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The mechanism of exciplex formation, along the low-energy potential energy surfaces (PESs) of the Mg*+C,H, system has
been explored in the optimal C,, geometry. Quasi-diabatic PESs were obtained from the MO-CI PESs, through calculation of the
matrix elements of the 3/dR operator by a finite difference method. Although of qualitative grade these PESs clearly show the
fundamental role of the charge-transfer PES which crosses, at short distance of interaction, the repulsive neutral (covalent) ones,
asymptotically correlated with the excited metal + neutral acetylene.

1. Introduction

The understanding of the physical quenching of
excited metal atoms (A*) by small molecules M, i.e.
electronic to vibrational, rotational and translational
energy transfer, mainly depends on a couple of com-
plementary limiting models [1]. The first one, orig-
inally proposed by Nikitin [2], and further im-
proved by Bauer, Fischer and Gilmore [3], is based
on the diabatic crossing, at short distance of inter-
action, of repulsive neutral (covalent) potential en-
ergy surfaces (PESs), A*+M, with an attractive sur-
face of ionic (charge-transfer, CT) character, A* +
M~. This model is well documented for systems in
which the negative moiety M~ either is stable or, at
least, not of too high energy with respect to that of
the isolated neutral species to which they are asymp-
totically correlated. The second one, whose appel-
lation “bond-stretch model” has been given by Her-
tel [4), is of concern when an adiabatic weak
stabilization of a low-energy covalent state arises via
a small relaxation of the neutral molecule, so as to
increase the overlap of the valence MOs of the metal
with its * MOs. Examples of the first model are pro-
vided by the Na+HF {5], Li+N, [6], Mg+N, [7]
systems, while the second is illustrated by systems

! Part of the URA No. 506 of the CNRS.

such as Na [8] or Mg+H, [9] and Li or Mg+CH,4
[10]. In all the preceding cases, the physical quench-
ing either competes, or is involved, with chemical
quenching in which the electronic energy is trans-
formed into chemical energy via bond breaking and/
or making. .

In this perspective, the system composed of ex-
cited Mg* plus acetylene provides a vast field for both
experimental and theoretical investigation. Previous
studies have shown that in the parent system Hg+
C,H,, the excited states Hg (°P,) or Hg (°P,) [111],
essentially yield triplet acetylene, while when dealing
with Li [12-14], Na, Al, Mg [15], acetylene to vi-
nylidene rearrangements are.-observed, in which the
metal participates. In the case of Li and Na, in the
ground state (GS, lowest doublet PES), the reaction
mechanism is essentially that of neutral acetylene,
whereas when dealing with Mg(°P) and Al, the re-
action is similar to that of the acetylene anion [15].

A theoretical SCF-CI study of the Mg+ acetylene
system reactivity, in the low energy '*P excited states
of the metal, has been recently achieved [16]. It
showed that the lowest energy singlet state of Mg
('P), yields a stable exciplex whose optimal geom-
etry is an isosceles triangle (C,,). The formation of
this species is exothermic and the corresponding en-
ergy excess 1s large enough for inducing an hydrogen
migration giving an intermediate vinylidene-mag-
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Fig. 1. Energy scheme for the formation of the | 'B, exciplex 1.

nesium, which, in turn, undergoes a C-Mg bond rup-
ture, thus finally yielding vinylidene itself. The latter
series of reactions competes with a possible insertion
of Mg into 2 C~H bond. All this reaction pattern is
ruled by a primary event: the formation of a deep
potential energy well, of 2.75 eV calculated at the
SCF +large Moller-Plesset CI level [17], whose en-
ergetics and geometry are displayed in fig. 1. The ac-
tual structure of the transient species 1 sets two linked
questions; the geometrical parameters being typical
of a charge-transfer moiety, i.e. Mg* +C,H;5 , rather
than a neutral complex, i.e. Mg*+C,H,, what is the
actual mechanism of the electronic transfer? This
problem puts to the fore the duality and possibly the
complementarity of the models described in the
forthcoming paragraphs. We will stay in this per-
spective, by affording in what follows a comparative
analysis of the adiabatic and related diabatic PESs,
calculated for the C,, exciplex formation, our pur-
pose being to propose a simple scheme showing the
link between quantum mechanical calculations and
classical ionic and covalent resonance forms.

