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Abstract: Relativistic time dependent density functional calculations have been performed on the excited states
of the M(CO) (M = Cr, Mo, W) series. Our results, in agreement with previous density functianal ab

initio? calculations on Cr(CQ) indicate that in all members of the series the lowest excited states in the
spectra do not correspond to ligand field (LF) excitations, as has been accepted in the past. Instead they
correspond to charge transfer (CT) states. The LF excitations are calculated at much higher energy than suggested
by the original assignment by Beach and Gragd at different energy along the M(C{3eries, being much

higher in the heavier carbonyls than in Cr(GO)hese results lead to a definitive reassessment of the role of
the LF states in the photochemical dissociation of the me& bonds in the M(CQ)series, suggesting that

the experimentally observed photodissociation of the®O bond upon irradiation into the lowest energy
bands occurs in the heavier carbonyls, as it does in CG@m CT and not from LF states. A comparison

with the experimental data available and, in the case of Cr{C&30 with high-level correlated ab initio
calculations proves the reliability of the present TDDFT approach. The choice of the exchaongelation

(XC) functional is found to have a large effect on the excitation energies, demonstrating that even for quite
“normal”, low-lying excitations the XC functional may play an important role. In the heavier carbonyls, mostly

in W(CO), relativistic effects are seen to be relevant for the LF states as well as for the CT states arising from
the (2b9)%(3tg)* configuration.

1. Introduction There was also little reason for revision of this assignment, since
irradiation in the low-energy shoulder leads to fast ejection of
CO, in perfect agreement with the “standard” model of

photodissociation being induced by LF excitatfoh.

The electronic spectra of metal hexacarbonyls, ME®)
= Cr, Mo, W), are very similar to each oth&f.They are

dominated by two very intense absorption bands, which can be . .
Y Y P y However, ourASCF-DFT calculations of the excited states

i ifi i i 1
identified as the only two orbitally and spin allowtlig~T1, of Cr(CO) have recently showhjn contrast to the generally

metal-to-ligand charge-transfer (CT) excitations. In addition, . ; 8
weak shoulders can be observed at the low-energy side of theaccepted assignment by Gray and Bédult in agreement with

first charge-transfer band and a not well resolved shoulder the sophisticqted CASP.TZ calculations by Pigrloot et tlat
appears between the two intense charge-transfer bands. The Iovvt-he low-intensity absorption at the low-energy side of the charge-
energy shoulders were assigned by Gray and Beash transfer band is not due to LF excited states, but to symmetry-
vibrational components of the ligand field (LF) excited state forbu_jden C?T excnatlon_s.A{SCF means that separate self-
1T,, belonging to the A%,! configuration, while the higher consistent-field calculations are performed to optimize the
engrgy shoulders at 4.83. 4.66 and 1’154 eV in Crco) orbitals of the ground state and the appropriate excited state
Mo(CO), and W(CO} re.spécti'velgl were éssigned to #ie determinants; CASPT2 refers to multiconfiguration SCF ab
(o) LE state A]though the authors themselves ?Nere initio calculations in which all excitations are taken into account
g .

concerned about this assignment because it suggests the ugn a certain orbital space (the active space), with second-order

splitting is the same for chromium, molybdenum, and tungsten piehrturbattlglrj cot;rect:ons aclide(gif;?tzw?_rg.] In_tCOrl(gi(T)s in
carbonyls, it appeared to be confirmed by the original extended- other metarcarbony! COmpIExes, € Li- excited states are
Hickel' as well as, in the case of Cr(CQ)more recent (5) Kotzian, M.; Rsch, N.; Schider, H.; Zerner, M. CJ. Am. Chem.

semiempirical INDO/S Cland ab initio RHF® calculations. S0c.1989 111, 7687.
(6) Pierloot, K.; Verhulst, J.; Verbeke, P.; Vanquickenborne, LInGrg.

T Universitadella Basilicata. Chem.1989 28, 3059.
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at high energy. This result, already relevant in itself, also led would also be more accurate. The approximation used for this
to a reassessment of the role of the LF states in the photochemXC kernel is not critical, however. It has been established that

istry of Cr(CO)} and other metatcarbonyl complexes. In view
of the reassignment of the spectrum of Cr(e@pd of the
implications for the photochemistry, a theoretical study of the

primarily the quality of the ground-state Kohisham (KS)

potential determines the accuracy of the excitation ener-
gieS.17'20'21

excited states of the molybdenum and tungsten hexacarbonyls |t has been founld§ 1826 that the LDA (local density ap-

is called for. In fact, the electronic spectra of Mo(G@nd
W(CO) have never been theoretically investigated and the
assignment by the original extendedd#el study appears to

proximation) XC potential gives remarkably good results for
transitions to low-lying states. However, a deterioration in the
quality of results for higher excitation energies has been

be quite questionable by now. It is indeed reasonable to believenoted!5-18 Casida et a#! have recently traced the cause of this

that the shoulder at the low-energy side of the first charge-

deterioration to the incorrect asymptotic behavior of the LDA

transfer band originates in the heavier hexacarbonyls, just as inexchange-correlation potential, which tends to zero much faster

Cr(CO), from CT and not from LF transitions, since the
electronic spectra of the M(C@¥eries are very similar and,
most importantly, it is unlikely that LF states lie at lower energy
in Mo(CO)s and W(CO} than in Cr(COy.

than the correct Coulombie 1/r behavior in the outer region

of the molecule, a problem from which other popular function-
als, such as the gradient corrected functionals (GGA), suffer as
well. They have demonstrated that using the asymptotically

The purpose of this paper is to provide a detailed analysis of correct potential of van Leeuwen and Baerends (LBS#)the
the spectra of the whole series based upon time dependentelf-consistent-field step corrects the collapse of the high-lying

density functional theory (TDDFT) calculations. TDDFT pro-
vides a first principles method for the calculation of excitation
energies within a density functional context. The reliability of
the TDDFT approach in obtaining accurate predictions of
excitation energies and oscillator strengths is by now well
documented?~22 |t has been successfully used to calculate the
excitation energies of higher fullered@and large organic
molecule$®2223as well as, more recently, of transition metal
complexes such as M80;, NiCO; and MnQ~2* and
metalporphyrin.# This work will further support the effective-
ness of the approach in the field of transition metal chemistry.
Two approximations are made in the TDDFT excitation
energy calculations: one for the usual XC potentigd and
one for the XC kernelyc, which is the functional derivative of
the time-dependent XC potential with respect to the density.
The most common and simplest approximationfyte is the
adiabatic local density approximation (ALDA). It should be kept
in mind that an adiabatic generalized gradient approximation
(AGGA), where the second functional derivative with respect
to p(r) of the exchangecorrelation energy would be used for
fxc, is not necessarily an improvement over ALDA. The fact
that the GGA XC functional approximates the energy better
than LDA does holds no guarantee that its functional derivative
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states observed with LDA or GGA potentials. According to these
authors, the states which may be significantly affected by the
incorrect asymptotic behavior of the LDA or GGA potentials
are the ones which have an LDA or GGA excitation energy
higher than—epomo (the negative of the highest occupied
molecular orbital energy in the LDA or GGA) and/or involve
transitions to unbound virtual orbitals.

