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This contribution presents the results of the TD-DFT and CASSCF/CASPT2 calculations on
[W(CO),(MeDAB)] (MeDAB = N,N'-dimethyl-1,4-diazabutadiene), [W(CO),(en)] (en =
ethylenediamine), [W(CO)s(py)] (py = pyridine) and [W(CO)s(CNpy)] (CNpy = 4-cyano-
pyridine) complexes. Contrary to the textbook interpretation, calculations on the model
complex [W(CO),(MeDAB)] and [W(CO)5(CNpy)] show that the lowest W - MeDAB and
W - CNpy MLCT excited states are immediately followed in energy by several W - CO MLCT
states, instead of ligand-field (LF) states. The lowest-lying excited states of [W(CO),(en)] sys-
tem were characterized as W(CO,q), - CO,, CT excitations, which involve a remarkable elec-
tron density redistribution between axial and equatorial CO ligands. [W(CO)s(py)] possesses
closely-lying W - CO and W - py MLCT excited states. The calculated energies of these states
are sensitive to the computational methodology used and can be easily influenced by a sub-
stitution effect. The calculated shifts of [W(CO),(en)] stretching CO frequencies due to exci-
tation are in agreement with picosecond time-resolved infrared spectroscopy experiments
and confirm the occurrence of low-lying M- CO MLCT transitions. No LF electronic transi-
tions were found for either of the complexes studied in the region up to 4 eV.

Keywords: Time dependent density functional; Complete active space SCF; UV-VIS spectros-
copy; Time-resolved infrared spectroscopy; Tungsten complexes; Charge transfer; Excited
states; DFT calculations; Ab initio.
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The low-lying excited states responsible for the absorption in the visible
and near-UV spectral regions and the photophysical and photochemical
behavior of mixed-ligand transition metal (Cr, Mo or W in d® configura-
tion) carbonyls [M(CO)sL] (L = pyridine derivative or piperidine) and
[M(CO),(a-diimine)] (a-diimine = 2,2'-bipyridine, 1,10-phenanthroline,
pyridine-2-carbaldehydes or bis(alkylimino)ethenes R-N=CH-CH=N-R, ab-
breviated R-DAB) were usually interpreted in terms of interplaying low-
lying metal to ligand charge transfer (MLCT) and ligand-field (LF) electro-
nic transitions®. It was assumed that the intense visible absorption band
and the following weak feature in the near-UV region of [W(CO),(R-DAB)]
originate in 5d(W)- (DAB) MLCT and LF transitions, respectively. The
lowest-lying transition within [M(CO),(en)] was interpreted as LF because
the ethylenediamine (en) ligand lacks any low-lying 1 orbitals into which
a MLCT transition can be directed. According to recent theoretical calcula-
tions, the interpretation based on the assignment of weak spectral features
to LF transitions is not necessarily correct: DFT >* and CASSCF/CASPT2°
calculations on M(CO)g (M = Cr, Mo, W) and Ni(CO), assigned the lowest
states as M- CO MLCT, while LF states were calculated at much higher
energies. Also TD-DFT calculations®” of [W(CO),(phen)] (phen = 1,10-phe-
nanthroline) and [W(CO),(tmp)] (tmp = 3,4,7,8-tetramethyl-1,10-phe-
nanthroline) and CASSCF/CASPT2 calculations®10 of [Cr(CO),(bpy)] of
(bpy = 2,2'-bipyridine), have shown that lowest W - diimine MLCT excited
states are immediately followed in energy by several M- CO MLCT states.
LF states were again calculated to lie much higher in energy. The ab initio
calculations!! of the vibrational frequencies of the model complex
[W(CO),(NH3)] in its ground and lowest excited states showed that excita-
tion influences the W-C and C-O bonds. All these results suggest that
M - CO MLCT excited states play a very important role in the spectroscopy
and photochemistry of mixed-ligand carbonyl complexes.

