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A topological study of electron transfer in the system, based on catastrophe theory and using ELF asMLi ] Cl2N
a starting point, has been achieved. It enables the determination of the method-independent invariants that
might be used for characterizing the well-documented harpooning process in all types of geometry. This study
has shown that the process is characterized by an electron jump from the covalent state, stable atMLi] Cl2N
large separation distances, to the ionic charge transfer state The topological invariant associatedMLi`] Cl2~N.
with this behaviour is a dual cusp catastrophe, whose existence has been found at any level of calculation, that
is, MP2, DFT and CASSCF. The latter catastrophe is mostly associated with the actual cleavage of the Cl2~
species. Analysis of the topological parameters allows the actual regions of PES crossings, in any geometry, to
be localized. Our results suggest that the dual cusp catastrophe characterizes the diabatic surface crossings that
are subjacent in the classical adiabatic analysis of the overall reaction path.

Electron transfer in metal plus dihalogen or related systems
has been the subject of much experimental and theoretical
work, and is generally considered as taking place through the
so-called “harpooning mechanismÏ.1 Our work was aimed at
studying this mechanism by considering the modiÐcations
occurring in the bonding pattern of the system induced by the
electron transfer. A chemical process can be characterized by
the changes occurring in bonding as a function of the nuclear
conÐgurations. In this perspective, a non-empirical qualitative
study of bond making and breaking requires the deÐnition of
simple concepts associated with the chemical properties of the
system.

Topology provides a Ðrm basis for this analysis and several
qualitative frameworks have become classical. The most well
known is conservation of the local symmetry of occupied molec-
ular orbitals (MOs),2h4 leading to Woodward and Ho†mannÏs
rules.5 In the same spirit, Salem, Dauben and Turro6h8 intro-
duced the notion of topicity. Lastly, the concept of MO-and-
state natural correlations has been proposed.9h12 The latter
method is based on a hierarchy of correlation principles based
on conservation of (i) local symmetry and (ii) dominant elec-
tronic localization. Obviously, the second criterion is essential
in this approach. In more recent terms, it might be considered
that, roughly speaking, the Ðrst two methods rely on adiabatic
correlation schemes, in which only MOs and states of di†erent
symmetries are allowed to cross along a given path.13 In con-
trast, the last method takes into account the possibility of dia-
batic state crossings preserving the initial electron localization
in MOs and states of interest.14 In the latter context, the
avoided crossings, obtained in the adiabatic calculation step,
exist as the memory of the intended diabatic correlations. It is
noteworthy that the concept of natural correlations bears a
strong analogy with the localized valence bond (VB) descrip-
tion of a reaction process. The strict analogy between both
approaches has been shown in studies of chemical and physi-
cal quenching of excited light atoms by small molecules.15

¤ Non-SI units employed : 1 eV B 9.65 J mol~1 ; 1 a.u.B 2.63] 106 J
mol~1.

Alternatively, the topological theories of bonding, based on an
analysis of the gradient Ðeld of well-deÐned local functions,
evaluated from any quantum mechanical method, are close to
chemistsÏ intuition and experience and provide method-
independent techniques.16h18

In this work, we have used the concepts developed in
bonding evolution theory19 (BET, see Appendix B), applied to
the electron localization function (ELF, see Appendix A).20
The latter approach focuses on the evolution of chemical
properties by assuming an isomorphism between chemical
structures and the molecular graph deÐned in Appendix C. We
are aware that the latter approach imposes additional diffi-
culties upon the reader unfamiliar with these concepts. For
this reason, four Appendices (AÈD), presenting and deÐning in
a concise form the mathematical foundations of the topologi-
cal description of chemical bonding and reactions, have been
added at the end of the article.

The aim of the present study was threefold : (i) to describe
precisely the nature of the topological invariants associated
with the harpooning electron capture ; (ii) to establish that the
topology is largely independent of the quantum mechanical
method, provided the latter is of adequate quality ; and (iii) to
show that the small set of control parameters determined by
catastrophe theory with a small number of model calculations
might be used for the study of any geometry. Our study has
been performed in two steps ; Ðrst, quantum mechanical calcu-
lations have been carried out in order to get density matrices.
In the second step, these outputs have been used as the start-
ing material for the topological study.

Methodolgy
The quantum mechanical calculations have been performed
with the Gaussian 9421 and the HONDO95-622 series of pro-
grams. Various levels of electronic correlation have been used
throughout : MP2, DFT/B3LYP, CASSCF/MP223 and
CASSCF/Average,24,25 with the 6-31G* and 6-311G(3df )
basis set.26 For the sake of brevity, yet illustrating the gener-
ality and versatility of our topological approach, we have
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restricted ourselves to selected results in the upcoming sec-
tions : MP2/6-311G(3df ) and DFT/B3LYP/6-311G(3df ) calcu-
lations for the study of and geometries ;C2v C=vCASSCF/MP2/6-31G* and CASSCF/Average/6-31G* calcu-
lations (two lowest energy roots) in the geometry. AllC

sCASSCF runs were built according to a (1,5) scheme, using 5
reference conÐgurations of the odd electron. It is noteworthy
that, although both CASSCF methods yield similar results far
from the conical intersection that characterizes the electronic
process, only the CASSCF/Average method gives reliable
results in this critical region. The latter calculation requires
several runs for each root and, accordingly, the 6-31G* basis
set was used so as to obtain a noticeable gain of computing
time.

