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ABSTRACT: A multi-technique spectroscopic and theoretical study of the CpM(benzenedithiolato)
(M=T1i,V,Mo; Cp = 1’-CsHs) series provides deep insight into dithiolene electronic structure contribu-
tions to electron transfer reactivity and reduction potential modulation in pyranopterin molybdenum en-
zymes. This work explains the magnitude of the dithiolene folding distortion, and the concomitant
changes in metal-ligand covalency, that are sensitive to electronic structure changes as a function of d-
electron occupancy in the redox orbital. It is shown that the large fold angle differences correlate with
covalency, and the fold angle distortion is due to a pseudo-Jahn-Teller (PJT) effect. The PJT effect in
these and related transition metal dithiolene systems arise from the small energy differences between
metal and sulfur valence molecular orbitals, which uniquely poise these systems for dramatic geometric
and electronic structure changes as the oxidation state changes. Herein, we have used a combination of
resonance Raman, magnetic circular dichroism, electron paramagnetic resonance, and UV photoelectron
spectroscopies to explore the electronic states involved in the vibronic coupling mechanism. Compari-
son between the UV photoelectron spectroscopy (UPS) of the d> M=Mo complex and the resonance
Raman spectra of the d' M=V complex reveals the power of this combined spectroscopic approach.
Here, we observe that the UPS spectrum of Cp2Mo(bdt) contains an intriguing vibronic progession that
is dominated by a “missing-mode” that is comprised of PJT active distortions. We discuss the relation-
ship of the PJT distortions to facile electron transfer in molybdenum enzymes.
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Introduction

In the 1960s? it was shown that metallodithiolene
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innocent property has propelled a resurgent interest** o
Figure 1: Accepted structures for the active sites of the three

. . o . . . canonical Mo enzyme families (top) and the reduced form of
n using metallodithiolenes n industrial the pyranopterin dithiolene cofactor (bottom). R = H or dinu-
cleotide. SO: sulfite oxidase family; XDH: xanthine dehydro-

.. .. . family; DMSOr: dimethyl sulfoxide reductase family.
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photophysical properties.” Additionally, the discovery of the dithiolene chelate as a critical component
of the pyranopterin cofactor (Figure ), which is found in all mononuclear Mo and W enzymes,'® has driv-
en new questions regarding why Nature has selected dithiolenes over other sulfur donors (e.g. cysteine)
in order to facilitate a wide variety of enzyme catalyzed reactions using second and third row transition
metals. Dithiolene ligands are well-known to stabilize transition metal centers in multiple oxidation
states, a requirement for performing oxidative and reductive oxygen two-electron atom transfer reac-
tions.* While the specific function of the pyranopterin dithiolene in the catalytic cycles of molybdoen-
zymes has yet to be determined,'" the “non-innocent character” of dithiolene ligands is likely to be a key
contributor to catalysis at the active site. Thus, correlating electronic structure with the nature of poten-
tial energy surfaces (PES) and the dynamics of the metal-dithiolene interaction is of vital importance to

advancing understanding of this ligand in metalloenzyme catalysis.

X-ray crystal structures of molybdoenzymes exhibit a range of molybdenum-dithiolene fold angles
(defined as the angle between a plane formed by the metal and two sulfur atoms and one formed by the
two sulfurs and the dithiolene carbons).'?"'® However, obtaining crystal structures of proteins with suffi-
ciently high resolution to make precise geometric measurements is formidable, and the active sites often

undergo auto-reduction under X-ray radiation,'” making it difficult to correlate oxidation state to dithio-



lene-metal geometry. Furthermore, direct spectral probing of the pyranopterin dithiolene in molybdoen-
zymes has proven to be difficult. Thus, model compounds are used to help understand the metal-
dithiolene interaction and how this interaction may be manifest in the active sites of molybdoenzymes.
A convenient platform for these studies has been molecules of the type Cp2M(bdt) (M = Ti, V, Mo; bdt =
benzenedithiolato; Cp = n°-CsHs) due to the fact that they have been characterized by x-ray crystallog-
raphy and their d-electron counts (d°, d!, d?), are directly relevant to those found in the Mo(VI), Mo(V),
and Mo(IV) enzyme forms, respectively.!3!” Thus, this series of Cp.M(bdt) compounds allows for a di-
rect probe of the nature of the metal-dithiolene interaction as a function of d-electron count and at parity

of the dithiolene and ancillary ligands. This critical comparison has not been possible with other model
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systems.
Initial links between the electronic and molecular
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Figure 2: Frontier molecular orbital diagram for Cp2M(bdt), metal orbital of the same symmetry. This orbital over-

(M=Mo,V,Ti). Arrows indicate band assignments of dominant

absorption features as discussed in text. Sz" and Sx~ refer to lap allows the hgand to donate electron density to an
the in-phase and out-of-phase sulfur p orbital combinations,

respectively. Orbital notation follows that given previously in ) . o .

the literature!. The molybdenum-dithiolene fold is along the Unoccupied or singly occupied in-plane metal d orbital.
S-S vector (red dashed line). The pseudo Jahn-Teller (PJT)
effect is important in the V and Ti compounds. Red line: lig-
and-based orbital; Blue line: metal-based orbital; Purple line:
strongly mixed metal + ligand orbitals.

The folding has a pronounced effect on the frontier mo-
lecular orbital structure of these compounds (Figure

2).220 This “ligand folding” effect becomes more prominent as the d-electron count decreases (d* = 9°,



d! =35° d° = 46°),' and allows for the holes created by lost electrons to be delocalized in metal-
dithiolene orbitals.!”>?! These studies have formed the basis for a hypothesis asserting that the pyranop-
terin dithiolene ligand may be an active participant in the catalytic cycles of Mo/W enzymes by modu-
lating active site redox potentials through static or dynamic changes in metal-dithiolene covalency.?*%
For example, in the proposed catalytic cycle of sulfite oxidase the Mo center traverses through three dif-
ferent formal oxidation states during two sequential one-electron oxidations of the Mo(IV) species back
to the active Mo(VI) form. Recently, it was suggested that coupling the intermediate Mo(V) (d!) form

with fold angle variation at the sulfur atoms of the pyranopterin dithiolene ligand can provide a lower

energy reaction pathway for these sequential one-electron reoxidation steps of the catalytic pathway. !

