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Density functional calculations have been made
on a binuclear metal carbonyl ion Cr2(CO)6

�

found in our laser ablation–molecular beam
(LAMB) experiment. Optimized structures are
calculated for three different conformations:
T33 of D3d symmetry with three terminal car-
bonyl groups on each chromium atom,B2T22of
D2h symmetry with two bridging carbonyl
groups and two terminal carbonyl groups on
each chromium atom, and B4T11 of D4h
symmetry with four bridging carbonyl groups
and one terminal carbonyl group on each
chromium atom. The most stable conformation
is T33 which is 36.76 and 286.44 kJ molÿ1 lower
in energy than B2T22 and B4T11, respectively.
The difference of conformation exerts a signifi-
cant influence on the internuclear distance
between chromium and the carbon of terminal
CO, but hardly on the Cr–Cr bond length. For
B2T22 and B4T11, longer C–O distances for
bridging carbonyls compared with those for
terminal ones indicate effectivep*-back dona-
tion from the chromium atom to the bridging
carbonyl groups. Furthermore, the relative
abundance of Cr2(CO)n

� (n = 0–6) observed in
our previous experimental study can be ex-
plained qualitatively by comparison of the excess
energy produced in the formation of a Cr�–Cr
bond with the CO dissociation energy of
Cr2(CO)6

�.# 1998 John Wiley & Sons, Ltd.
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1 INTRODUCTION

Metal carbonyl complexes have been widely
studied both from the experimental and theoretical
points of view, since they are promising hetero-
geneous catalysts or useful reactants for chemical
vapor deposition (CVD) from the practical aspect,
and are also important as model systems in surface
and material science on the fundamental side.1

Along with this trend, a new technology named the
laser ablation–molecular beam (LAMB) method
has been developed in our laboratory to prepare a
variety of novel binuclear carbonyl complex ions
MCr(CO)n

� (M = Ti, V, Cr, Mn, Fe; n = 0–6)
which are coordinatively unsaturated. In this
method, various metal ions (M�) laser-ablated
from the metal surface are allowed to react with
Cr(CO)6 in a molecular beam injected nearby.2

Mass-spectroscopic studies with a quadrupole
mass-selection apparatus have shown strong M
dependence on the numbers of coordinated carbo-
nyl groups.

Molecular structures of these novel metal
carbonyls are very interesting. Low yields, how-
ever, prohibit their experimental determination.
Therefore, we have performed computer calcula-
tions to obtain information on the structures of
these compounds.

Recent progress in the processing capabilities of
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computerstogetherwith the well-organizedavail-
ability of quantumchemistryprograms,suchasab
initio, Xa and density functional (DF) methods,
makes possible calculations of these binuclear
complexes.It is commonknowledge,in particular,
that the DF method is superior to ab initio
calculationsin computationalexpedienceas well
as in conformity with various experimentalre-
sults.3–7 Making the bestuseof theseadvantages
the DF method has been successful for large
moleculescontainingtransitionmetals.Structures
andenergieshavebeenstudiedby theDF method,
so far, for various metal carbonyl complexes,
including largebinuclearones.4

In view of the current position, we have per-
formedDF calculationsto determinestructuresand
energiesof the binuclearmetal carbonylcomplex
ions MCr(CO)n

� (M = Ti, V, Cr, Mn, Fe; n = 0–6)
obtainedin our LAMB experiments.In this report,
DF calculations are carried out on Cr2(CO)6

�.
Furthermore,the relativeabundanceof Cr2(CO)n

�

(n = 0–6) observedin our previousexperimentsis
explainedqualitativelyby comparisonof theexcess
energyproducedin theformationof aCr�–Crbond
with the dissociation energy for CO from
Cr2(CO)6

�.

2 CALCULATION

2.1 Method

Themethodusedhereis basedon theKohn–Sham
equationsanddensityfunctionaltheory.8,9Thespin
orbitals, chargedensity and exchange-correlation
(XC) potentialareexpandedusingsetsof Cartesian
GaussianfunctionsandtheXC energyis evaluated
by numericalintegrationon a grid.

