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A computational study on the structure and stability of different series of glyphosate (Glyph) dimers
comprising nonionized (N) and zwitterionic structures (Z) for neutral monomers, followed by an analysis
of energetics of Glyph dimerization process have been performed by means of quantum chemical
calculations in different media. Optimized geometries for energy minima, as well as relative potential and
free energies of the possible various conformers of each series of Glyph dimer were computed as
a function of the medium at B3LYP-D3/6-311++G(2d,2p) level. The solvation model based on density
(SMD) is employed for all solution phase computations. Non-ionized dimers (DN), anion-cation (AC) and
either zwitterion—zwitterion (DZP and DZC) or non-ionized-phosphonate zwitterion (NZP) ionized
neutral forms of Glyph dimer are predicted to exist in the gas phase and in solution in large contrast to
Glyph monomers. The DZC dimer form exhibiting a centrosymmetric arrangement of two carboxylate
zwitterion units was found to be the most stable dimer structure in all media. In aqueous solution, the
DZP and AC dimer type structures are significantly stabilized by hydration. The tautomerisms between
DZC, DZP and AC dimer type structures have been investigated in the gas phase and in solution. The
DZC type structures are more prone to experience proton transfer in water than in the gas phase and in
cyclohexane. The mechanism for the tautomerization process in neutral ionized Glyph dimers proceeds
via two direct proton transfer paths: DZP = AC = DZC. Results show that solvents play a key role in
modulating the energetics of the dimerization process of Glyph. Solvation in cyclohexane, favors the
dimerization process however, hydration opposed it. In agueous solution, the mechanism of the
dimerization of Glyph from its phosphonate zwitterionic monomer form (ZP) could be described by a set
of equilibria including direct proton transfer paths as follows: 2ZP = DZP = AC = DZC. According to
our results, in aqueous solution, DZC Glyph dimers and their corresponding DZP and AC tautomers
should be present in higher concentration than phosphonate zwitterionic Glyph monomers for high
Glyph concentration, a fact that seems controversial in the literature.
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Numerous physiological, biochemical and genetic experiments
have demonstrated that Glyph inhibits the activity of the
enzyme 5-enolpyruvylshikimate EPSPS, the key enzyme in the
shikimate acid pathway.>**° This biochemical mode of action
was shown to be unique for Glyph-based herbicides and no
other classes of commercial herbicides are known to inhibit
EPSP Synthase or other enzymes in this important pathway. The
key component of the biological activity of Glyph as EPSPS
inhibitor was suggested to be due to its conformational flexi-
bility in accordance with extensive structure-activity relation-
ship studies."" A fully understanding of the structural chemistry

1. Introduction

Glyphosate [N-(phosphonomethyl)glycine] (Scheme 1), is known
to be the world's most successful commercial broad spectrum
herbicide, being the active ingredient of the widely used weed
control agent Roundup (registered mark Monsanto Co)."”
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T Electronic supplementary information (ESI) available: Structures and energetics
of the most stable conformers of each series of ionized and non-ionized neutral
Glyph dimer at B3LYP-D3/6-311++G(2d,2p) level of calculation and using the
solvation model based on density (SMD) in different media. Structures and
energies of the most stable ionized and non-ionized of neutral Glyph monomer
in cyclohexane at SMD-B3LYP-D3/6-311++G(2d,2p) level. It still contains
geometry and energy values of the transition states involved in the
tautomerization processes of ionized neutral Glyph dimers in vacuum, in
cyclohexane and in aqueous solution. See DOI: https://doi.org/10.1039/d4ra04300f
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of Glyph is, thus, of significant importance not only from the
point of view of fundamental research but also for the devel-
opment and the rational design of Glyph-tolerant variants and
for the target synthesis of new herbicides. Moreover, knowing
the behavior of Glyph at a molecular level is important to be
able to design new removal techniques and new detection
methods taking into account the serious consequences of water
pollution'” and the deleterious Glyph-induced oxidative stress
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Scheme 1 Schematic representation of Glyph molecule: N is the non-ionized form, ZP and ZC are the phosphonate and the carboxylate

zwitterionic neutral forms, respectively.

in plants.”*™* In this context, considerable knowledge on the
molecular structure and complex chemistry of Glyph was gained
through the determination and harnessing of X-ray crystallog-
raphy data of Glyph'"” and some of its complexes
derivatives'®?* over the four last decades. This compound was
determined to exist in the zwitterionic form with a phosphonate
proton delocalized on the amino nitrogen.'®'” As a ligand for
metal complexation, the glyphosate molecule was shown to be
ambivalent with the potential for formation of unidentate,***
bidentate and tridentate co-ordination'*** via 5-membered
chelate rings, and additionally for polymer association through
the peripheral carboxylate and phosphonate groups.'®**°
Experimental studies addressing the solution nature of Glyph
were scares.”*" A number of studies showed that Glyph forms
a pH-dependent zwitterion structure in aqueous solution.>”?*3>
The salts'®?*?>%*3* and coordination complexes of Glyph have
been the subject of some interest in solution and several
examples are available in the literature.®'%'?>343¢ The affinities
of Glyph for metal ions,*® the stoichiometries of the metal
chelates formed*® and their equilibrium constant of formation
in solution have been investigated in solution.**° These studies
have established the tendency of Glyph to form 1:1 chelates
and dimer species with most divalent metal ions when the
ligand concentration is doubled.*® The interaction of the
herbicide with soil components®~° such as clay minerals,
oil organic matter** and soil humic** molecules has been also
the matter of a number of studies. Phosphonate group was
found to be mainly responsible for the hydrogen-bonding
interaction between Glyph and soil components.*® When the
herbicide is in contact with water-soluble HA, IR and fluores-
cence spectroscopies provided evidence for the formation of
HA-Glyph complexes at different pH.?**¢ All these experimental
studies have provided valuable information on the coordination
modes of Glyph in solution but a thorough understanding the
behavior of Glyph and its aggregation state in water solution is
still lacking. Likewise, several studies focused on the applica-
tion of the IR spectroscopic techniques®**** to study the acid
solution equilibrium of Glyph in water solution have suggested
the presence of both monomer and dimer of Glyph at low pH
values, however structural molecular details of the dimer are
not known. Additionally, corona discharge ion mobility spec-
trometry (CD-IMS)" recently applied for direct analysis of Glyph
in drinking water at different temperatures have detected the
presence of a pic which was attributed to the Glyph dimer, but
this attribution had not been clearly confirmed up to now in the
literature. As a consequence, the presence of dimers in aqueous
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solution is still experimentally under debate and data related to
dimer complexes of the most widespread herbicide in aqueous
solution is poorly known if not absent. Moreover, several recent
studies*®** have pointed out the existence of a close relationship
between properties of some herbicide dimers and their bioac-
tivity. They demonstrated that herbicide dimers had higher
bioactivities and/or dual modes of action than their corre-
sponding monomers.* The properties of Glyph dimeric herbi-
cide are not studied till now and therefore, the presence of
a structure-activity relationships for Glyph dimer could not be
excluded. Theoretically, several investigations have been
devoted to study the structure of Glyph monomer either in the
gas phase and in aqueous solution.***° In particular, the relative
stability of neutral (non-ionized) and zwitterionic (ionized)
forms has been the object of intense debate. Perhaps, the most
systematic and detailed structural study on the Glyph monomer
was reported by our researcher group® at various quantum
chemical levels of ab initio and DFT theories, in the gas phase
and in aqueous solution. We showed that non-ionized neutral
structures exist only in the gas phase but the zwitterionic form
is unstable in vacuo at all levels of theory. In aqueous solution,
the integral equation formalism polarizable continuum model
(IEFPCM) using the standard UFF radii cavity failed to correctly
predict the stabilization of the zwitterionic form with respect to
the non-ionized neutral form in aqueous solution. However,
calculation with the density based solvation model (SMD) was
well consistent with the experimental findings and led to the
identification of the phosphonate zwitterionic (ZP) structure as
the global minimum energy in aqueous solution.?*=*"¢-%> Qur
own results have been confirmed, subsequently, by a more
recent paper®® dealing with the Glyph deprotonation in solu-
tion. The latter study had supported the use of the SMD-B3LYP-
D3/6-311++G(2d,2p) as the most reliable level of calculation to
predict accurately the structure of Glyph monomer and its
deprotonation reaction sites in water solution. Regarding Glyph
dimers, they have received some theoretical attention too,*” %
although much less than the monomer. Previous quantum
chemical studies on Glyph dimers were restricted to proton-
bound Glyph dimer in the gas phase.” An other recent inves-
tigation® motivated by the observation of two high pressure
phase transitions by Raman spectroscopy, allowed the predic-
tion of a new crystal structure of Glyph consisting of periodic
repetition of pairs of zwitterion forms sustained by N-H:--O H-
bonds using crystal modeling. Moreover, other theoretical
studies®”*® concluded that dimers of Glyph are stabilized by
divalent and trivalent metal cations, which is feasible in
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biological systems. But, most of them considered the cationic
and/or the mono-anion dimer complex structures® with Glyph
molecule as anion and dianion in the gas phase and/or in
solution. Despite these few reports, theoretical or experimental
structural studies dealing with the homo- and heterodimers
neutral forms of Glyph with non-ionized and/or zwitterion
forms in the gas phase and in solution are absent. In this work,
quantum mechanical calculations were carried out trying to
address the following fundamental questions: (1) are there
energy minima for ionized forms of Glyph dimers (zwitterion-
zwitterion, non-ionized-zwitterion, anion-cation) and if yes,
what are the relative stabilities of the ionized and non-ionized
forms, (2) what is the influence of the medium (gas phase,
nonpolar solvent, water) on both structure and stability, and (3)
what is the free energy and the mechanism of dimer association
of Glyph in vacuum and in solution?