More generally, one expects the asymptotic part of the
potential to have a considerable effect on diffuse states, which
are usually the high-lying ones, but not necessarily the ones
which fulfill the above criteria. The choice of the KS potential
could therefore be very important for the excited states of the
investigated hexacarbonyls, because most of them involve
transitions to diffuse virtual molecular orbitals.

To check this specific point and more in general the
importance of the choice of the KS potential for the excitation
energies of transition metal complexes, the excitation energies
of the M(CO) series have been computed with two different
potentials, the generalized gradient approximated potentials
(GGA) by Becke® (for exchange) and PerdéWfor correlation),

BP, and the asymptotically correct Van Leeuwdaerends
potential?’ LB94.

In the case of the heavier carbonyls, where relativistic effects
need to be taken into account, we use a combined scalar
relativistic (SR) ZORA (zero order regular approximatitin§*
and TDDFT approach.

Before dealing with the spectra of the M(G3eries, in
section 4, we first discuss in section 3 the ground-state electronic
structure of the molecules, with special emphasis on the
differences between Cr(C®and the heavier carbonyls. Con-
trary to the electronic structure of chromium hexacarbonyl that
has indeed been the subject of many theoretical stdtlide
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electronic structure of the heavier hexacarbonyls has never been Although the unscaled orbital energies correspond to the eigenvalues

investigated.

2. Method and Computational Details

of the (SR) ZORA Hamiltonian, we prefer the scaled orbital energies,
as these are knowhto be more reliable for core orbitals. The choice
between scaled and unscaled ZORA orbital energies is a rather academic
matter in the present study of low-lying excitation energies, as the scaled

The computational method we use is based on the time-dependent, nscaledialenceorbital energies which play a role in these transitions

extension of density functional theo#§!%37 Within the TDDFT
framework, excitation energies and oscillator strengths are obtained
from the following eigenvalue equatig/>18

QF, = o, (1)

In eq 1, the eigenvalues; are the excitation energies, while the
oscillator strengths are obtained from the eigenvedtts

are almost indistinguishable. It has been tested for a few other systems
that the difference in excitation energy is therefore negligible for all
excitations, except those involving deep-lying core orbitals.

The calculations include all excited ligand-field states, the full range
of both spin-allowed and spin-forbidden metal-to-CO transitions as well
as the transitions to the metal ¢ 1)s orbital (Rydberg states).

Our results are compared to the experimental values and in the case
of Cr(CO) to previousASCF-DFTt and CASPT2results. For Mo(CQ)

For large molecules, such as the ones we consider in this paper, thisand W(CO}, the relativistic effects on the excitation energies are
equation is solved by an iterative technique based on the Davidson highlighted by comparing relativistic and nonrelativistic TDDFT results.

algorithm38
The components of the four-index matrix are given by:

Q = 0,,00a(€a = &) + 2/(€2 = €)Kiag ot/ (€ — §)  (2)
wheree,, €, ande;, ¢ are the energies of the occupied and virtual kehn
Sham (KS) orbitals, respectively. The matkixthe so-called coupling
matrix, given by

iao,jbr

1
—r|

fxc”(1.1,0)|5,(M (1) (3)

Kiarr,jbr = ffdr dr'¢i(l(r)¢ar(r)[ +

Ir

consists of a Coulomb part and an XC part. In eq 3gfeare the KS
orbitals andfxc is the XC kernel mentioned before.
Two steps are involved in the TDDFT procedure, the SCF step to

All calculations reported in this paper have been performed with
the ADF-RESPONSE modufewnhich is an extension of the Amsterdam
Density Functional (ADF) program systefii*4 The distinctive features
of this program include the use of Slater-type orbitals (STOs), a well-
balanced numerical integration scheff@, density fitting procedure
for the Coulomb-type integrals using auxiliary basis functions (fit
functions)?? and a fully vectorized and parallelized code in combination
with the use of symmetrsf.

For nonrelativistic calculations we use the standard ADF IV basis
sef® which is an uncontracted triple-STO basis set with one 3d
polarization function for the C and O atoms and a tripled, (N + 1)s
basis with oner{ + 1)p function for the metals (Cr, Mo, W). The cores
(C, O: 1s; Cr: 1s2p; Mo: 1s-3d; W: 1s-4d) were kept frozen.

For the (SR) ZORA calculations we use an optimized valence basis
set that is of the same size as the ADF IV basis described d#bave
cores (C, O: 1s; Cr: 1s2p; Mo: 1s-3d; W: 1s-4d) are still kept
frozen and described by optimized (SR) ZORA orbitals.

The calculations were performed for both the nonrelativistic and (SR)

generate the KS orbitals and orbital energies, and a post-SCF step tozora optimizedO, geometries of the complexes of the M(G®¥ries.

solve eq 1. In these two steps different approximate functionals may
be used.

In this work we use, as is usually done, the Adiabatic Local Density
Approximation (ALDA) for the exchangecorrelation kernel (post-

SCF step), in which the frequency dependence of the kernel is ignored.

The (SR) ZORA geometries were obtained using the recent imple-
mentation of analytical gradients for ZORA in ADFE.

In the geometry optimizations the usual (nonrelativistic) BP density
functional was used.

There is growing evidence that the neglect of frequency dependence is3  Ground State Molecular and Electronic Structure of

not a severe source of error for low-lying molecular excitation energies,
as improvements in the XC potential have been shown to lead to very
satisfactory agreement with experiment, although the frequency de-
pendence in the XC kernel is always ignoféd-20

For the exchangecorrelation potentials which determine the KS
orbitals¢; and the orbital energies (SCF step) we employ both the
BP and LB94 XC potentials mentioned before.

We will use the same notation as used by Casida et alhich
reflects the fact that it is possible to use different functionals for the
SCF and post-SCF steps. Thus BP/ALDA and LB94/ALDA indicate
that the BP or LB94 functional, respectively, was used for the XC KS
potential, and TDLDA means that the functional derivative of the usual
LDA XC potential is used for the kernel in the post-SCF step.

The excitation energies of the heavier carbonyls, MogCa)d
W(CO)s, are calculated by a combined scalar relativistic (SR) ZORA
(zero-order regular approximation) and TDLDA approach which implies
that the one-electron energies and the keBham orbitals to be used
in eq 1 are obtained by solving the one-electron (SR) ZORA Kohn
Sham equatiof?3

One has the choice to use either “scaled” or “unscaled” ZORA orbital
energies.

(36) Gross, E. U. KTopics in Current ChemistryTDDFT. In Density
Functional Theory, Springer Series; Nalewajski, R. F., Ed.; Springer:
Heidelberg, 1996.

(37) van Gisbergen, S. J. A.; Snijders, J. G.; Baerends, Eothput.
Phys. Commun1999 118 119.

(38) Davidson, E. RJ. Comput. Phys1975 17, 87.

(39) Petersilka, M.; Gossmann, U. J.; Gross, E. KEl&ctronic Density
Functional Theory: Recent Progress and New Directjidignum: New
York, 1998.

(40) Tozer, D. J.; Handy, N. Cl. Chem. Phys1998 109, 10180.

