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The potential energy surfaces (PES) for the interaction of 8, 5S) with H,O, NHz, and CH have been

studied within the framework provided by the electron localization function (ELF) analysis. This has been
achieved by analyzing density functional theory calculations (B3LYP approach) using the bonding evolution
theory. The main characteristic of the studied reactions is the involvement of more than a single spin surface
in the reaction pathways, which means that a spin crossover occurs along the reaction coordinate. This type
of reactions are usually classified in terms of the two-state reactivity (TSR) paradigm. The different domains
of structural stability occurring along the reaction path have been identified as well as the bifurcation
catastrophes responsible for the changes in the topology of the systems. The analysis provides a chemical
description of the reaction mechanism in terms of agostic bond formation and breaking.

1. Introduction the reaction of first-row transition metals with Gldnd NH;,

During the last 2 decades, extensive experimental and With branching ratios varying across the series
theoretical work has focused on the investigation of the ability

of “naked” transition-metal ions to activate small molecules in > MK +H, (D
gas-phasé:37 Such studies provide thermochemical details and M, MITXH,, XN ()
: —> MXH,,+H (©)]

some insights on the reaction mechanisms.

The growing interest in these kinds of reactions has been
prompted by their importance in catalytic processes. Both In the case of the reaction with methane, the three observed
experimental and theoretical studies have shown that the most€limination processes are endothermic for all first-row transition-
thermodynamically favored product of the interaction of early metal cations. For the early and middle cations of the series,
and middle first-row transition-metal cations with small binary the most energetically favored process is theetimination.
hydrides AH, (A = C,N,0), is the H elimination. This process For the reactions with ammonia, it has been found that in the
is particularly interesting since dehydrogenation of hydrogen- case of Sg, Ti*, and V*, the H; elimination is exothermic. At
containing organic and inorganic compounds is used to generatehigher energies, the other reaction products also become
new specie¥ and because of its use in industrial production accessible.

(e.g., the dehydrogenation of light alkanes as an alternative The most studied reactant has been, undoubtedly, @tgely
method of obtaining alkenes from low-cost saturated hydrocar- for reasons of interest in the activation of hydrocarbons. Gas-
bon feedstock). phase reaction between first-row transition-metal ions, from Sc

One of the well-known characteristics of transition metals is to zn*, with small alkanes (including methane), have been
their ability to access to multiple low-lying electronic states and studied in a multicollisional environmettThermochemical and
to adapt to different bonding situations, which may enable the kinetic data for the dehydrogenation of NEire only available
system to find low-energy reaction paths not accessible other-for Sct, Ti*, V+, Co", Nit, and Cu.384! It has been found
wise. As a consequence, it is usually found that more than onethat the minor product channels, i.e., production of MNdnd
spin surface connects reactants and products. This kind ofMH*, were observed in endothermic reactions, whereas for the

behavior is generally referred to as two-state reacfi%iand cases of early transition-metal cations, the formation of MNH
has been proposed to play a fundamental role in organometallicis exothermic. Bond dissociation energies (BDEs) of-MNH3
chemistry. complexes of first-row transition metals were determined,
Several guided-ion-beam experiménts’16.1%20have con-  examining their collision-induced dissociation reactiéhslo
cluded that three elimination reactions-3 can occur during  detailed experimental information on the mechanism and the
t E-mail address: nrusso@unical.it. energetics of the Mh activation reactions of ammonia and
* Corresponding author. methane is available in the literature. The mechanism of the
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reaction of manganese ion with-’CHz; molecules was dis-  catastrophe%~7! Because this, we will briefly sketch the most
cussed as a result of a mass-spectrometric study in which theimportant points of the theoretical foundations of this methodol-
electronic state of the ion was varigd. ogy.

