif-
ferent values of y and AE lead to the intensity variation of the
spin-forbidden transition expected from Eq. (1), determined by
intensity-borrowing through spin-orbit coupling with a single
spin-allowed transition. Any increase of y or decrease of AE
leads to more triplet character mixed into the wavefunction of the
lEg state and to an increase of the intensity for the spin-forbidden
transition.

A model based on the full set of coupled potential energy
curves shown in Fig. 3 has to be applied for a precise analysis of
the absorption spectrain Fig. 2, as shown in the following section
for a number of nickel(II) complexes. In order to analyze exper-
imental spectra with this model, as many parameters as possible

were set to experimental quantities. Vibrational frequencies wg
were held constant at values observed in the Raman spectra and
initial values for A and eg were estimated from the experimental
absorption spectra. The coupling constant y was limited to values
lower than 1000 cm ™!, corresponding to the order of magnitude
of the spin-orbit coupling constant for nickel(I). Only A, a factor
contributing to the width of the spin-allowed absorption band,
and I', whose role in Eq. (4) is to define the width of the spin-
forbidden band, were treated as freely adjustable parameters
without numerical constraints. The most important parameter
values obtained from the fits are the coupling constants y and
energy differences AFE, calculated as ep — A, leading to a set
of data points ideally suited to test the assumptions underlying
Egs. (1) and (4).

4. Analysis of the room-temperature absorption band
system in solution with the model based on two coupled
states

The model defined by Eq. (4) and illustrated in Figs. 3 and 4
has been applied in the literature to the solution absorp-
tion spectra of eight octahedral nickel(II) complexes [5,6,13].
Fig. 5 shows the fit of Eq. (4) to the absorption spectra of
[Ni(imidazole)s]**, [Ni(NH3)¢]** and [Ni(bipyridine)3]** com-
plexes, whose full d—d spectra are shown in Fig. 2 and illus-
trates the excellent agreement between fits and experimental
spectra. The bandshapes including one spin-forbidden and one
spin-allowed transition are well reproduced by the fits, demon-
strating that the model described in the preceding section pro-
vides an easy quantitative way to calculate many different
spectra with weak or intense spin-forbidden bands. For the
[Ni(H20)6]2+ complex, a detailed comparison between parame-
ter values obtained with Eq. (4) and those from numerical models
explicitly describing the normal coordinate and potential energy
surfaces in Fig. 3 has been made and it has been shown that the
parameters resulting from Eq. (4) are reliable [13]. All param-
eters obtained from the fits are summarized in Table 1 for the
complexes used in this review.

The sensitivity to values of the coupling constant y is qualita-
tively illustrated for the spectrum of [Ni(NH3 )6]2+ inFig. 5b. The
best fit is superimposed to the experimental spectrum and leads
to a coupling constant y of 305 cm ™!, lower by almost a factor of
two than the value on the order of 500600 cm™! estimated from
the ligand-field matrix element. The solid trace offset from the
experimental spectrum in Fig. 5b is a fit where the coupling con-
stant y was held fixed at 500 cm~!. It is obvious that this calcu-
lated spectrum is in marked disagreement with the experimental
absorption band system, illustrating the narrow limits imposed
on parameter ranges by the fit of Eq. (4). Other parameter values
have only a small influence on the coupling constant y, as illus-
trated for the [Ni(tris(3,5-dimethylpyrazolyl)methane)(NO3);]
complex [6] where two different vibrational frequencies wo,
corresponding to different Raman transitions, lead to y val-
ues that vary by less than 10%, as documented in Table 1.
This table summarizes all parameter values obtained from the
analysis of spectra with Eq. (4). In addition to results from room-
temperature solution spectra, we have included values for two
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Fig. 5. Comparison of experimental and calculated absorption spectra, shown
as dotted and solid lines, respectively. Calculated spectra are shown for the
wavenumber range used in the least-squares fit. All parameters obtained are
given in Table 1. (a) [Ni(imidazole)s]**, (b) [Ni(NH3)e]** including a spectrum
resulting form a least-squares fit where the coupling constant y was held at
500cm™!, offset along the ordinate for clarity, and (c) [Ni(bpy)3]2+.

low-temperature single-crystal spectra reported in the literature
for [Ni(pyrazole)e](NO3)2 [25] and for CsCdClz doped with
nickel(Il) ions, leading to octahedral [NiCle]*~ chromophores
[26]. Both spectra show a weak, unresolved band for the lowest-
energy spin-forbidden transition phenomenologically similar to
the solution spectra, and their spectra are therefore well suited
for an analysis with Eq. (4).

