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Abstract A theoretical study of the hydration of met-
aphosphoric acid to yield phosphoric acid has been car-
ried out by means of MP2/6-314-G(d,p) and MP2/aug-
cc-pVTZ computational levels. Up to three explicit water
molecules have been considered as well as the PCM sol-
vation model to account for the effect of the bulk water.
The reaction profile has been analyzed using the con-
ceptual DFT methodology. The reactant structure is very
dependent on the number of water molecules. The inclu-
sion of more than one water molecule produces important
cooperative effects and a shortening of the O---P pnicto-
gen interaction besides the reaction barrier drops about
50 kJ mol~!. Reaction force at &, indicates the decreas-
ing in the angular stress in the reaction site before reach-
ing the TS as more explicit water molecules are taken into
account. The analysis of the reaction electronic flux shows
that for the three mechanisms studied, the principal reac-
tive changes occur in the TS zone, while reactants and
products remain in a zero-flux regime.

Keywords HPO; - Chemical reactivity - Noncovalent
interactions - CDFT - MP2

1 Introduction

Hydration reaction, that is, the addition of water or its ele-

ments (i.e., H and OH) to a molecular entity, is one of the
most important chemical processes [1]. Besides, it is well
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known that the inorganic phosphorus oxoacids are one of
the many systems which experiment such reaction (and its
reverse one, dehydration) when transformed in the different
oxoacid species.

In the present paper, our efforts were concentrated on
the study of the hydration reaction of metaphosphoric acid
(HPOs), a water- or moisture-absorbing reagent that, upon
water absorption, evolves to orthophosphoric, also known
as phosphoric acid (H;PO,). The dehydration of H;PO,
to HPO; in aqueous solution has been measured experi-
mentally as 134 + 8 kJ mol~! [2]. Also, dehydration of
the protonated phosphoric acid has been studied theoreti-
cally, and the proton affinity of HPO; has been calculated
to be 712 kJ mol~! at the G2(MP2) computational level
[3]. In addition, hydrolysis of different phosphorus deriva-
tives as phosphate anion [4], phosphate monoesters [5]
and phosphate diesters and triesters [6] has been studied
computationally. The protonation and dehydration of the
protonated form of orthophosphoric acid have been stud-
ied experimentally and theoretically [3]. Finally, in 2002,
Davies et al. estimated the pK, values of pentaoxyphos-
phoranes based on single bonds lengths [7], and more
recently, the study of pnictogen (or pnicogen)-bonded
complexes of the related PO,X (X = F, CI and Br) com-
pounds with electron donors reveals the great power of P
as electron acceptor [8, 9].

In the present work, we will analyze the reaction mecha-
nism of the hydration of metaphosphoric acid, focusing on
the key role the number of explicit water molecules play as
reactants or bridges in the assistance of the proton transfer,
as well as the importance of the pnictogen interactions [1,
8-23], which are noncovalent forces [24] of electrostatic
nature which favor bounded connections between nega-
tive entities with positive holes [25] (in their o or © nature)
located on the pnictogen atoms (N, P, As and Sb).
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2 Computational details

The structure, energy and bounded properties of the met-
aphosphoric acid (HPO,) in the presence of explicit H,O
molecules, as well as their hydration processes, were stud-
ied using second-order Mgller—Plesset perturbation the-
ory (MP2) [26] with Pople’s 6-314+G(d,p) basis set [27],
which includes polarization functions for heavy and light
atoms. In all cases, vibrational frequencies were calculated
in order to verify that the structures obtained correspond
to true minima or transitions states (TS). All calculations
were carried out with the GAUSSIAN 09 program (revi-
sion D.01) [28]. Also, atoms in molecules (AIM) [29, 30]
theory at the same computational level was applied to ana-
lyze the covalent and noncovalent interactions, using the
AIMALI [31] program. Remember that the appearance of an
AIM bond critical point (BCP) between centers of different
monomers supports the presence of an attractive bonding
interaction [29].

In order to obtain more accurate values, re-optimization
at MP2/aug-cc-pVTZ [32] was performed for the station-
ary points. Also, in addition to the explicit H,O molecules,
the presence of water solvent has been considered at such
computational level by means of the polarizable continuum
model (PCM) [33] using the standard parameters concern-
ing water.

