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Abstract

Effects of coupling between normal coordinates can be analyzed from absorption and emission spectra. The spectroscopic
phenomena reviewed here arise from interactions between electronic states with different equilibrium structures, a situation that
leads to coupled coordinates. They have received some attention in the past for special categories of coordination compounds, such
as Jahn-Teller active high-symmetry transition metal complexes and mixed valence compounds. We use model systems outside these
established categories and illustrate the spectroscopic effects with calculations involving two normal coordinates and two electronic
states. These models show directly how coordinate coupling arises as a consequence of the non-crossing rule for states of identical
symmetry and they are easily generalized to other molecular systems with energetically close electronic states. Electronic structure
calculations are presented to further illustrate the effects of coupling. The examples analyzed are based on experimental results
reported for trans-dioxo complexes of rhenium(V) and chromium(III) fluorides.
© 2002 Elsevier Science B.V. All rights reserved.
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the transition. Interactions with other states are ne-
glected or assumed to simply lead to changes of the

1. Introduction

Traditionally, molecular electronic states are de-
scribed by a single potential energy surface defined
along the normal coordinates of the molecule. In this
approximation, electronic transitions in absorption or
luminescence spectra involve two potential energy
surfaces, corresponding to the initial and final states of
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overall intensity of bands in electronic spectra. An
example is the intensity increase of a weak band
corresponding to a forbidden transition in an absorp-
tion spectrum through coupling with a nearby allowed
transition [1]. Other spectroscopic manifestations of
interactions between states on vibronic bandshapes
have received less attention. A few situations have
been analyzed with coupled potential energy curves
defined along a single normal coordinate. These one-
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dimensional models can be used to characterize some
effects of coupling between electronic states, but ob-
viously no coupling between normal coordinates can be
examined with this approach [1,2]. The validity and
limitations of one-dimensional models have been ex-
plored in detail for several compounds using single-
crystal absorption and luminescence spectroscopy at low
temperature or under high external pressure [1-8]. The
goal of this overview is to examine interacting states
defined along two normal coordinates in order to
illustrate aspects of vibronic spectra beyond the one-
dimensional models. The interaction between these
electronic states leads to an intrinsic coupling between
normal coordinates. In addition, we present results of
electronic structure calculations that also indicate the
presence of coupling between normal coordinates.

A significant number of recent publications, mainly
using advanced computational tools, have led to new
insight on coupled coordinates [9—12]. Dynamic studies
aimed at small polyatomic molecules and photochemical
product distributions [13,14] have been reported, and a
few analyses of coupled coordinates through spectro-
scopy and theoretical calculations of spectra have been
published [15-17]. The vast majority of these studies
investigate molecules that are not coordination com-
pounds, a somewhat surprising fact, as transition metal
complexes with their rich electronic structure and
significant spin—orbit coupling between states are highly
susceptible to effects arising from interacting electronic
states. Exceptions to this situation are Jahn-Teller
systems [18] and intervalence compounds [17,19]; both
recently reviewed in depth.

Coupling between normal coordinates can arise as a
consequence of interacting electronic states. We illus-
trate such effects with the simplest possible model: two
electronic states described by potential energy surfaces
along two normal coordinates. Effects such as spin—
orbit coupling and configuration interaction can lead
to distinct bandshapes and vibronic structure in the
absorption and luminescence spectra of many coordina-
tion compounds and organometallic molecules. We
present calculations for two specific situations, illu-
strated schematically with the one-dimensional cross
sections along a single normal coordinate Q; in Fig. 1.
All parameters defining the models in Fig. 1 are given in
Section 2. The first situation of interest involves the
electronic ground state interacting with an excited
electronic state, as shown in Fig. la. The coupling
between the states leads to a ground state potential
energy surface that is flattened in the region below the
minimum of the excited state potential surface. The
bandshape and vibronic structure in the luminescence
spectrum are affected by this coupling. The model in
Fig. la is inspired by the experimental spectra of trans-
dioxo complexes of rhenium(V) and osmium(VI) [20—
25]. Instead of carrying out the calculation of a spectrum
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Fig. 1. (a) Coupled one-dimensional potentials along a single normal
coordinate Q; illustrating the luminescence transition analyzed in
Section 2. (b) Coupled excited-state potentials along a single normal
coordinate Q;, illustrating the absorption transition analyzed in
Section 3. Adiabatic and diabatic (harmonic) potentials are shown as
solid and dotted lines, respectively. The labels 1 and 2 denote the
diabatic potentials of the final states for the absorption transition
analyzed in Section 3.

