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The reliability of the recently proposed natural orbital functional supplemented with second-order
Møller-Plesset calculations, (NOF-MP2), has been assessed for the mechanistic studies of elementary
reactions of transition metal compounds by investigating the dehydrogenation of water by the scan-
dium cation. Both high- and low-spin state potential energy surfaces have been searched thoroughly.
Special attention has been paid to the assessment of the capability of the NOF-MP2 method to de-
scribe the strong, both static and dynamic, electron correlation effects on the reactivity of Sc+(3D,
1D) with water. In agreement with experimental observations, our calculations correctly predict that
the only exothermic products are the lowest-lying ScO+(1Σ) and H2(

1Σ+
g ) species. Nevertheless,

an in-depth analysis of the reaction paths leading to several additional products was carried out,
including the characterization of various minima and several key transition states. Our results have
been compared with the highly accurate multiconfigurational supplemented with quasi degenerate
perturbation theory, MCQDPT, wavefunction-type calculations, and with the available experimen-
tal data. It is observed that NOF-MP2 is able to give a satisfactorily quantitative agreement, with
a performance on par with that of the MCQDPT method.
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I. INTRODUCTION

Advanced quantum mechanical methods for the deter-
mination of the molecular electronic structure have, in
the last decade, evolved towards reliable computational
algorithms for the elucidation of the mechanisms of
chemical reactions, both in the condensed and in the
gas phase [1]. Gas phase studies, in particular, con-
stitute the ideal playground where theory and experi-
ment converge straightforwardly. The strictly molecu-
lar nature of both approaches, enables direct compari-
son of their results free from “environmental” perturba-
tions. The large and increasing number of combined
theoretical/experimental chemical reaction mechanistic
studies, indisputably shows that the development of reli-
able and computationally efficient density functional the-
ory (DFT) based methods has contributed greatly to this
present status [2].

In this vein, the reactions of transition metal cations with
a large variety of substrates, including both first- and
second-row hydrides [3–8] and, in particular water [9–
13], have been exhaustively studied. Thus, the studies
alluded to above have firmly established that the earlier
transition metal cations (Sc+, Ti+, V+, Cr+ and Mn+)
are more reactive than their corresponding oxides, while
the opposite is true for the late transition metal cations
(Co+, Ni+ and Cu+).

The earlier transition metal cations have high-spin
ground states, while the ground states of their corre-
sponding oxide cations are low-spin. For late transition

metals the opposite is found, namely, the metal cations
have low-spin ground states and their corresponding ox-
ides have high-spin ground states. This precludes com-
plex reaction mechanisms for which allowance for spin-
crossings to occur should be made [14]. Iron, lies in the
middle ground, i.e.: Fe+ and FeO+ have both high-spin
ground states, a fact that does not prevent them from
spin-crossings to occur [11].

The distinct gas-phase reactivity of the transition metal
cations can naturally be ascribed to the electronic config-
uration and to the spin state [15] of the reacting metal’s
cation. However, the electronic structure of compounds
having transition metals are tough for most approximate
exchange-correlation functional based DFT methods, for
they lack proper consideration of the strong dynamical
and static correlation effects arising from the incomplete
d-shells of the metals [16]. A fact which forces the-
oretical analyses to be performed at a higher level of
accuracy, involving in many cases multiconfigurational
wave-function type methods to properly account for the
electron correlation effects. Needless to say that this in-
creases enormously the computational effort and, unfor-
tunately, more often than not it ends up in unbearable
computational demands.

Earlier in the 80’s, it was suggested that natural orbital
functional theory (NOFT) implementations could be an
attractive alternative formalism to current wave-function
based algorithms. In spite of the fact that computa-
tional schemes based on exact functionals [17–19] were
found to be too expensive from a computational point of
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view, approximate, albeit rigorous, natural orbital func-
tionals (NOFs) have been developed for practical appli-
cations. Approximate NOFs have demonstrated [20] to
be more accurate than electron density functionals for
highly multiconfigurational systems in particular, and to
scale more satisfactorily than multiconfigurational wave-
function type methods with respect to the number of
basis functions. An extensive account of the formulation
and the development of such approximate NOFs can be
found elsewhere [21–25].

