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Density Functional Study of the Primary Photoprocesses of Manganese Pentacarbonyl
Chloride (MnCI(CO) 5)

Maikel P. Wilms,T Evert Jan Baerends,*" Angela Rosat and Derk J. Stufkens

Afdeling Theoretische Chemie, Vrije Universiteit, De Boelelaan 1083, 1081 HV,
Amsterdam, The Netherlands, Dipartimento di Chimica, Univerditita Basilicata,

Via N. Sauro, 85, 85100 Potenza, Italy, and Anorganisch Chemisch Laboratorium,

J. H. van't Hoff Research Insitute, Universteit van Amsterdam, Nieuwe Achtergracht 166,
1018 WV, Amsterdam, The Netherlands

Receied June 10, 1996

Density functional calculations have been performed on the ground and excited states of Ma@i(G@gr to
explain the photochemistry of MX(C@tomplexes (M= Mn, Re; X= ClI, Br, I). As found earlier for Mg
(CO)io (Inorg. Chem.1996 35, 2886), the gtype unoccupied 3d orbitals in the pseudooctahedral environment
are located rather high in the virtual orbital spectrum, and the corresponding ligand-field (LF) excitations are

more than 1 eV above the lowest excitations. Potential energy curves (PECs) nevertheless show that the lowest

excited states, which involve transitions to the Mol o* orbital at equilibrium geometry, are dissociative for
axial and equatorial CO loss. The mechanism is again, as (@@}, a strongly avoided crossing of the
lowest excited state {éE) with the higher dissociative LF states (different ones for,GDd CQq dissociation)
which rapidly descend upon MfCO bond lengthening. In spite of the lowest excitation being to the-Min
o*-orbital, Mn—Cl homolysis cannot occur out of the lowest excited state. The photochemical behaviog-of Mn
(CO)1o, MNH(CO)5, and MnCI(CO3 is compared. The mechanisms of CO loss are found to be very similar, but
there is a large difference with respect to the breaking obtbend (Mn—Mn, Mn—H, or Mn—Cl). Only in the

case of MR(CQO),, the lowest broad absorption band containsathe ¢* excitation and leads to bond breaking.

1. Introduction In this paper we will focus on the photochemistry of MnClI-
e . (CO). Many studies on the photochemistry of metal penta-
Detailed insight into photochemical pathways of organome- ¢.»5nyi halides show that CO loss is the primary photopro-
tallic compounds is rapidly accumulating due to the use of _.<6.7 From these studies it is known that in MnCI(GONly
sophisticated equipment for the detection of excited states andi,o Mn—cO bond is photolytically cleaved and that no Mn
reactive mterrtr:ed.latfs.Aththde sarge time, the ac}i1var|10es r']n Cl bond homolysis occurs. In the absence of coordinating
quantum mechanical methods and computer technology haveg,qqias  the photochemistry yields the halide-linked dimer
made feasible extensive calculations on both ground and exc'tedan(CO)8C|2 while in the presence of coordinating species the
states of simple organometallic complexes. Especially the o g pgtituted product is formed. It is somewhat surprising
calculation of potential energy curves (PECs) has proven t0 be 5 the photosubstitution reaction is highly stereospecific,
very valuable in describing the photochemistry of transition yielding only thecis isomer. Within the usual ligand-field

metal complexes(see also refs 35). picture (cf. Wrightonet al”), one would expect the LUMO to
P be the metal d orbital, which is assumed to have more
o e silicata antibonding interaction with the axial CO than with the chlorine.
8 Universiteit van Amsterdam. Irradiation into the lowest ligand-field (LF) band increases the
® Abstract published irAdvance ACS Abstract&ebruary 1, 1997. population of this g orbital and would be expected to result in

@) Js?i/vl f?\lf, Sﬁfﬂeéefr_‘t:lxggn%esk(?)‘ N(i:eu"zenhéisvc“_- BA-?HSEUﬂEerBS; D. loss of COtrans to chlorine. The LF view thus predicts a
M’CGgr\,':yoi 3 Westwell 3: George oW rimer S different primary photoproduct than experiment suggests. This
Chem. Soc1995 117, 5579 (b) Kim, S. K. Pederso, S.: Zewail, A.  inconsistency can be resolved if one assumes that indeed an

H. Chem. Phys. Lettl995 233 500. (c) Schoonover, J. R.; Strouse,  intermediate resulting from axial CO loss occurs (a square

%E';é;?%yezr%?' B.; Bates, W. D.; Chen, P.; Meyer, Tinbrg. Chem pyramid with Cl in the apical position), but that this intermediate

(2) (a) Daniel, C.; Beard, M.; Dedieu, A.; Wiest, R.: Veillard, Al. Phys. is susceptible to an excited state rearrangement to a square
Chem.1984 88, 4805. (b) Daniel, C.; Hyla-Krypsin, I.; Demuynck,  pyramid with Cl in basal position. Subsequent addition of a
J; Veillard, A.Now. J. Chim.1985 9, 581. (c) Veillard, A., Strich, - coordinating ligand then results ircés substituted product. The

A. J. Am. Chem. S0d.988 110, 3793. (d) Daniel, CCoordination . .
Chemistry Reiews: Proceedings of the 8th International Symposium possible rearrangement pathways of the MnCl(J@prmediate

on the Photochemistry and Photophysics of Coordination Compounds have received considerable attention recently (cf. Piedbat*
Elsevier Science Publishers B. V.: Amsterdam, 1990; Vol. 97, p 141. and Matsubarat a|_80). One expects in the LF picture to have
(e) Daniel, C.J. Phys. Chem1991, 95, 2394. (f) Rtl\mer, M. M; ; ;

Veillard, A’ New. J. Chenl991 15, 795. (g) Daniel, CJ. Am. Chem, 1€ other g-type orbital () at higher energy than thezd
Soc 1992 114, 1625. (h) Finger, K.; Daniel, Cl. Chem. Soc., Chem.  Orbital, because Cl is a weakerdonor than CO. Occupation

Commun.1995 1427. (i) Finger, K.; Daniel, CJ. Am. Chem. Soc.

1995 117, 12322. (5) Pierloot, K.; Hoet, P.; Vanquickenborne, L. iBorg. Chim. Actal99],
(3) (a) Rosa, A.; Ricciardi, G; Baerends, E. J.; Stufkens, Datg. Chem. 184, 147.
1995 34, 3425. (b) Rosa, A.; Ricciardi, G; Baerends, E. J.; Stufkens,  (6) McHugh, T. M.; Rest, A. J.; Taylor, D. J. Chem. Soc., Dalton Trans.
D. J.Inorg. Chem.1996 35, 2886 198Q 1803.
(4) Pierloot, K.; Hoet, P.; Vanquickenborne, L. &6.Chem. Soc., Dalton (7) Wrighton, M. S.; Morse, D. L.; Gray, H. B.; Otteson, D. K. Am.
Trans 1991, 2363. Chem. Sod976 98, 1111.

S0020-1669(96)00688-X CCC: $14.00 © 1997 American Chemical Society
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of this orbital would lead to equatorial CO loss. In view of the

Wilms et al.

(CO)s, and Mn(CO) are compared as well as the breaking of

dramatic increase of the quantum yield when going to higher the ¢ bond (Mn—Mn, Mn—H, Mn—Cl). The first are very
excitation energies and the temperature dependence of both thaimilar, the latter are very different in these compounds.

guantum yield and the lifetime, Wrightaet al.” concluded that
indeed such a higher lying photoactive excited state withd

Before dealing with the photochemistry of the title compound,

we first elucidate in section 3 the electronic structure of MnCl-

character is present. These results were supported by thgCO), which is a prerequisite for understanding the photo-

calculations by Pierloogt al*®

This picture of the photochemistry of MnCI(COis based
on the accepted paradigm of photolabilization of metal

chemistry. The electronic structure of manganese pentacarbonyl
halides has been the subject of many theorefi¢aliitraviolet
photoelectron spectroscopic (UPS)16 and UV-vis spectro-

carbonyl bonds by ligand field excitation. We have, however, scopic studie1”1 For the present purpose in particular the

recently found® in the case of Mg(CO)yp that this picture may

molecular orbital structure and the excitation spectrum are

require considerable adjustment and refinement. The calculationrelevant and will be discussed in section 3. Section 4 discusses

of PECs for CO dissociation and MiMn bond breaking, and

the photochemistry and section 5 contains the Conclusions, in

an analysis of the electronic structure of the ground and excited particular with respect to the role of LF excited states in the

states’@ revealed that among the lowest excited states-fhe
(d; — o*) state is Mn—CO,y dissociative, although it is not

photodissociation process.