2. Methodology

Ab initio SCF-CI calculations were achieved with
the MONSTERGAUSS series of programs [18]. We
used a basis set consisting of 6-31G functions [19].
A limited CI (including ~ 100 functions) and direct
diagonalization was then used for obtaining adi-
abatic surfaces. Then, in a second step, the coupling
matrix elements ( ¥;|3/0R|¥;> were calculated be-
tween these states according to a general procedure
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initially proposed by Lorquet et al. [20] (vide infra
the appendix). These matrix elements can be ex-
ploited in two fashions. First, their magnitudes, as a
function of the reaction coordinate R, indicate the
actual region of diabatic crossings that occur when
they are maximum ¥!, Second, in the regions where
avoided state crossings take place, the corresponding
diabatic states can be obtained in the Mmiting ap-
proximation of a 2 X 2 problem, for which analytical
solutions are available. In the latter case, the couple
of adiabatic states ¥, and ¥, is transformed by an
orthogonal transformation, via a 8(R) rotation, into
the quasi-diabatic states y, and ), for which the dia-
batic condition: {y;|8/3R|x,)> =0 is fulfilled. The
rotation angle, 6(R), is obtained through numerical
integration [19]:

e(R)ZJ (¥, |8/3R| ¥, dR.

The (¥,|8/0R|¥,) matrix elements have been cal-
culated by a finite difference method. For each cal-
culated point, the molecule geometry was frozen and
the metal was placed at R and R+ 8R, with a 3R mi-
crodisplacement (a value of 0.01 A was generally
used ). Within this approximation, the problem is a
one-dimensional one. Obviously, the corresponding
results are only of qualitative grade, so that this study
only pretends to provide an insight on the actual ionic
to covalent interplay. More accurate calculations
would afford more precise data about the actual en-
ergetics, but would not significantly change the main
features of the overall electronic mechanism.

3. Adiabatic PESs

The adiabatic SCF-CI PESs, calculated for the low-
energy singlet states of the system are displayed in
figs. 2 and 3. A detailed analysis of the SCF-CI PESs
relative to our system has already been made [16],
so that in the coming sections we have restricted our-
selves to only report the trends necessary for a com-
parison of adiabatic and diabatic PESs. With this
aim, fig. 2 shows a selection of PESs obtained with
C,H, in its equilibrium geometry (D.,, geometry,
with CC=1.208 A and CH=1.058 A). The behavior

¥ A comprehensive discussion of the classical Landau-Zener
model is found in ref. [21].
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Fig. 2. Low-lying adiabatic PESs for the C,, geometry, calculated
with the equilibrium geometry of isolated C,H,.
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Fig. 3. Adiabatic PESs of B, symmetry, The starred PESs (dotted
lines) refer to C,H, with the optimized geometry 1 displayed in
fig. 1.
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of these states is essential in the coming discussion
of exciplex formation.

At R~5 A, we first have the ground state (GS) of
the system (asymptotic: Mg('S)+CH,('%;)),
then we find the three components coming from Mg
excited in its first 'P state, whose degeneracy is split
at R<5 A (asymptotic: Mg('P) +C,H,(‘E})). At
higher energy, we only have reported the next state
of B, symmetry (2 'B,), and the first state of A,
symmetry (1 'A,). The latter state is asymptotically
linked to a charge-transfer moiety, corresponding to
Mg* (*£*)+C,H5 (’I1,), with the unpaired elec-
tron located, at short R, in the n¥ MO of C,H, (in
the reference frame defined in fig. 1). In the ener-
getic range upon consideration, this state is the only
one of this symmetry. For 2.5<R <5 A, it practically
behaves as 1/R (in au), and becomes repulsive at
short R, thus providing a good model for a “pure”
CT species. At R<5 A, an important feature points
out: the states of A; and B, symmetry are repulsive,
while those of B, and A, symmetry yield very stable
exciplexes. Of special interest is the guasi-paraliel
behavior of 1 'A, and 2 !B, in the range 2.5<R<5
A, which suggests the important role of a charged
species of B, symmetry.