2. Computational methods

Quantum chemical calculations were carried out using the
Gaussian09 software package (revision D.01).** A wide set of
suitable geometries of neutral Glyph dimers were built with the
most stable non-ionized (N) and the ionized zwitterionic
monomers (ZP and ZC) optimized in aqueous solution in our
previous work.* We considered the 13 lowest energy structures
of Glyph monomer® (comprising 5 ZP and 4 of each ZC and N
structure-types) that are within a relative Gibbs free energy (AG)
not exceeding 1.5 kcal mol " between conformers of the same
structure-type. Initial geometries of ionized and non-ionized
neutral Glyph dimers were built by joining the 13 selected
lowest energy structures of Glyph monomers in all combina-
tions: nonionized-nonionized (DN), nonionized-phosphonate
zwitterion (NZP), nonionized-carboxylate zwitterion (NZC),
phosphonate  zwitterion-phosphonate (DzP),
carboxylate zwitterion-carboxylate zwitterion (DZC), phospho-
nate zwitterion-carboxylate zwitterion (ZPZC) and anion-cation
(AC). For each of these dimers, we have built up to 50 different
geometries, ensuring the maximum number of hydrogen
bonded interactions between the carboxylic, phosphonate and
amine acid groups when possible. We have taken into account:
(i) different possibilities to form diverse kinds of inter-
monomeric H-bonds: (OP)O-H:--~O(CO), (OP)O-H---O(CO),
(OP)O-H--~O(PO), (OC)O-H::-~O(PO), (OC)O-H---O(CO), N*-
H:--~0(CO0), N'-H:--~O(PO) and N'-H---O(OC) and (ii) internal
rotations around P-C, N-C and C-C bonds in each monomer.
Since the number of degrees of freedom is relatively large, we
cannot rigorously exclude the existence of other energy minima
on the potential energy surface. Nevertheless, the dimer struc-
tures reported here appear to be the most plausible ones, since
we took a range of a maximum of 6 kcal mol™" on the relative
stability between conformers for each structure-type. Calcula-
tions have been performed at the Density functional level of
theory (DFT) by means of B3LYP functional and using the 6-
311++G(2d,2p) basis set. The dispersion correction to DFT is
modelled by the well-established Grimme's D3 empirical
dispersion scheme.®® Computations in solution were performed
in three different environments: in vacuum, in cyclohexane

zZwitterion
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solution, and in aqueous solution. The implicit solvation model
based on density (SMD)* with the corresponding default radii,
the so-called intrinsic Coulomb radii (iC) was employed to
account for solvation effects. The SMD SCRF model combined
with B3LYP-D3/6-311++G(2d,2p) level represents an excellent
approach to model structure of Glyph in solution, as it has been
shown® to provide (i) results comparable to MP2/6-
311++(2d,2p) calculations and (i) accurate values on calculated
energy differences between non-ionized (N) and zwitterionic
(zP) Glyph monomer, in accordance with experimental
findings.>*** Concerning the choice of the basis set, the use of
the more extended 6-311++G(2d,2p) basis set is shown to be
highly efficient in accurately predicting the experimentally
observed structures of Glyph in aqueous solution. The perfor-
mance of smaller basis set basis-set functions was tested and
evaluated for Glyph monomer.®® Basis sets of double-{ and
triple-{ quality used in a test run on geometry optimizations
were less satisfactory. The addition of diffuse functions to
a triple-{ basis set was shown to be important and necessary to
obtain accurate results on calculated energy differences
between non-ionized and zwitterionic Glyph conformers, in
agreement with experimental findings.>*>*' The structures of all
dimer systems were fully optimized in the gas phase, in aqueous
and in cyclohexane solution. Geometry optimizations have been
followed by harmonic vibrational frequencies computations,
confirming the nature of the stationary points either as
a minimum or transition state. Non-electrostatic solvent
contributions arising from short-range interactions between the
solute and solvent molecules in the first solvation shell, called
the cavity-dispersion-solvent-structure (CDS) term, were taken
in to account in the calculation since the computed energies of
monomers® were shown to be dependent on the cavity size, one
of the major components of the non-electrostatic terms. The
proton transfer mechanism between ionized species of Glyph
dimers (DZC, DZP and AC) is studied at SMD-B3LYP-D3/6-
311++G(2d,2p) level in the different environments (in the gas
phase and in solution). We used the TS theory®”” in order to
estimate the forward and reverse barriers of the investigated
intermolecular tautomerization processes between DZC and AC
and between AC and DZP tautomers. IRC calculations®® were
performed for all the pathways at the B3LYP-D3/6-
311++G(2d,2p) level to confirm the reaction coordinates from
transition states to stable products in the gas phase and in
solution using the SMD®® solvation model. In order to compute
dimerization energies, the structures for the non-ionized and
zwitterionic Glyph monomer in the gas phase and water solu-
tion were taken from our previous work.®® A detailed confor-
mational analysis of Glyph monomer in cyclohexane was
performed at SMD-B3LYP-D3/6-311++G(2d,2p) in this work for
the first time. The structures and energies of the most stable
ionized (ZP and ZC) and non-ionized (N) neutral forms of Glyph
monomer, optimized in cyclohexane were reported in ESI
Fig. S1 and S5-S12.1 Relative energies between ionized and non-
ionized neutral Glyph monomer conformers in the gas phase, in
cyclohexane and in aqueous solution were summarized in Table
S1, in ESL.T The free energy of dimerization in solution (AG) was
determined by the addition of the value of the free energy of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dimerization in the gas phase (AG,) to the difference in the free
energy of solvation between the monomers and the dimer
(6AGsory). A correction term accounting for the change of
reference state from gas phase to 1 M solution is added at last.

AG = AG, + 6AGyop, + RTIn(1/22.4)

0AGo1y = Gioly. (dimer) — 2Gyopy. (monomer)

3. Results and discussion

3.1. Conformers, energetics and solvation effects

The most stable structures obtained for each phase (gas,
cyclohexane and water solution) and group of dimers (DN, NZ,
DZC, DZP and AC) at the B3LYP-D3/6-311++G(2d,2p) level are
depicted in Fig. 1-3. Their relative energies are listed in Table 1
and represented in Fig. 4a. Cartesian coordinates and energies
of each Glyph dimer optimized in the gas phase and in cyclo-
hexane and aqueous solution are reported in ESI, S13-S25, S26-
S40 and S41-S71.f As it is shown from Table 1, energy minima
for the neutral ionized zwitterion—zwitterion (DZ), nonionized-
nonionized neutral (DN) and nonionized-zwitterion (NZ)
structures of Glyph dimer are obtained in all media, even in the
gas phase. A common structural feature of these dimers is that
all the minima are head-to-tail dimers where the faces of Glyph
molecules expose phosphonate groups and carboxylate func-
tionality, as was shown in Fig. 1-3. The preferred geometries are
significantly different depending on the media. Moreover, the
striking result from these calculations is the fact that the
carboxylate zwitterion-zwitterion (DZC,) homodimer is the
most stable Glyph dimer structure both in the gas phase and in
solution. These results obtained for the dimer are in contrast
with those predicted for Glyph monomer® which have pre-
dicted that the latter exist only in a non-ionized neutral (N) form
in the gas phase. Note that there is a great resemblance between
the gas phase and the nonpolar medium. Calculation produce
the same DZC, DZP, AC, NZP and DN preferred structures in the
gas phase and in cyclohexane solution. The electronic energy
sequence of stability for the series of Glyph dimers in the gas
phase is: DZC > DN > AC > NZP > DZP. SMD-B3LYP-D3 opti-
mizations in cyclohexane reverse the stability of ionized NZP
and non-ionized DN and provide an opposite trend in energy
sequence as follows: DZC > AC = DZP > NZP > DN. It is worth
noting that the relative energies between non-ionized (DN) and
ionized forms (either DZP or NZ and or AC) are quite different.
Both the non-ionized DN and NZP forms are significantly dis-
favored with respect to the most stable DZC,; in cyclohexane.
The opposite trends in the order of stability between the ionized
and the non-ionized dimers in cyclohexane, could be caused by
the large differences in the free solvation energy values
(AGsolv.tot.)- As it is seen from Table 2, all the ionized and non-
ionized structures studied have favorable solvation free energy
in cyclohexane (AGso.cor < 0), indicating a stabilization effect of
solvent with respect to vacuum. The magnitudes of free solva-
tion energies of ionized dimers (DZC, DZP and AC) are much