Recently, an open-source implementation of NOF based
methods has been made available to the quantum chem-
istry community [26]. The associated computer program
DoNOF is designed to solve the energy minimization
problem of an approximate NOF, which describes the
ground-state of an N-electron system in terms of the nat-
ural orbitals (NOs) and their occupation numbers (ONs).
The program includes the NOFs developed in the Donos-
tia quantum chemistry group. In this paper, we use
the Piris NOF 7 (PNOF7) approximate NOF, which has
proven [27, 28] to be an efficient and accurate enough
alternative for strongly correlated electrons.

It is worth noting that PNOF7 is able to describe
the complete intra-pair, but only the static inter-pair
electron correlation. In order to recover the missing
inter-pair dynamic electron correlation, a single-reference
global method for the electron correlation was introduced
[29, 30], taking as a reference the Slater determinant
formed with the NOs of an approximate NOF, in our
case PNOF7.

Within this approach, denoted as natural orbital func-
tional - second-order Møller-Plesset (NOF-MP2) method,
the total energy of an N-electron system can be cast as,

E = Ẽhf + Ecorr = Ẽhf + Edyn + Esta (1)

where Ẽhf is the Hartree-Fock (HF) energy obtained
with the NOs, the dynamic energy (Edyn) is derived
from a modified MP2 perturbation theory, while the non-
dynamic energy (Esta) is obtained from the static com-
ponent of the employed NOF. Actually, the correction
Edyn is based on an orbital-invariant formulation of the
MP2 energy [31]. It has been observed that NOF-MP2
is able to give a quantitative agreement for dissociation
energies, with a performance comparable to that of the
accurate CASPT2 method in hydrogen abstraction reac-
tions [32].

In the present paper, we analyze and assess the perfor-
mance of NOF-MP2 for the description of the Sc+ +
H2O → ScO+ + H2 reaction. This is the first time that
NOF based methods have been used for chemical reac-
tion mechanistic studies of transition metal containing
compounds.

We address the singlet and triplet spin-states, with the
NOFT for multiplets formulation [30]. The results of
our NOF-MP2 (over PNOF7 geometries) calculations
are compared with the energies obtained by the MC-
QDPT/MCSCF(10,17) level of theory (hereafter MC-

QDPT), as implemented in GAMESS-US [33] program
package. The TZPV+ basis set, which has been found to
give excellent results for transition metal cation reactions
with water [10–12], has been used for all the calculations.
This basis set is built starting from the TZVP basis de-
veloped by Alrichs et. al. [34, 35], complemented by two
sets of p [36], one set of d [37] and three uncontracted
f functions [38]. The results shown below reconfirm the
reliability of this basis set. Frequencies where calculated
for all the reported stationary points and ZPVE correc-
tions were applied to the reported energies. The article
is organized as follows. In section 2, we briefly lay the
foundations of the NOFT. In section 3, we assess the
quality of the results obtained, and finally, in section 4
the conclusions are presented.

II. THEORY

The electronic energy of an approximate NOF is given in
terms of the NOs {φi} and their ONs {ni} as follows

E =
∑

i

niHii +
∑

ijkl

D[ni, nj , nk, nl] 〈kl|ij〉 (2)

where Hii denotes the diagonal elements of the one-
particle part of the Hamiltonian involving the kinetic
energy and the external potential operators, < kl|ij >
are the matrix elements of the two-particle interaction,
and D[ni, nj, nk, nl] represents the reconstructed two-
particle reduced density matrix (2RDM) from the ONs.
Restriction of the ONs to the range 0 ≤ ni ≤ 1 rep-
resents a necessary and sufficient condition for ensem-
ble N-representability of the one-particle reduced density
matrix (1RDM) [39] under the normalization condition∑

i ni = N.