In order to understand the dependence of the photophysics and
photochemistry of these complexes on the ligands L, it is necessary to
develop a correct description of electronic transitions in [M(CO),L] and
[M(CO)sL'] complexes. [W(CO),L] (L = en, R-DAB) complexes were experi-
mentally characterized'? by UV-VIS, resonance Raman and time-resolved IR
spectroscopy. DFT calculations were used for description of geometrical pa-
rameters and spectral features of [W(CO),L] complexes. The present work
compares the performance of two different quantum chemical techniques,
TD-DFT and CASSCF/CASPT2, in order to get a more detailed theoretical in-
sight into electronic transitions of the complexes and support the spectral
assignment. In the CASSCF/CASPT2 method, contrary to TD-DFT, the dy-

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



TD-DFT and CASSCF/CASPT2 Study of [W(CO),L] 91

namic electronic correlation is added as a perturbation on top of a zero-
order multiconfigurational wavefunction. Other goal of this work is to
compare the performance of different density functionals BP86 and hybrid
B3LYP. The present study also extends the studied series of molecules by
two [W(CO)sL] complexes (L = py, CNpy). It is examined how the type of
the coordination sphere and variation of the ligand L influence the charac-
ter and the order of lowest excited states and, consequently, the photo-
chemical and photophysical behavior. In particular, electronic transitions
of all complexes were analyzed and characterized in terms of changes of
electron density distribution.

COMPUTATIONAL

The ground-state electronic structures of [W(CO),(en)], [W(CO),(MeDAB)],
[W(CO)s(py)] and [W(CO)s(CNpy)] complexes were calculated by density
functional theory (DFT) method using the Gaussian 98 program package®S.
Lowest excited states of the closed-shell complexes were calculated by the
time-dependent DFT (TD-DFT) method and CASSCF/CASPT2 (MOLCAS pro-
gram packages!?). Gaussian 98 was also used to calculate vibrational fre-
quencies at optimized geometries corresponding to the functional and basis
set used. The IR spectrum of the [W(CO),(en)] excited state was modeled by
unrestricted Kohn-Sham calculations for the lowest-lying 3B triplet state.
The electrostatic solvent influence on vibrational frequencies was modeled
using the polarizable continuum model'® (PCM) incorporated into G98.

Within Gaussian 98, the Dunning’s polarized valence double ( basis
sets'® were used for H, C, N and O atoms and the quasirelativistic effective
core pseudopotentials and corresponding optimized set of basis functions!”
for W. In these calculations, the hybrid Becke’s three-parameter functional
with the Lee, Yang and Parr correlation functional (B3LYP)'® was used
(G98/B3LYP). This technique was employed for geometry optimization,
calculations of vibrational frequencies and electronic transition energies.
The shape of molecular orbitals as well as the accompanying changes in
electron-density distribution were determined from these calculations. The
changes in electron density on going from the electronic ground state to
the excited state, as described by TD-DFT, are given by the differences in
Mulliken populations. Comparable calculations were done with the BP86
non-hybrid functional including Becke’s gradient correction!® to the local
exchange expression in conjunction with Perdew’s gradient correction?® to
the LDA expression (BP86).
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CASSCF/CAPT?2 calculations used the same basis set as that employed in
the G98 DFT calculations. In all cases, the CASSCF active space included
the three highest occupied orbitals of a prevailing 5d(W) character and six
electrons were correlated. The influence of the active space size was exam-
ined for the [W(CO),(en)] case, for which total 8 or 16 orbitals were used
for correlation. The CASSCF active space contained eleven, nine and nine
orbitals for [W(CO),(MeDAB)], [W(CO)s(py)] and [W(CO)s(CNpy)], respec-
tively. Lowest roots were calculated by a state-averaged procedure. The
CASSCF wavefunctions were used as references in subsequent CASPT2 cal-
culations using the multi-state level shift corrected perturbation method?.

