J. Phys. Chem. R006,110,12501+-12511 12501
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A detailed investigation of the reaction mechanisms underlying the observed reactivity of the iron dimer
cation with respect to methane has been performed by density functional hybrid (B3LYP) and nonhybrid
(BPW91) calculations. Minima and transition states have been fully optimized and characterized along the
potential energy surfaces leading to three different exit channels for both the ground and the first excited
states of the dimer. A comparison with our previous work covering the reactivity of thenBeaomer was

made to underline similarities and differences of the reaction mechanisms. Results show that geometric
arrangements corresponding to bridged positions of the ligands with respect to iron atoms are always favored
and stabilize intermediates, transition states and products, facilitating their formation. Binding energies of
reaction products have been computed and compared with experimental measurements, and ELF analysis of
the bond has been performed to rationalize trends as a function of the structure.

Introduction In the case of iron, it is considered to be a good catalyst for

the C—H bond activation of methane, able to significantly reduce

growing interest during the past two decades, due to economicthe C_H. bor_1d activation energy. Ho_weve_r, little fundament_al
work exists in the literature concerning this process occurring

interest in methane conversion and chemistry. Significant on iron surfaces! The behavior of iron clusters with respect to
insights into the details and mechanisms of the activation process ) p

can be gained by studies of gas-phase reactions of metal ionsSmaII hydrocarbons was examined by Irion and co-workes.

The application of mass spectrometry, guided ion beam More recently, the interest in these clusters was renewed by a
, s L N
techniques, and theoretical studies have been important inWOIrk by Armentrout et E.ﬂ on the Tethane activation by Size
clarifying mechanistic aspects, developing metajand bond sellected.lron cluster cations,f*¢n = 2-15), perform_ed using
energy data, and comprehensively exploring the intrinsic proper- guided ion beam mass spectrometry. The main reactions
ties of transition-metal chemistiy?! However, bare metal observed are dehydrogenation, double dehydrogenation and

o i "
cations are oversimplified models with respect to real catalysts ?;';n'ggﬂg Oéegﬁstgf t];loérgn;e‘sci:géf ’en':a?]c d : ngn d';?}':é rove
involved in processes occurring on bulk phase surfaces. Cluster P y: Y gy cep P

may better serve to this aim because they lie between the atomics‘;gre sist;r;%edoi b%rrnte;]rg 'i?“ﬁglciizg;;ﬁ G;rl}?n%t;etirg:cgzscee);?pt

scale and that of the solid state so that they are ideally suited toAs repeatedly outline2 however, definitive conclusions con-

serve as a probe for the transition between these two forms Of(:ernin the trends and the reaction mechanisms cannot be made
matter. Moreover, they are sufficiently simple to be successfully ™ 9 o .
without complementary theoretical information on the structures

modeled by theoretical high-level calculations. For instance, the . 4 .
of the involved species. To complement the experimental

recent characterizatiéhof the intermediates structures for the bservations, density functional theory (DFT), which includes
CO dissociation on transition metal surfaces has been achievea0 . ’ Ity y ;
electronic correlation at a lower computational cost than

by a detailed investigation of the 5€-(4>-C.0) dinuclear traditional molecular orbital ab initio methods, is a logical

scandium carbonyl species, thus highlighting the interest in alternative to undertaking theoretical investigations of systems

studying the chemistry of small clusters. that require a large number of calculations, as in the present
Although more extensive work is required to prove how good case q 9 ' P

the analogy between clusters and surfaces might be, metal . . .
clusters represent simplified systems where elementary reactions | "€ €lectronic structure of iron clusters was the subject of a
can be studied in microscopic detail, as a function of cluster NUmber of theoretical studies at several levels of thédry,
composition, size and charge. In this perspective, bond activation"cluding an investigation carried out by us at the density
of small hydrocarbons by a variety of metal clusters became

Methane activation by transition metals has been a topic of

functional level for the dimer. Limited is the number, on the

the subject of several experimental wofRsC the attention contrary, of the works that deal with a detailed theoretical

being mainly focused on the large variation of reactivity with analysis of the interaction and activat_ion_ of smgll molecules by
the cluster size. the same cluster$-52 Such an analysis, in particular, was not

performed until now for the activation of methane. Our previous
* Address correspondence to this author. Te89-0984-492048. Fax: ~ WOrk on the insertion of bare metal cations into the bonds of
+39-0984-492044. E-mail: siciliae@unical.it. prototypical molecules already covers the theoretical study of
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the methane activation by the Feation!® Therefore, we have
chosen to extend this study to ggictivation occurring on small

Chiodo et al.

TABLE 1: Exponents and Contraction Coefficients Relative
to the BPW91 Optimized DZVP Basis Set

iron cationic clustersn(= 1—4). In the current paper we report

contraction

our results for the dimer, which is the smallest of the clusters subset exponents coefficients

made and proved experimentally and is the more amenable to s 61430.2300000000 0.0017600000
be theoretically treated. Hence, it can be considered some kind 9222.1760000000 0.0134100000
of benchmark system from which to start the investigation of 2097.5970000000 0.0666400000
the reactivity patterns of larger clusters. The reactivity of the ?gi-gggggggggg 8-2228388888
trimer and tetramer is z_;lctua!ly under investigation. The elec- 65.8263200000 0.3602900000

tronic structure of the dimer is also reexamined in light of the s 128.7407000000 —0.1090400000
use of a newly developed basis set of doublguality. 14.7181300000 0.6471100000
5.9507540000 0.4614800000