Our non-relativistic Hamiltonian is free of spin coordi-
nates, hence a state with total spin S is a multiplet, i.e.,
a mixed quantum state (ensemble) that allows all possible
Sz values. This approach differs from the methods rou-
tinely used in electronic structure calculations that focus
on the high-spin component or break the spin symmetry.
Next, we briefly describe how we do the reconstruction
of D to achieve PNOF7 for spin-multiplets. A more de-
tailed description can be found in Ref. [30].

We consider NI single electrons which determine the spin
S of the system, and the rest of electrons (NII = N−NI)
are spin-paired, so that all spins corresponding to NII

electrons provide a zero spin. We focus on the mixed
state of highest multiplicity: 2S +1 = NI +1, S = NI/2.
For example, for two single electrons, NI = 2 and S = 1,
then we have a mixed state {|1,−1〉 , |1, 0〉 , |1, 1〉} which
forms a triplet state. In the absence of single electrons
(NI = 0), the energy (2) obviously reduces to a NOF that
describes singlet states.

http://github.com/DoNOF/DoNOFsw
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For an ensemble of pure states {|SMs〉}, we note that

〈Ŝz〉 =
1

NI + 1

NI/2∑

Ms=−NI/2

Ms = 0. (3)

Eq. (3) implies that the expected value of Ŝz for the
whole ensemble is zero. Consequently, the spin-restricted
theory can be adopted even if the total spin of the system
is not zero as is the case in the triplet state. We use a
single set of orbitals for α and β spins. All the spatial
orbitals will be then doubly occupied in the ensemble,
so that occupancies for particles with α and β spins are
equal: nα

p = nβ
p = np.

The next step is dividing the orbital space Ω into two sub-
spaces: Ω = ΩI⊕ΩII. ΩII is composed of NII/2 mutually
disjoint subspaces Ωg. Each of which contains one orbital
|g〉 with g ≤ NII/2, and Ng orbitals |p〉 with p > NII/2,
namely,

Ωg =
{
|g〉 , |p1〉 , |p2〉 , ...,

∣∣pNg

〉}
. (4)

Taking into account the spin, the total occupancy for a
given subspace Ωg is 2, which is reflected in the following
sum rule:

∑

p∈ΩII

np = ng +

Ng∑

i=1

npi
= 1, g = 1, 2, ...,

NII

2
. (5)

In general, Ng may be different for each subspace, but it
should be sufficient for the description of each electron
pair. In this work, Ng is equal to a fixed number for all
subspaces Ωg ∈ ΩII. The maximum possible value of Ng

is determined by the basis set used in calculations. In
the current work, our calculations indicated that Ng = 2
is sufficient to correctly describe the reaction of Sc+ with
water. In fact, we consider only the ONs that do not
exceed a certain threshold, e.g. 0.01. Small ONs are
known to contribute only to the dynamic correlation that
will be accounted for by the MP2 correction to PNOF7.
From (5), it follows that

2
∑

p∈ΩII

np = 2

NII/2∑

g=1


ng +

Ng∑

i=1

npi


 = NII. (6)

Here, the notation p ∈ ΩII represents all the indexes of
|p〉 orbitals belonging to ΩII. It is important to recall
that orbitals belonging to each subspace Ωg vary along
the optimization process until the most favorable orbital
interactions are found. Therefore, orbitals do not remain
fixed in the optimization process, they adapt to the prob-
lem.