The many-body procedure [34, 35] was applied to trimer
[Eq. (1)] and tetramer [Eq. (2)] reactants whereby the bind-
ing energy can be expressed as:

Ey(trimer) = E; + > A’E+ A’E (1)

Ey(tetramer) = E; + Z A’E + Z AE + A*E )

where A"E is the nth complex term (2 = for dimers,
3 = for trimers and 4 = for tetramers), and the largest value
of n represents the total cooperativity in the full complex.
Furthermore, E, is the energy that computes the monomer’s
deformation.

Finally, the molecular electrostatic potential (MEP) [36]
on the 0.001 au electron density isosurface via the WFA-
SAS program [37] was analyzed in the HPO; monomer.

3 Theoretical framework

Deepening into the intrinsic reactivity, minima and TS were
analyzed based on the conceptual DFT (CDFT) [38, 39]
approach. CDFT’s principles can be applied beyond the den-
sity functional theory (DFT). Thus, the development of this
methodology can be used within ab initio methods as MP2.
In this regard, four global properties have been analyzed in
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the present work: energy, reaction force, electronic chemical
potential and reaction electronic flux profiles.

The intrinsic reaction coordinate (IRC) [40—42] proce-
dure provides elementary information about the points that
connect reactants, TS and products in a minimum potential
energy path. All these points define the energy profile, E,
of a chemical reaction; however, such energy profile does
not give complete information about the reaction mecha-
nism, and therefore, it is convenient to consider the reaction
force, F' (Eq. 3), defined as the negative derivative of the
total energy with respect the reaction coordinate, & [43—46]:
F dE

€)= d& 3)

Also, other interesting property is the electronic chemi-
cal potential, u (Eq. 4), which for a N-electronic system
is defined as the derivative of the energy with respect the
number of electrons when the external potential, v(7),
remains constant:

_ dE
a <d]\])v(?) @

Considering that the number of electrons is a discontinu-
ous variable, u can be approximated in terms of the ioni-
zation potential, /, and the electron affinity, A, due to the
Koopmans’ theorem [47] (by extension of the Hartree—Fock
methodology) and to the application of finite differences.
Furthermore, applying the approximation between A and [
with the frontier orbital HOMO and LUMO energies, €, and
g, respectively, p acquires the following expression (Eq. 5):

N A+1T _EHteEL
“ > > (®)]

As happened between E and F, the negative derivative of
wu versus & provides the so-called reaction electronic flux, J
or REF (Eq. 6) [48, 49], whose interpretation results from the
analogy with classical thermodynamics: Positive values of
REF should be associated with spontaneous rearrangements
of the electron density driven by bond strengthening or form-
ing processes; and negative values of REF are indicating non-
spontaneous rearrangements of the electron density that are
mainly driven by bond weakening or breaking processes:

d
J(E) = —ﬁ ©)

Based on the critical points of the energy (&, &g and
&p, associated with reactants, TS and products, in each
case) and of the reaction force (&, and &,), three regions
can be defined: the first one associated with the reactants,
between &, and &, in which they are prepared for the
reaction mainly through structural reordering; the second
one, limited by &, and &,, where the TS is located, which
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Fig. 1 Solid and dotted lines represent a generic energy, E, and reac-
tion force profiles, F, of an elementary reaction versus the reaction
coordinate, &. The location of the stationary points of the energy and
force is indicated. Two vertical lines separate the reactant (left), the
TS (center) and the product (right) regions

corresponds to the region where most formation and break-
ing of the bonds take place, this region being mainly asso-
ciated with an electronic reordering; and finally, the third
region, between &, and &p, which is associated with struc-
tural relaxation to reach the products of the reaction [50].
Note that §; <& <&, (Fig. 1).

At this point, an energy partition of the activation barrier
can be made, where W, represents the amount of energy
requires to geometrical reorganization of the system, while
W, represents the electronic changes, both from reactants
to TS (Eq. 7). Similar quantities, W, and W3, can be defined
for the reverse path (Eq. 8), respectively.

&rs
Ep= Wi+ Wy = — /E F(&)de ™)

31 &rs
Wi = —/ F()dé > 0and W, = —/ F(&)d¢ >0
&R &1
®)
These properties from the CDFT approach were ana-
lyzed in the reaction mechanism of the hydration process in
metaphosphoric acid at the MP2/6-31+G(d,p) level.

