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Abstract: Transition metal complexes involving the benzene-1,2-dithiol (L?~) and Sellmann’s 3,5-di-tert-
butylbenzene-1,2-dithiol(LB" 27) ligands have been studied by UV—uvis, infrared (IR), and resonance Raman
(rR) spectroscopies. Raman spectra were obtained in resonance with the intervalence charge transfer
(IVCT) bands in the near-infrared region and ligand-to-metal charge transfer (LMCT) bands in the near-UV
region. Geometry optimization and frequency calculations using density functional theory (DFT) have been
performed for [M(L),]? and [M(LBY),]? species (M = Ni, Pd, Pt, Co, Cu, Au, z= —1; M = Au, z= 0). On the
basis of frequency calculations and normal-mode analysis, we have assigned the most important totally
symmetric vibrations as well as corresponding overtone and combination bands that appear in rR spectra
of compounds [Ni(L)2]*~, [M(LBY),]*~ (M = Ni, Pt, Co, Cu). Experimental values of dimensionless normal
coordinate displacements in excited states have been determined by fitting of rR spectra together with the
absorption band shape, based on the time-dependent theory of Heller. Time-dependent density functional
theory (TD-DFT) and multireference post-Hartree—Fock ab initio calculations, using the difference dedicated
configuration interaction (MR-DDCI) method, were carried out to evaluate dimensionless normal coordinate
displacements quantum chemically. The calculations show encouraging agreement with the experimental
values. The large distortions along several normal modes led to significant vibronic broadening of IVCT
and LMCT bands, and the broadening was accounted for in the deconvolution of the absorption spectra.
The presence of an intense rR band around ~1100 cm~* was found to be a reliable marker for the presence
of sulfur-based radicals.

1. Introduction oxygen transfer reactions at the active sites of pyranopterin
molybdenum and tungsten enzyrhesnd in specific model

Dithiolene transition metal complexes are of long-standing ; ’ )
systems. However, the understanding of enzymatic reaction

interest in inorganic chemistry due to their fascinating physical ) ; . .
properties and electronic structures. Over the last 40 years,Mechanisms or design of new functional materials should be
numerous metallodithiolenes (which, depending on the choice based on a thorough understanding of the electronic structures

of the transition metal and the nature of the dithiolenes, possessCf Such compounds. In this respect, an intensely debated question
lumophorict magnetic2 and conductingproperties) have been IS whether dithiolene ligands can exist as radicals or diradfcals.

synthesized. The biological significance of transition metal
dithiolenes lies in their ability to catalyze a variety of formal
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In such “noninnocent” complexes, the oxidation and spin state to be the most convenient indicator of the redox state of the
of the central metal are ambiguous and difficult to determine dithiolene ligand since this mode is not extensively mixed with

experimentally. The situation is further complicated if an

electron-transfer series of bis-dithiolene transition metal com-

plexes such as [M#~, [MS4*~, and [MS]° is considered

other vibrations. In contrast, the-S (800-900 cnt?’) and
Ni—S (300-400 cnt?) stretches were found to be extensively
coupled with the in-plane deformation modes, rendering the

where the members possess almost identical geometries and arabsolute frequencies to limited value, particularly for compari-
interrelated by reversible one-electron steps. Thus, the study ofsons between different complexes. Due to the increasing energy
the electron distribution in metal dithiolenes has been of of the C-C stretches with increasing negative charge on the
particular interest to physical inorganic chemists. In fact, EPR complexes, all redox processes were argued to be predominantly

spectrd, electronic spectré-7d8resonance Raman (rR) spec-
tra21%and Massbauer spectfbhave been studied, and semiem-
pirical MO 12 density functional theory (DF T and ab initigd14
calculations have been performed on metal dithiolenes.
Recently, Solomon and co-worké&riave used sulfur K-edge

ligand-centered. However, Holm and co-workers have argued
that similar variations in the(C—C) stretches would also be
expected for metal-based redox proced8eRredominantly
ligand-based redox processes have also been inferred for the
electron-transfer series [M§S,(CN);]* 23~ by monitoring the

X-ray absorption spectroscopy (XAS) to probe the ground-state »(C=N) frequency in IR spectroelectrochemical studies.

wave functions of the [Ni(MgC;S;)2]2/1/° complexes. A
transition dipole integral for the dithiolene sulfur was deter-

However, in the absence of other data, it is difficult to settle
the issue of metal-centered versus ligand-centered oxidation

mined, and it was concluded that the acceptor orbitals from IR studies alone.

of the [Ni(MexC;S,)7]2 10 series possess greater than

rR spectroscopy can selectively probe the vibrational modes

50% sulfur character. Therefore, the bonding description of of compounds that are in resonance with a given electronic

[Ni(Me2C,S;)7]2 10 is said to be “inverted”, with dithiolene
valence orbitals lying at higher energy than the Ni d-orbital
manifold. This exemplifies the noninnocent behavior of dithi-
olene ligands in many metallodithiolene complexes.

As for vibrational spectra, building upon earlier partial IR
assignment$® the IR studies of [Ni(8C2Rz)2]? complexes,
where R=H, Ph, CRk, or CN andz= 0, 1—, or 2—, conducted
by Nakamoto and Schpder;!” constitute the most comprehen-

transition. In the resonance region, those fundamentals that
reflect the change in geometry, when converting the molecule
from its ground to excited state (Frane€ondon allowed), or
those that are able to vibronically couple the resonant excited
state to some other electronic state, with a different transition
moment (HerzbergTeller allowed), will be strongly en-
hanced?® The former effect is restricted to totally symmetric
modes and electric dipole allowed electronic transitions, whereas

sive vibrational study of any series of metal dithiolenes. For the latter is also allowed for nontotally symmetric modes and
each complex, detailed assignments were reported on the basisveakly allowed or forbidden electronic transitions. The elec-
of 58Ni/62Nii isotope shifts and normal coordinate analysis using tronic spectra of the dithiolene complexes are all dominated by

the GF matrix method together with UreyBradley force fields.
The C-C stretching frequency (13941594 cnt?) was shown

(6) (a) Schrauzer, G. NIransition Met. Cheml968 4, 299. (b) McCleverty,
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Huttner, G.; Zsolnai, LJ. Organomet. Cheni984 263 321. (c) Ray, K.;
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5641.
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1964 3, 1113. (d) Ballhausen, C. J.; Gray, H. B. Ibith62 1, 111.
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4257. (b) Bachler, V.; Olbrich, G.; Neese, F.; Wieghardt)ikarg. Chem.
2002 41, 4179. (c) Ribas, X.; Dias, J. C.; Morgado, J.; Wurst, K.; Molins,
E.; Ruiz, E.; Almeida, M.; Veciana, J.; Rovira, Chem—Eur. J. 2004
10, 1691.

(14) Schigdt, N. C.; Sommer-Larsen, P.; Bjgrnholm, T.; Nielsen, M. F.; Larsen,
J.; Bechgaard, Klnorg. Chem 1995 34, 3688.

(15) Szilygyi, R. K.; Lim, B. S.; Glaser, T.; Holm, R. H.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. SoQ003 125 9158.

(16) (a) Adams, D. M.; Cornell, J. B. Chem. Soc. A968 1299. (b) Schrauzer,
G. N.; Mayweg, V. PJ. Am. Chem. Sod.965 87, 3585. (c) Schrauzer,
G. N.; Mayweg, V. PJ. Am. Chem. Sod.965 87, 1483.

(17) Nakamoto, K.; Schifsfer, C. W.Inorg. Chem.1975 14, 1338.

intense allowed optical transitions in the visible and near-IR
spectral region&!11¢.21and hence it is expected that the Franck
Condon mechanism will be dominant in enhancing totally
symmetric mode# Thus, the correct identification of the
vibrational modes showing rR enhancement will aid in the
assignment of the electronic transitions and vice versa. More-
over, the excited-state distortion patterns, deduced from a
thorough analysis of the rR intensities, reflect the electronic and
geometric structure of the electronic ground and excited states.
The potential use of vibrational spectroscopy in characterizing
the extent ofr delocalization and metal- versus ligand-based
redox chemistry in transition metal dithiolenes clearly indicates
a need for parallel IR and rR studies together with the
rationalization of their force fields developed using DFT and
normal-mode calculations. This approach is required for mean-
ingful assignment and interpretation of modes involving $1
and C-S stretchings, in particular, because these modes are
extensively mixed with stretching and deformation modes of
the dithiolene ring and substituents. However, relativelyéfew
of the published vibrational studies of the dithiolene complexes
report both IR and rR data, and consequently, the assignments

(18) Davison, A.; Edelstein, N.; Holm, R. H.; Maki, A. #horg. Chem 1964
3, 814.
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Soc., Dalton Trans1993 2267.
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Ed.; Plenum Press: New York, 1970; p 33.
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Inorg. Chem.2003 42, 4082.