Some selected results, including the isolated partners as well
as the complexes, in various geometries are given in Table 1.
For example, the calculated vertical electron affinity (EA) of

is 0.55 eV at the MP2/6-311G(3df ) and 0.9 eV at theCl2B3LYP/6-311G(3df ) levels. It is noteworthy that both
methods yield very comparable geometrical parameters and
relative energies, as can be seen in Table 1. In all calculations
involving doublet species, we have checked that spin contami-
nation remained very small and was not likely to a†ect signiÐ-
cantly the corresponding calculated energies. The calculated
geometries and energies of the stationary points are given in
Table 1. It is worth recalling that these calculations were not
aimed at describing the energetics of the system asLi ] Cl2accurately as possible, but at providing reliable data for
further topological exploitation using the BET method.

The topological analysis has been performed with the
TopMoD series of programs written in our laboratory.27
These programs use as input the wfn Ðle generated by
GAUSSIAN94, with natural orbital populations. The calcu-
lations are then carried out in four steps : (i) evaluation of the
ELF function over a 3D grid ; (ii) localization of the critical
points of the ELF function ; (iii) identiÐcation of the various
basins and assignment of the corresponding grid points ; (iv)
integration of charge density over the basins.

Quantum Mechanical Study
To reproduce as closely as possible diabatic conditions, we
have Ðxed the ClwCl bond length at its neutral equilibrium
value. In this way, the system depends on two parameters as
shown in Fig. 1. Previous experimental and theoretical studies
on similar systems1,13,28 have shown that an electron jump
from Li to the acceptor molecule which has a positiveCl2 ,
vertical electron affinity (see Table 1), is likely to take place at
a distance d (see the deÐnition of this parameter in Fig. 1),

Fig. 1 Qualitative MO-and-states correlation diagram for Li ] Cl2in the geometryC2v

which is superior to the LiCl equilibrium distance (MP2 value,
2.0425 and DFT value, 2.0221 The description of thisÓ Ó).
phenomenon in terms of MOs and states will be brieÑy recal-
led in the next section.

MO interactions in the geometryC
2v

A schematic interaction diagram for (left) and Li (right) inCl2an isoceles geometry is displayed in the upper part of Fig.(C2v)1. The ordering and labelling of the electronic levels of the
resulting system are those of the calculated MOs. The frontier
MOs of have been restricted to the degenerate p and p*Cl2sets, respectively composed of in-phase and out-of-phase com-

Table 1 Experimental and calculated structures and energies of the stationary points

MP2 DFT Expt.38

Species d/Ó, h/¡ E/a.u. *E/eV E/a.u. *E/eV *E/eV

Li [7.432 0.00 [7.491 0.00 1.84
Li(2P) 1.84 1.84
Li` 5.02 5.62 5.4
Cl [459.632 0.00 [460.167 0.00
Cl~ [3.55 [3.62 [3.62

MP2, DFT
Cl2 (equil.) 1.9854, 2.0112 [919.355 0.00 [920.422 0.00
Cl2~ (vertical) [919.375 [0.55 [920.458 [0.98
Cl2~ 2.596, 2.2723 [919.443 [2.40 [920.527 [2.86 2.4È2.5
Li] Cl2a O [926.787 0.00 [927.913 0.00

1.94,b 90.0 [926.842 [1.50 [927.978 [1.69
2.68,b 45.0 [926.826 [1.07 [927.963 [1.35
3.21,b 0.0 [926.821 [0.92 [927.958 [1.20

non-relaxed for all 4 entries. are the MP2 equilibrium values ; DFT and CASSCF values are given in the text.a Cl2 b d \ dc
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binations of 3p AOs (atomic orbitals) of both Cl atoms, rep-
resenting the 4 lone pairs of p symmetry. At slightly higher
energy one Ðnds the lowest antibonding level, which is the
valence r* MO. For the Li atom we have reported the valence
2s and 2p sets of AOs. Two types of interactions are worth
considering. (i) The MO of interacts in a repulsive8a1 Cl2fashion with the 2s of Li, yielding the destabilized MO of9a1the system. This repulsion sharply increases at short distance.
(ii) The MO results from the interaction of and r* on7b2 6b2on the one hand, and of Li on the other hand. AtCl2 , 2p

yshort distances, the stabilizing interaction dominatesr*È2p
yover the destabilization, and might be signiÐ-6b2È2p

y
7b2cantly stabilized. Thus, we see that at short interaction dis-

tances, two di†erent MOs compete for the odd electron. When
is populated, the electron is mainly located on Li, yielding9a1a covalent state. When is populated, one gets a2A1 7b2 2B2state in which the odd electron is shared by Li and viaCl2 ,

partial population of r*. The latter e†ect leads to an impor-
tant charge transfer from Li to The relative energy of theseCl2 .
two states obviously cannot be deduced from this analysis
although the possibility of state crossing is strongly suggested.
At inÐnite separation, is the most stable state. During the2A1approach, an increasing destabilization of this state is found,
while, at the same time, the stabilization of the state2B2increases. Moreover, we see that the covalent excited state of
Li obtained through population of its AO plays a signiÐ-2p

ycant role in the overall process, along the potential energy2B2surface.
A qualitative state correlation diagram is displayed in the

lower part of Fig. 1. For the sake of simplicity, we have
restricted ourselves to the three aforementioned potential
energy surfaces (PESs), one of and two of symmetry,2A1 2B2with our reference frame. At inÐnite separation (right), one
Ðnds in order of decreasing stability : (i) the covalent 2A1system composed of Li (2S) and (ii) at 1.84 eVCl2 (1&