Mn—CO antibonding and cannot unequivocally be assigned as2. Computational Details

a LF excited state. There are, however, strongly-Nd©O
antibonding 3é-eg-type orbitals located at fairly high energy
in the virtual orbital spectrum. Excitations to such orbitals lead

All calculations have been performed using the Amsterdam
density functional program package AB¥.The computational

scheme is characterized by the use of a density-fitting procedure

to LF excited states with strongly dissociative PECs. These {4 gptain accurate Coulomb and exchange potentials in each

PECs rapidly become lower in energy with increasing-Mn
CO distance and cross the low-lying excitetE; states. In
this way these low-lying excited states become NGO

self-consistent field (SCF) cycle, by the accurate and efficient

numerical integratiotf of the Hamiltonian matrix elements and

the possibility to freeze core orbitals. We used an uncontracted

dissociative, although the avoided crossing may lead to a barrier.doub|e€ STO basis set with one polarization function for all

This picture is at variance with the LF picture indicated above
for the photochemistry of MnCI(C®) which assumes a
population of dissociative LF states directly upon low-energy
irradiation.

The MnCI(CO} system is well-suited for further investigation
of this issue, since it offers the additional possibility of
photochemical cleavage of a metdijand o bond and may thus
be compared to other well-studied Mn(GD)yystems such as
MnH(CO) and Mrp(CO)g. In Mny(CO)p the Mn—Mn bond
is broken with approximately equal probability as the MO
bond upon irradiation into the lowest absorption band. This
may be attribute® to transition to the low-lyingB,, of Mn—

Mn ¢ — o* character, which is nearly degenerate with the-Mn
CO dissociativel-°E; states. However, the MrH bond of
MnH(COJs is broken only upon high-energy irradiation, with
relatively low quantum yield, although MrCO dissociation
occurs as in Mg(CO);, from the low-lying excited states.
Veillard et al. explained the wavelength dependent photochem-
istry of MnH(CO) by calculating CASSCF/CCI correlation
diagrams for both axial CO and H lo%slt was found that the
lowest excited state is dissociative with respect to axial CO,

whereas higher excited states are dissociative with respect to

both axial CO and hydrogen. This conclusion was confirmed
by full calculation of the PECs by Dani&l although these PECs

atoms, except for the manganese orbitals for which a tdple-
3d,4s basis with one 4p function was used. The 1s oxygen and
carbon cores were kept frozen as well as the s cores for
manganese and chlorine.

The ground and excited state energies included Betke’s
nonlocal corrections to the local expressfoaf the exchange
energy and Perdew$nonlocal corrections to the local expres-

sion (Vosko-Wilk —Nusaif® parametrization of electron gas

data) for the correlation energy.

(9) Fenske, R. F.; DeKock, R. llnorg. Chem.197Q 9, 1053.

(10) Davy, R. D.; Hall, M. B.Inorg. Chem.1989 28, 3524.

(11) Evans, S.; Green, J. C.; Green, M. L. H.; Orchard, A. F.; Turner, D.
W. Discuss. Faraday Sod 969 47, 112.

(12) Lichtenberger, D. L.; Sarapu, A. C.; Fenske, Rinerg. Chem1973
12, 702.

(13) Caesar, G. P.; Milazzo, P.; Cihonski, J. L.; Levenson, Rlnarg.
Chem.1974 13, 3035.

(14) Higginson, B. R.; Lloyd, D. R.; Evans, S.; Orchard, A.J-r Chem.
Soc., Faraday Trans. 2975 71, 1913.

(25) Jolly, W. L.J. Phys. Chem1983 87, 26.

(16) DeKock, R. L. Ultraviolet Photoelectron Spectroscopy of Inorganic

Molecules. InElectron Spectroscopy Theory, Techniques and Ap-

plications Brundle, C. R., Baker, A. D., Eds.; Academic Press: New

York, 1977; Vol. 1.

(17) Gray, H. B.; Billig, E.; Wojcicki, A.; Farona, MCan. J. Chem1963,
41, 1281.

(18) Blackney, G. B.; Allen, W. Flnorg. Chem 1971, 10, 2763.

demonstrated that the picture is complicated by several avoided(19) McLean, R. A. N.J. Chem. Soc., Dalton Tran974 1568.

crossings, resulting in small barriers.

In order to elucidate the photochemistry of MnCI(G@pd
study the similarities and differences with other Mn(gO)
derivatives, we have calculated PECs for both axial and
equatorial CO loss and for Cl homolysis. The results are

(20) Spiess, H. W.; Sheline, R. K. Chem. Phys1971, 54, 1099.

(21) (a) Hillier, I. H.; Guest, M. F.; Higginson, B. R.; Lloyd, D. Riol.
Phys 1974 27, 215. (b) Evans, S.; Guest, M. F.; Hillier, I. H.; Orchard,
A. F. J. Chem. Soc., Faraday Trans.1®74 70, 417. (c) Coutiee,
M. M.; Demuynck, J.; Veillard, ATheor. Chim. Actd 972 27, 281.
(d) Rthmer, M. M.; Veillard, A.J. Chem. Soc., Chem. Comm@@73
250

discussed in section 4 and indicate that both axial and equatorial22) viiek, R. M. E.; Zandstra, P. Them. Phys. Lettl975 31, 487.
CO loss can occur, but only due to a (strongly) avoided crossing (23) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 52. (b)

with the lowest excited state by a dissociative LF excited state,

which is high-lying at the equilibrium geometry but descends
rapidly upon MR-CO bond lengthening. MACI bond breaking
does not occur. The CO loss mechanisms of MNHECRNCI-

(8) (a) Daniel, C.; Veillard, ANow. J. Chim.1986 10, 83. (b) Veillard,
A.; Daniel, C.; Strich, A.Pure Appl. Chem1988 60 (2), 215. (c)
Matsubara, T.; Daniel, C.; Veillard, AOrganometallics1994 13,
4905.

Baerends, E. J.; Ros, It. J. Quantum Chenl978 S12 169.

(24) (a) Boerrigter, P. M.; Te Velde, G.; Baerends, EInd. J. Quantum
Chem.1988 33, 87. (b) Te Velde, G.; Baerends, E.Jl. Comput.
Phys 1992 99, 84.

(25) (a) Becke, A. DJ. Chem. Phys1986 84, 4524. (b) Becke, A. D.
Phys. Re. 1988 A38 3098.

(26) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(27) (a) Perdew, J. BPhys. Re. 1986 B33 8822. (b) Perdew, J. PPhys.
Rev. 1986 B34, 7406.

(28) Vosko, S. H.; Wilk, L.; Nusair, M. JCan. J. Phys198Q 58, 1200.



Primary Photoprocesses of MnCI(GO)

Inorganic Chemistry, Vol. 36, No. 8, 19971543

Figure 1. Geometry of (a) MnCI(CQ) (b) apical MnCI(CO), (c) basal MnCI(CQ) and (d) Mn(COj (bond distances in angstroms).

The original proof of the Hohenbetrg<ohn theorer# is only

incorporates the relaxation effects in the excited state by an SCF

valid for the ground state of a system, and while it has been calculation on a single-determinantal state, representing one of

extended to the lowest state of any given symmgétithjs still
does not suffice for a full description of the photochemical

the multiplet states. Although this method yields results which
are in keeping with experiment, it is only formally justified for

properties of molecules. However, the approximate method the lowest state of each symmetry. Therefore, we will avoid

introduced by Ziegleet al.3! for the calculation of excited states
has been used with good results for both atéf@dad molecular
systems2 It has recently been applied successfully for the
calculation of a two-dimensional potential energy surface for
the photodissociation of # in its first excited stafé¢ and
compared toab initio calculations and experiment. The
photochemistry of Mg(CO),9 has also been investigated with
this method® In its simplest form, the method of ref 31

(29) Hohenberg, P.; Kohn, WRhys. Re. 1964 B136 864.