One striking aspect of the parameter values obtained from
fits of Eq. (4) and presented in Table 1 is illustrated in Fig. 6.
Surprisingly, the values of the coupling constants y and energy
differences AE show a distinct correlation. Fig. 6a summarizes
the values for complexes where the lEg state is closer in energy
to the 3 Tog state than to the 31, g(3F) state. The fit of Eq. (4) was
therefore made to the 3T2g, 1Eg band system of the experimental
spectrum. The dotted vertical line denotes the band maximum

J@ |
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500 - ’
400
'E 1
3 -
& ]
300
- Ni(1-methylimidazole);>*
N . H
i Nitpm }{bpm )(NO,)*
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AE (cm™) AE (cm™)

Fig. 6. Comparison of y and AE values obtained from the fit of Eq. (4) to
experimental absorption spectra. (a) The 3ng excited state is closest in energy
to the lEg excited state. The dotted vertical line denotes the energy of the 3T2g
excited state, as given by the parameter A in Table 1. (b) Comparison of y and
AE for complexes with the 3T g(3F) excited state closest in energy to lEg. The
dotted vertical line denotes the energy of the 3Tlg(’xF) excited state, as given
by the parameter A in Table 1. The two open symbols denote results from low-
temperature single-crystal spectra. Ligand abbreviations: en: ethylenediamine,
tpm”: (tris(3,5-dimethylpyrazolyl)methane), dmso: dimethylsulfoxide, bpm":
bis(3,5-dimethylpyrazolyl)methane.

A of the 3T2g transition and is the point of reference from which
AE values are plotted in Fig. 6a. The highest values for y are
obtained for the smallest absolute values of AE, and a distinct
decrease of y is observed as AF increases and the transition to
the 1Eg state occurs in the region of low absorbance between
the 3T2g and 3’T1g(3F) bands. To the low-energy side of the
3T2g band, corresponding to negative values of AE in Fig. 6a,
the coupling constant y appears to be constant as the spin-
forbidden band is located lower in energy than the 3T2g band.
This region corresponds to the complexes with the strongest
ligands [Ni(bipyridine);]>* and [Ni(phenanthroline);]**. It is
interesting to note that an exchange of the numerical values of
er and A does not lead to a good agreement with the experimen-
tal spectrum, showing that Eq. (4) can even be used to determine
the energy order of the two coupled excited states via the band-
shape of the absorption spectrum. Fig. 6b summarizes the y and
AE values obtained for complexes where the 1Eg band is closer
to the band maximum A of the 3T} g(3F) transition, defined by the
dotted vertical line analogous to Fig. 6a. Again, the highest cou-
pling constants y are observed for the smallest absolute values of
AE. A strong and distinct decrease is observed on the low-energy
side of the vertical line, indicating that y values go through a
minimum in the region between the two spin-allowed absorption
bands. For this intermediate region, the choice of triplet band to
include for the fit of Eq. (4) often appears somewhat arbitrary,
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Table 1
Parameter values obtained from the fit of Eq. (4) to experimental absorption spectra
Complex EF A AE? y wo A r
Ni(bipyridine)s >+ 11,989 12,473 —484 338 345 7,901 513
Ni(phenanthroline)s; >+? 12,006 12,276 —270 545 450 3,022 796
Ni(ethylenediamine);*? 12,326 11,552 774 530 446 5,206 900
Ni(en)2(SCN), 12,659 11,444 1215 414 431 6,868 883
Ni(tpm*), 2+ 12,923 11,773 1150 450 423 7,463 500
Ni(tpm*)(NO3),° 12,854 10,370 2214 397 222 9,760 274
Ni(tpm*)(NO3),¢ 12,873 10,389 2484 436 577 3,760 274
Ni(NH;3)62* 13,079 10,620 2459 305 344 9,012 303
Ni(tpm*)(bpm™)(NO)3° 12,994 10,465 2529 228 416 7,454 188
Ni(imidazole)s>* 13,626 16,339 —2713 186 345 11,566 194
Ni(l-Meim)s2* 13,148 16,261 —3113 275 398 10,628 313
Ni(2-Meim)s2* 13,165 15,801 —2636 300 329 8,547 400
Ni(pyrazole)s>*¢ 13,300 11,200 —2100 300 350 3,600 250
Ni(1,2-DiMeim)g > 13,380 15,406 —2026 500 535 10,321 786
Ni(H,0)62*° 14,757 14,325 432 550 380 7,620 630
Ni(dmso)s>*¢ 14,027 13,138 889 425 390 6,770 556
NiClg*~f 12,400 11,000 1400 500 300 1,200 300
Example fits are shown in Fig. 5. Symbols are defined in Section 3 and Fig. 3. All values are given in cm™! units. The values for y and AE are shown in Fig. 6.