From the theoretical side, the properties of adducts formed ~ The description of the electronic cloud in terms of a “chemical
upon interaction of Nilwith first-row transition metal ions have ~ €lectron gas” has been recently introduéédhe chemical
been calculated by using a modified extended Huckel molecular €lectron gas is characterized by two local scalar fields, the
orbital modet® and their binding energies determined using the densityp(r) and the size independent spin pair compositign):
modified coupled-pair functional approattin a recent worlke? _ _
some of us have studied the PESs of the dehydrogenation ,2,3N3a(r) + Nf,ﬂ(r)
reaction of NH and CH, molecules by Mr employing DFT c.(=q ZN—aﬂ(r)

(B3LYP approach) and CCSD(T) levels of theory. In that work, v
a close description of the reaction paths leading to the three
possible dissociation products has been given.

The reaction of the first-row transition-metal series with water
has been studied in detail both, experimentally and theoret-
ically.28-31 From experimental results, it is known that early
transition-metal ions (Sg Ti™, and V") are more reactive than
their oxides, while the contrary occurs with the late metalg (Cr
Mn*, and F€).24 The reactivity of manganese oxide cation with
dihydrogen, i.e., the inverse reaction of the one studied here,
has been studied, both experimentally and theoretically, by Ryandirectly related to the Lewis picture of the boundary.

et al? ) ) . . Within the framework provided by the ELF analysis, a
From our experience in the previously mentioned work on chemical reaction is viewed as a series of topological changes
this subjec® deep difficulties arise in the interpretation of the occurring along the reaction path. The parameters defining the
bond information driven from traditional methods of analysis, reaction pathway, such as the nuclear coordinates and the
like NBO (natural bond order). This difficulty is deeper in the  gjectronic states, constitute the control space. Therefore, the
case of manganese as a consequence of its particular electronig0p0|ogica| behavior of th®(r) gradient field can be studied
configuration. Hence, we feel that the problem must be yithin the framework provided by Thom's catastrophe the@ry.
examined with an alternative approach, to get an in-depth Thjs type of analysis is the so-called bonding evolution theory,
analysis of the reaction paths and a better understanding of theyhose acronym is BE¥ There are two important indicators
bonding transformation that takes place during the reaction. In j, using this technique, the morphic number, that is, the number
consequence, it is not the main interest of the present work t0 of pasins, and the before-mentioned synaptic order of basins.
focus on the energetic of the reactions, which has been already The evolution of the bonding along the reaction path is
studied at reliable levels of theoty*>The subject of this paper,  modelled by the changes observed in the number and synaptic
instead, is to provide insight into the details of the activation orders of the valence basins. Each structure is only possible for
processes of small ligands by transition-metal ions. To this aim, yajues of the control parameters belonging to definite ranges
we make use of simple chemical ideas related to the bond cgjled structural stability domains. For any two points of the
breaking and bond formation along the reaction path, to find a control space belonging to a given structural stability domain,
topological explanation of what happens. there is the same number of critical points of each type in the
We present here a description of the dehydrogenation by*Mn  ELF gradient field. This technique shows how the bonds are
(5S'S) of three different isoelectronic hydrides that differs formed and broken and also emphasizes the importance of the
between themselves in the number of lone pairs; i.e4 @ geometrical constraints in a chemical reaction. Moreover, the
lone pairs), NH (one lone pair), and $O (two lone pairs). The identification of the elementary catastrophe and, therefore, the
examination of their similarities and differences from a topo- knowledge of its universal unfolding yield the dimension of
logical point of view can give a more complete understanding the active control space governing the reaction.
of the PES (potential energy surface) behavior and on the nature From a quantitative viewpoint, the evolution of the total and

in which N&*(r), N(r), andN%(r) denote the integrated pair
functions over a sampling volumé centered at the reference
point of coordinates whose population igl. In other words
c.(r) is the concentration ratio of parallel and antiparallel spin
pairs at a given point. It can be shown that for a closed shell
single determinant wave function,(c) can be approximated
within a constant by the(r)/Dg(r)) quantity which is the
heart of the electron localization function (ELF) of Becke and
Edgecombé® Therefore, ELF gives a local indication of pairing

of the chemical bonds occurring along them. spin basin populations along the path provides keys to under-
stand the role played by the different chemical interactions.
2. Method and Computational Details Chemical processes are then classified into three groups: the