© 2024 The Author(s). Published by the Royal Society of Chemistry
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larger than those of non-ionized neutral (DN) forms and are
dominated by large electrostatic contributions. This is likely to
be ascribed to the cyclohexane (C¢H,) large molecular polar-
izability, a fundamental player of London dispersion interac-
tions. As cyclohexane is non-polar solvent, the negative
AGsow.tor. Values are due to the action of van der Waals elec-
trostatic attractions among the solute molecule and
surrounding solvent molecules whose magnitude overcomes
the free energy cost for creating the cavity. We are not aware of
any previous computational study providing estimates of
AGgoy.tor. for Glyph in hydrophobic medium, so only limited
comparisons®”® can be carried out. Our calculation at SMD-
B3LYP-D3/6-311++G(2d,2p) can be supported by the experi-
mental findings and theoretical results on nonpolar solvation of
many polar solutes in organic solvents.”””* Interestingly, the
behavior Glyph monomer and its dimer resembles that of
several amino acid side chains solutes which indicates a favor-
able solvation (AGsopy.tor. < 0) in cyclohexane.”®”* Especially, our
estimates of the solvation free energy in cyclohexane of
carboxylate zwitterionic Glyph dimers (AGgqy.tor. in the range
—16-19 keal mol™") are found in quantitative agreement with
that (AGsom.cor. = —20.5 keal mol ™) computed for carboxylate
zwitterionic glycine dimer® at B3LYP and MP2 levels of theory
using the 6-31+G(2df,2p) basis set. However, significant differ-
ences between aqueous phase-optimized structures and those
obtained in the gas phase and cyclohexane solution are detec-
ted. As indicated in Table 1 and shown in Fig. 2 and 3, calcu-
lations provide more energy conformational minima for
zwitterionic carboxylate (DZC), for zwitterionic phosphonate
(DZP) and for anion-cation (AC) type structures of Glyph dimer
in aqueous solution than in the gas phase and in non-polar
medium (cyclohexane). New DZC, DZP and AC conformers,
are found to be significantly populated in aqueous solution as
shown in Fig. 4b. Several DZC type structures undergo re-
orientation of O-H and/or rotation around a bond skeleton of
one Glyph monomer when going from gas phase and/or cyclo-
hexane to aqueous solution and the reverse is also true. This is
the case of DZC; which collapses to DZC;; in aqueous solution
by hydrogen reorientation. DZCs also gives DZCg in aqueous
solution by rotation around C-N bond. However, DZC,,, DZC;;
and DZC,,, all give DZCq in the gas phase. A number of
conformational minima display close energies in each DZC,
DZP and AC series in aqueous solution, in contrast to the gas
phase and nonpolar solution. Table 1 illustrates the depen-
dency of the relative stability between ionized and non-ionized
Glyph dimers on the dielectric constant of the solvent. As it is
shown, the values obtained tend to increase in magnitude as the
dielectric constant increase. Especially, the free energy differ-
ence between DZC and DN and between DZC and those
containing N and Z monomers (NZP) increase significantly in
absolute value, in aqueous solution (about twice with regard to
those in cyclohexane). Despite these differences, all the ionized
neutral dimers DZC, DZP, AC and NZP type structures tend to
remain more stable than the non-ionized (DN) Glyph dimer
structure in aqueous solution as also detected in cyclohexane.
Comparison between solvation free energies in both solvents,
we note, that there are several trends in the data that are

RSC Adv, 2024, 14, 23184-23203 | 23187
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Fig.1 Optimized structures of non-ionized and ionized forms of Glyph dimers in the gas phase and in cyclohexane solution at SMD-B3LYP-D3/
6-311++G(2d,2p) level. Interatomic distances (in A) are shown for H-bonds in the gas phase (in plane text) and in cyclohexane (in italics).

immediately obvious. In all cases, the solvation energy rises
(becomes more negative) as the dielectric constant of the
solvent increases. All these quantities tend to be higher in
magnitude than those corresponding in cyclohexane, being
more than the thrice. This can be due to the fact that water is
a polar solvent able to form hydrogen bonds in contrast to
cyclohexane. Not surprisingly, the largest |AGso.| values are

23188 | RSC Adv, 2024, 14, 23184-23203

associated with ionized neutral zwitterion-zwitterion (DZC and
DZP) and anion-cation (AC) type structures which can be
engaged in multiple hydrogen bonds with water molecules. All
the more, the absolute value of free hydration energies is
significantly larger in ionized neutral Glyph dimers containing
zwitterionic monomers (ZC and/or ZP or AC) than in non-
ionized ones. This indicates that zwitterion-containing dimers

© 2024 The Author(s). Published by the Royal Society of Chemistry
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" DZPso DZP: DZP:,

Fig.2 Optimized structures of DZC and DZP forms of Glyph dimers in agueous solution at SMD-B3LYP-D3/6-311++G(2d,2p) level. Interatomic
distances in A.

are more stabilized by hydration than their non-ionized coun- In fact, the results reveal the leading role of polarization rep-
terparts. The partitioning of the different contributions to resented by the electrostatic contribution (AGge.e1.)- The latter
solvation free energy reported in Table 2 confirm these findings. consists of a van der Waals contribution, essentially of the same

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 23184-23203 | 23189
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DN:

Fig. 3 Optimized structures of AC, NZP and DN forms of Glyph dimers in aqueous solution at SMD-B3LYP-D3/6-311++G(2d,2p) level. Inter-

atomic distances in A.

magnitude in the two liquids, and a hydrogen bond contribu-
tion, whose magnitude is large in H,O and zero in cyclohexane
(Ce¢Hyz). The sequence of polarization of the different type
structure of Glyph in water can be explained considering two
main factors: (i) the charge separation within the system,
favoring zwitterionic forms over non-ionic ones; and (ii) the
geometry of the dimer, producing larger polarization energies
when the most charged groups are external. The largest

23190 | RSC Adv, 2024, 14, 23184-23203

hydration energy corresponds to DZP dimers containing phos-
phonate ZP monomers, with anionic phosphonate group
(POO™) are external. This allows solvation of phosphonate
groups by water molecules, increasing dimer stability of dimer
complex because of more favorable intermolecular interactions
with water molecules. The situation is different for the ionized
AC and DZC type structures (Fig. 2 and 3). Whereas two external
phosphonates (POO™) appear in the most preferred geometries

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Computed energies [kcal mol™] for the diverse conformers
of ionized and non-ionized forms of neutral Glyph dimer relative to the
most stable one in the gas phase® and in solution.” AE is the relative
electronic energy and AG refers to relative free energy at 298.15 K