4 AE=¢p — A.

b Ref. [5].

¢ Ref. [6], tpm”: tris(3,5-dimethylpyrazolyl)methane, bpm”: bis(3,5-dimethylpyrazolyl)methane.

4 Solid-state spectrum from Ref. [25].
¢ Ref. [13].
f Solid-state spectrum from Ref. [26].

as the energy differences between the spin-forbidden band and
either band maximum of the neighboring spin-allowed bands
are comparable.

The overall variation of y by approximately a factor of two
and leading to a “V-shape” systematic variation with AE as
shown by the shaded areas in Fig. 6 is unexpected and not physi-
cally justified: experimental spin-orbit coupling constants do not
vary by this much for octahedral nickel(IT) complexes and they
do not depend on energy differences between singlet and triplet
excited states [3,20]. The observations in Fig. 6 indicate that the
model described by Egs. (1) and (4) is incomplete and that addi-
tional effects outside the scope of Egs. (1) and (4) are leading to
unreasonably low values of y if these equations are used to calcu-
late spectra. The most obvious additional effect is the influence
of the second spin-allowed transition. Any calculated spectra
obtained with Eq. (4) neglect all additional triplet excited states,
but the spectra in Fig. 2 show that the spin-forbidden absorp-
tion band is often relatively close to two spin-allowed bands, in
particular for complexes such as [Ni(imidazole)s]**, shown in
Fig. 5a.

Different substituents of the imidazole ligand have a subtle
influence on the spin-allowed transitions and show markedly
different y values, as illustrated in Fig. 6b, again confirming the
apparent correlation of y and AE. It is obvious that a sum of
two spectra calculated with Eq. (4) does not solve the problem
of the low value obtained for the coupling constant y: adding
two calculated spectra would further increase the intensity of the
forbidden transition and would force any fit procedure to produce
an even lower numerical value for the coupling constant y. All
allowed transitions have to be considered simultaneously, and
this can no longer be achieved by the analytical equation (4).

5. The effect of two allowed bands on the intensity of the
lowest-energy spin-forbidden transition

In this section, we present calculated absorption spectra
obtained from a model involving two spin-allowed transitions
and three coupled excited states, the 3Tz, 'Eg and 3T1,(°F)
states in Fig. 1. As stated before, the coupling constant y is
expected to be on the order of 500-600 cm™! in many homolep-
tic complexes of nickel(Il). Eq. (4) cannot be generalized to
two allowed transitions, and therefore numerical calculations
are required [12,23,27-31]. Three harmonic potential energy
surfaces along a single normal coordinate are used to represent
the three excited states, a straightforward generalization of the
model shown in Fig. 3 for which we again neglect the coordinate
dependence of the transition dipole. The coupling constants y
are held constant at a value of 500cm™! for all calculations.
The resulting spectra are shown in Fig. 7. Solid traces denote
calculated spectra for three coupled states, dotted traces those
for the same three excited states, but with nonzero coupling only
between 1Eg and one triplet excited state, i.e. calculations cor-
responding to those obtained with Eq. (4) and shown in Fig. 5.
For the dotted spectra (a) and (b), nonzero coupling is chosen
with the higher-energy triplet excited state, for the dotted spec-
tra (c—h) coupling occurs with the lower-energy triplet excited
state. It is obvious from all spectra in Fig. 7 that the forbidden
transition is most intense if it is close in energy to an allowed
band, as observed in the experimental absorption spectra. The
most interesting situation occurs for the forbidden transition at
energies between the two allowed bands, illustrated by the solid
and dotted traces (c). The inset to Fig. 7 shows an enlarged
view of this region, and it is obvious that the dotted spectrum,
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Fig. 7. Calculated absorption spectra resulting from two triplet excited states
coupled to a singlet state. Solid traces: two triplet states coupled to the lowest-
energy singlet excited state. Dotted traces: one triplet state coupled to the lowest-
energy singlet state. Spectra (a) and (b): the higher energy triplet state is coupled
to the singlet, spectra (c)—(h): the lower energy triplet state is coupled to the
singlet. Inset: enlarged view of the spin-forbidden transition for the two regions
denoted by circles in the main figure for spectra (c) and (h).