A DF programbasedon ‘deMon’, developedby

St-AmantandSalahub10,11andmodifiedby Kobay-
ashi12,13is applied.In all calculationsreportedhere,
the self-consistentequationsare solvedusing the
non-localXC potentialwith correctionto exchange
asproposedby Becke14 andto correlationfollow-
ing Perdew.15 Geometryoptimizationsare started
at the initial geometrywith the resultsof extended
Hückel molecular orbital calculations.They are
performed by a standard method (Broyden–
Fletcher–Goldfarb–Shanno) for minimizing the
norm of the LCGTO-DF gradientas reportedby
Fournier.3 The stationarypoints are characterized
by evaluating the energy secondderivatives by
finite differenceof analyticalgradients.Theorbital
basissetsappliedarethecharacterizedcontraction
pattern (63321/531*/41�) for chromium and the
pattern(5211/411)for carbonand oxygen.16 The
auxiliary basissetsusedherefor fitting thedensity
andXC potentialconsistof tens, five p andfive d
uncontractedshellsof functionsfor chromiumand
sevens, two p andtwo d for carbonandoxygen.DF
calculationswereperformedon IBM RS/6000and
SGI 4D-Indy workstations.

In the presentcalculation, three different con-
formationsof Cr2(CO)6

� ions belonging to rela-
tively high-symmetrygroupsD3d, D2h andD4h as
shownin Fig. 1 areadopted:(1) T33 of D3d sym-
metry with threeterminal carbonylgroupson two
chromium atomswith the two Cr(CO)3 moieties
mutuallyeclipsed;(2) B2T22of D2h symmetrywith
two bridging carbonyl groups and two terminal
carbonylgroupson eachchromiumatom; and (3)
B4T11 of D4h symmetry with four bridging
carbonylgroupsand one terminal carbonylgroup
on eachchromiumatom.Spin multiplicity is fixed
at doublet for eachcomplex ion in this study in
view of the finding that T33 with spin multiplicity
S= 2 (doublet) was more stable (ÿ2768.5482
hartree) than that with S= 4 (quartet)
(ÿ2768.5452hartree).

Figure 1 Threeconformationsin this studyfor Cr2(CO)6
� ions, (a) T33 with D3d symmetry,(b) B2T22with D2h symmetry,(c)

B4T11with D4h symmetry.
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2.2 Reliability of our calculation

In orderto confirmtheaccuracyof ourcalculations,
optimizedstructuresandenergiesarecalculatedin
advancefor neutral Cr(CO)6, and Cr2, both of
which are widely studied from theoretical and
experimentalaspects.Internuclear distancesbe-
tweenCr andC andbetweenC andO for Cr(CO)6
[R(Cr–C) andR(C–O), respectively],the dissocia-
tion energyof CO from Cr(CO)6 [D(Cr–CO)] and
the internucleardistancebetweenCr atomsfor Cr2
[R(Cr–Cr)]arelistedin Table1 togetherwith those
determinedin severalothertheoreticalandexperi-
mentalstudies.Accordingto ourcalculation,R(Cr–
C) is 1.889Å. This value is well consistentwith
values determined by experiment (1.914Å),17

beingby no meansinferior to thosecalculatedby
severalmethods.18–21 Against the quite excellent
result for R(Cr–C), R(C–O) by our calculationis
1.186Å, which is rather overestimated.This is
probablydueto the lack of a polarizationfunction
in the basis set applied for C and O in our
calculation. Rosa et al. calculatedR(Cr–C) and
R(C–O)of Cr(CO)6 usingseveralbasissets.21 They
havereportedthataddinga d polarizationfunction
improvedthecalculatedC–Obondlength,although
only minor differencescould be seenfor R(Cr–C)
amongthe ligand basissets.(Strictly speaking,a
slight lengthening of the bond due to the d
polarization function is observed.)Actually our
preliminarycalculationshowsthat the internuclear
distancebetweenC and O for free CO calculated
using the (5211/411)set without a d polarization
function is long (1.175Å) compared with the

