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bstract

Absorption spectra of octahedral nickel(II) complexes are used to illustrate that the limitation to only the initial and Born–Oppenheimer final
tates of an electronic transition is not adequate in order to rationalize the intensity and vibronic structure of the lowest-energy spin-forbidden

ransition of these compounds. Qualitative and quantitative models are applied and discussed for a series of absorption spectra measured in solution
t room temperature and for the low-temperature single-crystal absorption spectra of nickel(II) ions doped into bromide host lattices. The spectra
nd 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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. Introduction

The rich electronic structure of octahedral nickel(II) com-
lexes has been explored over the past 50 years towards goals
anging from applying crystal field theory in inorganic coordi-
ation chemistry [1–3] to modern photophysical effects such as
ear-infrared to visible upconversion [4]. The d–d transitions

bserved in the absorption spectra provide the crucial exper-
mental information needed to develop and test models and
oncepts for these areas. All electronic states arising from the d8
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lectron configuration in Oh point group symmetry are shown
n the Tanabe–Sugano diagram in Fig. 1. The most important
xcited states discussed in this review are the 3T2g, 3T1g(3F)
nd the 1Eg states. The energy of the first singlet excited state,
Eg, is almost independent of ligand-field strength, as it arises
rom the same t2g

6eg
2 electron configuration as the electronic

round state. In contrast, the energies of the triplet excited states
ary strongly with ligand field strength, due to their electron
onfigurations with an increased population of the Eg orbitals.
he d8 configuration is particularly attractive for this review,

s the 3T2g and 3T1g(3F) excited states are close in energy at
ll ligand-field strengths. The main focus is on the electronic
tates in the oval zone in Fig. 1, containing only one singlet
xcited state and two nearby triplet excited states. Absorption

mailto:reber@chimie.umontreal.ca
dx.doi.org/10.1016/j.ccr.2006.08.011
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Fig. 1. Tanabe–Sugano diagram for the d8 electron configuration in Oh point
group symmetry. Triplet and singlet electronic states are given as solid and dotted
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Fig. 2. Solution absorption spectra of: (a) [Ni(imidazole)6]2+, (b) [Ni(NH3)6]2+,
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races, respectively, with excited states relevant to this review emphasized as
hick traces. The oval denotes the energy and ligand-field strength range for
hich spectra are analyzed.

pectra covering this zone have been published and transition
nergies have been analyzed [1,3,5,6]. In the following, we dis-
uss the intensity of the lowest-energy spin-forbidden transition,
pplying recently developed theoretical models [7,8]. The most
mportant insight resulting from this review is that a forbid-
en transition close in energy to several allowed bands can lose
r gain intensity compared to a situation where only a single
llowed band is present and an intensity gain always occurs. The
bsorption spectra reviewed in the following show that intensity
orrowing from several allowed bands is not additive, an effect
ften neglected when “mixed” wavefunctions of excited states
re analyzed.

The transition to the lowest-energy singlet excited state in
ctahedral nickel(II) complexes can often be observed in solu-
ion spectra and it has been extensively discussed in literatures
1–3]. Both its intensity and unusual band shape, with resolved
ibronic structure at low temperature, have been analyzed with
etailed theoretical models [2,9–11]. All analyses are based on
odel potential energy surfaces, which are also the key ingre-

ient to the approach discussed and applied in this review. It is
mportant to point out that established electronic structure cal-
ulations are most often based on the adiabatic approximation

nd are not necessarily suitable to rationalize intensities of for-
idden transitions, which are dominated by effects of coupling
etween potential energy surfaces, emphasizing the importance
f detailed analyses of experimental spectra.

t
f
s
d

nd (c) [Ni(bipyridine)3]2+. Traces (a) and (b) are offset along the ordinate for
larity. Vertical arrows denote the lowest-energy spin-forbidden transition to the
Eg excited state.

. Intensity of a spin-forbidden transition: experimental
verview and qualitative application of perturbation
heory

The absorption spectra of many octahedral nickel(II) com-
lexes can easily be interpreted using the Tanabe–Sugano dia-
ram for the d8 electron configuration given in Fig. 1. The
lectronic ground state is 3A2g, and spin-allowed transitions
o three triplet excited states are expected and easily observed
n solution absorption spectra. One aspect of these spectra
hat has been discussed in detail is the lowest-energy spin-
orbidden transition. Its intensity is often high enough to be
bserved in many solution absorption spectra, as illustrated in
iteratures [1,3,5,6,12] and for three representative complexes
Ni(imidazole)6]2+, [Ni(NH3)6]2+ and [Ni(bipyridine)3]2+ in
ig. 2. These three homoleptic complexes all have six nitrogen

igator atoms, but the energies of their spin-allowed bands vary
ignificantly. The position of the weak, spin-forbidden band can
e either close to the lowest-energy spin-allowed transition to the
T2g final state, illustrated by the bottom two spectra in Fig. 2, or
lose to the 3T1g(3F) band, as illustrated by the top trace in Fig. 2.
or weak ligands, the transition can even be higher in energy than
he 3T1g(3F) band, as has been observed and studied in detail
or the [Ni(H2O)6]2+ complex both in solution and in the solid
tate and for several solid chloride and bromide host lattices
oped with nickel(II) ions [4,9–18]. The Tanabe–Sugano dia-
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ram in Fig. 1 illustrates that the two low-energy triplet excited
tates 3T2g and 3T1g(3F) are close in energy for the range of
igand-field strengths denoted by the oval and corresponding to
he complexes in Fig. 2. The third triplet excited state, 3T1g(3P),
as a significantly higher energy separation from 3T1g(3F). This
s a consequence of the interaction between the two 3T1g states
19]. The variation of excited state energies through relatively
inor changes of the ligand sphere is attractive in order to gain

nsight on factors that determine intensity borrowing for forbid-
en transitions. It is qualitatively obvious from Fig. 2 and from
he spectra in the literature that the intensity of the forbidden
ransition is highest when it is close in energy to the maximum
f a spin-allowed band, and its intensity obviously decreases as
he energy separation increases. From these qualitative observa-
ions, a simple quantitative model based on perturbation theory
as been proposed for the intensity I of the spin-forbidden tran-
ition to the 1Eg excited state [1]:

= const
γ2

�E2 (1)

In this equation, γ denotes the coupling constant between
ne triplet excited state and the 1Eg state. In Oh point group
ymmetry, this constant is equal to

√
6λ [2] between the Eg

pin-orbit levels of the 1Eg state and those arising from the 3T2g
nd 3T1g(3F) states, on the order of 700 cm−1 estimated from
he spin-orbit coupling constant λ for the free ion, and on the
rder of 500–600 cm−1 estimated from the spin-orbit coupling
onstants λ, determined from magnetic susceptibility measure-
ents and EPR experiments for octahedral complexes [3,20].
he energy difference �E can be roughly estimated from the
and maxima of the spin-forbidden and spin-allowed absorption
ands. Based on Eq. (1), the intensity I should therefore increase
ith the square of the coupling constant γ and decrease with the

nverse square of �E. Experimental absorption spectra show an
bvious decrease of the intensity for complexes with a large
nergy difference between the singlet and triplet bands, but a
uantitative application of Eq. (1) is difficult, in part due to band-
hapes that cannot be easily separated into spin-forbidden and
pin-allowed components. It is also obvious from the spectra in
ig. 2 that the intensity of the spin-forbidden transition is impos-
ible to determine precisely through numerical procedures. It is
ften observed as a shoulder on a more intense spin-allowed
and. Any model to analyze the intensity of the spin-forbidden
and must therefore include the bandshapes of both the
llowed and forbidden transitions, as discussed in the following
ection.

The most detailed experimental analysis of intensity borrow-
ng as a function of the parameter �E has been made through
uminescence lifetime measurements at variable external pres-
ures, mainly for a variety of doped oxide and halide lattices with
ctahedral sites occupied by chromium(III) ions [21]. External
ressure leads to a variation of �E, and a model based on Eq.

1) has been successfully applied to rationalize many observa-
ions. The coupling constant γ obtained from these experiments
s independent of �E or pressure and the inclusion of inten-
ity borrowing from all vibronic levels has been shown to lead

s
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n
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o a precise quantitative agreement with experimental lumines-
ence lifetimes [21]. These experimental results and theoretical
odels [22,23] indicate that intensity borrowing as described

y Eq. (1), i.e. from a single allowed transition, appears to be
uantitatively correct if the lowest-energy electronic transition
s spin-forbidden, a result that has been implicitly generalized to
ll spin-forbidden transitions. This review emphasizes that such
generalization can be fallible for higher-energy forbidden tran-
itions and explores more adequate models.

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

All absorption spectra in Fig. 2 show a shoulder near the
owest-energy spin-allowed transition, traditionally assigned as
he spin-forbidden 3A2g → 1Eg band. The close proximity of the
inglet and triplet excited states leads to strong mixing through
pin-orbit coupling, effects that have been analyzed in detail
or a number of octahedral complexes of nickel(II) [1–3,9–13].
he mixing causes an increase of the intensity and bandwidth
f the spin-forbidden transition, leading to a band that is easy
o detect in the spectra in Fig. 2, in contrast to all other transi-
ions to singlet excited states, which usually are not observed
n solution absorption spectra. An important consequence of
he coupled excited states is the change of band shapes, which
lso influences the energies of the band maxima. In order to
nalyze these effects, a quantitative model has to be used, and
alculated spectra have to be fitted to experimental data. We
pply a theoretical model developed by Neuhauser et al. [7] to
alculate the absorption spectrum of a forbidden spin-flip tran-
ition close in energy to an allowed interconfigurational band.
his model neglects the coordinate dependence of the transi-

ion dipole and is strictly applicable only to complexes without
nversion symmetry, as vibronic intensity mechanisms are not
reated. It successfully reproduces the spectra of many octahe-
ral complexes of nickel(II) [5,6,13] and chromium(III) [13]
here coupled electronic states of different multiplicity occur,

ndicating that the assumption of an allowed transition does not
ead to significant discrepancies between experimental and cal-
ulated spectra. In the following, we review the results obtained
rom the application of this model to six-coordinate nickel(II)
omplexes with and without inversion symmetry.

Fig. 3 illustrates the model. The potential energy curves for
he 3A2g ground state as well as the 1Eg and a single 3� excited
tates are given by the solid traces in Fig. 3, which can be calcu-
ated from the harmonic approximation and ground-state Raman
requencies. Identical frequencies define all harmonic potential
nergy curves for the electronic states in Fig. 3. We use the same
ymbols for all quantities as given in the original publication of
his model [7]. The energy minimum of the ground-state poten-
ial energy curve corresponds to the equilibrium geometry. As
o metal–ligand bonding changes occur in the singlet excited

tate, its minimum is placed at the same position as the ground
tate minimum along the normal coordinate in Fig. 3. The mini-
um for the 3� excited state is offset by �Q along one or several

ormal 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 (3�) of octahedral nickel(II) com-
plexes. Diabatic and adiabatic potential energy surfaces are given as solid and
dotted traces, respectively and parameters used to calculate spectra are defined.
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f particular importance are the coupling constant γ and the energy difference
E between the vertical transitions to the diabatic potential energy curves for

he singlet and triplet excited states.

mum of the triplet band is given by the parameter Δ, and the
orbidden transition occurs at energy εF. The energy difference
E in Eq. (1) is calculated as the difference between εF and
. The solid-line diabatic potential energy curves describe the

inglet and triplet excited states in the absence of coupling, i.e.
or a coupling constant γ of zero. Nonzero values for γ lead to
he adiabatic potential energy surfaces shown as dotted curves
n Fig. 3, different from the harmonic diabatic curves. Both sets
f curves are necessary to calculate the absorption band sys-
em arising from transitions to these coupled excited states. The
amiltonian for the two excited states described by the coupled
otential energy surfaces is given by [7]:

= p2

2M

[
1 0

0 1

]