(30) (a) Gross, E. K. U.; Oliveira, L. N.; Kohn, WPhys. Re. 1988 A37,
2805, 2809, 2821. (b) Gunnarson, O.; Lundqvist, BHys. Re. 1976
B13 4274.

(31) Ziegler, T.; Rauk, A.; Baerends, E. Theor. Chim. Actdl977, 43,
261.

(32) (a) von Barth, UPhys. Re. 1979 A20Q, 1693. (b) Lannoo, M.; Baraff,
G. A.; Schiuer, M. Phys. Re. 1981, B24, 943.

(33) (a) Daul, C.; Baerends, E. J.; Vernooijs,lfforg. Chem 1994 33,
3543. (b) Ziegler, T.; Tschinke, V.; Becke, A.Am. Chem. So&987,
109 1351. (c) Ziegler, T.; Tschinke, V.; Ursenbach,JCAm. Chem.
Soc. 1987, 109, 4825. (d) Ziegler, T.; Tschinke, V.; Becke, A.
Polyhedron1987, 6, 685. (e) Ziegler, T.; Tschinke, V.; Versluis, L.;
Baerends, E. J.; Ravenek, \Rolyhedron1988 7, 1625.

(34) Doublet, M. L.; Kroes, G. J.; Baerends, E. J.; Rosal.AChem. Phys.
1995 103 2538.

drawing conclusions from the quantitative results of calculations
on higher states. We feel, however, justified to use these results
qualitatively.

The geometry of MnCI(CQ)as specified in Figure 1a was
taken from an earlier density functional theory (DFT) study on
this molecule®®> In order to be able to compare the dissociation
with experiment, geometry optimizations have been performed
for the Mn(CO} and MnCI(CQO) photoproducts using gradient
techniques® The results are shown in Figure 4d. The
photoproducts resulting from axial CO or ClI loss have geom-
etries which have only relaxed a little. MnCI(CQ)ith an
equatorial vacancy, however, shows considerable relaxation. In
order to keep calculations tractable, geometry optimizations were
not carried out at all points on the PEC. However, in order to
assess at which point during the dissociation relaxation can come
into play, we have optimized the geometry of the MnCI(gO)
fragment at a fixed distance MICOgq0f 2.3 A, at which point
the PECs approach their asymptotic shape (see below). The
optimized geometry at this point differed only slightly from the

(35) van Eis, M. Internal report; Free University: Amsterdam, 1995.
(36) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.
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Table 1. Orbital Energies and Percent Compositi¢Based on Mulliken Population Analysis per MO) of the Lowest Unoccupied and
Highest Occupied MnCI(C@)Orbitals in Terms of Mn, Cl, CQ, and CQ, Fragments

percent composn oP
orbital  orbital character € (eV) Mn Cl COx COqq Mn—Cl  Mn—CO.x Mn—CQgq
Unoccupied Orbitals
16e COr* —1.944 2 (day) 1(p) 37 (2r*) 59 (27*) 0.02 —0.04
15e by’ —2.785 22 (¢yy) 42 (2r*) 35 (27%) —0.04 —0.05
23a “eg” dzo*' —2.796 39 (&) 2 (p) 16 (%0) 41 (34 2r*, 7 50) —0.01 —0.16 0.03
8by COx* —2.796 11 (g2 88 (80 2r*, 8 27*) —0.03
3b, “tag’ —2.983 31(q) 69 (27%) -0.11
7y “eg” dye—y2 0*' —2.994 49 (g2 50 (31 ®, 19 27*) —0.14
14e COs* —3.197 5 (day) 6 (21*%) 89 (27%) 0.01 —0.02
22a (Mn—Cl) o* —3.786 26(20d¢,6p) 20(p) 55 (27%) —0.08 —0.02 0.06
Occupied Orbitals

13e Clp. —d; —6.447 18 (¢yy) 74 (pyy) 3 (27%) 3 (50) —0.02 0.01 —0.01
2b, “tag’ —8.010 68 (q) 32 (27%) 0.05
12e “tg’ -+ Cl py —8.030 54 (gy) 22 (pyy) 8 (27%) 15 (27*) 0.03 0.01 0.02
2la Clps —8.386 18(10d,8p) 72(p) 3 (50) 7 (21%) 0.06

11e COw —11.409 6 (py) 1 (pay) 13 (2r*) 78 (65 5o, 13 21*) 0.04 —0.01
20a CO % —11.982 22 (¢) 1(p) 47 (50) 28 (27%) 0.07 —0.01

aThe major contribution is reported between parentheses; if there are several contributions of more than 5%, these are mabl&hexplicit.

Mulliken overlap populations are per orbital, based on a norm 1 of the orbital, i.e., an orbital occupation of 1 electron for occupied and virtual
orbitals alike.

-1 » d (e ) s
Mn'COeq & g —
L L R ae— s '0—.... :’ “‘ *
=24 %7 mmenzzzlll - .o,:.—. ...":'.._ a5~ 0
Mn_Coax =~ = — Mn COax_, ----- g tea, .": “ *hfln'COeq
*7 e ¢ S e—
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Figure 2. Orbital interaction diagrams for the formation of Mn(GD)where L= Mn(COJ)s, Cl, or H. The CI 3p is not at the atomic level but
is positioned so as to correctly suggest the composition of the orbitals.

“frozen” geometry. Furthermore femtosecond resolved experi- well as the orbital energies are presented in Table 1. An orbital
ments showed that the MICO dissociation in Mg(CO)g interaction diagram for the formation of MnCI(C§x)ut of Mn-
occurs at a time scale of 20 . Since we find similar (CO) and Cl is shown in Figure 2.

dissociative PECs as in M{CO)o the photodissociation The relevant occupied orbitals of Mn(COjre the fully

process may be similar and thus much faster than the vibrations occupied ¢, and the E pair of gyor d, orbitals, which together
which occur on the picosecond time scale. Therefore, it is not ¢orrespond to the,§ orbitals in O, symmetry, and the singly

obvious that full geometry optimization along a MEGO occupiedon, orbital, which is a 3g-4p,—27*; hybrid, with its
dissociation coordinate would be justified, and we choose 10 |ghe directed toward the vacancy (ther*2 denotes an @

calculate the PECs using a frozen geometry of the photodisso-.qmpination of 2* orbitals of the equatorial CO’s that are
ciation fragments.

perpendicular to the equatorial plane). We refer to ref 3a for a
detailed explanation of the orbital structure of Mn(GO)Jn

particular, it has been stressed that in Mn(€@ne does not
Ground State Electronic Structure. In order to better have a simple gtype (mostly 3¢¢) LUMO, but due to mixing

understand the photochemical behavior of MnCI(§@js first with the 4p of Mn and the Z* of the equatorial CO’s, there
of all necessary to know the characters of the highest occupiedare two a orbitals with considerablesdcharacter. The lowest
and lowest unoccupied molecular orbitals. These characters asone, the preseniyy orbital (10a in ref 3a) has little axial CO

3. Electronic Structure
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Figure 3. Contour plot of the 20a 21a, 22a, and 23a orbitals in
the xzplane. Contours values ate0.5, +0.2, +0.1, +0.05, £0.02,
and 0 (e/bot)*2,

Inorganic Chemistry, Vol. 36, No. 8, 19971545

12¢
Figure 4. Contour plot of the 12e and 13e orbitals in tkeplane.