(22) Czernuszewicz, R. S.; Spiro, T. G.lmorganic Electronic Structure and
SpectroscopySolomon, E. |., Lever, A. B. P., Eds.; Wiley-Interscience:
New York, 1999; Vol. I, p 353.
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of M—S and C-S vibrational modes are incomplete and of photometer, or on a PE Lambda 19 spectrophotometer. Near-IR
limited utility for assessing trends in dithiolene ligation. For measurements were performed on a Lambda 19 spectrophotometer,
the monoanionic paramagnetic [M5 complexes? in par- using Hellma Quartz Suprasil 3000 cells.

ticular, no detailed rR studies have been published. Such a study 2.2. Resonance Raman Measurementesonance Raman spectra
may be of further relevance for the understanding of the complex in the red and near-IR spectral ranges were obtained using a Ti:Sa laser
rR spectra of enzymes containing the Mo- or W-pyranopterin (Spectra Physics, model 3900S) that operates in the TEMOO transverse
cofactors. The most detailed studies available have been_mOde regime and provides variable energy laser excitation. An Ar

conducted for the DMSO reductase fardfignd specific model ion laser (Spectra Physics, model BeamLok 2060-7SR) with an output
systems? power around 10 W was used as a pump. A gold grating optimized for

. f . blicaticiie11¢.21f near-IR region (Edmund Optics, 830 grooves/mm, maximum efficiency
In a series (_) pre"'?“S pu_ icai o _rom our group, at 800 nm) together with a manually adjustable slit was used to eliminate
we have elucidated in detail the electronic structures of the |55er sidebands. The incident power on the sample was in the range

transition metal complexes involving the benzene-1,2-dithiolate 30-200 mw. No significant degradation of sample integrity was
(L refers to the dianionic closed shell ligand throughout this observed during the experiments. In the UV and visible spectral regions,
article) and Sellmann’s 3,5-dert-butylbenzene-1,2-dithiolate-  a series of lines from an AfKr* ion laser (Spectra Physics, model
(LBY2~ ligands by experimental, DFT, and correlated ab initio BeamLok 2060-6S) with incident power30 mW was employed as
methods. It has been demonstrated that the ligands in suchan excitation source. In this case, narrow band-pass interference filters
complexes readily undergo one-electron oxidation, yiel@& (Edmund Optics) in the range of 35876 nm were used to eliminate
coordinated dithiobenzosemiquinonaBscentered) radical(t) laser sidebands. The scattered Iight was dispersed _with a triple
ions (the monoradical state of the ligand is denoted as L monochromator (Acton Resegrch, TrlpIePro) equipped with 600, 1200,
throughout this article). Spectroscopic marképd1e2%or such 2400 grooves/mm holograp_h|c gratlng_s. The focal length was 300 mm
radical ions have been assigned as follows: (i) the presence offor both monochromatgrs n SUbtr?Ct'Ve stage _angl 5(.)0 mm for the
intense ligand-to-ligand charge-transfer bands in the near- monochromator in the flpal qll_spersmn stage. A_Ilqwd nitrogen cooled
. . " . . . CCD detector (Roper Scientific, SPEC10-LN) with a 400340 array
mfr_ared region; (ii) for complexes involving the §Y) ligands, of pixels was used for detection.

an intense IR band a¢1100 cnT®. Structural parameters were rR data were obtained at77 K for concentrated frozen sample
shown to have only limited value for the identification of the p

o i . . solutions (optical density~10—50 cnT?) in quartz tubes commonly
redox state of the benzene-1,2-dithiolate ligands in a given used for electron paramagnetic resonance measurements. A 180

complex. backscattering geometry was employed. A polarization scrambler was
In this article, we report a detailed analysis of the vibrational placed in front of the entrance slit of the spectrometer to account for
spectra of a series of bis-benzenedithiolene transition metalthe polarization sensitivity of the gratings. The entrance and exit slits
complexes by a combination of the IR and rR spectral studies. were of the same width, which varied between 50 and 280 The
Quantum mechanical studies have also been performed tocorresponding spectral slit width was in a range of-218 cnm™. The
analyze the origin of the IR band at1100 cnT. In particular, slit width was chosen to ensure maximum signal and minimal spectral
we demonstrate a methodology to directly predict the rR distortiop. Thg speptra, measured with an acquifsition time ef1IMO
intensities which greatly aids in the interpretation of the s, were linearized in wavenumbers, yielding an increment between 0.1

1 . .
experimental results. The results described in section 3 indicate?"d 1-0 ¢m’. Several spectra (up to three) covering different but

. o - . . . overlapping ranges were normalized for acquisition time and combined
that IR intensities have to be viewed with caution since they . .

t v d d bstit t effect d the int it h to give the raw rR spectra. A smooth background was obtained as a
S r_ong_y _ep_en on substituent efiects an e_ Intensity mech-; oo, interpolation between the points of supposedly zero signal and
an'sr_n is indirect. By contrast, the Corre5pond'nlg totally sym- was subtracted from the raw data. We have deliberately used samples
metric rR bands, also observed arounti100 cm*, have an of very high optical density, which was chosen high enough to

electronic origin related to the radical character of the dithiolene essentially suppress the Raman peaks of the solvent used. The IR spectra
ligands, and are hence a more reliable vibrational indicator of have been corrected for self-absorption using the appropriate equations

the open-shell character. for the 180 backscattering geomet?®y. However, owing to the
] broadness of the absorption bands studied, the self-absorption correction
2. Materials and Methods did not lead to noticeable changes of the rR spectra for the range of

excitation wavelengths used. Raman shifts were calibrated using the

2.1. Synthesis and Characterization of Complexed.he synthesis
Raman peaks of N8O, (993 cnT?) and solvent peaks (Gl,; peaks

of the following complexes has been described in the literature: [Co-

(LB“)Z][(N(n-Bu)4],3 [NI(L Bu)(LBu')][(N(n-BU)4],7d [NI(L)(L .)][(N(n_ at 294, 702, 1160, 1407 Cﬁ’) as internal standards.
Bu)a],”® [Ni(LBYJ[(N(n-Bu)g]o, @ [Pd(LBY)(LE*)][(N(n-Bu)s],7¢ [Pd- 2.3. Electronic Structure Calculations.The geometry optimization
(LEDYI(N(n-Bu)a] 2,7 [PH(LEY(LE™)](N(n-Bu)], 7 [Pt(LBY)J[(N(n- and frequency calculations were performed with the Gausst#&n03

Bu)s]27® [Au(L BY)(LB™)],22 [Au(L BY),][(N(n-Bu)y],2t and [CU' (LBY),]+~."d program suite at the BP86 legelof density functional theory. This

The infrared spectra of the complexes were measured on a Perkin-functional has shown excellent agreement between calculated harmonic
Elmer FT-IR spectrophotometer 2000. Powder IR spectra were frequencies and observed fundamental vibrational peaks. This agreement
measured on KBr pellets with a spectral resolution of 27tm has been partially attributed to a cancellation of a neglect of anhar-
UV —vis spectra were recorded on an HP 8452A diode array spectro- monicity and a slight overestimation of the harmonic frequerties.
The all-electron Gaussian basis sets used were those reported by the

(23) (a) Garton, S. D.; Hilton, J. C.; Oku, H.; Crouse, B. R.; Rajagopalan, K. Ahlrichs group?® For sulfur and ligand carbon atoms, the TZVP basis
V.; Johnson, M. K.J. Am. Chem. Sod997 119 12906. (b) Garton, S.
D.; Temple, C. A.; Dhawan, I. K.; Barber, M. J.; Rajagopalan, K. V.;
Johnson, M. KJ. Biol. Chem200Q 275, 6798. (c) Johnson, M. K.; Garton, (25) Shriver, D. F.; Dunn, J. B. RAppl. Spectroscl974 28, 319.

S. D.; Oku, H.J. Biol. Inorg. Chem1997, 2, 797. (26) Frisch, M. J.; et alGaussian 03, reision B.01 Gaussian, Inc.: Pittsburgh,
(24) (a) McNaughton R. L.; Tipton, A. A.; Rubie, N. D.; Conry, R. R.; Kirk, PA, 2003.

M. L. Inorg. Chem200Q 37, 5697. (b) Inscore, F. E.; MacNaughton, R.;  (27) (a) Becke, A. DPhys. Re. A. 1988 38, 3098. (b) Perdew, J. FPhys.

Westcott, B. L.; Helton, M. E.; Jones, R.; Dhawan, I. K.; Enemark, J. H.; Rev. B 1986 33, 8822.

Kirk, M. L. Inorg. Chem.1999 38, 1401. (28) Neugebauer, J.; Hess, B.Chem. Phys2003 118 7215.
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set was applied. These bases are of triplguality for the valence involving electron promotion from a doubly occupied MO to an empty
electrons and augmented by one set of polarization functions. For MO. In this case, there are two singly excited spin-doublet configuration
hydrogen atoms in ring and carbon atoms in the substituent groups state functions (CSF), which are represented by linear combination of
that are adjacent to the carbon ring, the TZV basis set was employed.normalized Slater determinants with-{1) doubly and three singly
The remaining atoms in substituent groups (hydrogens and carbons)occupied MOs®
were described by a split-valence (SV) basis set that is of ddlble-
quality. Stuttgart/Dresden ECPs were applied to metal atoms together .11 1 - - - - - -
with the corresponding basis séfsThe auxiliary basis sets used to fit “?E ED: E{ Y11 Ptha- YellPol T V11 Yatfie Prinibol}
electron density in the resolution of identity (RIapproximation were Q)
automatically generated from AO basis. The geometry optimization 11 1
receding frequency calculation was carried out using the Bern az = _— " : Do | —
zlgorithmgin regundaZt internal coordinates with imposition %f :symmetryy i 2 ZD: \/é{ Ay Ya Yol
constraints. Vibrational frequencies for unsubstituted complexes BI(L) [P 11 i Dol F NP1 PP e P} (2)
were calculated analytically, while for substituted species [,
th_ey were calculated by numerical differentiation of analytic g_radients It is evident that the second spin coupling represents a so-called “trip-
with a displacement value of 0.001 A. Calculated frequencies have qo hje36 where a triplet excitation out of the closed shell subsystem
shown that all structures reported here are indeed minima on the s cqypled to a spin-flip in the SOMO. It involves the doubly excited
potential energy surface. Calculated frequencies of the totally symmetric determinanty1y1.. 4pipa.. ripmipel, Which cannot be described by TD-
modes for the complexes are in good agreement with the experiments,pet yreatment. Therefore, to provide an appropriate theoretical
with a deviation from experiment 30 cnt™. ) treatment of the excited states involving electron promotion from the
The calculated in-plane vibrations for unsubstituted complexes of doubly occupied MOs to empty MOs, multireference configuration
Dan symmetry have been classified by the percentage contribution 10 jhteraction (MR-CI) methods were applied. In these calculations, CSFs
pure metat-sulfur (Pws) and carborrsulfur (Pcs) stretches. The value ¢ the correct total spin were constructed as a many electron basis.
P2, characterizing partitioning of the bond stretch between atoms 1 |nteqrals over four MOs were approximated with the RI approxima-
and 2 among (R — 6) normal modes, is defined in the following way:  tjon 37.38 | individually selecting MR-CI calculations, a test configu-
_ _ ration was kept if its perturbation enerdgy,/AE was larger than a
Pag = (DABQ')2 i €[1,3N — 6] (1.2) thresholdTse (Hio is the CI matrix element between the test configu-
ration and muticonfigurational order wave function, an& is the
where all the vectors are defined in Cartesian mass-weighted coordi- €nergy difference calculated with the”NMes—Plesset (MP) Oth order
nates,Dag is @ (N — 6)-component unit vector that represents the Hamiltonian). The values reported in the main body of the article were

purely diatomic stretching normal mode between atoms A and B, and ©btained withTse; = 10°° Eh, which leads to well-converged results.
Q' is theith molecular normal mode. Therefore, one can easily see The energetic effects of unselected CSFs were estimated by second-

that zisyfs PiAB =1 order Rayleigh-Schralinger theory using MP partitioning. We have