plyomorphic one, in which an increase of the morphic number

The topological analysis of the ELF (electron localization is observed (e.g., a covalent bond breaking); the tautomorphic
function) gradient field provides a mathematical model enabling diffeosynaptic process, in which the number of basins is
the partition of the molecular position space into basins of conserved but there is a variation of the synaptic order of at
attractors, which present in principle a one to one cor- least one basin (e.g., a breaking of a dative bond); and the
respondence with chemical local objects such as bonds and lonemiomorphic process in which there is a decrease in the number
pairs. These basins are either core basins, labeled C(A), orof basins (e.g., covalent bond formation).
valence basins, V(A, ...), belonging to the outermost shell and  Along the reactions there exist several domains of structural
characterized by their coordination number with core basins, stability. Within a domain of structural stability, the topology
which is called the synaptic order. This method has been of the ELF gradient field is not altered by the variation of the
described in details elsewhere and is well documented in seriescontrol space parameters, which belong to a definite range.

of articles presenting its theoretical foundatidhi! its ap- Between two successive domains of structural stability the
plications to the understanding of the chemical structure of evolution is ruled by a bifurcation catastrophe. At this point, at
molecules and solid32 and the prediction of reactivit§6° least the type of catastrophe gives access to its unfolding and,

as well as the study of chemical reactions in terms of elementary therefore, to the minimal dimension of the control space enabling



4864 J. Phys. Chem. A, Vol. 107, No. 24, 2003 Michelini et al.

V(MnHH
60 k V(Mn.H) (Mn,H.H)
‘ V(C.H)
" Covin) @ covin) @ V(C.H)
g o VM.O)
= I
L]
=
30
VEH ( (C.H)
Mn* (58) + CH, C = [ )
L C(Mn)
V(Mn)
V(Mn.H H
M- (18)+ CH, ™ )0. ( ].. VCH)
0 F C
e V(Mn.C)
V(Mn) V(C.H)
Mn*-CH4 TSI H-Mn'* -CH3 T2 {Hz}Mn*-CH2 Ml'lCHz'

+H s

Figure 1. B3LYP/DZVP potential energy surface for the reaction of Mwith CH, and representation of ELF localization domains for all the key
minima involved in the reaction path.

the modification of the topology. Each catastrophe transforms  In all the studied reactions the overall energetic profiles have
the overall topology in such a way as the Poinedfepf proved to be similar (see Figures-3), showing that high- and
relation is fulfilled. low-spin potential energy surfaces cross once in the entrance
The density functional (DF) theory in its three-parameter channel, just after the formation of the first iedipole complex.
hybrid B3LYP"*">formulation was the computational method  The reactions are endothermic in all cases, with endothermicity
used for geometry optimization and frequency calculations jncreasing from HO to CH,. The full reaction profiles for the
together with the DZVP (for the transition metal) and TZVP  ejimination reaction as well as for the minor dissociation
(for the other atoms) basis sets given by Godbout é¢@he  channels are further described in refs 31 and 35.
choice of the B3LYP DF method was motivated by its
satisfactory performance in describing transition-metal-contain-
ing systems even for complex situations such as those presen
in open-shell transition-metal compounds. Moreover, previous
works performed on this subj@&t35 have proven that this level
of theory yields realistic values in agreement to those obtained =~ N . ) A
with highly correlated methods, at a significantly lower com- SPIN H=Mn"—AHn_, intermediate I ). The reaction, then,
putational cost. proceeds through a concerted four-center elimination of H
DFT calculations have been performed with the GAUSSI-  3.1. Bonding Evolution. 3.1.1. First Stage of the Dehy-
AN98 prograni’ while ELF ones have been carried out with drogenation Process: From the Mrt Insertion into A—H
the TopMod package developed at the Laboratoire de Chimie Bond to the Formation of the First Reaction Intermediate,
Theorique de I'UniversitePierre et Marie Curié®lsosurfaces HMnAH n_;". In all the studied reactions the iemolecule
have been visualized with the public domain scientific visualiza- complex () ground state has a septet spin state. Parts a and b
tion and animation program for high performance graphic of Figure 4 display the localization domain reduction tree