+

⎡
⎢⎣

1

2
Mω2

0x
2 + εF γ

γ
1

2
Mω2

0(x − xA)2+εF−�E

⎤
⎥⎦ (2)
Analytical and numerical solutions for the absorption spec-
rum resulting from transitions to these two coupled excited
tates have been published and discussed [7,13]. The calculated
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pectrum involving the coupled states is given by:

(ω) = 1

2π

∫ ∞

−∞

〈
Ψ0|e−i(H−ω)t−Γ |t||Ψ0

〉
dt

= 1

π
lm

〈
Ψ0|(H − ω − iΓ )−1|Ψ0

〉
, (3)

The absorption spectra in Fig. 2 do not allow an experi-
ental determination of all triplet excited levels arising from

T2g or 3T1g split by deviations from octahedral symmetry and
pin-orbit coupling. We describe the band shape for the allowed
ransition to the triplet excited state in the absence of coupling
o the singlet excited state by a Lorentz profile with a width of
ω0λ [7]. With this simplification, which also makes it unnec-

ssary to specify individual normal coordinates and offsets �Q,
n analytical equation for the absorption spectrum is obtained
7]:

(ω) = − 1

π
lm

(
β

1 − γ2αβ

)
(4)

where α and β are defined as:

= 1

ω − εF + iΓ
, β = 1

ω − � + i
√

ω0λ
(5)

Γ in Eqs. (3) and (5) denotes the vibronic line width of each
ransition. This model has been applied in the literature with
wo quantitative goals. The original reason for its development
nd the first scientific goal was to explore interference effects
rising from the coupled final states of a forbidden and a single
llowed transition in absorption spectra of molecules. Interfer-
nce dips occur in such spectra, and their formal relationship
o Fano antiresonances observed in atomic spectroscopy was
erived [7]. Second, the model leads to precise energies εF of
he forbidden transition in the absence of coupling. These val-
es have been discussed in terms of interelectronic repulsion
ffects and are of particular relevance for complexes with a
ixed ligand sphere, where empirical correlations such as the

ephelauxetic series [24] cannot be applied in a straightforward
ay and where the energies of the singlet excited state have to
e known precisely [5,6]. In this review, we focus on a third
spect not discussed before: the intensity of the spin-forbidden
ransition, in particular its variation as a function of the cou-
ling constant γ and the energy difference �E in Eq. (1). We
ill compare the intensities calculated for a spin-forbidden tran-

ition from the model described by Eq. (4) and compare to the
xpectation from Eq. (1).

A series of calculated spectra used to determine the inten-
ity of the forbidden transition is shown in Fig. 4. All spectra
how a weak spin forbidden band at an energy defined by the εF
alue of 8000 cm−1 and an intense spin-allowed band with its
aximum at an energy Δ higher than 10,000 cm−1. In Fig. 4a,

he energy Δ is varied, showing the effect of �E on the inten-

ity of the forbidden transition. It is qualitatively obvious that
he spin-forbidden band is most intense in the spectrum with
he smallest value of �E. Numerical integration of the spin-
orbidden 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 εF

of the singlet excited state is set to 8000 cm−1 for all calculations. (a) Variation
of the energy difference �E between the singlet and triplet excited states. The
inset shows the intensity of the forbidden transition as a function of �E with
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ues that vary by less than 10%, as documented in Table 1.
fit to Eq. (1). (b) Variation of the coupling constant γ . The inset shows the
ntensity of the forbidden transition as a function of γ with a fit to Eq. (1).

E shown in the inset to Fig. 4a. The trace in the inset is a fit
o Eq. (1) with a constant value of γ , indicating that the model
efined by Eq. (4) is in quantitative agreement with Eq. (1).
ig. 4b shows calculated spectra for different values of the cou-
ling constant γ . The intensity of the spin-forbidden transition
ncreases with γ , and the intensity obtained by numerical inte-
ration is shown in the inset to Fig. 4b. The solid trace again
s a fit to Eq. (1) with a constant value of �E, illustrating that
he calculated intensity increases as described by Eq. (1). Fig. 4
onfirms that absorption spectra calculated with Eq. (4) for dif-
erent values of γ and �E lead to the intensity variation of the
pin-forbidden transition expected from Eq. (1), determined by
ntensity-borrowing through spin-orbit coupling with a single
pin-allowed transition. Any increase of γ or decrease of �E
eads to more triplet character mixed into the wavefunction of the
Eg state and to an increase of the intensity for the spin-forbidden
ransition.

A model based on the full set of coupled potential energy
urves shown in Fig. 3 has to be applied for a precise analysis of

he absorption spectra in Fig. 2, as shown in the following section
or a number of nickel(II) complexes. In order to analyze exper-
mental spectra with this model, as many parameters as possible
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ere set to experimental quantities. Vibrational frequencies ω0
ere held constant at values observed in the Raman spectra and

nitial values for Δ and εF were estimated from the experimental
bsorption spectra. The coupling constant y was limited to values
ower than 1000 cm−1, corresponding to the order of magnitude
f the spin-orbit coupling constant for nickel(II). Only λ, a factor
ontributing to the width of the spin-allowed absorption band,
nd Γ , whose role in Eq. (4) is to define the width of the spin-
orbidden band, were treated as freely adjustable parameters
ithout numerical constraints. The most important parameter
alues obtained from the fits are the coupling constants γ and
nergy differences �E, calculated as εF − Δ, leading to a set
f data points ideally suited to test the assumptions underlying
qs. (1) and (4).