Similarly, ΩI is composed of NI mutually disjoint sub-
spaces Ωg. In contrast to ΩII, each subspace Ωg ∈ ΩI

contains only one orbital g with 2ng = 1. It is worth

noting that each orbital is completely occupied individ-
ually, but we do not know whether the electron has α or
β spin: nα

g = nβ
g = ng = 1/2. It follows that

2
∑

p∈ΩI

np = 2

NΩ∑

g=NII/2+1

ng = NI. (7)

In Eq. (7), NΩ =NII/2 + NI denotes the total number
of suspaces in Ω. Taking into account Eqs. (6) and (7),
the trace of the 1RDM is verified equal to the number of
electrons:

2
∑

p∈Ω

np = 2
∑

p∈ΩII

np + 2
∑

p∈ΩI

np = NII +NI = N. (8)

In Fig. 1, we show the splitting into subspaces of the
orbital space Ω used in the study of the reaction Sc+

+ H2O → ScO+ + H2. On the right, the division em-
ployed for the triplet (S = 1, NI = 2) is depicted, where
two orbitals make up the subspace ΩI, whereas four-
teen electrons (NII = 14) distributed in seven subspaces
{Ω1,Ω2, ...,Ω7} make up the subspace ΩII. On the left is
the split used for the singlet (S = 0, NI = 0), hence six-
teen electrons (NII = 16) distributed in eight subspaces
{Ω1,Ω2, ...,Ω8} compose the subspace ΩII. Note that the
value of Ng has been set equal to two in both cases. Also,
seven pairs of electrons are kept frozen in the innermost
orbitals and are not shown in the figure.

The construction [24, 40] of an N-representable functional
given by Eq. (2) is related to the N-representability prob-
lem of D [41]. Using its ensemble N-representability con-
ditions to generate a reconstruction functional leads to
PNOF7 [29, 30, 42]. Assuming real spatial orbitals, we
obtain

EPNOF7 =

NII/2∑

g=1

Eg +

NΩ∑

g=NII/2+1

Hgg +

NΩ∑

f 6=g

Efg (9)

where

Eg = 2
∑

p∈Ωg

npHpp +
∑

q,p∈Ωg

ΠqpKpq , Ωg ∈ ΩII (10)

with

Πpq =

{ √
npnq p = q or p, q > NII

2
−√

npnq p = g or q = g
(11)

is the energy of a pair of electrons with opposite spins.
Eq. (10) reduces to the NOF obtained from a ground-
state singlet wavefunction, so Eg describes accurately
two-electron systems [24]. Kpq are the exchange integrals
〈pq|qp〉.
In the the last term of Eq. (9), Efg correlates the motion
of electrons with parallel and opposite spins belonging to
different subspaces (Ωf 6= Ωg):

Efg =
∑

p∈Ωf

∑

q∈Ωg

[nqnp (2Jpq −Kpq)− ΦqΦpKpq] (12)
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Figure 1: Splitting of the orbital space Ω into subspaces used in the study of the reaction Sc
+ + H2O → ScO

+ + H2. The
arrows depict the values of the ensemble occupation numbers, alpha (↓) or beta (↑), in each orbital. The seven innermost
orbitals with frozen electrons are not shown.

In Eq. (12), Jpq are the usual Coulomb integrals 〈pq|pq〉,
whereas Φp =

√
np(1 − np). It is not difficult to verify

[30] that the PNOF7 reconstruction leads to <Ŝ2> =
S (S + 1) with S = NI/2. Therefore, the PNOF7 results
should be exempt from spin contamination effects.

Being an electron-pair-based functional [25], PNOF7 is
not capable of recovering the entire dynamic correlation,
so we must resort to perturbative corrections if we want
to obtain significant total energies. PNOF7 provides the
NOs to form the reference energy Ẽhf in Eq. (1), namely,

Ẽhf = 2

NΩ∑

g=1

Hgg +

NΩ∑

f,g=1

(2Jfg −Kfg)−
NΩ∑

g=
NII
2

+1

Jgg

4

(13)
In Eq. (13), the last term eliminates the αβ-contribution
to the energy of the singly occupied orbitals since in each
pure state |SMs〉 of the ensemble there is no such inter-
action. In this sense, the zeroth-order Hamiltonian for
the modified MP2 is constructed from a closed-shell-like
Fock operator that contains a HF density matrix with
doubly (2ng = 2) and singly (2ng = 1) occupied orbitals.