To predict R intensities from quantum chemistry, it is necessary to &xplored the difference dedicated CI (DDCI) approach of Malrieu and
map out the shape of the ground- and excited-state potential energyc0-Workers?in the DDCI2 variant. For each compound, the smallest
surfaces (PES) in some detail. In the present work, a three-point reference space containing the leading conflguratlon_s for all s_tates of
parabolic fit was constructed on the basis of the calculated total energiesNterest was used. Thus, we chose a three-level restricted active space
at the ground-state equilibrium geometry and structures that were (Olsen et al’for the notation, see ref 38) RAS(9:41/1/11) to explore
displaced along normal modes. The compositions of the normal modestn® Br(1bw = 20pg) A1, — 2byg), and“Bs,(1a, — 1byg) excited
were taken from frequency calculations performed at the BP86/Tzvp States of [NI(L)(L*)]*", RAS(10:51/0/11) fofBy(1a, — 1bng) state of
level of theory. Excited-state displacements were calculated for a [CU"(L)2]'", and RAS (8:31/0/23) fofB2y(1by, — 2byg) and*Bay(la,
number of selected modes with the largest rR enhancement. Subse=~ 220 states of [Co(Lj]*" (see section 3). The molecular orbitals
quently, these displacements were used to construct absorption band'@veé been obtained from Kohisham restricted open shell (for
shapes based on the time dependent theory of HélRatential energy ~ [Ni"(L)(L*)]*” and [Co(L}]*") and closed shell (for [CL(L)]*") DFT
surface scan calculations were performed with the electronic structure calculations using the BP86 functiorfal.
program, ORCAS For metal and sulfur carbon atoms, the TZ¥Pasis
set was applied and for the remaining atoms we used the split-valence
polarized SVP® basis set. The calculations of excited-state energies  3.1. Electronic States of Transition Metal DithiolenesThe
within the TD-DFT approach were done at the BPg6vel to keep electronic structures of [M(le)? complexes, where M= Ni,
the consistency with the ground-state frequency calculations. For open-pd, Pt, Co, and Cu arm= —1, and where M= Au for z= 0,
shell _systems, the TD-D_F'I_' formalism do_es not provide the proper '_spin were previously considered in det&lI8-11¢24t has been shown
couplngs or h ecrpon of e bcte e e o SEUErS [ e cocoric peca of sueh complos can he el
drawback is noteworthy for transitions with doublet ground states explained in tem.‘s of.a S|.mpI|f|ed MO picture (Flgure b. V\./h"e

the g and h orbitals in Figure 1 represent pure ligand orbitals,
(29) (a) Schiter, A.; Horn, H.: Ahlrichs, RJ. Chem. Phys1992 97, 2571. (b) the 2byg, 2bsg, and the 1k, orbitals are shown to be delocalized
Schder, A; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100 5829. over the metal and ligand orbitals. The question of metal versus

(30) Dolg, M.; Wedig, U.; Stoll, H.; Preus, H.. Chem. Phys1987, 86, 866.
(31) (a) Baerends, E. J.; Ellis, D. E.; Ros@hem. Physl973 2, 41. (b) Dunlap,

3. Results and Analysis

B. I.; Conolly, J. W. D.; Sabin, J. Rl. Chem. Phys1979 78, 3396. (c) (35) Neese, F.; Solomon, E. I. Magnetoscience-From Molecules to Materjals
Vahtras, O.; Almié, J. E.; Feyereisen, M. WChem. Phys. Lett1993 Drillon, M., Miller, J. S., Eds.; Wiley: New York, 2003; Vol. 4, p 345.
213 514. (36) (a) Ake, R. L.; Gouterman, N heor. Chim. Actd 969 15, 20. (b) Stavrev,
(32) Tannor, D. J.; Heller, E. J. Chem. Phys1982 77, 202. K.; Zerner, M. C.Chem. Phys. Lettl995 233, 179.
(33) Neese, FOrca: An ab Initio, DFT and Semiempirical Electronic Structure  (37) (a) Grimme, S.; Waletzke, M. Chem. Phys1999 111, 5845. (b) Grimme,
Packageversion 2.4, revision 39; Max-Planck Instittit fBioanorganische S.; Waletzke, MPhys. Chem. Chem. Phy&00Q 2, 2075.
Chemie: Miheim, Germany, August 2005. (38) Neese, FJ. Chem. Phys2003 119, 9428.
(34) Strictly speaking, this discussion applies to spin-unrestricted configuration (39) Miralles, J.; Castell, O.; Caballol, R.; Malrieu, J.Ghem. Phys. Let.993
interaction with single excitations (UCIS). However, the same failures are 172 33.
observed in TD-DFT calculations and are qualitatively well explained in  (40) Olsen, J; Roos, B. O.;dgensen, P.; Jensen, H. J.A.Chem. Physl988
the UCIS language. 89, 2185.
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Table 1. Spin and Electric Dipole Allowed Transitions Possible in

s\“ < ¥ e Y o, P e 1 s 2= O [T
an (o] 2 ompexes udied In IS Article
s l N
Y

complex type ground state excited states polarization

[MI(L)(LDIY (M =Ni, Pd, Pt) 2Byg—  2Byy(lbiy— 2byg) X

or 2A(1a,— 2byg) Y

[Au™(L)(L)] 2Bay(la,— lbig) z

[Cu(L),]* Ag—  1By(la,— 1byg) z

[CO(L)Z - 3Blg_’ 3BZu(1blu - 2b2g) X

3B3u(:|-b.|.u - 2b39) Y

3Bay(la, — 2ng) Y

3Boy(lay, — 2hsg) X

""'lblg *Ay(la,— 1big) z

w has been speculafe have equal IVCT and LMCT characters.

o This is consistent with its blue shift relative to the [Mgl3)

1"""-2h.g ; &m (M = Ni, Pd, Pt) complexes.
m ) e In this article, we report the rR spectra of the above-mentioned
: 2b -

- : complexes with excitation into the IVCT and LMCT bands. The
1h,, _ﬂ_ w enhancement pattern of the vibrational modes will provide
1a _f_*. experimental evidence for our previous assignments of these
) o ! B ) bands as 1fs — 2bpg and 13 — 1by4 transitions, respectively.
Figure 1. Simplified MO scheme for the [M(L)(L*)]*~ (M = Ni, Pd, and . 1
Pt) and [Ad(L)(L*)] complexes having a spin doublet ground state. For ~ 3-2. UV—Vis, Resonance Raman, and IR Spectra. Quali-
the [Co(Lp]*~ complex, the ground state is spin triplet with thesand tative Features of rR Spectra.The spectra of the unsubstituted
2yg orbitals singly occupied. The corresponding [GL)2]*~ complex is [Ni'"(L)(L*)]*~ complex are shown in Figures 2 and 3. Th&7
diamagnetic with the 2j3 orbital doubly occupied. Note that throughout K frozen solution rR spectra were obtained for excitations at
the article we refrain from assigning the valence and charge state of the ) . -
metal and the ligand in ambiguous cases such as [G(L) 840 and 407 nm, which fall into the region of IVCT and LMCT
charge-transfer bands, respectively. Upon IVCT excitation, a
rich set of vibrational peaks is observed between 150 and 2000
cm~1, which will later be assigned to vibrational fundamentals,
overtones, and combination bands. In addition to low-frequency
M-S stretching modes, significant enhancement ofCC
stretching vibrations (10061600 cnT?) indicates significant
ligand involvement in the electronic excitation. A similar
situation has been found in the case of LLCT bands of two
metal diimine-dithiolate complexe&? In these systems, several
rR fundamentals were identified. These fundamentals correspond
to metat-ligand stretching vibrations and to modes localized
on either ligand3® The rR spectrum for LMCT excitation of
the [Ni"(L)(L*)]*~ complex is dominated by moderately en-
hanced low-frequency bands (15000 cnt?) (Figure 3). At
407-nm excitation, the Raman line atL67 cnt! showed the
largest enhancement of all modes. By contrast, the IVCT band
is mainly in resonance with intense rR bands~&60 cnr?!

ligand oxidation in a series of transition metal dithiolenes has
thus been found to be dependent on the extent of delocalization
in the redox-active 24y orbital, which is an antibonding
combination of the ligand 43 and the metal g orbitals. Its
character is mainly controlled by the effective nuclear charge
of the central metal ion involved.