with the full ensemble of diabatic and adiabatic poten-
tial energy surfaces, it is sufficient in this case to include
only the adiabatic ground state potential surface,
corresponding to the lower solid curve in Fig. la, as
the final state of the transition in the calculation of a
spectrum. The mixing between the states is small and the
crossing between their potential energy surfaces occurs
far from the Franck—Condon region of the lumines-
cence transition, shown as a vertical arrow in Fig. la.
Nevertheless, the coupling between states has to be
considered, because it significantly alters the shape of
the ground state potential energy surface, as illustrated
by the difference between the adiabatic (solid line) and
diabatic (harmonic, dotted line) ground state potentials
in Fig. la. Detailed density functional calculations are
used as an alternative approach to characterize a trans-
dioxo rhenium(V) complex, qualitatively confirming the
presence of coupled normal coordinates. This example
illustrates the importance of coupling along normal
coordinates on the ground state potential energy surface
arising through interactions with an energetically well-
separated excited state, an effect that is usually neglected
in studies of transition metal compounds.

More dramatic effects of coupled coordinates are
observed for interacting electronic states that are close in
energy. This situation typically occurs for excited states
of transition metal compounds and can be analyzed
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from absorption spectroscopy, as schematically illu-
strated in Fig. 1b. Strong mixing occurs between such
states and the full set of diabatic and adiabatic potential
energy surfaces has to be used for an adequate descrip-
tion of the final state of the electronic absorption
transition, shown as a vertical arrow in Fig. 1b. The
crossing of the diabatic potential energy surfaces occurs
near the Franck—Condon transition, and the two
coupled excited states have an important influence on
the absorption spectrum [2]. In the literature, the over-
lapping lowest spin-allowed and -forbidden transitions
in chromium(IIl) and vanadium(II) complexes with the
d? electron configuration are the most common exam-
ples of absorption spectra showing effects of coupling
between states and coordinates [2,26—32]. Such effects
are expected to occur for many other compounds if
states arising from different electron configurations are
close in energy, as illustrated schematically for the
excited states labeled 1 and 2 in Fig. 1b. These labels
were chosen to be coherent with an earlier review on
spectroscopic effects arising from coupled one-dimen-
sional potential curves [1]; for a transition metal
complex with the d* electron configuration they corre-
spond to the lowest doublet and quartet excited states,
respectively. The transition from the quartet ground
state to the doublet excited state is assumed to borrow
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Fig. 2. Experimental low-temperature single-crystal luminescence
spectra of rhenium(V)-oxo complexes. Top to bottom: ReO(diphenyl-
phosphino)phenolate),Cl (10 K), trans-ReO,(ethylenediamine),Cl (15
K), trans-ReO,(N,N,N’,N’-tetramethylethylenediamine),Cl (10 K).

its intensity entirely from the allowed transition to the
quartet excited state.

Even in the absence of well resolved vibronic structure
in an experimental spectrum, features such as interfer-
ence dips [2] can be observed and allow us to analyze the
coupling between electronic states and normal coordi-
nates. The interference dip in molecular absorption
spectra has often been denoted as a Fano antiresonance
[28]. An exact quantitative relationship illustrating the
crucial differences between Fano’s approach for atomic
transitions and molecular spectra has only recently been
published [33]. Our calculations show that the shape of
the interference dip in absorption spectra reflects the
influence of coupled coordinates [26], an effect that can
be observed even in absorption spectra without resolved
vibronic structure.

The spectroscopic effects arising from the situations
illustrated in Fig. 1 with two normal coordinates Q; (i =
1, 2) are distinctly different from those that can be
obtained with one-dimensional models involving only a
single coordinate [1]. These effects are most easily seen
in cases where the vibrational frequencies of the two
modes are significantly different, as this leads to well-
separated vibronic transitions that can be distinguished
in experimental spectra.