50 character, and this orbital completely lacks the expected Contours: see caption to Figure 3.

antibonding with the CO & On the other hand, the higher
one (11ain ref 3a), which is at considerably higher energy,
lying within the COz* manifold, has considerable antibonding
with the axial CO (it is denoted*'(Mn—CQ,,) in Figure 2).
Excitation to this latter orbital leads to strongly MEOxx
dissociative states. Due to the large amplitude of the Mn§CO)
ony toward the vacant coordination site, interaction with a
coordinating ligand is mostly through this orbital. In MGO),
this leads to symmetricalr and o* orbitals (the Mn—Mn
bonding and antibonding combinations of the higher Iyirity
(Mn—CO,) do not split much due to their much lower
amplitude at the vacant site). In the case of MnCl(£@)
bondingo orbital is formed with Cl p (the 21a; see Table 1)
with predominantly Cl character, and an M@l ¢ antibonding
orbital with mostly Mn(COj3 character, the 22aLUMO of
MnCI(CO). We will denote this orbital as*(Mn—Cl), or just

o*. The high-lyingo*'(Mn—CQO,,) of Mn(COs is practically
unperturbed by the bonding with CI, and it is found as the 23a
orbital of MnCI(CO}. Itis still about 1 eV above the*(Mn —

Cl). Note that we differentiate betweerantibonding between
Mn and L, denoted by*, and ¢ antibonding between Mn and
CO,y denoted by an additional prime*'. The situation is
somewhat analogous to having two axial hybrids on Mn, one
leading to (anti)bonding with axial CO, the other one with the
other axial ligand L. The orbital plots in Figure 3 demonstrate
the Mn—Cl bonding and antibonding characters of 25ad
22a, respectively, and the MAnCO bonding and antibonding
character of the 2Qaand 23a (not 223a!), respectively.

pr orbitals. The 12e is ther bonding and the 13e the
antibonding combination of 3dand ClI p; orbitals (see Figure
4), while the 2b (dy) remains a purely 3@-27* bonding
orbital. Note that the 2band 12e remain almost degenerate,
the loss of one 2* bonding interaction in 12e apparently being
compensated by the Cl 3onding, but the antibonding with
Cl 3p; pushes the 13e up so that it becomes more than 1.5 eV
higher than its4y partners. This gap between the HOMO and
lower orbitals will be important for the excitation spectrum.
The 13e has more CI character than the 12e orbital (74 and
22%, respectively), although the Cl 3p orbital energy of the
atom is lower than the Mn(C@)t»y" —d, orbital energy. This
can be explained by taking the charges on the atoms into
account. Since the chlorine atom bears a charge of ap-
proximately—0.4e, its orbital energies are all shifted upward,
whereas the Mn(CQ)orbital energies are shifted downward
because of the positive charge on this fragment. This has been
taken into account in the qualitative orbital interaction diagram
of Figure 2, by positioning the Mn(C@},, orbital below the
Cl 3p orbital so that the MnCI(C@)L2e orbital will have more
metal character, whereas the 13e orbital has more chlorine
character. We wish to caution, however, that the relative Mn
3d, and Cl 3p character of the 12e and 13e orbitals is
susceptible to considerable change upon removing an electron
out of these orbitals by ionization or excitation. We find orbital
relaxation in such ionized or excited states to strongly increase
the metal character of the 13e. These effects are not peculiar

The description of the remaining occupied and unoccupied to DFT calculations. Recent CASSCF/CASPT2 caculations by
orbitals is straightforward. In the unoccupied spectrum we have Wilms and Daniel’” show more pronounced Mn 3d character

fairly close to the strongly MaCO, antibondinge*' orbital
(23a) the strongly Mr-CQgq 0 antibonding 7porbital derived
from the d2—2 component of the gorbitals. We will also
denote the MA-COcq 0 antibonding character by*'. The 14e,
3y, 8b;, 15e, and 16e orbitals are mainly composed of GO 2

of 13e already in the ground state and predominant 3d character
of the 13e in the first excited state.

Excited States. The 13e HOMO lies 1.5 eV above the other
occupied orbitals, and excitations from this orbital to the lowest
virtual orbitals are, therefore, of particular interest. Also the

orbitals. Some have a considerable admixture of metal 3d lowest excitations from the 2tand the 12e have been calculated.

character, such as the Zland 15e which may be classified as
the antibonding counterparts 45t") of the occupied bonding
tog-like orbitals.

In the occupied spectrum we have above the £(fla)
the metat-carbonylszr bonding tg-like 3d orbitals and the CI

Higher excitations than the 2b> 23a and 12e— 23a have
not been calculated, since those would be too high in energy to
play an important role in the photochemistry of MnCI(GO)

(37) Wilms, M. P.; Daniel, C. Private communication.
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Table 2. Energies (cm?) and Intensities for Electronic Transitions in MnCI(GO)

state transition character type energy (ém intensity exptl bands

aE 13e— 22a MnCl 7* — MnCl o* Mn/Cl LF 21 207

aE 13e—22a MnCl 7* — MnCl o* Mn/ClI LF 23 604 0.0831 26 520

b3E 13e— 7y MnCl z* — dye-y2 Mn/CO LF 29118

&A1 13e— 14e MnClz* — 27* Mn,Cl — CO CT 30020

aA; 13e— 14e MnClz* — 27* Mn,Cl — CO CT 30539 0.139

cE 13e—3h, MnCl * — 27* Mn,Cl — CO CT 30 861

d*E 13e—8h; MnCl 7* — 27* Mn,Cl — CO CT 30936

b'E 13e—7h MnCl z* — de_y2 Mn/CO LF 32138 0.000 201

c'E 13e— 3k, MnCl 7* — 27* Mn,Cl — CO CT 33022 0.000 371

aB; 2b, — 22a Oxy— MnCl o* Mn/Cl LF 33077

d'E 13e—8h MnCl z* — 27* Mn,Cl — CO CT 34228 0.107

eE 12e— 22a MnCl z — MnCl ¢* Mn/CI LF 34584

aA, 2b, — 7y Oy — Oee—y2 Mn/CO LF 34749

aB; 2b, — 22a dyy — MnCl o* Mn,CI LF 34834

e'E 13e—23a MnCl * — MnCOQOu 0* Mn/CO LF 3501% 0.005 25

f3E 13e— 23a MnCl 7* — MnCQOux 0* Mn/CO LF 35034

fiE 12e—22a MnCl 7 — MnCl ¢* Mn/CI LF 35999 0.892 37 000

o°E 2y — 14e dy— 27* Mn —COCT 37820

a'A; 2b, — 7y Oy — Oe2—y2 Mn/CO LF 38376

g'E 2y — 14e gy — 27* Mn —COCT 39148 2.49

b%A1 21a— 223 MnCl ¢ — MnCl ¢o* Mn/CI LF 39549

b*A; 2la — 22a MnCl ¢ — MnCl o* Mn/Cl LF 4374 2.74 43 000

aReference 182 Symmetry allowed.

Transition intensities were estimated with the program Difble.

and 30 539 cm, the first charge transfer (CT) excitations occur,

The total transition dipole moment was approximated by the corresponding to the singlet and triplet 1:3el4e transitions.

transition dipole moment between the initial and final MO.

The results are shown in Table 2.