In the isoelectronic [M(L)]*~, where M= Ni, Pd, Pt, and
[Au(L) 2] complexes, with an electron configuration of (Fa
(1b1)2(2bsg)%(2bg)(1byg)°, the 2bg orbital is predominantly
ligand-based owing to the high effective nuclear charge of the
metal. The electronic structures of the complétdmve thus
been best denoted as [¥L)(L*)]*~ (M = Ni, Pd, and Pt) and
[Au™(L)(L")], respectively. The [Cu(l]*~ complex, with an
electron configuration of (132(1by,)2(2bsg)2(2b2g)3(1b1g)°, is @
clear case of [Cli(L);]1~.791¢The corresponding [Co(k)*~
complex, with the (1g%(1bi)?(2bsg)*(2b2g)*(1b1g)° configura-
tion, has been found to be more sulitle this case, the 2j

. : . nd~1100 cnl. The latter band shows very little enhancement
orbital possesses equivalent metal and ligand character, ancﬁ

correspondingly, the electronic structure is best represented by pon laser excitation into the LMCT band. The large relative
' enhancement of low-frequency-M6 modes has also been found
the resonance form€p" (L2)(L2)]~ < [CO (L) (L2 )]~ < quency

CA(LZ) (L) for LMCT bands of oxo-metallebis(dithiolenes) and metalie
[ U (d g I ¢ dfor th | red i mono(dithiolene) complexes which was explained by largedv

JNdertion SYMmElry assumed for the CompIExes reported Iy, 4 gistortions anticipated for bondingntibonding electronic
this article, all the spin and electric dipole allowed transitions,

together with the corresponding excited states, are summarizecganSitions‘}m2 These characteristic features of rR patterns for
. T ’ oth types of electronic transitions are preserved in the case of
in Table 1. The 1h, — 2bygy transition in the [M(L)(L)]? yp P

| : dominantly ligand-to-ligand interval h the butyl-substituted [Ni(LBY)(LB")]*~ (Figures S1 and S2)
complexes is predominantly ligand-to-ligand intervalence charge ;. 1py (| Buy(_Bw)]1- compounds (Figure S3§. Figure S4

transfer (IVCT) in origin and is assigned to the intense band in presents the rR spectrum of [t{(LBY),]* upon 407-nm

- iorkd.11c,21y i i iti
the near-IR regioff Note that we still refer to this transition excitation. The enhancement pattern is similar to that observed

as “intervalence charge transfer” despite the fact that oursystemfor [Ni"(LBY(LB®)]*~ and is dominated by intense low-

is class Ill mixed valence systems where there is no net charge
t,ranSfer between sites. The”]:a 1b19 transition Is,a,z_pOIa”Z?d (41) Inscore, F. E.; McNaughton, R.; Westcott, B. L.; Helton, M. E.; Jones, R.
ligand-to-metal charge transfer (LMCT) transition and is as- M.; Dhawan, I. K.; Enemark, J. H.; Kirk, M. Linorg. Chem.1999 38,

: ; } ; 1401.
S|gr_1ed to the experlmental charge transfer band m_ Fhe uv (42) McNaughton, R. L.; Helton, M. E.; Rubie, N. D.; Kirk, M. Inorg. Chem.
region’d For the [Co(L}]*~ complex, the 1k, — 2byg transition 200Q 39, 4386.
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Figure 2. Experimental absorption, IR, and rR spectra (840-nm laser excitation, concentratierl6:4 M) of [Ni"(L)(L*)]~L. See section 2.2 for details.
Artifacts and solvent lines are marked with asterisks.
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Figure 3. Comparison of rR spectra of [NiL)(L*)]~* complex upon 407- Figure 4. Experimental absorption, IR, and rR spectra (648-nm laser

and 840-nm laser excitation (concentration 5.40-3 M). See section 2.2 excitation, concentration 3.2¢ 10~4 M) of [Co''(LBY),]1~ complex. See
for details. Artifacts, solvent lines, and spectral regions with removed solvent section 2.2 for details. Artifacts, solvent lines, and spectral regions with
lines are marked with asterisks. removed solvent lines are marked with asterisks.

i I . . .
frequency bands. This fact corroborates the assignment of thequmonate(%) radicals: Thus, this band is present in the

UV absorption bands for these species, occurring in the range[Ni”(LBU)(LBU.)F_’ [Pd(LE(LE]E, [PE(LEY(LES)), and
350-450 nm as LMCT band& ' [Au'(LBY(LB")]° complexes and is absent in the corresponding

The rR spectrum of [CB(LBY),]1~ with 648-nm excitation [Cul (LBY)z]*~, [CO" (LPY)2]*", and [AU"(LPY)]*~ complexes.

is presented in Figure 4. The assignment of the absorption andAn opposite trend, however, is observed for the corresponding

MCD spectra for this compound in ref 8 suggests that this region comp:exes |nv?l\_/|r_19 th%_unlslgbstléuttlad 'i‘ tkl\lga_m;j ) Hsret t?eh
consists of mainly two LMCT transitions that occur-a595 complexes containing radical igands fack the infrared stretc

- 1 . ; )
nm (16 800 cmY) and~629 nm (15 900 crmi), respectively. at ~1100 cn1?! but this feature is present in the IR spectra of

The distinctive feature of the rR spectrum for the [bBY),]1~ the nonradical complexes.

species is the presence of a very intense Raman band at 1268 3.3. Vibrational A§S|gnments.For the molecgla_r orbital and
em-t normal-mode description of the complexes withig, and Cyp,

Qualitative Features of IR Spectra. A summary of the point groups, we chose thzaaxis to be perpendicula_r o the
infrared spectra for solid [M(Ls]? and [M(LE¥)]? (KBr disks) symmetry planer,, th(_ax-aX|s to be along the Iong aX|.s of the
is displayed in Figure 5. For complexes containing tH# L complex, and thg-axis to be along the short axis (Figure 1).

ligand, th(_a intense infrared str(_atchﬁilo_o cnt! has previously [MCl?(eLr;?Lr?)l] Ee;[rl:]rssuﬁ‘gg?g;z(z’r’totr;;[?;'lp?;'r?;m(igagféhe
been assigned to a€S stretching vibration and has been taken ’ w

as indicative for the presence of coordinated dithiobenzosemi- 12 By, 11 Byg) and 22 out-of-plane .(5 8 5By 6 By, 6.A“).
modes. The calculated frequencies of in-plane vibrations,

(43) For the [Pt(LBY)(LB*)]:~ compound, we have not found clearly resolved ~ €Xcluding C-H stretching modes, and their correlation through-

resonance Raman bands for the available UV excitations. The 407-nm 5t the compounds are documented in the Supporting Informa-
excitation frequency is too far away from the resonance at 361 nm for this

compound (Figure S3), and only a faint peak around 167'dmas been tion (Table S1).

found upon 350-nm excitation. The primary reasons for such a discrepancy Bu)(| Bue)]1-

may be low laser power and possibly a significant role of self-absorption In the case 9f [M(L )(L )] CompoundS(th symmetry),

near the resonance that diminishes the resonance Raman scattering intensitythere are 123 in-plane (61,462 B,) and 90 out-of-plane (44
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7 T Ny character of the sulfur ligands mainly influences theSbonds
and, to a lesser degree, the conjugation in the ring system.
Since there are four equivalent metaulfur and carbon
sulfur bonds, we have four symmetry-adapted vibrational modes
associated with their stretching. Corresponding linear combina-
tions and symmetries are summarized in Table S2. A pictorial
description of the most important vibrational modes is given in

< LBy Figure S5.
rR Assignments. FundamentalsSince all electronic transi-
WW tions under study are strongly dipole allowed, the Franck

[Ar"(L),)"

[Co™(L),)

1095 B Bag Condon mechanism is expected to dominate the rR enhancement
% [PLE XL mechanism. Thus, totally symmetric modes dominate the rR
spectra and reflect the geometry change upon excitation.
Consequently, the dominant features of the rR spectra were
- assigned to totally symmetric mod®s245Quite similar normal-
mode compositions were found for the subspace of totally
VWW\’/W\W symmetric vibrations of the substituted complexes which, for
[cu"@™),)" the most part, also undergo noticeable rR enhancement. Thus,
\/'/\//\WW we have used a common numberimg-vo) for the Ay normal-
[Co™(L™),)" mode species in thiert-butyl substituted and the unsubstituted

W compounds. The detailed assignments follow from the com-

parison of calculated and observed vibrational fundamental

[Au"(L*KL™)]

Transmission

[AHID(LBu)Z]l-

10 120 cmlooo o0 o0 frequencies, which are presented in Table 2. Some of the A
Figure 5. IR spectra of solid [N§-Bu)* salts of [NI'(L)(L)]™L vibrations can be viewed as symmetric combinations of ligand-
[Au L)z, [Cu"(L)2]*7, [Ca" (L)2] ", IN"(LBY)(LE)], [Pd(LBY(LE)], based vibrations that are closely related to benzene modes. The

[pt{I(LBu)(LBu-)]l—‘ [AU”I(LBU)Q]J'_, [CUIII(LBu)z]l_, [Cd"(LBu)z]l_, and neutral . . . .
[AUT(LEUY(LE9)]0 in the range 5081500 o (KB disks). nine most important, totally symmetric, modes for unsubstituted
species oDy, symmetry, together with their benzene counter-

B,, 46 A,) vibrations. Note that both thiert-butyl substituted parts, are shown in Figure S5. Another three totally symmetric
o vibrations for the unsubstituted compounds that are related to

and the unsubstituted complexes are centrosymmetric molecules . .
. . . . C—H deformation and stretching modes appeared to have
Thus, the infrared active fundamentals are Raman inactive and . . Lo
. : ._negligible intensity in the rR spectra. They have not been
vice versa. The total number of IR active fundamental bands is
analyzed further.