; ; S 10.8598800000 —0.2450600000
Computational Details 1.7194470000 0.7638300000
Geometry optimizations as well as frequency calculations for 0.6664531000 0.3830400000

all the reactants, intermediates, products and transition states s 0.9754761000 —0.1722700000
f d he d ity f - [l | of th A 0.1231143000 0.6612500000
were performed at the density functional level of theory. An s 0.0448795000 1.0000000000
intensive work has recently been carried out to test the reliability p 780.6203000000 0.0091100000
of the available DF exchangeorrelation functionals in repro- 184.0062000000 0.0675800000
ducing the properties of transition metals containing sysbéni. 58.0844700000 0.2576400000
A definitive conclusion, at least about the possibility to choose 20.7597900000 0.5046000000
betweerhybrid andnonhybridDFT, is far from being reached 7.5934510000 0.3385300000
yb y ' being : p 4.0279170000 0.3515500000
Therefore, in the present work both Becke’s three-parameter 1.5264700000 0.6108000000
hybrid functionat® combined with the Lee, Yang and Parr 0.5573702000 0.2413100000
(LYP)®° correlation functional, denoted as B3LYP, and the p 0.1210000000 1.0000000000
d 23.9293200000 0.0619000000

BPW91 exchange-correlation functional, which is composed of
Becke's exchangé and PerdewWang’s correlatiorf? were

6.3999010000

0.2696100000

) . 1.9317420000 0.4892400000
used. Previous experience of our groups shows that the BSLYP 0.5115279000 0.4553300000
functional associated with the use of the D2¥Basis set is a d 0.0900000000 1.0000000000

reasonable choice, conjugating accuracy of the results with low
computational cost, to treat first-row transition metal containing to these levels of computation as B3LYP/DZyfand BPW91/
systems. On the other hand, previous computations performedDzVP,,, emphasizing the role of the basis set used for the metal.
for bare iron clustef§ concluded that the performance of the  Several initial structures have been optimized for each step
BPW91 functional is superior to that of B3LYP functional for  of the reaction to take into account different ways of coordina-
systems containing metaimetal bonds. Moreover, as is already  tion. Because the spin state of the complexes under investigation
well-known, one of the drawbacks of density functional ap- is experimentally unknown, the optimization of each complex
proaches is the incorrect prediction of the energy ordering of was carried out for several multipliciies and the possible
the states of atoms and cations. This just occurs in the case ofoccurrence of spin crossing between surfaces of different
the Fe cation for which the grouneD(3cPs!) state is put above  multiplicity was examined’
the “F(3d) excited state. The requirement to obtain a correct  For all the studied species we have check&dlvalues to
reference energy for the ground state of first-row transition metal assess whether spin contamination can influence the quality of
cations prompted us to introduce new basis sets, which improvesthe results. In all cases we have found that the calculated values
the description of the ground and low lying excited states, differ from S+ 1) by less that 10%.
optimized at both B3LYP and BPW91 levels. More details To locate stationary points on the PES, no symmetry and
concerning the optimization procedure that, starting from the geometry restrictions were imposed during geometry optimiza-
traditional DZVP? basis sets, optimized for local functionals, tion. Vibrational analysis was performed in the harmonic
gives the new ones can be found elsewl%¢rEnhe exponents  approximation for each optimized stationary point to determine
and contraction coefficients for the B3LYP optimized basis set its character (minimum or saddle point) and to evaluate the zero-
can be found in the same ref 64, and those for the newly point vibrational energy (ZPVE) corrections, which are included
optimized basis set for the BPW91functional are reported in in all relative energies, thermal energy corrections and entropy
Table 1. contributions. For transition states it was carefully checked that
At the B3LYP level and with the corresponding optimized the vibrational mode associated to the imaginary frequency
DZVP basis set, the correct ground state of the iron cation is corresponds to the correct movement of involved atoms.
predicted. However, with respect to the value of 5.76 kcal/mol  The counterpoise corrections have been calculated to correct
of the experimental g&pbetween théD (4s3d) ground state  binding energies (BE) for basis set superposition error (BSSE).
of the iron cation and the/F (3d') first excited one, an The introduced corrections for some of the considered com-
overestimated value of 12.40 kcal/mol is obtained. A more plexes change significantly the noncorrected values.
stringent agreement is obtained using the BPW91 functional  All the calculations reported in the present work have been
along with the corresponding optimized basis set as the valuecarried out with the GAUSSIAN98/DFTcode.
of the gap is 3.37 kcal/mol. A topological description of the electron density of some
Optimized DZVP basis sets for iron, from now on indicated product fragments has been carried out to characterize the
as DZVRy, and the traditional TZV# ones for the other atoms ~ bonding. In particular, we have used the topological analysis
were used to locate minima and transition states relevant for of the chemical bond proposed by Silvi and Saimhich relies
the examined processes and to build up the correspondingupon the gradient field analysis of the electron localization
potential energy surfaces. For the sake of clarity we will refer function (ELF) of Becke and EdgecombeELF calculations
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TABLE 2: Electronic State, Valence Electronic Configuration, Bond Length, in A, Vibrational Frequency, in cm?, and
Relative Energy, in kcal/mol, at the B3LYP/DZVP,,; and BPW91/DZVP,; Levels of Theory of a Number of Selected Electronic
States of Fg™