The first step of the reaction is the formation of a stable ion-
gipole complex ), which is the most stable species along the
reaction path. The next step, i.e../ A (A = O, N, C) bond
breaking, takes place through the Mimsertion into an H-A
d bond, overcoming a three center transition state, to form a low-

workstations named SciAR. diagram8! of the structures. Two different tree diagrams are
] ) observed according to the existence or not of lone pairs on the
3. Results and Discussion ligand central atom. For the interaction with methane (Figure

In the first part of this section, we will describe in detail the 4a) the localization reduction of the valence domains first splits
general reaction trend and the topological changes found alongthose related to M namely V(Mn) and C(Mn), from the
the PES'’s, trying to underline the similarities and differences remaining valence domains. The second separation involves the
among the different ligands. In the second part, we will analyze V(C,H) ligand basins. In the case of the species in which lone
in detail the evolution of the basin populations that takes place pairs are present (Figure 4.b) the second separation involves
during the reactions. the V(Mn,A) basins.
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Figure 2. B3LYP/DZVP potential energy surface for the reaction of Muith NHz and representation of ELF localization domains for all the key
minima involved in the reaction path.

As has been previously mentioned, after the formation of the V(CH) basin, which becomes monosynaptic V(H), and close
first complex, an intersystem crossing between the high- andto TS1 V(Mn,H).
low-spin potential energies surfaces occurs, in all three studied  |n the case of NH (H;0) the mechanism is simplified by
reactions. the presence of the lone pair (the two lone pairs) which directly

Figure 1 shows the localization domains corresponding to forms a V(Mn,N) (V(Mn,0), in the case of #D) basin in the
all the important minima and transition states for the reaction complex, without a simultaneous plyomorphic process, since
with CHy. In that figure, we include the topological structures the miomorphic one is enough to prepare the complex in the
of the first minimum () and of TS1 for the two different spin  topology of TS1.
states. The rest of the figures corresponds to the lowest-energy From the TS1 to the intermediatk there is no topological
quintet spin states. It can be seen that in the case of the initialchange in the bonding since the intermediate belongs to the same
complex () the localization of the V(Mn) basin is quite different  structural stability domain as TS1. Figure 2 displays the
depending on its spin multiplicity. The relative locations of the localization domains corresponding to the species involved in
V(Mn) and V(C,H) attractors in the septet spin complex makes the reaction with ammonia whereas Figure 3 shows the
almost impossible the charge transfer from V(Mn) to the4,CH corresponding to the reaction with water.
moiety. This fact explains the energetic difference among the  3.1.2. Second Stage of the Reaction: From the Insertion
first minimum and the first transition state, TS1, in the septet |ntermediate (1l) to the Molecular Hydrogen Complex (I1).
spin state (57.33 kcal/mol at B3LYP/TZVP level of theory; see A cusp catastrophe occurs at this point of the reaction, which
ref 35 for details). The spin density, which is mainly located in involves the attractors of the V(Mn,H) and of one V(A,H) basin
the C(Mn) basin (see Table 1), provides another support for (A = O, N, C), together with the index 1 saddle point lying in
this description. Contrarily, in the quintet spin state V(Mn) is a the separatrix of the two former basins. This process can be
torus (structurally unstable), which promotes the transference identified as miomorphic. The resulting basin is a trisynaptic
of charge from this basin toward the ligand. As a consequenceone V(Mn,H,H), which corresponds to the condensation of two
of this charge transfer, the V(Mn) basin disappears and a cuspcovalent bonds into a three-center bond, which is expected to
catastrophe occurs (miomorphic process). At the same time, anbe dative. The further evolution of the location of the valence
hyperbolic umbilic catastrophe takes place, an index 2 saddlebasins is driven mostly by the Pauli repulsion between the
point that lies on the separatrix of the three V(C,H) basins, is V(Mn,H,H) and V(Mn,A) basins. At the end, the system adopts
transformed into an attractor (index 0) saddle point that promotesa T-shape geometry, which is consistent with the prediction of
the formation of the V(Mn,C) basin. the VSEPR!82 models.