experimentalvalue (1.128Å) although the value
calculatedusing the (5211/411/1)set with the d
polarization functions is considerably improved
(1.148Å). The large sizesof the subjectsof our
investigation (containing two transition-metal
atomsand six carbonylgroups)preventsus from
choosinglarger basissetswith polarizationfunc-
tions.AlthoughD(Cr–CO)obtainedby ourcalcula-
tion (183kJmolÿ1) is largerthantheexperimental
value, it is comparablewith a value obtainedby
otherDF calculationsin a self-consistentnon-local
density functional (LDA/NL) method and much
better than thoseobtainedby the Hartree–Fock–
Slater (HFS) method and DF at local density
approximation (LDA) level. R(Cr–Cr) by our
calculation (1.664Å) is in good agreementwith
that determinedby experiment.22

3 RESULTS AND DISCUSSION

3.1 Optimized structures and total
energies for T33, B2T22 and B4T11

Internuclear distancesand total energiesof the
optimizedstructurefor eachconformationarelisted
in Table 2, where R(A–B) is an internuclear
distancebetweenatomsA and B, and CT and CB
arecarbonatomsin terminalandbridgingcarbonyl
groups,respectively.Atomic populations(APs)on
eachatom, and atomic bond populations(ABPs)
betweenadjacentatoms,arelisted in Tables3 and
4, respectively.

Table 1 Structuralparametersfor Cr(CO)6 andCr2 andCO dissociationenergyof Cr(CO)6

A-Molc ADFd

Our result HFSa DMolb DGaussb LDAe LDA/NL f TZg TZDh Experimental

Cr(CO)6
R(Cr–C) (Å) 1.889 1.868 1.869 1.867 1.872 1.909 — — 1.914i

R(C–O) (Å) 1.186 1.143 1.157 1.159 1.141 1.153 1.179 1.155 1.140i

D(Cr–C) (kJ molÿ1) 183 278 — — 276 147 175.2 170.7 162i

Cr2
R(Cr–Cr) (Å) 1.664 — — — — — — — 1.68j

a Reference18. HFS,Hartree–Fock–Slater.
b Reference19. DMol, DGauss.,
c Reference20. A-Mol.,
d Reference21.
e Local densityapproximation.
f Non-localdensityfunctionalmethod.
g UsingTZ basissetin ADF program.
h UsingTZD basissetin ADF program.
i Reference17.
j Reference22.
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In our calculation,T33 with a total energyof
ÿ2768.5423hartree is the most stable structure
amongthe three.B2T22andB4T11are36.76and
286.44kJmolÿ1 higherin energythanT33; respec-
tively. The considerably high total energy for
B4T11suggeststhepresenceof only smallamounts
of Cr2(CO)6

� with this conformation.
The internuclear distances between the two

chromium atoms R(Cr–Cr) for T33, B2T22 and
B4T11are1.841,1.901and1.879Å, respectively.
Thedifferencebetweentheshortestandthelongest
onesis only 0.06Å, indicating no strong depen-
denceof R(Cr–Cr) on the coordinationpatternof
thecarbonylgroups.

On theotherhand,significantcorrelationcanbe
observedbetweenR(Cr–CT) and the coordination
patternof the carbonylgroups.An increasein the