M(CO)s

Geometries and FBDE'’s of M(CO}. To assess the accuracy
of the relativistic approach used, (SR) ZORA results of geometry
optimization and first bond dissociation energies are presented
in this section for the three members of the series and compared
to the results obtained from other relativistic approaches as well
as to results from nonrelativistic GGA-DFT calculations.

Theoretical (nonrelativistic and relativistic) and experimental
molecular structures of the hexacarbonyls of chromium, mo-
lybdenum, and tungsten are given in Table 1. There we also
report, for comparison, ab initio MP2 results by Ehlers ¢fal.
as well as results from other DFT relativistic approaches in
which the same density functional as in the present work has
been used: the quasirelativistic (DFT QR) results by Li et’al.,
the Douglas-Kroll —Hess DFT results by Nasluzov et #the

(41) RESPONSE “extension of the ADF program for linear and nonlinear
response calculations by van Gisbergen, S. J. A., Snijders, J. G., Baerends,
E. J., with contributions by Groeneveld, J. A., Koostra, F., Osinga, V. P.".

(42) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

(43) te Velde, G.; Baerends, E.J.Comput. Phys1992 99, 84.

(44) Fonseca Guerra, C.; Visser, O.; Snijders, J. G.; te Velde, G.;
Baerends, E. J. Parallelisation of the Amsterdam Density Functional
Program. In Methods and Techniques for Computational Chemistry
Clementi, E., Corongiu, G., Eds.; STEF: Cagliari, 1995; p 305.

(45) ADF “STO basis set database available on line at http://tc.chem.
vu.nl/SCM/Doc/atomicdatabase”.

(46) Ehlers, A. W.; Frenking, GJ. Am. Chem. S0d.994 116, 1514.

(47) Li, J.; Schreckenbach, G.; Ziegler,Jl.Am. Chem. So4995 117,

486.
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Table 1. Theoretical and Experimental Bond Lengths (A) for
M(CO)s (M = Cr, Mo, W)

J. Am. Chem. Soc., Vol. 121, No. 44, 1990359

Table 2. Calculated Bond Lengths (A) and Angles (deg) for
M(CO)s (M = Cr, Mo, W)

Cr(CO) Mo(CO) W(COY DFT n.r. (SR)ZORA DFT QR MP2
method M-C C-O M-C C-O M-C C-O Cr(CO% r(M—Ca) 1.829 1.826 1.848 1.744
DFT n.r. 1.908 1156 2079 1155 2.106 1.155 r(M=Ceq 1.907 1.903 1.923 1874
r(C—0x) 1.164 1.164 1.162 1.192
(SR)ZORA 1904 1.156 2.068 1.156 2.062 1.157 _
r(C—Oeq) 1.158 1.158 1.154 1.167
DFT QR 1910 1.153 2.076 1.153 2.049 1.155
DKH DFT® 2.068 1.155 2.063 1.157 (X(Cax_M—Ceu) 90.2 90.2 90.9 86.1
; ; ; ' B(M—Ce—Oeq 177.3 1775 179.6  173.7
DFT DPT® 1905 1.159 2.064 1.158 2.060 1.160
Mo(CO) r(M—Cay) 1.956 1.949 1.965 1.930
MP2 1.861 1.168 2.061 1.164 2.060 1.166
exg 1918 1141 2063 1145 2058 1148 r(M—Ceq) 2073 2.060 2.083  2.060
) ) ) ) ) ) r(C—0u) 1.165 1.166 1.163 1.179
a Reference 470 Reference 48: Reference 499 Reference 46; the r(C—0Oeq 1.157 1.158 1.156 1.165
Cr(CO) datum refers to nonrelativistic calculatiof<r(CO}), ref 51; (Cax—M—Ceq) 89.4 89.9 90.2 87.6
Mo(CO) and W(CO}, ref 52. B(M—Ce—Oeg 177.8 178.4 179.0 175.7
W(CO)% r(M—Cay) 1.978 1.944 1.915 1.944
recent results obtained by van"Wam*® using the leading order r(M:Ce°) 2.099 2052 2045 2.053
S . . r(C—04) 1.165 1.167 1.168 1.178
of the relativistic direct perturbation theory (DPP)As inferred r(C—Oeg) 1.157 1.159 1157 1.167
from the values reported in Table 1, the (SR) ZORA metal a(Cas—M—Ce9 89.1 90.4 91.2 88.9
carbon bond lengths are in excellent agreement with the B(M—Ceq0Oecg 177.4 178.6 179.6 1770

experimental daté!>2especially for the heavier carbonyls where
relativistic effects are important. The agreement between (SR)
ZORA and other DFT relativistic results, particularly the DFT
DPT ones, is also good. The agreement with the MP2 results is
good for molybdenum and tungsten. For first-row TM carbonyls,
the MP2 method is known to be less succes$fugo it is not
surprising that the MP2 GtC bond length is rather too short
compared to experiment and the DFT calculations. The rela-
tivistic effect on the metatcarbon bond lengths is apparent
when comparing DFT nonrelativistic (n.r.) and (SR) ZORA
values of Table 1. The bond contraction, as found in the present
calculations, is almost negligible for chromium hexacarbonyl
(0.004 A) and increases to 0.011 A for molybdenum and to
0.044 A for tungsten, resulting in a maximum for the MO
bond length in agreement with experiment. Without the
relativistic bond contraction, the MCO bond length would
increase monotonically down the series.

As for the C-O bond lengths, they show little variation
among the members of the series and there is only a small
relativistic effect, if any. Itis in fact indirect, making the-©
bond longer due to enhanceeback-donation as the MC bond
shortens due to relativity. The discrepancy between the experi-
mental and theoretical-90 bond lengths as found in the present
relativistic and nonrelativistic calculations is not more than 0.015
A, the theoretical bond lengths being too large. Other DFT
relativistic approaches give similar results, while the MP2Q@

aReference 54° Reference 46; the Cr(C@yatum refers to non-
relativistic calculations.

Table 3. Theoretical and Experimental First Bond Dissociation
Energy (kcal/mol) for M(CQ) (M = Cr, Mo, W)

method Cr(CO»y Mo(CO) W(CO)
DFT n.r. 41.6 37.2 375
(SR) ZORA 42.0 39.6 45.0
DFT QR 46.2 39.7 43.7
DKH DFT® 39.3 46.9
DFT DPT® 43.7 39.1 46.1
CCSD(T)/IMP2 45.8 40.4 48.0
exp 36.8+ 2 40.5+ 2 46.0+ 2

aReference 47° Reference 48: Reference 49 Reference 46; the
Cr(CO) datum refers to nonrelativistic calculatiorifkeference 50.

theoretical calculations. There is good agreement between (SR)
ZORA and MP2 (with relativistic pseudopotentials) distances
for M = Mo and W, but DFT QR yields a somewhat larger
relativistic M—CO bond contraction for M= W. The C—CO
distances calculated by the DFT and MP2 schemes differ
considerably. It is likely that the MP2 estimates are subject to
errors of the same magnitude as in Cr(@Ohe M—C—-0 «
bond angles optimized at the DFT level are close t6, 90

line with low-temperature matrix IR spectroscopic stuefies
which suggest that this angle in the pentacarbonyls of Cr, Mo,
and W is between 90and 95, but at variance with MP2

bond lengths are even more strongly overestimated compared-@lculations which predict for all members of the M(G@jad

to experiment.