. Analysis of the room-temperature absorption band
ystem in solution with the model based on two coupled
tates

The model defined by Eq. (4) and illustrated in Figs. 3 and 4
as been applied in the literature to the solution absorp-
ion spectra of eight octahedral nickel(II) complexes [5,6,13].
ig. 5 shows the fit of Eq. (4) to the absorption spectra of
Ni(imidazole)6]2+, [Ni(NH3)6]2+ and [Ni(bipyridine)3]2+ com-
lexes, whose full d–d spectra are shown in Fig. 2 and illus-
rates the excellent agreement between fits and experimental
pectra. The bandshapes including one spin-forbidden and one
pin-allowed transition are well reproduced by the fits, demon-
trating that the model described in the preceding section pro-
ides an easy quantitative way to calculate many different
pectra with weak or intense spin-forbidden bands. For the
Ni(H2O)6]2+ complex, a detailed comparison between parame-
er values obtained with Eq. (4) and those from numerical models
xplicitly describing the normal coordinate and potential energy
urfaces in Fig. 3 has been made and it has been shown that the
arameters resulting from Eq. (4) are reliable [13]. All param-
ters obtained from the fits are summarized in Table 1 for the
omplexes used in this review.

The sensitivity to values of the coupling constant γ is qualita-
ively illustrated for the spectrum of [Ni(NH3)6]2+ in Fig. 5b. The
est fit is superimposed to the experimental spectrum and leads
o a coupling constant y of 305 cm−1, lower by almost a factor of
wo than the value on the order of 500–600 cm−1 estimated from
he ligand-field matrix element. The solid trace offset from the
xperimental spectrum in Fig. 5b is a fit where the coupling con-
tant γ was held fixed at 500 cm−1. It is obvious that this calcu-
ated spectrum is in marked disagreement with the experimental
bsorption band system, illustrating the narrow limits imposed
n parameter ranges by the fit of Eq. (4). Other parameter values
ave only a small influence on the coupling constant γ , as illus-
rated for the [Ni(tris(3,5-dimethylpyrazolyl)methane)(NO3)2]
omplex [6] where two different vibrational frequencies ω0,
orresponding to different Raman transitions, lead to γ val-
his table summarizes all parameter values obtained from the
nalysis of spectra with Eq. (4). In addition to results from room-
emperature 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
g
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Fig. 6. Comparison of γ and �E values obtained from the fit of Eq. (4) to
experimental absorption spectra. (a) The 3T2g excited state is closest in energy
to the 1Eg excited state. The dotted vertical line denotes the energy of the 3T2g

excited state, as given by the parameter Δ in Table 1. (b) Comparison of γ and
�E for complexes with the 3T1g(3F) excited state closest in energy to 1Eg. The
dotted vertical line denotes the energy of the 3T1g(3F) excited state, as given
by the parameter Δ in Table 1. The two open symbols denote results from low-
temperature single-crystal spectra. Ligand abbreviations: en: ethylenediamine,
t
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iven in Table 1. (a) [Ni(imidazole)6]2+, (b) [Ni(NH3)6]2+ including a spectrum
esulting form a least-squares fit where the coupling constant γ was held at
00 cm−1, offset along the ordinate for clarity, and (c) [Ni(bpy)3]2+.

ow-temperature single-crystal spectra reported in the literature
or [Ni(pyrazole)6](NO3)2 [25] and for CsCdCl3 doped with
ickel(II) ions, leading to octahedral [NiCl6]4− chromophores
26]. Both spectra show a weak, unresolved band for the lowest-
nergy spin-forbidden transition phenomenologically similar to
he solution spectra, and their spectra are therefore well suited
or an analysis with Eq. (4).

One striking aspect of the parameter values obtained from
ts of Eq. (4) and presented in Table 1 is illustrated in Fig. 6.
urprisingly, the values of the coupling constants γ and energy
ifferences �E show a distinct correlation. Fig. 6a summarizes

1
he values for complexes where the Eg state is closer in energy
o the 3T2g state than to the 3T1g(3F) state. The fit of Eq. (4) was
herefore made to the 3T2g, 1Eg band system of the experimental
pectrum. The dotted vertical line denotes the band maximum
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pm*: (tris(3,5-dimethylpyrazolyl)methane), dmso: dimethylsulfoxide, bpm*:
is(3,5-dimethylpyrazolyl)methane.

of the 3T2g transition and is the point of reference from which
E values are plotted in Fig. 6a. The highest values for γ are

btained for the smallest absolute values of �E, and a distinct
ecrease of γ is observed as �E increases and the transition to
he 1Eg state occurs in the region of low absorbance between
he 3T2g and 3T1g(3F) bands. To the low-energy side of the
T2g band, corresponding to negative values of �E in Fig. 6a,
he coupling constant γ appears to be constant as the spin-
orbidden band is located lower in energy than the 3T2g band.
his region corresponds to the complexes with the strongest

igands [Ni(bipyridine)3]2+ and [Ni(phenanthroline)3]2+. It is
nteresting to note that an exchange of the numerical values of
F and Δ does not lead to a good agreement with the experimen-
al spectrum, showing that Eq. (4) can even be used to determine
he energy order of the two coupled excited states via the band-
hape of the absorption spectrum. Fig. 6b summarizes the γ and
E values obtained for complexes where the 1Eg band is closer

o the band maximum A of the 3T1g(3F) transition, defined by the
otted vertical line analogous to Fig. 6a. Again, the highest cou-
ling constants γ are observed for the smallest absolute values of
E. A strong and distinct decrease is observed on the low-energy

ide of the vertical line, indicating that γ values go through a

inimum in the region between the two spin-allowed absorption

ands. For this intermediate region, the choice of triplet band to
nclude 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 εF Δ �Ea γ ω0 λ Γ