g
`) ;

above is found the covalent state composed of2B2(cov)
excited Li (2P) and (iii) Ðnally, we Ðnd theCl2 (1&

g
`) ; 2B2ionic charge transfer (CT) state, composed of Li` (1S) and

at 4.47 eV (MP2) or 4.64 eV (DFT) (see Table 1).Cl2~ (2&
u
`),

As the partners approach from each other, both the (full2A1lines) and (dashed lines) states are destabilized due to2B2(cov)
the 3-electron repulsion arising, in each case, between the odd
electron on Li and the doubly occupied MOs on of theCl2same symmetry. In contrast, the (CT) state is stabilized2B2(dashed lines). Both states cross at point P. In the vicinity2B2of P, the odd electron has a strong possibility of jumping from
the covalent PES to the ionic one. When the adiabaticity is
taken into account, this crossing is avoided, thus yielding the
full line behaviour for the two lowest energy PESs. The tri-
angular complex that results contains a mixture of covalent
and ionic states. Starting from inÐnite separation, the2B2lowest energy state Ðrst reaches point Q through a weakly2A1endothermic process. In the point group, an internal con-C2vversion is likely to take place at point Q since both PESs have
di†erent symmetries, but this is no longer the case as soon as
a small deformation towards a or structure occurs,C

s
C=vsince in these new geometries both and symmetriesA1 B2yield a unique A@ (or &`) irreducible representation. We also

see that relation, which is endothermic in neutral isCl2 Cl2 ,
not likely to occur before point Q along the PES, so as to2A1minimize the endothermic approach. The eventual ClwCl
bond length relaxation will therefore take place along the 2B2PES, once the change of surface has occurred at point Q. The
nature of the diabatic crossings occurring at points P and Q
persists in any geometry.

Calculated MP2 PESs in the geometryC
2v

The lowest energy and PESs calculated in the2A1 2B2 C2vgeometry are reported in Fig. 2. They have been obtained by

Fig. 2 Calculated PESs in the geometry. The PES has beenC2v 2B2obtained through a “backwardÏ process, that is starting from the left
(see text), while the PES has been obtained through a “ forwardÏ2A1process, that is from right to left. The scanning of both PESs has been
carried out with a constant increment of 0.14 Ó

scanning d in increments of 0.14 The PES has beenÓ. 2A1obtained starting from a long d distance and then using the
resulting initial SCF (self-consistent-Ðeld) MOs as guesses for
decreasing d values (forward process). Conversely, the 2B2PES has been obtained by starting the calculation at a short d
distance, and subsequent propagation of the resulting MOs as
initial guesses for higher d values (backward process). Both
results nicely conÐrm the analysis developed in Fig. 1. The
PESs cross at point Q (B3 A stable complexÓ). (2B2symmetry) is obtained at d \ 1.94 lying 1.50 eV below theÓ,
asymptotic neutral limit (Table 1). In this complex the spin
density, calculated after the MP2 step, is 0.0192 on Li and
0.4904 on each Cl atom, thus showing that the electronic
transfer is complete. The atomic charges, calculated at the
MP2 level, are 0.6375 on Li and [0.3188 on Cl, showing that
back-donation from the lone pairs of towards Li` isCl2~present, via the MO. Other studies have shown that upon6b2complete structure optimization, one gets a true stable
complex,29h31 so that the situation that is reached through
electron transfer might adiabatically evolve towards a more
stable one, but this further evolution lies beyond the scope of
the present study. These results show that two types of PESs,
one covalent and one ionic, might be obtained in the region of
diabatic crossing. It is noteworthy that a similar behaviour,
not reported here for the sake of conciseness, is obtained when
using the DFT/B3LYP or the CASSCF techniques.

Calculated PESs in the and geometriesC=v
C

s

In these geometries, both and irreducible representa-A1 B2tions of the point group, mix into a unique A@ or &`C2virreducible representation, respectively in the orC
s

C=vgeometry. The strong di†erence in the nature of the ionic and
covalent PESs pointed out in the preceding paragraph per-
sists, and strongly perturbates the SCF behaviour in the zones
of the diabatic crossings. This is particularly striking for C

sgeometries with 30¡O h O 60¡. On the other hand, DFT cal-
culations avoid this difficulty, and in Fig. 3(A) are displayed
the calculated PESs corresponding to h \ 45¡ point group)(C

sand h \ 0¡ point group). It is noteworthy that in the(C=vlinear geometry the stable complex is obtained at a larger dis-
tance than in the geometry, though the actual distanceC

sbetween Li and the closest Cl atom lies in the same range in
both cases. This results from our deÐnition of the d parameter,
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Fig. 3 (A) Calculated PESs in the and (h \ 45¡) geometriesC=v
C

sobtained with the DFT technique. (B) Zoomed display of the
CASSCF/Average PESs of the two lowest states obtained for h \ 45¡
in the 2.8 regionÓO d O 3.8 Ó

in which the origin is located at the midpoint of the ClwCl
bond. With the DFT technique geometry), smooth PESs(C=vare obtained, but it is worth comparing the atomic charges
and spin densities obtained with this method to those
obtained by the MP2 method.