B3LYP BPW91

state configuration Re We AE Re We AE

siot (3dug)? (3dmy)? (3dog)? (3ddy*) 2 (3drg*) 2 (3do*) A(4sug) (450 *) * 2.987 134 0.00 2.953 139 53.6
>i0t (3dog)* (3dmy)* (3ddg)? (3d0*) 2 (3drg*) ? (3doy*) H4sug) (45w *) 2.443 224 155 2.399 224 24.2
109Ag (3dog)? (3dy)? (3ddg)® (3dd*) 2 (3drg*) ? (3doy*) Y(4sug)2(4s0*) ! 2.731 174 26.6 2.759 166 46.5
>io- (3dug)* (3dmy)? (3dog)* (3ddy*) 2 (3drg*) 2 (3doy*) H(Asug) (40 ™) * 2.808 168 415 2.853 135 44.1
z%* (3dog)? (3dmy)* (3ddg)? (3d0*) 2 (3dhtg*) ? (3do*) ! (4sug)? 2.093 382 1.6 2.110 363 17
8Ay (3dog)* (3dmy)* (3ddg)°® (3d0*) 2 (3dhrg*)? (3doy*) ! (4sug)? 2.233 313 9.6 2.212 304 0.0
8Ag (3dog)! (3dmy)* (3ddg)? (3d0*) 2 (3drg*)? (3do*) ! (4sug)? 2.321 293 18.9 2.304 284 8.3
=8 (3dog)? (3dry)? (3ddg)* (3d0*) ? (3drg*) 2 (3doy*) * (4s0g)? 2.407 256 34.1 2.445 239 27.4
5Ay (3dug)* (3dmy)* (3ddg)® (3dd,*) ? (3drg*) 2 (3do*)  (450g)? 2.232 308 51.0 2.212 301 35.3
=5 (3dog)* (3dmy)* (3ddg)? (3d0*) 2 (3dhtg*)* (3doy*) ! (4sug)* 2.633 199 51.6 2.590 212 66.2
Aq (3dug)? (3dmy)* (3dog)? (3ddy*) 2 (3drg*) 2 (450g)? 1.924 3484 53.9 1.959 440 25.0
=6~ (3dog)! (3dmy)* (3ddg)* (3d0*) 2 (3dhtg*)? (3do*) ! (4sug)* 2.215 312 87.9 2.245 290 59.5

have been carried out with the TopMod package developed atmol from the ground state and more stable by only 0.8 kcal/
the Laboratoire de Chimie Theque de I'UniversitePierre et mol than the lowest sextéf\q state.
Marie Curie’?"3|sosurfaces have been visualized with MOLE-  Activation of Methane C—H Bond by Fe*. Before discuss-

KEL visualization packagé* ing the results for the reaction under investigation, we review
those previously obtained for the state-specific reaction of iron
Results and Discussion cation with methané! On the basis of experimental d&tas

three reaction channels were investigated: dehydrogenation,

Structure of Iron Dimer. As it was extensively discussed  which is the most thermodynamically favored process, and
in our previous paper on this subjé€tthe description of the  elimination of H and CH fragments to obtain FeGf and
electronic structure of the neutral and charged dimers of the FeHt, respectively. Formation of these latter reaction products
middle first-row transition metals is particularly challenging. pecomes accessible at higher energies. The proposed mechanism
This d|ff|CU|ty is USUa”y attributed to thﬂseudd’]alf-ﬂ”ed 3d involves formation of an initial ioamolecule Comp|eX, FeQii,
shells of the constituent atoms and is clearly reflected by the more stable in a quartet ground state. Due to the change of
uncertainty of a definitive designation of their ground states. muyltiplicity with respect to the reactants, in this region the
Actual results for energy, bond length and vibrational frequency ynique spin crossing between surfaces of different multiplicities
of a number of selected electronic state of;F@btained occurs, after which the reaction proceeds, conserving the spin.
employing the newly optimized DZV{3: basis sets for the  The binding energy of the complex Fe@Hwith respect to the
B3LYP and BPW91 functionals are collected in Table 2. Two sextet ground state of the cation is evaluated to be 10.9 kcal/
levels of theory were employed in our previous work, that is mol, in very good agreement with the measured value of
optimization at B3LYP/TZVR-G(3df,2p}* and single point  13.74+-0.8 kcal/mol’” The first adduct, through the migration
calculations at CCSD(T)/TZVAPG(3df,2p)//B3LYP/TZVP+G- of a hydrogen atom from carbon to the metal, yields the insertion
(3df,2p) levels of theory. Both approaches agree at predicting intermediate, HFe"—CHs, whose formation is the key step
decaplets, octets and sextets as the most stable states, wheregg the whole process. This intermediate is situated at 4.3 kcal/
quartets and doublets states are found to lie more than 4.0 eVmg| above the sextet reactant asymptote, and the transition state
higher in energy. However, the CCSD(T)/TZ¥®B(3df,2p)//  to obtain it is only 5.3 kcal/mol higher in energy than the
B3LYP/TZVP+G(3df,2p) level of theory suggests that the djssociation limit. Formation of the last intermediate along the
310 state is the most stable one, with the st&}é lying only PES for the hydrogen elimination, ;HFeCH*, requires
3.2 kcal/mol higher in energy. On the other hand, B3LYP/ overcoming a very high energy barrier, in excess of 40.7 kcal/
TZVP+G(3df,2p) predicts th@ﬁ+ as the ground state of Fe mol with respect to the entrance channel, corresponding to a
and places théé“ state 53.0 kcal/mol higher. The closest tight four-center transition state. From the molecular hydrogen
decaplet state, in this case, is predicted to bexi{{é that lies complex, by loss of K products are directly formed. The
16.6 kcal/mol above. In the already cited ref®V, is identified calculated value of the endothermicity of this process is 30 kcal/
as the ground state of the iron dimer cation at the BPW91/ mol, in excellent agreement with the value of 291 1.2
6-311HG* level of theory. SextefAq and A, excited states  experimentally predicted. A simple bond breaking generates
lie about 29 kcal/mol above and the first decalft excited ~ the other two ionic products, FeGHand FeH, directly from
state is predicted to be only by 1.4 kcal/mol less stable than the insertion intermediate and with endothermicities of 44.5 and
sextet states. Using the DZVP basis sets newly optimized for 47.6 kcal/mol, respectively. These values compare fairly well
the B3LYP and BPW91 functionals, the energy ordering of the With the experimentally reported oné&sthat is, 49.8 and 55.6
states changes significantly and the identification of the ground kcal/mol, respectively. In Figure 1 are sketched the reaction
state is not unique. At the hybrid B3LYP level the ground state Paths for the sextet and quartet states of iron cation.
corresponds to the most stable decafiit’ state, separated ~_ Activation of Methane C—H Bond by Fe;". Experimental
by only 1.6 kcal/mol from the exciteB®" state. All the sextet ~ Studies®of the reactivity of cationic iron dimer toward methane
states are significantly higher in energy and the most stable S1OW that, among the reactions that occur without iron atom
sextet®A,, is situated 51.10 kcal/mol above the assigned ground 105S: the dominant process at all energies is the hydride
state. According to previous BPW91 computations, at this level formation:
of theory the®A, is identified as the ground state. The closest N N
decaplet excited state B°*, whcih is separated by 24.2 kcal/ Fe,” + CH,—~FeH" + CH;,
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Figure 1. B3LYP/DZVP,y potential energy surfaces for the reaction of sextet and quartet states wofitheCH.. Energies are in kcal/mol and
relative to the ground-state reactants.