4 Results and discussion

4.1 Electrostatic properties in the HPO; monomer

Metaphosphoric acid monomer (HPO;) adopts C,; symme-
try. The representation of its MEP on the 0.001 au electron

Fig. 2 Molecular electrostatic potential (MEP) on the 0.001 au
electron density isosurface for the HPO; monomer, calculated at the
MP2/6-31+G(d,p) level. The red and blue colors indicate nega-
tive and positive regions, respectively, varying between —0.030 and
+0.050 au. Black dots indicate the location of the ESP maxima on
the contour

density isosurface, Fig. 2, shows negative (red) and posi-
tive (blue) regions, as well as the localization of three
local maxima on the isosurface (black dots): two m-holes
above and below the molecular plane associated with the
P atom, and one o-hole associated with the acidic H atom.
The values of the potential of such maxima are 219 and
319 kJ mol~! for the m- and o-holes, respectively. These
points represent potential binding sites with MEP minima
of partner molecules, as for instance, the O lone pairs in
H,0. In addition, the large values of these maxima indicate
that the possible complexes between HPO5 and H,O should
be strongly bounded. Similar behavior has been described
previously in the literature in pnictogen [8, 9] and chalco-
gen [51] compounds containing m-holes.

4.2 Hydration process

The hydration process of HPO; to obtain H;PO, has been
studied in the presence of one, two and three water mole-
cules. These mechanisms will be referred along this section
as (a), (b) and (c), respectively. In this section, the prop-
erties of the reactants clusters will be considered first, and
then the reaction process will be taken into account.

4.2.1 Reactant properties

The geometry of the reactants is very much affected by
the presence of water molecules (Fig. 3). The reactant of
mechanism (a) shows only one P---O bond between HPO,
and H,0O. With the introduction of a second H,O molecule
in (b), a six-membered pseudo-ring appears with the inclu-
sion of the interactions between H,O(1) and H,O(2) and
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Fig. 3 From left to right, reac-
tant, TS and product geometries
for the hydration process of
HPOy; in the presence of: a one;
b two; and ¢ three H,O mol-
ecules, calculated at the MP2/6-
31+4+G(d,p) computational

level. Blue dotted lines indicate
bounded interactions corrobo-
rated by AIM theory. Selected
distances are shown in A

(1)
J\‘/J

12.129
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(b) PO,H + 2H,0 — PO,H, + H,0
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. 88;. 1.854 (1) 1.865 L 749 ;

between H,0O(2) and HPO;. This second case corresponds
to cooperativity a well-known energy property to stabi-
lize the system [52]. In (¢), this pseudo-ring remains, and
by effect of H,0(3), the P---O bond decreases even fur-
ther, to 1.854 A. It seems that, as more number of explicit
H,O molecules, more intensive is the pnictogen bond, the
precursor force for the hydration of HPO;. This effect of
cooperativity can be seen also in the H,O(1)---H,0(2)
hydrogen bond (HB) in () and (¢): ~1.6 A, which is practi-
cally 0.3 A shorter than for the isolated water dimer [53,
54]. The shortening of the intermolecular distances (O---P
and H---O) can be associated with a cooperative effect due
to the formation of cyclic structures when the weak inter-
actions are taken into account. It should be noticed that in
each of the intermolecular interactions (pnictogen bond and
hydrogen bonds) of each cycle, the charge transfer goes in
the same direction, either clockwise or counterclockwise.
In addition, the geometry of the HPO; molecule is
affected by the number of water molecules. When iso-
lated, it shows C; symmetry with the sum of the three OPO
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angles being exactly 360°. In the case of the presence of
one, two and three water molecules, the sum of the OPO
angles amounts to 357, 354 and 351°, indicating the pyram-
idalization of this molecule.

The effect on the geometry of the reactant complex is
even larger when, with the addition of the explicit water
molecules, the bulk solvent is considered by means of
the PCM at the MP2/aug-cc-pVTZ computational level.
Thus, the P---O distances are reduced to 1.885, 1.778 and
1.746 A with one, two and three explicit water molecules,
respectively.

