JOURNAL OF CATALYSIS 74, 84—88 (1982)

Ab Initio SCF Study of HCO,H, HCO,H-, and HCO,H*. Application to
the Decomposition of Formic Acid on Titanium Dioxide

B. BiGgoTt,* M. A. ENRIQUEZ,T AND J. P. FRAISSARD?

* Laboratoire de Chimie Organique Théorique, et tLaboratoire de Chimie des Surfaces, associé au
CRNS (ERA 457-02), Université P, et M. Curie, Tour 55, 4 Place Jussieu, 75230 Paris Cédex 05, France

Received April 13, 1981

An ab initio SCF study of the acid HCO,H and the HCO,H~ and HCO,H* species, the limiting
forms which could be obtained when HCO,H is in the presence of electron donors or acceptors,
leads to an understanding of the mechanism of the catalytic decomposition of formic acid on these

different centers.

INTRODUCTION

The results of kinetic experiments on the
catalytic decomposition of formic acid on
TiO, have shown that electron-donor cen-
ters promote the dehydration reaction,
whereas electron-acceptor centers have no
catalytic activity in this reaction (/). EPR
confirmed the existence of a Ti**-HCO,H
bond at the surface of TiO, (/). NMR pro-
vided structural detail about the species
(HCO,H)™¢ chemisorbed on the electron-
donor centers by giving the value of the
electronic charge —e transferred from the
solid and the deformation angle of this spe-
cies relative to the initial planar structure
(2).

We thought that it would be interesting to
seek confirmation of the interpretation of
the various experimental data by an ab in-
itio SCF study of the acid HCO,H and the
HCO,H~ and HCO,H* species, the limiting
forms which could be obtained when
HCO,H is in the presence of electron do-
nors or acceptors. In particular, the elec-
tron distribution in the latter should lead to
an understanding of the mechanism of the
catalytic decomposition of formic acid on
these different centers.

METHOD

The calculations were carried out with
the Gaussian 70 series of programs (3) and
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the STO-3G minimal base set (4), using the
Roothaan hamiltonian (5) for the closed
shell systems (singlet) and the unrestricted
Nesbet hamiltonian (6) for the open shell
systems (doublet). Analyses of the charge
density and the bond indices were per-
formed by the Mulliken method (7).

RESULTS
1. Molecule HCO,H

We have adopted the standard geometry
of the molecule (8) (Fig. 1). The atomic
functions are defined by the axes depicted
in Fig. 1. For convenience, all the atoms
are numbered (Fig. 2).

We have determined the molecular or-
bitals. The energies E corresponding to
those which are occupied range from
—20.2964 to —0.3490 a.u. The only ones
which are of interest to this study are the -
MO (No. 12), which is the last occupied
one, whose equation is

7-MO-12 = 0.30 pg®

+0.61 pg® — 0.72 p9;
E12 = _0.3490 a.u.

and the unoccupied antibonding #*-MO
(No. 13) whose equation is

7*-MO-13 = 0.84 pS®¥
— 0.72 pJ® — 0.32 p®,
E3 = +0.3037 a.u.
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F1G. 1. Geometry of molecule (a) and ions (b).

The form of these two MO indicates that
they can overlap with the Ti d-orbitals,
both in reactions involving electron dona-
tion to Ti* (filled #-MO-12) or electron
capture from Ti** (empty #*-MO-13).
Moreover (Fig. 2), the two oxygen atoms
are negatively charged (—0.26 and —0.33
a.u. for the C==0 and C—OH group oxy-
gens, respectively) while the hydrogen and
carbon atoms are positively charged. Fi-
nally, the Mulliken bond indices are 0.43,
0.30, 0.27, and 0.375 for the C=0,
C—OH, O—H, and C-—H bonds, respec-
tively.

+0,09
—0,08
+0,26

Fi1G. 2. Bracketed values are Mulliken indices and
values in boxes are the charges at the atoms in
HCO,H, HCO,H-, and HCO,H*.

2. Limiting Cationic Form (HCO,H)*

We adopted the planar configuration for
this study and assumed a C—O" distance of
0.136 nm (8). It should be noted first of all
that the MO spin orbital which contains the
unpaired electron corresponds roughly to
the analytical form of the 7-MO-12 of the
neutral species:

w-MO-12a = 0.19 p§®
= 0.55 pg® + 0.81 p%¥;
E‘lz‘1 = —0.7703 a.u.

The O-H and C-H bond indices change
very little on going from the neutral form to
the cationic form (HCO,H)*. The C-0O®?
bond index decreases markedly from 0.43
to 0.29 while that of C-OH increases from
0.30 to 0.35. This increase is due to a fairly
large decrease in the electronic charges on
C and O% atoms in favour of the bond
between them from 0.26 to 0.41 and
—0.33 to 0.17, respectively. Consequently,
when HCO,H loses an electron, the C-OH
bond is not weakened. Rupture of this bond
cannot therefore be catalysed by chemi-

TABLE 1
Calculated Spin Densities for HCOOH™ and

HCOOH*
Atom AO Spin density

HCOOH~ HCOOH*
1 C 1s 5.395 x 10738 —1.300 x 10~
1 C 2s 5.918 x 1072 —3.341 x 1072
i C 2p, 2.410 x 1072 ~3.628 x 1072
1 C 2py 0.487 —6.398 x 1072
1 C 2p, 1.323 x 102 ~5.186 x 1072
2 O is 4.495 x 1073 4.785 x 107
2 O 2s 1.33] X 1072 2.309 x 107
2 0 2P, 2.805 x 103 0.968
2 0 2, 0.478 9.996 x 10
2 0 2, —2.469 x 107 4.710 x 1072
3 H 1s —5.703 x 1072 3.491 x 1072
4 (8] 1s —3.026 x 10-® —7.760 x 107
4 (6] 2s —1.310 x 1073 -1.203 x 1072
4 (0] 2p, -1.383 x 102 1.908 x 1072
4 (6] 2py 3.360 x 102 —3.585 x 1072
4 0 2p, —1.397x 102 2.997 x 102
S H is —-1.911 x 1073 2.165 x 10
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sorption of HCO,H on electron-acceptor
centers.