30 (12 12 6 By for the [M"(L)(L*)]1~ d
(12 By 12 Bz, 6 Bu for the M (L)(L9]1™ compounds rR Assignments. Overtones and Combination Bandsln

and 108 (62 B, 46 A,) for the [M"(LBY)(LB")]*~ compounds. S .
Consequently, theert-butyl substituted complexes are expected addition to the totally symmetric fundamentals, the rR spectra
’ also reveal pronounced overtone and combination progressions,

and observed to reveal richer and more complicated IR spectra_ ~ ° . . . -
. . . as indicated in the assignments given in Figuregt2in the
compared to that of their more symmetric unsubstituted

. : ..~ assignment of such bands, we have used the fact that, under
counterparts (Figure 5). In particular, for compounds containing h S f ble h . of heir i -
LBU instead of L ligands, the number of vibrations involving the approximation of separable harmonic suraces, their intensi

. S _ . 2 ties necessarily correlate with those of the fundamental b&riels.
the I!gaqd ar_1d metal ions Increases becguse. of their Poss_'b'“tyThe observation of the overtone and combination bands imply
to mix with different typeg of substituent vibrations. Tak.lng N0 oticeable values of the excited-state distortions that will be
account .that B modes (inD2, symmetry) correlate with 6\, evaluated in the fitting procedure based on the Heller analysis
modes (inCyn symmetry), the number of totally symmetric described in section 4
vibrations for thetert-butyl substituted complexes is necessarily Normal-Mode Compositions. According to the calculated
larger than that for the unsubstituted ligand. Therefore, the rR values of Pys (Table S1), and in agreement with accepted

spectra of substituted compound.s.show an increased numberassignments of related compouridhe metat-sulfur stretches
of fundamental bands (&> 1 transitions) as compared to the

. i are primarily distributed in the region 1400 cnt! with a
spectra of the unsubstituted counterparts (Figures 2 and S1). maximum around 350 cm. The partitioning function for the

Key Vibrational Modes. In anaIyZing the vibrational modes C-S stretchespc51 spans a broader range with maxima at
of the square-planar bis-dithiolenes, we have focused on three~700, ~1000-1100, and~1300 cn1?, respectively. In-plane
main aspects: (a) metaligand stretching vibrations, (b)  and out-of-plane carbon ring deformation vibrations fall between

carbon-sulfur stretching vibrations, and (c)-€ ring vibra- 400 and 800 cmt. As in the case of the benzene molecule,
tions, in particular those modes that describe a quinoidal carbor-carbon stretches lie in the range 160500 cnt?,
distortion of the rings. The €C vibrations can conveniently 3.4. The IR “Marker” Band around 1100 cm L. In ref 7d,

be referenced to the well-known vibrational modes of the it was suggested that the IR band around 1100%tan serve
benzene molecule (ref 44, Figure S5). These vibrational regionsas a marker for the dithiobenzosemiquinonate)fadical ions
contain information about metaligand bonding. The radical  in the [M(LBY),]? species. From our vibrational assignment, this

(44) Wilson, E. B., Jr.; Decius, J. C.; Cross, P.Nblecular Vibrations. The (45) Myers, A. B.; Mathies, R. A. Resonance Raman Intensities: A Probe of
Theory of Infrared and Raman Vibrational SpegtBover Publications: Excited-State Structure and DynamicaBliological Applications of Raman
New York, 1980. SpectroscopySpiro, T. G., Ed.; Wiley: New York, 1987; Vol. 2, pp-58.
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Table 2. Calculated (BP86/TZVP) and Experimental Frequencies of the Most Important Totally Symmetric Vibrations that Appear in the rR

Spectra of Compounds [Ni(L)2]*~, [Ni(LBY)2]1~, Pt(LBY),;]*~, [Co(LBY),]1—, an
the tert-Butyl Substituted Species

d [Cu(LBY),]*~ and Their Correlation between Unsubstituted and

INi(L)2J* [Ni(L®),]* PH(LE),J [Co(L®)] [Cu(L®),]

vibration calcd exptl RR calcd exptl RR calcd exptl RR calcd exptl RR calcd exptl RR
metal-ligand stretchintf v, 158.4 176 152.3 167 153.3 167 152.5 164 148.4 167
M—S stretching, €S deformation’, 343.7 364 362.7 372 397.9 427 360 369 351 368
ring deformation, C-S stretching’s 477.2 492 491 505 493.5 509 490.1 501 488.6 503
ring deformation, C-S stretchinga 663.4 662 755.5 —a 754.7 —a 754.7 77% 753.4 —a
C—C stretching, C-S stretching’s 1016.3 1028 1009.2 —a 1009.2 —a 1009.2 1022 1009.0 —a
C—C stretching, C-S stretching’s 1079.2 1093 1111.6 1125 1106.7 1122 1108.7 1132 11248 —2
C—C stretchingry 1324 1296 1306.2 1289 1304.0 1289 1304.4 1268 1302.8 1279
C—C stretchingvg 1421.1 1433 1383.2 1397 1383.8 1395 1370.8 1384 1390.8 -2
C—C stretchingvg 1522.3 1535 1508.1 1516 1508.4 1516 1508.1 1520 1519.8 1529

aNot unambiguously resolved or not detected due to the close proximity of intense solvent lines.

Table 3. Calculated (BP86/TZVP) and Experimental Frequencies
of the vea Mode for [M(L)2])? and [M(LBY)2]? Compounds and
Corresponding Calculated IR Intensities

frequency (cm™)

complex calcd exptl calcd IR intensity (KM/mol)
[N L)L)+ 1071.9 n.ck 7.1
[N (LBu)(LBu] 1~ 1105.4 1116 49.1
[PA" (L)L 1062.3 —b 2.9
[Pd'(LBY)(LBu)] 1~ 1096.1 1095 143.1
[P (L)(L9] 1064.6 —b 0.2
[Pt (LBY)(LBu) 1~ 1098.9 1107 85.6
[Cu"(L)2] 1093.9 1113 2429
[CuM(LBY),) 1~ 1124.4 n.ck 34.1
[Au' (L)) 1087.5 1123 210.4
[Au'" (LBu),]= 1118.0 n.ck 27.5
[AuM™(LBu)(LBu 0 1091.3 1085 479.3
[Co(L)2 1077.1 1113 108.4
[Co(LBY),]~ 1104.4 n.ck 42.9

an.d. = not detected? Experimental data are not available.

band corresponds to aBsymmetry vibration s, Figure S5),
involving C—C and C-S bond stretching. It is a nontotally
symmetric counterpart of thes mode observed in the rR
experiments. Indeed, upon inspection of the IR spectra in Figure
5, we found thatse, correlates well with our assignment of a
radical species along the series of complexes.

However, according to the IR spectra (Figure 5) and results
of DFT calculations (Table 3) for the [MAY),]? and [M(L).]?
species, it was found that the IR intensity of thgmode shows

characterized by a certain electric charge distribution. This can
make large uncompensated contributions to the total vibra-
tionally induced electric dipole moment that ultimately may
severely affect the corresponding IR intensity.

3.5. Direct Quantum Chemical Calculation and Time-
Dependent Analysis of rR Spectra.In section 3.2, it was
observed that the enhancement pattern for an LMCT band differs
dramatically from that of an IVCT band, which allows the
deduction of the type of electronic transition from the rR
enhancement pattern. To obtain more insight into these en-
hancement patterns, electronic structure calculations were
performed to estimate the excited-state dimensionless normal
coordinate displacements&:( wherei labels normal modes,
andl electronic statesy. Having obtained reasonable estimates
of the nonzeroA:, theoretical rR spectra can be deduced by
combining these displacements with transition energies, transi-
tion moments, as well as a phenomenological line width
parameter obtained from fitting the absorption band shape. Since
the theoretical displacements turned out to be reasonably
accurate, they needed little refinement in the subsequent fitting
of the rR intensities. Note that it is sufficient to fit a single rR
spectrum together with the absorption band shape to obtain the
displacements of all modes that are in resonance with the
electronic transition studietf.

The calculations were performed at two different levels of
theory, namely TD-DFT and MR-DDCI2. The latter is a

dramatic dependence on the substitution pattern of the benzengenuine, albeit simplified, multireference ab initio method and

ring. Thus, the unsubstituted, nonradical complexe$ (M2]*~

(Cu, Co, Au) reveal a strong enhancement of thgmode,
whereas in the radical-like species [ii)(L*)]~ this is not
observed. For the correspondingrt-butyl substituted com-
plexes, this behavior is reversed. For the'[{UBY),]1~ (M =

Au, Cu, Co) species thes, mode at~1100 cnt?! is not
observed, whereas in the radical specie$(I\MY)(LB")]1~ (M

= Ni, Pd, Pt) and [Al! (LBY)(LB")]° this mode is clearly present
with appreciable intensity. Clearly, it cannot be ruled out that,
for other substitution patterns, the IR intensity of thge mode
could show even more complicated behavior. Thus, the IR band
around~1100 cnt?! is not an exceedingly reliable marker for
the presence of sulfur-based radicals. As will be evident below,
the rR intensities are preferred for this purpose. The underlying

reason is that the rR intensities of the ligand-based normal modes

that are coupled to a given electronic transition do not change
significantly upon their possible mixture with various substituent
vibrations. By contrast, the relative IR intensities strongly
depend on the nature of substituents, since the latter are

is expected to be more balanced than TD-DFT in the description
of excited states. The calculated vertical transition energies from
the two methods are compared to the experimental estimates in
Table 4 and show good agreement with experiment which

corroborates the assignment of the absorption spectra. The

(46) Although thev; and v, modes have predominantly B stretching
character, there is a subtle difference between the shapes of these two
vibrations. The first mode involves a translational motion of the two ligands
in opposite directions with no deformation or bond stretching except for
the M—S bonds. For the, mode the M-S stretching is accompanied by
a considerable in-plane deformation of the J@% pentagon while the
aromatic rings remain fixed. Therefore, we have denoteds “metat-
ligand stretching” and, as (“M—S stretching, €S deformation”).

(47) Normal modes are only defined up to an arbitrary choice of sign.