Esta is the sum of the static intra-space and inter-space

correlation energies:

Esta =
NII/2∑
g=1

∑
q 6=p

√
ΛqΛp Πqp Kpq

−4
NΩ∑
f 6=g

∑
p∈Ωf

∑
q∈Ωg

Φ2
qΦ

2
pKpq

(14)

where Λp = 1 − |1− 2np| is the amount of intra-space
static correlation in each orbital as a function of its oc-
cupancy. Note that Λp goes from zero for empty or fully
occupied orbitals to one if the orbital is half occupied.

Edyn is obtained from the second-order correction E(2)

of the MP2 method. The first-order wavefunction is a
linear combination of all doubly excited configurations,
considering one electron with α or β spin in ΩI. The
dynamic energy correction takes the form

Edyn =

NΩ∑

g,f=1

NB∑

p,q>NΩ

AgAf 〈gf | pq〉
[
2T gf

pq −T fg
pq

]
(15)

where

Ag =

{
1, 1 ≤ g ≤ NII/2
1
2 , NII/2 < g ≤ NΩ

(16)

and NB is the number of basis functions. The amplitudes
T fg
pq are obtained by solving the modified equations for

the MP2 residuals [31]. In order to avoid double count-
ing of the electron correlation, the amount of dynamic



5

correlation in each orbital p is defined by functions Cp of
its occupancy, namely,

Ctra
p =

{
1− 4 (1− np)

2
,

1− 4n2
p,

p ≤ NΩ

p > NΩ

Cter
p =

{
1,

1− 4 (1− np)np,

p ≤ NΩ

p > NΩ

(17)

where Cp is divided into intra-space (Ctra
p ) and inter-

space (Cter
p ) contributions. According to Eq. (17), fully

occupied and empty orbitals yield a maximal contribu-
tion to dynamic correlation, whereas orbitals with half
occupancies contribute nothing. It is worth noting that
Cter

p is not considered if the orbital is below NΩ. Using
these functions as the case may be (intra-space or inter-
space), the modified off-diagonal elements of the Fock

matrix (F̃) are defined as

F̃pq =

{
Ctra

p Ctra
q Fpq, p, q ∈ Ωg

Cter
p Cter

q Fpq, otherwise
(18)

as well as modified two-electron integrals:

˜〈pq| rt〉 =
{
Ctra

p Ctra
q Ctra

r Ctra
t 〈pq| rt〉 , p, q, r, t ∈ Ωg

Cter
p Cter

q Cter
r Cter

t 〈pq| rt〉 , otherwise

(19)
where the subspace index g = 1, ...,NΩ. This leads to the
following linear equation for the modified MP2 residuals:

˜〈ab| ij〉+ (Faa + Fbb −Fii − Fjj)T
ij
ab + (20)

∑

c 6=a

F̃acT
ij
cb +

∑

c 6=b

T ij
acF̃cb −

∑

k 6=i

F̃ikT
kj
ab −

∑

k 6=j

T ik
ab F̃kj = 0

where i, j, k refer to the strong occupied NOs, and a, b, c
to weak occupied ones. It should be noted that diagonal
elements of the Fock matrix (F) are not modified. By
solving this linear system of equations the amplitudes
T fg
pq are obtained, which are inserted into the Eq. (15)

to achieve Edyn.

III. RESULTS AND DISCUSSION

The appropriateness of the selected splitting of the NOs
space, Ω, sketched in Fig. 1, is confirmed by the
data shown in Table I. The PNOF7-MP2 calculated sin-
glet/triplet splitting energy of the Sc+ cation compares
well with its corresponding experimental mark. It is
worth noting that MCQDPT result is very satisfactory,
“for the right reason”, and the MP4 one is even better,
but, for “the wrong reason”, given the large multiconfigu-
rational character of the electronic structure of both the
ground 3D and the first excited singlet 1D states of Sc+.

Table I: Singlet-Triplet energy splittings, ∆S/T , in eV, for the
Sc+ and for ScO+, and dissociation energy, D0, in eV, for
the [Sc(OH)2]+ ion-molecule complex. Zero point vibrational
energy corrections have been included.