In a preliminary step, we have veriÐed that both methods
yield the same covalent species at long distances. The di†er-
ence between both types of calculations is emphasized in Fig.
4, where the spin density (a spin) and atomic charge on Li are
reported as a function of d, for the geometry. On the oneC=vhand, one sees that both DFT curves show a progressive
charge transfer process, with an already noticeable ionic char-
acter at 7 On the other hand, the MP2 curves, which doÓ.
not reveal any ionic character at d \ 7 undergo a drasticÓ,
change in the region located around 4.5 In Fig. 3(B) areÓ.
reported the two lowest energy PESs of the geometry,C

sobtained at the CASSCF/Average/6-31G* level, for 2.8 ÓO
In striking contrast with the behaviour of the DFT/d O 3.8 Ó.

B3LYP results of Fig. 3(A) we see that an avoided crossing
between both PESs occurs in the 3.2 region. This Ðnding isÓ
in better agreement with the previous study of Fig. 2. Since it
was not our purpose to study the reason why the widely used
DFT/B3LYP correlation yields such a continuous PES, a fun-
damental question is thus posed : which method gives the best
description of the actual process? A possible answer would
result in showing that, in reality, a strong topological identity
lies beyond the apparent diversity coming from di†erent

Fig. 4 Calculated atomic charge (solid lines) and spin density (a spin,
dashed lines) on Li in the linear geometry from MP2 and DFT calcu-
lations

quantum mechanical calculations. This will be treated in the
following sections.

BET Analysis
Bonding evolution theory, brieÑy presented in Appendix B,
provides a description of the bonding features of a system,
along with their evolution accompanying a reaction path. It
relies on the variation of the ELF topological proÐle as a
function of the nuclear coordinates. The ELF partitions the
molecular space into open sets having a clear chemical
meaning (see Appendix A) and corresponds to the classical
chemistsÏ vision of structures, in terms of bonds, lone pairs,
etc. Obviously, this partition depends on the electronic state
under scrutiny. In upcoming sections, we will Ðrst examine in
detail the case of symmetry, using the MP2 results,C2vkeeping in mind that DFT and CASSCF calculations yield the
same description. Then, the cases of and symmetriesC=v

C
swill be treated on the same grounds, though with slightly less

detail, using the DFT and CASSCF results, respectively.

Electron transfer in the symmetryC
2v

Fig. 5 displays the molecular partition of the fragmentsC2vfor the three states previously discussed in the quantum
mechanical section, at d \ 6 Fig. 5(A) and 5(B), respec-Ó.
tively, display the and covalent states, and Fig. 5(C)2A1 2B2shows the ionic charge transfer state. It is worth examin-2B2ing the striking features of the molecular partitions in each
case. In the molecular partition, the disynaptic basin2A1V(Cl1, Cl2) indicated by an arrow, corresponds to the ClwCl
bond.32 Two basins are found around Li, one corresponding
to its core C(Li), and the second one, V(Li), to its valence odd
electron (L shell). The covalent state is characterized by2B2two monosynaptic basins, V1(Li) and V2(Li), located on both
sides of the C(Li) basin in the molecular plane. They corre-
spond to the half-Ðlled 2p AO of Li. As when dealing with the
previous state, the Cl atoms are bonded through a disynaptic
basin, still noted V(Cl1, Cl2). In the ionic state, the Cl atoms
are linked by a (3, [1) saddle point, or alternatively by a
critical point of index I\ 1 (see Appendix C), typical of a 3-
electron bond. Around Li, one only Ðnds the core basin C(Li).
In all three states, the valence electrons of the Cl lone pairs
are contained in a torus centred on the atom and perpendicu-
lar to the ClwCl axis.

Fig. 6(A) displays the molecular partition of the short dis-
tance complex. Between both Cl atoms there exists a (3, [1)
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Fig. 5 (A) The ELF molecular partition of the state in the2A1 C2vgeometry, d \ 6.00 (a) The projection of the ELF onto the molecu-Ó.
lar plane. (b) Upper : Cut of the ELF isosurface (g\ 0.8). Lower :
Entire envelope of the same ELF isosurface. (B) The same as (A) for
the state. (C) The same as (A) for the charge transfer state2B2

critical point, and each Cl valence torus now splits into three
basins. Two of them, labelled V1(Cli) and V2(Cli) (i\ 1, 2), are
located on both sides of the molecular plane, while the third
one, labelled V3(Cli), lies in the molecular plane and is
directed towards Li. This structure might be considered as a
mixture of both covalent and ionic states, in which2B2V3(Cl1) and V3(Cl2) are remnants of the V1(Li) and V2(Li)
basins found at large distance, Fig. 5(B). It is noteworthy that
the presence of a (3, [1) critical point between both Cl atoms
might be related to the existence of a 3-electron bond, which is
well-documented for the species.Cl2~In Fig. 7, a schematical description of the reaction, yielding
the previously examined complex, is displayed as a function of
the control parameter d. The crossing at point Q, previously
described in Fig. 1, is Ðrst studied. It takes place at d \ 3.06 Ó.
For both crossing states, the ELF g has been calculated. At D,
the structure of the state is given. The slightly polarized2A1V(Li) and the C(Li) basins are shown, along with the still
existing V(Cl1, Cl2) basin. E shows the ionic state at point2B2Q. As expected, there is no common topological feature
between D and E, in agreement with the fact that both states

Fig. 6 (A) The ELF partition of the complex deÐned in Table 1C2v(MP2 calculations). See Fig. 5 for an explanation of the various parts
of the Ðgure. (B) Same as (A) for the complex (DFT/B3LYP)C=vcalculations). (C) Same as (A) for the (h \ 45¡) complex (CASSCF/C

sMP2 calculations)