2. Coupling between coordinates in the electronic ground
state. Band envelopes and vibronic structure in
luminescence spectra

This section is inspired by the detailed vibronic
structure observed for trans-dioxo complexes of rhe-
nium(V), such as trans-ReO,(ethylenediamine);” [20—
25]. The vertical energy difference between the ground
and lowest-energy excited state in these compounds is
on the order of 9000—20 000 cm ~ . The detailed analysis
of the spectra shows that coupling effects can be
observed despite the considerable energy separations
between electronic states, especially for third row
transition metal complexes with their large spin—orbit
coupling constants. Rhenium-oxo complexes are parti-
cularly appropriate for such a study because they have
metal—ligand stretching modes with very different
frequencies and the high-frequency metal-oxo mode
has been shown to have a normal coordinate involving
almost exclusively the O=metal=0 fragment [34].

Fig. 2 illustrates low-temperature single-crystal lumi-
nescence spectra of three rhenium(V)-oxo complexes
[24,25]. All spectra show a main vibronic progression
involving the symmetric rhenium—oxo stretching mode
with a frequency of ca. 900 cm ~'. Two important trends
are observed. First, the band width decreases as the
energy of the band maximum E,,., and the separation
AE between the electronic states in Fig. 1a decrease, as
illustrated by the horizontal double arrows in Fig. 2.
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Second, the vibronic structure shows an unusual varia-
tion: for large values of E.., and AE, the intensity
distribution within each peak of the high-frequency
progression does not vary, as indicated by the lines with
identical slopes added to the first and fourth member of
the main progression in the bottom spectrum of Fig. 2.
The middle spectrum in Fig. 2 corresponds to lower
values of E,, and AE and shows a distinct variation of
the intensity distribution along the main progression, as
indicated by the lines with different slopes given above
the first, third and fourth members of the main
progression. Such non-replica patterns are a character-
istic signature of coupled coordinates. The lowest energy
spectrum, shown as the top trace in Fig. 2, is expected to
show the most distinct non-replica pattern, but it is not
sufficiently resolved to observe this effect. The model
defined in the following rationalizes the two trends
illustrated by the experimental spectra in Fig. 2.

In order to explore the luminescence spectroscopy of
the rhenium-oxo complexes and other compounds with
coupled coordinates in the electronic ground state, we
define the interacting states using potential energy
surfaces. Fig. la shows a one-dimensional schematic
view, illustrating the coupling between the ground and
emitting states. Of interest here are situations with
offsets of the potential minima along two coordinates.
The potential energy V of the coupled states along the
normal coordinates Q; and @, in dimensionless units is
given by:

b (1/20«1 0+ Vi

1a)

1b)
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Fig. 3. (a) Harmonic potential energy surface as a function of two
normal coordinates in dimensionless units. (b) Two-dimensional
adiabatic ground state potential energy surface used to calculate the
spectra in Fig. 4b. All parameters used to define these surfaces are
given in Table 1.
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The diagonal elements of Eq. (1) correspond to the
diabatic potentials, chosen to be harmonic for this
overview and given as dotted lines in Fig. 1. &y and k,
denote the vibrational frequencies of the two normal
modes in wavenumber units. They are assumed to be
identical for the ground and excited states throughout
the following. The offsets between potential minima
along Q; and Q, are denoted by AQ; and AQ,,
respectively. The diabatic potential minima are sepa-
rated by AE. These quantities are illustrated schemati-
cally in Fig. 1. The coupling between states is given by
the constant 1},.

The eigenvalues of Eq. (1) correspond to the adiabatic
potential energy surfaces illustrated by the solid lines in
Fig. 1. For Eq. (1), the eigenvalues E,;,, can be
calculated analytically as:

1
Eal,az = Z(Zkl Q% + 2k2Q§ - 2AQlkl Q1 - ZAszzQz

—(4k7AQ] + 8k, AQ | AE + 4k k,AQ,AQ7) O,

—(4I5AQ; + 8k, AQ,AE + 4k k, AQ,AQT)Q, + 4AE?
+4AE(k\AQT + Kk, AQ3)

+2AQAQ3k Ky + KAQT + I5AQ5 + 16V1]'?) ()

