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Octahedral complexes of transition metal ions wittadd & electron configurations have triplet electronic states
with identical g, Azg, T1g(F), and Tg(*P) symmetry labels. CASSCF and CASPT2 calculations indicate the
predominant electronic configurations for each triplet state. The'fwpstates show strong configuration mixing

in the & complex [Ni(HO)s]?", but much weaker mixing occurs between these states in 2rmmpound
[V(H20)e]3". Calculated vibrational frequencies and equilibrium geometries for the triplet states are used to obtain
theoretical absorption spectra that are in agreement with the experimental data.

Introduction state and a triplet excited state. The luminescence spectra of
the rhenium and osmium complexes show vibronic structure
that reveals coupling effects between the singlet ground state
and several excited states. The coupling in all these complexes
involves states with different spin multiplicity, and its effects
can be analyzed from experimental spectra with resolved

Broad bands arising from spin-alloweetd transitions in the
visible and near-infrared dominate the absorption spectra of
many transition metal compounds. An excellent qualitative
description of the electronic states involved in these transitions
is obtained from crystgl field theo'ry fora cor.nplex. in a “frozen” vibronic structure.
molecqlar configuration, excluding any vibronic processes. In this paper, we investigate interactions between states with
Poten_tla_l energy S‘.”face.s are _n_eeded fc_)r a more _Completeldentical spin multiplicity that lead to absorption bands without
description of the vibronic transitions, which always involve

h in th lecul tructdrah tential resolved structure. For our model study, we choose the low
¢ a}nges in the dm_o eCH aa structur d fese po;n %oeréergy energy triplet excited states of [Ni¢B)s]2" and of [V(HO)e]3+.
surfaces are tray |t|o_na y et_e”“'F‘e rom a Frantiondon Tnege states arise from different electronic configurations, and
analysis of the experimental vibronic spectra. Particularly precise

i . be obtained f tra with ved vibroni we compare our quantitative results to the expectations from
information can be obtained from spectra with resolved vibronic crystal field theory. We present potential energy curves (PEC)

_progressioné.Such empirical pot_ential energy surfa_lces d_o oL, hased on CASSCF and CASPT2 calculations and focus on the
in general, allow us to characterize electronic configurations or contributions of different electronic configurations for the two

coupling between elecltronlc. states, _and it is usually aSSL.lmedS-rlg states along the single normal coordinate used in our model.
that the electronic configuration obtained from the crystal field Absorption spectra calculated from these potential curves
model for a S|_ngle molecular geometry does not vary along the involve no adjustable parameters, and we compare calculated
normgl coordmatgs. . band maxima, bandwidths, and vibrational frequencies to the
Optical absorption and luminescence spectra have been usedypnerimental spectra. We take advantage of the eleetrote
to obtalr! experlm_ental m_fprm_atlor_] on coupling el_‘fects between analogy to illustrate the interactiffg 4 states for the Hand ¢
electronic states in specific situations. We fﬁ\ﬁlllustrated such glectronic configurations and to explore the vibronic spectra that
effects for singlet and triplet states in [Ni{8)]*" **and related 3 pe expected from these coupled states. The ground-state
complexes of metal ions with & donfiguration, as well as for properties of the title compounds and many other aquo
trans-dioxo complexes of rhenium(V) and osmium(VI) com-  complexes have been explored by detailed electronic structure

plexes, metal centers with & donfiguration? In the nickel(Il)  cajcylations but effects involving coupled excited states have
complexes, unusual progressions appear in the absorption,gi peen investigated.

spectrum due to a crossing between the lowest energy singlet  gjy_coordinate nickel(ll) centers doped into halide lattices
show absorption spectra similar to [NigB)s]?". These solid

Igﬂé‘gﬂﬁﬁ,ﬁrg{)&gﬁg bastour materials have unusual spectroscopic properties, such as lumi-
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factor leading to these properties is the large energy separation
between the two®Ty4 states, to which the states mixing
contributes, as discussed in the following for our two model
complexes. Our calculations rationalize this energy separation
and underline the importance of mixing between electronic states
of transition metal chromophores.

—
o

Experimental Section and Spectroscopic Results

Molar Absorptivity e (M 'em™]

[Ni(H20)e]?" was crystallized as the Tutton salt (WENi(SOy)2 B
6H,0 from H,O and DO, respectively, and an aqueous solution of 10 15 20 25 30
[V(H20)]*" was prepared from VGI6H;O dissolved 2 M H,SOy. Wavenumber [em '] x10°®
Absorption spectra were measured on a Varian Cary5E spectrometer, 0.15
and Raman spectra were obtained with a Renishaw System 3000
spectrometer using the 514.5 nm line of an Aon laser as excitation
source.