3. Limiting Anionic Form (HCO,H)~

(a) Planar form. Firstly we have carried
out a study of the anionic form on the as-
sumption that it was planar (Fig. 2 and Ta-
ble 1). In this case the #w*-MO spin orbital
which contains the electron corresponds to
the analytical form of the #*-MO-13 of
HCO,H:

7-MO-13a = 0.85 p§
— 0.59 pd® — 0.42 p9@;
E 3. = 0.2071 a.u.

In comparison with the results for
HCO,H we observe that the overall nega-
tive charge on the atoms increases gener-
ally. The Mulliken indices of the O-H and
C-H bonds are unchanged. In contrast,
those of C-0O%® and C-OH decrease
significantly; in particular, that of C-OH
has the lowest value (0.25). Consequently,
in (HCO,H)~ the C—OH bond is the easiest
to break. This could explain the catalytic
dehydration of HCO,H on electron-donor
centers.

Table 1 gives the calculated electron-spin
densities. The principal densities are natu-
rally =-type:

0(2)

P2y = 0-487 P8y, = 0.478.

We note that these two spin densities are
nearly identical. This justifies our calcula-
tion of the overall electronic charge trans-
ferred from Ti3* to HCO,H on the basis of
the NMR-determined value of p_ . alone
(2). This density p_.€ induces a spin polari-
sation along the o bonds leading to contri-
butions p, on the s electrons of the order of
102, The values associated with carbon
and hydrogen atoms are of opposite sign
and in this theoretical planar configuration
of (HCO,H)~ the absolute values of p§{¥ =
5.92 x 1072 and of pi® = 5.70 X 1072 are
practically equal, in agreement with the
theory of spin polarisation (9). The NMR
signals of the hydrogen and the carbon of

and

the CH group must be shifted downfield
and upfield, respectively, relative to the
corresponding position in HCO,H, as is
confirmed by the NMR results (2).

(b) Nonplanar form. We then determined
the most stable geometric form of HCO,H~
(optimisation in terms of energy minimum).
More exactly, we considered only the vari-
ation of the C-0® distance and the out-of-
plane angle o of the C—H bond relative to the
theoretical planar position, all of the other
parameters being fixed in the positions of
the neutral molecule. Table 2 shows that
the most stable configuration of (HCO,H)~
corresponds to a distance d(C-0®) = 0.129
nm and an angle o = 28.5° (minimum total
energy: —185.9560 a.u.). For a > 28.5°
(cases not reported in Table 2) the values of
the total energy are greater than this mini-
mum whatever the reasonable distance of
d(C-0®). This value of a corresponds to
the average bond angle of 118°, in agree-
ment with the value obtained from the
NMR of HCO,H chemisorbed on electron-
donor centers (2). The charges located on
the atoms appear to be independent of the
angle a (Ag; = 1072 a.u.) for a given value of
d(C-0®), Also, for constant a, only g, de-
pends on d(C-0?).

In the study of the planar structure we
saw that electron capture by HCO,H mark-
edly decreases the energy of the two C-O
bonds. However, the latter are very little
affected by deformation of (HCO,H)~. The
Mulliken index of C-OH, for example, de-
creases by 0.25 (for planar form) to 0.24 for
the stablest form (a = 28.5°).

Let us now consider the spin densities.
The increase in a leads to higher p,,* and to
lower |p}i®|. These results are also in com-
plete agreement with those deduced from
the NMR experiments which revealed that
the absolute value of the carbon coupling
constant (a; = —13.330 G) and that of hy-
drogen (ay = 1.019 G) are very different
(2).

There is one last point: p{i® is —1.91 x
1073 in the planar form of (HCO.H)~. The
algebraic value of this spin density in-
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creases with a. For example, it is + 10.31 x
10~? for the stablest configuration. This
resuit is in agreement with theory which
requires that in such a nonplanar structure
the carbon directly induces a spin density
on H® by hyperconjugation (9).

CONCLUSION

The wave mechanical study explains why
dehydration of HCO,H is facilitated by
chemisorption of the molecule on electron-
donor centers. When (HCO, H)~ if formed
by the capture of an electron, all the bond
energies decrease but most importantly
those of the two C—~O bonds. Moreover, the
C~OH bond is the weakest and conse-
quently the easiest to break.

The calculated electron spin density dis-
tribution is in complete agreement with the
experimental results deduced from NMR.
The two methods prove that when HCOOH
is chemisorbed on an electron-donor center
it loses its planar structure.

It might have been expected that the
result would be similar when HCO, H loses
an electron by chemisorption on an elec-
tron-acceptor center. The above calcula-

tions prove the contrary: the C~OH bond
index (0.35) is greater than that of the neu-
tral form (0.30). This is due to the fact that,
in this cationic form, the electronic charges
are localized more between the atoms than
on them. It is therefore impossible to catal-
yse the dehydration of formic acid in the
presence of electron-acceptor centers.
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