A further assessment of the accuracy of the (SR) ZORA
approach is provided by the first metadarbonyl bond dissso-
ciation energies, FBDEs, computed for the members of the
series. These values are reported in Table 3.

An essential step in the determination of FBDE's is the
geometry optimization of the pentacarbonyl fragments. The
nonrelativistic and (SR) ZORA optimize@,, structures of
M(CO)s (M = Cr, Mo, W) are reported in Table 2. DFT @R
and MPZ¢ data are also given for comparison. Experimental
IR studies reveal that the axialMCO distance should be shorter
than the equatorial MCO bonds® This is born out by all the

(48) Nasluzov, V. A.; Rech, N.Chem. Phys1996 210, 413.

(49) van Willen, C.J. Chem. Physl1996 105, 5485.

(50) van Willen, C.J. Chem. Phys1995 103 3589.

(51) Jost, A.; Rees, B.; Yelon, WActa Crystallogr.1975 B 31, 2649.

(52) Arnesen, S. P.; Schmidling, D. G. Mol. Struct.1974 22, 466.

(53) Ehlers, A. W.; Dapprich, S.; Vyboischchikow, S. G.; Frenking, G.
Organometallics1996 15, 105.

(54) Li, J.; Schreckenbach, G.; Ziegler,JI .Phys. Cheml994 98, 4838.

o bond angles much smaller than°90

Using the results for the pentacarbonyl fragments, estimates
of FBDE's for M(CO) (M = Cr, Mo, W) can be given based
on (SR) ZORA calculations. They are compared in Table 3 with
experimental dafd and with estimates based on DFT &R,
DFT DKH,* DFT DPT?and ab initio CCSD(T)//MP2 calcula-
tions 26 It follows from the table that the agreement between
theory and experiment is excellent for Mo and W. The situation
is different for Cr(COg where all theoretical values are larger
than the best experimental estimate of 36.8 kcal/mol which is
based on gas-phase laser pyroly8i§ DFT QR and CCSD(T)//
MP2 values deviate from the experimental datum by more than
9 kcal/mol, the DFT n.r. and (SR) ZORA values of 41.6 kcal/
mol and 42.0 kcal/mol, respectively, are in much better
agreement with the experimental estimate. It should be men-
tioned that CCSD(T) calculations by Barnes ef°gbredict a
first bond dissociation energy of 38 kcal/mol, very close to the
experimental result.

(55) Perutz, R. N.; Turner, J. J. Am. Chem. So0d.975 97, 8400.
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; increase of M~CO s-back-donation down the series. The
6eg upward shift of the 3t supports this suggestion.

Ge, Comparing relativistic and nonrelativistic orbital energies for
ok 9a1g —_ 9a 9aig the heavier carbonyls, it appears that relativistic effects increase
0 Stg_ the destabilization of both the 3tand 6g, mostly in the case
of M = W, which can be related to the metal-based d orbitals
being destabilized and becoming more diffuse due to relativity.
— — 66, 2tyg 2t Considering first thes antibonding 6g orbital, we note that
3tag - —_ there are counteracting effects on the position of thgwkich
Ll _21__ is mainly (more than 60% #) located on the metal. On one
2 2ty ot hand there will be destabilization due to relativistic effects and
- 2 by stronger pushing up by the C@ ®rbitals due to enhanced
ot overlap/interaction with the more diffuse drbital. On the other
B —_ hand relativistic destabilization of thed will lead to an
91y enhanced energy gap with the CO &rbitals, and therefore to
less pushing up by the CQr5The net effect is that the §és
raised by 0.2 and 0.6 eV in Mo(Cgand W(CO}, respectively.
L As for ther bonding/antibonding pair of 2§3tyg orbitals, the
'H' %_ _% relativistic destabilization of the,dreduces the ,g-27* gap
7k # %'& # %'& and thus enhances the met&@lO z-interaction (Li et aP* have
2tog 2tyg 2tog shown indeed that in W(C@Yelativistic effects increase the
metal to COn-back-donation). The result is that thegtises
by 0.1 and 0.5 eV in Mo and W, respectively, and its bonding
counterpart, the 2§ stays put.

Cr(COJs Mo(CO)s W(CO)s The 9aq4 orbital is rather special. It has mostly metal s
Figure 1. Energy level scheme for M(C@YM = Cr, Mo, W). For character, but it is not simply the Mi(+ 1)s orbital. Rather, it
the sake of homogeneity with Cr(CQ)the orbital numbering of s very diffuse and actually consists mostly of the next higher
Mo(CO)s and W(COj does not include the $<p cores of Mo, the g gpita| that is obtained in the atomic calculation. This cannot
1s~2p cores, and the 4f valence orbitals of W. be identified unambiguously with the M &+ 2)s orbital. For
one thing, the basis set may not be adequate to describe this
very diffuse atomic orbital. Moreover, the BP calculation leads
to an asymptotically incorrect KohtSham potential, it goes
exponentially to zero and lacks the requiredl/r behavior. The
higher virtual solutions in the atomic calculation may therefore
not be physically meaningful. The (+ 1)s orbital overlaps so
strongly with the gy combination of CO & orbitals that it is
very strongly destabilized. Apparently, the nodal structure of
the next virtual atomic orbital prevents such large overlap and
strong destabilization. The strong participation of this atomic
orbital in the 9ay implies very diffuse character of that orbital.
The diffuse character of the Qgorbital may, however, lead to
destabilization in condensed phases due to interaction with
neigboring molecules. In our calculations on the isolated
molecules the position of the §echanges very little along the
triad, both at the relativistic and the nonrelativistic levels. The
orbital is so diffuse that it experiences very little relativistic
effects, the relativistic stabilization observed in the tungsten
being only 0.01 eV.

3tag

2t1g

9tyy

Relativistic effects are seen to strengthen the D bonds.
As inferred from Table 3, for Cr(C@)Mo(CO), and W(COy
the relativistic effects increase the FBDE’s by 0.8, 2.4, and 7.5
kcal/mol, respectively, at the (SR) ZORA level.

Electronic Structure of M(CO)¢. Before dealing with the
excited states of the M(C@¥eries we will briefly discuss the
ground-state electronic structure of these molecules, with special
emphasis on the salient differences between Cr{GDy the
heavier hexacarbonyls, Mo(C®Opand W(CO}. The orbital
energies, which are a determining factor for the excitation
energies, are of particular interest. We therefore show in Figure
1, for the M(CO} series, the (nominallynd one-electron levels,
the highest occupied orbital ¢t and the empty Geas well as
the whole set of empty COs2 and the M—(n + 1)s levels.

For Mo(CO) and W(CO} only the relativistic one-electron
levels are shown.