This result allows us to identify the coupling term
between coordinates. Only expressions depending on
both Q; and @, can lead to coupling. The only such
term in Eq. (2) is the first addend in the sum under the
square root, 8kkobAQIAQ>,010,, all other terms are
either constants, leading to a simple shift of the
spectrum along the energy axis, or they involve only
one of the two coordinates and can therefore not
contribute to coupling. The analytical coupling term
shows that only normal coordinates with non-zero
offsets AQ; can be coupled, an aspect that severely
limits the number of coordinates that have to be
included in a model.
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The simplest coupling term reported in the literature
is the product Q;0,, leading to the Duschinsky effect
[35]. Other terms proposed and applied are of the form
0,03 [16,36]. All these terms have to be combined with
an adjustable factor in order to lead to calculated
spectra in good agreement with experiment. The magni-
tude of this factor is usually a phenomenological fit
parameter [16,22]. In contrast, the coupling term given
in Eq. (2) involves only quantities that can be deter-
mined or at least estimated from spectroscopic experi-
ments.

Fig. 3 shows the ground state potential energy surface
corresponding to the final state in Fig. 1a as a contour
plot involving both Q; and Q,. The diabatic surface is
given in Fig. 3a. The minimum of this contour plot is at
the origin of the Q;, O, coordinate system (dotted lines),
as expected from the upper diagonal element in Eq. (1).
The lower-energy eigenvalue in Eq. (2) is shown in Fig.
3b. All parameters used to calculate the contour plots in
Fig. 3 are given in Table 1. Two important manifesta-
tions of coupling are obvious from the comparison of
the contour plots in Fig. 3. First, the ground state
minimum is shifted along Q; and Q, toward the
minimum of the excited state. This effect can also be
seen in the one-dimensional schematic view shown in
Fig. la. The second important difference between the
contour plots is the counterclockwise ‘tilt” of the
adiabatic potential energy surface in Fig. 3b, easily
seen from the innermost contour line and the right hand
edge of the figure. This effect cannot be seen in the one-
dimensional representation in Fig. la and is a char-
acteristic aspect of coupling between normal coordi-
nates.

Luminescence spectra arising from the final state
potential in Fig. 3b are calculated using numerical grids
of 2567 points to represent potentials and wavefunctions.
The approach using time-dependent theory [37,38] has
been described in detail before [1,39-41] and a detailed

Table 1

Parameters defining the coupled potentials along two normal coordi-
nates in Egs. (1) and (2). The potentials are used to calculate the
luminescence and absorption spectra shown in Figs. 4 and 9

Parameter ~ Luminescence calculation Absorption calculation
ki (em™Y) 880 600
ky (em™") 210 230
AQ, 2.66 2.76
AQ> —1.50 2.62
Vis (em™1) 5000 700
AE (cm~ ') 3000 —8000
7000 —6000
11000 —4000
13000 —2000
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Fig. 4. (a) Calculated low-resolution luminescence spectra from the
two-dimensional potentials defined in Table 1. Spectra are offset along
the ordinate for clarity and AE increases from top to bottom through
the list of values given in Table 1. (b) Low and high resolution
calculated spectra for AE = 3000 cm !, corresponding to the top trace
in (a).

view of the time evolution of a wavefunction on
potentials similar to those in Fig. 3 has been published
[42]. Fig. 4 shows calculated luminescence spectra using
the parameters in Table 1 for several values of AE. The
band envelopes in Fig. 4a clearly illustrate the influence
of coupling between electronic states. The lowest trace,
corresponding to the largest separation AE between the
states, shows a bandshape very close to the one expected
for transitions between harmonic potentials with
minima displaced along the normal coordinates Q;
and Q, by AQ; and AQ,, respectively. As AE decreases,
the bandshape becomes narrower, despite the constant
values of AQ; and AQ,. This effect is caused by the
coupling between electronic states, leading to a flatten-
ing of the ground state potential illustrated in Fig. la
and Fig. 3b that becomes more important for states that
are close in energy. The decrease in the overall band-
width is easily identified from the experimental lumines-
cence spectra in Fig. 2.