obtained with nonzero coupling between the singlet and a single
triplet state, leads to a significantly more intense forbidden tran-
sition than the solid spectrum obtained with nonzero coupling
matrix elements between 1Eg and both triplet excited states.
This observation qualitatively explains the surprising decrease
of the coupling constants y obtained in the preceding section
and shown in Fig. 6 for complexes with the forbidden transition
located at energies between the two allowed bands. The two
spin-allowed transitions lead to destructive interference and a
lower intensity for the forbidden transition, despite an undeni-
ably higher triplet character of the 1Eg wavefunction due to the
two nonzero coupling constants.

For complexes with a spin-forbidden transition lower in
energy than both spin allowed bands, corresponding to spec-
tra (h) in Fig. 7, the enlarged view in the inset shows a much
smaller intensity difference between the intensities given as dot-
ted and solid traces. In contrast to the decrease of the intensity
discussed above, a small increase of the intensity is observed in
this energy range, corresponding to a constructive interference.

700 —Il.

600 — 3 '

500 @ + —~

y(em™)
|

400 ] ‘

300 ] !

200 - \
00 o
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Fig. 8. Comparison of coupling constants y used to calculate the spectra shown
as solid lines in Fig. 7 (circles connected by solid lines) and coupling constants
used to reproduce the intensity of the forbidden band with a model based on
only one allowed transition (squares connected by dotted lines). The two vertical
dotted lines denote the energies of the maxima of the two spin-allowed transitions
with energy differences AE given relative to the lower energy spin-allowed band
maximum in Fig. 7.

This aspect of the model calculations underlines that the situa-
tion explored by pressure-dependent luminescence spectroscopy
of chromium(IIT) complexes (variation of AE) [21] and theoret-
ical studies on complexes with a spin-forbidden lowest-energy
excited state [22] are a special category, and the calculated spec-
tra in Fig. 7 confirm that for this case a model limited to two
coupled excited states is appropriate.

The intensity of the spin-forbidden band calculated with three
coupled excited states and shown as solid lines in Fig. 7 can be
reproduced with a model involving only two coupled excited
states. The coupling constant y has to be adjusted, and the
resulting values are shown in Fig. 8. A “V-shape” variation
with a minimal value for y between the two allowed transitions,
qualitatively similar to Fig. 6, is obtained from this adjustment,
illustrating the limits of the model based on two coupled excited
states. Atthe lowest AE values, the value of y has to be increased
in order to reproduce the spectrum shown as a solid line in
Fig. 7, confirming the constructive interference between the two
allowed transitions and the forbidden band for situations where
the lowest-energy transition is forbidden.

Spin-forbidden transitions located in energy between allowed
transitions from which they can borrow intensity are there-
fore not well characterized by models such as those defined
by Egs. (1) and (4) that take into account only a single coupling
matrix element. The two single-crystal absorption spectra whose
parameters are included in Fig. 6 illustrate that this interference
effect is significant for spin-forbidden bands located between
the two lowest-energy spin-allowed transitions, the area outlined
by the oval in Fig. 1. The effect on bands located between the
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two higher-energy 3T1g excited states is expected to be weaker
because of the larger energy separation of these two states,
as confirmed on the right-hand side of Fig. 6b by the slower
decrease of y with increasing AE. Qualitatively, the spectra and
calculations for spin-forbidden transitions lower in energy than
all spin-allowed bands and for spin-forbidden transitions at ener-
gies between spin-allowed bands separated by a large energy
difference show a small variation of y, and models based on Eq.
(4) are appropriate. The calculated spectra in Fig. 7 show that the
intensity of a forbidden band does not simply increase with each
additional coupling pathway to an allowed transition and they
qualitatively rationalize the origin of the surprising variation of
the coupling constant y with the energy separation AE presented
in Fig. 6. We are currently exploring detailed spectra and model
calculations that quantitatively reproduce the observed intensity
variations. Such effects are also likely to influence transition
intensities between excited states, processes of crucial impor-
tance in upconversion materials, where intensities and vibronic
patterns different from the expectations based on electronic con-
figurations are common [4,26,32].