[W(CO),(MeDAB)], [W(CO)s(py)] and [W(CO)5(CNpy)] complexes were
calculated under the C,, symmetry constraint while [W(CO),(en)] was ap-
proximated as C,.

EXPERIMENTAL

Both the ground- and excited-state IR spectra of [W(CO),(en)] were obtained in a CH;CN so-
lution. The experimental set-up used to measure the picosecond time-resolved IR spectra has
been described in detail elsewhere?>?3, Briefly, the sample was excited with 400 nm laser
pulses of an approximately 250 fs duration and probed, after a specified time-delay, with
broad-band IR pulses of a comparable duration which cover a spectral window 150-200 cm™t
wide. The experiment provides difference IR spectra, expressed as the spectrum obtained at a
selected time delay after excitation minus the spectrum before excitation. Hence, the experi-
mental spectrum contains positive features corresponding to the photoproduced excited
state and negative features due to the depleted ground-state population. The latter is a mir-
ror image of the ground-state IR spectrum. A strong overlap of the IR features due to the
ground and excited states of [W(CO),(en)] complicates the determination of the excited-
state spectrum and correction for the bleached ground-state absorption is needed. This was
accomplished by a scaled numerical addition of the ground-state spectrum to the
time-resolved difference spectrum. The regions 1750-1910 and 1925-2120 cm™* were treated
separately since each of them was measured as a single spectral window using the same
IR probe-beam. The intensity of the added ground-state spectrum was scaled commensu-
rately to the intensity of the bleached 1865 cm™ peak to obtain the corrected excited-state
spectrum in the 1750-1910 cm™? region while the 2004 em™ ground-state band was used in
the 1925-2120 cm™ range. Excited-state spectra determined from the time-resolved spectra
measured at 8 and 50 ps after excitation are essentially identical. Both these time delays are
sufficiently long to preclude any effects of early vibrational relaxation that occurs between
1 and 5 ps 2.

RESULTS AND DISCUSSIONS

The molecular structures of all complexes were optimized by G98/B3LYP
DFT calculations. The optimized structures were used in following TD-DFT
and CASPT2 calculations. [W(CO)sL] complexes (L = py, CNpy) exhibit two
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energy minima: first for the configuration in which the pyridine plane is
coincident with one C.,-W-C,, moiety (Fig. 1), the second for the pyridine
plane bisecting the C.,~W-C,, angle. Energies of both configurations are al-
most identical, while a small rotation barrier is found between the energy
minima. The configuration with the py plane coincident with a C.,~W-C,,
moiety was used within this study for both [W(CO)sL] complexes. The in-
fluence of py rotation on ground- and excited-state properties will be pub-
lished elsewhere?*.

Electronic Transitions of [W(CO),(en)]

Table | compares the electronic transitions of [W(CO),(en)] calculated using
TD-DFT (BP86 and B3LYP functional) and CASPT2 with the experimental
spectra. The shoulder at 2.71 eV is attributed to the lowest spin-forbidden
alA - a®B transition and the main absorption band at 3.12 eV to the
alA-alB transition. These transitions originate in excitation from the
metal-based HOMO (27a) into the CO-localized LUMO (26b) (see Fig. 2 for
the CASSCF/CASPT2 calculated shapes of these frontier orbitals). Both
methods also indicate that a weak a'A - b'A transition lies close in energy
to the main a'A - a'B transition. CASPT2 calculations based on a smaller ac-
tive space reverse the order of these two transitions. Table Il shows the elec-
tron density redistribution within the [W(CO),(en)] molecule upon its
a'A-a'B and a'A - b'A transitions calculated using several theoretical ap-
proaches. Inspection of the corresponding density differences indicates that
both these transitions can be described as a charge transfer from a
W(CO,), fragment formed by the W atom and the two equatorial CO lig-