Also dehydrogenation is a process occurring at fairly low following steps. At the BPW91 level the octet complex is
energies: stabilized by 10.1 kcal/mol with respect to the octet asymptote,
whereas the sextet lies 12.1 kcal/mol above the reactants’
Fe,”+ CH,—~ Fe,CH," +H, dissociation limit. The next step of the reaction is the insertion
of the dimer into the €H bond through a transition state TS1
Unlike the monomer, the formation of Fe-CHs corresponding to a hydrogen shift from carbon to iron. The
structures of the first order saddle point at both the considered
Fez+ + CH,— FeZCH3+ +H levels of the theory and for both octet and sextet multiplicities
are very similar, and the normal mode associated with the
is not experimentally observed. We investigated the paths imaginary frequency corresponds to the correct motion, namely
corresponding to the three multiplicities mentioned above: C—H stretch and simultaneous rotation of the{rboup around
decaplet, octet and sextet, and the BPW91/Dg\dhd B3LYP/ the iron atom. Indeed, in the geometrical arrangement adopted
DZVP, calculated potential energy surfaces are sketched in by the insertion intermediate, H-e,"—CHs(2), both the
Figures 2 and 3, respectively. Corresponding geometrical hydrogen atom and the methyl group occupy bridged positions
parameters of octet stationary points are reported in Figure 4.between the iron atoms and lie in opposite planes. The B3LYP
Decaplet structures are always higher in energy and are not takerpctet TS1 is characterized by an imaginary frequency of 156i
into account in drawing PESs. This means that if the decaplet cm ! and a barrier height of 5.1 kcal/mol above the dissociation
is assumed to be the ground state of the dimer at B3LYP level, limit of the reactants. The barrier height is 10.9 kcal/mol at
the octet excited state is much more reactive for formation of BPW91, and the value of the imaginary frequency is 669itm
products. The stabilization energy of the ground-state- Fe™—CHz(2)

At a first sight, from the sketch of the PESs reported in intermediate, measured from the reactants’ ground state, is 13.2
Figures 2 and 3, it appears that the key steps of the process ar@nd 13.8 kcal/mol at the BPW91 and B3LYP levels, respec-
the same along the B3LYP/DZ\{Rand BPW91/DZVR, paths tively. The next step, along the path that leads to molecular
even if some differences exist. In analogy with the mechanism hydrogen elimination, consists of another hydrogen transfer from
of the activation reaction of methane by the monomer, again the methyl group to obtain the next intermediate and the driving
the reaction of F& involves oxidative addition to form the  force for this hydrogen transfer appears to be just the formation
H—Fe"—CHjs intermediate. To accomplish this, the first step of molecular hydrogen by a five-centered transition state. In
of the reaction is the exothermic formation of the ion molecule this region of the calculated PESs the B3LYP and BPW91
complex Fe"(CH,). From an accurate scan of all the possible results differ to a certain extent. Indeed, at the B3LYP level
approaching ways of methane to the dimer, it was concluded the intermediate b+Fe,*—CH,, which represents the direct
that the most stable complex, along the octet PES at both theprecursor to molecular hydrogen elimination, is more stable in
hybrid B3LYP and nonhybrid BPW91 levels of theory, has a an octet state and its formation is exothermic by 5.2 kcal/mol.
tridentate structure with the practically undistorted methane The calculated imaginary frequency for the corresponding
molecule interacting with only one iron atom. The two transition state, more stable in an octet spin state, is 1417t cm
considered levels of theory, on the contrary, predict different and is mainly associated with the displacement of the hydrogen
arrangements for the sextet, that is a tridentate structure foratom from the carbon that is changing its hybridation. The
BPW91 and a bidentate one for the B3LYP functional. Along calculated barrier height associated with this process is 22.8
the calculated B3LYP path the iemmolecule is stabilized by  kcal/mol in excess of the endothermicity of products formation
9.4 kcal/mol with respect to the decaplet asymptote, whereasand is well comparable to that experimentally estimated (25.4
the sextet formation is only endothermic by 5.7 kcal/mol. As + 5.3 kcal/mol). Along the BPW91 path the five-centered
in going from the reactants’ asymptote to the firstionolecule transition state for the second hydrogen shift is more stable in
intermediate, the spin multiplicity changes from decaplet to the low spin sextet state and also thge{fe,*—CH, intermedi-
octet. In this region of the computed B3LYP PES, the unique ate has a sextet ground state. The spin is not conserved along
spin crossing occurs, and the spin is conserved during thethe path and a surface crossing is likely to occur in this region
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Figure 2. Potential energy surfaces for the reaction of decaplet, octet and sextet states cédtite with CH, at the BPW91/DZVE, level for
(a) dihydrogen and (b) CHand H eliminations. Energies are in kcal/mol and relative to the ground-state reactants.