They have Mn,Cl— CO 27* CT character and much higher

intensity. Although an e~ e transition gives rise to A Az,

As expected the two lowest excited states are the triplet and B, and B states, only the mean energy of these states has been
singlet states corresponding to the 13€22a (Mn—Cl z* — calculated, since no major differences between these four states
Mn—Cl ¢*) transition. These states are calculated at 21 207 are expected. As seen from the intensities in Table 2, the 13e
and 23 604 cm!, respectively. As mentioned earlier, the — 14e transition may contribute to the high-energy side of the
character of both the 12e and 13e orbitals changes uponfirst band, which may partly account for its broadness. The
excitation from the 13e orbital. In the excited state, the 12e lowest Mn/CQxLF transitions, the 13e> 23a, Mn—Cl 7* —
acquires more Cl 3p character, while the Mgxdcharacter of Mn—COsx o* triplet and singlet states, have been calculated at
the 13e orbital increases. The calculated transition energies are35 034 and 35 011 cm, respectively. They have low intensity,
in reasonable agreement with the first broad band in the as was the case for the Mn/GQLF transitions, but are
experimental spectrum. The character of the first transition is photochemically very interesting since, according to the results
beyond doubt, although the different ways it has been denotedfor Mn,(CO),%P these states are expected to be strongly-Mn
may reflect genuine differences of opinion rather than being CO,, dissociative.
just a matter of semantics. In the past it has always been yngj| ca. 35 000 cm? we encounter most of the excitations

designated as a & d (d. — d2) or LF transition. This, o, of 13e into the 22a-15e set of virtuals (which have all

however, should not carry the implicatiems it sometimes  hoen calculated except the ones into 15e), but above this energy
did—of antibonding Mr-COQ.x character and therefore expected . sitions out of the 2h12e, and 21astart to play a role. At

phot:)activ(ijtyk\]/vith rt()e_splect to axial CO ]Ejli:?_solt:iatiC)lrl.s Ogr present 33077 cnrt the first transition arising out of the HOMO-1
results and the orbital composition of Pierladtal*> indicate orbital, to the®B,(2by(dk,) — 22a(0*)) triplet excited state, is

that t.h'e M.H_CI = Mn—C.I il transition, or thg Mn/Cl LF found, its singlet component being located at 34 834cfthe
transition, is a more appropriate description. This has also been

@ - eom| ; ;
suggested by McLea. It is not a Mn/CO LF transition. This A1 — By transition is forbidden). The 12e- 22a (o%)

difference in character, from what has been generally assumed excitations are very close. The intensity is surprisingly large,
X . generally as ‘and these transitions will contribute to the band around 37 000
sheds some doubt on the assumption of- MO, dissociative

_ . i
character. This point will be addressed in the next section. ﬁ:nh ,in?letzgil:ggr:zewﬁii)conltisuttgrr]r?ggn '?Liigislf S:uihnaes cT
The 22a lies about 1 eV below the other virtual orbitals, 9 y ’ 9

and excitations to those higher virtuals come at energies thatgarr:s't!o?; V:T;]Ch can acco(t;nt fgr tge strong solvatochromic
are some 8000 cm higher than the 13e~ 22g transition. enhavior” ot the corresponding band. . .

Because of the near degeneracy of the 14¢, 3tp, 8b;, 23a, The 2b () — 7bx (d-y?) Mn/CO LF transition, which may
and 15e orbitals, many excitations out of the 13e to this set of P& €xpected to be MACO.q dissociative, is calculated in this
virtuals are present between 29 000 and 35 000%cnf which region, at 38376 cmt (singlet; the triplet is at 34 749
all transitions to singlet states are allowed. The first transition €M ). This transition is forbidden.

with Mn/CO LF character, the 13e to ¥Kd,-?), occurs at The only interesting transition from the point of view of Mn
29118 cm! and 32 138 cm! for triplet and singlet, respec-  Cl bond breaking is the MACl o — o*, 21a — 224 excitation.
tively. This LF transition has the expectd low intensity, but The triplet and singlet states corresponding to this transition
this excited state is interesting in view of its probably strongly are located at 39 549 and 43 745 diprespectively. They will
Mn—COgqdissociative character. At similar energy, at 30 020 contribute to the high-energy band at 43 000 énbut other
transitions which were not calculated here, will also contribute
to this band.

(38) Wilms, M. P. Internal report; Free University: Amsterdam, 1995.
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Figure 5. Potential Energy Curves for the dissociation of axial CO in
MnCI(CO)k.
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Potential Energy Curves for Axial CO Loss. For the
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Figure 6. Orbital energies and dominant characters of the highest
occupied and lowest unoccupied MO’s at several-MD., bond
lenghts.

The lowest excited states of E symmetrizand &E, will
have 13er* — 22a o* character before the crossing point,
but change to 13e* — 23a o*' in the crossing region. Since
the 13enr* — 22g o* excitation does not affect the MACOxy
bond, we would expect the'ia and &E PECs to be bonding,
i.e., exhibit a minimum close to the equilibrium distance and
curve upward at longer distances. A barrier would then indicate
the avoided crossing to the descending PEC of the excited state
with 13e 7* — 23a o*' character, which is asymptotically
calculated to lie at much lower energy than the &3e— 22

ground and lowest excited states we have calculated PECs foro*(Mn —Cl) state (cf. Figures 5 and 6). We note, however, that

loss of the axial CO ligand. The-a&'°E curves are shown in
Figure 5. Of all the curves above théEcwe have, apart from
the “companion” €, only drawn &3B,, since these are the
only dissociative ones. Thé#, curves arountR. in fact cross

the singlet & PEC in Figure 5 has only a very weak minimum,
and the triplet & none at all. The lack of a barrier can be
understood from the very rapid lowering of the 28at") orbital

with Mn—CO, distance, which leads to very rapid descent of

many PECs of other symmetries (not shown in the figure, but e initially high-lying 13e— 23a (¢*') state. This leaves the

see the excitation energiesRtin Table 2), which, however,
all have bonding shapes similar t&3%€. That these higher
excited states (except for thé38,) do not readily lead to CO

al°E PECs hardly any room to curve upward, and apparently a
sufficiently large interaction between the states exists to make
the crossing strongly avoided and virtually suppresses any

dissociation may be judged already from the behavior of the parrier. Exactly the same situation has been observed for axial

relevant orbital energies as a function of MBO distance (see

CO dissociation in Mg(CO);0.3? Of course, the 13e~ 23a

discussion below). Their energies are too high anyway to be (o) states, which are thelE, PE states at equilibrium

populated by the UVvis excitation used in the photochemical
experiments.

geometry, cross with the lowéfE states before becoming the
lowest one. This means that 13e¢*' character shows up in

The calculated PEC for the ground state has a shallow successively lower E states before ending up in the lowest one,
minimum, which agrees well with the rather low IR frequency the & 3.
for Mn—C vibrations. The asymptotic dissociation limit lies The next higher E PECs are bonding, since no-NDDay
at 2.31 eV above the equilibrium energy, corresponding to a antibonding orbital is occupied in these states. The first
dissociation energy of 222 kJ/mol. This is near the DFT value correspond aR. to excitations to g—2 (b'3E) or 27* (c and
of 200 kJ/mol for MR(CO)0* Restricted HartreeFock d'3E). It is clear from Figure 6 that asymptotically, at large
calculations by Davy and Hall lead, as usual in the case of a Mn—CO,, distance, the first excited states above the low-lying
metal-carbonyl bond, to a much lower dissociation energy of 13e — o*' will be 13e— ¢* and 12e— ¢*'. So B-3E and
86.9 kJ/moR® When relaxation effects are included, our cl3E will asymptotically hold this character. This implies that
calculated dissociation energy drops to 176 kJ/mol and the CO’sthe electronic character of these states changes during CO
bend toward the Cl, because of the bonding overlap betweendissociation, first to 13e~ o*' character when this excitation
these fragments. No experimental dissociation energies are“on its way down” crosses these excited states, and next to their
known since thermal loss of an equatorial CO is more favorable asymptotic nature. As a consequence these PECs do not exhibit
(vide infra). such a deep well as the ground state PEC but are more shallow.
Before discussing the excited state PECs, it is instructive to The B3 states, which have 13e 7b; (de-?) character aRe
consider the orbital characters and energies in the ground statgsee Table 2), asymptotically hold the 13ec* character that
at various Mn-CQOy distances (Figure 6). The most remarkable the &% had afR.. The & 3E states become asymptotically 12e
feature in Figure 6 is the steep descent of the-\D®.y o — ¢o*' excited states. The excitation out of the 12e orbital leads
antibonding 23aorbital (it is accompanied by a rise of tle to considerable orbital relaxation, asymptotically even more so
bonding 20aorbital, not shown in the figure), whereas the other than atR.. As a result 12e virtually loses all 3d character, which
orbitals are relatively little affected. As a result the 28a") explains the small singlettriplet splitting of the asymptotic&
orbital very soon crosses the Ml o antibonding orbital 22a and ¢E curves. The avoided crossing to the 12e*' excited
(0*), already near a MaCOx, distance of 2 A. state does not make th&¥ PECs dissociative, the asymptotic
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alar Figure 8. Orbital energies and dominant characters of the highest
occupied and lowest unoccupied MO’s at several-MID,, bond
lengths.
0.0 Before discussing the nature of the excited state PECs, we
T focus on the behavior of the orbitals during the release of CO.
: 20 - ' 35 o The orbital energies at several MEOq distances are shown
AMn-COeq (A) in Figure 8 together with their predominant character. As in
Figure 7. Potential energy curves for the dissociation of equatorial the case of axial CO loss, the energy of the MO o
CO in MnCI(CO}. antibonding orbital, in this case the itz 2 orbital, decreases