Fic. 1
Molecular structure of [W(CO)g(py)] optimized by G98/B3LYP DFT calculations. The pyridine
plane is coincident with one C.-W-C,, moiety
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ands to the axial CO ligands. The notation equatorial (eq) and axial (ax)
stands for the CO ligands lying in and perpendicular to the NWN plane, re-
spectively. This finding contradicts the previous interpretation assigning
the 3.12 eV absorption band to a LF transition?>28. Both CASPT2 and
TD-DFT afford a qualitatively similar description of the electron density re-
distribution, the TD-DFT calculation showing larger charge transfer among
individual subsystems. Enlarging the CASSCF active space does not change
the qualitative description of the excitation although a smaller electron-
density decrease on the W atom was obtained using a larger active space.

TABLE |
Selected calculated low-lying excitation energies (in eV) for [W(CO),(en)] with oscillator
strength larger than 0.001. Oscillator strengths and extinction coefficients in parenthesis.
Experimental data obtained in CH,CN

TD-DFT TD-DFT . 12
State Character (B3LYP) (BPS6) CASPT2 Experiment

a’B W(CO,),~CO,,  2.35(-) 2.28 () - 2.71 (190)
alB W(CO,,),~CO,, 2.62(0.011)  2.47 (0.007)  2.69 (0.025)

blA W(CO,,),~CO,, 275(0.001)  252(0.001)  2.86(0.001)  3.12 (1400)
c'B MLCT-W - CO 3.63 (0.032)  3.55(0.054)  3.95 (0.059)

d'B MLCT-W - CO 4.15(0.002)  3.99 (0.002)  3.98 (0.003)  4.12 (8320)

27a

Fic. 2
Shapes of the 27a and 26b orbitals of [W(CO),(en)] calculated by CASSCF/CASPT2
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Comparison of the values obtained with the B3LYP and BP86 functionals
indicates that the change of the density functional does not influence the
qualitative assignment. Similar results were obtained with the asymptoti-
cally correct SAOP functional®.

The principal a'A-a'B transition was calculated by TD-DFT to arise
predominantly (97%) from 27a- 26b excitation. Inclusion of the dynamic
correlation does not change this picture substantially since the CASPT2
calculation has shown the ground-state configuration (26a)'-°1(25b)*-89
(27a)1-88(26b)0-97(28a)%-%7 and 78% contribution of the 27a-. 26b excitation
to the lowest excited state. This result enables us to model the lowest ex-
cited state by a single-determinantal triplet electronic configuration
(27a)1(26b)t. The geometry optimization of this state and comparison of
the calculated frequencies of CO stretching vibrations, v(CO), with the ex-
cited-state IR spectrum helps to verify the proposed assignment of the low-
est excited state as a%B. For this purpose, the previously measured
picosecond time-resolved difference IR spectrum?? was analyzed to obtain a
pure spectrum of the lowest triplet excited state (see Experimental). The cal-
culated v(CO) frequencies (B3LYP calculation with PCM correction in
CH4CN cavity) together with the experimental IR band half-widths were
used to model the theoretical IR spectra. For description of v(CO) vibrations
the C,, symmetry of W(CO), fragment is used: A,;? (in-phase, predomi-

TABLE Il
CASPT2- and TD-DFT-calculated changes in Mulliken populations during the lowest allowed
transitions of the [W(CO),(en)] complex. Values of (CO),, and (CO)eq regard to the popula-
tion changes on individual axial and equatorial CO ligands

Transition Method W (CO) .« (CO)eq en

a'A_a'B CASPT2? -0.053 0.117 -0.078 -0.025
CASPT2P -0.087 0.127 -0.085 0.004
TD-DFT® -0.248 0.269 -0.172 0.054
TDDFTY -0.367 0.337 -0.185 0.064

alA-Db'B CASPT22 -0.118 0.126 -0.067 0.000
CASPT2° -0.154 0.125 -0.048 0.001
TD-DFT® -0.011 0.222 -0.188 -0.057
TD-DFT¢ -0.314 0.290 -0.190 0.112