Consequently, the absolute signmlf is ambiguous, whereas the relative
signs of A; for different | are of course meaningful. This has only
consequences for the shape of the rR spectra and excitation profiles if the
transitions studied have nonperpendicular polarizations. In the present work,
Al are calculated and fitted for transitions with different polarizations.
Therefore, neither the absorption band shape nor the rR intensities depend
on the signs of thex,'. For convenience, we present only the absolute
values of the dimensionless normal coordinate displacements.

Myers, A. B.; Mathies, R. A.; Tannor, D. J.; Heller, EJJ.Chem. Phys.
1982 77, 3857.

(48)
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Table 4. Comparison of Calculated Vertical Transition Energy with Enhancement Mechanism for 1k, — 2byg Transitions. For

Experimentally Determined Band Maxima (in cm~1) for the Range ; e ; ;

of Complexes and Electronic States Studied by rR Spectroscopy this t)_/pe_ of transition, the donor 1pMO I_S the bond_lng
in This Work combination of the HOMO (2 of two L2~ ligands’d while

the acceptor 23 level is the antibonding combination. Thgyb

complex excited state TD-DFT  MR-DDCI2 exptl .
ligand fragmentz-MO can undergo a symmetry-allowed back-

NI"(LLIT  Bi(lbw—2b 13462 12752 11407

2A,(1a, — 2byg) 12810 14585 11763 bonding interaction with the Nixdorbital and was analyzed in

A-2Bg(la,— 1y 19478 25652 26155 detail previouslyd Accordingly, the difference density plot for
L ?;B(nguai-_iét;)m) ﬁ 28(7) ig ;Zg ” g1a6 a 1b, — 2hyg transition (Figure 6) indicates a loss of bonding
[CO(L)zﬁ_ Sle:l(lblu_’ZbZQ) 16465 15566 15640 for the M-S, (};—C;;, Cl—.Cz, g—CG, and Q;fce bond;, thus

%Bau(la— 2bpg) 15632 16275 15160 leading to their lengthening in the electronically excited state.

At the same time, the €S bonds are expected to contract.
Consequently, in addition to the expected-Blbond elonga-

tion, the geometry changes associated with the, b 2byg

excitation have a significant component that corresponds to

aNot observed.

exception is the [Cti(L)2]*~ complex, for which the error in

thbe caICL(Jant_ed_lt rar;s!;uon e?ergyr? xceeds 10 oloolcrm/e have quinoidal distortion (elongation of £ C,, C;—Cs, and G—Cs
observed similar failures for other mononuclear copper com- bonds) of the aromatic ring. The totally symmetric normal

plexes as weII.. In these cases, more elaborate multlreferenpemooles with the largest projections onto this elongation and
approaches, with much larger basis sets, are necessary to aChIev@ontraction pattern are expected to show the dominant enhance-

accurate results, and these are computationally too demandinqnem in the IR spectra. These criteria are met byithe~170
to apply them to the calculation of rR intensities in this work. cm ), v, (~350 cnmd), and s (~1100 cntl) modes (Figure

The results below nevertheless indicate that despite the IargeG) The latter mode features in-phase stretching:6fC, Ci—
error in the transition energy, the calculated excited-state Cs, and G—Cs bonds, and thus has the largest proje;:tion onto

potential energy surface must be reasonably parallel to the realy,q 4 ingidal component of the excited-state distortion among
one, since the IR intensities are still well predicted by the o other c-C stretching vibrations.

calculations. We also note that the incapability of TD-DFT to
correctly describe the twéBs, excited states, in the case of
[Ni'"(L)(L*)]*, precludes the application of this method to the
prediction of rR intensities for these two states. However, the
MR-DDCI2 method does not have any problems with the two
alternative spin couplings (vide supra). Further evidence for the
correct assignment of the electronic states will come from the
detailed consideration of the rR intensities in the following
sections.

Enhancement Mechanism for 1g — 2byg Transitions. For
a la — 2bpy IVCT transition, the main difference is that the
donor 1@ MO is a nonbonding combination of the 2dOs of
two L2~ fragment orbitalg9 This implies less elongation of the
M-S bonds upon excitation as compared to the, b 2
case and explains why the calculated excited-state displacements
A1 and A, along M—S modes have smaller values (Table 5).
The difference density plot for a la> 2by4 transition (Figure
7) indicates a loss of bonding for the-©€C; and G—Cs bonds
simple qualitative method that, in many cases, can explain the g the lengthening of the former and contraction of the latter in

observed enhancement patterns without the need to performihe excited state. Similar to the case of a,H 2y transition,
elaborate quantum chemical calculations. All that is needed aresych a distortion pattern has a Signiﬁcant projection onto the

the shapes of the normal modes involved and an electronic,; mode. In addition, there are significant projections of the

difference density from some kind of excited-state calculation excited-state distortion onto the andvg modes, both of which

that we take to be TD-DFT together with the BP86 functional feature in-phase stretching Of2€C3 and G—Cs bonds. The

in the present case since this maintains the consistency withnet effect is that, according to the calculations and the fit to the

the ground-state geometry optimization and frequency calcula- experimental data, the excited-state displacements aigng,

tions. andvg are almost equal upon Ja> 2byg excitation (Table 5).
3.5.1. [Ni"(L)(L 9)]*". 1by, — 2byg and 1a, — 2byg IVCT Simulated Resonance Raman and Electronic Absorption

Transitions. The intense absorption feature in the NIR, shown Spectra. The simulated rR spectra, based on{thé} obtained

in Figure 2, can be decomposed into two bands that are assignedrom the fit and MR-DDCI2 calculations, are found to be in

to 1y — 2bpgand 1a— 2k, IVCT transitions’d The observed  reasonable agreement with experiment (Figure 8), whereas the

rR spectra (Figure 2) are obtained using laser excitation atrR pattern predicted by TD-DFT calculations reveals only

11 900 cnt!, which falls in the region of both the above qualitative agreement. The fit between 9000 and 17 000'cm

transitions. Thus, both of them make significant contribution clearly indicates that the peculiar band shape of the intense near-

to the rR pattern and need to be accounted for in the fitting IR IVCT transition results from the superposition of two

procedure. electronic band systems, consistent with the previous assigriinent.
The observed spectra are dominated by an intenae~350 Together with the significant vibronic broadening, the effective

cm ! and ave band at~1100 cntl. The calculated and fitted  bandwidth is almost 2.5 times higher than the homogeneous

dimensionless normal coordinate displacements are comparedine width.

in Table 5. However, despite large values found Aqr mode 3.5.2. [Co(L)]*". 1byy — 2byg and 1a, — 2byg LMCT

vy has a rather small rR intensity. This is explained by the Transitions. As analyzed in detail previously, [Co#]}~ has

significant frequency dependence of the R intensities and morea much higher metal character (65%3dn the acceptor 2k

narrow excitation profiles for low-frequency modes as compared MO as compared to that in [N(L)(L*)]*~ (34% 3d,).8 The

to high-frequency ones. enhanced metal character suggests that the loss of bonding
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Totally Symmetric Normal Modes With Largest Projection
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Figure 6. Normal modes with the largest excited-state displacements for the IV&F1Rbyg transition of [Ni'(L)(L*)]*~ and their relation to the nature
of excitation. Donor and acceptor MOs were obtained from spin-unrestricted BP86 DFT calculations. The corresponding electronic differgnise densit
plotted for the isodensity value of 0.0008 au (red and blue colors indicate a decrease and increase of the electronic density in the excitedtstatg).resp

Bond length changes upon excitation are represented by outward arrows (bond elongation) and inward arrows (bond contraction). In the normal-mode

representation, the length of arrows and arch lines roughly designates the relative amplitude of bond stretching and bending, respecéivebartiitertes
vibrating in antiphase are denoted by inward and outward arrows.

Table 5. Fitted {for [Ni'(L)(L*)]*~ and [Co(LBY),]*"} and Calculated {for [Ni"(L)(L*)]*~ and [Co(L),]*"} Dimensionless Normal Coordinate
Displacements for 1b;, — 2byg and 1la, — 2byg Electronic Transitions Obtained from the MR-DDCI2 and Spin-Unrestricted BP86 DFT
Methods

INi(L)2J (Co(L),)"
1by, — 2y, 1a, — 2by 1by, — 2y, 1a, — 2by
TD-DFT MR-DDCI2 fit TD-DFT MR-DDCI2 fit TD-DFT MR-DDCI2 fit® TD-DFT MR-DDCI2 fit*® ([Co(LB),]*)
A1 1.74 1.92 1.90 0.83 0.46 0.65 1.79 1.85 1.76 0.88 1.08 1.13
Ar 1.03 1.47 1.36 0.50 0.72 0.99 1.36 222 A=141 0.82 1.35 A, =0.94
Azg =1.37 AZB =0.85
Az 0.51 0.73 0.52 0.36 0.45 0.67 0.6 1.28 1.30 0.2 0.16 0.12
As 0.03 0.19 0.09 0.12 0.04 0.22 0.05 0.24 0.44 0.1 0.01 0.24
As 0.08 0.16 0.16 0.0 0.05 0.07 0.1 0.10 0.10 0.04 0.03 0.06
As 0.18 0.57 0.44 0.26 0.37 0.46 0.24 0.71 0.44 0.13 0.03 0.04
A7 0.07 0.12 0.02 0.35 0.39 0.31 0.03 0.04 A;=0.01 0.32 0.55 A7=0.59
A7B =0.03 A7B =0.35
Ag 0.08 0.31 0.20 0.31 0.35 0.32 0.13 0.47 0.29 0.21 0.14 0.04
Ao 0.09 0.20 0.19 0.22 0.17 0.19 0.10 0.23 0.29 0.15 0.04 0.00

between the metal and the ligand is even more pronounced and In ref 8, the room-temperature absorption and low-temper-
leads to larger values of the displacements of the predominantlyature MCD spectra of [Cof),]'~ have been subjected to
M—S stretching basedl; andA,. This expectation is confirmed  Gaussian deconvolution in the range 2260 000 cnt?. This

by the experimental and theoretical values collected in Table yielded a total of seven detectable transitions below 22 000
5. The exception is the value &, which corresponds to the  cm™L. The positions of the most intense;ib> 2b,qand 13 —