numberof CBO from 0 (T33) via 2 (B2T22) to 4
(B4T11) results in the extensionof R(Cr–CT) to
1.930Å, 1.973Å and 2.169Å, in that order. The
differencebetweenB2T22andB4T11, in particular,
amountsto 0.196Å. As a result,while R(Cr–CT) is
0.111Å shorter than R(Cr–CB) in the case of
B2T22, it is 0.028Å longerfor B4T11. Two primary
factorsdirectingR(Cr–CT) canbeconceived.If the
CTO approachesCr along the Cr–Cr axis, strong
repulsion should arise between Cr and CTO,
resulting in extensionof R(Cr–CT). According to
our detailedanalysis,theatomicorbital population
of the singly occupiedmolecularorbital (SOMO)
for B4T11 is significantly high on the dz orbital,
indicating that the electronis indeedlocalizedon
the Cr–Cr axis. The other factor is the numberof
CBO. The correlation between the remarkable
extensionof R(Cr–CT) and the decreasein ABP
betweenchromiumatom and CT (from 0.263 for
B2T22 to 0.094 for B4T11) with an increasing
numberof CBOs indicatesthe strong interaction
betweenthe two chromium atoms and the CBO
attachedto them.This is supportedby the AP on
each chromium atom, which decreaseswith
increasingnumber of CBOs from 23.946 (T33),
via 23.934(B2T22) to 23.711(B4T11), indicating
that the electrondonatingability of the chromium
atom is enhancedby increasingthe number of
CBOs.It shouldbenotedthatthemetal–metalbond
is no longerformedin B4T11, consideringtheABP
between the chromium atoms (ÿ0.379). The
absenceof directmetal–metalbondsin a binuclear
metalcomplexis alsoreportedby Bauschlicher.23

He calculatedthe optimizedstructureof Fe2(CO)9
with D3h symmetry using an SCF wavefunction
with a large basisset to show that the bridging
carbonylgroupshold the two Fe(CO)3 fragments
togetherby s-donationinto the empty Fe–Fedp
orbitalandmetaldonationfrom thedp* orbital into
thecarbonyl2p* orbital.

3.2 Dependence of internuclear
distances of carbonyl groups (both
CBO and CTO) on the number of CBOs

Analysis of internuclear distancesof carbonyl
groups(both CBO and CTO) as a function of the
numberof CBOs is of immenseinterest.R(CT–O)
valuesfor T33, B2T22andB4T11are1.173,1.171
and 1.166Å, respectively, decreasinggradually
increasingnumberof CBOs. This meansthat s-
forward andp*-back donationbetweenchromium
andCTO occursmoreeffectivelyfor thecomplexes
with smallernumbersof CBOs.Furthermore,asfor

Table 2 Calculatedinternucleardistances,bond anglesand
totalenergiesof optimizedstructurescalculatedfor T33, B2T22
andB4T11

T33 B2T22 B4T11

Distances(Å)
R(Cr–Cr) 1.841 1.901 1.879
R(Cr–CT) 1.930 1.973 2.169
R(Cr–CB) — 2.084 2.141
R(CT–O) 1.173 1.171 1.166
R(CB–O) — 1.191 1.185

Angles(degree)
Cr-Cr-CT 106.9 — —
Cr-CT-O 178.7 175.6 180.0
CT-Cr-CT 111.9 142.4 —
Cr-CB-Cr — 54.3 52.1
Cr-CB-O — 152.8 154.0
CB-Cr-CT — — 111.6

E (hartree) ÿ2768.5423 ÿ2768.5283
ÿ2768.4332

Table 3 Atomic population (AP) on each atom for T33,
B2T22andB4T11

Cr CT CB OT OB

T33 23.946 5.878 — 7.973 —
B2T22 23.934 5.836 5.949 8.002 8.000
B4T11 23.711 5.962 5.965 7.960 7.968

Table 4 Atomic bond population (ABP) betweenadjacent
atomsfor T33, B2T22andB4T11

Cr–Cr Cr–CT Cr–CB CT–O CB–O

T33 0.083 0.253 — 0.517 —
B2T22 0.084 0.263 0.158 0.508 0.476
B4T11 ÿ0.379 0.094 0.139 0.514 0.430

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 419–426(1998)
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B2T22 and B4T11, longer internucleardistances
R(CB–O) (1.191and1.185Å for B2T22andB4T11,
respectively),comparedwith R(CT–O) (1.171and
1.166Å for B2T22 and B4T11, respectively),
suggesttheeffectives-forwardandp*-back dona-
tion betweenchromiumandCBO.