Ni(bipyridine)3
2+ 11,989 12,473 −484 338 345 7,901 513

Ni(phenanthroline)3
2+b 12,006 12,276 −270 545 450 3,022 796

Ni(ethylenediamine)3
2+b 12,326 11,552 774 530 446 5,206 900

Ni(en)2(SCN)2 12,659 11,444 1215 414 431 6,868 883
Ni(tpm*)2

2+c 12,923 11,773 1150 450 423 7,463 500
Ni(tpm*)(NO3)2

c 12,854 10,370 2214 397 222 9,760 274
Ni(tpm*)(NO3)2

c 12,873 10,389 2484 436 577 3,760 274
Ni(NH3)6

2+ 13,079 10,620 2459 305 344 9,012 303
Ni(tpm*)(bpm*)(NO)3

c 12,994 10,465 2529 228 416 7,454 188
Ni(imidazole)6

2+ 13,626 16,339 −2713 186 345 11,566 194
Ni(l-Meim)6

2+ 13,148 16,261 −3113 275 398 10,628 313
Ni(2-Meim)6

2+ 13,165 15,801 −2636 300 329 8,547 400
Ni(pyrazole)6

2+d 13,300 11,200 −2100 300 350 3,600 250
Ni(l,2-DiMeim)6

2+ 13,380 15,406 −2026 500 535 10,321 786
Ni(H2O)6

2+e 14,757 14,325 432 550 380 7,620 630
Ni(dmso)6

2+c 14,027 13,138 889 425 390 6,770 556
NiCl64−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−1 units. The values for γ and �E are shown in Fig. 6.
a �E = εF − Δ.
b Ref. [5].
c Ref. [6], tpm*: tris(3,5-dimethylpyrazolyl)methane, bpm*: bis(3,5-dimethylpyrazolyl)methane.
d Solid-state spectrum from Ref. [25].
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e Ref. [13].
f Solid-state spectrum from Ref. [26].

s the energy differences between the spin-forbidden band and
ither band maximum of the neighboring spin-allowed bands
re comparable.

The overall variation of γ by approximately a factor of two
nd leading to a “V-shape” systematic variation with �E as
hown by the shaded areas in Fig. 6 is unexpected and not physi-
ally justified: experimental spin-orbit coupling constants do not
ary by this much for octahedral nickel(II) complexes and they
o not depend on energy differences between singlet and triplet
xcited states [3,20]. The observations in Fig. 6 indicate that the
odel described by Eqs. (1) and (4) is incomplete and that addi-

ional effects outside the scope of Eqs. (1) and (4) are leading to
nreasonably low values of γ if these equations are used to calcu-
ate spectra. The most obvious additional effect is the influence
f the second spin-allowed transition. Any calculated spectra
btained with Eq. (4) neglect all additional triplet excited states,
ut the spectra in Fig. 2 show that the spin-forbidden absorp-
ion band is often relatively close to two spin-allowed bands, in
articular for complexes such as [Ni(imidazole)6]2+, shown in
ig. 5a.

Different substituents of the imidazole ligand have a subtle
nfluence on the spin-allowed transitions and show markedly
ifferent γ values, as illustrated in Fig. 6b, again confirming the
pparent correlation of γ and �E. It is obvious that a sum of
wo spectra calculated with Eq. (4) does not solve the problem
f the low value obtained for the coupling constant γ: adding
wo calculated spectra would further increase the intensity of the

orbidden transition and would force any fit procedure to produce
n even lower numerical value for the coupling constant γ . All
llowed transitions have to be considered simultaneously, and
his can no longer be achieved by the analytical equation (4).

m
e
a
v

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

In this section, we present calculated absorption spectra
btained from a model involving two spin-allowed transitions
nd three coupled excited states, the 3T2g, 1Eg and 3T1g(3F)
tates in Fig. 1. As stated before, the coupling constant γ is
xpected to be on the order of 500–600 cm−1 in many homolep-
ic complexes of nickel(II). Eq. (4) cannot be generalized to
wo allowed transitions, and therefore numerical calculations
re required [12,23,27–31]. Three harmonic potential energy
urfaces along a single normal coordinate are used to represent
he three excited states, a straightforward generalization of the

odel shown in Fig. 3 for which we again neglect the coordinate
ependence of the transition dipole. The coupling constants γ

re held constant at a value of 500 cm−1 for all calculations.
he resulting spectra are shown in Fig. 7. Solid traces denote
alculated spectra for three coupled states, dotted traces those
or the same three excited states, but with nonzero coupling only
etween 1Eg and one triplet excited state, i.e. calculations cor-
esponding to those obtained with Eq. (4) and shown in Fig. 5.
or the dotted spectra (a) and (b), nonzero coupling is chosen
ith the higher-energy triplet excited state, for the dotted spec-

ra (c–h) coupling occurs with the lower-energy triplet excited
tate. It is obvious from all spectra in Fig. 7 that the forbidden
ransition is most intense if it is close in energy to an allowed
and, as observed in the experimental absorption spectra. The

ost interesting situation occurs for the forbidden transition at

nergies between the two allowed bands, illustrated by the solid
nd dotted traces (c). The inset to Fig. 7 shows an enlarged
iew 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
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Fig. 8. Comparison of coupling constants γ 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
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o the singlet, spectra (c)–(h): the lower energy triplet state is coupled to the
inglet. Inset: enlarged view of the spin-forbidden transition for the two regions
enoted by circles in the main figure for spectra (c) and (h).

btained with nonzero coupling between the singlet and a single
riplet state, leads to a significantly more intense forbidden tran-
ition than the solid spectrum obtained with nonzero coupling
atrix elements between 1Eg and both triplet excited states.
his observation qualitatively explains the surprising decrease
f the coupling constants γ obtained in the preceding section
nd shown in Fig. 6 for complexes with the forbidden transition
ocated at energies between the two allowed bands. The two
pin-allowed transitions lead to destructive interference and a
ower intensity for the forbidden transition, despite an undeni-
bly higher triplet character of the 1Eg wavefunction due to the
wo nonzero coupling constants.

For complexes with a spin-forbidden transition lower in
nergy than both spin allowed bands, corresponding to spec-
ra (h) in Fig. 7, the enlarged view in the inset shows a much

maller intensity difference between the intensities given as dot-
ed and solid traces. In contrast to the decrease of the intensity
iscussed above, a small increase of the intensity is observed in
his energy range, corresponding to a constructive interference.

p
e
t
b

otted lines denote the energies of the maxima of the two spin-allowed transitions
ith energy differences �E given relative to the lower energy spin-allowed band
aximum in Fig. 7.

his aspect of the model calculations underlines that the situa-
ion explored by pressure-dependent luminescence spectroscopy
f chromium(III) complexes (variation of �E) [21] and theoret-
cal studies on complexes with a spin-forbidden lowest-energy
xcited state [22] are a special category, and the calculated spec-
ra in Fig. 7 confirm that for this case a model limited to two
oupled excited states is appropriate.