∆
(Sc+)
S/T ∆

(ScO+)
S/T D0

NOF-MP2 0.475 -3.762 1.264

MCQDPT 0.380 -3.376 1.456

CCSDT/TZVP+[10] 0.550 -3.496 1.410

B3LYP/TZVP+[10] 0.916 -3.292 1.580

MCSCF [43] -3.450 1.571

MP4 [44] 0.300 -5.229 2.500

Exp. 0.315[45] 1.36±0.13[46]

The performance of PNOF7-MP2 for the dissociation en-
ergy of the [Sc(OH)2]

+ ion-molecule complex is particu-
larly satisfactory, for it lies within the error-bar range
of the experimental mark. Observe that MP4 performs
erratically for the prediction of this dissociation energy.
For the scandium oxide cation, PNOF7-MP2 predicts a
singlet/triplet splitting energy slightly larger than MC-
QDPT. Having no available experimental results for this
species, the similarity of PNOF7-MP2 and MCQDPT
values suggest that PNOF7-MP2 should be seen as an
accurate estimation. Recall that once again, MP4 does
wildly wrong for this particular singlet/triplet splitting
energy.

The energetics of the dehydrogenation of water by the
Sc+ cation, reactions (21) and (22), has also been estab-
lished with a high degree of confidence. The experimental
data available for reaction (21), and the highly accurate
data available for both reactions, has been collected in
Table II.

Sc+(3D) + H2O → ScO+(1Σ) + H2 +∆E1 (21)

Sc+(3D) + H2O → ScO+(3∆) + H2 +∆E2 (22)

Armentrout et al. [47], reported in 1984 a value of
1.866±0.304 eV for reaction energy of reaction (21), and
ten years later they refined their experimental uncer-
tainty by on order of magnitude, given an experimental
estimate of 2.03±0.06 eV [48]. All the calculated reac-
tions energies for reaction (21), shown in Table II, except
MP4, lie below the lower bound of the best experimental
reaction energy value. However, it is worth noting that
PNOF7-MP2 gets the closer of them all, namely, only 6
meV off the mark. The erratic behavior of MP4 calcu-
lations for this kind of reactions is manifested here by
the calculated overwhelmingly large reaction energy of
4.687 eV. Recall that both B3LYP and CCSD(T) calcu-
lations lead to predicted reaction energies in pretty close
agreement with both the PNOF7-MP2 and MCQDPT
values and the experimental estimate. MCSCF, which
lacks an explicit consideration of the dynamical electron
correlation effects, yields a reaction energy ∼0.5 eV lower
than methods that treat explicitly dynamical correlation
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Table II: ∆E1 is the energy in eV, including the zero-point
vibrational energy corrections, for reaction (21), and ∆E2 for
reaction (22).

∆E1 ∆E2

NOF-MP2 1.964 -1.323

MCQDPT 1.972 -1.404

CCSDT/TZVP+[10] 1.956 -1.518

B3LYP/TZVP+[10] 1.939 -1.253

MCSCF[43] 1.415 -2.034

MP4 [44] 4.687

Exp.[48] 2.03±0.06

Exp.[47] 1.866±0.304

effects. This emphasizes the fact that the dynamical elec-
tron correlation effects must be accounted for, in addition
to the static electron correlation effects, in order to yield
reliable reaction energies.

The reliability of the optimized geometrical structures of
all the intermediates of reactions (21) and (22), is ad-
dressed next. The structure of the first intermediate, the
encounter ion-molecule complex, [Sc(OH2)]

+ (see struc-
ture 1C of Fig. 2), has recently been investigated by
inspecting the O–H stretching region using infrared laser
photodissociation and the method of rare gas atom pre-
dissociation. The measured O–H stretches have been
found to be shifted to lower frequencies than those for
the free water molecule. The significant experimental
data, along with our calculated values can be found in
Table III.