6. The lowest-energy spin-forbidden transition in
low-temperature absorption spectra of crystalline
MgBr;:Ni** and CsMgBr3:Ni2*

In order to further examine the spectroscopic manifesta-
tions of multiple coupled excited states on the lowest-energy
spin-forbidden band, it is obviously attractive to analyze single-
crystal absorption spectra at low temperature. Such spectra often
show resolved vibronic structure, providing direct information
on excited-state vibrational frequencies and, in the case of sev-
eral octahedral nickel(I) complexes, information on coupled
excited states [9,11]. In this section, we analyze the particu-
larly well resolved spectrum of MgBr2:Ni%* in the region of
the lowest energy spin-forbidden transition to the lEg state and
compare it to the similar, but somewhat less resolved spectrum
of CsMgBr3:Ni?*. Progression intervals in absorption spectra
often allow a direct experimental determination of excited-state
vibrational frequencies for many transition metal complexes.
Successful quantitative analyses with harmonic potential energy
surfaces have been carried out and metal-ligand bond-length
changes and other excited-state distortions have been reported
for a large number of transition metal complexes [28,30].

In special situations, interactions between electronic states
have been shown to influence the observed energy intervals
within resolved progressions. The best known nickel(Il) com-
plex illustrating this behavior is [Ni(H20)6]**, whose “red
band”, corresponds to the spin-forbidden transition to the 1Eg
excited state in proximity to the spin-allowed band with the
3T}o(°F) final state [2,9-12,33,34]. This band system shows a
prominent series of four resolved peaks in low-temperature sin-
gle crystal spectra. Their average energy separation is on the
order of 490 cm™!, larger than the Raman-active ground-state
metal-ligand stretching frequency of approximately 400 cm™!
and has been shown to be determined by coupling between the
E, spin-orbit levels arising from the 1Eg and 3T, g(3 F) states [9].
The low-temperature single-crystal spectra can be quantitatively

analyzed with amodel involving these two coupled excited states
as shown in Fig. 3 [11].

Crystalline nickel(IT) halides and halide host lattices doped
with nickel(Il) ions in approximately octahedral coordina-
tion geometry show absorption band systems with qualita-
tive similarities to [Ni(H20)6]2‘r [11]. Several nickel(II) chlo-
rides show a 3T1g(3F), 1Eg band system with a well-resolved,
short progression with three to four members on the high-
energy side of the band. The progression intervals of approx-
imately 300 and 330 cm™~! are higher than the totally symmetric
stretching frequency on the order of 260cm™! for CsNiCls
(CSMgCl3ZNi2+) and NiCl, [4,14-16,35]. The richest vibronic
structure is observed for octahedral complexes with bromide lig-
ands, compounds, which often show well-resolved absorption
spectra [4,14—16]. Their low-frequency metal-ligand vibrations
lead to long progressions, allowing a detailed comparison of pro-
gression intervals and intensity distributions with those obtained
from model calculations based on potential energy curves as
shown in Fig. 3. Fig. 9a illustrates the low-temperature, single-
crystal spectrum of [NiBrg]*~ molecular units in MgBry:Ni%*
[4]. Similar spectra are observed for the nickel(Il) doped bro-
mide host lattice CsMgBr3 [4,14,15] and its lowest-energy spin-
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Fig. 9. (a) Overall absorption spectrum of MgBr:Ni**. Assignments in Oy
point group symmetry for triplet excited states and singlet states are given and
(b) detailed absorption spectra of MgBr,:Ni?* in the region of the lowest-energy
singlet transition in o and m polarization are shown as solid and dotted traces,
respectively. Energy intervals AE; are given in Table 2.
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Table 2

Experimental band maxima and energy differences AE; within the prominent progression for the spectra of MgBr,:Ni?* and CsMgBr3:Ni** shown in Figs. 9b and 11