From the level scheme of Figure 1 it may be inferred that
the most prominent difference between Cr(e&n)d the heavier
hexacarbonyls is the relative destabilization with respect to the o ] )
HOMO orbital (of which the energy changes very little along ~ APart from the 34, which is nominally a 2* orbital but
the series) of the MCO r-antibonding 34, and even more so has no less than 40% admixture of meta}l orbitals, whose
of the M—CO ¢ antibonding 6g The upward shift of the 3 behavior an_ng the series has aIreany be_en dlscu_ssed, the energy
and 6g in going from Cr to Mo and W can be traced primarily ~ ©f the remaining empty COs2 orbitals is very little metal
to the increase of the M/CO overlap as the diffuseness-ehivi sensitive, although a stabilization of these orbitals occurs on
orbitals increases in the order 3d4d < 5d. We note that the ~ going from Cr(COj to the heavier carbonyls. The central atom
destabilization of the 3§on going from Cr to W is not mirrored (0 + 1)p orbitals mix into the 9, and the stabilization of this
by the stabilization of its bonding counterpart, the,2This orbital along the series is just proportional to the interaction of
orbital, which is largely a metal .dorbital, is very little the metal § + 1)p orbitals with thes, combination of the (CQ)
dependent on the central metal, which is consistent with the cage which increases in the order 4p5p < 6p. As for the
experimental ionization potential (IP) datahich show the same  2tig and the 2f, which are antibonding combinations of CO
ionization energy for the 2§ in Cr(CO), Mo(CO), and 27* orbitals, their stabilization down the triad is to be related
W(CO). The constant orbital energy (and IP) of2tdespite to a relief of the CG-CO antibonding interactions caused by
the decrease in metal 4d and 5d orbital stability as comparedthe larger dimension of the (C@gage in the heavier hexa-
with 3d, was explained by Beach and Gtag terms of an carbonyls compared to Cr(Cg)
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Table 4. Comparison of TDLDA Singlet Excitation Energies (eV) of Cr(G®) Experimental and TheoreticAISCP and CASPT2 Values

transition energy (eV)

oscillator strenght

state composition BP/ALDA LB94/ALDA ASCE CASPT2? expf TDDFTBP CASPT2 expt
a'E, 100%(285—9t1.) 4.01 3.78 4.00 3.413.59

aTo  100%(26G—9My) 4.04 3.81 4.00 3.793.56

aAx  98%(2b—9ty) 4.13 3.89 4.20 3.583.58

aTw  64%(2bg—9My), 36%(2b5—2ty) 4.19 3.91 5.60 454411 443 0.03 0.20 0.25
aAw 99%(2bG—2ty) 4.44 4.08 4.50 4.154.10

b'E, 100%(2p—2t0) 4.49 4.13 4.50 3.974.05

biTo  100%(2b5—2t2) 4.50 4.13 5.00  4.324.43

ATy, 100%(2k5—3kg) 5.00 4.62 569  4.82

ATy 78%(2b—3ty), 16%(2b—66) 5.24 4.89 533  5.43

aE,  94%(2bg—3ty) 5.43 5.05 575  4.58

b'T1g  100%(2t5—66y) 5.50 5.20 5.66 4.85

CiTig  100%(2b—2tg) 5.64 5.10 6.23 5091

b'Tog  100%(2t5—2t1g) 5.68 5.14 6.25 5.92

biTy,  58%(2bg—2t), 32%(2b5—9t1,) 5.76 5.37 6.50 507520 5.41 1.52 2.58 2.30
CiTog  79%(2b5—68y), 11% (25— 3t0) 5.90 5.61 6.42  5.08

bE,  80%(2by—2tig), 7%(8ti—9t) 6.42 5.89 7.48  5.42

diT,y  100%(285—9a) 6.63 7.47

blAi,  60%(2b—3ty), 22%(5¢—66y) 7.55 7.05 6.89

2 From ref 1. From ref 2. The energy range indicated for CASPT2 results refers to different choices of active spaces, see ref 2 féiftietails.
one-electron transitions contributing to the TDDFT solution vectors and oscillator strengths are from BP/ALDA calcul&onsref 3.

Orbital energy differences between occupied and virtual KS

Table 5. TDLDA Triplet Excitation Energies (eV) of Cr(CQ)
with a Comparison Made to th&aSCP and CASPT2 Result§

orbitals can be used as a first-order estimate of excitation
energies (cf. eq 2) and are thus useful for qualitative purposes.

transition energy (eV)

The orbital energies of Cr(C@)Mo(CO), and W(COg do not BP/  LB94/
only suggest that in the heavier carbonyls the LF excited states State  composition ALDA ALDA ASCF CASPT2
will not be the lowest excited states in the excitation spectrum, T,  96%(2b5—9%w), 3.86 3.62 3.83  3.963.69
just as found in Cr(CQ)* but also that they will lie at higher 4% (2bg—2to0)
energy than in Cr(CQ) The energies of the CT excited states, @Az 99% (25Ot 3.88 3.66 3.98
- ' ; &To  100%(25—~%ty)  3.94  3.70 3.87
except for the ones arising from the {2%(3t,g)* configuration, &E, 100%(%3&9% 3.97 374 4.00
are expected to change very little down the series. @Ay 99%(2b5—3t ) 4.08 3.66 3.91
These suggestions have been verified by explicit calculations b®Ty,  96%(2b5—2t), 4.35 4.00 474 451451
of the excited states of these molecules, which will be discussed e ggg?z(g%—z'?t;u) s37 a0l 4al
In the next section. bTh 98%(2hg-2Ly) 438 403 482
@A 100%(25—2k)  4.44 4.08 4.54
4. Electronic Spectra of M(CO) (M = Cr, Mo, W) &Ey  100%(2tg—3tg)  4.65 4.25 4.60
aTy  100%(285—3tzg) 4.69 4.30 4.89
Cr(CO)s. In connection with the theoretical study of the ~&Tig 100%(2i—3kg  4.99  4.62 533
M—CO photodissociation mechanism in Cr(GO)ve have E;lg iggz’(zhﬁﬁ@ 517 4.83 466 4.28
. ) 2 6 (2t—6e) 5.19 486 562 4.64
recently calculateldthe electronic spectrum of this complex bE, 100%(2i—~2tg) 547  4.92 5.64
using theASCF-type of approach originally suggested by Ziegler ¢®T,, 100%(2t—2tg)  5.59 5.05 6.16
et al®® In agreement with CASPT2 calculatioAsyhich may Ty 100%(25—2ti)  5.63 5.10
be considered the most sophisticated ones to date, we came td’Tzg  100%(2t;+9ag) 6.60  7.43

an interpretation of the experimental spectrum different from

aFrom ref 1. From ref 2. The energy range indicated for CASPT2

any previously published.
In the present work the electronic spectrum of Cr(g@)

results refers to different choices of active spaces, see ref 2 for details.
¢ The one-electron transitions contributing to the BP/ALDA solution

revisited using the theoretically better founded time-dependent Yectors are also given.

DFT method with the adiabatic local density approximation.
The BP/ALDA and LB94/ALDA excitation energies calcu-

spectrum do not correspond to ligand field transitions, as
suggested by the original and since then generally accepted

lated for the spin-allowed and the spin-forbidden excited states assignment by Gray and Beatlnstead they correspond to
are presented in Tables 4 and 5, respectively, and compared, hita|ly-forbidden or spin-forbidden charge-transfer states. All

with the available experimental information for the two allowed
charge-transfer states and previous CASRI2IASCF! results.
The tables also include the composition of the BP/ALDA
solution vectors in terms of the major one-electron transitions
(the composition of the LB94/ALDA solution vectors is very
similar and is not reported).