The intensity of the spin-forbidden band calculated with three
oupled excited states and shown as solid lines in Fig. 7 can be
eproduced with a model involving only two coupled excited
tates. The coupling constant γ has to be adjusted, and the
esulting values are shown in Fig. 8. A “V-shape” variation
ith a minimal value for γ between the two allowed transitions,
ualitatively similar to Fig. 6, is obtained from this adjustment,
llustrating the limits of the model based on two coupled excited
tates. At the lowest �E values, the value of γ has to be increased
n order to reproduce the spectrum shown as a solid line in
ig. 7, confirming the constructive interference between the two
llowed transitions and the forbidden band for situations where
he lowest-energy transition is forbidden.

Spin-forbidden transitions located in energy between allowed
ransitions from which they can borrow intensity are there-
ore not well characterized by models such as those defined
y Eqs. (1) and (4) that take into account only a single coupling
atrix element. The two single-crystal absorption spectra whose
arameters are included in Fig. 6 illustrate that this interference
ffect is significant for spin-forbidden bands located between
he two lowest-energy spin-allowed transitions, the area outlined
y the oval in Fig. 1. The effect on bands located between the
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shown in Fig. 3. Fig. 9a illustrates the low-temperature, single-
crystal spectrum of [NiBr6]4− molecular units in MgBr2:Ni2+

[4]. Similar spectra are observed for the nickel(II) doped bro-
mide host lattice CsMgBr3 [4,14,15] and its lowest-energy spin-
E. González et al. / Coordination C

wo higher-energy 3T1g excited states is expected to be weaker
ecause of the larger energy separation of these two states,
s confirmed on the right-hand side of Fig. 6b by the slower
ecrease of y with increasing �E. Qualitatively, the spectra and
alculations for spin-forbidden transitions lower in energy than
ll spin-allowed bands and for spin-forbidden transitions at ener-
ies between spin-allowed bands separated by a large energy
ifference show a small variation of γ , and models based on Eq.
4) are appropriate. The calculated spectra in Fig. 7 show that the
ntensity of a forbidden band does not simply increase with each
dditional coupling pathway to an allowed transition and they
ualitatively rationalize the origin of the surprising variation of
he coupling constant γ with the energy separation �E presented
n Fig. 6. We are currently exploring detailed spectra and model
alculations that quantitatively reproduce the observed intensity
ariations. Such effects are also likely to influence transition
ntensities between excited states, processes of crucial impor-
ance in upconversion materials, where intensities and vibronic
atterns different from the expectations based on electronic con-
gurations are common [4,26,32].

. The lowest-energy spin-forbidden transition in
ow-temperature absorption spectra of crystalline

gBr2:Ni2+ and CsMgBr3:Ni2+

In order to further examine the spectroscopic manifesta-
ions of multiple coupled excited states on the lowest-energy
pin-forbidden band, it is obviously attractive to analyze single-
rystal absorption spectra at low temperature. Such spectra often
how resolved vibronic structure, providing direct information
n excited-state vibrational frequencies and, in the case of sev-
ral octahedral nickel(II) complexes, information on coupled
xcited states [9,11]. In this section, we analyze the particu-
arly well resolved spectrum of MgBr2:Ni2+ in the region of
he lowest energy spin-forbidden transition to the 1Eg state and
ompare it to the similar, but somewhat less resolved spectrum
f CsMgBr3:Ni2+. Progression intervals in absorption spectra
ften allow a direct experimental determination of excited-state
ibrational frequencies for many transition metal complexes.
uccessful quantitative analyses with harmonic potential energy
urfaces have been carried out and metal–ligand bond-length
hanges and other excited-state distortions have been reported
or a large number of transition metal complexes [28,30].

In special situations, interactions between electronic states
ave been shown to influence the observed energy intervals
ithin resolved progressions. The best known nickel(II) com-
lex illustrating this behavior is [Ni(H2O)6]2+, whose “red
and”, corresponds to the spin-forbidden transition to the 1Eg
xcited state in proximity to the spin-allowed band with the
T1g(3F) final state [2,9–12,33,34]. This band system shows a
rominent series of four resolved peaks in low-temperature sin-
le crystal spectra. Their average energy separation is on the
rder of 490 cm−1, larger than the Raman-active ground-state

etal–ligand stretching frequency of approximately 400 cm−1

nd has been shown to be determined by coupling between the
g spin-orbit levels arising from the 1Eg and 3T1g(3F) states [9].
he low-temperature single-crystal spectra can be quantitatively

F
p
(
s
r

stry Reviews 251 (2007) 351–363 359

nalyzed with a model involving these two coupled excited states
s shown in Fig. 3 [11].

Crystalline nickel(II) halides and halide host lattices doped
ith nickel(II) ions in approximately octahedral coordina-

ion geometry show absorption band systems with qualita-
ive similarities to [Ni(H2O)6]2+ [11]. Several nickel(II) chlo-
ides show a 3T1g(3F), 1Eg band system with a well-resolved,
hort progression with three to four members on the high-
nergy side of the band. The progression intervals of approx-
mately 300 and 330 cm−1 are higher than the totally symmetric
tretching frequency on the order of 260 cm−1 for CsNiCl3
CsMgCl3:Ni2+) and NiCl2 [4,14–16,35]. The richest vibronic
tructure is observed for octahedral complexes with bromide lig-
nds, compounds, which often show well-resolved absorption
pectra [4,14–16]. Their low-frequency metal–ligand vibrations
ead to long progressions, allowing a detailed comparison of pro-
ression intervals and intensity distributions with those obtained
rom model calculations based on potential energy curves as
ig. 9. (a) Overall absorption spectrum of MgBr2:Ni2+. Assignments in Oh

oint group symmetry for triplet excited states and singlet states are given and
b) detailed absorption spectra of MgBr2:Ni2+ in the region of the lowest-energy
inglet transition in � and � polarization are shown as solid and dotted traces,
espectively. Energy intervals �Ei are given in Table 2.
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Table 2
Experimental band maxima and energy differences �Ei within the prominent progression for the spectra of MgBr2:Ni2+ and CsMgBr3:Ni2+ shown in Figs. 9b and 11