In an effort to develop a more comprehensive understanding of how electron configuration affects
metallodithiolene electronic and geometric structure in archetypical Cp2M(bdt) complexes, we have per-
formed a combination of electronic absorption, resonance Raman (rR), magnetic circular dichroism
(MCD), and gas-phase UV photoelectron spectroscopies (UPS). These spectroscopic studies are com-
plemented by electronic structure calculations in order to assign low-energy optical and vibrational tran-
sitions that provide deep insight into the vibronic origins of ligand folding as a function of electron con-
figuration, and develop a greater understanding of the role of the pyranopterin dithiolene in molybdoen-
zymes. Specifically, we show that the ligand folding distortions result from a pseudo Jahn-Teller (PJT)
effect, which arises from the vibronic coupling of the ground electronic state with an excited electronic
state, and enables symmetry-forbidden mixing of states via a configuration interaction mechanism in

order to control metal-ligand covalency.
Experimental

Synthesis. Starting materials, CpoMoCl> (Alfa Aesar), Cp2VCl,, Cp:TiCl> (Aldrich) and 1,2-

benzenedithiol (Aldrich) were purchased and used without further purification. Synthesis of the com-

24-26

pounds Cp>M(bdt) (M= Mo, Ti, V) was carried out as previously described in the literature using
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standard Schlenk techniques. Identification of the compounds was aided by electronic absorption spec-

troscopy and mass spectrometry.

Photoelectron spectroscopy (UPS). The gas-phase UPS spectrum of Cp>Mo(bdt) was collected using
the instrument and procedures that have been described previously.?’” The instrumentation is interfaced
via a National Instruments PCle-6259 multi-function data acquisition card with customized software.
Resolution measured during data collection (taken as the fwhm of the Ar 2Ps») was 0.025-0.030 eV.
The sublimation temperature of the sample (measured at 10 Torr and using a “K” type thermocouple
attached to an aluminum sample cell) was 190-200°C. The sample showed no signs of decomposition

during collection.

Electronic Absorption Spectroscopy. Solution electronic absorption spectra were collected using a
double beam Hitachi U-3501 UV-Vis-NIR spectrophotometer capable of scanning a wavelength region
between 185 and 3200 nm. All absorption spectra were collected at 2.0 nm slit width in the UV-visible
range and with a variable slit width in the NIR. The instrument was calibrated with reference to the
656.10 nm deuterium line. Solution samples were prepared by dissolving the compounds in degassed
dichloromethane (M=Mo,T1) or 2-methyltetrahydrofuran (M=V). The electronic absorption spectra were
subsequently collected in 1 cm pathlength quartz cells (blackmasked Suprasil, equipped with a Teflon
lined screw cap). Gaussian resolution of spectral bands was accomplished with the Magicplot software
package (Magicplot systems, LLC).

Magnetic Circular Dichroism Spectroscopy. Low-temperature MCD data were collected on a system
consisting of a Jasco J810 CD spectropolarimeter employing Hamamatsu photomultiplier tubes of either
S-1 or S-20 response, an Oxford Instruments SM4000-7T superconducting magneto-optical cryostat (0-
7 Tesla and 1.4-300 K), and an Oxford Instruments ITC503 temperature controller. The spectrometer
was calibrated for CD intensity and wavelength using camphorsulfonic acid and a Nd-doped reference

glass sample (Schott Glass). MCD samples were prepared as frozen 2-methyltetrahydrofuran (Alfa Ae-
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sar, purified by passage down a column of activated alumina followed by immediate freeze-pump-thaw
degassing) solutions. The sample cell was loaded under an N> atmosphere and immediately frozen in
liquid N2> due to the observed O sensitivity of Cp,V(bdt) in solution. Depolarization of the incident ra-
diation was checked by comparing the difference in CD intensity of a standard Ni (+)-tartrate solution
positioned before and then after the sample. Samples which depolarized the light by <5% were deemed
suitable. All MCD spectra were collected in an applied magnetic field of 7T, and a 0T spectrum was

subtracted to correct for field-independent effects.

Resonance Raman Spectroscopy. Resonance Raman spectra were collected in a 180° (780 nm) or 90°
(all other lines) geometry. Coherent Innova 70C (5W) Ar" and 300C Kr" ion lasers were used as the
photon sources. The scattered radiation was passed through a longpass filter (Semrock RazorEdge) to
remove Rayleigh scatter laser light and then dispersed onto a liquid N> cooled 1” Infrared Associates
CCD detector using a Princeton Acton spectrograph. The laser power at the sample was kept between 40
and 100 mW in order to prevent possible photo- and thermal degradation of the sample. 780 nm Raman
spectra were collected with a Thermo-Scientific DXR SmartRaman, using a low 2 mW laser power due
to the observed sensitivity of Cp2V(bdt) to photodegradation. Solid samples were prepared as finely
ground powders and dispersed in a NaCl(s) matrix with Na;SO4 added as an internal standard. These
samples were subsequently either sealed in a glass capillary tube and spun with a custom made sample
holder or thinly spread on carbon tape and held in a standard brass holder (780 nm). The construction of
resonance Raman profiles was accomplished by comparing the integrated intensity of a Raman band at a
given excitation wavelength relative to that of the 992.4 cm™ band of Na>SO4 or solvent bands. All data
were scan-averaged, and any individual data set with vibrational bands compromised by cosmic events

was discarded.

Electron Paramagnetic Resonance Spectroscopy. The room temperature (300K) solution EPR spec-

trum of Cp,V(bdt) was collected at X-band (9.388186 GHz;) using a Bruker EMX spectrometer with



associated Bruker magnet control electronics and microwave bridges. A microwave power of 20 dB was
used for all experiments. Simulations of the EPR spectra were performed using the MATLAB toolbox
EasySpin,?® with further analyses performed using in-house written scripts for the program Visual Mo-

lecular Dynamics.?