In fig. 3 are reported the calculated PESs for the
first four states of B, symmetry. The full-line curves
were calculated with C,H, in its asymptotic equilib-
rium geometry (the same as in fig. 2), while the bro-
ken-line curves were obtained by setting C,H, at the
optimal geometry of the lowest energy exciplex 1 (fig.
1). The states corresponding to the latter case are la-
belled with an asterisk for the sake of clarity. Let us

~ first examine the full-line PESs. At R=35 A, by order

of increasing energy, one gets first the excited state
of Mg, 1 'B,(3s—3p,), then 2 !B, whose CI eigen-
function consists in a mixture of a valence excited
state of C,H,(m,~»=n*) (asymptotic: Mg('S)+
C,H,('Y})) and some Rydberg excitation' of
Mg(3s—4p,) (asymptotic: Mg('P)+C,H,('X})).
Very close in energy, we find a state, 3 !B, having the
same CI leading components, but with inverted rel-
ative weights, thus indicating that in this region of
the R coordinate, these states are undergoing an
avoided crossing. The next state, 4 !B,, has a dom-
inant CT character. Let us first examine the full-line
curves. When R decreases, the upper states exhibit
a strong mixing. As previously shown by the behav-
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ior of 1'A,, the CT state undergoes avoided cross-
ings with 3 'B, and 2 'B,, as revealed upon exami-
nation of the CI eigenvectors, thus leading to the
complex displayed adiabatic pattern. Very similar
trends have already been found and discussed in the
case of Li and Mg+N, [6,7]. In fact, the steep de-
scent of the CT state induces the observed curva-
tures in the low-lying Rydberg and valence states, the
phenomenon becoming important in the 2<R<4 A
region.

When dealing with the PESs obtained with the ex-
ciplex geometry of C,H, (structure 1), it is note-
worthy that, at R~co, all PESs are located above
those corresponding to the non-relaxed C,H,, the
destabilization due to the geometrical changes acting
as a constant energy increment. At R=S A, the
aforementioned crossing between the CT and the
Rydberg states has already occurred, so that 3 'B3
has a dominant CT character. The last point is em-
phasized by the quasi-parallel behavior of 3 'B, and
4 'B%. It is worth focusing our attention on the PESs
1'B, and 1 'B%. They cross each other at R~3 A,
and we see that for 2<R<3 A, the deformation of
C,H, brings about an energy gain >1 eV, finally
yielding the exciplex 1.

4. Diabatic PESs

The diabatic PESs of B, symmetry, obtained from
the adiabatic ones of fig. 3, according to the general
procedure described in the appendix, are displayed
in fig. 4, with the same conventions and scale. We
have restricted ourselves to the first two low-lying
covalent states (neutral), and to the CT (ionic)
states. The curves relative to the latter ones result
from several diabatic crossings and have been fitted
in order to behave continuously in the 3.5<R<5 A
region. All these states are asymptotic, at R~ S A, to
the adiabatic ones of the same geometry and
characteristics.

Two distinct features point out: (i) The covalent
states, for C,H, in its two geometries, have a mo-
notonous repulsive behavior. This trend has already
been rationalized, and it is worth recalling these clas-
sical results. By considering the local system formed
by the three p-type AOs (or hybrids), localized on
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Fig. 4. Diabatic PESs of B, symmetry. (a) and (b) refer to the
first and second valence state (neutral, or covalent), and CT to
the charge-transfer state. See also the labels in fig. 2.

the carbon atoms (their combinations form =, and
n ), on the one hand, and on Mg(3p,), on the other
hand, one gets an isosceles three-electron-three-cen-
ter system [22], for which it has been shown that the
covalent interactions are repulsive [23,24], and lead
to a “spin-forbidden” process [25], at all R distance.
This effect which is partly ruled by the overlap be-
tween the three centers, is more pronounced for the
Rydberg PESs (top covalent states), than for the va-
lence PESs (bottom covalent states). Obviously, at
short distance, the repulsion arising between the core
electrons of each partner becomes noticeable and this
effect superposes itself to the previous one. (ii) The
ionic PESs exhibit a strong stabilization, both opti-
mums being found at R=2.1 A, the repulsive parts
appearing at R<2 A, As when dealing with the adi-
abatic PESs, the relaxation of C,H, provides the sys-
tem with a stabilization of circa | eV, at R=2.1 A.
The diabatic crossings between covalent and ionic
PESs occur at 2.5 A for the non-relaxed geometry,
and 3.2 A for the relaxed one. When C,H, has its
resting geometry, the crossing point is located less
than 0.5 eV above the asymptotic limit of the co-
valent PES, so that, taking into account the zero-point
vibrational energy of the molecule, the system can
easily reach this part of the reaction coordinate, and
thus finally “jump” on the ionic surface, where fur-
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ther rearrangement of C,H, now occurs sponta-
neously.