The spin-allowed transitions to triplet crystal field excited states are
easily observed in near-infrared and visible absorption spectra of the
two title complexes and have been reported in the literétité 6
Our spectra of [V(HO)e]®" are identical to those in the literatuie>”

The triplet crystal field bands of both [Nigd)s]?" and [V(H.0)s]®"

do not show resolved vibronic structure at room temperature. In contrast,
the lowest energy band of [Ni@g®)s]>" crystallized, as the Tutton salt
shows well-resolved structure for both the@Hand DO ligands at 350 em”’'
low temperature. To the best of our knowledge, resolved spectra for J
this transition have not been reported before for [N@H]>".

Figure 1a shows the solution absorption spectra of [MXJg]?" and
[V(H.0)]®", and the assignments of their spin-allowed bands are given Figure 1. (a) Visible and near-infrared solution absorption spectra of
in idealizedO, symmetry, used for simplicity throughout the following. ~ Ni(D20)g]?* (solid line) and [V(HO)s*" (broken line) at room
We dissolved the nickel complex in,D in order to obtain a better temperature with the assignment for all spin-allowed crystal field bands.
spectrum in the region of the onset to the lowest energy triplet band, The asterisks in the spectrum of [N{D)s]** denote vibrational
where vibrational overtones ofJ8 mask the crystal field transition. ~ Overtones or instrumental artifacts. (b) Single-crystal absorption spectra
The band maxima observed in solution do not vary significantly between ©f crystalline (NH):Ni(SQ,),*6(H;0) (solid line) and its deuterated
[Ni(H-0)]2* and [Ni(D,0)s]2* for the level of detail shown in Figure analogu_e (doyted line, offset along the ordlnatt_e for clqr_lty5a< in
1a. The transition to th@A,, excited state of [V(HO)¢l** cannot be the origin region of the lowest energy electror!lc transition. The dots
unambiguously identified from the literature spectra and from our own denote transitions separated by equal energy intervals in the hydrated
measurements, and it is therefore not included in our discussion. and deuterated complexes.

Low-temperature spectra in the energy region of the onset of the

Iov_vest energy absor_ption band are given in Figure 1b for the crystalline oyen to observe the first member of the 350 progression on some
[Ni(H20)s]** and [Ni(D0)e]** complexes. The crystals have well- 4f the higher energy vibronic origins. Weaker progressions in a mode
deflng_d extinction dlrectlc_m_s, but the_ rel:_sltlve intensities of the resolved ity 4 frequency of approximately 200 ciare also observed. They
transitions do not show dl_stlnct poIarlzatlt_)n effects. We th_erefore report hrohably correspond to one of the JafFeller active gand b modes
unpolarized spectra obtained on approximately 3 mm thick crystals in i, the idealizedO, symmetry. These modes have frequencies of 299

Figure 1b. The spectra show resolved vibronic structure, in contrast to 5,4 232 cmtin the ground state, as determined from the Raman spectra
the higher energy spin-allowed bands of [Ni()¢]?" and to all spin- at 77 K.

allowed transitions of [V(HO)s]®*, where the resolution of the spectra The comparison between the spectra of [NIDH2* and [Ni-

is significantly inferior to Figure 1b. . (D20)e]?" in Figure 1b allows us to identify vibronic transitions. The
The well-resolved peaks in Figure 1b correspond to transitions o gjtference between the lowest energy peak and higher energy resolved
the individual components of th&, state, which is split by spin transitions is systematically lowered for vibronic transitions of the
orbit coupling and the low site symmetry of the complex in the cry8tal.  geyterated complex. This comparison indicates that the transition at
It is important to note that both spectra in Figure 1b show distinct 7464 cnr denoted asolon the lower trace of Figure 1b and the intense
progressions with an interval of approximately 350 “émThis bands observed at 7642 and 7954 &fior [Ni(H0)e2* are vibronic
frequency corresponds to the totally symmetric-N;O stretching  rigins. The bands whose energy difference from the lowest energy
mode observed at 397 cthin the Raman spectrum at 77 K. The low-  ¢ransition does not change with deuteration are marked with dots in
temperature spectrum shows barely resolved shoulders separated bltigure 1b. It is tempting to assign these four bands as the electronic
350 cn1t across the band, and progressions in this mode have bee”origins of transitions to the four spirorbit components & Tig, Tag,
reported for théT.4(*F) excited state in a detailed study of [NyB)]*" and Ay, expected irD, symmetry, as the Nigfragment of the complex
in a series of crystal latticé$.This is therefore the most important  4qeg not deviate significantly fro®, symmetry!® These spir-orbit
mode determining the overall bandwidth. The spectrum is much less |gyels cover an energy range of approximately 600cfor crystal
resolved at energies higher than the wavenumber range shown in Figurgig|q parameters that reproduce all spin allowedddbands and the
1b, making it impossible to observe and analyze long progressions and|qest energy spin forbidden transition. The ground-state-spibit