of the PES. An imaginary frequency of 1287i chtharacterizes

group does not occur directly from the-+Fe,"—CHj interme-

the corresponding sextet transition state that lies 10.3 kcal/mol diate. Further formation is required of a less stableRg,™—

above the F&€H,™ + H; products asymptote. Although the

CHs(1) isomer characterized by the methyl group that occupies

calculated value in this case is lower than the experimentally a terminal position. This complex is obtained by surmounting
estimated energy barrier, this step of the reaction is hamperedan energy barrier that corresponds to the transition state, TS3,
by the spin crossing between surfaces of different multiplicities. for the displacement of the methyl group from a bridged to a
As can be realized from geometrical parameters in Figure 4, atterminal position. Along the B3LYP PES, the-Hfe,*—CHs-

both hybrid and nonhybrid levels, the hydrogen molecule is (1) isomer, which is less stable by only 6.0 kcal/mol than the
practically formed at this point and an electrostatic interaction global H-Fe,*—CHs; minimum, is obtained, overcoming an

holds together the molecule and the@#,* ion. At the BPW91

energy barrier situated 3.8 kcal/mol below the reactants’

level the sextet state of this intermediate is only slightly more dissociation limit. At the BPW9L1 level in going from the global
stable, by 1.4 kcal/mol, than the corresponding octet one. Fromminimum to the next HFe™—CHjs(1) isomer the energy
the b—Fe;"—CH; intermediate the reaction proceeds to yield decreases by 6.8 kcal/mol and the TS3 transition state, situated
H. loss in a barrierless way with the dehydrogenation products 5.3 kcal/mol below the reactants’ asymptote, is formed. Once
situated 0.5 and 7.9 kcal/mol above the reactants’ asymptote athe H-Fe,"—CHs(1) intermediate is formed, the major ionic

the B3LYP and BPW9L1 levels, respectively.
On the basis of the observed competition between the-Fe
CH, and Fe"—H products channels, it was hypothesiZatiat

product at higher energies, fe-H, can be obtained by
barrierless breaking of the F€ bond to eliminate an intact
methyl group. The process is predicted to be endothermic with

these products share a common intermediate. Our results agreeespect to the entrance channel by 44.3 and 38.7 kcal/mol at

only partially with this hypothesis as the elimination of the{CH

the B3LYP and BPWO9L levels, respectively. As a consequence,
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Figure 3. Potential energy surfaces for the reaction of decaplet, octet and sextet state$ cétiem with CH, at the B3LYP/DZVR; level for
(a) dihydrogen and (b) CHand H eliminations. Energies are in kcal/mol and relative to the ground-state reactants.

with respect to the situation described for the monomer, the CHs(2) global minimum by about 8 kcal/mol at the BPW91/
hydride channel appears to be not dominant because also inDZVPq level, whereas an energy difference of only 2.4 kcal/
this case the thermodynamically favored dehydrogenation mol separates the two isomers at the B3LYP/Dg)/evel.
reaction requires a rearrangement over a tight transition state,Again, the BPW91 and B3LYP results differe in describing this
but the corresponding calculated barrier height is significantly region of the PES. To obtain the-Hre,"™—CH3(3) intermediate
lower. along the B3LYP path, it is necessary to overcome a very low
As previously outlined, formation of the Fe-CHjs product energy barrier, corresponding to the transition state for the
is not experimentally observed Jikely due to lack of enough displacement of the hydrogen atom from the bridged to the
experimental sensitivity combined with angular momentum terminal position, situated 10.8 kcal/mol below the dissociation
conservation considerations. Here are reported the resultslimit. Therefore, these results suggest that no mechanistic reason
concerning the numerous attempts that we have performed tohampers the formation of an f#&Hs*™ product. At the BPW91
find a possible explanation of this behavior. Analogously to what level the fact that in the HFe;"—CHs(3) complex the hydrogen
happens for the elimination of the methyl fragment, detachment occupies an out-of-plane position has important consequences
of a hydrogen atom does not occur by a simple breaking of the (see Figure 4). Along the octet surface tbesymmetry of the
Fe—H bond in the H-Fe;t—CHjz(2) intermediate in which the  transition state is not preserved in the intermediateFHe,™—
hydrogen atom occupies a bridged position. The reaction, indeed,CHs(3), which hasC; symmetry. Because the IRC cannot lose
involves formation of another hydridemethyl H—-Fe,™—CHs- a spatial symmetry while descending from a transition state
(3) complex, whose structure is characterized by the methyl toward minima along the PES,@lley-ridge inflection point
group in a bridged position and the hydrogen atom in a terminal (VRI)7® exists on theCs-conserved IRC. The TS4 transition state
one. This last intermediate is less stable than theFey™— and the minimum H-Fe™—CHj(3), therefore, are not directly
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connected, and the terminus of the IRC is another first-order TABLE 3. B3LYP/DZVP o and BPW91/DZVP,, Binding
saddle point (indicated in Figure 2 as and lying 3.8 kcal/ cE:n?rglletS é:or_rtﬁcged for tBtSStE (%eport?dt in zaée?“t]eses),
i i o alculated with Respect to the Decaplet and Octet,
mlollbelow the reactants dISfSOCI.atlon. limit) thaF connects two Respectively, Ground States of the Iron Dimer Cation, for
minima that are each other’s mirror images with lower sym- the Fe,CH4", Fe,CH,*, Fe,CH*, Fe,C* and FeH*