Gas phase Cyclohexane Water

Conformer AE AG AE AG AE AG
DZC, 0.0 0.0 0.0 0.0 0.3 0.0
DZC, 2.3 0.6 4.8 2.5 — —
DZC, 2.3 0.9 3.0 1.3 — —
DZC, 2.5 1.1 3.1 1.1 — —
DZCs 1.0 2.5 1.0 1.6 1.3 0.1
DZCq 2.1 2.7 2.1 2.7 — —
DZC, 3.4 3.5 2.6 1.3 — —
DZCyq 3.2 3.6 2.1 1.9 2.3 1.0
DZCq 5.9 3.9 9.3 7.1 — —
DZCyy — — 2.6 2.4 3.4 2.8
DZCy, — — — — 3.6 3.1
DZCy, — — 3.3 4.2 2.8 2.3
DZCys — — 5.5 3.3
DZPp, — — — — 0.0 0.1
DZP, — — — — 1.5 1.2
DZP; — — — — 1.5 1.2
DZP, — — 3.0 1.9
DZP; — — — — 1.9 2.3
DZPg — — 1.1 2.6
DZP, — — — — 2.6 3.4
DZP, — — 2.0 3.6
DZP, 7.2 5.7 9.6 6.8 — —
DZP,, — — — — 3.6 2.6
DZP,, — — — — 3.8 2.6
DZP,, — — 4.3 3.7
AC, — — — — 0.3 0.2
AC, — — — — 1.8 11
AC; — — — — 1.0 1.2
AC, — — — — 2.2 1.7
ACs — — — — 1.7 1.7
AC, — — — — 2.0 2.4
AC, — — 3.1 2.0
ACq — — — — 4.0 2.4
AC, 7.1 4.1 9.7 6.8 — —
ACyo — — — — 2.5 2.8
ACy; — — — — 41 2.8
ACy, — — — — 4.3 3.1
NZP, 5.1 4.6 9.2 8.2 — —
NZP, — — — — 14.0 12.3
DN, 5.2 3.4 12.8 10.1 — —
DN, — — 23.5 21.2

“ Calculations at B3LYP-D3/6-311++G(2d,2p) level. ? Calculation at
SMD-B3LYP-D3/6-311++G(2d,2p) level.

of DZP dimers, only one is displayed outside in AC structures
and which disappear in DZC type structures (Fig. 2). This
explains why the polarization energy is larger for the most stable
conformer of DZP dimers than for DZC and AC ones (Table 2).
All the ionized zwitterionic and anion-cation dimer structures
are more solvated than the non-ionized DN and NZP dimer
structures. This is because NZP displays one charged (POO™)
outside in contrast to DN which exhibits two externals non
charged P=0 groups. It may be noted that, all the calculated
Glyph dimer free energies of hydration are seen very negative
and fall within the range —42.4 kcal mol " (for non-ionized) to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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—81 kecal mol " (for ionized DZP). Of some importance is the
comparable behavior of the zwitterionic glycine dimer® and
several zwitterionic amino acids’®”*7* in water solution. The
data corresponding to the carboxylate zwitterion dimers, re-
ported in Table 2, are remarkably similar to the value (AGgyy. =
—66.3 keal mol ") computed for carboxylate zwitterionic glycine
dimer in water solution.® One may notes that these values ob-
tained in the range —42-81 kcal mol " are in consonant to the
estimate of —59 kcal mol ™" from the Onsager formula’™7° for the
solvation free energy of a dipolar sphere. Our calculations
showed that solvation properties are related in a very nearly
fashion to the Onsager function, F,, that in turn relates to the
properties of the solvent.”®”® In fact, the increase of AGgoyy.tor. bY
about more than the thrice of any species of DZC Glyph dimer
from cyclohexane to water can be correlated is nearly a linear
function of with the rise in the Onsager function F, = (¢ — 1)/(e +
2),”>7® which is itself magnified by a factor of 3.4 when increases
from 2 to 78. There is hence every reason to believe that the
solvation model being applied here, while certainly not abso-
lutely accurate in a quantitative sense, provide very reasonable
approximations to the environments they are meant to repro-
duce. It may be noted that the estimation of non-electrostatic
contribution arising from short-range interactions between
the solute and solvent molecules in the first solvation shell,
called the cavity-dispersion-solvent-structure (CDS) term, differ
from cyclohexane to water. While Ej, ;. terms are negative and
low in cyclohexane, they are positive and largely expected (in
absolute values) in water solution. These results can be easily
rationalized by the fact that water molecules are the smallest (a
cyclohexane molecule has a van der Waals volume roughly 5
times larger than that of a water molecule) and so liquid water is
characterized by the largest number density, which in turn
increases the entropy loss associated with cavity creation, due to
the solvent-excluded volume effect. As a consequence, the
energy associated to cavity creation is larger to that in cyclo-
hexane and thus non-electrostatic (CDS) contribution is positive
and larger in water. Nevertheless, solvation free energy AGg,), in
H,O0 (see Table 2) are found negative for all dimers, paralleling
the situation in nonpolar medium CgHy,. This may indicate
that the free energy cost of cavity creation is not so large and the
attractive solute-solvent energetic interactions (accounting also
for hydrogen bonds) are able to overcome the free energy cost of
cavity creation. These results are in line with experimental
data’777® and previous computational investigations of several
polar amino acid side chain equivalents in cyclohexane solution
and in water.”””>7* Nonetheless, calculation reveal that the
highest values of free energy of solvation (|AGs,yy.| values) are
not associated to the most stable solute in aqueous solution and
in cyclohexane. As is shown in Table 1, the carboxylate zwit-
terionic dimer form DZC; which is the most stable Glyph dimer
do not experience the largest solvation (or polarization) in water
and in cyclohexane solution. This indicates that several effects
in addition to the polarization term are involved and counteract
each other, even when effects on solvent are not considered
explicitly. Among these effects, non-covalent intermolecular
and intra-moleculecular hydrogen-bondings (H-bonds) may be
important for structure selection and stability of Glyph dimers

RSC Adv, 2024, 14, 23184-23203 | 23191
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Fig. 4

(@) Comparison of relative Gibbs free energies (AG) in the gas phase and in solution at SMD-B3LYP-D3/6-311++G(2d,2p) level. (b)

Boltzmann population values for stable conformers of ionized forms of neutral Glyph dimer in the gas phase and in solution at SMD-B3LYP-D3/

6-311++G(2d,2p) level.

in different media. To elucidate the role of H-bonds, their
structural features are inspected and criticized in the series of
the five types of Glyph dimer structures displayed in Fig. 1-3.
Structural analysis of the equilibrium structures affords a total
of a maximum of seven short contacts characterizing H-bonds
of each series of type of structure (DZC, DZP, AC, NZP, DN),
which are classified in chemical classes belonging to three
fundamental types: neutral H-bonds (HB) between two neutral
groups, ionic H-bonds (IHB) between a neutral and charged
group and zwitterionic H-bonds (ZHB) between two oppositely
charged groups. Fig. 1-3, show that both O-H---~"O and N'-H---

23192 | RSC Adv, 2024, 14, 23184-23203

O ionic H-bonds participate in stabilizing the IHB pattern which
result in the formation of 8-membered rings (displaying O-
H---~0) and 9-membered rings (establishing O-H:--~0 and N'-
H---O) with different arrangements. ZHB consist of intra-
molecular and intermolecular N*-H---~"O H-bonds through
which 5- and 10- membered rings are formed. In Table 3 are
collected the intermolecular and intramolecular bond distances
(do...u) characterizing the IHB, ZHB and HB for the most stable
structures of each type (DZC, DZP, AC, NZP, DN) of Glyph dimer
in different media. From the results obtained in Table 3, it is
clear that the largest contributors to the stabilization of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Gibbs free energy of solvation, AGa, “2° (

View Article Online
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kcal mol™), of the diverse conformers of ionized®® and non-ionized®¢ forms of neutral Glyph

dimer in cyclohexane and in aqueous solution at SMD-B3LYP-D3/6-311++G(2d,2p) level

Cyclohexane Water
Conformer AGsolv.tot.‘Z AGsolv.el.b Enone].c AGsolv.tot.a AGsolv.el.b Enonel.c
DZC, —-17.9 —14.2 —-3.7 —55.0 —67.4 12.4
DZC, —16.0 —11.8 —4.2 — — —
DZC; —17.5 —13.6 -3.9 — — —
DZC, —-17.8 —13.9 -3.9 — — —
DZCs —18.8 —15.2 -3.6 —57.4 —69.7 12.3
DZCe —-17.9 —14.1 -3.8 — — —
DZC, —20.0 —16.6 -3.5 — — —
DZCg —19.6 —-16.0 -3.6 —57.6 —-70.1 12.5
DZCq —14.7 —10.7 —4.1 — —
DZC, —-19.5 —-15.6 -3.8 —64.0 —76.6 12.6
DZCyy - - - —68.5 —80.8 12.3
DZC,, —19.6 —-15.7 -3.9 —65.1 —77.6 12.5
DZCys3 — — — —61.6 —74.6 13.0
DZpP, — — — —78.7 -90.9 12.3
DZP, — — — —78.7 —91.2 12.5
DZP; — — — —78.7 —91.2 12.4
DZP, — — — —78.8 —91.5 12.7
DZP; — — — —79.0 —-91.2 12.3
DZPg — — — —80.8 —-92.9 12.2
DZP, — — — —78.4 —-90.6 12.2
DZPg — — — —80.5 —92.6 12.1
DZP, —-16.8 —12.9 —3.8 — — —
DZP;, — — — —79.9 —92.7 12.9
DZP,, — — — —81.0 —93.8 12.8
DZP;, — — — —76.4 —89.2 12.9
AC, — — — —72.4 —84.7 12.3
AGC, — — — —=72.1 —84.7 12.6
AC; — — — —73.4 —85.6 12.2
AC, — — — —69.9 —82.1 12.2
ACs — — — —71.8 —84.0 12.2
AGCq — — — —73.4 —85.6 12.2
AG, — — — —-71.9 —84.4 12.5
ACg — — — —73.5 —86.4 12.9
AGC, —15.2 —-11.2 -3.9 — —
ACy, — — — —74.7 —87.1 12.4
ACy, — — — —74.4 —87.3 12.9
ACy, — — — —71.5 —84.4 12.9
NZP, —14.3 —10.8 —3.5 — — —
NZP, — — — —56.5 —65.2 8.7
DN, —11.2 -8.1 -31 — — —
DN, — — — —42.4 —47.7 5.4