Fig. 7 Display of the ELF for various values of d in the C2vgeometry, calculated with the TopMoD series of programs (same
coordinates as in Fig. 2)
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have di†erent symmetries. Let us now focus our attention on
the state (E). By comparison with C, one sees that the2B2latter state is mostly ionic, thus showing that a crossing with
the steeply descending CT state has already occurred. As in
Fig. 1, this crossing point is noted P. The BET method has
been used for localizing the avoided crossing at point P. Adia-
batic calculations, starting from d \ 6.00 have been carriedÓ,
out along the covalent PES. For 4.88 all2B2 Ó\ d O 6 Ó,
molecular partitions are equivalent to the one at B [or Fig.
5(B) as well], thus showing that the system lies in a region of
structural stability (see Appendix D).

At d* \ 4.88 and within a narrow range (B0.12 threeÓ, Ó),
catastrophes occur quite simultaneously. The Ðrst catastrophe
corresponds to the breaking of the ClwCl bond. The di-
synaptic basin V(Cl1, Cl2) of the covalent ClwCl bond yields
two monosynaptic ones and a (3, [1) saddle point. After this
catastrophe, a reorganization of the electron the C1 cores
takes place, which splits the valence basins of the Cl atoms
into two basins, V1(Cli) and V2(Cli) (i\ 1, 2). The latter
process has no great importance in the scope of localizing the
crossing itself. The second and third catastrophes involve the
V1(Li) and V2(Li) basins and correspond to the harpooning
process ; the electronic density they contain [Fig. 7, B or Fig.
5(B)] is absorbed by the Cl valence basins. Once this process
has occurred, the system remains topologically equivalent to
the complex of Fig. 6(A).

Another interesting feature is the evolution of the CT state,
in going from large distance to point P. In the vicinity of point
P, the two torus basins of the Cl atoms split, yielding the two
additional small basins of Fig. 6(A), labelled V3(Cl1) and
V3(Cl2), directed towards Li` along both ClwLi axes. The
latter behaviour corresponds to the back-donation mentioned
in the discussion of Fig. 1. The integration of the electronic
density within the basins of a molecular partition yields their
population. The calculated results are given in Table 2. The
aforementioned changes in the topology exactly reveal the
crossing of the CT and of the covalent PESs. The exis-2B2tence of the crossing at point Q explains the ionic nature of
the complex at its equilibrium distance [Fig. 7, G or Fig.
6(A)]. In conclusion, BET allows the avoided crossings to be
localized by comparing the topology of the complex to that of
the asymptotic species. Moreover, when the crossing is
symmetry-allowed, it preserves the symmetry of the crossing
states.

Electron transfer in the and symmetriesC=v
C

s

In both symmetries, we have kept the same deÐnition of the
parameter d as in the geometry. In the symmetry, onlyC2v C

sthe value of h \ 45¡ has been considered in detail. For both
and situations, the topology of g has been examinedC=v

C
salong the reaction path for where is thed

c
O d O 6.00 Ó, dcvalue corresponding to the stable complexes, that is, 3.14 Ó

[DFT, Fig. 6(B)] and 2.71 [CASSCF, Fig. 6(C)].C=v
, Ó C

s
,

As previously found in the geometry, these complexes areC2valso characterized by the absence of the disynaptic basin
V(Cl1, Cl2), and by the fact that, around Li, there is only one

Table 2 Basin populations of the complexes

C2v C=v
C

s
(h \ 45¡)

C(Cl1) 10.07 10.06 10.07
C(Cl2) 10.07 10.06 10.08
C(Li) 2.03 2.02 2.02
V(Li) 0.1
Vt(Cl1) 7.40 7.61 7.47
Vt(Cl2) 7.40 7.23 7.24

with i\ 1, 2 means the total valence population of the ClVt(Cli)
atoms.

core basin C(Li), indicating a complete electron transfer from
Li to Cl2 .

Fig. 8 shows the evolution of molecular partition in the
linear symmetry, along the reaction path. A displays theC=vfragment topology at d \ 6.00 which exhibits the same fea-Ó,
tures as in the corresponding situation in the geometry.C2vAround d* B 4.75 one Ðnds a turning point, the corre-Ó
sponding molecular partition is shown in Ba (g\ 0.75) and
Bb (g\ 0.5). This bifurcation state corresponds to the break-
ing of the V(Cl1, Cl2) disynaptic basin, which yields two
monosynaptic basins and a (3, [1) saddle point between
them. This topological shift indicates the existence of a dia-
batic crossing between the lowest energy covalent PES and a
descending state having a strong ionic character. After this
crossing, the system remains ionic.

The ELF representation of the complex is displayed inC=vFig. 6(B) where the Li atom is restricted to its core basin, indi-
cating that the electron transfer is complete. The population
of the basins of the complexes, in di†erent situations, is given
in Table 2. The electron transfer in geometries is character-C

sized by the same features as in and symmetries. It isC2v C=vnoteworthy that in the geometry, the “ topological memoryÏC
sof the covalent asymptotic state that remains after the cross-

ing is more easily understood by examination of the complex
structure in Fig. 5(C) (h \ 45¡), in which a weakly populated
V(Li) basin subsists under the same conditions.