1by, — 2byg transition and was found to be the same for both 2b,g LMCT transitions were found to be at 14 890 and 15 900

compounds. The difference density plot for a;lb> 2byg cm1, respectively. According to the distortion pattern outlined
transition of [Co(L}]*~ (Figure S6) reveals that, in the carbon above, the rR spectrum of the b~ 2byg transition should be
ring, the most significant loss of bonding occurs for the-Cg dominated by thes (1132 cnmt) mode in the G-C stretching

bond, thus leading to its elongation. As for the case of thg 1b frequency region (10081600 cnT?!). However, the IR patterns
— 2bpg IVCT band of [Ni(L)]'", the described geometry observed for 14 900 and 15 430 chexcitations reveal strong

changes have the largest projection ontosthenode. enhancement of the; (1268 cnm!) mode (Figure 4), which is

The difference density plot for the Ja> 2lyg transition of the signature of a la— 2bpq LMCT transition. To resolve this
[Co(L),]*~ shows a loss of bonding for the;€C3 and G—Cs discrepancy, one needs to consider the band shapes of the two
bonds, thus resulting in their elongation. This pattern of types of transitions that were not attempted in the previous
quinoidal distortion has the largest projection omtomode, analysis.
which features in-phase stretching of the-C3; and G—Cs According to the calculations, the magnitudes of the dimen-
bonds (Figure 9). sionless displacements;, A,, andAs are much larger for the
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Figure 7. Normal modes with the largest excited-state displacements for the IVET-12b,4 transition of [Ni'(L)(L*)]*~ and their relation to the nature

of excitation. Donor and acceptor MOs obtained from spin-unrestricted BP86 DFT calculations. The corresponding electronic difference tettesity is p

for the isodensity value of 0.0008 au (red and blue colors indicate a decrease and increase of the electronic density in the excited statg).rBspekctivel
length changes upon excitation are schematically represented by outward arrows (bond elongation) and inward arrows (bond contraction).aln the norm
mode representation, the length of arrows and arch lines roughly designates the relative amplitude of bond stretching and bending, redpeatively. In
coordinates vibrating in antiphase are denoted by inward and outward arrows.

1by, — 2Iyg transition compared to that of the ke 2byg (Table of the totally symmetria;;—v9 modes of [Co(L)]*~ were taken

5) transition, which leads to an enhanced vibronic broadening into account. Other totally symmetric modes withyBarentage

of the corresponding absorption band (and rR profile) by more do not have noticeable rR intensity and thus give negligible
than a factor of 1.5. As a consequence of the different band contributions to the absorption band shape. The exceptions are
shapes, it is also necessary to slightly adjust the position of thethev,g Co—S (392 cntl) andv,g C—C (1207 cnm?) stretching
band centers. Second, it follows from the time-dependent theory modes with By parentage and having noticeable rR intensities
of IR spectroscopy that the presence of the large distortion along(Figure 10). After the joint fit of absorption spectrum and rR
low-frequency modes damps their own IR intensities as well intensities, the vertical transition energies for the, b 2byg

as IR intensities of high-frequency<C stretching vibrations. and 1a — 2byg transitions are found to be at 15 640 and 15 160
In the present case, this accounts for a reduction by a factor ofcm1, respectively (Figure 10); the corresponding adiabatic
~3 for 1l — 2hyg transition as compared to that of la- minima separation energies reveal the reverse order and are
2hyq transition° In the final fit of absorption spectrum seven  equal to 13 890 cmi (for 1by, — 2byg transition) and 14 520
Lorentzian bands were used, consistent with the experimentallycm-1 (for 1a, — 2hyg transition).

obsgrved peaks and shouldgrs. For simplicity, zero values of 353 1a — 1byy LMCT Transition. [Cu(L) 2]*~ and
excited-state normal-mode displacements were assumed for a”[Ni” (L)(L 9)]%". As analyzed previously, the [M(k]F and [M(L)-
transitions, except for the 1b— 2bpg and 13 — 2kpg transitions, (L9)]? species (M= Ni, Pd, Pt, Au, Cu) exhibit an intense
which are of predominant interest in this study. In fitting the zpolarized LMCT 13— 1by, transition in the UV region<400

IR spectra of [Co(BY)2]'™ (Can symmetry), only the counterparts nm7d 1t has been shown in ref 7d that [M@}~ (M = Ni, Cu)

i
(49) Upon symmetry lowering fror®,, in the unsubstituted complexes @, has a metal 3@ character of 46% for [NI(L;)] and of 33%

in thedsubstituped cg(;rltplexlezst, the excited—sta:e dlistorzai?nsdalonggrm for [Cu(L)2]1* in the acceptor, 11@ MO. Thus, upon la—
v, modes acquire additional strong components along#handyzs modes. - . . . .
This is partly due to a mixing o, (v) with v, (v78) and partly due to 1y transition, a strongly MS o-antibonding orbital is

changes in the shapes of the excited-state distortion upon symmetry populated in both cases, which leads to a significant elongation
lowering. Therefore, we have found it to be appropriate to compare

(D2 calculated for [M(LY]? complexes with botiw(Can) and Ana(Can) of the M—S bonds (Figure 11). Accordingly, the predominantly
(N =2, 7) determined in the fitting of the rR data obtained for the [kj4]* M—S stretching based\; and A, displacements have |arge
species. Because, ~ v,z and v; ~ v;g, one expects the following
correlation between the high- and low-symmetry parametets)*(Dzr) values (Table 6), and the rR spectra of these compounds are
~ (An)A(Caon) + (Ang)*(Con). i - i

(50) In these model calculations, both bands had the same positions and transitiond_Ornlnated by IOW frequency modes (Figures 12 a_n_d S7). The
dipole moments. difference density plot for the la— 1by transition of
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Figure 8. Deconvoluted absorption spectrum of [Kli)(L*)]*~ in the range
9000-17 000 cn? (left). The component electronic bands are represented

by dashed curves. Experimental and simulated rR spectra (right) corre-

symmetry), the counterparts of the totally symmetsie v; and

vg modes of [Cu(L)]'~, which are clearly identified in the
experiment, have been taken into account. Similar to the case
of [Co(LBY),]1~, the intensities of the, (368 cnT?l) andv; (1279
cm1) modes are partially transferred to the totally symmetric
modes of By parentage:v,g (390 cnmt) andvsg (1204 cni?)
(Figure 12), respectively. Therefore, the latter were also included
in the fit (Table 6).

The {Al} values obtained from MR-DDCI2 (for
[Ni'"(L)(L*)]* and [Cu(L}]*") and TD-DFT (for [Cu(L}]*")
calculations are found to be in reasonable agreement with the
fitted displacements (Table 6). In this case, MR-DDCI2 method
tends to overestimate tha| values for G-C stretching
modes! Both TD-DFT and MR-DDCI2 calculations somewhat
underestimateA; and overestimateA, parameters, which,
according to the shape of andv, modes, implies that both
methods overestimate the deformation of the¥Spentagon
in the excited state.

4. Discussion and Conclusions

Square-planar transition metal dithiolenes in various oxidation
states have been found to display very intense electronic
transitions in the visible region of the spectré$:11¢.21n this
work, we have studied these transitions in a series of prototypical
complexes in depth using a combination of resonance Raman

sponding to dimensionless normal coordinate displacements obtainedSPECtroscopy and quantum chemistry. These studies have defined

from the fit, MR-DDCI2 and spin-unrestricted BP86 DFT calculations
(Table 5).

[Ni"(L)(L*)]*~ (Figure 11) shows also the loss of bonding in
the G—Csz and G—Cs bonds, resulting in their elongation. For
the LMCT 1a — 2lpg transition of [Co (L}]*, this pattern of
quinoidal distortions has the largest projection ontoitheode,
which features in-phase stretching of the-C3; and G—Cs
bonds (Figure 11). Despite the qualitative similarities of the MO
pictures for the analogous Jl& 1y LMCT transitions, the
dimensionless displacemems and A, have rather different
relative values for the [Cu(k)*~ and [Ni'(L)(L*)]*~ species.
In [Cu(L)2]*, Ay is rather close ta\,; however, for [NY(L)(L*)]*~

A1 is significantly larger tham\, (Table 6). Presumably, this
originates from a more pronounced-\ g-antibonding char-
acter for the 1k, acceptor orbital of [Cu(l]*~ compared to
that of [Ni''(L)(L*)]1~. This ultimately leads to larger distortions
primarily along thev, mode rather than along. Consequently,
the rR spectrum of the [N{L)(L*)]*~ species is dominated by
the v; mode, whereas for [Cu(k)'~ the largest enhancement
is observed for ther, vibration.

MR-DDCIZ2 calculations predict values of 25 652 and 30 770
cm™1, respectively, for the vertical transition energies between
the ground state and the two components of the-talbg
(?Bay state) transitions of [N(L)(L*)]*~, which correspond to
the two alternative spin couplings (egs 1 and 2). Both excited
states have very similar values of the dimensionless normal
coordinate displacements. According to our assignment of the
experimental spectrum, the lower component corresponds to the
experimentally observed transition a26 100 cn!, and its
calculatedA! values are listed in Table 6.