coupling constant of —270 cnt! was used for the calculatioRg?2°
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Figure 2. Molecular structure and coordinate system used for the
CASSCF/CASPT2 calculations.

in detail for a number of chromium(lll) complexés??> We do not
attempt to quantitatively analyze this splitting pattern due to the lack
of information on electronic origins that could be hidden in the higher-
energy region of the band, which shows significantly less resolution
than the wavenumber range shown in Figure 1b. Large splittings of
the 3T,4 state cannot be ruled out for the title complexes due to the
influence of anisotropict bonding, which depends strongly on the
position of the hydrogen atoms in each water ligand. This effect is not
explored in the model calculations discussed in the following.

Computational Methods

The molecular structures of [M@D)e]"" (M = Ni, V; n =
2, 3) used for the calculations are based on the experimental
structures of Ni(HO)s(NO3),,%2 NiCl,(H20)424 and CgV(H20)s-
(SOy)2+6H,0 25 CxVClge4H,0O% with metal-oxygen distances
of 2.06 and 1.97 A for Ni-O and V-0, respectively. The model
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provide calculated spectroscopic properties that can be com-
pared. The correlated calculations have been driveD4in
symmetry, and a level shift correction of 0.4 has been applied
in the case of the nickel complex to eliminate intruder st&té%.
Spin—orbit effects are not included in the present calculations.
The spin-orbit splitting of the triplet states in first-row transition
metal complexes does not exceed a few hundreds of wavenum-
bers, a small effect compared to the nonadiabatic coupling on
the order of thousands of wavenumbers, which is of interest
here.

Let us note that the CASPT2 method, which is essentially
monoconfigurational, should be used with care in situations of
states mixing. In such cases, the zero-order CASSCF wave
function has to correctly describe this mixing in order to avoid
erroneous results from the perturbational treatment. This is a
potentially serious problem in the nickel complex. However,
the stability of the CASPT2 calculation is assured by a nearly
constant reference weight of approximately 0.70 in the case
of the vanadium complex and 0.76 in the case of the nickel
compound for all electronic states and geometry variations
investigated here.

On the basis of the experimental spectroscopic data, the totally
symmetric average elongation of the-\d bonds along the
normal coordinaté\Qa1q has been retained as the most important
mode of deformation of the molecules in the crystal-field triplet
excited states investigated here. The origin ofAlig4 axis is
set at the ground-state equilibrium geometry. The PEC associ-
ated to these low-lying triplet states are calculated as a function
of this coordinate at the CASSCF and CASPT2 levels. Harmonic
frequencies and the positions of the potential minima along the
abscissa, denoted aAQaigmin, Were obtained from these
calculations as summarized in Tables 1 and 2. We note that the
rather large energy separation between3hg(°F) and>Tyq
(3P) states of [Ni(HO)e]>" complex justifies a posteriori the

geometry and coordinate system used in the calculations areq,mntational method that describes the mixing at the zero order

shown in Figure 2. These bond lengths are varied to obtain the
potential energy surfaces shown in the following. The ligands
are defined by GH distances of 1.04 A and-HO—H angles
of 104.5. Their structure and the orientation of the®plane
are not varied for our calculations.

The electronic configuration of [Ni(#D)s]?t in its 3Azg
ground state is (39)%(3d,)?(3d,)*(3de—2)1(3d2)*, corresponding
to (t2g)®(ey)? in the Oy point group, whereas thd 14 electronic
ground state of [V(HO)]®" is given by
(3dky)?3(30kr)?3(3d,)3(3dk—y2)° (302)°, corresponding to £§)>
(eg)° in the On point group. To analyze the spectroscopy of
[M(H0)¢]™, the low-energy triplet excited states generated by
the single and double excitations within the 3d orbitals manifold
have been calculated. Averaged CASSCF calculations in which
eight electrons (M= Ni2") or two electrons (M= V3") have
been correlated in 13 active orbitals (the five 3d orbitals of the
metal centers, the 3d of correlation, and some diffuse orbitals

only (CASSCF).