& CASPT2, large active space (6 electrons in 16 active orbitals). b CASPT2, small active space
(6 electrons in 8 active orbitals). ¢ TD-DFT (B3LYP). 4 TD-DFT (BP86).
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nantly axial CO stretch), B, (antisymmetric axial CO stretch), A;!
(out-of-phase, predominantly equatorial CO stretch) and B, (antisymmetric
equatorial CO stretch) (indicated in Figs 3 and 4). The comparison of Figs 3
and 4 shows that the theoretical ground- and excited-state spectra well re-
produce the ground-state v(CO) frequencies and their shifts upon the
alA - a®B transition, as well as the corresponding patterns of IR band inten-
sities. The shift of the higher A;? vibration upon excitation (-20 cm™) is
slightly underestimated. Importantly, the calculations predict the order of
the wavenumbers of the three lowest v(CO) vibrations A;' < B, < B, in
agreement with the experiment. The obtained good correspondence be-
tween the experimental and calculated v(CO) frequencies of [W(CO),(en)]

Absorbance

1750 1800 1850 1900 1950 2000 2050
Wavenumber, em™t

T T

b

Absorbance

Il Il Il 1 |
1750 1800 1850 1900 1950 2000 2050
Wavenumber, em™t

Fic. 3
The exprerimental ground state spectrum of [W(CO),(en)] in CH;CN (a) and 50 ps TRIR spec-
trum of [W(CO),(en)] in CH;CN corrected for bleached ground-state absorption (b). Dotted
line indicates the individual Lorenzians of deconvoluted ground state spectrum
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in its ground and the lowest a®B excited state confirms our theoretical con-
clusions about the character of the lowest excited state and the changes of
W-CO bonding and electron density distribution upon electronic excita-
tion (vide supra).

The strong UV absorption band at 4.12 eV was also calculated to belong
to a highly delocalized transition which includes an important W - CO
contribution.

In conclusion, it was found that both TD-DFT and CASSCF/CASPT2 re-
produce well the absorption spectrum of [W(CO),(en)]. It should be noted
that neither of these techniques found any predominantly LF transition in
the investigated energy region up to 4.12 eV.

Absorbance

1 1 1 1 1

1750 1800 1850 1900 1950 2000 2050
Wavenumber, cm™t

T T T T T

Absorbance

| | 1 1 1

1750 1800 1850 1900 1950 2000 2050
Wavenumber, em™t

Fic. 4
Simulated ground (a) and excited state (b) IR spectra of [W(CO),(en)] from B3LYP calculation

with PCM correction in CH;CN cavity
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Electronic Transitions of [W(CO),(MeDAB)]

The lowest allowed electronic transition a'A;-b'A; of the model
[W(CO),(MeDAB)] was calculated by CASPT2 at 2.29 eV (see Table Il for
the summary of the calculated and experimental spectra, well reproducing
the intense 2.33 eV absorption band of [W(CO),(t-Bu-DAB)]). The TD-DFT
(B3LYP) technique calculated this transition at a somewhat higher energy
of 2.65 eV. This transition corresponds predominantly to HOMO-2
(22b;) - LUMO (23b,), excitation. The weak a'A, - a'B, transition (1.54 eV
CASPT2, 1.77 eV TD-DFT) gives rise to the low-energy shoulder observed
in the spectra at ca 1.89 eV. The calculated redistribution of electron den-
sity upon a'A; ~b'A; and a'A; - a'B, transitions (Table V) clearly demon-
strates the W - DAB MLCT character of these transitions, in agreement with
the previous empirical assignment?®-32, It should be noted that the electron
density decreases significantly not only at the W atom but also at the CO
ligands. These transitions should thus be more correctly viewed as
W(CO),-DAB CT, involving the whole W(CO), fragment. This conclusion
is in agreement with our previous study® of [Cr(CO),(bpy)]. Data in Ta-
ble 1V also show that the decrease in the electron density on the CO ligands
calculated by CASPT2 is much larger than that obtained by TD-DFT. This is
at the expense of the depopulation of W orbitals, which was calculated
much larger by TD-DFT than using CASSCF/CASPT2. The W - DAB MLCT