very rapidly upon elongating the MrCO distance. It crosses

energy is still 0.9-1.25 eV above the energy at equilibrium the 22a Mn—Cl o* orbital at approximately 2.2 A, which

distance. The avoided crossing, however, clearly shows up incrossing will be avoided since both the &nd A symmetries

the flat behavior of the ' ®E PECs at larger distances. in C4, change to Ain the Cs point group symmetry that holds
We have drawn in Figure 5 one set of PECs for another Upon Mn—-COegq bond elongation. As a result thé BUMO

symmetry, namely, the pair of dissociative staf,and dB; changes character from MrCl ¢o* to “d,e- 2" (MN—COeq 0

states that correspond at equilibrium geometry to excitation from antibonding) after the crossing. The lowest excited states in

the second highest occupied molecular orbital to the-@h the CO-loss product will clearly be the excitations from the three

o* orbital, i.e., the 2b— 22a, d,,— Mn—Cl ¢* transition. As highest occupied orbitals to theedz LUMO, as indeed

in the case of thel@E 13e— 22a excited state, the dissociative indicated in Figure 7. Note that the 13e orbitals, which are

behavior is brought about by a change of character, again duedegenerate iiC4, symmetry, split into an'a(*dy;") and an &

to the rapid descent of the*' orbital. The &3, states  (‘dyz) orbital, assuming the leaving CO to be the one along

correspond asymptotically to thg,e~ Mn—CQuy o*' transition. thex-axis (and Cl along the-axis). For notational convenience

The @B, and 4B states mirror, at a higher energy, the behavior We denote these orbitals ag énd g, also in Figures 7 and 8,

of the 8E and &E states since they correspond to excitations but of course we should keep in mind that these-Noh d,—

out of 2by rather than 13e but are otherwise analogous. They P~ antibonding orbitals have in the ground state actually more

are very slightly bonding for the singlet state and dissociative Cl P» character, while the 12e derived pair has morefthracter

for the triplet state. We have chosen to present this behavior (nowever, considerable changes in the relative Cl and Mn

in the figure, although strictly speaking the avoided crossing contributions occur upon excitation; see above).

of these B curves with the B states arising from the lower The PECs of the lowest'Aand A’ states, arising from the

lying (at R 13e — 14e should be taken into account. The a“E states, show a similar dissociative behavior (at least the

“diabatic” a°B, PECs in the figure are, however, interesting A’ components) as the lowest E states for the dissociation of

for the photochemistry upon higher energy excitation; see below. an axial CO. The situation is indeed very similar: the
Potential Energy Curves for Equatorial CO Loss. For dissociative states arising from 13e 7by (de-y?) excitations,

equatorial CO loss excitations from the 13e HOMO to the three Which are aRRe some 8008-9000 cnt* higher than the lowest

lowest virtual orbitals at equilibrium geometry and the 2b excited states of E symmetry, rapidly cross upon-NQgq

224 transition are investigated. The PECs for the states that bond lengthening with the states located below them, and the

correspond at equilibrium geometry té3& (13e— Mn—Cl A" and A’ states resulting from the lowest E states’| rapidly

0*) and b-3E (13e— de-y) are displayed in Figure 7. The change character from 13e 22a Mn—Cl ¢* at equilibrium

set of 13e—~ CO 27* Mn,Cl — CO CT transitions (8A;, c'-3E, geometry to 13e~ de-y2 Mn—CQqq0*' character at larger Ma

dL3E, see Table 2) have been omitted from the figure. COgqdistances! The crossing is so soon that theseafd A’
Again the minimum in the ground state PEC is rather shallow States are either weakly bonding or dissociative. The difference
in accord with the low frequencies of the MiT vibrations. in behavior of the Aand A’ states is striking. The "Astates

The asymptopic dissociation limit lies at 1.43 eV, which are purely (8A’) or nearly (BA") dissociative, whereas théAd’
corresponds to a dissociation energy of 138 kJ/mol. When and &A" states still exhibit a clear bonding minimum. This
relaxation effects are included, the dissociation energy dropsdifference can be explained if one takes into account the
to 99 kJ/mol, in reasonable agreement with the experimental
value of 115 kJ/mot® Davy and Hall report a restricted (40) (&) Atwood, J. D.; Brown, T. LJ. Am. Chem. S0d.975 97, 3380.

. o (b) Atwood, J. D.; Brown, T. LJ. Am. Chem. Sod.976 98, 3155.
Hartree-Fock (RHF) dissociation energy of 77 kJ/ni8l. (c) Atwood, J. D.. Brown. T. LJ. Am. Chem. Sod976 98 3160.

(41) For reasons of clarity orbitals {&s symmetry are designated by their
(39) Angelici, R. J.; Basolo, Fl. Am. Chem. S0d.962 84, 2495. symmetry label in theC,, ground state equilibrium geometry.
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different nature of the'aand & orbitals, which form the 13e
orbitals at equilibrium geometry. Thé arbital contains, apart
from the ClI p,, the d; orbital (di,) with lobes directed toward
the leaving CO (along theaxis), whereas theé'arbital contains
the d; orbital (d;) orthogonal to this MA-CQOgq axis. If the
CO is complety dissociated, thé arbital has an interaction
with only one equatorial CO, whereas thé @rbital interacts
with two equatorial CO’s. After excitation out of the 13e orbital,
CO loss will preferably occur in such a way that at the
dissociation limit the & component of the 13e orbital is fully
occupied, while the'aorbital is singly occupied, i.e., in the'A
state. This preference is reflected in the more strongly dis-
sociative behavior of the’A’, b!A’ PECs compared to théA’,
alA" PECs. Note that this electronic structure argument would
at the one-electron level lead one to expect th€dy;’) to lie
above the a(“dy;"), but this is not the case (see Figure 8). The
breakdown of this simple one-electron picture is related to the
predominantly Cl p character of the 13e in the ground state
and the orbital relaxations accompanying ionization and excita-
tion out of this orbital mentioned earlier. Note that the 12e
derived &and & orbitals, which are the bonding combinations
of Mn 3d, with Cl 3p,, do exhibit the expected ordering (see
Figure 8).

The PECs that arise from thet¥t states show just the
opposite behavior in that now the''Astates (BA” and FA'")
are dissociative, while the 'Astates (€A’ and BFA') are
unambiguously bonding. The reason is that thestates can
asymptotically become,g— d,2_2 excited states, whereas the

Inorganic Chemistry, Vol. 36, No. 8, 19971549

1
\

3

)

1
1
1

Aq

\ o—0*

2a0+%pP

1A1

T T T T T
20 25 30 35 40
dmn-ci (A)
Figure 9. Potential energy curves for MrCl bond homolysis. The
avoided crossing between to t&@; states is not calculated accurately
and is only indicated.

role in the photochemical experiments, and axial CO dissociation
is therefore expected to be less efficient. As a matter of fact
the excitation to K, although it may be just accessible, has

A’ states cannot asymptotically become excited states to thequite low intensity (see Table 2). It may therefore be the much

descendingd-y2 orbital (cf. the orbital energy pattern in Figure
8). Note that the change of electronic character along A& b
and FA" PECs is now due to a change in the orbital out of
which the excitation takes place, namely, from the 13e
component g to the lower lying 2b(dx,). The excitation is to
the descendingl.y all along these PECs, which are dissocia-
tive but would even be more strongly dissociative had not the
13e(d,) — d— character changed to the higher excitatiog2b
(dyy) — de—2. The d, — de-y2 character descends down into
the &3A" (vide suprg. Concerning the Acomponents of the
b'3E, we note that the,d— d2_,2 character that they have at
R. has already been observed to revert to the lowest lyirg A
(aA’, b'A"). The B-3E(A’) become asymptotically 13e()
*(Mn —Cl), which excitation is asymptotically somewhat
lower than the 12e-@l,) — de-2 o*'. The corresponding PECs
have a similar bonding behaviour for equatorial CO loss as the
ground state PEC since thg e d_2 excited state from which
this PEC starts out & is not so much higher in energy than
the d,— o*(Mn —ClI) excitation that it becomes asymptotically.