Computations. Resonance Raman calculations and spectral fitting were performed with the Advanced
Spectral Analysis (ASA) package of ORCA 3.0.0.> Resonance Raman spectra were calculated by set-
ting the theoretical excitation energy to be equal to the TDDFT calculated transition energy. Individual
one-electron promotion contributions to the TDDFT transition were considered independently when
computing the Raman spectrum under resonance conditions. This was done to understand which one-
electron configuration was dominantly responsible for the calculated resonance Raman enhancement
pattern. Geometry optimizations and frequency calculations used the def2-TZVPP>* basis set and the
PBE®® functional, while TD-DFT spectra and the excited state gradients®® used in the calculation of res-
onance Raman spectra were calculated with the PBEO hybrid functional*’=*® and the RIJCOSX approxi-
mation®’. TD-DFT calculations of MCD spectra were done with ADF 2012.01*-*! using a triple-{ STO
basis (TZP) and the PBE functional (this version of ADF does not support MCD calculations with hy-
brid functionals, however, transitions were carefully analyzed to ensure agreement between hybrid and
GGA functionals). Electron density difference maps (EDDMs) were created using the orca_plot utility
within the ORCA suite. All orbital and EDDM figures were created with VMD.? For d' 2, orbitals were

visualized as quasi-restricted orbitals (QROs).*?
Results and Discussion

Here we present an analysis of spectroscopic data for the tetravalent metal series Cp:Mo(bdt) (1),
Cp2V(bdt) (2), and Cp,Ti(bdt) (3), which are interpreted in the context of detailed bonding and spectro-
scopic calculations. A simple four orbital model (Figure 2) is used in the analysis of the data to develop

a pseudo-Jahn-Teller (PJT) description of ligand folding in metallodithiolenes, and to understand how
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the interplay between electronic and geometric structure uniquely poises the d! configuration for tunable
facile electron transfer processes like those observed in the Mo(V) state of pyranopterin molybdenum
enzymes. The results and analysis of 1-3 will each be discussed in turn, and we begin with closed shell

1, which can be effectively used as a foundation for understanding the electronic structures of 2 and 3.

Cp2Mo(bdt)

Electronic Structure and Spectroscopy of Cp>Mo(bdt), The frontier molecular orbitals of 1 are present-

ed in Figure 3 and are similar to those computed previously for this molecule.?’ and symmetry labels are

\ provided assuming an idealized C>,

dxy (by) — 3:¢:
ﬂ geometry. The a; HOMO-1 orbital is
3“ primarily metal-based, and in our coor-

St (b1) | $ )
h dinate frame this is the Mo d» orbital.
€.

a2 (@) 3 P The b HOMO is a dithiolene orbital

Figure 3: Left: Calculated frontier molecular orbitals of 1. Arrow denotes cal-
culated low energy LMCT probed by electronic absorption and rR spectrosco-
pies. Right: The electron density difference map (EDDM) for this LMCT tran-
sition (blue: electron loss in the transition, red: electron gain in the transition). the by LUMO (MO dxy + sz) due to
The computed composition of the EDDM is ~90% Sz* — dxy LMCT in charac-
ter. Isovalues: 0.04 (orbitals), 0.004 (EDDM).

(Sx") and does not effectively mix with

the large computed energy gap between
these two orbitals (~ 3.6 eV). Additionally, the HOMO and HOMO-1 are orthogonal and therefore can-
not mix. Inspection of the MO diagram for 1 suggests the presence of two low-energy excitations. The
first is a low-energy ligand-to-metal charge transfer (LMCT) transition from the doubly occupied Si"
HOMO orbital to the vacant dxy. The second is a formally ligand field (LF) transition described as a
one-electron promotion from the doubly occupied d,2 orbital to dxy. A complete listing of the TD-DFT

computationally assisted band assignments for the higher energy bands is presented in Table S-1.



The solution electronic absorption spectrum, selected resonance Raman (rR) profiles, experi-
mental rR spectrum, and computed rR spectrum for 1 are shown in Figures 4A and 4B. As anticipated
from the molecular orbital description, 1 possesses a single absorption feature (Band I) at low-energy

(20,614 cm™) that is energetically isolated from higher

A
6000 — yV-Vis-NIR energy excitations. The HOMO—LUMO LMCT transi-
~- 286 cm™
s000| = 383cm’ . .. )
- 593 cm™ tion is anticipated to possess a markedly greater oscilla-
"_ 4000 . )
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= 3000}
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2000}
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]
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[
£ ference map (Figure 3, right) depicts the electron density
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redistribution that results from the S;' — dxy one-

286 Experimental

o Theoretical electron promotion. The Mo dxy LUMO is strongly anti-

bonding with respect to the two Cp rings and therefore

Calculated rR

the electron density redistribution that accompanies the

500 1000 1500 . o ‘
Raman Shift [cm™] Sz~ — dxy LMCT transition is expected to result in a

Figure 4A: Solution (CH2Cl2) absorption spectrum and reso-
nance Raman profiles of Cp2Mo(bdt) (1). Gaussian resolved
bands are denoted with Roman numerals. 4B: Experimental
(CHxCL) and theoretical (PBEO) resonance Raman spectra Cp-Mo-Cp stretching coordinate leading to rR enhance-
for 1. Experimental excitation wavelength: 488 nm (in reso-

nance with band I), theoretical: 444 nm (in resonance with . . .

calculated Amax). Numbers in the figure denote the vibration- ment of the a; Cp'MO'Cp StretChlng vibration.

al frequencies (normal font: experimental; italic: theoretical).

large excited state distortion along the totally symmetric

Resonance Raman spectroscopy, through the analysis of Raman profiles and relative enhancement of
vibrational modes under resonance conditions, provides an extremely powerful probe for identifying the

nature of the CT excited state by detailing how the excited state geometry is distorted relative to the



ground state geometry. Here, we have used a combination of experimental and computed Raman spec-
tra, obtained on resonance with Band I, to analyze the relative rR enhancement patterns of the vibration-
al modes, make detailed assignments of the vibrational spectra, and support our assignment of Band 1.
The most intense resonance Raman vibration of 1 is the 383 cm™' mode, which is assigned as the totally
symmetric Cp-Mo-Cp stretch. This strongly supports the assignment of Band I in the electronic absorp-
tion spectrum as the Sz" - dxy LMCT transition with a large excited state distortion along the totally
symmetric Cp-Mo-Cp coordinate relative to the ground state. Raman vibrations occurring at 1438 cm™,
1098 cm™, 593 cm™, 286 cm™!, and 236 cm™ also show strong resonance enhancement with excitation
into Band I. These modes have been assigned (Table 1) on the basis of their DFT computed frequencies
and, most importantly, by their remarkably similar relative resonance enhancements compared with ex-
periment. As such, the agreement between experimental and computed rR spectra provide additional
evidence in support of our assignment of Band I as a Sz - dy, LMCT transition. In addition, the ab-
sence of a resonantly enhanced totally symmetric S-Mo-S stretch, further supports the molecular orbital
description of minimal Sz - d,» and Sy" - dyy orbital mixing, leading to a planar dithiolene chelate ring
in the effective ~Cay geometry of 1. Of crucial importance is the fact that the resonance Raman en-
hancement is dominated by the occupation of the dxy orbital, which is not equivalent to the electron den-
sity change that occurs during the photoelectron process, vide infra, since photoejection from S;" does

not lead to dxy orbital occupation.