metry. Direct coupling of two transition states related to the Complexes with Ligands in Bridged and Terminal Positions

bifurcation of trajectories has been widely obserVednd the species B3LYP/DZVEx BPWOL exp
present system provides a further example of such a behavior, -
which is more common than is generally appreciated. Unfor- Egg:ﬁi ((;ﬁ)) gr'?n?rfgl jg'é ((gg)) ﬁ'g ((gé)) 43b3.7
tunately, any attempt to locate the octet TS4 transition states Fe,CH,* (°A) bridged 100.0 (3.6)  93.1(5.1)
was unsuccessful, despite the numerous strategies employedFe:CH," (A) terminal 83.1(3.0) 56.2(2.8) (3 78.2+4.2
and for this reason, it is not possible to exactly establish whether 9355_(1(6-2(1)6
it lies above or below the reactants’ dissociation limit. From (bridged®A)
the outlined situation it appears that at BPW91 the elimination Fe,CH* (A) bridged 110.3 (4.3) 114.9 (5.4) 70413.0
of a hydrogen atom is more inhibited with respect to the FeCH"(A")terminal 83.1(3.9) 782(4.3) (M (76.6+4.6)
elimination of a methyl group, even if the obtained energetic F&C’ CA") bridged 97.7(7.6)  115.0(4.9) 95:26.9
profile does not determine that the JE#st product is not Fe.C™ CA) terminal 613(3.2) 1‘11;'3 ggg B (15+83)
formed at all. (bridged®A")
i i ; FeH* ("A") bridged 49.2 (2.4 56.8 (1.2 3584.6
Finally, from the H-Fey*-CHs(3) intermediate the LEHs* F2H+E9A”g bridged s ((1.05 208 ((1_3;

+ H products formation takes place through barrierless cleavage
of the metal-hydrogen bond. The reaction products are situated  *Experimental values are also reported for comparison. All the values
at about 43 kcal/mol, at both levels, above the entrance channef'® in kcal/mol” Reference 28.

and their formation is endothermic as the elimination of the
methyl fragment. It is worth noting that if in the Hre;"—
CHa3(3) intermediate a possible break of the—fe bond is

accounted for, at B3LYP level formation of FE€H; and
Fe"—H products becomes competitive, as shown in Figure 3, by us at BS!_YP/ DZVB‘“ and BPW91(DZVI8pt_IgveIs of theory
for ligands in both bridged and terminal positions are collected

zvgré rl?:e?l;ar(r:ltotl? a hydrogen atom elimination (34.3 kcal/mol vs in Table 3 along with corresponding experimental measure-

. . i . . ments. Geometrical parameters for the same species are reported
As observed in other situatiod%the behavior of the dimer in Figure 5. P P P
parallels to some extent that of the monomer along the paths  £or gach of the considered species both the possible bridging

for the reactions leading to molecular hydrogen and; @hd and terminal bindings have been considered and, as can be
H fragments elimination. No matter the employed level of jycarreq from data in Table 3, in almost all cases the bridged
theory, the activation process involves the exothermic formation position for the ligands is the most stable one, except for the
at the entrance channel of an iemolecule complex followed ¢y jigand that prefers, at the B3LYP level, a terminal position.
by the first shift of a hydrogen atom from carbon to iron. This  1he enhancement of stabilization of the bridged geometrical
step is associated with a transition state characterized by aNarrangement, due to the presence of two metal atoms that can
energy barrier that exceeds the energy of the reactants’ dis-torm honds toward the fragments, changes the trends of the
sociation limit. A second hydrogen shift through a tight transition binding energies that can be expected on the basis of the number
state, lying above the energy of the entrance channel, leads oyt honds that can be formed by the ligand in a terminal position.
the formation of dehydrogena_tlon pro_ducts. The main difference Binding energies, corrected for BSSE, calculated by us for the
between the PESs for the dimer with respect to those of the st stable structures are in all cases higher than the experi-
monomer is the stabilization of dehydrogenation products, of mentally reported values. It is worth noting that at the B3LYP
the intermediates and transition states localized along the PESsjge| the agreement is excellent for the bridg®4) (Fe,CHs*
This means that in contrast to the monomer the intermediatesgng the terminal 9"") FeH* fragments and fairly good for
and products are thermodynamically accessible with respect toihe terminal %A) Fe,CH,™ fragment, which, however, in all
the ground-state reactants. This is the result of the stability of ¢ases do not coincide with the most stable structures. The use
bridging structures Wher_e both metals are bou_nd to a methaneys the B3LYP/DZVR,, protocol leads to binding energy for
fragment. Moreover, the increased stability of bridged structures the pridged methylene cluster cation comparable to that for the
of intermediates acts in such away that eliminations of th@ CH bridged diatomic iron carbide, and the CH fragment appears to
group and H atom do not occur directly by bond breaking of pe the most strongly bonded to the dimer cation. In agreement
the intermediate that is shared also with the dehydrogenationyyith experimental observations the bond energy of the€Re+
process. It has been suggegetiat such bridging interactions fragment exceeds that of F&" of an amount comparable to a
might increase the reactivity of transition metal dimers relative ; metal-carbon bond (about 40 kcal/mol) for the terminal and
to that of monomers by lowering transition-state energies. The pridged structures, although the difference is larger when the
present results for & show that indeed the transition state bridged species are considered. In the same way, the bond
for the rate-determining step of the dehydrogenation reaction energies calculated for the most stable structures of the" FeH
is significantly stabilized with respect to the analogous one for gand FeCcH* fragments, as expected, are comparable. As far as
Fhe reaction of the monomer due to the involvement of both the BPW91/DZVBpt protoco| is Concerned’ the obtained trend
Iron atoms. gives the C and CH fragments as the most strongly bound to
Bond Energies and ELF Analysis of the Bond.Values the dimer cation, 118.0 and 114.9 kcal/mol, respectively, being
provided by Armentrout et al. represent the first experimental the bond energies for the most stable bridged species. Also in
thermodynamic information on the bond energies for iron dimer this case the bond trends follow the expected behavior and in
cation bound to H, C, CH, CHand CH; species?® To the best one case, that is for the bridged structure of the F¢CH
of our knowledge no previous high level theoretical work fragment, which correspond to the most stable structure, there