Comparing the equatorial CO dissociation to the axial CO
dissociation, we note that we have, for both axial and equatorial

—

higher intensity excitation to'a,, followed by intersystem
crossing to BE and ensuing dissociation of equatorial CO, that
provides the mechanism for the increase of the quantum yield
at higher excitation energy.

Potential Energy Curves for Mn—Cl Homolysis. Since
no Mn—ClI heterolysis or homolysis is experimentally observed,
only a few PECs along the MrCl axis have been calculated.
According to the calculations the first excitéd state of Mn-
(CO)’ lies 1.86 eV above its ground stéfe.The states of
MnCI(CO) correlating with this’E state will thus not play a
role in the photochemistry of MnCI(C@)since they can only
be reached with far-UV light. Heterolysis, although feasible
in solution, is not taken into account since the energies of the
ions in the gas phase are rather high. The radicals are calculated
to be about 4 eV (i.e., about 400 kJ/mol) more stable than Mn-
(COX%™ and CI in the gas phase. Therefore only the PECs of
the 13E and1°A; states, which asymptotically correspond to
the 2A; + 2P ground states of Mn(C®@)and Ct, have been
calculated.

The lowest state that correlates with the asymptétic +
2p fragment ground states is th&; ground state. The PEC of

CO loss, dissociative states that correspond asymptotically tothis state shows that MrCI homolysis requires much more

excitations out of the 13e (xdd,;’) and the 2b(dy,) to the
descending orbitals,Ado*" in the case of axial CO andady?

o*' in the case of equatorial CO. In both cases the lowest
excited &°E states are dissociative, becoming asymptotically
13e(d, 0y — d2 o*' and 13e-a(dy,) — d—y2 0*' excited states,
respectively. The important difference is that in the case of
equatorial CO also the relatively low-lyind-fE excited states,

energy than CO dissociation, i.e., 297 kJ/mol. When relaxation
effects are included, the homolysis energy becomes 268 kJ/
mol, in excellent agreement with the experimental value of 268
kJ/mol#2

The lowest’E andlE states, corresponding to the MGI
a* — Mn—Cl o*, 13e— 22q excitation, directly correlate with
the ground state of the radicals Mn(GOand Ct. As can be

which are just accessible in the photochemical experiments, areseen from Figure 9 excitation into these states does not supply

dissociative, leading asymptotically tqyé— di-y2 o*' states,
whereas in the case of axial CO thé%h excited states are
bonding. In the case of axial CO only the higher lyingBe
states, leading tof — dz o*' states asymptotically, are

enough energy to homolytically break the M@l bond.
Therefore Ma-Cl bond homolysis cannot occur even though
the lowest excited states do correlate with the lowest states of

dissociative. These states are at too high energy to play a(42) Connor, J. AOrganometallics1982 1, 1166.
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the radicals. The absence of Ml homolysis is therefore  population of the B and BE states, most likely by population

attributed to the high thermodynamic stability of the ™al of the &A; which has high intensity, followed by intersystem

bond. crossing. The A components of b*E are dissociative for the
The 3A; state correlating with théA; + 2P ground state of  equatorial CO. The 313 nm radiation may just not be able to

the radicals corresponds from ca. 2.7 A onward to the-@h populate the higher lying aBstates, which are dissociative for

o — Mn—Cl o* 21a; — 224 transition. The orbital energies the axial CO. Even if the aBstates could be reached, release
(not shown here) show the expected behavior of, on the oneof CO from these states may have lower probability since
hand, rapid lowering of the MaCl o* 22& LUMO, which nonradiative decay to close-lying excited states is expected to
without crossings becomes asymptotically the singly occupied be rather fast because of the large density of states in this region.
ony hybrid of the Mn(COy radical, and, on the other hand, an It is therefore expected that the ratio of equatorial to axial CO
increase in energy of the MiCl o 21a, which asymptotically loss changes in favor of equatorial CO loss when the wavelength
becomes the CI3p, atomic orbital. The diminishing gap  of excitation is shortened.

between these orbitals corresponds to the dissociative character Comparison of the Photochemistry of Mrp(CO)10, MNH-

of the #A; PEC in the asymptotic tail. (CO)s, and MNnCI(CO)s. In this section we will compare the
At the equilibrium geometry the lowe®; state, arising from results from calculations of the PECs of M@0O),, by Rosaet
the 13e— 14e transition, has a lower energy than the> ¢* al.,? those of MnH(CO) by Daniel et al,?9 and the present

state and an avoided crossing between these two states will thusesults on MnCI(CQ) These can be taken as prototype for
occur. Therefore, the PEC of the 13e 14e triplet state has  respectively Mn(CQ)YM’) (M' = Mn(CO)s, Re(CO3, etc.),
also been calculated near equilibrium geometry. The barrier MNR(CO) (R = H, CHs), and MnX(CO3} (X = ClI, Br, I). All
resulting from the avoided crossing is clearly visible on thea of these molecules can be built up by combining Mn(€&nd
PEC in Figure 9. Ther — o* excitation energy has been another fragment with a singly occupied orbital. The differences
calculated at shorter distances than 2.7 A, and a sketch of thebetween the molecules must thus stem from differences in these
steeply descending — o* state is given in Figure 9, without  fragments and their interaction with Mn(C£)
however trying to map out in detail the avoided crossings  As shown above, the photochemistry of organometallic
through which thes — o* character descends (except for the  compounds is primarily determined by the relative energies of
last one). Excitation to the'B;,aA; (13e— 14e) atRe or to the occupied and virtual orbitals in the ground stael their
nearby higher excited states can only yield the radical products dependence on the geometiJhe orbital interaction diagrams
after crossing the barrier in théAy PEC. In this region, many  for the three compounds are given in Figure 2. [The orbital
states are present (not drawn in Figure 9) and internal conversionenergies for MNH(CQ)and Mr(CO)i were calculated using
toward lower states will probably be rather fast. As a the same basis set and functional as those for MnCI{Qi®)
consequence MACI bond homolysis is unlikely. It is in fact previously optimized geometrié$j The compounds MnH-
not even observed with high-energy radiation. (CO) and MnCI(CO} both have the MrH/CI o bonding
Photochemistry of MnCI(CO)s. Irradiation of MnCI(CO} orbital, with much H 1s and ClI 3pcharacter, respectively,
with low-energy light results in occupation of théEastate. The  |ocated below the occupied Mn 3d orbitals. In the case of MnH-
excited molecules can then either lose axialr(s) or equatorial (CO) the e (d) orbitals are the gy orbitals, in MnCI(CO}
(cis’) CO after overcoming only a small barrier in both directions  the e orbitals split into two sets of MrCl .z andz* orbitals.
or undergo intersystem crossing to tRE atate. From this latter  |n the case of Mp(CO)o the ordering is reversed; here the Mn
state axial and equatorial CO loss can occur without any barrier. Mn ¢ orbital is the HOMO and the e b orbitals (the e
Indeed, photochemicalis- andtransCO exchange has been  ponding and gx antibonding sets) are at lower enefgyThe
observed it3*CO exchange experimerft.It should, however,  relatively high energy of the orbital in the case of MsCO)q,
be cautioned that this does not strictly prove the occurrence of when compared to MnCI(C@)and MnH(COj}, is caused by
both primary photoprocesses, since fast rearrangements may alsgne rather high energy of the Mn(CQ)pn, hybrid, when
occur during these exchange processes. Our results do pointompared with the H 1s and Cl 3p orbitals, and by the relatively
to the occurrence of both reactions. In this respect they do notweak interaction between the,, orbitals.
substantiate the assumption that photochentiess-CO dis- In the case of MnCI(C@)and My (CO)o the Mn—L (L =
sociation is most likely for this type of complex. This ] or Mn(CO)) o* orbital is the LUMO, whereas the Mn
assumption has been generally made, and the absetre@sf  CO,, and Mn-CQg, o*' antibonding orbitals are located at
substituted photoproducts upon irradiation of metal pentacar- higher energy (we denote the MiCO. and Mn—COeq 0
bonyl halides in the presence of a Lewis base has beengntihonding orbitals, “d” and “de_,?", respectively, both as
attributed to rapid rearrangement of the apical MnCI(GO) 0*'). MnH(COY is special in that the MaH o* orbital is
primary photoproduct resulting frommans-CO loss to MnCl-  |ocated at very high energy, considerably abovedttieorbitals.
(COY. with Cl in the basal plane. This point has recently been The LUMO is in this case a CO2 orbital. The diagram
studied in detail by Pierlocgt al* and Matsubarat al® The highlights the remarkably stronger interaction of the Mn(€0)
results of these studies are relevant for the present work in thatghy hybrid with H 1s than with another Mn(C®phy.