The basis sets, which are of generally contracted atomic
natural orbital (ANO) type, are the followirg§:for the nickel
and vanadium atoms, a (17s, 12p, 9d, 4f) set contracted to [5s,
4p, 3d]; for the oxygen atoms, a (10s, 6p, 3d) set contracted to
[3s, 2p, 1d]; and for the hydrogen atoms, a (7s, 3p) set contracted
to [2s, 1p].

The calculations have been performed with the program
system MOLCAS4.£°

Computational Results and Discussion

Crystal Field States.We present crystal field energy level
diagrams to illustrate the electronic states important for the
following discussion. The Tanab&ugano diagrams for
[V(H20)]®" and [Ni(HO)s]?" are given in parts a and b of
Figure 3, respectively. The coupling between g, states is
obvious for both configurations, and thé diagram shows a

delocalized over the oxygen atoms and the metal center) haveprominent avoided crossing near the Dq range for th® H

been performed in order to generate the zero-order wave

functions used as references in subsequent CASPT2 calculation§,hare the two'T

that include the dynamical correlation effects. This active space
was chosen to be identical for both title complexes in order to

(21) Wilson, R. B.; Solomon, E. Inorg. Chem 1978 17, 1729.

(22) Gidel, H. U.; Snellgrove, T. Rlnorg. Chem 1978 17, 1617.

(23) Bigoli, F.; Braibanti, A.; Tiripicchio, A.; Tiripicchio, CActa Crys-
tallogr. 1971, B27, 1427.

(24) Mizuno, J.J. Phys Soc Jpn 1961, 16, 1574.

(25) Beattie, J. K.; Best, S. P.; Skelton, B. W.; White, A. H.Chem
Soc, Dalton Trans 1981 2105.

(26) McCarthy, P. J.; Lauffenburger, J. C.; Schreiner, M. M.; Rohrer, D.
C. Inorg. Chem 1981, 20, 1571.

ligand. The corresponding effect is also visible in tAelidgram,
1g States are closest at Bg 0, far from the
region of the HO ligand.

(27) Roos, B. O.; Anderson, K.; lacher, M. P.; Serrano-Andres, L.;
Pierloot, K.; Merchan, M.; Molina, VTHEOCHEM1996 388 257.

(28) Roos, B. O.; Anderson, KChem Phys Lett 1995 245 215.

(29) Pierloot, K.; Dumez, B.; Widmark, P. O.; Roos, B. Theor Chim
Acta 1995 90, 87.

(30) Andersson, K.; Blomberg, M. R. A.;"laeher, M. P.; Karlstim, G.;
Lindh, R.; Malmgvist, P.; Neogay, P.; Olsen, J.; Roos, B. O.; Sadlej,
A. J.; Schtz, M.; Seijo, L.; Serrano-Andge L.; Siegbahn, P. E. M;
Widmark, P. OMOLCAS 4.1 ed.; Lund University: Lund, Sweden,
1997.
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Table 1. Calculated Equilibrium DistanceSQagmin, Minimum EnergiesEnin, and Vibrational Frequencigsy for the Triplet Crystal Field
States of [V(HO)s|®" (Experimental Values Are Given in Parentheses)

CASSCF CASPT2
electronic state AQaigmin (A) Emin (€M) Ao (cm™h) AQaigmin (A) Emin (cm™1) Aw (cmh)
T1y(°F) 0 0 124 0 0 253 (530
Tog —-0.71 9660 227 0.23 9830 (13490 320
T14(3P) -0.73 23680 222 0.19 19930 (2070 318

aEstimated from Figure 1&.From ref 15.