Photoelectron spectroscopy (UPS) of Cp>Mo(bdt). Ultraviolet photoelectron spectroscopy (UPS) is
used to probe the energies of molecular orbitals by relating molecular ionization energies to the energy
of the orbital from which the photoionized electron originated (Koopmans’ theorem). This ionization
process may also be viewed as an electronic transition from the ground state of a neutral molecule (e.g.
1) to a cationic state plus an electron ((e.g. 1*, Figure 5). As such, the profile of the ionization band con-

tains valuable information regarding the vibrational structure of the photogenerated cation. If the fre-
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quency of the vibration along a distortion coordinate is large enough,* the vibrational structure of the

cation may be resolved in the photoelectron spectrum, and the observation of vibronic structure can pro-

vide a wealth of electronic structure information.*?

20 -
For example, the frequency of excited state vibra-
159 Catian - tions can be used to determine how a molecule dis-
L s - :’4-
i 810 . ¢ . torts following photoionization of an electron from
'
a given molecular orbital. One may also determine
51 "
] Ground State the reorganization energy, A, that is associated with
0 T — I T T

* L B e 4. 8 the electron loss.*** A particular advantage of de-
Nuclear Displacement

: . . o termining A using gas-phase photoelectron spec-
Figure 5: A schematic representation of the ionization process. A g g gasp p p

single ionization band will be constituted by peaks from individ-

ual vibrational levels of the cation (left). The reorganization troscopy is the absence of solvent contributions to
energy, Av, here, is taken as the difference in energy between the

vertical ionization energy (dotted line) and the adiabatic ioniza- . .
tion energy. the spectrum. Here, we use UPS to gain additional

insight into the electronic and vibrational structure of 1 and its cation, 1*.

Vibrational structure is clearly resolved in the UPS first ionization band of 1 (Figure 6) that derives
from photoemission of an electron from the HOMO, which is predominantly Sz+ in character.'®> Using
methods described previously,*® we have performed a vibrational analysis of the Sy first ionization
band for 1. The UPS data can be fit analytically using a vibrational progression with a Poisson distribu-
tion of symmetric Gaussians peaks whose intensities (/) are governed by Eqn 1:

ST g
In = Ee

(1)

where n indexes the vibrational level and S is the Huang-Rhys factor relating the vertical transition to
the vibrational progression.*” Peak positions were found to be reproducible to + 0.02 eV. The vertical
length of the data points in Figure 6 represents the experimental variance at each data point. The best fit

to the data emphasizing the initial vibrational levels on the low ionization energy side of the band yields

a vibrational progression frequency, v, of 0.047 + 0.008 eV (383 + 65 cm™) and an S of 4.07. The re-
11



duction in intensity on the high energy side of the fit is due to the contribution of lower energy, unre-
solved vibrations. Deviations between the best fit and the data in the lowest energy region are due to the
presence of hot bands generated by the population of excited vibrational levels in the ground electronic

state. The reorganization energy, A= 0.19 = 0.04 eV, can be calculated using Eqn. 2:*’
A = Xk Skhvg (2)

where, i is Planck’s constant and vy is the fre-

quency of the kth vibrational mode. The S and A,
values are larger than would generally be expected
for photoionization of an electron from a non-

bonding orbital. The computationally derived re-
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organization energy, taken to be the ASCF value of
the geometry optimized cation and the cation in

Figure 6: Close-up of the first ionization band of the gas-phase UPS

spectrum of Cp2Mo(bdt) (1). Also shown is the fit for vibrational the optimized geometry of the neutral molecule,
structure with a Poisson distribution. The spacing of the peaks in the

Poisson distribution corresponds to the 383 cm! vibronic progression . .
that is activated by ionization from HOMO of 1. was found to be 0.19 eV, in full agreement with

experiment. These results strongly suggest a significant structural change in 1* relative to 1, which re-
sults in new covalency contributions to the bonding scheme.* The data are consistent with the idea that
this new bonding interaction is formed between the S;" orbital and the metal d-orbitals when there is a
reduction in the d-electron count from 2 to 1. Orbital mixing between S;” and Mo d,, leading to new
covalency, requires that the symmetry be lowered since Sz" and Mo d,» do not transform as the same

irreducible representation in the C», point group.

The 383 cm™! Cp-M-Cp stretch observed by 1R is a ground state vibrational mode for the neutral spe-
cies (1) and not the cationic form (1%) that is directly probed in the UPS experiment (Figure 5). The rR
enhancement of the Cp-M-Cp stretching vibration in 1 that is observed with optical pumping into Band

I results from population of the dxy orbital in the LMCT excited state. However, the dxy orbital is not oc-
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cupied during the 1 — 1* photoemission process that is probed by UPS. As a result, the resonance Ra-
man spectrum of 1 does not fully explain the vibronic structure observed in UPS spectrum of this com-
plex. In order to understand the nature of the excited state distortion that is responsible for the vibronic
structure observed in the ionization envelope of the first ionization band resulting from S;" photoemis-
sion; geometry optimizations were performed on both 1 and 1*. Determination of the vibrational modes
that contribute to the observed vibrational progression was accomplished by the projection of Cartesian
displacement differences between the calculated geometries of the neutral and cationic forms of 1 onto

dimensionless normal coordinate (derived from frequency calculations of the cation) displacements.

Although three vibrational modes with computed frequencies near the experimental value possess
sizeable displacements relative to the ground state geometry (Table 2), the largest distortion is found
along a mode that occurs at a higher frequency (474 cm™') than the observed 383 cm™ UPS vibronic
progression. We note that the appearance of an effective observed frequency does not necessarily equate
with an actual vibrational mode of the molecule, but can be described as a weighted average of the actu-
al vibrational modes of the complex. This phenomenon has been extensively studied by Heller, and is
known as the missing mode effect (MIME).*® The MIME frequency is described by the following equa-

tion for the effective (missing) mode:

Yh wEAR+4T?
w ===rt=x 3
eff Yk wrding (3)

where w are the vibrational modes, 4 are the dimensionless displacements, n; corresponds to the num-
ber of vibrational periods in which the interacting modes need to return to a position of maximal over-
lap, and I" is a broadening factor (typically ~100 cm™). Equation 3 can be solved iteratively, and the so-
lution of this equation (using al// modes, not just those in Table ) results in an effective frequency (wep) of
394 cm™!, which is in excellent agreement with the observed experimental UPS progression frequency of
383 + 65 cm’!. This strongly supports the use of the MIME methodology for describing the origin of the

vibronic progression observed in the UPS spectrum of 1. The higher energy vibrational contribution
13



(474 cm™") primarily consists of dithiolene C-S stretching character, which is expected for the loss of an
Sx* electron due to photoionization. The lower frequency modes (calculated at 332 cm™ and 311 cm™),
however, have appreciable Mo-Cp stretching character, and this demonstrates the role of electronic re-
laxation in the ionization process and/or the degree of Cp-bdt antibonding character in the frontier MOs.
Upon ionization of an electron from the Sz orbital, a pseudo Jahn-Teller effect is immediately opera-
tional (vide infra), which mixes the d,» and S;" orbitals. The appreciable degree of Mo-Cp pseudo c*
character that is present in the d,» orbital® nicely explains the observed distortion along the Cp-Mo-Cp

coordinate.