For binuclear metal carbonyl complexes, a
longer internucleardistanceof bridged CO than
thatof terminalCO is alsoshownby Ziegleret al.4

in their DF calculationof (CO)4Co–Co(CO)4 with
C2n symmetry,whereR(CB–O) (1.169Å) is 0.02Å
longerthanR(CT–O) (1.149Å) in goodagreement
with experimentalresults (1.167Å for R(CB–O)
and1.136Å for R(CT–O)). AlthoughbothR(CB–O)
and R(CT–O) for (CO)4Co–Co(CO)4 studied by
Ziegler et al. areshorterthanthosefor B2T22and
B4T11, we cannot make a direct comparison
betweenthemsincethebasissetin our calculation
is smaller than theirs with respectto polarization
functions,asmentionedin theprevioussection.

AP and ABP results listed in Tables3 and 4,
respectively,allow usto giveaqualitativeexplana-
tion for therelationshipbetweenR(CB,T–O) andthe
numberof CBOs in termsof the s-forward and/or
*-back donation.In B2T22andB4T11, largerAPs
on carbon atoms in CBO (5.949 for B2T22 and
5.965 for B4T11) than thoseon carbonatomsin
CTO (5.836 for B2T22 and 5.962 for B4T11)
indicateeffectivep*-back donation.In both cases,
B2T22andB4T11, this is supportedby comparison
of theABP in CBO with thatin CTO. ABPsin CBO
(0.430 and 0.476 for B4T11 and B2T22, respec-
tively) are smaller than thosein CTO (0.514 and
0.508,for B4T11andB2T22, respectively).This is
due to increased electron ejection from the
chromium atom into the antibonding orbital of
CBO ratherthanthat into CTO.

We can explain qualitatively the difference
betweenR(CT–O) and R(CB–O) in each B2T22
andB4T11conformationin thisanalysis.However,
more detailed analysis is necessaryin order to
clarify the differencein R(CT–O) andin R(CB–O)
betweenthe different conformations(B2T22 and
B4T11). In general, s-forward donation occurs
mainly by mixing a 5s occupiedorbital of freeCO
with an unoccupied3d/4s hybrid orbital of the
metalatom,andp*-back donationby mixing a 2p*
unoccupiedorbital of free CO with an occupied
3d/4s hybrid orbital of themetalatom,asshownin
Fig. 2. Theplanein theFigureis definedby theCr–
Cr axis and two bridging COsfor B4T11. Figures
2(a)and2(b) showtheSOMO-1level (thehighest
doublyoccupiedmolecularorbital) participatingin
*-back donationandthe SOMO-2level participat-

ing in s-forward donation between chromium
atomsandbridgingCOs,respectively.

Separation of the ABP into two portions
respectively related to s-forward and p*-back
donationgives us further insight into R(CB,T–O).
Table5 lists thechargeflowing out of thecarbonyl
group into the chromium atom by s-forward
donation(ns) andthatinto thecarbonylgroupfrom
the chromiumatomby p*-back donation(np*) for
eachconformation.Here,ns andnp* areobtainedby
separationof theAP oncarbonandoxygeninto two
portionsrelatedto s-forwarddonationandp*-back
donationandsubtractingthemfrom 10(s electrons
of free CO) and 4 (p electrons of free CO),
respectively.As for CTO, bothns (0.216,0.502and
0.516for B4T11, B2T22andT33, respectively)and
np* (0.138,0.309and0.368for B4T11, B2T22and
T33, respectively)increasewith decreasingnumber
of CBOs indicating that CBOs restrict s-forward
andp*-backdonationbetweenchromiumandCTO.
Both np* values for CBO in B2T22 and B4T11
(0.455and0.439,respectively)are larger thannp*

for CTO in every conformation,although ns for
CBO (0.443)is smallerthanthosefor CTO in T33
and B2T22. p*-Back donation contributesmore
effectively to extensionof the CO bond than s-
forward donation, becausethe 2p* unoccupied
orbitalof freeCOparticipatingin p*-backdonation
is an antibonding orbital while the 5s orbital
participating in s-forward donation is primarily
non-bonding(although the 5s orbital is, strictly
speaking,an antibonding orbital as a result of
calculation,asshownin Fig. 2, the contributionto
extension of CO bond is so small as to be
negligible).Therefore,the internucleardistanceof
carbonylgroupsis mainly governedby np*.