Modelization of the process

In all cases, the avoided crossings are associated with the
topological changes accompanying the chemical transform-
ation, that is, the breaking of the ClwCl bond that takes place
at a particular d* value of the control parameter, in the molec-
ular partition of the starting conÐguration. More precisely, the
dual cusp catastrophe that characterizes the breaking of a
covalent bond19 involves the V(Cl1, Cl2) attractor located at
r(c). The Taylor development of g(r ; d), around r(c), after a
change of variables can be written as :33

g(x, a, b) G [[14x4] 12a(d or h)x2] b(d or h)x] (1)

(see Appendix D for the meaning of In this equation, x isG).
a generalized space variable along the ClwCl axis.

The threefold degenerate critical point, r(c), which is
obtained for a \ b \ 0, is located at the origin x \ 0, the mid-
point of the ClwCl bond. The observed topological behav-

Fig. 8 Display of the ELF for various values of d in the C=vgeometry, calculated with the TopMoD series of programs
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iour, for example in symmetry, implies that b is constantC2vduring the process, and equal to the value found for the bifur-
cation state. Accordingly, in the latter equation, b(h)\ b*(h) is
determined by the condition for which which locates thex0 ,
attractor ClwCl bond for a given h, becomes triply degener-
ate :33

dg

dx
K
x0

\
d2g
dx2
K
x0

\ 0 (2)

This condition yields b(h)\ 2x03 .
For the corresponding value of a, namely a(d*), one gets

Hence, the splitting of thea(d*)\ [3x02 \ [[274 b2(h)]1@3.
V(Cl1, Cl2) basin takes place as a(d) passes from a(d) [ a(d*)
to a(d)\ a(d*), via a(d)\ a(d*). The latter Ðnding means that,
for a(d*), either the attractor (in the symmetry), or in otherC2vcases, a wandering point of the V(Cl1, Cl2) basin, that is, a
point that satisÐes the condition becomes degener-+

r
gD 0,

ate, with one zero eigenvalue. Then, after a small perturba-
tion, expressed by a, and corresponding to a variation of d, two
monosynaptic basins and a (3, [1) saddle point between them
appear. The symmetry implies that b(90¡) \ 0, while forC2vother values of h, which describes the disymmetry ofb(h)D 0,
the bond breaking.

Fig. 9 displays the partition of the control space, according
to the number of maxima (full circles) and saddle points (full
triangles) of the g function. Regions I.1 and II.1 correspond to
the molecular partitions in which the V(Cl1, Cl2) basin exists
(one maximum), while regions I.2 and II.2 correspond to
molecular partitions in which the ClwCl bond is broken [two
maxima and a (3, [1) saddle point]. The domains having
b \ 0 and b P 0 di†er by the way the h angle is deÐned. In the
present study, only the case b P 0 has been explored ; the case
b [ 0 corresponds to a symmetrical deÐnition of h. Thus, the
electron transfer is considered as a trajectory in the control
space, in the sense described above. The cusp curve represents
the transitions from region I.1 to I.2, and characterizes the
avoided PES crossings.

Comparison with a classical model

A very simple qualitative model, using the point charge
approximation1 and either MP2 or DFT calculated data at
inÐnite separation, may be used for determining the region
and nature of the electronic events corresponding to the criti-
cal points of the system, depending on the variable d, at con-
stant h. Let us take the neutral covalent system MLi(2S)

at inÐnite separation of both partners, as the] Cl2(1&g
`)N,

energy reference : The ionic charge transfer (CT)Ecov \ 0.
system composed at d \ O of liesMLi`(1S)] Cl2~(1&

u
`)N

Fig. 9 Partition of the control space according to the number of
maxima and saddle points in the g function39

4.47 eV (MP2) or 4.64 eV (DFT) higher (the CT energy is
noted Upon the assumption that the CT energy variesEion).according to a [d~1 law, one straightforwardly gets the fol-
lowing equation, which links the parameter d (in the CTÓ),
energy and the actual energy under scrutiny, noted E (in eV)

d \
14.4

Eion[ E
(3)

The critical regions, corresponding to a crossing between
the CT and a covalent PES are then obtained by equating E
to the discrete spectra of the various states of the neutral MLi

system in this expression. This rough approximation] Cl2Nrelies on the implicit statement that the actual overlap
between the frontier MOs of both partners remains small in
the regions of crossing, in such a way that no strong MO
interaction results. We thus obtain two regions of interest.
With the MP2 data, one gets the following critical regions : (i)
the Ðrst one concerns the crossing of the CT PES with the

covalent PES, at point P, located aroundMLi(2P)] Cl2(1&g
`)N

5.5 (ii) the second one concerns the crossing of the CT PESÓ;
with the PES, at point Q B 3.2 UnderMLi(2S)] Cl2(1&g

`)N Ó.
the same conditions the DFT data yields 3.1 for point QÓ
and 5.1 for point P. We thus see that both types of calcu-Ó
lations give comparable results. Moreover, the very simple
model whose physical signiÐcation is quite evident, is in very
good agreement with the BET results, thus showing that the
latter have a Ðrm chemical signiÐcation and provide qualit-
atively the same description of the actual process at all
quantum mechanical levels of calculation.