TasLE 11
Selected calculated low-lying singlet excitation energies (in eV) for [W(CO),(MeDAB)] with
oscillator strength larger than 0.001. Oscillator strengths and extinction coefficients in pa-
renthesis

TD-DFT TD-DFT . a
State Character (B3LYP) (BPS6) CASPT2 Experiment
ale MLCT-W-MeDAB  1.77 (0.001) 1.68 (0.001) 1.54 (0.000) 1.89 (sh)
HOMO - LUMO
blA1 MLCT-W - MeDAB  2.64 (0.175) 2.68 (0.145) 2.29 (0.382) 2.33 (6000)
HOMO-2 - LUMO
blB2 MLCT-W - CO 3.04 (0.008) 2.78 (0.004) 2.90 (0.010)
clAl MLCT-W - CO 3.40 (0.001) 3.06 (0.004) 3.69 (0.002) 3.30 (1040)
blBl MLCT-W - CO 3.41 (0.007) 3.37 (0.007) 3.10 (0.013)

& Experimental data obtained in CH,CIl,, strong absorption above 3.75 eV was not studied in
detail®2.
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transitions are followed in energy by three transitions a'A;-b'B,,
alA; -~ c'A; and a'A; - b'B; which give rise to the relatively weak absorption
band at 3.30 eV. The calculated changes of electron density distribution
(Table 1V) shows that the a'A; - b'B, transition, calculated at 2.90 eV by
CASPT2 and 3.04 eV by TD-DFT (B3LYP) has a W(CO,), ~ CO,, CT charac-
ter. Transitions directed to the c'A; and b'B; states lie at slightly higher en-
ergies and both have a mixed W - CO,, and W(CO,), -~ CO,, character. The
alA, - b!B,, alA, -~ c!A; and a’A; - bB, transitions are analogous to the low-
est three transitions of [W(CO),(en)] (vide supra). It follows that the weak
absorption band observed in the experimental spectrum of [W(CO),(t-Bu-
DAB)] and analogous complexes at ca 3.30 eV actually belongs to W - CO
CT transitions. This conclusion contradicts the previous empirical assign-
ment of this band as LF. In fact, no genuine LF transitions were found by
CASPT2 and TD-DFT for [W(CO),(MeDAB)] at energies up to 4 eV.

Electronic Transitions of [W(CO),(py)]

Table V shows the TD-DFT and CASPT2 calculated electronic transitions of
[W(CO)s5(py)], compared with the experimental spectra. The TD-DFT
method using the B3LYP functional assigns the most intense transition
a'A; - b'A; as excitation from the predominantly W(5d) 12b, molecular or-
bital into the 13b; ™ py molecular orbital. The calculated value of 3.13 eV
well reproduces the experimental transition energy (3.25 eV). TD-DFT with
non-hybrid BP86 functional underestimated (calculated at 2.69 eV) and

TABLE IV
CASPT2- and TD-DFT-calculated changes in Mulliken populations during the lowest allowed
transitions of the [W(CO),(MeDAB)] complex. Values of (CO),, and (CO)eq regard to the
population changes on individual axial and equatorial CO ligands

Transition Method W (CO) .« (CO)eq MeDAB
a'A, -a'B, CASPT2? -0.236 -0.057 -0.056 0.461
TD-DFT? -0.468 -0.047 -0.055 0.673
a'A, - b'A; CASPT2? -0.177 -0.013 -0.024 0.247
TD-DFT? -0.271 0.002 -0.039 0.346
a'A,-b'B, CASPT2? -0.162 0.229 -0.170 0.044
TD-DFT? -0.439 0.372 -0.166 0.026