In the fit, only the red edge of the absorption band, with
maximum absorbance around 400 nm, was taken into account
since at higher energies other bands, which are not yet assigned,
also contribute. In fitting the rR spectra of [CE{),]1~ (Con

the information content of absorption and rR spectroscopy for
the compounds investigated. In particular, it was shown that
the observed rR enhancement pattern of the molecules under
investigation correlates strongly with the nature of the electronic
transition. Thus, transitions that preferentially enhancevthe
mode at~1100 cnT! containing significant €S stretching
character represent IVCT transitions. Since such transitions can
only occur when the ligands have significant open-shell
character, the observation of such bands is indicative of
coordinated ligand-based radicals. This situation sharply con-
trasts with the situation found for ligand-to-metal charge-transfer
transitions, which preferentially enhance tiheand v, modes
which are dominated by metasulfur stretchings.

These qualitative considerations can be quantified by deter-
mining the dimensionless displacement paramei{emé},, for
each modej, and each electronic transitioh, By using the
popular time-dependent theory of Heller and co-workeérs,
which leads to easily manageable expressions even in the
presence of many modes and multiple electronic transitions,
these displacements were obtained by simultaneously fitting the
absorption and rR spectra of the complexes under investigation.
Second, these displacements have been calculated by TD-DFT
and simplified correlated multireference ab initio methods, which
provided very good starting values for the experimental fitting

(51) In the current study, vibronic coupling, B-term sources of rR intensities,

and nonadiabatic effects were neglected. However, they can be quite
important in the present case due to the high density of states in the UV
region, thus affecting the accuracy of the fitted parameters. In addition, it
is known that the homogeneous broadening induces interference effects,
while inhomogeneous broadening cannot lead to noticeable variations in
the rR intensitie$® The homogeneous line widths obtained from the fit
for the 13 — 1byy band are equal to 750 crh(for [Ni"(L)(L*)]*") and

1030 cntt (for [Cu"(LBY),]17), which seem to be unphysically laréfe.
Such large homogeneous line widths ultimately compensate for neglected
inhomogeneous contributions. At the same time, the ldrgRctors
artificially damp the intensities of low-frequency modes relative to high-
frequency modes. Thus, in the mixed homogenedeterogeneous case,

better agreement is expected between the fitted and calct{lAﬂde
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Figure 9. Normal modes with the largest excited-state displacements for the LMEF-12b,g transition of [Co(L}]*~ and their relation to the nature of
excitation. Donor and acceptor MOs were obtained from spin-unrestricted BP86 DFT calculations. The corresponding electronic differenseli¢tesity i
for the isodensity value of 0.0008 au (red and blue colors indicate a decrease and increase of the electronic density in the excited statg).rBspekctivel
length changes upon excitation are represented by outward arrows (bond elongation) and inward arrows (bond contraction). In the normalemiadienepres
the length of arrows and arch lines roughly designates the relative amplitude of bond stretching and bending, respectively. Internal coorafimatés vi
antiphase are denoted by inward and outward arrows.

' Absorption RR 688 0m T Exl respect, rR spectroscopy in the near-IR and visible regions is

15 (15430 cm™) Vi P- strongly preferred, since the intensities of the dominantly
LMCT P z | enhanced modes are virtually independent of substituent effects.

4 A T This work also has a significant methodological component

I M y t:}\ with respect to the analysis of rR spectra. rR intensities have

| been used to determine excited-state distortions for a number
of molecules®485256 |n particular, excited-state distortions
resulting from CT excited states of inorganic and organic
Fit molecules have been of special intef@$8.550n the other hand,
only a few studies have been devoted to theoretical prediction
of rR spectra using TD-DFT and ab initio methd887-5% In
T N most cases, IR intensities have been calculated by one of the
20000 16000 12000 200 400 600 800 1000 12001400 1600 methods based on (1) transform the&#§9 (2) short-time

ol Raman Shift (cm™) ; . h S .

dynamics approximation within time-dependent formulation of

Figure 10. Deconvoluted absorption spectrum of [CB{)2]*~ in the range - e . . }
10 000-21 000 cn® (left), and experimental and simulated 1R spectra Raman scattering utilizing excited-state gradients at the ground

(right) corresponding to dimensionless normal coordinate displacements State equilibrium geomet’,>%and (3) Savin’s formulaQ20055
obtained from the fit (Table 5). Artifacts, solvent lines, and spectral regions which is valid in the preresonance region. To employ transform

with removed solvent lines are marked with asterisks. theory or Savin’s furmula, one needs to know excited-state
displacements that can be evaluated through excited-state
procedures. Furthermore, it was also shown that the calculationsgeometry optimizatio%5758The most important drawbacks to
provide qualitative insight into the nature of the observed the use of transform theory are: (1) corresponding numerical
excited-state distortions, and a simple graphical procedure wasalgorithms have been developed only for the case of a single
outlined that allows one to estimate the dominantly enhanced isolated electronic transition and (2) rR intensities are calculated
modes even from simple excited-state calculations. by utilizing absorption band shape information (either the
In addition, we have studied the IR spectra of the entire series experimental orfd or some crude approximation such aslike a

of transition metal dithiolenes. The observation of a strondSC  simple Gaussian lif¥). It is also noteworthy that apparently
stretching bandigy) at ~1100 cnt? has previously been used
as a marker band for the detection of ligand-based oxidafigfs. (22
However, in this article, it is experimentally and theoretically E54
shown that the intensity of these IR bands strongly depends ongg
the nature of the substituents in the periphery of the phenyl (57
ring. Thus, the intensity mechanism is indirect and unreliable (58

) ; . (59
as a primary electronic marker of radical character. In this (60
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Figure 11. Normal modes with the largest excited-state displacements for the LMEF T, 4 transition of [Ni'(L)(L*)]*~ and their relation to the nature

of excitation. Donor and acceptor MOs were obtained from spin-unrestricted BP86 DFT calculations. The corresponding electronic differgnise densit
plotted for the isodensity value of 0.0008 au (red and blue colors indicate a decrease and increase of the electronic density in the excitedtstatg).resp
Bond length changes upon excitation are represented by outward arrows (bond elongation) and inward arrows (bond contraction).

Table 6. Experimental Fit {for [Ni"(L)(L*)]*~ and [Cu(LB"),]*"} and i i

Calculated {for [Ni"(L)(L*)]*~ and [Cu(L)]*"} Dimensionless RR 2 =407 nm

Normal Coordinate Displacements for 1a, — 1big Electronic (24570 cm'1) Exp.
Transition Obtained from the MR-DDCI2 and Spin-Unrestricted

BP86 DFT Methods Using Triple-§ (TZVP) Gaussian Bases at the e

Metal and Sulfur, and Split-Valence Polarized SVP Gaussian

2v
1
Bases for the Remaining Atoms ; m SN
* *
INI(L)] [Cu(L)]~ | *ﬂ‘ | | ’ At
AY v AY AY

|| |

la, — 1byg la, — 1by f a A N ARA v,
MR-DDCI2 fit TD-DFT MR-DDCI2 fit ([Cu(LB)]:")
A1 3.34 4.3 1.64 1.67 2.15 .
Ao 2.12 1.2 1.94 1.95 A =1.23 Fit
AZB =0.89
A3 0.22 0.76 0.26 0.41 0.70 [A AJ\ 1
Ay 0.02 —a 0.31 0.14 —a y A
As 0.09 —a 0.12 0.02 —a ‘ ) — , ‘
Ae 0.30 0.27 0.25 0.07 —a 200 400 600 800 1000 1200
A7 0.67 0.33 0.33 0.56 A7=0.16 Raman Shift (cm'1)
As 0.27 _a 0.02 0.06 Are = 018 Figure 12. Experimental and simulated R spectra for LMCT, ta1byg
. . . it l By i i i -
Ag 0.11 —a 0.05 0.05 0.16 transition of [Ni'(L)(L*)]*~ corresponding to dimensionless normal coor

dinate displacements obtained from the fit (Table 6). Artifacts, solvent lines,
an ) ) and spectral regions with removed solvent lines are marked with asterisks.
b (Ij)lsplacerpents ht;';}ve notlbeen fl'tteg becausettgetco;r%sgondtln%hRaTar]n the normal-mode representation, the length of arrows and arch lines

ands are not unambiguously resolved or are not detected due to the ¢ OS<?oughly designates the relative amplitude of bond stretching and bending,

proximity of intense solvent lines. In such casga;} was fixed to the respectively. Internal coordinates vibrating in antiphase are denoted b
values obtained from the MR-DDCI2 calculation, thus resulting in negligible inwgrd andyoutward arrows. 9 P y

influence on the fitted absorption band shape and rR intensities of other
modes.

can readily be performed in the presence of multiple electronic
all previous studies refrain from the simulation of the rR bands with various polarizations, and (4) rR intensities of
intensities of overtone and combination bands. As compared toovertone and combination bands are calculated and are taken
other studies, our approach has several advantages: (1) dimeninto account in the fit, together with the fundamental bands.
sionless normal coordinate displacements are evaluated inHowever, it still remains to introduce inhomogeneous broaden-
excited-state PES scan calculations rather than from excited-ing effects into the calculations, in particular to obtain better
state geometry optimizations (the latter are difficult to perform fits to the red edge of the absorption bands under investigation.
for large molecules and frequently have large convergence Taken together, we believe the present study provides detailed
problems due to curve crossings during the optimization insight into the vibrational properties of transition metal
process), (2) full-time dynamics within the time-dependent dithiolenes, their physical origin, and their chemical implica-
formulation of absorption band shape and rR scattering is tions. We hope that these insights will prove useful in further
applied, (3) corresponding simulations and fitting procedures characterizing the biological Mo- and W-dithiolenes and
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biologically relevant model complexes and therefore help to Pd, Pt, Au, Cu, Co) and their correlation throughout the
address the questions of whether the dithiolene ligand, in suchcompounds; UV-vis, IR, and rR spectra of [N{LBY)(LB")] 1,
compounds, could possibly act as a noninnocent ligand, which [Pt!(LBu)(LBw)]71, and [CU'(LBY),]! species; figure with
would certainly have significant implications for the reactivity ~schematic composition of the most important totally symmetric
of such sites. normal modes of [M(L)J~ complexes and their benzene
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