Table 2. Calculated Equilibrium DistanceSQagmin, Minimum EnergiesEnin, and Vibrational Frequencigsy for the Triplet Crystal Field
States of [Ni(HO)s]>" (Experimental Values Are Given in Parentheses)

CASSCF CASPT2

electronic state AQuaigmin (A) Emin (€M) Aw (cm™l) AQuaigmin (A) Epmin (cm™1) Aw (cmY)

A2 0 0 318 0 0 300 (39%

3Tog 0.12 5678 346 0.17 7039 (6690 332

T14(%F) 0.17 8308 356 0.23 9724 (11390 343 (350)

ST14(3P) 0.14 24850 350 0.18 23703 (236p0 337
aEstimated from Figure 1&Raman, 77 K, this worké Reference 16.
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Figure 3. Tanabe-Sugano diagram for (a) [V(#D)s]*" and (b) [Ni-
(H20)e]?". The diagrams include only the triplet states discussed in
this study. The position of the # ligand for both complexes is
indicated on the Dq axis. The broken lines give the energies of the
3T,q States if the off-diagonal matrix element coupling these states is
set to zero.

(a) [V(H20)e]3 and (b) [Ni(HO)e]?*. Solid and broken lines denote
adiabatic and diabatic potentials, respectively.

harmonic terms iMQaq to the diagonal elements of eg®1.
These surfaces are shown as dotted and solid lines in Figure 4.
The offset of the minima along the abscissa is qualitative and
increases with the number of electrons in thantibonding g
orbitals of the predominant electronic configurations of the two
coupled states. We expect the ground-state potential energy

The electronic energies of the coupled states are calculatedminimum for the vanadium(lll) complex at a lower value of

as the eigenvalues of the weak-field energy matix:

—6Dq — ECTy(F)) 4Dq —0 @
4Dq 158 — EC*T,(°P))

The dotted lines in Figure 3 denote the diagonal elements of
this matrix. The coupling constant between the states is 4Dq,
and the solid lines denote the energies of¥hg crystal field

states. We note that the corresponding strong-field matrix leads

to the same eigenvalues as et Numerical values for pairs
of parameters DB are 910 cm?, 950 cn1! 3 and 1860 cm?,
665 cnt! 32 for [Ni(H,0)g]2" and [V(H.0)]3", respectively,
as indicated on the abscissa of Figure 3.

Crystal field energies for all triplet states define the point of

each excited state potential energy surface directly above the

ground-state equilibrium geometry. Both diabatic and adiabatic
potentials for the twoT,g4 states can be obtained by adding

(31) Kbonig, E. Struct Bond 1971 9, 175.

(32) Figgis, B. N.Introduction to Ligand FieldsInterscience: New York,
1966.

AQayq than for the excited state, which arises from thg)tt
(eg)* configuration, with a higher go-antibonding electron
density than the ground state (Figure 4a). The adiabatic
potentials are calculated with the coupling constant of 4Dq given
in eq 1 and the experimental vanadium-water stretching
frequency of 530 cm.'®> These adiabatic potentials retain the
essential aspects of the harmonic diabatic surfaces: th@ V
bond length is shorter in th 14 ground state than in the excited
state with 3T1g symmetry. The minimum of the adiabatic
potential curve in Figure 4a is lower in energy by 23307ém
than the minimum of the diabatic curve. The vertical lines denote
the positions of the minima of the adiabatic potentials. They
are slightly closer to each other than the minima of the harmonic
potentials, which are separated by 0.2 A. The separation remains
large, as shown by the horizontal double arrow in Figure 4a
and leads to the broat 14(3F) — 3T14(°P) absorption band.

The situation is different for the nickel complex, as shown
in Figure 4b. The diabatic potentials are calculated with a
vibrational frequency of 350 cm, determined from the resolved
spectra in Figure 1b and their minima are separated by 0.2 A,
the same value used for the corresponding states in Figure 4a.
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35 gy 1 and in the figure are obtained from one representative of the
304 5T,.OP) 1o(P) 3B1g, °Bag 3Bag States arising from eacfT1g 4 state in theDa,
¢ symmetry of our model shown in Figure 2.
“’9 25 The potential minima of théT,g and3T14(3P) excited states
=0 . . are shifted along\Qag by 0.22 and 0.19 A, respectively, at
€ Tag 1o(F) the CASPT2 level. As expected from the schematic picture in
g 15—\/ Figure 4a, the minima of th& 14 ground and excited states do
40 not coincide. Obviously, CASSCF calculations give only a
w qualitative picture of the potentials and associated properties,
5+ - as illustrated by the values listed in Table 1. For instance, the
0 T14(F) minimum of the ground state PEC is obtained at an unphysically
0200 02 04 06 08 0200 02 04 06 0.8 large value of the normal coordinate from the CASSCF
AQ,, [A] AQ,,, [A] calculations and at a much more reasonable position with respect