Fig. 4b shows the calculated spectrum for the lowest
value of AE, corresponding to the top trace in Fig. 4a, at
both low and high resolution. Highly resolved spectra
allow a direct observation of the effects of coupling
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between modes. The vibronic structure consists of
clusters of peaks separated by the vibrational energy
of the high-frequency mode [16]. Each cluster is formed
by vibronic transitions separated by the low vibrational
frequency. The distribution of relative intensities within
each cluster is identical in the absence of coupling
between normal coordinates [36], leading to a replica
pattern as shown by the lines with identical slopes in the
bottom spectrum of Fig. 2. In contrast, the calculated
resolved spectrum in Fig. 4b clearly shows a non-replica
pattern, illustrated by the sloping lines on the high and
low energy sides of the luminescence spectrum, qualita-
tively similar to the variation observed in the middle
spectrum of Fig. 2. This distinct variation of vibronic
intensities indicates coupling between coordinates. It
can be reproduced by a variety of simple coupling terms,
such as the examples given above. In general, the
information of a single experimental spectrum is not
sufficient to distinguish between different choices of
coupling terms. The comparison of spectra from a series
of related molecules, as illustrated in Fig. 2, is essential
to establish trends as shown in Fig. 4, which point
towards interacting states as the physical origin of
coupling between coordinates. The effects of coupling
on the calculated spectra in Fig. 4 are not very strong. It
has been shown for trans-dioxo complexes of rhe-
nium(V) that coupling between the ground state and
only a single excited state is not sufficient to quantita-
tively reproduce the observed non-replica pattern in
resolved spectra, but that both spin—orbit coupling and
configuration interaction to several excited states have
to be considered [24]. The model defined by Egs. (1) and
(2) can easily be generalized to include multiple excited
states, but the terms coupling the coordinates are then
no longer as simple as the single coupling term in Eq.
2).

An alternative to the model based on the simple
potential energy surfaces defined in Eq. (1) are electronic
structure calculations. We use advanced DFT methods
and perform calculations for frans-ReO,(ethylene—
diamine), , a well studied representative trans-dioxo
complex of rhenium(V), whose luminescence spectrum
is shown as the middle trace in Fig. 2. The calculations
are performed with the development version of GAuUs-
SIAN-99 [43] using the LanL.2DZ pseudopotential and
basis set combination. In the Kohn—Sham calculation
we employ the PBE hybrid approximation [44—-46] to
the exchange-correlation energy. For the calculation of
frequencies the LSD functional (USVWNS5 keyword in
GAUSSIAN) is used as well for comparison. The calcu-
lated structure for the complex is in good agreement
with the experimental crystal structure [47]. Re=0O bond
lengths of 1.774 A are calculated, deviating by about
0.5% from the crystallographic bond lengths of 1.765 A
[47] and illustrating the high quality of our calculations,
particularly in comparison to a recent comprehensive

computational investigation of oxo and nitrido com-
plexes of a series of second and third row transition
metal ions [48]. The compound in the literature study
most similar to our target is ReOCl, containing a
rhenium(VI) center with a calculated metal—oxo bond
length of 1.611 A, longer by 3% than the crystal-
lographic value [48]. We calculate Re—N(ethylenedia-
mine) bond lengths of 2.173 A, again in very good
agreement with the average crystallographic value of
2.152 A for the four bonds [47]. It is interesting to note
that the calculations for trans-ReO,—
(N, N, N’, N'-tetramethylethylenediamine),”, whose lu-
minescence spectrum is shown as the bottom trace of
Fig. 2, lead to the same Re=0O bond lengths as for
trans-ReO,(ethylenediamine),, but the Re-N bond
lengths in the former complex are calculated to be
2.241 A, longer by 3% than in the calculation for the
latter compound. This increase in bond length possibly
contributes to the higher energy luminescence band
maximum for trans-ReO,(N,N,N’, N'-tetramethyl—
ethylenediamine); illustrated in Fig. 2 and discussed in
an earlier overview [23]. The HOMO, LUMO and
LUMO+1 orbitals correspond to the expected d,,,
d,., d,. triad [49], with the z axis chosen parallel to the
Re=0 bonds. The different metal-ligand electron
densities of the (dxy)2 and (dxy)l(dxz,y:)1 configurations
lead to large AQ; values along the normal coordinates
involving the Re=0O and Re—N bonds, justifying their
importance for the analysis of coupled coordinates
based on the coupling term in Eq. (2).