Conclusions
In a context of irreversible conditions, electron transfer in the

system realizes and illustrates the intuitive know-MLi] Cl2Nledge we have of a “catastrophic decayÏ. When Li and Cl2approach each other in the geometry, which is the sim-C2vplest reference for any discussion, we observe a crossing
between the covalent PES of the neutral ground state and the
ionic CT PES. Through this crossing, an elec-MLi`] Cl2~N
tron jump takes place from the covalent to the ionic PES,
with a probability that can be estimated by the classical
LandauÈZener model.14 In the usual adiabatic description
this crossing becomes more or less avoided in any other
geometry, for symmetry reasons,13 though o†ering the possi-
bility of a progressive electron transfer, but the question might
be raised of the pertinence of this result. In particular, once
the electron has been trapped by to form a 3e-bond, stableCl2at all ClwCl distances, an irreversible further chemical evolu-
tion gives LiCl] Cl via a strongly exothermic process. It is
therefore difficult to speak in terms of a potentially reversible
process in this case, and the diabatic language seems more
appropriate.

The topological analysis of ELF g, either based on the cal-
culated MP2, DFT or CASSCF results, nicely conÐrms this
analysis by providing a Ðrm basis for a topological analysis of
the electronic events, in the general catastrophe theory frame-
work. It thus becomes possible to identify the invariant corre-
sponding to this type of process, namely a dual cusp, whose
universal unfolding variable might easily be related to the
actual geometrical constraints. After the resulting general
modelization, it becomes possible to Ðnd the crossing zone in
any geometry. The topological study presented here illustrates
the fact that, although a smooth continuous PES proÐle might
be a†orded in some cases, it is possible to extract the
“memoryÏ of the diabatic crossings occurring in any geometry
and detected through the existence of the dual cusp catas-
trophe. This type of investigation, which, as shown by our
study, is largely method-independent will be developed by
further studies of various irreversible processes.
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Appendices
Appendix A: Electron localization function (ELF)

The Ðrst topological approach to bonding was made by
Richard Bader in his atoms-in-molecules theory, in which he
applied topological concepts to the electronic density q(r).16
The unstable manifold of the (3, [1) critical points constitutes
the bond path that links the bonded centres together (see
Appendix C). Apart from structure considerations, this theory
has been applied to unimolecular reactions and dissociative
processes. In the most general case of bond dissociation, the
study of the electronic density does not allow any change in
the structure of attractors to be identiÐed, with the exception
of systems possessing a non-nuclear attractor, such as Li2 .34
In order to illustrate this, let us consider the bond breaking of
a singly bonded diatomic molecule. In this case, the unique
control parameter is the internuclear distance, and there
always exists a (3, [1) critical point between both attractors,
in such a way that the system always remains structurally
stable (see Appendix D) : nothing seems to happen.

Bonding evolution theory (see Appendix B), provides an
alternative method for classifying and studying chemical pro-
cesses that overcomes the previous inconveniency. It is based
on the Silvi and Savin17 description of bonding, resulting
from the topological analysis of Becke and EdgecombeÏs
ELF.20 The latter function is deÐned by

g(r)\
1

1 ]
AD(r)
Dh(r)

B2 (A1)

For a single determinant wavefunction built from orbitals
labelled the quantity D(r) deÐned according to :z

i
,

D(r)\
1

2
;
i

o+z
i
(r) o2 [

1

8

o+q(r) o2
q(r)

(A2)

is the excess of local kinetic energy, due to PauliÏs repulsion.35
is the ThomasÈFermi kinetic energy density,Dh(r)\CFq(r)5@3

which acts here as a renormalization factor, and is theCFFermi constant a.u.). The range of values of g is(CF \ 2.871
0 O gO 1. For a single pair of electrons with antiparallel
spins, g\ 1, while for a uniform gas of electrons, by construc-
tion, g\ 0.5.

In principle, the ELF can be calculated from the exact
wavefunction, if available, or from experimental results. In
practice g(r) is calculated from the natural orbital populations,
with no restriction on the quantum mechanical method used
for obtaining them. In the SilviÈSavin theory of bonding, a
partition of the molecular space into basins of attractors
having a clear chemical signiÐcation is obtained. These basins
are either core basins located around the nuclei with ZP 2, or
valence basins, some of which are associated with bonds. In
this context, a classiÐcation of bonds has been proposed.

Appendix B: Main features of bonding evolution theory (BET)

This theory consists of a set of topological concepts character-
izing the chemical changes taking place along a reaction path.
These concepts, by nature, are independent of the actual
quantum mechanical method used for calculating the ELF.
Accordingly, BET is compatible with any quantum mechani-
cal scheme. Moreover, the topological description of a process
is structurally stable, in the sense that the number and type of
critical points of the ELF, as well as their connectivity and
evolution, remain constant for any quantum method yielding
a wavefunction that suitably describes the system in any con-
Ðguration. To distinguish the valence basins among them-
selves, the concept of a synaptic order r has been
introduced.32 This is the number of core basins with which a
given valence basin shares a common boundary, as shown in

Table B1 Nomenclature of valence basins

Synaptic order r Nomenclature Symbol

0 Asynaptic V
1 Monosynaptic V(Xi)
2 Disynaptic V(Xi, Xj)
P3 Polysynaptic V(Xi, Xj, . . .)

The expression in parenthesis corresponds to the list of core basins
sharing a common boundary with the valence basin under scrutiny.