Maxima E; MgBr,:Ni%* CsMgBr3:Ni**

E, 11,802 13,597

E; 12,005 13,791

E; 12,200 13,984

Ey4 12,389 14,178

Es 12,574 14,376

Eg 12,758 14,572

Differences AE; Experimental Calculated D3q Calculated Oy Experimental Calculated D3q Calculated Oy
AE] 203 199 215 194 199 212
AE, 195 197 210 193 198 209
AE3 189 195 207 194 197 206
AEy 185 193 203 198 197 205
AEs 184 192 201 196 195 202

Energy differences AE; obtained from the calculated spectra in Fig. 11 are included for comparison. All values are given in cm™! units. Experimental values are

estimated to be precise to within 3cm™".

forbidden band will also be analyzed for comparison. The point
group symmetry at the magnesium(II) sites is D3q for both lat-
tices, but the site structure is different, with the coordination
geometry for nickel(IT) in MgBr; corresponding to a trigonally
compressed octahedron [36] in contrast to CsMgBr3, where the
metal site is a trigonally elongated octahedron [15,37]. The
overall spectrum in Fig. 9a is easily rationalized in terms of
an approximate Oy, point group symmetry. The expected three
spin-allowed transitions to triplet excited states are observed at
much lower energies than those for the complexes with nitrogen
donor ligands in Fig. 2, as expected from the spectrochemical
series. Polarized spectra do not show distinct dichroisms of any
spin-allowed band and no clearly separated band maxima due
to the trigonal site symmetry are apparent in the overall spectra.
The region of interest for a comparison with model calcula-
tions is between 11,500 and 13,000 cm™!, where a prominent
progression with at least six members is observed as part of the
transitions to the 3T g(3F), 1Eg excited states, illustrated in detail
in Fig. 9b. Energies of the maxima and energy differences AE;
illustrated in Fig. 9b are given in Table 2 for both the doped
MgBr, and CsMgBr3 host lattices The average energy separa-
tions are 190 and 194 cm™! for MgBr,:Ni** and CsMgBr3:Ni’*,
respectively. A very similar average interval of 202cm™! has
been reported for NiBr; [16] again significantly higher than the
totally symmetric Raman frequencies reported as 168 cm ™! [16]
and 170 cm™! [35]. This comparison confirms that the observed
progression is qualitatively identical to those analyzed before
for crystalline [Ni(H,0)g]** and [NiClg]*~ [11].

It is interesting to note that the energy differences observed
in Fig. 9b for MgBr»:Ni** decrease along the progression from
201 to 183 cm™~!. To the best of our knowledge, this is the only
clear-cut documented example for energy differences that are
not constant in resolved progressions for nickel(Il) complexes.
It is possible to observe this effect because of the low vibrational
frequencies, leading to a larger number of peaks in a progression
in bromide lattices, and because of the exceptional resolution
obtained in the absorption spectra of MgBr,:Ni2* The analysis
of the spectrum presented here is focused on the well-resolved

progression shown in Fig. 9b. In order to analyze the spectrum
in Fig. 9b, we use the Hamiltonian given in Eq. (2) to define the
coupled potential energy surfaces [29].

A model for octahedral point group symmetry is illustrated
in Fig. 10a. Spin-orbit coupling mixes the two E; levels arising
from the 1Eg and 3T ¢ states, leading to the adiabatic potential
energy curves shown as dotted lines in Fig. 10a. The harmonic
(diabatic) potential curves correspond to the diagonal elements
of the right-hand side of Eq. (2), and the non-harmonic (adi-
abatic) curves correspond to the eigenvalues of Eq. (2) [29].
Figs. 3 and 10 show these potential energy curves as dotted and
solid lines, respectively, along the single normal coordinate Q.
The harmonic potential energy curves are defined by the fre-
quency of the totally symmetric breathing mode, reported for
the ground state of the isostructural NiBr; to be 170 cm~! [35].
We use this value for the singlet excited state, the upper diagonal
element in the right-hand side of Eq. (2). The minimum for the
diabatic singlet excited state curve is at the origin of the Q axis,
at the same position as the ground state minimum. The energy
difference between the ground and singlet excited state poten-
tial energy minima is ep, determined from the lowest-energy
maximum of the o polarized spectrum in Fig. 9b. The diabatic
potential energy curve for the triplet excited state, given by the
lower diagonal element in Eq. (2), has its minimum offset from
the singlet excited state both along the normal coordinate axis
and along the energy axis by AQ and AE, respectively. Cou-
pling between these two states is given by the constant y, the
off-diagonal element in the right-hand side of Eq. (2). All cal-
culations presented in the following correspond to a situation
where the singlet band gains its entire intensity from the triplet
transition. Potential energy curves for the other spin-orbit levels
arising from 3T} g(3F) are included in Fig. 10a, but they do not
couple with the singlet excited state. Theoretical models involv-
ing the two coupled potential energy surfaces have been shown
toreproduce both the observed energy intervals and intensities of
these bands for the spectra of [Ni(H,0)6]** and [NiClg]*~ [11]
forming progressions similar to the example shown in Fig. 9b.
Qualitatively, the higher-energy adiabatic E, potential energy
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Fig. 10. Potential energy surfaces used to calculate absorption spectra: (a) Oy
point group symmetry and (b) D3q point group symmetry.