concerning bond strength and geometrical structure of such
cations exists in the literature that can help to rationalize trends
in binding energy as a function of the structure. Values obtained
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Figure 4. Geometrical parameters of the most stable B3LYP/DgVP ) ) i
(in bold) and BPW91/DZVR (in brackets) structures of intermediates ~ Figure 5. Geometrical parameters of B3LYP/DZ\(in bold) and

(1.653)

and transition states involved in the methane activation by feyield BPWOI1/DZVRy (in brackets) bridged and terminal complexes-Fe
molecular hydrogen, CHand H elimination. Bond lengths are in ~ CHs*, F&CH,", FeCH", FeC" and FeH*. For each structure is
angstroms and angles in degrees. reported the label for the electronic state. Additional parameters are

. reported in square brackets when there is not coincidence between the
is a good agreement between the calculated and measuredound states of the structure at the considered levels of theory. Bond
values, considering the range of the experimental error. lengths are in angstroms and angles in degrees.

We have also analyzed the characteristics of the bonding of
the different product fragments at both the BPW91 and B3LYP population is slightly depleted (lower that 2 electrons). The
level by using the topological analysis of the ELF function. Our presence of a disynapt\(Fe;,Fe) basin with a population of
BPW91 results indicate that in all cases the bridged structures2.39 e for FeCHz™ and 2.18 e for R4, indicates that the
are the most stable conformers. Therefore, the bonding corre-Fe—Fe bond can be described as a single covalent bond.
sponding to these structures for each fragment is described and The next fragment, as increasing values of binding energies
in Figure 6 are shown the electron localization domains are considered, is FEH,", which shows an important increase
corresponding to all the examined fragments for the lowest- of the binding energy, namely, 93.5 kcal/m&AJ at the BPW91
energy spin-state species. The lowest binding energies are thoséevel. The characteristics of the bonding are quite different from
of the FeCHs" (48.2 kcal/mol) and Fg¢i™ (56.8 kcal/mol) those for the previously described structures. Indeed, in this case
fragments. The analysis of the ELF function indicates that both the structure is characterized by the presence of two singl€Fe
structures are characterized by the presence of a trisynapticbonds, as indicated by the presence of two disynaptic valence
valence basiny(C,Fa,Fe) andV(H,Fe,Fe), respectively, with basins,V(Fe,C) with an electron population of 1.38 e and
a similar electron population, i.e., 1.55 in the case ofiH3™ V(Fe,C) with 1.49 e. In addition, the presence o¥@re;,Fe)
and 1.84 for FgH™. This indicates that, in both cases, the disynaptic valence basin with a population of 2.36 e, indicates
bonding between the Fe atoms and C (or H) could be consideredthe presence of a single +&e covalent bond. TH& structure,
as a three-centeitwo-electron bond, even when the electron which has a very close binding energy (93.1 kcal/mol), presents
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similar disynaptic FeC basins. The main difference with
respect to the REH," ®A fragment, is the lowering of the
V(Fe,Fe) electron population (1.75 €). The decrease of the
V(Fe,Fe) population with respect to the previous structures
can be understood by considering the lengthening of the Fe
Fe bond distance (2.093 and 2.109 for,Ees;™ and FeH™,
respectively; and 2.329 for FeéH,™). The®A state instead has
an Fe-Fe bond of 2.067 A, parallel with its high®(Fe;,Fe)
basin population. The presence of two—& covalent bonds
seems to justify the increase of the binding energies in going
from FeCHs™ and FeH™ to FeCH,™. It should be noted that
all disynaptic basins have an electron occupation lower than 2
electrons.

The next structure corresponds to the®efragment with a
binding energy of 118.0 kcal/mofA'), followed by the8A’
structure with 115.0 kcal/mol. These fragments are characterized
by the presence of a disynapti¢Fe;,Fe) valence basin with a
population lower than the previous structure, i.e., 1.51 e. In
contrast, the population of the F€ valence basins is notably
increased, i.eY(Fe,C) = V(Fe,C) = 2.74 e. This indicates a
strengthening of the FeC covalent bonds. This fact could
justify the increasing of the binding energies in going from the
FeCH," to the FeC* fragment.