) i ) to experimental bond lengths at the CASPT2 level. This is due
Figure 5. CASPT2 potentials for (a) [V(kD)e]** and (b) [Ni(H:O)e]?*. : : .
Dots indicate molecular geometries for which configuration-state to the dynamical correlation effects (not included at the CASSCF

functions are given in Table 3. level), WhiCh are very I_arge in transition metal corr_]ple_xes. These
correlation effects arise form the multiple excitation of the
CASSCEF inactive electrons and in general vary for different
The3T1(°F) excited-state arises from thegt(e,)* configuration electronic states and as a function of the normal coordinate Q.
(in the formalism used for eq 1) and its diabatic potential has As a consequence, the shape and relative positions of the
a larger offset along the abscissa than the higher erfargy CASPT2 potentials generally differ significantly from those
(°P) excited state, which arises from thg)f(e;)® configuration  optained at the CASSCF level, but different electronic states
with less g o-antibonding electron density. We illustrate this gre not affected to the same amount.
difference by the position of the minima of the diabatic potential  The |owest singlet excited state is calculated at 9270 and 9890
alongQ. The minimum of the state arising fromdf(e;)*isat  ¢m1 with CASSCF and CASPT2, respectively, very close to
0.2 Aand the minimum of the state arising fromy((e)*is at  the corresponding sharp experimental absorption band observed
0.4 A, assuming an identical increase al@épr each electron at 10200 cm for [V(H»0)s]3* doped into a cesium aluminum
placed into theo-antibonding orbitals. The character of the 5jym |atticels We have recently mesured the highest-energy
adiabatic potentials is strongly mixed and varies al@adhis luminescence transition for [V@ED)g3* at 10234 cm. This
mixing leads to potential minima that are closer together than 4404 agreement between experimental and calculated energies

for the corresponding states in Figure 4a, as illustrated by the of the |owest spin-flip transition further corroborates the validity
vertical lines and the shorter double arrow in Figure 4b. These of our model calculations.

similar potential curves rationalize the comparable bandwidths 5 nrials Associated to the Crystal Field Triplet States
observed for the two transitions 4 excited states shown in [Ni(H ,0)¢]2*. The CASPT2 PEC calculated as a function
F'9“r¢ 1a. Crys_tal f|e_Id_caIcu|at|ons give only a qualitative AQa1g and associated to tié,4 electronic ground state and
description of this variation, because they strongly depend on, o low-lying 3T14(3F), 3T14(3P), and 3Ty, states of [Ni-

- 3 - 4 1 : k 1 i
thel cf&owles maqle for ft_he parameters Da, %aﬁz @?'hand (H20)s)?" are represented in Figure 5b. The corresponding
only d electronic configurations are considered. The MOSt .0 jated vibrational frequencies, minimum energies and equi-
Important aspect of the qu_alltatl\?é*lg potentlfals in Figure 4b_ librium Ni—O bond length changes are summarized in Table
is that they no longer strictly reflect the different electronic 5 \/51 es reported in this Table are obtained from one
configurations of the two diabatic states. In analogy to the representative of théByg, 3B,y Bag States arising from each
electronic energies in Figure 3, there are several different WaySs, . state in theD,, symmetry of the model structure shown
of defining diabatic potentials that lead to identical adiabatic ;. Igiggure 2
poteptlal surfaces. In the cr_ystal field appr_oach, thg two The resolved vibronic structure of th& .4 band of [Ni-
traditional ways are the weak-field and strong-field formalisms. (H,0)g]2" in Figure 1b allows us to estimate the position of the

This problgm has beer.1 d|§cussed in detail in the Ilteréﬁjrg. minimum AQugmin Of this excited state PEC with respect to
The qualitative PEC in Figure 4 show that coupled potentials {he ground state equilibrium geometry. The intensities of the

cross very far from the FranekCondon region. We therefore  first two members of the progression in the totally symmetric
use the adiabatic approximation to calculate absorption spectray| —p,0 stretching mode are given &sand |y in Figure 1b.
throughout the following. To obtain a more quantitative picture The ratiol4/lo is not significantly different for the deuterated

of the potentials illustrated in Figure 4a,b, ab initio calculations complex, and we determine a value of 2.2 from the spectra.
presented in the following section have been performed using The value OfAQuaigmin iS given as?

the CASSCF/CASPT2 approach.