@ AGiol,tot. Tepresents the total Gibbs free energy of solvation: AGely.tor. = Gs — Gy Where G is the total GlbbS free energy in solution (the free energy

sommation of the electrostatic and non-electrostatic terms) and Gy is the Gibbs free energy in the gas phase AGgolv,el. is the eleetrostatlc Gibbs free
energy of solvation: AGgoy. o = = Ge1 — Gg where G is the Gibbs free energy in solution including only the electrostatic term. ¢ Eponel, is the non-
electrostatic contribution. ¢ DZC,,, DZCu, DZC,,, DZC,3, NZP, and all DZP and AC (except DZP, and AG,) ionized structures are not stable in
the gas phase. Thus, the gas-phase computation was done using the geometry optimized in solution. Thermal contributions were taken from
calculations in solution. ¢ DN, non-ionized structure is not stable in the gas phase. The gas-phase computation was done using the geometry
optimized in solution. Thermal contributions were taken from calculations in solution.

glyphosate dimers are IHB and ZHB in the ionized Glyph
dimers, HB and IHB in NZ and only HB in DN dimer structures
in the gas phase and in solution. As pointed out in previous
experimental”® and theoretical® reports, the bond strength of
these H-bonds should follow the ranking HB < IHB < ZHB. For
Glyph dimer, our computation at B3LYP-D3/6-311++G(2d,2p)
give bond strengths of 24.0 kecal mol™" for O-H---~O IHB, of
31.8 keal mol ™" for N*-H---~O ZHB and of 5.1 kcal mol " for
O-H---O HB, in quantitative agreement with the experimental

© 2024 The Author(s). Published by the Royal Society of Chemistry

data’® (a bond strength on the order of ~5 kcal mol~* for HB
and bond strengths typically between 5-35 kcal mol * for IHB
and ZHB). Therefore, the energetic competition between
ionized and non-ionized isomers of Glyph dimer is due to the
high stabilization energy of the ionic hydrogen bond (IHB)
network in the ionized structures compared to that in NZ and
DN isomers. The presence of four high bond energy of O-
H:---~0O IHB and 2N'-H:--~O ZHB impart a greater stability to
the carboxylate zwitterionic units in DZC dimers in comparison

RSC Adv, 2024, 14, 23184-23203 | 23193
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Table 3 Interatomic distances (in A) for H-bonds computed in the gas phase (in plane text), in cyclohexane solution (in italics) and in aqueous
solution (in bold) for the diverse conformers of ionized and non-ionized forms of neutral Glyph dimer

IHB ZHB HB
Conformer O-H:-- O N'-H---O N'-H---"0 O-H---0 N-H---O
DZC, 1.624 1.586 1530 — 2.043 2.086 2190 — —
1.620 1.598 1.561 2.043  2.086 2.190
1.621  1.598 1.561
1.623 1.586  1.530
DZC, 1.490 1.462 — 2.386  2.403 — —
1.518  1.512 1.607  1.644
1.567  1.588
DZC, 1.537  1.518 — 2.292 2.292 — —
1.557  1.550 2.389  2.425
1.600 1.574 1.569  1.589
DZCs 1.719 1.677 1574 — 2.278 2.327 2.498 — —
1.676  1.637  1.563 2.437  2.504 2.726
1.564 1.554 1.528 1.805 1.846 2.276
1.697 1.643  1.592
DZP, 1.356  1.386 1.812  1.832 1.941  2.047 — —
1.356  1.386 1.812  1.833 1.941  2.047
DZP1 1.508 2.294 1.798 — —
1.508 2.295 1.798
DZP5 1.497 2.541 1.765 — —
1.459 2.289 1.820
2.755
AC, 1.320 1.365 1.812 1.835 1.626  1.656 — —
1.420 1.410 2.083  2.209 2.017 2.124
AC, 1.498 2.251 2.230 1.796 —
1.558
1.525
AC; 1.484 2.551 2.269 1.758  _
1.532 2.814
1.567
NZP, 1.501 1.514 2.287 2.315 — 1.658  1.657 2.579  2.610
1.890  1.842
1.589  1.596
NZP, 1.573 2323 — 1.914 2.544
1.877
1.686
DN, — — — 2.009 2.014 2.589  2.605
1.881  1.865 2.570  2.592
1.867  1.868
1.690  1.682
1.812  1.800
DN, — — — 1.918 2.533
1.830 2.534
1.899
1.756
1.805

with phosphonate zwitterion pairs in DZP and anion-cation
pairs in AC and non-ionized pairs (DN). The effect of multiple
IHB and ZHB on the stabilization of DZC with respect to the
other isomers is visible even in the gas phase. A double
carboxylate zwitterion (such as in DZC structures) without
additional solvent molecules attached are stabilized both by the
attractive coulomb interaction between opposite charges and by
enhanced IHB and ZHB H-bonding networks. As shown in
Table 3, all the do,...; are in the range 1.490-2.437 A significantly
inferior to the sum of the vander Walls radii (2.72 A),* indi-
cating that all the primary intermolecular and intramolecular

23194 | RSC Adv, 2024, 14, 23184-23203

(O-H---~0 and N'-H---~0) interactions in the DZC types of
structures are very strong in the gas phase. Whenever, calcula-
tion show that solvents have significantly effects on the prop-
erties of these H-bonds. The upper set of data indicates
a distinction between the IHB, ZHB and HB. Whereas the
increasing polarity of the solvent has a significant effect on the
two former sort of H-bonds, only a smaller effect upon the
length of the latter is detected. The bond strengths of the
neutral O-H---O and N-H---O H-bonds are maintained in
a cyclohexane solution having a low dielectric constant.
However, opposite solvent effects are detected on IHB and ZHB

© 2024 The Author(s). Published by the Royal Society of Chemistry
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when ¢ rises. While the length of O-H---~O decreased, the N'-
H---~0 elongates quickly in a uniform fashion such that the N*-
H---~0O all become significantly weaker than OH---~O H-bonds
in water solution. The perturbation effect of N'-H---~O zwit-
terionic H-bonds by hydration can be due to the fact that the
random orientation of the dipolar interaction of the water polar
solvent cannot be as effective as the amine groups with a readily
formable orientation as was explained in previous works on low-
barrier hydrogen bonding.?*®* The most important feature, is
that the N'-H---~O H-bond weakening coupled to a shortening
of the inter-subunit separation, facilitate in aqueous solution
the proton transfer between the hydroxide group (O-H) and
oxygen ions (O7) of carboxylate group in DZC. In effect, the
equilibrium distance between donor and acceptor is in the
range 1.564-1.719 A in gas phase. This is too large as compared
to 1.528-1.574 A in aqueous solution, and hence the proton
transfer in this position is strongly unfavorable. Remarkably
notes are the fact that most of the DZC type structure Glyph
dimer (DZC; to DZCs), can entirely be isomerized to their AC
tautomers and DZP form in aqueous solution. However, no
proton transfer was achieved in the gas phase and in cyclo-
hexane for the five most stable DZC structure. All DZP and AC
structures tautomers of DZC, found in aqueous solution are not
stable in the gas phase and most of them collapse after opti-
mization to their DZC or to one of the DZC conformers already
optimized in gas phase. Therefore, characteristics and struc-
tural features of Glyph dimers, established for the gas phase
and non-polar solvent, are different fundamentally from that for
aqueous solution. The differences detected has a great deal with
structural properties which are coupled to the medium reor-
ganization as was pointed above. More specifically, the prin-
cipal discrepancies detected in solution result mainly from
differences in solvation energies between ionized and non-
ionized species which exceed four times in water. Obviously,
these solvation effects on ionized and non-ionized dimer
species can change dramatically the relative acidity/basicity
determined in the gas phase. As a consequence, the intermo-
lecular proton-transfer could be affected in ionized species and
therefore changes in prototropic conversion equilibria may be
involved in different media. In the following section, we will try
to study the tautomerism in Glyph dimer by outlying the main
feature of the proton transfer mechanism between ionized
species of Glyph dimers in the different environments. We will
show if a possible proton transfer could take place in the gas
phase and in cyclohexane since DZP and AC ionized species are
stable in these media?