Table III: OH symmetric and antisymmetric stretching vi-
brational frequencies, in cm−1, and red shifts (in parenthe-
ses) with respect to isolated water vibrational bands for the
[Sc(OH2)]+ ion-molecule complex. The experimental values
for the ion-molecule complex, which have an argon tag atom
bound on the metal cation, have been/ taken from Ref [49].
The reference experimental frequencies for OH2 have been
taken from [50], and the theoretical ones have been calcu-
lated at the same level level of theory using the harmonic
approximation.

Exp. PNOF7 MCSCF(10,17)

νsymm 3580 (77) 3730 (61) 3746 (24)

νasymm 3656 (100) 3811 (45) 3821 (67)

The experimentally measured frequencies and the red
shits of both, the O–H symmetric and anti-symmetric
stretching vibrational bands are nicely predicted by our
PNOF7 calculations, as shown in Table III. The discrep-
ancies of the calculated red shifts with respect to their
corresponding experimental values, can reasonably be as-
cribed to the Argon tag-atom attached to the scandium
in the experiments, and to the harmonic approximation
used in the theoretical calculations. In spited of all this,
on the whole, the agreement between theory and experi-
ment is remarkably good.

The electronic structure of the [Sc(OH2)]
+ ion-mo-lecule

complex deserves a further comment. Indeed, as revealed
by the inspection of the ONs of both the MCSCF and the
PNOF7 calculations, shown the Table IV, its singlet state
corresponds to an almost pure open-shell configuration.
The corresponding minimum energy isomer triplet spin
state results from an spin-flip, having rather the same
ONs, but with a ferromagnetic like coupling of the spins
of the two singly occupied NOs. Clearly, both PNOF7
and MCSCF closely agree on this prediction. A feature
that can hardly be captured by single-configuration type
methods, including most current approximate DFT im-
plementations.

Table IV: Natural occupations numbers of the singlet and
triplet spin states of the [Sc(OH2)]+ ion-molecule complex,
at the MCSCF and PNOF7 levels of theory. MCSCF orbitals
8–11 belong the fixed occupation inactive core orbitals’ set.

Singlet 1C Triplet 1C

Orb. # MCSCF NOF MCSCF NOF

08 2.00 1.99 2.00 1.99

09 2.00 1.98 2.00 1.98

10 2.00 1.98 2.00 1.98

11 1.98 1.98 1.98 1.98

12 1.97 1.98 1.97 1.98

13 1.97 1.98 1.97 1.99

14 1.96 1.97 1.96 1.97

15 1.01 1.16 1.00 1.00

16 0.91 0.81 1.00 1.00

The singlet and triplet potential energy surfaces for the
dehydrogenation of water by Sc+ has been profusely in-
vestigated. Thus, Tilson and Harrison [43] carried an
exhaustive MCSCF+1+2 investigation with a relatively
small basis set. Later, Ye carried out single reference
MP2 like calculations, and finally Irigoras et al. [10], and
Russo et al. [51] made a thorough scan of both poten-
tial energy surfaces using the hybrid B3LYP exchange-
correlation functional complemented with CCSD(T) sin-
gle point calculations for the refinement of the energies.
All these investigations yield the same qualitative pic-
ture. Thus, in order to assess the reliability of our
PNOF7/TZVP+ optimum intermediates’ structures we
shall compare them with the results of MCSCF(10,17)
geometry optimization carried out with the TZVP+ ba-
sis set. The salient geometrical features of the optimized
structures are displayed in Fig. 2.

The optimum PNOF7 and MCSCF geometries for the
five intermediates shown in Fig. 2 are very similar. Like-
wise, they are also similar to the B3LYP optimum ge-
ometries reported earlier by Irigoras et al. [10] and Si-
cilia et al. [51]. The only remarkable difference is that for
the triplet-spin potential energy surface the exit channel
ScO+ · · · H2 complex is planar, while the MCSCF favors
the H2 fragment rotated 90 degrees out of the plane with
respect to the ScO+ molecular axis.
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Figure 2: Optimized geometries of intermediate stationary
points of the singlet and triplet potential energy surfaces.
Plain text values correspond to the singlet optimum geome-
tries; PNOF7 and, MCSCF in parenthesis. Values in ital-
ics correspond to their corresponding triplet optimum geome-
tries. The 3C optimum MCSCF geometry, has the H2 moiety
rotated with respect to the PNOF7 geometry. Thus, the MC-
SCF H–O distance marked with the “∗”, turns out to be size-
able larger than its corresponding PNOF7 distance. Images
were created with Jmol [52].