Maxima Ei MgBr2:Ni2+ CsMgBr3:Ni2+

E1 11,802 13,597
E2 12,005 13,791
E3 12,200 13,984
E4 12,389 14,178
E5 12,574 14,376
E6 12,758 14,572

Differences �Ei Experimental Calculated D3d Calculated Oh Experimental Calculated D3d Calculated Oh

�E1 203 199 215 194 199 212
�E2 195 197 210 193 198 209
�E3 189 195 207 194 197 206
�E4 185 193 203 198 197 205
�E5 184 192 201 196 195 202
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nergy differences �Ei obtained from the calculated spectra in Fig. 11 are inc
stimated to be precise to within 3 cm−1.

orbidden band will also be analyzed for comparison. The point
roup symmetry at the magnesium(II) sites is D3d for both lat-
ices, but the site structure is different, with the coordination
eometry for nickel(II) in MgBr2 corresponding to a trigonally
ompressed octahedron [36] in contrast to CsMgBr3, where the
etal site is a trigonally elongated octahedron [15,37]. The

verall spectrum in Fig. 9a is easily rationalized in terms of
n approximate Oh point group symmetry. The expected three
pin-allowed transitions to triplet excited states are observed at
uch lower energies than those for the complexes with nitrogen

onor ligands in Fig. 2, as expected from the spectrochemical
eries. Polarized spectra do not show distinct dichroisms of any
pin-allowed band and no clearly separated band maxima due
o the trigonal site symmetry are apparent in the overall spectra.
he region of interest for a comparison with model calcula-

ions is between 11,500 and 13,000 cm−1, where a prominent
rogression with at least six members is observed as part of the
ransitions to the 3T1g(3F), 1Eg excited states, illustrated in detail
n Fig. 9b. Energies of the maxima and energy differences �Ei
llustrated in Fig. 9b are given in Table 2 for both the doped

gBr2 and CsMgBr3 host lattices The average energy separa-
ions are 190 and 194 cm−1 for MgBr2:Ni2+ and CsMgBr3:Ni2+,
espectively. A very similar average interval of 202 cm−1 has
een reported for NiBr2 [16] again significantly higher than the
otally symmetric Raman frequencies reported as 168 cm−1 [16]
nd 170 cm−1 [35]. This comparison confirms that the observed
rogression is qualitatively identical to those analyzed before
or crystalline [Ni(H2O)6]2+ and [NiCl6]4− [11].

It is interesting to note that the energy differences observed
n Fig. 9b for MgBr2:Ni2+ decrease along the progression from
01 to 183 cm−1. To the best of our knowledge, this is the only
lear-cut documented example for energy differences that are
ot constant in resolved progressions for nickel(II) complexes.
t is possible to observe this effect because of the low vibrational

requencies, leading to a larger number of peaks in a progression
n bromide lattices, and because of the exceptional resolution
btained in the absorption spectra of MgBr2:Ni2+ The analysis
f the spectrum presented here is focused on the well-resolved

t
t
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Q

for comparison. All values are given in cm−1 units. Experimental values are

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

A model for octahedral point group symmetry is illustrated
n Fig. 10a. Spin-orbit coupling mixes the two Eg levels arising
rom the 1Eg and 3T1g states, leading to the adiabatic potential
nergy curves shown as dotted lines in Fig. 10a. The harmonic
diabatic) potential curves correspond to the diagonal elements
f the right-hand side of Eq. (2), and the non-harmonic (adi-
batic) curves correspond to the eigenvalues of Eq. (2) [29].
igs. 3 and 10 show these potential energy curves as dotted and
olid lines, respectively, along the single normal coordinate Q.
he harmonic potential energy curves are defined by the fre-
uency of the totally symmetric breathing mode, reported for
he ground state of the isostructural NiBr2 to be 170 cm−1 [35].

e use this value for the singlet excited state, the upper diagonal
lement in the right-hand side of Eq. (2). The minimum for the
iabatic singlet excited state curve is at the origin of the Q axis,
t the same position as the ground state minimum. The energy
ifference between the ground and singlet excited state poten-
ial energy minima is εF, determined from the lowest-energy

aximum of the o polarized spectrum in Fig. 9b. The diabatic
otential energy curve for the triplet excited state, given by the
ower diagonal element in Eq. (2), has its minimum offset from
he singlet excited state both along the normal coordinate axis
nd along the energy axis by �Q and �E, respectively. Cou-
ling between these two states is given by the constant y, the
ff-diagonal element in the right-hand side of Eq. (2). All cal-
ulations presented in the following correspond to a situation
here the singlet band gains its entire intensity from the triplet

ransition. Potential energy curves for the other spin-orbit levels
rising from 3T1g(3F) are included in Fig. 10a, but they do not
ouple with the singlet excited state. Theoretical models involv-
ng the two coupled potential energy surfaces have been shown

o reproduce both the observed energy intervals and intensities of
hese bands for the spectra of [Ni(H2O)6]2+ and [NiCl6]4− [11]
orming progressions similar to the example shown in Fig. 9b.
ualitatively, the higher-energy adiabatic Eg potential energy
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Table 3
Angular overlap parameters for [NiBr6]4− determined from the absorption spec-
tra of MgBr2:Ni2+ and CsMgBr3:Ni2+, 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 MgBr2:Ni2+ CsMgBr3:Ni2+