The many-body interaction energy (MBIE) partition
methodology [34, 35] has been applied to the reactant sta-
tionary points to gain insight on the cooperative effect due
to the increasing number of water molecules present. The
MBIE components detailed in Table 1 corroborate the strong
noncovalent interactions that take place between HPO; and
the H,O molecule(s). In mechanism (a), all the binding
energy can be associated with the pnictogen bond, amounting
to —60.4 kJ mol~!. Mechanisms () and (¢) show in all cases
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Table 1 Many-body analysis (kJ mol~") for the hydration process of
HPO; in the presence of: (a) one; (b) two; and (c) three H,O mol-
ecules, calculated at the MP2/6-314+G(d,p) computational level

Mech. E, A’E A’E AE B

(@) 11.3 -71.7 - - —60.4 (-38.6)
(b) 358  -119.2 -52.5 - -1359(95.7)
(©) 581  -1602  -107.5 07 2103 (~154.6)

# Values in parentheses corrected with the basis set superposition
error (BSSE) via the counterpoise procedure [55]

values of positive cooperativity of —52.5 and —0.7 kJ mol !,
in each case. In fact, for mechanism (c), the sum of the three-
body terms is practically due to the interaction between the
monomers which form the six-membered pseudo-ring: Val-
ues of E|,; and E,,, are —57.3 and —58.3 kJ mol~!, where
subscripts 1, 2, 3 and 4 refer to HPO;, H,0(1), H,O(2) and
H,0(3), respectively. The energy values corroborate the
structural modifications observed in the pnictogen bonds as
more explicit H,O molecules are introduced, i.e., they agree
with cooperativity as stabilization force in the hydration of
metaphosphoric acid. Binding energies have been also cor-
rected with the basis set superposition error (BSSE) via the
counterpoise procedure [55]. BSSE grows as the number of
H,0O monomers increases.

4.2.2 Reaction

Table 2 gathers the activation and reaction energies of such
chemical reactions, as well as the W, and W, quantities. The
first important characteristic concerns the activation barri-
ers, 67.0 kJ mol~! for (a), with a significant decrease when
successive explicit H,O molecules are included: 12.8 and
17.4 kKJ mol™", for (b) and (¢), respectively. This reduction
can be explained attending to the role that the explicit H,O
molecules play. In mechanism (a), H,O acts as reagent,
forming a four-membered ring angularly stressed in the
reaction site of the TS (Fig. 3). When a second H,O comes
into play, it exerts the role of a catalyst, incrementing the
ring size by formation of a six-membered ring with less
angular stress and diminished steric repulsions, promoting
also the proton transfer. This fact entails the diminution

of ~55 kJ mol™! between (a) and (b). The introduction of
a third H,O molecule, which is placed not in the pseudo-
ring of the reaction site, but standing between neighboring
P = O moieties, slightly destabilizes the system, and the
activation barrier increases ~5 kJ mol™! between (b) and
(c). The W, and W, quantities present similar values in per-
centage for all cases; however, mechanism (b) has a slightly
higher activation energy due to electronic reordering (W,):
24 versus 17% and 19% in (a) and (c), respectively, being
the part associated with the geometric rearrangement (W)
always higher than W, in all cases. This catalytic effect has
also been observed in the mutarotation process of sugars
[56, 57] and in the reaction of formation of hemiacetals
[58]. The reaction energies are always negative, that is,
associated values of spontaneous processes, being smaller
as more explicit H,O molecules are introduced.

The activation energies optimized at MP2/aug-cc-pVTZ
computational level and in PCM-water to emulate implic-
itly the bulk water reveal that: (1) For mechanism (a), it is
70.7 kJ mol~!, which is 3.7 kJ mol™! larger than the same
process in gas phase; and (2) mechanisms (b) and (c) present
very low values, 0.1 and 4.5 kJ mol~!. They are, specially the
one obtained in (b), dramatically low, indicating that, once
HPO; is solvated by the water molecules, it is very close to
the hydrated system, as can be seen in the P---O distances
in the reactants showing values of 1.778 and 1.746 A, for
mechanisms (b) and (c), respectively. Also, the Gibbs free
reaction energy at 298 K between the phosphoric acid and
the isolated HPO; + n H,O molecules account to —125.9,
—133.1 and —152.7 kJ mol~! for mechanisms (a), (b) and
(c), respectively. These results are in reasonable agreement
with the experimental value of 134 + 8 kJ mol ™! [2].