3.2. Tautomerism in neutral ionized Glyph dimers

Calculations in the gas phase show that the proton can be
spontaneously transferred from a gaseous phosphonate zwit-
terionic dimer (DZP,) to a gaseous anion-cation dimer (AC,).
The latter isomerizes via a direct proton transfer in to a gaseous
carboxylate tautomer (DZCy). The stationary structures,
together with the corresponding transition states involved in
the two proton transfer steps of the tautomerization process are
presented in Fig. 5a. Cartesian coordinates of the transition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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states (TS) for DZP, and ACy conversions are reported in ESI
S72-S73.1 The energy profile for the whole process is plotted in
Fig. 5b. As shown in Fig. 5a, the structure of the tautomers in
the gas phase involves a three monocyclic geometry with a ten
membered ring in the middle adopting a boat conformation.
The results suggest that the proton transfer in the gas phase is
favored by the existence of the second intermolecular N*-H:--O
H-bond which helps to stabilize the DZPy system as a cyclic
structure, to eliminate the proton transfer barrier of the stron-
gest OH---~O(PO) H-Bond. This can be understood in terms of
the acid-base model previously proposed in litterature®® which
takes into account that each monomer in the DZP, dimer
behaves simultaneously as a H-bond donor and H-bond
acceptor. In other words, the H-bond donor character of the
carboxylic acid group (COOH) of the Glyph monomer in DZP, is
enhanced because it behaves also as a hydrogen bond acceptor,
while the H-bond acceptor character of the “OPO(C,0,H,N")
monomer is enhanced because it behaves also as a H-bond
donor due to the presence of the amine group (NH,') in the
monomer. The conjunction of both effects makes the sponta-
neous proton transfer possible. Even though, the proton
transfer observed in the gas phase is favored by the strong
intermolecular coulombic interactions between the cation *NH,,
and the anion COO~ produced in the process, which is absent
in the most stable DZC; type structure. The energetics reported
in Table 4 indicate that, in the gas phase, phosphonate zwit-
terionic DZP, type structure undergoes a very fast and
exothermic conversion to its corresponding AC, form, suggest-
ing a very small energy barrier of about 0.2 kcal mol . For the
AC, conversion to its DZC, tautomer, the energy barrier is of
only 0.05 kcal mol~". The anion-cation AC, structure, is ex-
pected to have a very small life and therefore, needs to reorga-
nize into a more kinetically stable carboxylate DZC, dimer
structure as shown in Fig. 5a. As a result, the tautomerization
process in the gas phase, could be roughly represented by the
following kinetic scheme: DZP = AC= DZC. The anion-cation
AC species can be considered as a reaction intermediate in
equilibrium with phosphonate (DZP) and carboxylate (DZC)
tautomers. In cyclohexane, calculation have predicted the same
mechanism of intermolecular proton transfer between DZPq
and its corresponding anion-cation AC, and carboxylate DZCq
tautomers (Fig. 5a). Cartesian coordinates of the transition
states (TS) DZC and AC and between AC and DZP tautomers for
DZP, and ACy conversions, in cyclohexane are reported in ESI
S74-75.F

The energetic profile of the tautomerism is depicted in
Fig. 5¢. The energetic reported in Table 4 show that solvation of
the ionized and zwitterionic DZPy and DZC, tautomers by non-
polar cyclohexane solvent increases the energetic barriers with
respect to the gas phase for the intermolecular proton transfers
from DZP, to ACy and from AC,y to DZCy and makes the full
proton transfer from the ZDP, to DZC, through AC as a slightly
endergonic. Only this class of tautomers including a ten-
membered ring with N'-H---O H-bonds undergo proton trans-
fer. As was suggested in the gas phase, the reorientation of the
"NH, group and the formation of intermolecular N*-H:--O
bonding in the dimer structure is also a prerequisite for proton
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(a) Structures of DZP, DZC and AC tautomers involved in the intermolecular proton transfer reaction of Glyph, together with the cor-

responding transition states (TS), optimized in the gas phase and in cyclohexane solution at SMD-B3LYP-D3/6-311++G(2d,2p) level. Interatomic
distances (in A) are shown for H-Bonds in the gas phase (in plane text) and in cyclohexane (in italics). (b) and (c) Reaction pathways following
intrinsic reaction coordinate (IRC) calculations in the forward and reverse directions from each TS involved in the intermolecular tautomerization
processes of the ionized forms of neutral Glyph dimer (b) in the gas phase at B3PLYP-D3/6-311++G(2d,2p) level and (c) in cyclohexane solution

at SMD-B3LYP-D3/6-311++G(2d,2p) level.

transfer from AC to DZP, in cyclohexane. The situation changes
in aqueous solution, where both the DZP and AC dimers are
stabilized by hydration. Water stabilizes the phosphonate
zwitterions DZP, complex more than the AC and DZC, up to the
point that it becomes the global minimum on the proton
transfer path. We report in Fig. 6, the DZP and AC tautomers
structures, which were obtained starting with the most stable
DZC1 structure within the transition structures (TS) involved in

23196 | RSC Adv, 2024, 14, 23184-23203

the six-proton transfer processes. The Fig. 7 shows the energy
profiles for the interconversion between the most stable DZC,
and its corresponding DZP and AC tautomers in aqueous
solution. Cartesian coordinates of all the transition states (TS)
for conversions between DZC1 and their DZP and AC tautomers,
in aqueous solution are reported in ESI S76-S81.1 Table 4 also
included the energetics of the six calculated tautomerization
processes between DZC; Glyph dimer and their corresponding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Energetics and activation parameters (kcal mol™?) of the tautomerism of the most stable ionized forms of neutral Glyph dimer in the gas

phase and in solution®”

AE, AH,oq TAS AGog AE} AGiog
Gas phase
DZP, = TS; = AC, —0.2 —0.6 0.9 —-1.6 0.2(0.4) —1.7(—0.1)
ACy = TS, = DZCo -1.1 —-0.3 —0.1 —0.2 0.05(1.2) —1.2(—1.0)
Cyclohexane
DZPy = TS; < AC, 0.1 —0.4 —0.4 0.0 0.5(0.4) —0.8(—0.8)
ACy = TS, = DZCo —0.4 —0.1 —0.4 0.2 0.4(0.8) —2.6(—2.8)
Aqueous solution
DZP; = TS; = AG, 0.3 —-0.6 —-0.6 0.0 1.4(1.1) —0.9(—1.0)
AC, = TS, = DZC, 0.0 —0.6 —0.4 —0.2 1.2(1.2) —1.3(-1.1)
DZP, = TS; = AC, -1.2 -1.8 —0.7 —1.1 0.6(1.9) —0.9(0.1)
DZP; = TS, = AC, 0.3 —0.4 —-0.3 —0.1 1.4(1.0) —0.8(—0.7)
AC, = TS5 = DZC, -1.6 -1.9 -0.8 -1.1 0.5(2.1) —2.1(—0.9)
DZP, = TSs = AC, -1.2 -1.9 -1.1 —-0.8 0.7(1.8) —0.5(0.3)

“ Calculations at B3LYP-D3/6-311++G(2d,2p) in the gas phase and at SMD-B3LYP-D3/6-311++G(2d,2p) in solution. ° Meanings of symbols are as
follows: AEO,+ AH,og and AG,gg are the tautomerization electronic energies (at 0 K), enthalpies (at 298 K) and Gibbs free energies (at 298 K).
AE} and AGieg are the electronic (at 0 K) and free activation energies (at 298 K), respectively. The values in parentheses are the activation

energies for the reverse conversion processes.