Continuing on the reaction path to the first transition state,  3.2. Evolution of the Basins PopulationThe population of
TS1, another umbilic catastrophe changes the synaptic order ofthe core and valence basins of the Mn&Hnoieties evidence
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Figure 3. B3LYP/DZVP potential energy surface for the reaction of Mwith H,O and representation of ELF localization domains for all the key

minima involved in the reaction path.

two different behaviors according to the presence of lone pairs
in the AH, unit. On one hand, for CHthe core population of
Mn™ is greater than the expectation (i.e., 23 electrons); therefore,
the V(Mn) basin is populated by only 0.45 and 0.30 electrons
in the septet and quintet states, respectively. Moreover, the
multiplicity change induces a small electron transfer of 0.15
electrons toward the core. It is worth noting that the spin density
is uniquely located in C(Mn) in the quintet state (see Table 1).
On the other hand, the septet state of thezNdhd HO
complexes follow the expectation, moreover, the V(Mn) basin
population slightly increases upon the lowering of the multiplic-
ity as can be seen in Tables 2 and 3, respectively.

In all cases, the C(Mn) population for the TS1 is close to 23;
therefore, there has been a net electron transfer of nearly one
electron toward the Akimoiety, which is now linked to a formal
Mn?* cation by a weak dative bond. The signature of this weak
dative bond is the V(Mn,A) basin, which has a population larger
than the V(A) lone pair by one electron. In the case of the water
molecule, the presence of a second lone pair enables a second-
order charge transfer from V(Mn, O) toward V(O). In all
systems the V(Mn,H) basin population is close to 1.5.

As the complexes evolve toward the insertion intermediate
(1), the population of V(Mn,H) basin slightly increases at the
expense of the manganese core population, which is an
indication of the increase of the MnH bond strength. In MO
words, this means that the contribution of the 3d orbital to this
bond increases. The V(A,Mn) basin population depends on the

a) V(Mn)
Mn
C{Mn)
V(C,H)
Parent Valence V(C,H)
V(C,H)
V(C,H)
c(C)
b) V(Mn)
C{Mn)
V(A Mn)
Parent Valence ‘_‘
V(AH)
c(A)

nature of the ligand and increases from 0.01 to 0.17 electronsgig e 4. (a) Localization domain reduction tree diagram of MnCH
with the number of lone pairs of atom A in the isolated ligand. (p) Localization domain reduction tree diagram of Mn&HA = N,

This charge transfer can be roughly writtendas= (4 — n) x

O;n=3,2).
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TABLE 1: Basin Population, N, and Integrated Spin Densities,[$,[] of the Key Minima Found along of the Reaction Path of