2 CASPT2 (6 electrons in 16 active orbitals). ® TD-DFT (B3LYP).
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CASPT2 overestimates (calculated at 3.63 eV) the excitation energy of this
transition. As follows from Table VI, the a'A, - b!A; transition can be char-
acterized as MLCT from the W(CO); fragment into the py ligand, since
both TD-DFT and CASPT2 methods predict that approximately 0.8 e~ is
transferred into the pyridine 1™ system. The lowest-lying transition ob-
served at 2.81 eV is assigned as the a'A; -a'B; transition from a metal-
centered molecular orbital into 1 orbitals of the equatorial CO ligands, ac-
companied by the charge reorganization among the remaining CO ligands.
This transition is calculated at 3.02 and 3.4 eV by TD-DFT/B3LYP and
CASPT2 methods, respectively. TD-DFT calculation with the BP86 func-
tional reverses the order of alA, -~ a!A, and alA, - a!B, transitions and un-
derestimates the calculated energies. The excited states calculated at higher
energies with low oscillator strengths have a mixed W - CO character.

TABLE V
Selected calculated low-lying singlet excitation energies (in eV) for [W(CO)5(py)] with oscil-
lator strength larger than 0.001. Oscillator strengths and extinction coefficients in parenthe-
sis

TD-DFT TD-DFT

State Character (B3LYP) (BPS6) CASPT2 Experiment
alB1 MLCT-W-CO 3.02 (0.014) 2.95(0.010)  3.40 (0.034) 2.81 (615)
blAl MLCT-W-py 3.13 (0.135) 2.69 (0.124) 3.63 (0.232) 3.25 (7480)
ale MLCT-W-CO 3.14 (0.013) 3.06 (0.011) 3.47 (0.054) 3.49 (6800)
clA1 MLCT-W-CO 3.64 (0.019) 3.47 (0.004) 3.86 (0.014) 3.71 (w)

TABLE VI
TD-DFT- and CASPT2-calculated changes in Mulliken populations during the lowest allowed
transitions of the [W(CO)s(py)]. Values of (CO),, and (CO),, regard to the population
changes on individual axial and equatorial CO ligands

State Method w (CO)ay (CO)qq (COy,p py

a's, CASPT2? -0.115 -0.059 0.168 -0.088 -0.014
TD-DFT® -0.350 0.013 0.243 -0.149 -0.015

b*A, CASPT2? -0.302 -0.081 -0.147 -0.048 0.808
TD-DFT® -0.527 -0.103 0.001 -0.109 0.839

& CASPT2 (6 electrons in 9 active orbitals). b B3LYP.
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Electronic Transitions of [W(CO),(CNpy)]

The calculated and experimental transition energies and oscillator strengths
of [W(CO)s(CNpy)] are summarized in Table VII. Both TD-DFT and CASPT2
methods assign the lowest-lying intense transition of [W(CO)s;(CNpy)] as
aA; -~ bA,, similar to the first intense transition of [W(CO)s(py)]. This tran-
sition is characterized as MLCT from the predominantly W(5d) 13b; molec-
ular orbital into the 14b; ™ CNpy molecular orbital. It also involves
depopulation of CO 1 orbitals and reorganization of the electron density
among the CO ligands (Table VIII). Calculations correctly reproduce the
substituent effect of the CN group, which shifts this transition to lower en-
ergy. The absolute value of the substituent shift is overestimated by both

TABLE VII
Selected calculated low-lying singlet excitation energies (in eV) for [W(CO)5;(CNpy)] with os-
cillator strength larger than 0.001. Oscillator strengths and extinction coefficients in paren-
thesis

