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ABSTRACT: A conceptual DFT study of the dissociation of anionic and neutral

phosphonate dimers has been carried out. In addition, the dianion complexes have
been studied in the presence of two solvents, water and tetrahydrofuran. The
dissociation of the dianion complexes in the gas phase and in solution present a
maximum along the reaction coordinate that is not present in the neutral—neutral and
anion—neutral complexes. The principal chemical descriptors (chemical potential,
reaction electronic flux, hardness, and global electrophilicity index) do not show
changes in their trends along the dissociation profiles even when there is an energy

maximum in the case of the anion—anion complexes.

B INTRODUCTION

Nowadays, there are no doubts about the importance of the
noncovalent interactions for the understanding of the behavior
and properties of molecules in biological, environmental, and
materials sciences. In the last years, newcomers to the field of
noncovalent interactions have been described' and named
based on those atoms directly involved in the interaction as
Lewis acids (halogen,”™* chalcogen,”™” g)nitcogen,s_m te-
trel,"' ™" triel,' ™" coinaged,16 beryllium,1 18 lithium,"® and
aerogen20 bonds). Although hydro§en bonds (H-bonds),”"**
already described a century ago,”””* remain as the most
important and studied”® weak bond, from time to time new
findings appear that challenge our view about this fundamental
chemical entity.

One of the latest findings is the possibility to find minima
between molecules with the same charge (cation—cation or
anion—anion) in gas phase. The strong repulsive electrostatic
effect should prevent the presence of such minima; however, in
2005, Kass showed computationally that dianion complexes
formed by carboxylates (derived from oxalic, malonic,
terephthalic, and glycine, among others) could be stable in
the gas phase and that an energy barrier prevented them from
dissociation.”® More recently, in 2012, Espinosa and co-
workers explored phosphate—phosphate electrostatically defy-
ing complexes in the gas phase.”” They extended this study to
the effect of the environment on the complexes,”® and they
also analyzed oxoanion-based hydrogen-bonded complexes,”
rationalized the interaction in carboxylic acid dimers of anions
and cations with different distances between the charged
groups,”” and studied the cation—cation complexes formed by
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nucleic acids in Watson—Crick disposition.”’ Other authors
have extended the computational studies on complexes
stabilized by hydrogen-bonding interactions.”” ™ In addition,
other interactions such as halogen bonds have been used to
maintain together the two interacting charged mole-
cules 3540~

At experimental level, the use of anion receptors has been
employed to disperse the charge of the anions and reduce the
electrostatic repulsion when the two anions approach one to
each other. Using this methodology, dimers of dihydrogen
phosphate anions,**™** bisulfates,*””* organic phosphates,’
pyrophosphates,”” and phosphonates® have been character-
ized.

Conceptual DFT (CDFT)>* offers a series of theoretical
tools that allow an analysis of the intrinsic reactivity for
chemical events occurring at the electronic level and being
directly associated with physicochemical properties of both
global and local nature. A detailed explanation of the
Conceptual DFT descriptors can be found in the very rich
literature on the subject, among which we highlight some of
our works in the field.>>™7 Notwithstanding, it is convenient
to proceed with a brief review of those main descriptors that
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we will use in the present article. When the energy of a given
chemical process is represented along the intrinsic reaction
coordinate (IRC or &), the &, Erg, and &p values represent the
points of the IRC in which are located reactant (R), transition
state (TS), and product (P), respectively. Since these species
are stationary points alon§ the potential energy surface (PES),
the reaction force, F,°*7%" defined as the as the negative first
derivative of the energy with respect to &, should be zero (eq

1):

F(¢) = —dE/dé = 0 (forR, TS, and P) (1)

In addition to the energy and the reaction force, the
electronic chemical potential, e (eq 2) and its first
derivative with respect to &, J (reaction electronic flux or REF;
eq 3),” will be analyzed:

U (e +&)/2 (2)
J(&) = —du/d¢ (3)

Here ¢ and ey refer to the energy of the lowest-unoccupied
and highest-occupied frontier orbitals, respectively. Finally, the
chemical hardness, 1,°"°> (eq 4) and the global electrophilicity
index, w,"%% (eq 5) will be also examined:

n=é — &y

(4)
(s)