B (cm−1) 800 800
C (cm−1) 3200 3150
e� (cm−1) 3300 3300
e� (cm−1) 800 800
Θa (Oh) (◦) 54.74 54.74
3Tlg(3F) (cm−1) 11,243 11,227
1Eg (cm−1) (Oh) 12,278 12,086
Θa (D3d) (◦) 56.19 52.36
3Eg (cm−1)b 11,082 11,365
3A2g (cm−1)b 11,501 10,777
1Eg (cm−1) (D3d) 12,274 12,075
ω0 (cm−1) (ground state) 170 170
ω0 (cm−1) (singlet excited state) 170 170
ω0 (cm−1) (triplet excited states) 155 155
�Q (Å) (singlet excited state) 0.0 0.0
�Q (Å) (triplet excited states) 0.18 0.18
γ (cm−1) 500 500
Γ (cm−1) 15 15
E00

3T1g(Oh) (cm−1) 9532c 9530c

E00
3Eg (Oh) (cm−1) 11,490c 11,312c

E00
3Eg (D3d) (cm−1) 9371c 9669c

E00
3A2g(D3d) (cm−1) 9791c 9081c

E00
1Eg (D3d) (cm−1) 11,486c 11,301c

a Θ is the smallest angle between the trigonal axis and a Ni–Br bond. Polar
coordinates (Θ, Φ) for all six ligands are (Θ, 0◦), (Θ, 120◦), (Θ, 240◦),
(180◦ − Θ, 60◦)(180◦ − Θ, 180◦) and (180◦ − Θ, 300◦).
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variation of the model parameters reveals that the only way to
ig. 10. Potential energy surfaces used to calculate absorption spectra: (a) Oh

oint group symmetry and (b) D3d point group symmetry.

urface obtained including spin-orbit coupling is easily seen to
e narrower than the diabatic harmonic potential energy sur-
ace describing this state without spin-orbit coupling, leading to
higher energy separation of vibronic levels and non-constant

ntervals between vibronic band maxima forming the progres-
ion in Fig. 9b. For the analysis of the series of peaks shown
n Fig. 9b it is sufficient to consider only the two Eg states, as
he other spin-orbit levels of 3T1g do not have the appropriate
ymmetry and Eg levels arising from other excited states are
oo far removed in energy to have a significant influence on the
pectrum.

Spectra are calculated from the potential energy surfaces
efined in Eq. (2) and shown in Fig. 10 using the time-dependent

heory of spectroscopy [12,23,27–31]. The spectrum calculated
ith this approach consists of two distinct bands: at low energy,
band with closely spaced vibronic transitions and at higher

i
c
t

States arising from T1g( F) in Oh point group symmetry.
c AOM energies were lowered by 788 cm−1 (MgBr2:Ni2+) and 774 cm−1

CsMgBr3:Ni2+) for the calculation of the spectra in Fig. 11.

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

The spectra calculated for Oh point group symmetry with
he parameter values given in Table 3 compare well with the
xperiment, but the progression intervals are too large, as is
hown by the dotted calculated spectra in Fig. 11. A systematic
mprove the energy intervals without ending up with an unac-
eptable intensity distribution within the progression is to lower
he vibrational frequency of the triplet excited state to approx-
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Fig. 11. Comparison of experimental and calculated absorption spectra for
MgBr2:Ni2+ (a) and CsMgBr3:Ni2+ (b). The top traces in both panels denote
experimental spectra, the two lower traces denote calculated spectra. Solid
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ines: spectra obtained with four coupled Eg states (D3d point group symme-
ry, Fig. 10b), dotted lines: spectra calculated with two coupled Eg states (Oh

oint group symmetry, Fig. 10a.

mately 115 cm−1. This reduction of 33% is too large: NiBr2
hows a resolved progression with an interval of 160 cm−1 for
he triplet excited state, lower by less than 10% than the ground
tate vibrational frequency, and NiCl2 shows a progression inter-
al of 251 cm−1, lower by only 4% than the ground state value.
e have chosen to limit the value of the vibrational frequency

or the triplet excited state to a range between 90% and 100%
f the ground state frequency for the calculations of absorption
pectra.

It is straightforward to formally generalize this model to the
3d actual point group symmetry. In this symmetry, the 3T1g(3F)

xcited state splits into a 3A2g and a 3Eg state. Three Eg spin-orbit
evels arise from these states. Their energies can be estimated
rom the angular overlap model, using polar coordinates for the
igands derived from the crystal structure of the host lattices and
hoosing the angular overlap parameters e�, e�, B and C to repro-
uce as best as possible the observed band maxima in overall

pectra. The calculated energies and ligand-field parameters for
his point group symmetry are given in Table 3. This approach
eads to approximate energies and allows us to construct the
otential energy surfaces in Fig. 10b for MgBr2:Ni2+. The most

G
d
M
t
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mportant difference of this model compared to Fig. 10a are the
ultiple Eg levels arising from the triplet excited states. The

alculated spectrum is in better agreement with the experiment,
roviding evidence for coupling with multiple states, as illus-
rated in Fig. 11. The energy intervals in Table 2 are also in
etter agreement with the experimental data than those for the
h approximation. The multiple Eg levels have to be treated

imultaneously, not as a sum of calculations for pairs of coupled
evels. Their exact energies are of lesser importance: the energy
ntervals calculated for the two spectra in Fig. 11 are very simi-
ar, even though the trigonal split of 3T1g has the opposite sign
or the two host lattices, as given in Table 3.

The calculated intervals are still somewhat too large for
gBr2:Ni2+, in particular those at high energy. Is tempting

o interpret this discrepancy as a manifestation of coupling to
ther Eg states higher in energy than the transitions in Fig. 10b,
n analogy to the effect shown for the unresolved calculated
pectra in Fig. 7 of the preceding section. More spectra are
eeded to analyze such effects, as a model with additional cou-
ling parameters is vastly overparametrized for the two spectra
nalyzed here. Of particular interest are complexes where the
pin-forbidden transition is in the middle between the two ener-
etically close spin-allowed bands. The comparison in Fig. 11
hows that single-crystal absorption spectra confirm the impor-
ance of multiple spin-allowed transitions on the lowest-energy
pin-forbidden band and its vibronic structure, involving the
ultiple Eg levels arising from 3T1g(3F) in the D3d point group

ymmetry of the magnesium(II) site of the two bromide host
attices.

. Summary and conclusions

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