Cp2V(bdt)

14



Electronic Structure and Spectroscopy of Cp2V(bdt). The frontier molecular orbitals of 2 are presented

in Figure 7 as quasi-restricted orbitals (QROs) for a more direct comparison with the closed-shell spin-

restricted calculations of 1 and 3. These QROs can be obtained from the natural orbitals that derive from

a spin unrestricted Kohn-Sham computation and they possess energies that are well defined.*> Using this

\ \ \ \ \ \
300 310 320 330 340 350 360 370

Magnetic Field (mT)

Figure 7: Top: Frontier quasi-restricted MOs (QROs) for 2. Right: Arrows denote
major transitions in the low-energy LMCT region. EDDMs for the transitions are
given on the right (blue: electron loss, red: electron gain). Isovalues: 0.04 (orbit-
als), 0.004 (EDDM). Bottom: RT EPR spectrum of 2 (giso = 1.9923; Aiso *'V) =
166 MHz). Note that the Mo(z?) — St+ mixing provides a covalency and charge
transfer mechanism for giso ~2.

QRO approach, we find that the en-
ergies of the d,> and S;" orbitals are
reversed relative to those observed
for 1, with the SOMO being primari-
ly d” based and the HOMO being
primarily ligand based S:". The ap-
pearance of these QROs and their
relative energies are similar to those
computed using a spin unrestricted
DFT approach.! The computed o-
orbital in the spin unrestricted calcu-

lation (Figure S-8), which is most

similar to the SOMO for 2, shows more mixing between the V d,> QRO SOMO and the S;" HOMO. Us-

ing the QRO functions, enhanced covalency is obtained from configurational mixing between the

ground configuration (shown in Figure 7) and the excited configuration that derives from a HOMO —

SOMO one-electron promotion. This enhanced covalency is qualitatively illustrated in Figure 2 and re-

sults in the isotropic EPR g-value being close to the free-ion value of 2.0023. Although 2 possesses a

bent Cs idealized geometry, we continue to use the same idealized C>, symmetry labels in order to more

easily correlate these orbitals with those of 1. In the bent geometry of 2, the d,> SOMO and the S;"
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HOMO possess the same symmetry and can therefore mix, with the degree of this mixing probed by the

intensity of the HOMO — SOMO charge transfer transition. 4%-

The electronic absorption spectrum of 2 (Figure 8A) shows a similar overall absorption envelope as 1,

but with a distinct red shift of the observed bands. Although an apparent low energy tail is observed on

the low-energy band, the individual transitions responsible for the spectral bandshape are not resolved in

the room temperature absorption spectra. The electronic transitions in 2 are revealed at higher resolution

in the low temperature frozen solution MCD spectrum (Figure 8 A). Here, the data clearly show that two

transitions contribute to the absorption envelope of the lowest energy band. This is of particular signifi-

cance, since the simple MO model depicted in Figure 2 predicts several possible CT transitions that are

1000F A — uvvienimans. 11400 likely to occur at similar energies. These include the
— 5K MCD
_ 500} ' S;* — dyy and Sx" — d» LMCT transitions and the d,
o
3 m\ /) {1000
E o Y . L 42— dyy ligand field transition. We assign Band I as the
2 | | /" {800 =,
c | ! | ()
2 _so0f I : : Jeo0 . dz2 — dxy LF transition due to the weaker absorption
a ! ! -
o I | 1
= 1000l ! . 1400 intensity and relatively large C/D ratio (MCD C-term
1 n v 1200
—1500} v ] intensity/dipole strength) which suggests that Band I
' 0
10,000 20,000 ) .
Energy [om"] has dominant LF character.’' This allows Band II to be
o assigned as a S — d» transition due to the markedly
. Ty
i smaller C/D ratio and higher extinction coefficient an-
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E
€ qum ticipated for a LMCT transition.
2?3 ,526 ’ o Although CT transitions that involve a bonding/anti-
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Figure 8. A: Gaussian deconvoluted solution absorption spec-

coupling contributions to the transition and therefore

trum (RT) and MCD spectra (5K, 7T) of 2 (M=V). Solvent:
2-Me-THF. Gaussian resolved bands are denoted with roman

numerals. Dashed lines are a guide to the eye to show the

16

concurrence between transitions in the MCD and UV-
Visible-NIR spectra. B: Experimental (solid, NaCl matrix,
Na2SOs4 internal standard) and theoretical (PBEO) resonance
Raman spectra for 2. Experimental excitation wavelength:
780 nm, theoretical: 855 nm (in resonance with calculated

Amax of band H)



there should be little MCD intensity and a corresponding small C/D ratio.> ! Increased mixing of the
Sx"and d» orbitals is made possible by the chelate fold angle distortion observed in the crystal structure
of 2. This distortion is driven by the removal of one electron from the metal-based HOMO-1 orbital of 1
(Figure 3), resulting in increased covalency that is directly probed by the intensity of the S;" — d tran-
sition. Further support for this assignment is provided by the calculated MCD and electronic absorption
spectra of 2, which can be qualitatively compared with the experimental results at energies £ 15,000
cm’! (Figure S-1). A complete listing of the TD-DFT computationally assisted band assignments for the

higher energy bands is presented in Table S-2.