Thus, in this article, the dissociation profile of organic
phosphonate dimers (Figure 1) in neutral and anionic forms

o~ ut/2

neutral-neutral anion-anion
dimer dimer
‘ © @
R =H, CH,, CF,

Figure 1. Neutral-neutral and anion—anion phosphonate dimers
studied.

have been studied in gas phase by means of the Conceptual
DFT approach. For some selected cases, the effect of the
solvent has been studied via the COSMO model using the
standard parameters for water and tetrahydrofuran (THF). In
order to analyze the nature of the interactions holding the
aforementioned dimers, energy results and selected reactivity
descriptors have been compared. Herein, we report the
presence of unusual saddle points that result from the
dissociation of interanionic H-bond (IAHB) complexes that
behave as “ghost TSs” based on the atypical behavior of their
chemical descriptors.

B COMPUTATIONAL METHODS

The dissociation profiles of selected organic phosphonate
dimers in neutral and anionic forms have been studied through
the use of Density Functional Theory (DFT) via the spin-
restricted Kohn—Sham (RKS) formalism and the MO06-2X
functional,*® using the 6-311+G(d) basis set.”” In all cases, the
phosphorus—phosphorus distance has been used as intrinsic
reaction coordinate (IRC = &) with a step-size of 0.1 A and
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separating monomers until a P--P distance of 6.5-7.0 A.
Frequency calculations were performed to confirm the nature
of the stationary points (minima or first-order transition states
with one imaginary frequency). Both optimization and
frequency calculations were performed using a fine grid. For
selected cases and to simulate the solvent effects, the COSMO
model®® has been used with the standard parameters for water
and tetrahydrofuran (THF). All calculations were carried out
through the facilities provided by the NWChem®® package.

B RESULTS AND DISCUSSION

The phosphonic acid function possesses two acidic protons
featuring, for instance, a first pK, at 2.12 and the second pK, at
7.29 when R is the methyl group.”” Dimers of phosphonates
are structures connected by H-bonds between the constituted
monomers. The H-bonds induce chirality in each of the
phosphonate molecules involved in the interaction.” Accord-
ing to the disposition of the R groups (Figure 2), two minima
can be described based on symmetry: C, (pointing toward the
same plane) and C; (pointing toward different planes), which
corresg)ond to homochiral and heterochiral dimers, respec-
tively.”>”* In the case of the anion—anion phosphonate dimers,
complexes with C; symmetry are more favored than those with
C, symmetry by 0.12, 0.16, 0.14 kcal mol™!, for R = H, CH,,
CF,, respectively. Preliminary tests at the MP2/6-31+G(d,p)
level of theory have also corroborated the higher stability of the
C; dimers, e.g., C; (CH;HPO, "), dimer is 0.58 kcal mol™' more
stable than the C, one. For simplicity, the Conceptual DFT
analysis will be circumscribed to the C; dimers for both
neutral—neutral and anion—anion phosphonate complexes.

The (H,PO;"), dimer in gas phase is characterized by the
presence of two OH--O~ H-bonds with identical interatomic
O-H distances of 1.69 A. Its dissociation profile (Figure 3a),
representing the electronic binding energy vs. the interatomic
distance of the two phosphorus atoms (intrinsic reaction
coordinate), indicates that, at R(P---P) = 5.84 A, a maximum is
observed with relative energy of 10.19 kcal mol™". This is
corroborated by the representation of the reaction force
(Figure 3a), in which, at R(P---P) = 5.84 A, F = 0 kcal mol™'
A7!, that is, indicating the presence of a stationary point
associated with a transition state. Similarly, gas phase neutral
(H3PO;), dimer exhibits two OH---O H-bonds with
interatomic O---H distances of 1.62 A; however, its dissociation
profile (Figure 3b) clearly indicates the nonexistence of any
maximum. The reaction force (Figure 3b) also corroborates
this, since at longer P---P distances of the reaction coordinate
the force asymptotically tends to zero. This behavior indicates
that neutral phosphonate dimers do not exhibit any TS during
its dissociation: the longest separation of the monomers, the
lowest binding energy, with a value of zero at infinite distance.
On the contrary, anionic phosphonate dimers (charge —2),
exhibit a TS that prevent them from dissociation with
reachable electronic barriers between 10 and 15 kcal mol™
for the cases under study.