TD-DFT TD-DFT . a
State Character (B3LYP) (BP86) CASPT2 Experiment
alA1 MLCT-W - CNpy 2.50 (0.208) 2.14 (0.223) 2.84 (0.179) 2.72 (7060)
a'B, MLCT-W - CO 3.07 (0.012) 3.13(0.015) 3.16 (0.042) 3.07 (5530)
a's, MLCT-W - CO 3.14 (0.012) 3.18 (0.009) 3.21 (0.033) 3.34 (sh)

3 Experimental values taken from®3.

TasLE VIII
TD-DFT- and CASPT2-calculated changes in Mulliken populations during the lowest allowed
transitions of the [W(CO);(CNpy)]. Values of (CO),, and (CO)eq regard to the population
changes on individual axial and equatorial CO ligands

L State Method w (CO) oy (CO)eq (CO)ap CNpy
CNpy blA1 CASPT2? -0.323 -0.071 -0.061 -0.053 0.640
TD-DFT® -0.513 -0.114 0.026 -0.106 0.794

CNpy alBl CASPT2? -0.119 -0.060 0.188 -0.124 -0.012
TD-DFT? -0.363 0.002 0.264 -0.145 -0.023

& CASPT2 (6 electrons in 9 active orbitals). b B3LYP.
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methods. The experimental transition energy is reasonably well reproduced
by the CASPT2 method, while TD-DFT (B3LYP and BP86) locates the calcu-
lated energies at lower values (Table VII).

Tables VII and VIII also show that the relative order of the a'A; - b'A;
and a'A, - a!B, transitions is interchanged by the CN substitution. W - CO
transitions lie at higher energies than the main MLCT transition into 1
CNpy in [W(CO)5(CNpy)] while the W CO CT transitions are the lowest
in [W(CO)s(py)]. Analogously to unsubstituted [W(CO)s(py)], the
alA, - a'B,; transition involves the charge transfer prevailingly from the
metal to 1 orbitals of the equatorial CO ligands.

CONCLUSIONS

The electronic spectra of [W(CO),(en)], [W(CO),(MeDAB)], [W(CO)s(py)]
and [W(CO)s;(CNpy)] complexes were reinterpreted on the basis of TD-DFT
and CASSCF/CASPT2 calculations. In contrast to the standard textbook as-
signment, the lowest excited states were identified to be either W - 1t*(L) or
W - 1*(CO) MLCT, depending on the type of the hetero-ligand. No pure LF
(dd) transitions occur in the visible or near-UV spectral regions. It has been
shown that W - CO MLCT states instead of LF are responsible for spectral
and photophysical behavior induced by visible or near-UV irradiation.

The lowest-lying excited states of [W(CO),(en)] were identified as
W(CO¢q), ~CO,4y CT states, followed by other W - CO states. According to
the TD-DFT results, and confirmed by CASPT2 calculation, the lowest ex-
cited state of [W(CO),(en)] is sufficiently pure to be modeled by a single de-
terminantal triplet 3B wave function. The vibrational analysis based on the
lowest one-determinantal state enabled us to interpret the time-resolved IR
experiment and verify the theoretical conclusions regarding the character
of the lowest excited state.

TD-DFT as well as CASPT2 calculations identified close-lying W - 1(CO)
and W - m*(pyridine) MLCT states in [W(CO)s(py)]. The calculated relative
position of these states is sensitive to the computational details (density
functional used, CASSCF active space) and the orientation of the pyridine
ligand. The relative order of these states can be easily interchanged by the
variation of the substituent on the pyridine ligand. In agreement with the
experiment, both methods identify the lowest weak absorption feature as a
transition into a W-1m(CO) MLCT state, followed in energy by a
W - *(pyridine) MLCT transition which is manifested by a strong MLCT
absorption band. In [W(CO)s(CNpy)] complex the order of these states is
reversed.
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No genuine LF transitions were calculated for either of the complexes in-

vestigated in the energy range up to 4 eV. It follows that LF transitions and
excited states play a much smaller role in the spectroscopy, photophysics
and photochemistry of carbonyl complexes than is usually assumed.
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