anion-cation (AC) and phosphonate zwitterionic (DZP) tauto-
mers. As it is seen in the Fig. 7, from DZC to AC path, the most
preferred DZC, structure interconverts to two ionized structures
noted as AC; and AC, via two direct proton transfer mecha-
nisms. These tautomerism processes involve the transfer of
a peripheral (H;) and an internal (H,) proton, along an inter-
molecular pathway. Due to the fact that DZC,; structure is
a centrosymmetric arrangement of two carboxylate zwitterion
units associated with four (H;H,H3;H,) intermolecular ionic O-
H---~O H-bonds, transfer of H; and H, protons (Fig. 6) enable
degenerate tautomerization processes leading to two anion-
cation (AC) tautomers isoenergetic to AC; and AC,, respectively.
Each one of the ionized AC structures exhibits a non-degenerate
HH transfer leading to two phosphonate zwitterionic dimer
structures (DZP). As shown in Fig. 7, AC, isomerizes to DZP, and
DZP, phosphonate tautomers via two direct proton transfers of
H, and Hj;, respectively. In the same way (similarly), AC,
isomerizes to DZP; and DZP, phosphonate zwitterionic tauto-
mers. Both DZP; and DZP, are isoenergetic and so equally
populated owing to the centrosymmetric arrangement of
OH---~ 0. From the energetics reported in Table 4, it appears
that the most preferred phosphonate (DZP,), the anion cation
AC; and the carboxylate zwitterionic (DZC;) tautomers, are
almost isoenergetic on the AE,, AH,qg, and AG,og surfaces. The
equilibrium proton transfer paths leading from DZP Glyph
dimers to their corresponding AC and DZC tautomers are quite
favorable with small activation barriers (0.5-1.4 keal mol™") on
the AE,. The transitions between DZP and AC as well as among
AC and DZC tautomeric forms are found barrierless on the
AG,og surface as was detected in the gas phase and in cyclo-
hexane solution. Most importantly, from DZC to AC paths, the
lowest energy barriers of 1.2 kcal mol ™" are obtained for the
transfer of the protons in the peripheric chemical positions
such as H, and H;. The values of energy barriers of proton

© 2024 The Author(s). Published by the Royal Society of Chemistry

transfer of H; and H, in central positions are roughly twice
those corresponding to protons in the peripheral positions as
shown in Fig. 7. This indicates that the tautomerism process is
substantially faster for the peripheric protons than for protons
in central positions. Remarkably, the reverse is true for the
transition from DZP to AC and from AC to DZC. Proton transfer
of internal (H,, H;) protons are faster than peripheral ones (H,,
H,) as the values of corresponding activation energies are
smaller (lesser). All the more, the spontaneous intermolecular
proton transfer paths are those leading from DZP Glyph dimers
to their corresponding AC and from AC to their DZC tautomers.
This indicates that the deprotonation site is the carboxyl group
which releases the proton to the phosphonate (POO ™) group as
also detected in the gas phase and in non-polar solvent.
Therefore, two direct proton transfers from the carboxyl to the
phosphonate group seems to be the most plausible mechanism
for the intermolecular tautomerization process in Glyph dimers
in aqueous solution as well as in gas phase and bon polar
medium. In this postulated mechanism, the Glyph phospho-
nate dimer deprotonation leads to an anion-cation (AC), and
the subsequent proton transfer leads to the carboxylate dimer
product according to a set of the following two tautomerism
equilibria: DZP%= AC % DZC. It is to be noted that DZC5 (Fig. 2)
which is nearly isoenergetic to DZC; (AG = 0.1 kcal mol %)
exhibits similar mechanism of interconversion to its corre-
sponding AC and DZP tautomers as DZC;. However, the number
of its tautomers differ from that of DZC,. Calculation predicts
that DZC5 interconverts to four AC structures by (HHHH) proton
transfers noted as AC;, AC,, AC5 and ACe. Each of the AC dimer
structure interconverts to two DZP tautomers by (HH) non-
degenerated tautomerism proton transfer giving in all eight
DZP tautomers (with four isoenergetic identical to the other) as
shown in ESI, Fig. S2.f Relative free energies (AG) between
tautomers are roughly about 1-2 kcal mol ! and thus a rapid

RSC Adv, 2024, 14, 23184-23203 | 23197
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Fig. 6 Structures of DZP, DZC and AC tautomers involved in the intermolecular proton transfer reaction of Glyph, together with the corre-
sponding transition states (TS), optimized in aqueous solution at SMD-B3LYP-D3/6-311++G(2d,2p) level. Interatomic distances are given in A.

interconversion between them could be predicted as was also 3.3. Dimerization process of Glyph
proposed for the most stable DZC; structure in aqueous

; Table 5 lists the complete set of dimerization energies, calcu-
solution.

lated for Glyph pairs, in the gas phase and in two different

23198 | RSC Adv, 2024, 14, 23184-23203 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Reaction pathways following intrinsic reaction coordinate (IRC)
calculations in the forward and reverse directions from each TS
involved in the intermolecular tautomerization processes of the most
stable ionized forms of neutral Glyph dimer in aqueous solution at
SMD-B3LYP-D3/6-311++G(2d,2p).

solvents (water and cyclohexane). For each medium, we
considered the most stable tautomer for the monomer and the
dimer (in water we consider the three tautomers of the most
stable DZC, dimer). Solvent effects on the dimerization energies
estimated by 0AG(solv. tot) are included in Table 5. The results
obtained shows that the dimerization energies are strongly
negative, ranging from —23.7 to —29.6 kcal mol™", depending
on the medium. In the gas phase, computation predicted
a strong zwitterion-zwitterion interaction energy for the dimer
formation of DZC, from the non-ionized N; conformer of Glyph
monomer of about —23.7 kcal mol™'. The free energy of
dimerization at 298.15 K remains quite negative (about
—5.5 keal mol ™) in spite of a large entropy contribution. In
cyclohexane (the same structures are considered), dimerization
process is more favorable relative to the vacuum phase (—29.6
vs. —23.7 keal mol ™). The value of free dimerization energy at
298 K (AG = —12.1 kecal mol™") is more than twice the value

Table 5 Energetics (kcal. mol™) for Glyph dimerization process in the
gas phase and in solution®?

AE 6AGsolv.tot. AG
Gas phase
2N, = DZC, —23.7 — —5.5
Cyclohexane
2N, = DZC, —29.6 —4.7 —12.1
Aqueous solution
27P1 = DZC, —27.0 52.2 —10.6
27P, = DZP, —27.3 28.5 —10.5
27P, = AC, —27.0 34.8 —-10.4

“ Calculations at B3LYP-D3/6-311++G(2d,2p) in the gas phase and at
SMD-B3LYP-D3/6-311++G(2d,2p) in solution. ° Meanings of symbols
are as follows: AE and AG are the total energies and free energies at
298.15 K, respectively. 0AGgqy 1or. Standards for the difference in total

solvation energies and is defined as:
OAGsol. tor. = Y, AGOM©-— 3T AGEM-L Note that AG in
i=product Jj=reactifs

solution also includes the concentration correction, as explained in
the method of calculation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculated in vacuum, indicating that dimerization of Glyph is
highly exergonic in cyclohexane. In aqueous solution, where
zwitterion tautomers (ZP) have to be considered for the Glyph
monomer, the calculations predict similar trends for the
interaction energy. Dimerization energies are also more nega-
tive than the gas phase (AE decreased by 3.6 kcal mol %), but
differences with respect to cyclohexane are substantially
smaller, about 2.3 kcal mol ™ *. The zwitterion-zwitterion inter-
action energy is clearly slightly stronger in DZP; dimer (less
negative by 0.3 kcal mol '), however, the resultant free energies,
for the DZP, and AC, dimer geometries, respectively, are about
approximately 0.1-0.2 kcal mol ' less favorable than for the
overall minimum DZC; dimer structure. Calculation shows that
the free energy of the dimer formation of DZC, from ZP; is
increased by 1.5 kcal mol™" in water with respect to its value in
cyclohexane. Most of the differences in estimating AG in solu-
tion comes from differences in the free solvation energy
(0AGsony.)- As indicated in Table 5, free solvation energy contri-
butions calculated in both media deviate significantly. In water
solution, hydration opposes (disfavors) dimerization as all
0AGsom.tor. Values are highly positive. However, free solvation
contribution in cyclohexane, is slightly favorable (by
4.7 keal mol ). Further analysis shows that solvation effects in
water are significantly larger in magnitude for the monomers
relative to the dimer (i.e., the values listed in the 6AGso.tor
column in Table 2 is highly positive) in comparison with the
results in cyclohexane. These discrepancies detected among
cyclohexane and water solvent effects could be caused by the
large differences in the free solvation energy values (AGson.)
among the phosphonate zwitterionic (ZP) and non-ionized
neutral (N) monomers. The magnitudes of free solvation ener-
gies of ZP; zwitterions (AGy,, = —53.6 keal mol ') are much
larger (about the thrice) than that (AGge, = —19.9 keal mol *)*®
of non-ionized N; conformer in water solution.