These unique features are also corroborated when
comparing neutral (RH,PO;), and anionic (RHPO;"),
phosphonate dimers for R = CH; or CF;. Specifically, for
(CH3HPO; ™), and (CF;HPO; ™), cases (Figure 3, parts ¢ and
d), a maximum is found at interatomic phosphorus distances of
5.86 and 6.06 A and relative energies of 11.63 and 12.68 kcal
mol ™', respectively. An ab initio exploration of the dissociation
profile of these interanionic H-bond (IAHB) complexes reveals
that the presence of the TS is not a DFT artifact. As seen in
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Figure 2. Structures and relative electronic energies (in kcal mol™) of the C, and C; anion—anion phosphonate complexes for R = H, CHj, and
CF; and corresponding C; anion—anion TSs and neutral—neutral dimers. Notes: selected H-bond distances are shown in A. For those cases in
which R = CF;, minima acquire C; symmetry since C, and C; complexes exhibit small imaginary frequencies. HOMO and LUMO are indicated in

TS for (H,PO;™), dimer.

Figure S1 from the Supporting Information, the dissociation of
the (H,PO;™), dimer in gas phase has been also studied at the
MP2/6-311++G(d,p) level of theory (including diffuse and
polarization functions for all atoms), corroborating the
presence of such maximum at R(P--P) = 5.84 A, and obtaining
similar energy results as at the M06-2X/6-311+G(d) level.
An interesting characteristic found in the binding electronic
energy of gas phase dianionic phosphonate dimers is its
positive value proper of nonfavored processes. For the
(H,PO;7),, (CH3HPO;™),, and (CF;HPO,”), cases, values
of 31.28, 29.78, and 25.22 kcal mol ™" are respectively obtained
(the less positive, the more electron withdrawing substituent is
R). By comparison, the dissociation profiles of (CH;HPO;™),
in water and THF solutions analyzed via the COSMO
solvation model (Figure 3, parts e and f) show the existence
of favored binding electronic energies of —15.51 and —10.92
kcal mol™" as well as the presence of a maximum at 5.78 and
5.83 A with relative barriers of 15.36 and 14.64 kcal mol™),
respectively. An important question arises in what concern to
the behavior of dianionic phosphonate dimers in solution: does
this maximum obey to a real TS or to a DFT artifact? As seen
in Figure 3, parts e and f, the existence of a maximum in these
dissociation profiles is unquestionable although with a
smoother evolution toward products. This might suggest that
this behavior is characteristic of dianionic phosphonate dimers
regardless the sign of the binding electronic energy, or in other
words, regardless the medium in which they are. Notwith-
standing, despite all our attempts to optimize the aforemen-
tioned saddle points in solution, we were totally unable to
describe the respective TSs with an imaginary frequency
characterizing the formation-dissociation of the monomers. On
the contrary, optimization of the maximum derived from the
dissociation profile of (H,PO;"), dimer in gas phase leads to a
clear saddle point with an imaginary frequency of 59i, with
similar values for the analogous TSs of (CH;HPO;™), and
(CF3HPO;"), dimers in vacuum. Despite this issue, it seems
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reasonable to assume that the solvent effect tends to remove
the dissociation barrier of dianions dimers, i.e, making the
IAHB complexes behave like neutral dimers.

An exploration of the anion—neutral complexes of
phosphonates revealed the existence of C;-symmetrized H-
bounded complexes. Figure 4(a) gathers the structures of the
RHPO;™---RH,PO; anion—neutral complexes when R = H,
CHj;, CF;. Contrasting with dianion and neutral dimers, the
anionic moiety in the anion—neutral complex acts as Lewis
base, while the neutral moiety is acting as H-bond donor via
their acidic hydrogen atoms. In the three cases, large negative
binding energies have been computed, with values of —44.78,
—42.69, and —47.20 kcal mol ™, respectively, and interatomic
O-H distances close to 1.6 A, indicating that these
interactions are highly stable.