3.3 The ®rst Cr±CO bond
dissociation energies of T33, B2T22
and B4T11

In our previous LAMB experimentalstudieson
formation of Cr2(CO)n

�(n = 0–6),2 a peculiar

Table 5 Charge flowing out of carbonyl groups into
chromiumatomsby s-forwarddonation(ns) andinto carbonyl
groupsfrom chromium atomsby p*-back donation(np*) for
CTO andCBO in eachconformation

CTO CBO

ns np* ns np*

T33 0.516 0.368 — —
B2T22 0.502 0.309 0.506 0.455
B4T11 0.216 0.138 0.505 0.439
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feature in the relative abundanceof ions was
observedwhere the amount of Cr2(CO)5

� was
larger than for any other Cr2(CO)n

�. In order to
give an explanation for such an experimental
finding, thefirst Cr–CBO and–CTO bonddissocia-
tion energiesof T33, B2T22andB4T11in reaction
[1] areestimated.

Cr2�CO��6 ! Cr2�CO��5 � CO �1�
The results are listed in Table 6. Each bond

dissociationenergyD(Cr–CO)is calculatedby Eqn
[2], whereE[A] is thetotal energyof compoundA.
In this calculation, for simplicity, structural par-
ametersexceptfor thedistancebetweentheCr and
C of eliminatedcarbonyl groupsare fixed at the
valueslistedin Table2 withoutgeometryoptimiza-
tion for Cr2(CO)5

� anddissociatedCO. Therefore,
the effect of relaxationof Cr2(CO)5

� on stabiliza-
tion is disregarded.Every CO bond dissociation
energyis around160kJmolÿ1 exceptfor B4T11. In
particular, the value for CTO in B4T11 is quite
small (59.6kJmolÿ1) comparedto thosefor CTOs
in T33andB2T22. This small valueis, asa matter
of course,correlatedcloselywith theABP between
Cr–CT as shown in Table 4, indicating the weak
bondingbetweenthem.The CO bonddissociation
energyof eachconformationexceptfor B4T11 is
quitesimilar to thatof Cr(CO)6 calculatedby usas
well asby FanandZiegler20 with a non-localDF
method(147kJmolÿ1) and with the experimental
value(162kJmolÿ1) asshownin Table1.17

D�Cr--CO��E�Cr2�CO��5 ��E�CO�ÿE�Cr2�CO��6 �
�2�

Thereis roomfor argumenton thepoint that the
relative abundanceof Cr2(CO)5

� is greaterthan
that of Cr2(CO)6

�, although the total energy of
Cr2(CO)5

� is higher(it is moreunstable)thanthat
of Cr2(CO)6

�. Broadly speaking,the formationof
the Cr–Cr bond resultsin an energygain for the
simpleassociationreaction.(Eqn [3]).

Figure 2 Contourplot of two orbital wave functionsof (a)
the SOMO-1 level (the highest doubly occupied molecular
orbital) participatingin p*-back donationand(b) theSOMO-2
level for B4T11participatingin s-forward donationbetween
chromiumatomsandcarbonylgroups.