Potentials Associated to the Triplet Crystal Field States I

of [V(H 20)¢]®". The CASPT2 PEC calculated as a function of 8.2116\/:1

AQa1g and associated to tH#&14(F) electronic ground state and _ I

to the low-lying®T14(°P) and®T4 excited states of [V(kD)s]3* AQuaigmin = Jhom (2)
are represented in Figure 5a. The corresponding calculated

vibrational frequencies, minimum energies and equilibrium

M—O distances are reported in Table 1. Values reported in Tablewherehw denotes the vibrational frequency of the excited state,

determined as 350 crh from Figure 1b, andn is the mass of

- - - - the ligand, 18 g/mol. We calculate a value of 0.15 A from eq
(33) Eg\'llvh?‘éff”'lgé;“”"d“a'on to Ligand Field TheopMcGraw-Hill: 2, in excellent agreement with the value of 0.16 A from the

(34) Tanabe, Y.; Moriya, T.; Sugano, Bhys Rev. Lett 1965 15, 1023. CASPT2 results in Table 2, again illustrating the good quality
(35) Talaga, D. S.; Zink, J. U. Phys Chem 1996 100, 8712-8721. of the calculations. A similar analysis for the other excited states
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Table 3. CASSCF Weights (%) of the Configuration-State
Functions for the Triplet Excited States of [Ni{Bl)e]?"

*Tag *T1g(F) *T1°P)
AQug(A) (t2g)(e)® (g*(en)* (2d*(60)° (g*(en)" (t2g)*(€)°
0 97 70 26 27 73
0.146 97 72 25 25 63
0.588 97 76 21 21 67

is not possible because the absorption bands do not show
resolved structure.

The CASPT2 vibrational energies and minima of the PEC
are in the range of the experimental values. Recent calculated
frequencies reported in the literature for the ground state of
several chromium(lll) halide complexes deviate by up to 30%
from the experimental frequencies measured for single crys-
tals3637 comparable to the differences we report in Tables 1
and 2. Another recent study on manganese(lV) doped into a
fluoride lattice reports discrepancies of up to 20% between g
calculated and experimental ground-state frequeriéighese Wavenumber [em” ] x10
studies involve isotropic metaligand sz bonds, in contrast to  Figure 6. Absorption spectra for the spin-allowed transitions calculated
the present work, where anisotropicbonding occurs and is  from the CASPT2 potential curves for (a) [V{8)s]*" and (b) [Ni-
represented by the model structure in Figure 2. We examine (H20)*".
only the variation of the metaloxygen bond lengths and neglect

the effects that an optimization of the orientation of the plane . .
of each water ligand could have on vibrational frequencies in . Calculated Absorption Spectra. The speciroscopic effects

all electronic states of interest. Some of the literature studies induced by coupling between tff& states are illustrated by

include the crystal environment in the calculations, a second the calculated spectra in Figure 6, which were obtained from

aspect that was neglected in the present study, but could alsc;[he CASPT?2 potentials in Figure 5. All absorption spectra were

influence vibrational frequencies and transition energies. In view calculatgd using qual transition dlpo!es for each band. This
of these simplifications, the agreement between calculated anda_ssumpnon IS JUSt'f'e.d by the experimental spectra of the
observed frequencies is satisfactory. Excited-state frequencie ickel(ll) com_p_lex, which do not show an u_nusually weak band
are usually not reported in the literature. The higher frequencies or the transition corresponding predominantly to the two-

calculated for some excited states are counterintuitive, but the\?\)ﬁgggl eexc?rtaatlc(:)mtalfr\llznn ISangLnjl stlzdkui)rgl(wl(gl)focrotwglg(rﬁél
difference is within the variation between experimental and P o y
calculated values for the ground state. two-electron excitation from th&T 14 ground state to théA

h di | h h c excited state, the experimental intensity of this band has been
In contrast to the vanadium comp €x, where the PEC ghown to be higher by orders of magnitude than estimated from
calculated for the twdTy4 States have their minima close to

h | d with ideri lina b the mixing coefficients? Other factors, such as the efficiency

the values expected without considering coupling between states ¢ | ariqus ungerade parity enabling modes, appear to have a
we observe here important effect; due to mixing between the,semore important influence than the mixing coefficients. The
two electronlg states as a_fu_ncpon of the totally symmetric absorption spectrum is calculated-as

normal coordinateAQaig. This is illustrated by the CASSCF

weights of the configuration-state functions reported in Table o ot 122 4+ (En Rt

3. For instance, we observe an increase of thg*(éy)* lapdw) = @ f_me'w [p|p(t) (& (EodMigt (3
configuration from 70 to 76% in théT14(°F) state with the