Symmetric O=Re=0 stretching frequencies of 926
and 953 cm~ ! are calculated for the rrans-
ReO,(ethylenediamine),” complex with the LSD and
PBE hybrid methods, respectively. These values are
higher by 5 and 8% than the experimental frequency of
880 cm ! [21,23,24], but again in better agreement with
the experiment than reported in the literature for
ReOCl, [48], where a value of 1229 cm ~ ' is calculated,
higher by 18% than the experimental frequency of 1040
ecm ', For the Re—ethylenediamine stretching mode,
frequencies of 233 and 235 cm ! are obtained from the
LSD and PBE hybrid methods, respectively, in very
good agreement with the experimental value of 210
cm ! [21,23,24]. The calculated potential energy at a
series of discrete values along the O=Re=0 coordinate
Q) is denoted by the dots in Fig. 5a and compared to the
harmonic potential curve obtained with the calculated
frequency of 953 cm ', shown as a solid line in Fig. 5a.
Near the ground-state equilibrium geometry, the har-
monic potential closely resembles the numerical poten-
tial curve, indicating that the discrepancy between the
calculated harmonic frequency and the experimental
value is not due to the harmonic approximation. The
DFT results show that the potential is flattened at high
values of Oy, in qualitative agreement with the experi-
mental findings and the adiabatic potential shown in



J. Landry-Hum et al. | Coordination Chemistry Reviews 233-234 (2002) 6373 69

Energy [em”]1x10®

237

236

235

234

233+

Vib. Frequency for Q, [cm'1]

232 +

-5 0 5 10 15

Fig. 5. (a) Calculated potential energy curve for
trans-ReO,(ethylenediamine); along the O=Re=0 symmetric stretch-
ing coordinate obtained from DFT (dots) and from the harmonic
approximation using a frequency of 953 cm ™! (solid line). (b) Re—
(ethylenediamine) symmetric stretching frequency calculated for each
value of the normal coordinate in (a). The solid line is a guide for the
eye.

Fig. 3b. Currently, we are not able to include spin—orbit
coupling into the DFT calculation and this is probably
the explanation for the discrepancy between the calcu-
lated and experimental value of the symmetric O=Re=0
stretching frequency. Consequently, we did not attempt
to calculate a full two-dimensional potential energy
surface. In order to probe for coupled coordinates, we
have calculated the totally symmetric Re—(ethylenedia-
mine) stretching frequency for a series of discrete values
of the normal coordinate Q). For uncoupled coordi-
nates, this vibrational frequency is expected to be
constant. Fig. 5b shows that the frequency varies
significantly along Q,, demonstrating that DFT calcula-
tions can be used to qualitatively indicate the presence
of coupling between coordinates.

3. Coupling between coordinates in excited states.
Interference dips in absorption spectra

Excited states that are close in energy can give rise to
easily discernible spectroscopic manifestations of cou-
pling. The example discussed in the following involves

Wavelength [nm]

800 700 600 550
I I I

Absorbance

T T
16 18x10°

T
12 14
Wavenumber [cm™']

Fig. 6. Absorption spectra showing interference dips denoted by
asterisks. Solid and dotted traces denote experimental and calculated
spectra, respectively. Top trace: single crystal absorption spectrum of
Cr,F5~ measured at 15 K. Middle trace: room temperature absorption
spectrum of Ni(HzO)é+ in solution. Bottom trace: calculated spectrum
of Ni(HZO)gJr with one-dimensional potential energy curves.

interference dips [2] in absorption spectra, arising from
the situation schematically illustrated in Fig. 1b. In
contrast to Section 2, the limitation to a single adiabatic
surface is no longer an acceptable approximation. We
need the full set of potentials defined by the matrix in
Eq. (1) and have to include wavefunction amplitude
transfer between the coupled states [1,2,4,5]. Again, the
potentials defined by Eq. (1) and time-dependent theory
lead to calculated spectra and an intuitive understanding
of spectroscopic effects.