Overall, the interpretation of the electronic spectrum of
Cr(CO) that emerges from the present TDDFT calculations
strongly supports the CASP%2and ASCF interpretation
according to which the lowest excited states in the Cr@CO)

(56) Ziegler, T.; Rauk, A.; Baerends, E.Theor. Chim. Actd 977, 43,
261.

theoretical approaches give indeed tAE,aalT,,, aA,y, and
alAy,, b'E,, blTy, sets of symmetry-forbidden, charge-transfer
excitations as the lowest excitations. In Cr(G@3 in other &
metal-carbonyl complexés1? LF states are at high energy.
When looking at the excitation energy values reported in
Tables 4 and 5 in more detail, we notice that the agreement of
the TDDFT results, particularly of the LB94/ALDA, with
respect to CASPT2 is considerably improved over N&CF
results for a number of excited states. The improvement of
TDDFT overASCEF results is especially noteworthy for the two-
spin and orbitally-allowedd;, and BTy, excited states which
at the ASCF level are computed at 5.60 and 6.50 eV,
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respectively, i.e., more than 1 eV higher than the experimental energies. We have observed for the free base porphin malécule
band maxima at 4.43 and 5.41 eV, while good agreement with that the low-lying LB94/ALDA excitation energies were typi-
experiment is obtained at the TDDFT level. The associated cally 0.1 eV lower than the BP results, although we considered
oscillator strengths are, however, underestimated compared toonly low-lying excitation energies there. For the two lowest
experiment, especially in the case of tH&a. excitation energies of Mi(iCO), LB94 also gives a significant
We blame the pooASCF results for thedy, and 3Ty, decrease in excitation energy, in that case worsening agreement
excited states on the inability of this approach to account for with experimeng*
the configuration mixing occurring in these states. Looking A transition that warrants special comment is the one to the
indeed at the composition of the BP/ALDA solution vectors, metal-9ag orbital. The metal-9g orbital is very diffuse, being
we notice that the states under consideration have a multiplemostly (90%) the first virtual atomic orbital in the atomic Cr
transition character, consisting of the same two transitions, the calculation. The diffuse character of the;9# also evident
29y and the 24—2t, with approximately reversed  from the very small singlettriplet splitting of the excited states.
weights. The multiconfigurational character of thea and One expects the very diffuse character of these excited states
b'T1, excited states also emerges from CASPT2 calculations. to make them particularly sensitive to the asymptotic character
As can be seen in Table ASCF results for the corresponding  of the KS potential. The {24 and dT,4 excited states in fact
triplets, &T1, and 5Ty, which are almost pure states, compare experience the largest shift in going from BP to LB94, from
much better with both CASPT2 and TDDFT results. 6.63 and 6.60 eV at the BP/ALDA level to 7.47 and 7.43 eV at
The TDDFT results for the LF transitions are also on the the LB94/ALDA level. It is, however, worth noting that the
whole improved compared tASCF. TheASCF energies for d'T,g and &T,q excitations are the only ones which are shifted
singlet LF states, 14 and ¢éT,g are h 5.66 and 6.42 eV, upwardby the LB94 potential.
respectively, rather high compareq to the CASPT2 valueg of Summarizing we note that an overall comparison with
4.85 _and 5.08 e_V. For _the down_sh!ft_ed LB94/ALDA energies experiment (for the allowed'@,, and BTy, states) and with
the discrepancy |s_conS|derany diminished, the singlet LF statesi,e cASPT? results gives a mixed picture. The LB94/ALDA
b'Tag and €T being calculated at 5.20 and 5.61 eV. For the gycitation energy is too low for'dy, and just right for BTy,
corresponding triplets¥14 and €Ty the trends are different. \ile the reverse holds for the CASPT2 excitation energies.
The B'T1q ASCF energy of 4.66 eV is closer to the CASPT2 o the singlet LF states the LB94 potential, compared to the
value 4.28 eV than the TDDFT energies, which are both at the gp potential, brings the excitation energies down and closer to
BP/ALDA and the LB94/ALDA levels, upshifted with respect o cASPT2 results, but the LB94/ALDA excitation energies
to ASCF. For €T2qthe ASCF resultis, as for the singlets, rather 4.0 o4l . 2-0.5 eV higher than CASPT2. The downshift caused
high (5.62 eV compared to 4.64 eV for CASPT2), the LB94/ 1,0 | B94 potential compared to the BP potential is a general
ALDA energy of 4.86 eV being in much better agreement with phenomenon (with the one exception of tH€ s, see above).
CASPT2. The LB94 excitation energies are on the average closer to the
Comparing BP/ALDA and LB94/ALDA results it is apparent  CASPT2 results, but they may both be above and below the
that the choice of thexc functional has a large effect on the caspT2 energies, as was already noted for the experimentally
excitation energies of both singlet and triplet states, the LB94 ghseryed #ry, and BTy, states.

results being usually, but not invariably, closer to CASPT2 than Mo(CO)s and W(CO)s. The spectra of Mo(CQ)and

the BP F)ne.s.. ] ) ) W(CO)s are very similar to the spectrum of Cr(GOThey are
~ The significant effect of the asymptotic correction embodied yominated by two very intense absorption bands, which can be
in the LB94 potentlgl cannot simply be ascribed to .Rydberg identified as the only two orbitally- and spin-allowsl 1T,
character of the excited states. In recent work by Casida’t al. eta|-to-ligand charge-transfer excitations. In addition, three
it was suggested that the' incorrect asymptotic behavior of the a4k shoulders can be observed at the low-energy side of the
LDA or BP potgntlals will ‘have adversg consequences for first charge-transfer band, and a (not well resolved) shoulder
excitations that lie close to or above the ionization threshold, appears between the two intense charge-transfer bands. The
—¢nomo, Which in this specific case is6.6 eV. Howevelr, NON€  higher energy components of the low-energy shoulders at 3.63,
of the considered excited states, apart from thg,bd"5T g, 3.83, and 4.05 eV in Mo(CQ)and at 3.54, 3.74, and 3.96 eV
and BA;4 meets this criterium. It is still possible that the . ./ : - S e g

" . . in W(CO) were assigned by Beach and Gtag vibrational
pbserved energy shift from_ BP/ALDA to LBQ.A'/ALDA' which components of the ligand field excited stafgq belonging to
is never less than 0.2 eV, is related to the diffuse character ofthe bSegt configuration, while the lowest energy component
most of these excited states, since they involve transitions towhicﬁ is much weaker i,n Mo(C@Yhan in W(CO} and is not

B : .
pure CO. & orbitals ‘and hgnce .W'” be affected by the seen at all in Cr(CQ) was assigned as the spin-forbidden
asymptotic part of the potential. It is, however, worth noting LA,—3T . transition

g 9 :

that the LF states, which from the composition of the BP/ALDA X .
solution vectors one can recognize as tA&Thy and &-3T, The higher energy shoulders gt 4.66 a_nd 4.54 eV in Mo-
states, also show some 0.3 eV shift going from BP to LB94. (CO) and W(CO} were respectively assigned to thesg
This is somewhat surprising in view of the fact that these states (tzg’8d) LF state.