An analysis of the dissociation profiles indicates that anionic
and neutral units are regrouped at a given phosphorus—
phosphorus distance. Thus, at R(P--P) = 4.8 A, the two acidic
hydrogen atoms in the neutral moiety point toward only one O
atom in the anionic moiety (Figure 4a, structure in
parentheses). The dissociation profile shown at Figure 4b,
clearly indicate that anion—neutral complexes behave like
neutral dimers, i.e., unlike dianion dimers, they do not exhibit a
TS that prevent them from dissociation.

Given the existence of TSs in anionic (RHPO;7),
phosphonate dimers, one would expect changes in the
chemical descriptors as it is general in any chemical reaction.
Both, chemical potential and reaction electronic flux normally
exhibit a changing behavior, with deviations taking place at (or
very close to) the characteristic &, Erg, and &p points or at &
and &,, which are associated with the minimum and maximum
of the reaction force profile. For example, this is the case of the
hemiacetal formation in sugar’s models (formaldehyde plus
methanol),” in which big changes are seen for 4 and REF in
regions of the IRC close to a minimum or a maximum state.
Very interestingly and despite the presence of the T'Ss, anionic
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Figure 3. Electronic energy (black, binding, kcal mol™") and reaction force (blue, kcal mol™ A™') profiles vs. P---P distance (IRC, A) for the
following: (a) anionic (H,PO;7),; (b) neutral (H;PO;),; (c) anionic (CH;HPO;™),; (d) anionic (CF;HPO;"), phosphonate dimers in gas phase;
anionic (CH;HPO;~), phosphonate dimers (e) in water and (f) in THF solutions.

(RHPO; "), phosphonate dimers do not exhibit any changing
activity in both properties. As seen at Figure Sa for (H,PO;7),
dimer, its chemical potential profile displays a decreasing linear
behavior without any remarkable change of tendency both
along the reactant area or once passed the TS. The longest is
the interatomic phosphorus distance the smallest is the
chemical potential, without any electronic change around the
TS area. Differences of ca. 10—12 kcal mol™ are seen for Ay
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between &pg and &g (see also Figure S, parts b and c) for the
three cases of (RHPO;™), phosphonate dimers, being R = H,
CHj;, and CF;. For the case of the REF profiles, they exhibit
positive values along all the range (proper of nonspontaneous
electronic rearrangements) but do not start and reach the zero-
flux regime as it is expected for minima and do not show any
change in the TS regions as it is expected for maxima. Since the
chemical potential monotonically decreases along the reaction

https://dx.doi.org/10.1021/acs.jpca.9b10681
J. Phys. Chem. A 2020, 124, 2207-2214
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coordinate, it is expected that REF remains almost constant in which p displays an almost linear decreasing behavior.
and without great deviations. This tendency is also seen for Changes in the REF are less than S kcal mol™' A™" in all the
(CH;3HPO; "), phosphonate dimer in water and THF solution, range of P---P distances making difficult an accurate
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interpretation for this case, beyond establishing that the
proximity to the zero-flux regime is due to the favorable
interactions taking place in solution.

An analysis of the chemical hardness reveals that its profile
along the IRC exhibits a linear increasing behavior (see Figure
S2 from the Supporting Information). Since the electrophilicity
index is directly related with the hardness and the chemical
potential, it is expected that its profile also evolves monotoni-
cally along the reaction coordinate (Figure S2) without any
remarkable change in the TS area. In addition, the longer
phosphorus interatomic distance the higher hardness and the
smaller electrophilicity, being in consonance with the
maximum hardness principle.”

B CONCLUSIONS

Considering these data, we can conclude that dianionic
phosphonate dimers (charge —2) exhibit a TS during its
dissociation which is not present in their related neutral—
neutral (charge 0) and neutral-anionic (charge —1) stable
complexes. Contrary to classical chemical processes, this saddle
point behaves as a “ghost TS”, exhibiting no trend changes of
their principal chemical descriptors, namely chemical potential
and reaction electronic flux, but also hardness and global
electrophilicity index. As far as we know, this represents an
atypical case in the description of chemical reactions in terms
of Conceptual DFT, and we hope our findings stimulate
further interest in the understanding of these uncommon
systems.
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