The low-energy resonance Raman spectrum of 2 (Figure 8B), collected in resonance with bands I and
II, shows an increase in the number of resonantly enhanced vibrations when compared to 1. This sug-
gests either a marked reduction in the symmetry of the molecule (e.g. a large dithiolene chelate fold)
and/or a distinct difference in the nature of the electronic transitions that contribute to the low energy
absorption band. The former does not appear to substantially affect the resonance Raman enhancement,
as a change in geometry does cause a shift in the rR profile maximum (e.g. 1, see Figure S-2 for an ex-
ample involving the solid-state spectrum) but not in the enhancement pattern. Based upon the previously
discussed band assignments, the dominant low-energy transition of 1 is of different origin than the dom-
inant low-energy transition observed in 2. As such, a different resonance Raman enhancement pattern is
expected and observed. The S;” — d,» LMCT transition is expected to display stronger resonance en-
hancement of M-S modes, due to the increased M-S bonding character in the HOMO relative to the
SOMO. Theoretical resonance Raman calculations for 2 (Figure 8B) are in excellent agreement with
experiment, and full normal mode descriptions for the observed vibrations are given in Table 3. A par-
ticularly important mode includes the low energy dithiolene fold (experimental: 71 cm!, calculated: 52
cm), and is central to the role that dithiolene bending plays in modulating metal-sulfur covalency

through a pseudo Jahn-Teller effect (vide infra).
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In order to understand the electronic structure changes of 2 relative to 1, it is instructive to compare
their resonance Raman spectra. Inspection of the two spectra (see Figure S-3 for an overlay) reveals that
only a few of the vibrational modes observed for 2 appear to be resonantly enhanced in 1. In particular,
the Cp-M-Cp stretch is heavily mixed with the dithiolene fold in 2. In fact, several C-S/M-S stretch and
S-M-S bending modes are resonantly enhanced in 2, and these directly probe the changes in M-L cova-
lency that occur with the change in d-electron count, whereas these stretches are not observed in the res-
onance Raman spectrum of 1. The fact that these modes are enhanced for 2 and not in 1 suggests that
the degree of electron occupation in the d,» orbital has strong effects on the nature of the M-L bonding.
Multiple M-Cp vibrational modes are still present, but they are all mixed with M-S/C-S stretches or the
dithiolene folding mode. Interestingly, the calculations show that several of the observed modes are
combination and overtone bands (Table 3). For completeness, rR profiles of these bands are given in the
SI (Figure S5). The rR profiles show that the transition responsible for band II involves a redistribution
of electron density that is analogous to that observed in the ionization process of 1, with a large change

in the electron density of the bdt ligand.

The MIME effect in Cp2V(bdt)._ The MIME formalism can be used to show how the resonantly en-
hanced vibrations observed in the Raman spectrum of 2 (Figure 8B, 780 nm excitation) can be used to
understand the nature of the vibrational modes that are activated during the 1 — 1* + e- photoionization
process. We collected the rR spectrum of 2 on resonance with the S;" — d,» LMCT transition, which
results in a redistribution of electron density between these two orbitals. This LMCT electron density
redistribution results in an excited state distortion for 2 that is very similar to the molecular distortion
that occurs in the UPS of 1 following photoionization of an Sz+ electron. Fitting of the experimental rR
spectrum’? of 2 gives a set of excited state displacements (Table S-2) that can be used in combination

with Equation 3 to determine the effective frequency associated with that observed in the UPS spectrum
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of 1. The iterative solution of Equation 3 using the parameters determined from the rR spectrum of 2
results in an effective frequency, w,rr = 323 cm’!, which is in good agreement with the vibronic pro-
gression frequency 383 cm™! observed in the UPS data for 1, particularly when considering that 1) com-
pounds 1 and 2 contain metals with different d-electron counts, and 2) the rR spectrum is probing an
optical excitation, while UPS is probing a UV photoemission. This MIME analysis for 2 demonstrates
the power of rR spectroscopy, when used in conjunction with UPS, to develop a deep understanding of

potential energy surfaces and excited state distortions that accompany photoexcitation.

The PJT effect in Cp2V(bdt)._ The electronic driving force behind the dithiolene fold can now be under-
stood within the context of a pseudo-Jahn-Teller (PJT) mechanism.>? Briefly, a PJT effect arises from

the vibronic coupling of the ground electronic state with one or more excited electronic states:

Foi = (W] 2= |w:) (4)

PJT enables symmetry-forbidden mixing of states via a configuration interaction mechanism. Thus,
the PJT mechanism provides a way for orthogonal orbitals (i.e. those that belong to different irreducible
representations) in the high symmetry geometry to mix when the overall point symmetry is lowered. In
order for a PJT effect to be observed, the triple product Iy X I, X I} must contain the totally symmetric

representation for at least one state W;. A simple two state, one mode vibronic Hamiltonian can be diag-

onalized to give an expression for the PJT adiabatic potential energy surfaces (APES) with surface ener-

gies &= relative to the unperturbed states:
£r =>KoQ? + /4% + F2Q?

(5)

Energy

where K| is the primary (non-vibronic) force constant,

4 is Y5 of the energy gap between the mixing states,

————————— Q=0 T -----7

Distortion Coordinate(Q)

Figure 9: Depiction of upper (black) and lower (red) poten] 9
tial energy surfaces associated with varying values of F?
(Eqn. 5). Dotted: F?= 0, solid: F?= A4-Ko, dashed: F?=24-Ko.
Note that when the critical condition F2 > A4-Kp is met, the
single-well ground state potential energy surface inverts into

a double-well potential. This is the signature description of a
strong PIT effect.



and Q is a dimensionless normal mode coordinate. At a certain threshold, (F? > A - K,), the molecule
becomes unstable with respect to a distortion along Q. This will result in a lowering of the symmetry
from effective Ca, to Cy (Figure 9). From this equation, we can see that the three parameters which con-
tribute to a large PJT distortion are a) small 4, b) small K;, and c) large F. These systems all contain a
relatively large A term since the charge transfer excited states lie in the visible. Therefore, a low-
frequency distorting mode (small K,) is required in order to satisfy the above inequality for F2. Thus,

the low-frequency dithiolene folding mode enables the PJT effect in these molecules.

Crystal structures of 1-3 show a trend towards larger dithiolene fold with a decrease in d-electron
count, which has been typically described in the context of increased metal ligand covalency in the re-

dox orbital.'®

Here we will show how this can be more rigorously described within the context of a PJT
active system that is tuned by a) LMCT energy, and b) the value of F to give a system capable of chang-

ing the magnitude of the PJT stabilization by nearly 20-fold.