are largely é-d and therefore located on the metal. They of In the absence of other theoretical investigations, the inter-
course also have considerable C& 2haracter (in the HOMO pretation of the spectra of the heavier carbonyls still relies on
2ty and  character (in the 6§ which might make them  the original assignment by Beach and Gfdg.view, however,
sensitive to the asymptotic potential. However, the lowering of the reassignment of the spectrum of Cr(€®Jggested by
observed in going from BP/ALDA to LB94/ALDA may not be  both CASPT2 andASCF-DFT calculation$as well as by the
exclusively due to the improved asymptotic behavior of the present TDDFT results, the original interpretation of the spectra
LB94 XC potential. In fact, the LB94 potential also changes of Mo(CO)s and W(CO} appears to be quite questionable. For
the usual LDA or GGA XC potentials in the inner region of this reason we revisit the electronic spectra of these molecules
the molecule, and this also affects the values of the excitation using a TDDFT approach that employs the scalar relativistic
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Table 6. Relativistic (ZORA) and Nonrelativistic BP/ALDA and LB94/ALDA Singlet Excitation Energies (eV) of Mo(€0)

transition energy (eV) oscillator strength

state composition BP/ZORA LB94/ZORA BP/n.r. LB94/n.r. expt BP/ZORA expt
ak, 100%(28—>9M1.) 3.64 3.43 3.65 3.43

alToy, 100%(28g—9t1.) 3.67 3.45 3.67 3.45

aAzy 98%(2bg—9t1y) 3.78 3.55 3.78 3.55

alTyy 649%(2bg—9My), 36%(2b5—2ty) 3.88 3.60 3.88 3.59 4.33 0.04 0.15
a'Aw 99%(2bg—2toy) 4.19 3.82 4.19 3.81

b' Ty, 100%(2bg—2t1) 4.25 3.88 4.25 3.87

blE, 1009 (285 2tou) 4.25 3.88 4.25 3.87

aTyg 100%(2tg—2t1g) 5.13 4.63 5.12 4.60

a'Toyg 100%(2p—2t1g) 5.18 4.67 5.16 4.64

b'Tyy 60%(2bg—2ty), 34%(2b5—9My) 5.73 5.40 5.68 5.34 5.45 2.16 2.20
a'ky 66%(2b5—2t o), 23% (253t ) 5.88 5.40 5.81 5.33

biTyy  100%(25—3tz) 5.91 5.46 5.78 5.34

b'Tog 92%(2b5—3t ) 6.14 5.72 6.02 5.60

b'Ey 70%(2b5—3t2g), 20%(2bg—211 o) 6.41 5.98 6.34 5.89

ClTyg 99%(2b—9a1g) 6.49 7.44 6.50 7.49

C'Tg 100%(2t—6€y) 6.57 6.38 6.39 6.19

d'Tog 91%(2b5—66y) 6.77 6.59 6.60 6.40

ClAxq 75%(2b5—3t2 ), 12%(5¢—66y) 8.30 7.92 8.18 7.80

a Comparison is made to the experimental values. The one-electron transitions contributing to the TDDFT solution vectors and oscillator strengths
are from relativistic BP/ALDA calculation®.From ref 3.

Table 7. Relativistic (ZORA) and Nonrelativistic BP/ALDA and LB94/ALDA Singlet Excitation Energies (eV) of W(&O)

transition energy (eV) oscillator strength

state composition BP/ZORA LB94/ZORA BP/n.r. LB94/n.r. éxpt BP/ZORA expt
aE, 99%(2b5—9t.) 3.55 3.37 3.59 3.39

aToy 100%(285—9t.) 3.58 3.40 3.62 3.41

a'Aay 99%(2b5—9t,) 3.71 351 3.74 351

aTu 62%(2bg—9t1y), 38%(2b—2t20) 3.80 3.55 3.84 3.56 4.30 0.04 0.18
a'Aw 99%(2bg—2ty) 4.13 3.79 4.15 3.79

b'E, 100%(285—2t) 4.20 3.85 421 3.85

b Ty, 100%(2tg—2to0) 4.20 3.85 4.22 3.85

Ty 100%(285—2t19) 5.11 4.62 5.06 4.55

a'Tyg 100%(2tg—2t1g) 5.15 4.66 5.10 4.59

b'T1, 60%(2bg—2t2y), 34%(2b5—9t1y) 5.84 5.52 5.70 5.36 5.53 241 3.30
a'ky 82%(2bg—2t o), 6%(2bg—3tag) 6.00 5.562 5.84 5.35

b'T1g 100%(285—3t2g) 6.47 5.93 6.02 5.51

b'Tog 93%(2bg—9a1g) 6.59 7.41 6.60 7.50

C'Tog 90%(2b5—3t2 ) 6.71 6.19 6.25 5.77

b'Ey 85%(2bg—3t o), 6%(8t—9ty) 6.86 6.37 6.48 6.01

C'Tig 100%(2t—6€y) 7.33 7.14 6.72 6.47

d' Ty 100%(2t5—6ey) 7.44 7.26 6.88 6.64

clAyg 63%(2b5—3t o), 16%(71—9My) 8.68 8.35 8.33 7.94

a Comparison is made to the experimental values. The one-electron transitions contributing to the TDDFT solution vectors and the oscillator
strengths refer to relativistic BP/ALDA calculatiorfsErom ref 3.