Fig. 6 illustrates interference dips in two absorption
spectra. We compare the single-crystal absorption
spectrum of CrzFS* [26], polarized perpendicular to
the trigonal axis of the chromophore, and the solution
absorption spectrum of Ni(HZO)é+ [5,50]. Asterisks
indicate the interference dips, which occur at similar
energies in the two compounds and correspond to band
systems involving two coupled excited states, as illu-
strated in Fig. 1b. The horizontal lines above the
interference dips indicate their widths of 340 and 680
cm ™! for Crngf and Ni(HzO)§+7 respectively. The
single-crystal spectrum of Crngf shows additional
weak bands superimposed on the high-energy side of
the broad band. They correspond to spin-forbidden
transitions to doublet excited states that interact only
very weakly or not at all with the allowed transition and
are outside the scope of our model. The spectrum of
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Ni(HZO)Z+ illustrates that low temperature is not always
required to observe vibronic effects caused by coupled
excited states. This experimental spectrum has been
analyzed in detail and it compares very favorably to the
calculated spectrum, shown as a dotted line in Fig. 6.
This calculation is based on one-dimensional potential
curves as illustrated in Fig. 1b, using the vibrational
energy of the symmetric nickel-water stretching mode
with a frequency of 355 cm ! [5,50]. Similar calcula-
tions based on one-dimensional potential energy curves
also rationalize the additional vibronic structure re-
solved in the low-temperature single crystal spectra of
this and related complexes [5]. The width of the
interference dip is 680 cm ~!, approximately twice the
nickel-water vibrational frequency. This relationship
applies to all spectra calculated from one-dimensional
potential curves, and it immediately reveals that the
much narrower width of the interference dip in the
spectrum of Cr,Fj~ is smaller by a factor of two than
expected from a one-dimensional model based on the
frequencies of 400-500 cm ™' measured for the
chromium—fluoride stretching modes [26]. In the follow-
ing, we show how coupled coordinates can affect
interference dips in absorption spectra.

Fig. 7. Two-dimensional adiabatic potentials illustrating the effects of
coupling beween states and coordinates. The energy difference AE
between the minima of states 1 and 2 is 2000 cm ~!. For octahedral
chromium(III) complexes, states 1 and 2 correspond to the lowest
energy doublet and quartet excited states, respectively, with the
potential energy minimum of the doublet surface lower than the
minimum of the quartet surface.

Fig. 8. Two-dimensional adiabatic potentials illustrating the effects of
coupling beween states and coordinates. The energy difference AE
between the minima of states 1 and 2 is —2000 cm ~!. For octahedral
chromium(III) complexes, states 1 and 2 correspond to the lowest
energy doublet and quartet excited states, respectively, with the
potential energy minimum of the quartet surface lower than the
minimum of the doublet surface.

Interference dips have been observed most often for
octahedral complexes of chromium(III). The electronic
ground state of these compounds is *A, and coupling is
observed between the *E and “T, excited states. The
model used here is simplified and includes only a single
doublet (PE) and a single quartet (“T,) potential energy
surface, denoted as states 1 and 2 in Figs. 1b, 7 and 8.
The energy differences AE discussed in the following are
obtained by subtracting the energy of the potential
surface minimum of state 1 from the minimum energy of
state 2. The doublet excited state corresponds to state 1
and its diabatic potential energy minimum is directly
above the ground state minimum, as the two states arise
from the same electron configuration. The quartet
excited state, corresponding to state 2, arises from a
different electron configuration and its minimum is
offset along the two normal coordinates. The levels
not interacting via spin—orbit coupling are neglected in
the following calculations of absorption spectra. This
approximation is not detrimental, as only the coupled
states define the interference dip [2]. All other states
contribute a bandshape without interference dip [5]. For
the model calculations presented in the following, we use
frequencies of 600 and 230 cm~' for the normal
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coordinates Q; and Q,, respectively. These values are in
the typical range of metal—ligand vibrational modes.

Two-dimensional potentials are shown in Figs. 7 and
8 to illustrate the coupling between coordinates for two
different values of AE. In Fig. 7, AE is 2000 cm L,
corresponding to the doublet state in Fig. 7a lower in
energy than the quartet excited state in Fig. 7b. The
adiabatic potential energy surface for state 1 in Fig. 7a
has its minimum very close to the origin of the O, 0
coordinate system, similar to the diabatic harmonic
potential. This implies that the forbidden transition to
state 1 is not expected to show long vibronic progres-
sions, corresponding to the well known doublet bands
for chromium(IIl) complexes where the predominant
intensity is observed in origins. State 2 in Fig. 7 shows a
stronger coupling between coordinates and its potential
surface is tilted counterclockwise. A resolved spectrum
for a transition to this state can be expected to show
long progressions and unusual vibronic structure, such
as the non-replica patterns discussed in Section 2, as a
consequence of coupling between coordinates. Fig. 8
shows the adiabatic potentials for a AE value of —2000
cm !, corresponding to a higher energy for the poten-
tial minimum of state 1, the doublet state of a
chromium(I1l) complex. In this case, both potentials
show significant deformations due to coupled coordi-
nates and they ‘rotate’ in opposite directions. Resolved
vibronic spectra for this situation can be expected to
lead to new quantitative insight on coupling between
coordinates, but to the best of our knowledge, no
analysis of this type has been reported for a transition
metal compound.