Finally, Fig. 3 shows the schematic reaction paths for the
Sc++OH2 →ScO++H2 reaction on the singlet and triplet
potential energy surfaces, evaluated at the PNOF7-MP2,
B3LYP and MCQDPT levels of theory with the TZVP+
basis set. Although the relative energies of the various
intermediates of the proposed mechanism vary slightly
among the levels of theory used, the chemistry coming
out from the inspection of the three panels of Fig. 3 is the
same. Namely, the only exothermic product is ScO+(1Σ)
+ H2 (1Σ+

g ), which can be reached starting either from

the singlet spin reactants, Sc+(1D) + OH2(
1A1), or from

the triplet spin state ones, Sc+(3D) + OH2(
1A1), by

virtue of the spin crossing occurring in the region be-
tween the 1TS and 2C intermediates.

IV. CONCLUSIONS

Current formulations of the natural orbital functional
theory based on the Piris ansatz have yield a family
of energy functionals of the 1RDM which treat accu-
rately static electron correlation effects, and a substantial
portion of the dynamic electron correlation effects [20].

The missing part of the dynamical electron correlation
can be brought back in by supplementing the natural
orbital functional theory calculations with a perturba-
tional scheme. The implementation of such a scheme
into a practical user-friendly code for molecular elec-
tronic structure calculations has recently been achieved
[26]. This scheme has the advantage to treating electron
correlation effects better than current implementations
of DFT, and the disadvantage of being more demanding
computationally than DFT. Yet its is far less demand-
ing than multiconfigurational theory wave function type
implementations. As an example, MCQDPT triplet cal-
culations required around 3 days, 300GB of RAM and
more than 20TB of storage, while NOF-MP2 calculations
lasted less than 10 hours and required less that 8 GB of
RAM.

Herein, we have shown that the recently proposed
PNOF7 supplemented with second-order Moller-Plesset
calculations, PNOF7-MP2, is very reliable for accurate
chemical reaction mechanistic studies of elementary re-
actions of transition metal compounds, for which strong
electron correlation effects are known to be ubiquitous.
We have investigated the dehydrogenation of water by
the scandium cation and found that (i) the singlet-triplet
energy gaps of Sc+, and ScO+ cations are accurately re-
produced, (ii) the dissociation energy of the [Sc(OH2)]

+

ion-molecule complex is also estimated within the ex-
perimental error bars, (iii) the calculated frequencies
and red shifts of the OH symmetric and anti-symmetric
vibrational bands agree satisfactorily with experimen-
tal measurements, (iv) the open-shell electronic struc-
ture of the singlet spin state of [Sc(OH2)]

+ is also cor-
rectly described, along with that of its spin-flip related
ground state triplet spin state, (v) the calculated geome-
tries of the intermediate species on both, the singlet and
triplet state potential energy surfaces compare satisfac-
torily with those obtained at the MCSCF level of theory,
and (vi) the overall energetics of both potential energy
surfaces come in close agreement with those of the highly
accurate MCQDPT/MCSCF calculations.

All in all, we believe that PNOF7-MP2 deserves serious
consideration as a reliable alternative for chemical reac-
tion mechanistic studies where strong electron correlation
effects play a role.
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Figure 3: Potential energy surfaces for the triplet spin state (red curves) and for the singlet spin (black curves) state, following
the Sc++OH2 →ScO++H2 reaction path. Left panel: PNOF7-MP2, center panel: B3LYP, right panel: MCQDPT.
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