ZORA orbitals and one-electron energies. Since -spirbit and the &A1, b'Ty, D'E,, alTig aTzy set of symmetry-
coupling is neglected, th®;, single group symmetry classifica-  forbidden CT states located below the second allofWeglstate.
tion is used as in the case of Cr(GO) As shown in Tables 6 and 7, at the relativistic BP/ALDA
The calculated spin-allowed excitation energies of Mo(£O) level, the two spin-allowed and orbitally-allowé# 5Ty,
and W(COjy are presented in Tables 6 and 7, respectively, and transitions are calculated in Mo(C® at 3.88 and 5.73 eV,
compared to the available experimental information for the two respectively, and in W(C@hat 3.80 and 5.84 eV. The agreement
allowed charge-transfer states. Since relativistic and nonrela-with the experimental band maxima at 4.33 and 5.45 eV in
tivistic TDLDA calculations have been performed, using in both  Mo(CO) and 4.30 and 5.53 eV in W(C@]Js satisfactory,
cases two different XC potentials, BP and LB94, four sets of particularly for the second band. LB94/ALDA results are in
results are gathered in Tables 6 and 7. Of course the excitationcloser agreement with the experiment for tH& 4 state, but
energies change in absolute value from one set of calculationsgive the &Ty, at too low energy.
to the other. We will discuss below the relativistic effects and ~ As found in Cr(COg, the oscillator strengths of both
the effect of the XC potential. Taking for the moment an overall ATy, transitions are underestimated, although an exception
view, we note that all four sets of results come to the same is given by the oscillator strength of the Mo(G@)! Ty, state
ordering of the excited states. In particular, they all agree on a which is calculated in very good agreement with experiment.
crucial point for the interpretation of the spectra, which is that, ~ As inferred from the composition of the BP/ALDA solution
just as in Cr(CQy, the lowest excited states have CT character vectors, the multiconfigurational character of tA€;gand BTy,
and not the LF character suggested originally by Gray and excited states observed in Cr(GGtill holds in the heavier
Beach. In the singlet excited-state manifold, the lowest excited carbonyls.
states are indeed thelR, alTy, alAy, set of symmetry- According to our calculations, the LF excited states are above
forbidden CT states located below the first allowdd, state these CT states and considerably higher than in C{@&yvell.
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From the composition of the relativistic BP/ALDA solution available, one cannot establish whether LB94 improves upon
vectors reported in Tables 6 and 7, one can recognize the singleBP here (and for which states), although we have seen that in
ligand field states as thé g and dTq States calculated at the  Cr(CO) the LB94 results are closer to CASPT2 than the BP
relativistic BP/ALDA level at 6.57 and 6.77 eV in Mo(C§)  ones. Overall, the large differences between the BP/ALDA and
and at 7.33 and 7.44 eV in W(C®)he LB94/ALDA energies LB94/ALDA excitation energies in all three members of the
are somewhat lower, but by no more than 0.2 eV. The series demonstrate that even for quite “normal” excitations the
corresponding triplet states are théTg and CT,y states effect of the choice of XC potential is very important. The
calculated at the relativistic BP/ALDA level at 6.33 and 6.35 sensitivity to the choice of potential of the excited states under
eV in Mo(CO) and the &T14and 8T states calculated at the  consideration, which are diffuse but in most cases not at all
relativistic BP/ALDA level at 7.09 and 7.19 eV in W(C§)) Rydberg-like, indicates that not only the asymptotic behavior
respectively. Again the LB94 excitation energies are about 0.2 of the potential is an important factor here, but that the behavior
eV lower than the BP ones. in the region with important electron density has to be taken
Besides the LF states, also the CT states arising from theinto account as well. This is underlined by the effects for the
(2t2g)%(3t2g)* configuration are found to be much higher in the ~LF excited states, which show, as they did in Cr(g;@pn energy
heavier carbonyls than in Cr(C@which is consistent with the  shift (about 0.2 eV) on going from BP to LB94. This occurs
upward shift in energy of both the 6eg angy2irbitals on going despite the nominally €d character of these excitations.
from Cr to Mo and W. As for the Rydberg excited states corresponding to the
In view of these results, the original assignment by Beach transition to the metal-9gorbital, they are just as in Cr(Ce)
and Gray of the low-energy weak shoulders observed in calculated at the LB94/ALDA level about 1 eigherthan at
Mo(CO) and W(CO} as LF transitions (théAig—3Tgtransi-  the BP/ALDA level. . o
tion and vibrational components of tha 41Ty, transition) We now turn to the relativistic effects on the excitation
and the h|gher energy weak shoulder between the Strong CTenerg|eS. It can be seen from Tables 6 and 7 that these effects
bands as théA:4—1T,4 LF transition has to be revised. The are negligible for the states which involve transitions to the
TDLDA calculated LF transitions are roughly 3 eV above the “Ppure” ligand orbitals, the 9t, the 2t and the 24, as could
lowest (Orbita| forbidden) CT transitions and-3 eV above be expected. On the other hand, relatiVity increases by a sizable
the lowest allowed CT transition. It is unlikely that the TDLDA ~ amount the energy of both the LF states and the CT states arising
method would overestimate the LF transitions by that much, in from the (2t¢)%(3tg)* configuration. This effect, which is much
particular since in Cr(CQ)the independent evidence coming larger in W(CO} (about 0.4 eV on average) than in Mo(GO)
from the CASPT2 calculations agrees reasonably well (LF (@bout 0.2 eV on average), is understandable in terms of the
excitations ca. 0.5 eV lower) with the TDLDA results. relativistic destabilization of the 4d and especially of the 5d
Spin—orbit (SO) coupling may have some effect on the orbitals and the resulting upward shift of the,@@d of the 34,

position of the excitation energies for W(GOWe were unable ~ MOS that was discussed in section 3.
to rigorously check this, as a TDDFT implementation which
includes spir-orbit effects is not yet available. However, the
magnitude of the spinorbit effect is expected to be small. An Relativistic time dependent density functional calculations
order of magnitude estimate can be obtained from the orbital have been performed on the excited states of the M{TKD)
energies. If SO coupling is included in the SCF calculation, = Cr, Mo, W) series. Our results indicate, in agreement with
the 2b4 level splits up by only 0.2 eV and the evel goes  previousASCF and CASPT2 calculations on Cr(CQ) that
up. Therefore, SO effects will not decrease the LF splitting by in all members of the series the lowest excited states in the
more then a few tenths of an electronvolt. In view of the large spectra do not correspond to ligand field excitations, as has been
difference, in the order of 3 eV, which we find between the CT accepted in the past. Instead they correspond to CT states.
and LF excitation energies at the scalar ZORA level, our According to our calculations, the bands appearing as shoulders
conclusions will certainly not be affected by the full inclusion at the low-energy side of the spectrum and between the two
of SO effects. intense absorption bands have to be assigned to orbitally-
On the basis of the results in Tables 6 and 7, the weak forbidden or symmetry-forbidden charge-transfer states, which
shoulders at the low-energy side of the first allowed band should is consistent with the observed insensitivity of their position to
be assigned as spin-allowed but symmetry-forbidden CT transi- the metal. The low intensity of these shoulders is to be attributed
tions of which there are plenty in the 3:8.0 eV region. We then to their forbidden nature, not to their LF character.
should maybe mention that there are in the same energy region The LF excitations are calculated at much higher energy than
also spin-forbidden but orbitally-alloweld\;4—a, T4, transi- suggested by the original assignment by Beach and*Guay
tions. As for the high-energy shoulder, experimentally at 4.66 at different energy along the M(Cg§X3eries, being much higher
and 4.54 eV in Mo(CQ) and W(CO}, respectively, the in the heavier carbonyls than in Cr(GQ)
calculated excitation energies at the LB94/ALDA level suggest  These results lead to a reassessment of the role of the LF
the close-lyingA15—a'T1gandA15—~a'Tog Symmetry-forbidden  states in the photochemical dissociation of the me@0 bonds
charge-transfer transitions to occur at this energy, with a clear in the M(CO) series. They strongly suggest indeed that the
separation from the nearest excitations. experimentally observed photodissociation of the ®0 bond
Comparing BP/ALDA and LB94/ALDA results we notice  upon irradiation into the lowest energy bands occurs in the
that in the heavier carbonyls the effects of the choice of the heavier carbonyls, just as found in Cr(GOffom CT and not
XC functional on the excitation energies are very similar to those from LF states. The photochemistry of the heavier carbonyls is
observed in Cr(CQ) the LB94 excitation energies being in currently being investigated and will be the subject of a
general lower than the BP ones by 6@5 eV, irrespective of forthcoming paper.
the type of calculation (singlet or triplet excitation energies, = Comparison with the experimental data available and, in the
relativistic or nonrelativistic). Since high-quality ab initio case of Cr(CQ) with previousASCF-DFT and high-level
calculations to which we could compare our results are not correlated ab initio calculatiorfsallows for an assessment of

5. Concluding Remarks
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the reliability of the present TDDFT approach. The previously states arising from the (2)3(3txg)! configuration. This effect
employedASCF method proves to be fairly reliable when there is traced to the relativistic destabilization of the d orbitals and
is little configuration mixing, but is inadequate in cases of strong to the consequent upward shift of the,@&d of the 3ty MOs.
configuration mixing.
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