Finally, the FeCH™ system has a binding energy very close
to that corresponding to the f&" fragment according to our
BPW91 calculations. The topological analysis indicates that,
compared with the RE™ fragment case, the presence of an H
atom bonded to the C atom provokes an important redistribution
of charge between the disynaptic basins. Indeed, the formation
of a C-H bond ¢/(C,H = 2.10 e), has the effect of lowering
the population of the FeC valence basins, i.e\(Fe,C) =
2.02, V(Fe,C) = 2.24, mainly due to a lower electronic
contribution of the C atom to that basin. On the other hand,
there is an important strengthening of thefFe bond, as shown
by the increasing occupation in tMFe,Fe) disynaptic basin,
which now has an occupation of 2.30 electrons, indicating a
redistribution of charge density in agreement with binding
energy trends.

An analogous ELF analysis carried out at the B3LYP level
on the same fragments, not reported here, gives results that ar
coherent with the calculated binding energies trend. Populations
of valence V(Fe—C) basins follow the expected behavior
illustrated for the analysis at the BPW91 level. The main
difference concerns the population of the vale{Ee—Fe)
disynaptic basins that are found very low in each case. These
low populations can also be understood when the topological
analysis of the electron localization function is interpreted in
terms of superposition of Lewis-like mesomeric structdfes.
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Figure 6. ELF localization domainsi(= 0.5) for all the FeH", Fe-
CH;*, FeCH,*, FeCH" and FeC* complexes corresponding to their
lowest spin multiplicities. Core basins are represented in blue, proto-

nated disynaptic and trisynaptic basins in red, and valence disynaptic
in yellow.

xperimental findings. The overall picture that can be drawn

y employing the pure BPW91 functional, which has been
suggested to be more appropriate in treating iron clusters, does
not differ significantly with respect to that at the B3LYP level.
Compared to the monomer, whose behavior has been briefly
summarized, at both the considered levels of theory, the dimer
ion shows a similar shape of the examined PESs but a
stabilization enhancement of almost all the stationary points

localized along the examined reaction paths. The preference for

Indeed, as can be realized from Figure 6, B3LYP geometrical the bridged geometrical arrangements, due to the presence of

structures of fragments are characterized by longeiHesbond
lengths that correspond to lower electron populations of the
V(Fe—Fe) basins.

Conclusions

The reactivity of iron cluster cations with methane has been
studied for the particular case of the dimer. To fix the energy
of the reactants’ asymptote, the electronic structure of the dimer
has been revised in light of the use of a newly optimized basis
set of doubleZ quality for iron. Minima and transition states

two metal atoms that can form bonds toward the fragments, is

observed along both B3LYP/DZV(R and BPW91/DZVRy:
reaction paths and the main difference concerns the assignment
of the ground state for the reactants’ asymptote and the region
of the PESs where possible crossings between different multi-
plicities can occur. Stability enhancement of bridging structures
is responsible also for the formation, by surpassing low energy
barriers, of additional intermediates from which elimination of

a H atom and a Ckigroup can occur. Molecular hydrogen loss

is thermodynamically favored with respect to elimination of a
methyl fragment. In comparison with the previously examined

along the PESs for three different reaction channels have beerbehavior of the monomer the energy barrier that must be

localized for the decaplet, octet and sextet multiplicities of the
cation at B3LYP and BPWO9L levels of theory. The detailed
investigation carried out by us using both hybrid and nonhybrid

surmounted to yield dehydrogenation products is by about 20
kcal/mol lower and the overall process appears to be signifi-
cantly less endothermic. Some differences are found between

approaches does not allow a complete rationalization of the the B3LYP and BPW91 descriptions of the step that leads to
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the elimination of a hydrogen atom, not experimentally ob-

Chiodo et al.

(28) Liyanage, R.; Zhang, X.-G.; Armentrout, P.B Chem. Phy2001,

served. However, no mechanistic detail supports the hypothesist1> 9747.

that this fragment is not formed at all. Bond energies of the
iron dimer cation with H and CiH{x = 0—3) ligands have been

(29) Koszinowski, K.; Schider, D.; Schwarz HJ. Phys. Chem. 2003
107, 4999.
(30) Koszinowski, K.; Schlangen, M.; Scitter, D.; Schwarz Hint. J.

calculated and compared with experimentally recommended Mass Spectron2004 237, 19.

values. Both hybrid and nonhybrid approaches give values
overestimated with respect to experimentally measured values.
Although trends of bond energies follow the expected behavior 88,
on the basis of simple bond order considerations the ligand’s

(31) Wright, P. G.; Ashmore, P. G.; Kemball, Trans. Faraday Soc.
1958 54, 1692.
(32) Tatewaki, H.; Tomonari, M.; Nakamura, J. Chem. Phys1988
6419.
(33) Chen, J. L.; Wang, C. S.; Jackson, K. A.; Pederson, MPIRsS.

preference for the bridged position with respect to the terminal Rev. B: Condens. Matted 991, 44, 6558.

one adds further stabilization effects in agreement with the
calculated values. The ELF analysis of the bond confirms this

picture, showing, for example, formation of a three-center
two-electron bond for the bridged structures oftffe and Fe-

CHs* fragments. Further studies, both experimental and theo-

(34) Cheng, H. P.; Ellis, D. EJ. Chem. Phys1991, 94, 3735.

(35) Castro, M.; Salahub, D. Rhys. Re. B: Condens Matte993
47, 10955.

(36) Castro, M.; Salahub, D. Rhys. Re. B: Condens Matte 994
49, 11842.

(37) Castro M. Zacarias ABook of Abstracts214th ACS National

retical, will serve to better understand the details of the reactivity Meeting, Las Vegas, NV, September71; American Chemical Society:

of the dimer iron cation with methane, a system that is
prototypical for the description of the interaction of methane
with larger iron clusters and ultimately surfaces.
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