Table 6 Total energiesfor Cr2(CO)6
� with respectiveconformation (E[Cr2(CO)6

�], for CO (E[CO]) and for Cr2(CO)5
�

(E[Cr2(CO)5
�]) yieldedby dissociationreactionof CO from Cr2(CO)6

�, anddissociationenergiesfor the reaction[D(Cr–C)]

E[Cr2(CO)6
�] (hartree) E[CO] (hartree) E[Cr2(CO)5

�] (hartree) D(Cr–C) (kJ molÿ1)

T33 ÿ2768.5423 CTO ÿ113.2651 ÿ2655.2169 ÿ158.3
B2T22 ÿ2768.5283 CTO ÿ113.2651 ÿ2655.2011 ÿ163.0

CBO ÿ113.2646 ÿ2655.2040 ÿ156.7
B4T11 ÿ2768.4332 CTO ÿ113.2655 ÿ2655.1450 ÿ59.6

CBO ÿ113.2653 ÿ2655.1206 ÿ124.2
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Cr� � Cr(CO)6! Cr2�CO��6 �3�
For a reactionoccurring in the gas phase,the

excessenergyproducedby the reactionthat is not
taken out must remain as internal energyof the
product ion: then the total energyof the reaction
systemCr� �Cr(CO)6 remainsabovethedissocia-
tion limit. In this case, the product ion must
dissociate,releasingthe ion Cr� again, resulting
in no net reaction. However, if some CO is
eliminatedin reaction[4], somepart of the excess
energyis consumedin thescissionof COsandthe
netreactionproceeds.Whenall theexcessenergyis
consumed,theenergygainfor thereactionDE = 0,
i.e. thereactionis thermoneutral.Thenthemaxima
of thedistributionof Cr2(CO)n

�mustoccuraround
the n which satisfies such a condition. Our
calculatedresultsdescribethismechanismsuccess-
fully. Thebondenergyof Cr�–Cr calculatedin our
previousstudy24 is 146.2kJmolÿ1, almostcompar-
ablewith eachCObonddissociationenergyof T33
andB2T22. Hereit is notworthwhileto takeB4T11
into the discussionsincethe abundanceof B4T11
mustbevery low, if it is presentat all, owing to its
instability (it has a higher total energy than the
others),as mentionedabove.On the assumption
thatthestabilizedenergyfor structuraloptimization
of Cr2(CO)5

� is so small, our resultsindicatethat
the excessenergyproducedby formation of the
Cr�–Cr bond is consumedto eliminate one CO
from Cr2(CO)6

� to form Cr2(CO)5
�. Qualitatively,

theseresultsareveryconsistentwith thoseobtained
by mass-spectroscopicstudies.

Cr� � Cr(CO)6! Cr2�CO��n � �6ÿ n�CO �4�

4 CONCLUSION

Optimized structuresand energiesfor Cr2(CO)6
�

yielded by the laser ablation–molecularbeam
(LAMB) methodareobtainedby densityfunctional
calculation with non-local correction using the
exchange functional of Becke and correlation
functional of Perdew.Calculationwascarriedout
for three conformations with D3d (T33), D2h
(B2T22) andD4h (B4T11) symmetries.The differ-
enceof conformationexertsa significantinfluence
on theinternucleardistancebetweenthechromium
and carbonof the terminal CO, but hardly on the
Cr–Cr bond length. As for B2T22 and B4T11,
longerinternucleardistancesfor bridgingcarbonyl
groupscomparedwith terminal ones indicate an

effectivep*-back donationfrom chromiumto CO
in the bridged form. Furthermore,comparisonof
the excessenergy producedin formation of the
Cr�–Crbondwith theCObonddissociationenergy
of Cr2(CO)6

� allowsusto explainapeculiarfeature
in the relative abundanceof Cr2(CO)n

� (n = 0–6)
observedin our experimentalstudy.

This calculationconstitutesan initial attemptto
determinethestructuresandenergiesfor binuclear
metal carbonyl ions which are coordinativelyun-
saturated.Its verification for reliability shouldbe
entrustedto comparisonwith othercalculationsby
different methods as well as with experiments
which will bemadein thenearfuture.

DF calculationson mixed-metalcarbonyl ions
with unsaturatedcarbonyl groups MCr(CO)n

�

(M = Ti, V, Mn, Fe;n = 0–6)yieldedby theLAMB
method is under way. Some of our optimized
structuresandenergiesfor thesecomplexionswill
bedetailedin our next report.
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