we certainly cannot excludeans-CO loss. . The three complexes show a strikingly similar behavior with
The A" components of the 3 and BE states, which are respect to CO loss, which in all three cases occurs upon
located at higher energy, are also dissociative for equatorial COjradiation into the lowest energy band. In all cases thg,d
loss, due to crossing by the &) — 7bi(de-y?) state (see .| yMO excited state is dissociative for axial and equatétial
Figure 7), but not for axial CO (see Figure 5). The presence of - loss, but only after an (avoided) crossing of the LUMO
these states can account for the increase in quantum yield whenyiih the Mn—COay O Mn—COqq o*' orbital, respectively.
going to sh(l)rter wavelength excitation. Irradiation at 366 NM \yhether there is a small barrier or not is not important here.
(27 322 cm, 3.39 eV) results in CO loss with a quantum yield - gych a barrier may have a large influence on the quantum yield,
of 0.06, whereas irradiation at 313 nm (31 948¢n8.96 eV)
gives a quantum yield of 0.44. Irradiation at 313 nm results in (44) Danielet al. did not calculate PECs for the loss of equatorial CO.

There is, however, no reason to assume a different behavior than
(43) Berry, A.; Brown, T. L.Inorg. Chem.1972 11, 1165. MnCI(CO)s.
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but it can be overcome by several mechaniémsn the case 5. Conclusions
of Mny(CO)yo there is also the transitioo — o* at ap-
proximately the same energy (calculated at slightly lower energy
but experimentally assigned to slightly higher energy than the
Oxziyz — 0%). The o — o* excited state of Mp(CO)y is,
however, not MR-CO dissociative. Thus, we may conclude
that Mn—CO dissociation is very similar in these cases. It has
little to do with the nature of the LUMO but is caused by the
strongly Mn—CO antibonding nature of the*' orbitals. The
rapid descent upon MaCO bond lengthening of these orbitals
leads to the CO dissociation in the lowest excited state. This
feature of the electronic structure is peculiar to the Mn(£0O)
fragment, although the substituent influences the precise position
of the dissociative state with respect to the other states. . - ’ X o

tion occurring upon ligand-field excitation. In the case of

The Mn—H/Cl/Mn homolysis.shows large differencgs be- MnCI(CO)s Wrighton et al? suggested on the basis of ligand
tween these molecules, which is caused by the large influencefie|q theory that transitions to the lowest excited state would
of the substituent on the energy of_ the |mporgant orbitals. In imply occupation of a g, which would, due to antibonding with
the case of ME(CO)o, the o — o~ triplet state is part of the qyia] CO, lead directly to axial CO loss. Higher energy
lowest energy band and bond homolysis thus occurs very easily,gxitation would lead to occupation of the higher ¢t orbital
being the primary photoprocess, together with-MCO dis-  anq result in loss of an equatorial CO. This explanation directly
sociation, upon irradiation into the lowest band. In the case of 5.cqunts for the increase in quantum yield upon higher energy
MnH(CO); and MnCI(CO} the o — o™ transitions are at to0  gycitation. A similar explanation of the photochemistry was
high energy to be excited directly in the usual photochemical presented by Pierlogtt al4

experiment. At long distances ther — o%) excited state will Our calculations, however, demonstrate that the LUMO is
become much lower in energy, and asymptotically it will go 0 4t antibonding for either axial or equatorial COlhe lowest
the ground states of the radical fragments. An avoided crossinggycited state only becomes dissociatifor both axial and
will thus eventually occur with the lowesh, state, making g jatorial CO after aoided crossing with a state which is Mn
the lowest3A; PEC dissociative at long distances. However, CO dissociatie but which is at too high energy at R be
the lowesttA; state at_equi_librium geometry, corresp_onding to populated directly The high-lying states are the 13e 23a
the 13e— 14e excitation, is already considerably higher than (d2 0*') and 13e— 7by (de_, 0*') LF excited states for axial
the d.,—~ LUMO type excited state, which is responsible for 5y equatorial CO loss, respectively. The calculations show
the lowest band in the experimental spectrum. Even if irradia- ¢ the nature of the LUMO at the equilibrium geometry does
glon takes place at sufficiently high energy to populate the lowest o hrimarily determine the photochemistry of this complex.
Ay, the barrier in the lowestA; PEC, related to the avoided 16 geometry dependence of all antibonding orbitals has to be
crossing (see Figure 9), will drastically reduce the quantum yield {axen into account. This restitvhich substantiates previous
for Mn—H/CI d|ss_o.0|at.|on. _ _ ~ findings for Mny(CO)e®—implies an importantaveatfor the
These results fit in nicely with the experimental observations general practice of trying to interpret photochemical events in
that a primary photoprocess of all of these complexes is-Mn  transition metal complexes on the basis of molecular orbital
CO dissociation, with higher quantum yield for higher energy diagramsat the equilibrium geometry A very clear example
radiation due to increased MCQq dissociation. In Mg is Cr(CO), where we have recently foutfdprecisely the same
(CO)othe Mn—Mn bond homolysi® is fully competitive with situation to apply: the ligand-field excited states ardRast
Mn—CO bond dissociation upon irradiation in the lowest band high energy, but they descend so rapidly upor-CO bond
(1:1), the propensity to MARCO bond breaking increasing at  |engthening that they very soon cross the lowest excited state,
higher energy. In MnH(CQ)and MnCI(CO3 Mn—H/Clbond  which has CT character &, so that the lowest excited state
homolysis occurs much less readily. MHl bond dissociation  PEC becomes dissociative. Recent sophisticated CASSCF/
only occurs upon irradiation with high enefgyout in much CASPT2 calculations of the optical spectrum of Cr(g®y
lower yield than Mr-CO bond dissociation, whereas for MnCl-  pierloot et al4® provide support for this reassessment of the

(CO) no Mn—Cl bond homolysis has (yet) been fouhdlhe role of LF states in the photochemical metahrbony! dis-

We have considered both the photochemical-MdO dis-
sociation and Mr-L ¢ bond homolysis in the complexes Mn-
(COXL with L = CI, H, and Mn(CO3.

As for the Mn—L photolysis, which readily occurs for the
Mn—Mn bond in Mn(CQO), but not for the Mr-Cl and Mn—H
bonds in MnCI(CQOy and MnH(CO3 respectively, we have been
able to explain this behavior on the basis of the relative positions
of theo ando* orbitals in the occupied and virtual orbital level
spectra.

As for the metat-carbonyl dissociation our calculations point
to a mechanism of photochemical CO loss that differs substan-
tially from the generally accepted one, which invokes dissocia-

difference between these systems with respect to the M/ sociation process in that they show that the LF excited states
H/CI homolysis can be understood immediately from the of Cr(CO) are—contrary to the original assignment by Beach
positions of theo and o* molecular orbitals (Figure 2). and Gray®—located rather high in the spectrum, the photodis-
sociative lowest excited states having clear CT charactes. at
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