With these findings, a simple mechanism for the
formation of the exciplex can be proposed: starting
from the lowest excited state of Mg, an easy ap-
proach drives the system to a region (Rx2.5 A),
where ionic character suddenly appears, without fur-
ther activation energy, and then, the system spon-
taneously evolves through geometrical relaxation in
good agreement with the classical Nikitin’s model

[2].

5. Conclusion

The examination of the diabatic PES clearly em-
phasizes the prominent role of the CT species, while
in the adiabatic PESs, this phenomenon is partly
masked by a progressive adaptation of the CI wave-
function through the various avoided crossings. Our
procedure for obtaining the diabatic PESs, although
rather crude and qualitative, nevertheless provides
informations that are of simple chemical signifi-
cance. Its routine use should greatly simplify the de-
scription of electronic processes, especially when sta-
ble exciplexes are formed, prior to any further
evolution of the system.

Appendix

The following treatment is derived from the pre-
vious works of Lorquet et al. [19]). Let us calculate
(I|8/dR|J)y where {I) and |J) are CI eigenvectors
of H,. They are linear combinations of Slater deter-
minants ¥, built on the SCF MOs, @,, themselves
linear combinations of the basis AOs, x,,,

II>=Ali¥/l+"-+Anigln> (1)
lJ) :AU‘{I1+.+A"JW", (2)
with

|¥>=1D,D,..D,..> (kelectrons), (3)

apart from normalization coefficients that have been
skipped for the sake of simplicity, but that are to be
taken into account in an actual calculation. There is
a non-zero matrix element { ¥;|8/3R|¥;> only if
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| ¥;> and | ¥;) differ by one spin-orbital, say &,, and
@, respectively.
From (1) we get

9 6
u>_ s AP+t e Ay,
] 0
+A1j’a_R 5”1 +...+Anja_R qy,,.

Multiplying by (| we obtain two kinds of terms (1)
resulting from derivation of the CI coefficients g ci);
(ii) resulting from the derivation of the ¥, gmo)-
We will treat them separately.

(a) gcny- Since the ¥, are cigenfunctions of H,,
one directly gets the non-zero terms:

L 0
gcn = ;AUETRAU- (4)

We then use a finite displacement 8R which yields

a 1
é_}_zAljz 8 lj l/)

where the calculation is carried out at R (no prime)

and R+ 38R (prime), thus leading to

1 n
gwcn = 3R 21: (A —Ay)

1 n n
= _872 (g AliA’Ij'_ Z}: AliAlj) -
The second term in the large parentheses is nul, hence

1 n
g(cn=g§;Au 'U. (5)

(b) gimoy- All symmetric terms such as
A;A;{ P |8/3R| ¥, ) are nul and the non-vanishing
ones have the form 4,,4,;( ¥,|8/0R|¥;>. Provided
that ¥, and ¥, only differ by the spin-orbitals @, and
®,, one has

g(Mo>_zzA,.As,<¢| = 1@, (6)

r S#r

The MOs @,, @, are written as
<Dr=BIer +-'-+erXm> d55=Blle +'--+BmsXm-

Upon derivation of @, and then multiplication. by
@,, we again obtain two kinds of terms, viz.
(a) those dealing with the coefficients of the
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LCAO, which, after the finite displacement leading
to eq. (3), yield in a similar way

1
g(Lcao) = 8—R 5’:‘ 2/: B BioSu; (7

(b) those resulting from derivation of the AOs:

’ 3
gaor= 2. 2 BuByl 2l 3R [Xg- (8)
P a#p
To summarize all those contributions, we finally
get

9 1 & ,
<1|51_2 ‘J>=g§;AriArj gcn

+ Z Z AriASj

ror#s
1
X (EE ; z}: BkrB;:Skl) £gLcA0)

+ 32 Y A4y

r r¥s

X z z Bpqus<Xn| f% |Xq> g(AO):
P g#p

where the prime stands for R+ 8R (a practical value
of 8R~0.01 A was generally used). Two strategies
exist depending on whether g0, is explicitly cal-
culated using the overlap matrix, or again obtained
through finite difference. A Fortran program includ-
ing both possibilities has been written; it is note-
worthy that generally, the “all finite difference”
methods yields more reliable results.
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