surface obtained including spin-orbit coupling is easily seen to
be narrower than the diabatic harmonic potential energy sur-
face describing this state without spin-orbit coupling, leading to
a higher energy separation of vibronic levels and non-constant
intervals between vibronic band maxima forming the progres-
sion in Fig. 9b. For the analysis of the series of peaks shown
in Fig. 9b it is sufficient to consider only the two E, states, as
the other spin-orbit levels of 3T1g do not have the appropriate
symmetry and E, levels arising from other excited states are
too far removed in energy to have a significant influence on the
spectrum.

Spectra are calculated from the potential energy surfaces
defined in Eq. (2) and shown in Fig. 10 using the time-dependent
theory of spectroscopy [12,23,27-31]. The spectrum calculated
with this approach consists of two distinct bands: at low energy,
a band with closely spaced vibronic transitions and at higher

Table 3
Angular overlap parameters for [NiBrg]*~ determined from the absorption spec-
tra of MgBr,:Ni** and CsMgBr3:Ni%*, calculated energies for the triplet excited
states and the lowest-energy singlet excited state and parameters used to define
the potential energy curves in Fig. 10 to obtain the calculated spectra shown in
Fig. 11

Quantity MgBr,:Ni%* CsMgBr3:Ni**
B(cm™!) 800 800
C(ecm™) 3200 3150
eg (cm™ 1) 3300 3300
e (cm™1) 800 800

&* (Op) (°) 54.74 54.74
3T CF) (em™!) 11,243 11,227
IE, (cm™!) (Oy) 12,278 12,086
& (D3q) (°) 56.19 52.36
3Eg (cm™1)® 11,082 11,365
3Agg (em™hb 11,501 10,777
'Eg (cm™!) (D3a) 12,274 12,075
wo (cm™1) (ground state) 170 170

wo (em™1) (singlet excited state) 170 170

wo (cm™1) (triplet excited states) 155 155
AQ A (singlet excited state) 0.0 0.0

AQ A) (triplet excited states) 0.18 0.18

y em™h) 500 500
I'(em™) 15 15
Eg®T14(Op) (em™!) 9532¢ 9530¢
Ego *Eg (Op) (em™1) 11,490° 11,312°
Ego *Eg (D3g) (cm™1) 9371° 9669°
Ego 3Azg(D3a) (em™1) 9791¢ 9081¢
Ego 'Eg (D3g) (em™1) 11,486° 11,301¢

2 @ is the smallest angle between the trigonal axis and a Ni-Br bond. Polar
coordinates (@, @) for all six ligands are (©@, 0°), (©, 120°), (©, 240°),
(180° — ®, 60°)(180° — ©, 180°) and (180° — &, 300°).

b States arising from 3T} g(3F) in Oy point group symmetry.

¢ AOM energies were lowered by 788 cm™! (MgBr,:Ni**) and 774 cm™!
(CsMgBr3:Ni2+) for the calculation of the spectra in Fig. 11.

energy a set of vibronic lines separated by larger energy dif-
ferences. The low-energy band contributes to the unresolved
triplet band, it is not comparable in detail to experiment and
not the focus here. The higher energy band shows a progression
indicative of a final state with a small offset AQ and comparable
to the detailed spectrum shown in Fig. 9b, as is the case for the
singlet excited state. We therefore use the “singlet band” label to
discuss the spectrum in Fig. 9b, even though such labels should
be used with caution for two main reasons. First, the observa-
tion of a progression with several members indicates that the
“singlet band” has significant triplet character, as can be seen
qualitatively from the higher-energy adiabatic potential curves
in Figs. 3 and 10. This adiabatic curve has its minimum at a
nonzero, positive value along the normal coordinate axis due to
spin-orbit coupling with the triplet state, a qualitative rationale
for the “singlet” progression observed in the spectrum in Fig. 9b.