Mn* (7S) and CH;,

I (A I (A1) TS1 EA") 11 (5AY) TS2 €A") (A" IV (5B1)
basin N S0 N S0 N S0 N S0 N S0 N S0 N S0
C(Mn) 23.59 2.73 23.68 2.02 23.15 1.98 22.99 2.02 23.43 1.56 23.10 2.15 23.10 2.18
V(Mn) 0.45 0.21 0.30 —-0.04
C(C) 2.11 - 2.11 - 2.10 2.10 —0.01 2.10 0.01 2.10 2.10
V(C,H) 1.96 0.01 1.98 0.01 2.05 2.08 2.09 0.06 2.08-0.06 2.10 -—0.06
V(C,Mn) 1.01 1.02 1.97 0.17 1.30 —0.02 1.25 —-0.02
V(C,Mn) 132 -0.02 132 -0.02
V(H,Mn) 1.57 0.02 1.64 0.01
V(Mn,H,H) 232 014
V(H,H) 1.99 0.02
TABLE 2: Basin Population, N, and Integrated Spin Densities,[$,[] of the Key Minima Found along of the Reaction Path of
Mn* (7S) and NH;
I "A) I (5A) TS1 EA") Il (A") TS2 EA") (A" IV (A7)
basin N 50 N 50 N 50 N 50 N 50 N 50 N 50
C(Mn) 22.98 2.43 22.81 1.95 23.08 2.02 22.89 2.00 23.10 2.11 23.13 2.11 23.17 2.20
V(Mn) 1.04 048 1.23
C(N) 212 - 2.12 211 2.12 2.11 —0.01 211 —-0.01 210 -—0.02
V(N,H) 1.94 0.01 1.96 2.08 2.08 —0.01 2.07 —0.03 2.07 —0.05 2.07 —0.05
V(N,Mn) 2.02 0.06 1.94 0.03 3.05 —0.02 3.14 210 -0.01 241 —0.06 279 —0.13
V(N,Mn) 247 —0.06 2.26 —0.03 1.86 —0.01
V(H,Mn) 1.58 - 1.69 0.02
V(Mn,H,H) 2.15
V(H,H) 1.99 0.03
TABLE 3: Basin Population, N, and Integrated Spin Densities,[$,[) of the Key Minima Found along of the Reaction Path of
Mn* (’S) and H,O
I ("Ay) I (5A.) TS1 €A) I (A" TS2 EA") (A" IV (5I1)
basin N 50 N 50 N 50 N 50 N S0 N S0 N S0
C(Mn) 23.04 2.47 22.99 2.00 23.12 2.05 22.88 1.95 23.04 1.95 23.37 1.42 23.22 2.25
V(Mn) 098 045 1.08
C(0) 2.12 - 2.14 2.13 —-0.03 2.13 2.12 2.11 0.03 2.13 —0.02
V(O,H) 169 - 1.69 1.79 1.82 0.01
V(O,Mn) 2.20 0.25 2.19 2.50 2.72 0.03 3.36 341 0.27 3.18-0.10
V(O,Mn) 228 027 2.28 3.02 2.87 0.03 3.38 3.08 0.26 3.46-0.12
V(H,Mn) 143 —-0.06 1.58 —0.03
V(Mn,H,H) 2.09 0.04
V(H,H) 201 0.03

0.085 6 = number of hydrogen atoms). In the particular case 4. Conclusions
of the water molecule, as the geometry evolves toward a more
symmetrical structure, another charge transfer occurs betweerbi
the two V(Mn, O) basins in order to equalize their populations.
The same reason can be invoked to explain the evolution of
the V(Mn,N) localization domain shape, which is less distorted

in 1l than |n. _TSl' ) . ) ) the charge transfer from a V(Mn) basin due to its particular
The transition from intermediate to TS2 is achieved through  gpatial distribution. In the case of the reaction with methane
the increase of the V(Mn,A) population, which gains 0.95, 1.43, the formation of the first intermediate of the reaction is
and 1.15 electrons for GHNHs, and RO, respectively. These  consequence of a cusp catastrophe that causes the vanishing of
gains are mostly due to a charge transfer from the V(Mn,H) the valence basin of the cation, followed by a hyperbolic umbilic
and V(A,H) basins, which reunify into a single V(Mn,H,H)  catastrophe, which promotes the formation of the-Mvalence
basin, whose population cannot exceed 2.5 electrons. The actuahbasin. In the case of lone pair-containing molecules, the first
values 2.32 (Ch), 2.15 (NH), and 2.09 (HO), are correlated  part of the reaction is simpler due to the presence of a dative
with the number of lone pairs in the initial reactant. The bond in the initial complex. Hence, only a miomorphic process
formation of the next intermediate statél | involves rather is enough to prepare the complex in the topology of the first
small charge transfers. On one hand, the V(Mn,H,H) population transition state.
tends to two, to enable the further detachment of the H  After the formation of the first reaction intermediate, all the
molecule. On the other hand, this charge loss induces a transfethree reactions are equivalent from a bonding evolution view-
toward the V(Mn,A) basin form A= C, N. In the case of the  point, since the presence of a trisynaptic basin, which corre-
water ligand, the V(Mn,0O) population is already very high at sponds to the condensation of two covalent bonds into a three-
TS2, and therefore, the electronic reorganization tends to spreactenter bond, is verified in all the three cases.
the electron density yielding an increase of the C(Mn) popula-
tion. Within the resonance representation, the Mmetity can
be understood as arising from ionic and covalent structures.

The topological analysis of the activation of three different
nary hydrides by Mn enables one to identify two different
bonding mechanisms depending on the presence of lone pairs
in the ligand. In all cases it is verified that the formation of the
first ion—molecule complex in its quintet spin state promotes
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