Ni—O bond elongation over the range given by the solid circles  The linear frequency factap causes the different relative

in Figure 5b. Even though this mixing occurs far from the intensities of the calculated bands in Figure 6. The autocorre-
crossing region, it will cause significant spectroscopic effects, |ation functions and Fourier transforms were calculated as
illustrated by the relative positions of the potential minima described in detail previousiThe originsEq of the calculated
associated to the twAT 14 states, which are within 0.06 A despite  pands for [V(HO)]3+ are at 9830 and 19 930 crh and
their different electronic character. For comparison, in the compare well to the origin energies estimated from the
vanadium complex, these states remain nearly pure (88)% (t  experimental spectra at 13 400 and 20 700 tmespectively.
(eg)° for *T14(F), 92% (bg)'(&y)* for *T1y(°P)), and their character  The calculated bands are narrower by—ZB% than the
varies by less than 3% over the same rangéQfug, leading  experimental bands. The most likely reasons for this discrepancy
to minima separated by 0.19 A, a much larger value than for are effects neglected in our model, such as 3dreiler

ghe nickel complex. Finally, we note that the character of the distortions, and excited-state splittings due to low site sym-
Ty state for the nickel complex does not vary at all at the metry8energy differences between vibronic origins, which give
geometries In Table 3, again Conf|rm|ng the relevance of the rise to the main observed ir]tensityl and Smﬂblt coup”ng.

Absorbance [arb. units]

state mixing calculated for th# 14 excited states. All these effects lead to experimental bands that are larger than

the calculations based on the PECs in Figure 5. The overall
(36) Bellafrouh, K.; Daul, C.; Gdel, H.-U.; Gilardoni, F.; Weber, Theor agreement between experiment and calculations is satisfactory.
a7 (ér.‘l'mdAC_taé?9V5\/9b1v 21355 Bellafrouh. K. Daul C. Gl H.U.J Figure 6b shows the calculated absorption spectrum with all
( )Crlérrn%nr:’ys '1’995 1%2 7'6246_ afroun, 8., baul, &, al, FL.-U 2 spin-allowed transitions of the nickel complex. As for the

(38) Seijo, L.; Barandiarg Z.; McClure, D. Sint. J. Quantum Chen200Q
623. (39) Ballhausen, C. Z. Phys Chem 1958 17, 246.
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vanadium complex, the spectrum is obtained from the CASPT2 a large energy difference can interact in ways that affect the
potential curves using identical transition dipoles for each band. experimental absorption spectrum.

The calculated electronic origins of the three bands are at 7039, )

9724, and 23 703 cm, and the calculated spectrum shows a Conclusion

large energy gap of 13 280 cthbetween the twdTiq band Our combined experimental and theoretical study focuses on
maxima. This energy difference is larger by almost a factor of the effects of coupling between electronic states in ]3>
2 than the energy difference between the ground state and theand [Ni(H,0)g]2", model complexes with theé@nd & electronic
lowest energy excited state, where the band maximum is configurations, respectively. The main qualitative trends are
calculated at 7910 cm. The mixing of the3Tiq states  jllustrated by a simple crystal field analysis. Quantitative
contributes significantly to their large energy separation, il- spectroscopic properties have been extracted from CASSCF/
lustrated by the schematic potential energy surfaces in Figure CASPT2 potentials associated to the low-lying triplet states and
4b. The calculations rationalize the experimental observation calculated as a function of a single normal coordinate, the totally
of very similar bandwidths for the twéTi4 bands in many  symmetric M—H.O stretching mode. The theoretical approach
octahedral nickel(l) complexes, even though the two states has enabled us to describe and to analyze the significant mixing
formally arise from different electronic configurations. between the two®Ti4 states in [Ni(HO)]2". This strong
The comparison of the two calculated spectra in Figure 6 interaction characterizing the nickel compound leads to poten-
shows that the first band is at lower energy for the divalent tials with minima at almost the same position along the normal
nickel complex than for the trivalent vanadium compleX, in  coordinate, in contrast to the vanadium analogue, where they
agreement with the higher 10Dq value expected for the gre separated by approximately 0.2 A. The interaction between
vanadium ion with its higher charge. The calculated spectra alsostates is an important reason for the observation of g

confirm the experimental observation that the transition to the pands with nearly identical widths in the experimental spectra
T14(®P) excited state occurs at higher energy in the nickel of many octahedral nickel complexes.

complex than in its vanadium analogue. This is due to the higher . .
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