For transitions that are well described by a single one-electron promotion, equation 3 can be rewritten

in an orbital form:

‘

2 |#s) ©

4

Fo = (0| 557

= (qa — 9p) <¢a

= (Qa - Qb)f

where ¢, and ¢, are the donor and acceptor orbitals involved in the electronic transition and g, and g,
are their respective occupation numbers (0,1, or 2). The quantity g. — g» is equal to zero for Cp2Mo(bdt)
(1), since both the S;" and d, orbitals are filled. Thus, no folding distortion is observed in 1 since there
is no driving force for a PJT effect. Compound 1 therefore provides a convenient benchmark for the

non-vibronic force constant K, which is calculated to be only 2.8x10 mDyne/A (corresponding to a 28
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cm™! mode). This small non-vibronic force constant is a necessary component (vide supra) for a large

vibronic distortion. For Cp.Ti(bdt) (3), the acceptor orbital in the LMCT is unoccupied, and g, = 0. The

existence of a small non-vibronic force constant coupled with g, — g» = 2 for 3 leads to a large PJT effect

with a concomitantly large folding distortion (vide infra).

Cp2Ti(bdt)

_Electronic Structure and Spectroscopy of Cp:Ti(bdt). The electronic absorption spectrum of 3 (Figure

10A) shows absorption features that are largely blue shifted relative to 1 and 2. Band I is an energetical-

ly isolated intense transition that we assign as a S;" — d,» LMCT. The increased intensity of Band 1
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Figure 10A: Electronic absorption spectrum (CH2Clz) and rR
excitation profiles (NaCl/Na>SOs4) of 3 (M=Ti). Gaussian
resolved bands are denoted with roman numerals.

Figure 10B: Experimental (NaCl/NaxSO4) and theoretical
(PBEO) resonance Raman spectra for 3. Experimental excita-
tion wavelength: 647 nm, theoretical: 500 nm (in resonance
with calculated Amax).

relative to 2 is explained by the large increase in
Sx'/d, orbital mixing that is driven by an additional
reduction in d-electron count. The resulting increase
in the ligand chelate fold angle allows for an increase
in the overlap between the donor and acceptor orbit-
als relative to 1 and 2. The rR spectrum of 3 (Figure
12B) shows C-S and M-S modes being more strongly
enhanced relative to M-Cp modes when compared to
the resonantly enhanced vibrational modes of 1 and
2. Mode descriptions are given in Table 4. TD-DFT
calculations suggest that band II can be assigned as a
Sz" — dxy based transition (Figure 11), although a Sy~
— d, assignment cannot be completely dismissed at
this point. The Sz~ — dxy assignment for this transi-
tion is analogous to that seen as the lowest energy
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transition in 1, but here it occurs at a higher energy due to the increased stabilization of the S;" orbital
due to mixing with the d, orbital. The rR enhancement patterns with laser excitation in resonance with
band II shows that the 321, 278, and 395 cm™! modes are all strongly enhanced, with the 321 cm™ mode
being most enhanced. The calculated rR spectrum for band II (Figure S-4) shows that the strongest
mode is at 299 cm™! (calculated), and this mode corresponds to a M-Cp stretch, analogous to the 383 cm”
"' mode observed in 1. Interestingly, the observed resonance enhancement patterns for excitation into
bands I and II are an example of orthogonal mode enhancement that arises from transitions that derive
from completely different excitations.
We can use this orthogonal resonance
enhancement pattern to effectively rule
out the S;7 — dz assignment for band

I1, as this would be expected to possess

a nearly identical rR profile as the Si"

Figure 11: Frontier molecular orbitals for 3. Arrows denote major transitions in . .
the low-energy LMCT region. EDDMs for the transitions are given on the right = dz transition responsible for band 1.
(blue: electron loss, red: electron gain). Isovalues: 0.04 (orbitals), 0.004

(EDDM). A complete listing of the TD-DFT

computationally assisted band assignments is presented in Table S-3.

Of particular note is that the two most enhanced modes found in the calculated rR spectrum of 3 (Fig-
ure 10B) that are in resonance with band I involve some ditholene fold character. This can be under-
stood within the context of the PJT potential energy surfaces for 3, vide infra. The M-Cp modes are ob-
served to be quite weak, demonstrating the minimal amount of dxy population in the excited state (which
is responsible for the large enhancement seen in 1). The M-S based distortions expected for a transition
based on a one-electron promotion between highly mixed S, and d, orbitals are dominant in the spec-
trum as compared to 1 in which the lowest energy absorption feature corresponds to a transition involv-

ing the strongly M-Cp anti-bonding dxy orbital.

22



The PJT effect in Cp2Ti(bdt). Compound 3 is an example of a system that displays a strong PJT effect.
DFT calculations on the high symmetry C>, structure (3b) show a pseudo-degenerate HOMO (Sz+) and
LUMO (d,) with an orbital splitting of only 0.17 eV. The electronic ground state of high-symmetry 3b
has A; symmetry, and the HOMO — LUMO one-electron promotion results in an excited state of B
symmetry, which cannot directly mix with the A; ground state by CI. Using group theoretical arguments
(Figure 12), a vibrational mode of B symmetry is necessary for mixing these two states by a PJT mech-
anism. In support of the PJT argument, frequency calculations on the high-symmetry ground state ge-

ometry of 3b show a single negative

frequency mode (-343 cm™) of B

symmetry, and this is described as a Ti-

- bdt bending (i.e. ligand folding) mode.
o ow yRe,

Using the orbital formalism that we
A, B,

FAIBI = ™ ( ov ) IB,) developed above, we can quantitatively
r Q-

Figure 12: PJT mixing in Cp2Ti(bdt) of the B excited state with the A1 ground
state results in a distortion and subsequent mixing of the metal and ligand or-
bitals. Isovalue: 0.04.

compare the nature of the PJT effect
observed in 3 with that found for 2,
which is the d' analogue of 3. By reducing the d-electron count from one in 2 to zero in 3, we expect a
4-fold increase in F* for 3 from Eqn. 5. Note that this 4x increase is anticipated even in the absence of
any differences in the donor and acceptor orbital character. However, using simple electronic repulsion
arguments, the LMCT state energy splitting of 2 will be larger because its acceptor orbital is now singly
occupied. DFT calculations on high symmetry unfolded 2 show that the HOMO/LUMO gap increases
nearly 5-fold, to 0.80 eV. In addition, we see that the negative frequency at the point of instability ("un-
folded" geometry) for 2 decreases in magnitude to -64 cm™'. Using the second-order perturbation ex-
pression for the vibronic correction to the force constant, K, = —2F2/A,>>3 we note that this 5-fold in-

crease in A combined with a 4-fold decrease in F? (from the occupation number change in Equation 5)
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yields a remarkable 20-fold overall decrease in the vibronic contribution to the force constant. This flex-
ible electronic structure is reflected in the sensitivity of the bdt — M charge-transfer state mixing with
the electronic ground state as a function of the orbital occupation number (i.e. d-electron count, see Fig-

ure 9).