Absorption spectra for transitions to this set of
coupled potential energy surfaces are again calculated
using the parameter values in Table 1 and time
dependent theory [1,2,37,38], the unified approach for
the calculations of all spectra in this overview. The
numerical method used to calculate the autocorrelation
function has been described in detail previously [51].
Instead of using pairs of two-dimensional grids to
describe the potentials and time-dependent wavefunc-
tions in coordinate space, we use a Chebyshev expansion
method introduced by Kosloff and Tal-Ezer [52,53]. The
wavefunction is defined by a one-dimensional set of
coefficients for an optimized set of typically less than 30
basis functions, leading to a much more efficient
propagation.

It is important to emphasize that the calculations in
this section are not based on the adiabatic approxima-
tion, but the adiabatic surfaces in Figs. 7 and 8 are
useful to illustrate the coupled coordinates and the
fundamental differences between one- and two-mode
models. The spin-allowed Franck—Condon transition
occurs at the origin of the 07, Q> coordinate system and
corresponds to the vertical arrow in Fig. 1b, ending on
the harmonic surface of excited state 2. The potential

A AE =-8000 cm™
/k

AE = 2000 cm™

10 15 20 25 30x10°

Absorbance

Wavenumber [cm'1]

Fig. 9. Absorption spectra with interference dips calculated from the
two-dimensional potential energy surfaces defined by the parameters in
Table 1. Spectra are offset along the ordinate for clarity and the energy
difference AE between excited states 1 and 2 increases from top to
bottom through the list of values given in Table 1. The interference dip
is marked by an asterisk in the spectrum calculated for AE = —2000
em !

wells along the high-frequency coordinate are steep,
resulting in a broad overall absorption band. The
shallow cross section along the low-frequency coordi-
nate O, leads to a narrow overall absorption band. The
interference dip in the spectrum is a consequence of the
coupling between the excited states 1 and 2, which leads
to coupling between coordinates, an effect easily seen
from the adiabatic potentials in Figs. 7 and 8. The two-
dimensional surfaces combine the effects of the low- and
high-frequency modes with the electronic mixing for
each point of the surfaces. This analysis of the two-
dimensional surfaces illustrates the factors influencing
the shape of an interference dip as shown in the
calculated absorption spectra of Fig. 9. If only one
normal coordinate is involved, the width of the inter-
ference dip is larger by a factor of two than the
vibrational frequency [2], as shown by the experimental
and calculated spectra of Ni(HZO)é+ in Fig. 6. The
narrowest interference dip calculated from coupled two-
dimensional potentials in Fig. 9 is on the order of 950
cm !, a value in between the doubled frequencies of the
two normal modes. The lower-frequency mode is there-
fore important in defining the shape of the interference
dip, even if the overall band envelope is determined by
the higher-frequency mode. This is illustrated for
Crngf in Fig. 6, where a low-frequency mode leads
to the exceptionally narrow interference dip [26]. It is
important to emphasize again that the calculations in
Fig. 9 are not restricted to the adiabatic surfaces and an
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essential factor leading to interference dips is the
wavepacket amplitude transfer between the two surfaces
[1,2,4,5]. The interference dips shown in Figs. 6 and 9
show that coupling between normal coordinates cannot
be neglected for the analysis of electronic spectra, even if
no vibronic structure is resolved.

4. Summary and conclusions

The simple potential energy surfaces defined by Eq.
(1) can be used to explore spectroscopic manifestations
of coupling between normal coordinates. The origin of
the coupling term for these model cases is straightfor-
ward and depends on vibrational frequencies and non-
zero offsets of potential minima along the normal
coordinates. This model illustrates the importance of
coupled normal coordinates in transition metal com-
pounds with resolved vibronic spectra that show non-
replica patterns and in unresolved spectra with inter-
ference dips. The combination of calculated and experi-
mental spectra provides insight on coupled modes.
Spectra with resolved structure are needed to further
explore these effects.
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