Finally, Fig. 4 reports the energy, reaction force,
electronic chemical potential and REF profiles. Val-
ues of reaction force at &, are consistent with the activa-
tion barriers obtained. Thus, |F(&,)! are around 40, 10 and
15 kJ mol~' amu™"? bohr™! for (a), (b) and (c), respec-
tively, from which the effect of the explicit H,O mol-
ecules can be derived and corroborated, as either reagent
or catalysts, in their role in decreasing the angular stress
in the reaction site before reaching the TS. More interest-
ing are the u and REF profiles, from which the following

Table 2 Activation (E,.) and reaction (Ey) energies in kJ mol ™! for the hydration process of HPOj; in the presence of: (a) one; (b) two; and (c)
three H,O molecules. Also, W, and W, quantities, in percentage, are shown

E Eg Wi w3 Eq, AGE®
(@) 67.0 ~108.6 83 17 70.7 1259
(b) 12.8 784 76 24 0.1 1331
© 17.4 -63.5 81 19 45 1527

* Values at MP2/6-31+G(d,p) computational level
b Values at MP2/aug-cc-pVTZ computational level
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Fig. 4 Energy (black squares) in kJ mol™' and reaction force
(blue circles) in kJ mol™! amu™"? bohr™! profiles versus the reac-
tion coordinate in amu'”? bohr (leff). Electronic chemical poten-
tial (black squares) in kJ mol~! and REF (blue circles) in kJ mol™'

conclusion can be drawn: (1) For the three mechanisms
studied, the principal reactive changes occur in the TS
zone; (2) reactants and products are stable species due do
the zero-flux regime since and until the chemical reaction
proceeds; and (3) mechanism (a) differs from mechanisms
(b) and (c) in the behavior of J(§,) and J(&,). In this regard,
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amu~"2 bohr™! profiles versus the reaction coordinate in amu'? bohr
(right), for the hydration process of HPOj; in the presence of: a one; b
two; and ¢ three H,O molecules, calculated at the MP2/6-314+G(d,p)

computational level

REF in (@) presents one maximum and one minimum,
while in (b) and (c), the contrary occurs, i.e., one minimum
followed by one maximum. What is the origin of this dif-
ferent behavior? A one-step reaction could have many ele-
mentary sub-processes. In our case, two events occur: on
the one hand, the formation of a covalent P-O bond, and
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Fig. 5 Representation of the: 0.24 4
(a) electron density, p; (b) its 16
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on the other, a proton transfer for the formation of a cova-
lent O—H bond. These events take place simultaneously, but
with more or less synchronicity. It is evident that in mecha-
nism (a), first occurs the formation of the P-O bond, and
subsequently, the proton transfer. For this reason, REF is in
positive regimen around J(£,), spontaneous rearrangements
driven by bond strengthening or forming processes, and in
negative regimen around J(&,), nonspontaneous rearrange-
ments driven by bond weakening or breaking processes.
The contrary order happens in mechanisms (b) and (c).

The electron density properties at the P-O bond critical
points (BCP) in the stationary points of the reaction have
been plotted versus the corresponding interatomic dis-
tances. The P-O distance values range between 2.13 and
1.47 A. The electron density shows an exponential depend-
ency with the distance as has been shown for other bonds
[59, 60]. The behavior of the Laplacian is more surprising
being positive in all the range of distances studied. It shows
large values for the shortest P-O distances and decreases
as the distance increases. Several authors have reported
the positive Laplacian for covalent bonds [61] and more
recently we have shown that the P-N bond have a simi-
lar behavior to the P-O one [62]. The values of the total
energy at the BCP are negative for all the cases indicating
a significant covalent contribution for the interactions that
as expected increases (more negative values of H) for the
shortest distances [63] (Fig. 5).

5 Conclusions

A theoretical study of the hydration reaction of met-
aphosphoric acid to yield phosphoric acid has been
carried out at the MP2/6-314+G(d,p) and MP2/aug-cc-
pVTZ computational levels. Up to three explicit water
molecules have been considered, and the effect of the
bulk solvent has been taken into account by means of the
PCM method. The reactant structure shows an important
dependence on the number of explicit water molecules,
as well as on the bulk solvent effect by inclusion of the
PCM. An important cooperativity effect is observed
in the HPO; complexes with two and three water mol-
ecules. The barriers observed for these systems when
PCM is included show a very small values for the trans-
formation, and the calculated reaction energy between
the phosphoric acid and the isolated HPO; 4 n H,O mol-
ecules is between 126 and 153 kJ mol~!, depending on
the model considered, which is in reasonable agreement
with the experimental value of 134 & 8 kJ mol~!. The
analysis of the IRC of the reactions indicates a decrease
in the angular stress in the reaction site before reach-
ing the TS as more explicit water molecules are taken
into account. The analysis of the REF shows that for the
three mechanisms studied, the principal reactive changes
occur in the TS zone, while reactants and products
remain in a zero-flux regime.
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