Conclusions

A complementary spectroscopic and theoretical study of model metal-dithiolene systems has been per-
formed using a combination of electronic absorption, magnetic circular dichroism, resonance Raman,
and gas-phase photoelectron spectroscopies. These data, coupled with the results of time-dependent
DFT calculations, have been used to demonstrate how the very soft bending modes of the metal-
dithiolene ring system are coupled to electronic structure. Specifically, the pseudo Jahn-Teller (PJT) ef-
fect provides an explanation for the low-symmetry distortions that are observed as a function of d-
electron count in the CpoM(bdt) (M=Ti, V, Mo) series of compounds. The electronic near-degeneracy of
states in these high-symmetry complexes results in a strong distorting force along the metal-dithiolene
fold angle leading to a strong dependence of the total energy with respect to the fold angle.! The PJT-
induced mixing of LMCT states into the ground state is manifest by a large increase in metal-sulfur co-
valency that correlates with reduced d-electron count. The PJT effect is dramatically reduced as the d-
electron count is increased, before being completely quenched in d?> Cp.Mo(bdt). This study provides a
theoretical foundation for understanding changes in Mo d-orbital electron count and metal-dithiolene
folding as they pertain to the electronic structure of pyranopterin molybdenum enzymes, all of which

possess at least one dithiolene chelate.

Several key points have emerged from this study that relate to the importance of the metal-dithiolene
moiety in biological systems: 1) Distortions along the low energy dithiolene folding mode result in mo-

lecular bistability to yield a double potential well in the d° case (M=Ti here, or Mo/W(VI) in pyranopter-
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in Mo and W enzyme families), with the minima corresponding to a "fold-up" and "fold-down" geomet-
ric configuration; 2) The nature of this potential energy surface arises from the strong PJT interaction
between the ground state and a specific LMCT excited state (Figure 12) that are admixed by the result-
ing ligand fold distortion; 3) As the metal center d-electron count increases, the reduced PJT eftect re-
sults in a softening and eventual elimination of the double-well potential. For the CpoM(bdt) (M=Ti, V,
Mo) systems discussed here, a single soft potential centered at Q = 0 predominates in the > configura-
tion. An analogous soft potential energy surface in the enzymes would allow for the sampling a wide
range of O with a low energetic penalty for the accompanying distortion. This PJT process provides the
enzymes with a low energy pathway to minimize the reorganizational energy associated with changes in
oxidation state! by coupling the mechanical motion of the pterin framework with overall oxidation state
changes of the metal and the dithiolene. Thus, the effects of vibronic coupling that derive from redox
active orbital occupancy may play a significant role in modulating the reduction potentials and catalytic

reactivity of pterin containing Mo enzymes (Figure 1).

Finally, we have used resonance Raman spectroscopy to probe the important vibrational modes asso-
ciated with electron reorganization among the Sz, d»2, and dxy orbitals. TD-DFT calculations were used
to great effect in deconvoluting the experimental spectrum, and this enabled a description of the vibra-
tions activated during the optical transitions and how these transitions differ due to orbital occupancy
changes and PJT driven orbital mixing. From an intriguing merging of UPS and resonance Raman spec-
troscopy, the vibrational progression observed in the UPS spectrum of 1 has been understood in the con-
text of the resonance Raman enhancement observed for 2, which is a different molecule. Thus, the na-
ture of the charge transfer transitions observed in 2 provides unique insight into the electron redistribu-
tion and molecular distortion found in the ionization/relaxation process of 1. The combination of acti-
vated modes results in a “missing mode” often seen in vibrational progressions of optical spectra, but

rarely described in an ionization process, as seen here.
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Table 1: CpaMo(bdt) vibrational modes.

Exp. Exp. Int. Calc. Calc. Int. Mode description

Not obs. 28 0.04 Dithiolene fold

236 0.20 274 0.20 M-Cp str. (s) + C-S ip bend
286 0.61 330 0.47 M-Cp str. (as) + C-S ip bend
383 1 390 1 Cp-M-Cp str. (s)

593 0.34 584 0.21 M-Cp str. (single Cp)

1098 0.25 1084 0.20 C-S str. + C-C str.

1438 0.29 1430 0.11 Ph ring mode

Raman excitation wavelengths: Exp. 488 nm, Calc. 444 nm.

Table 2: Normal mode displacements and Huang-Rhys factors for the Cp2Mo(bdt) ionization from TD-DFT calculations.

Mode (cm)  |AP sb Description

311 1.9 1.9 Cp-M stretch
332 2.5 3.0 Cp-M stretch
474 6.8 23 C-S/M-S stretch

1
Dimensionless. 4 = \/%LqME, where M are the atomic masses, q are the

cartesian displacements, and L are the normal modes. °S= A%/2.

Table 3: Cp2V(bdt) vibrational modes.

Exp. Exp. Int. Calc. Calc. Int. Mode description

71 0.79 52 0.47 Dithiolene fold

266 1 249 1 M-Cp str. (s) + dt fold

319 0.32 300 0.17 52 + 249 combination
304 0.19 M-Cp str. (s) + S-M-S ip bend

478 0.61 470 0.46 C-S str. (s) + ring str.

526 0.12 497 0.18 249 overtone

735 0.09 719 0.17 249 + 470 combination

828 0.16 794 0.14 ?

833 0.12 802 0.20 ?

1092 0.79 1077 0.48 C-S + C-C str.

1432 0.40 1418 0.21 Ph ring mode

Raman excitation wavelengths: Experimental: 780 nm, Theoretical: 855 nm.

Table 4: Cp2Ti(bdt) vibrational modes.

Exp. Exp. Int. Calc. Calc. Int. Mode description

Not obs. - 57 0.99 Dithiolene fold

157 0.70 151 0.47 M-S Stretch

178 0.87 171 0.29 M-Cp str. + dt fold

223 0.94 209 0.75 S-M-S bend + M-S str.

255 0.8 250 0.55 M-Cp str + dt fold

270 0.54 254 1.0 Dithiolene fold + M-Cp str (as)
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316
325
389
471

0.29
0.26
0.66
1.0

307
312
378
470

0.12
0.22
0.51
0.90

57 + 250 combination
57 + 254 combination
M-S str.

C-S str. + Ph ring mode

Raman excitation wavelengths: Experimental: 647 nm, Calculated: 526 nm.

30