The spectra calculated for Oy point group symmetry with
the parameter values given in Table 3 compare well with the
experiment, but the progression intervals are too large, as is
shown by the dotted calculated spectra in Fig. 11. A systematic
variation of the model parameters reveals that the only way to
improve the energy intervals without ending up with an unac-
ceptable intensity distribution within the progression is to lower
the vibrational frequency of the triplet excited state to approx-
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Fig. 11. Comparison of experimental and calculated absorption spectra for
MgBrzzNiz* (a) and CsMgBr3:Ni2+ (b). The top traces in both panels denote
experimental spectra, the two lower traces denote calculated spectra. Solid
lines: spectra obtained with four coupled Eg states (D34 point group symme-
try, Fig. 10b), dotted lines: spectra calculated with two coupled E; states (Op
point group symmetry, Fig. 10a.

imately 115cm™". This reduction of 33% is too large: NiBr,
shows a resolved progression with an interval of 160cm™! for
the triplet excited state, lower by less than 10% than the ground
state vibrational frequency, and NiCl, shows a progression inter-
val of 251 cm™!, lower by only 4% than the ground state value.
We have chosen to limit the value of the vibrational frequency
for the triplet excited state to a range between 90% and 100%
of the ground state frequency for the calculations of absorption
spectra.

It is straightforward to formally generalize this model to the
D3q actual point group symmetry. In this symmetry, the 3Ty g(3 F)
excited state splitsinto a 3A2g anda? Ej state. Three E spin-orbit
levels arise from these states. Their energies can be estimated
from the angular overlap model, using polar coordinates for the
ligands derived from the crystal structure of the host lattices and
choosing the angular overlap parameters ey, e, B and C to repro-
duce as best as possible the observed band maxima in overall
spectra. The calculated energies and ligand-field parameters for
this point group symmetry are given in Table 3. This approach
leads to approximate energies and allows us to construct the
potential energy surfaces in Fig. 10b for MgBr,:Ni**. The most

important difference of this model compared to Fig. 10a are the
multiple E; levels arising from the triplet excited states. The
calculated spectrum is in better agreement with the experiment,
providing evidence for coupling with multiple states, as illus-
trated in Fig. 11. The energy intervals in Table 2 are also in
better agreement with the experimental data than those for the
On approximation. The multiple E, levels have to be treated
simultaneously, not as a sum of calculations for pairs of coupled
levels. Their exact energies are of lesser importance: the energy
intervals calculated for the two spectra in Fig. 11 are very simi-
lar, even though the trigonal split of 3T ¢ has the opposite sign
for the two host lattices, as given in Table 3.

The calculated intervals are still somewhat too large for
MgBr,:Ni?*, in particular those at high energy. Is tempting
to interpret this discrepancy as a manifestation of coupling to
other E; states higher in energy than the transitions in Fig. 10b,
in analogy to the effect shown for the unresolved calculated
spectra in Fig. 7 of the preceding section. More spectra are
needed to analyze such effects, as a model with additional cou-
pling parameters is vastly overparametrized for the two spectra
analyzed here. Of particular interest are complexes where the
spin-forbidden transition is in the middle between the two ener-
getically close spin-allowed bands. The comparison in Fig. 11
shows that single-crystal absorption spectra confirm the impor-
tance of multiple spin-allowed transitions on the lowest-energy
spin-forbidden band and its vibronic structure, involving the
multiple E; levels arising from 3T, g(3F) in the D34 point group
symmetry of the magnesium(II) site of the two bromide host
lattices.

7. Summary and conclusions

This review shows that spectroscopic effects of coupling
between multiple excited states, usually neglected in the inter-
pretation of absorption spectra, can be observed in absorption
spectra of octahedral nickel(II) complexes both in solution and in
the solid state. The intensity and vibronic structure of the lowest-
energy spin-forbidden transition reveal the influence of multi-
ple allowed transitions. Interference effects involving several
allowed transitions can lead to a surprising intensity decrease
of forbidden transitions and are a likely reason why most
spin-forbidden transitions are not visible in solution absorp-
tion spectra, despite their energetic proximity to several allowed
bands.
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