Calculation leads to largely much higher difference in
solvation energy between the zwitterion ZP; and the non-
ionized N; forms (0AGsoly.tor. = 33.7 keal mol™") in water than
in cyclohexane (0AGgoy tor. = 17.4 keal mol ™). From these ob-
tained results, additional insights can also be made by
computing the free energy transfer between the two solvents
(water and cyclohexane) (6AGy-. = AGsow. (H20) — AGgon.
(CeHj,) from H,O to C¢Hj,). We find that AG,,_. < 0 for N; and
ZP, monomers as well as for DZC; dimer, indicating their
decreased propensities in being solvated by cyclohexane rather
than H,O. Calculation reveals that ZP; present the highest free
energy of transfer from water to cyclohexane. The strong
tendency of ZP; monomers to be solvated by water rather than
cyclohexane may be due to the greater exposure of chemical
groups in the two phosphonate zwitterionic Glyph monomers
relative to the non-ionized N; form and to the carboxylate DZC,
Glyph dimer. Moreover, more important than the solvation
energies of any of the individual species, are the differences
between the dimer complex and the sum of its constituents. We
note that the solvation energy of any of the H-bonded (DZP;,
DZC; and AC,) dimer complexes is substantially less than the
combined value of the pair of separated ZP; monomers. It is this
lesser stabilization of the dimer complex by solvation that

RSC Adv, 2024, 14, 23184-23203 | 23199
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results in the diminished H-bond energies in water with respect
to cyclohexane solution so evident in Table 5. Despite that
hydration disfavors significantly the dimer formation of neutral
ionized H-bond Glyph dimer complexes, the dimerization
process remains strongly exergonic in water solution. Dimer
formation of DZC; it is found slightly more favorable in water
than its counterparts AC; and DZP,. Therefore, in aqueous
solution, the mechanism of the dimerization of Glyph from its
phosphonate zwitterionic (ZP) monomer could be described by
a set of equilibria (1) and (2) including direct proton transfers:
2ZP = DZC (1) and DZP = AC %= DZC (2). The Combination of
eqn (1) and (2) gives eqn (3) represented by the following set of
equilibria: 2ZP = DZP< AC = DZC (3). Hence, in aqueous
solution, a mixture of DZC; and their phosphonate zwitterions
(DZP) and anion-cation (AC) tautomers, might be abundant in
supersaturated aqueous solution, a fact that remains contro-
versial in the literature. Note, finally, that there are some
comments on the accuracy of our free energy calculations in
solution. A principal source of concern about the presented
results had to do with the modeling of solvation of not only the
H-bonded dimer complexes, but of the isolated subunits
monomers as well. That is, implicit in evaluation of the ener-
getics of the dimerisation process is an assessment of the
solvation energy of each of the subunits monomers, as well as
the dimer complex. It is readily apparent that a homogenous
continuum solvation model which deals with the solvent as
a structureless dielectric medium, serves as an inexact model
for a solvent with its discrete solvent molecules and the lack of
explicit dynamic time dependence in these methods. None-
theless, continuum models have achieved what is now a long
history of successful applications to a range of chemical
problems®**® and even specifically to conventional H-bonds®**-*
and to peptides and dipeptides®® which are representatives of
glycine, the simplest amino acid derivative of Glyph. It is
encouraging also that, despite the approximate nature of our
treatment of solvation, our findings within the implicit solva-
tion model based on density (SMD) of a 5.1 kcal mol™" endo-
thermicity for conventional O-H--O and of 24.0 kcal mol " and
31.8 kecal mol™" bond strengths for O-H---~O and N*-H---~ 0O,
respectively, are in striking coincidence with the experimental
data”?®" and with the computed results obtained®” by applying
a more sophisticated treatment of solvation. It is hence
concluded that the findings in the present models of H-bond
formation in different media are far less subject to inaccura-
cies introduced by the particular means of including solvation
phenomena. Furthermore, it was shown that the pure
continuum, while certainly not absolutely accurate in a quanti-
tative sense, allowed to provide very reasonable approximations
to the environments they are meant to reproduce. In fact,
numerous studies®**® using a variety of homogenous
continuum models had demonstrated that various solvation
properties are related in a very nearly fashion to the Onsager
function, Fo, that in turn relates to the properties of the
solvent.”>”® Fortunately, calculation within the SMD implicit
model applied here, had revealed similar trends for F,, as
indicated above in Section 3.1. Indeed, of some importance that
these findings are not entirely without experimental support.
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Our own work on Glyph monomer® had demonstrated that the
implicit solvation model based on density (SMD) combined
applied at B3LYP-D3/6-311++G(2d,2p) level is able to provide
accurate results on relative energies between zwitterion and
non-ionized forms of Glyph monomer in water solution in good
accord with the experimental results observed in crystal
phase'®"” and in solution.>*-*"¢%%> Moreover, the hybrid discrete-
continuum approach with a water molecule in the first solvation
shell had been applied to study the conformational equilibria
between ionized and non-ionized tautomers of Glyph monomer
in water solution at SMD-B3LYP-D3/6-311++G(2d,2p) level,*® but
we found only small changes from the results derived from
a pure continuum. The explicit consideration of a large water
molecules in the first solvation shell is important to
stabilize® ! as has been established by many studies on amino
acids in water using hybrid discrete-continuum approach.'*>***
However, for the dimeric system studied herein, statistical
analysis of conformations is a fundamental question. Applica-
tion of classical MD simulations are inappropriate due to
limitations of classical force fields in describing proton transfer
between Glyph monomers, while ab initio MD simulations are
computationally too expensive. Further work will consider
a combined QM/MM (quantum mechanics/molecular
mechanics) MD methods, which represents an intermediate
and promising approach to obtain the free energy of
association.

4. Conclusion

In conclusion, we have presented the first theoretical evidence
for the formation of a zwitterionic Glyph dimer in vacuum and
in solution based on the use of highly accurate computational
approach. We have demonstrated that the Glyph dimer
predominantly forms a carboxylate zwitterion pair DZC type
structure in all media. Our study points out the crucial influence
of specific pattern of ionic (O-H:--~0O) and zwitterionic (N'-
H---~0) H-bonds on the relative stability of different series of
ionized and non-ionized Glyph dimers and their various
conformers. The DZC; Glyph dimer structure type involving
a centrosymmetric arrangement of carboxylate zwitterion pairs
held together by ionic O-H---~O Hydrogen bonding network
has been shown to process the highest stability, making them
one of the most efficient Glyph dimer system in all media. It
could be shown that most of the carboxylate zwitterion (DZC)
type structure undergo proton transfer in aqueous solution
unlike what happens in the gas phase and in cyclohexane. The
thermodynamic and kinetic aspects of the intermolecular
tautomerism equilibria between the ionized species of Glyph
dimers have been determined. Two direct proton transfers from
the carboxyl to the phosphonate groups seem to be the most
plausible mechanism for the tautomerization process in
ionized Glyph dimers. In this postulated mechanism, the Glyph
phosphonate (DZP) dimer tautomerization leads to an anion-
cation (AC), and the subsequent proton transfer leads to the
carboxylate dimer (DZC) product according to the following
equilibria: DZP= AC = DZC. The solely Glyph phosphonate
zwitterion dimer pair sustained by N*-H---O H-bonding patter,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stable in the gas phase and in cyclohexane solution, isomerize
to their DZC tautomers with essentially two pathways identical
to those determined in aqueous solution. The calculated ther-
modynamic parameters of the dimerization process of Glyph
monomer show that dimer formation of the most stable
carboxylate DZC; dimer structure is exergonic in vacuum and
even in cyclohexane and aqueous solution. Solvents have been
shown to play a key role in modulating the energetics of the
dimerization of Glyph. Dimerization process in cyclohexane is
found more favorable relative to the vacuum phase; this is
because the solvation contribution to dimerization in cyclo-
hexane relative to vacuum is small and negative. In aqueous
solution, however, hydration opposes dimerization of zwitter-
ionic Glyph monomers as all 0AGgqy.1or, quantities are found
highly positive in water. The dimerization process in water is
slightly less favorable than in cyclohexane due to the very large
disturbing effect of water solvation. It is suggested that
a mixture of predominantly carboxylate DZC and their DZP and
AC tautomeric species should be present for high Glyph
concentrations and that the dimerization process in water, may
occur through a set of equilibria including direct proton
transfers paths: 2ZP = DZP+ AC = DZC.
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