Table B1. From a chemical point of view, monosynaptic
basins are related to lone pairs, while di- and polysynaptic
basins are related to bonds. In terms of BET,19 a chemical
process is considered as a succession of di†erent regions of
structural stability in the control space (the space of nuclear
coordinates) passing through a bifurcation state (see Appendix
D). BET introduces the concept of morphic number l, as being
the number of basins of the molecular partition of the
system19 in each region of structural stability. It generalizes
the molecular graph concept (Appendix C), Ðrst introduced by
Bader.16 By deÐnition, a step in a chemical process takes place
when a change occurs in the topological structure of the gra-
dient Ðeld of the ELF associated with the system. The latter
changes are typical of physical or chemical events such as
bond breaking and forming, or of an electron switch from one
PES to another, around a conical intersection. This approach
provides a classiÐcation of chemical processes according to
topological arguments. It is worth recalling that this classi-
Ðcation is likely to remain independent of the quantum chemi-
cal method that is used for obtaining the PESs.

Appendix C: Topological concepts

The gradient Ðeld of a local, well-deÐned function, F(r ; c
a
),

may be considered as a velocity vector Ðeld, as shown by the
following relation :

dr
ds

\ +
r
F(r ; c

a
) (C1)

This corresponds to a system of equations, which is called a
gradient dynamical system.36 In any such equation s is an
e†ective time and represents the set of control parametersc

athat F(r ; depends on. In our case, is the set of nuclearca) c
acoordinates. Integration of the previous equation, with respect

to some initial conditions, yields a unique solution, which is a
trajectory, R3. For a given trajectory, the points correspond-
ing to s] [O and s] ]O are called the a [ limit and
u[ limit, respectively. The set of x[ limits is the set of
attractors of the gradient dynamical system. The basin of an
attractor is the set of points for which this attractor is the
x[ limit. The set of trajectories having a given critical point
as a [ limit is called the unstable manifold of the critical
points, whereas the stable manifold is deÐned as the set of tra-
jectories for which it is the x limit.

The points for which are of particular impor-+
r
F(r ; c

a
) \ 0

tance. They are called critical points and are characterized by
the couple (r, s) formed by the rank r, which is the number of
non-zero eigenvalues, and the signature s, which is the excess
of positive eigenvalues of the Hessian matrix, the elements of
which are the second derivatives of In R3, a criticalF(r ; c

a
).

point of r \ 3 is called non-degenerate, and according to the
signature, four types of critical points are distinguished : (i) (3,
[3), attractor ; (ii) and (iii) (3, ]1) and (3, [1), saddle points ;
(iv) (3, ]3), repellor. Alternatively, a critical point is character-
ized by its index I, which is the number of positive eigenvalues
of the Hessian matrix, calculated at the critical point, labelled
r(c). With this deÐnition, an attractor corresponds to I\ 0, a
repellor to I\ 3, while the saddle points (3, ]1) and (3, [1)
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Table D1 ThomÏs nomenclature of elementary catastrophes

Name Codimension Corank Universal unfolding

Fold 1 1 x3] ux
Cusp 2 1 x4] ux2] ux
Swallow Tail 3 1 x5] ux3] vx2] wx
Hyperbolic Umbilic 3 2 x3] y3] uxy ] vx ] wy
Elliptic Umbilic 3 2 x3[ xy2] u(x2] y2)] vx] wy
ButterÑy 4 1 x6] ux4] ux3] wx2] tx
Parabolic Umbilic 4 2 x2y ] y4] ux2] vy2] wx] ty

correspond to I\ 2 and I\ 1, respectively. These critical
points satisfy the Poincare� ÈHopf relationship36

; ([1)Ir(c)\ 1 for Ðnite systems, and

0 for periodic systems (C2)

In the previous equation, the sum runs over all critical points
of the gradient dynamical system. In bonding evolution
theory, the critical points form the molecular graph. In this
graph, they are represented according to the dimension of
their unstable manifold. Thus, critical points of I\ 0 are
associated with a dot, those with I\ 1 are associated with a
line, those with I\ 2 by faces, and Ðnally those with I\ 3 by
3D cages.

Appendix D: Elements of catastrophe theory

Catastrophe theory37 studies the change of the critical points
[(r(c) ; see Appendix C] of a gradient dynamical system as ac

a
),

function of the changes of the control parameters in thec
a
,

special case where the dimension k of the control space W,
also called the codimension, fulÐlls the relationship : k O 4. In
this context, the evolution of the critical points can be studied
by considering the behaviour of the Hessian matrix H of F(r ;

(see Appendix C). The conÐguration of the control param-c
a
)

eters for which the determinant of H is zero, that isc
a
* det

is called a bifurcation state. The set of forH
ij
(c

a
*) o

r/r(c)
\ 0 c

awhich the Hessian matrix of a given critical point is non-zero
deÐnes the domain of stability of the critical point. A small
perturbation of brings the system from one domain ofF(r ; c

a
*)

stability to another one. If none of the critical points of the
system change during a variation of the system is locatedc

a
,

in a domain of structural stability.
ThomÏs theorem37 states that in the neighborhood of (r(c) ;

after a smooth change of the variables, the function F canc
a
*),

be written in the form: where meansF(r ; c
a
)GQ ] u G

“ equal after a smooth change of variables Ï. In this equation, u
is the universal unfolding of the singularity, it is a polynomial
function of degree higher than 2 of a canonical form. The
latter polynomial depends on l variables associated with the l
zero eigenvalues of the Hessian matrix. l is called the corank,
while Q is a quadratic expression of the r [ l variables, r being
the rank of the Hessian matrix. The unfolding contains all the
information about how F(r ; may change around the criti-c

a
)

cal point when the control parameters change. Thom has clas-
siÐed these universal unfoldings according to their corank and
codimension, as reported in Table D1.
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