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To better understand the molecular structures of glyphosate in different solvents, we have studied several
possible conformations, and their relative abundances, of glyphosate and its deprotonated forms, in acetone,
acetonitrile, DMSO, water, ethanol, carbon tetrachloride, dichloromethane and gas phase. We have also studied
NMR and IR spectra of these species in these solvents. We found that the first protonation of glyphosate in water
corresponds to the protonation on the amino group, the second protonation in the phosphonate group, the third

protonation in the carboxylic group, and that when the molecule has a neutral charge, the most stable form is the
zwitterionic specie with the protonated amino group and the phosphonate group.

1. Introduction

Pesticides are defined by the FAO/WHO as substances (or mixtures of
substances) that are used to prevent or control undesirable animals or
plants.

In regions that have a high consumption of pesticides, it is common
to observe their presence in groundwater and aquifers [1].

Herbicides have been found to be most responsible for water pollu-
tion [2]. This is due to: a) they are the most widely used pesticides, b)
they have greater solubility in water and are less retained in organic
carbon than the rest of the pesticides, c) they are applied directly to the
soil, and d) they have a high persistence in soil.

Having the ability to detect this type of substance is essential for
economic and social development, taking into account the serious con-
sequences of water pollution.

Among them, glyphosate has become the most popular herbicide in
the world. The detection and quantification of glyphosate is expensive
and slow, and therefore any government measure becomes ineffective
since the real impact of its application is unknown. This means that,
despite being the most widely used agrochemical in the world, it is the
most difficult to determine by analytical means. Glyphosate has ionic
character, high polarity and, therefore, high solubility in water, evap-
orates with difficulty, has low solubility in organic solvents, and forms
complexes easily. This is why that the use of a simple analytical method
becomes a challenge [3].

Currently there are several methods to detect the presence of this
herbicide in water, among which we can mention:

Chromatography techniques: can be used to separate mixtures into
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their components allowing each part to be analyzed separately. Many
approaches to detect glyphosate (GLY) residues use liquid chromatog-
raphy (LC) [4] or high-performance liquid chromatography (HPLC) [5],
gas chromatography (GC) [6], and ion chromatography (IC) [7]. Alter-
natively, eluates from chromatographic columns can be fed to mass
spectrometer (MS) detectors (LC/MS) [8].

Spectroscopic methods: among these we can find: absorption and
emission methods [9,10]; enhanced Raman scattering on the surface
[11]; surface plasmon resonance [12]; nuclear magnetic resonance [13].
Electrochemical sensors: amperometric and voltammetric methods [14,
15]; capillary electrophoresis [16]

Glyphosate removal methods currently include chemical precipita-
tion [16], advanced oxidation [17,18], membrane filtration [19],
biodegradation [10], and physical adsorption [20-26].

Knowing the behavior of glyphosate in different solvents is important
to be able to design new removal techniques and new detection
methods. In this sense, recent works have been dedicated to the struc-
ture and conformational properties of glyphosate, either isolated or in
solution, however they only focused on using water as a solvent
[27-29]. Glyphosate was investigated in this work by initially studying
all the structures and possible conformations that corresponded to the
neutral and various deprotonated forms of glyphosate that are expected
to be found in aqueous solution. The most abundant species were
identified and the spectroscopic properties of these species were
calculated.

We found that the first protonation of glyphosate in water corre-
sponds to the protonation on the amino group, the second protonation in
the phosphonate group, the third protonation in the carboxylic group,
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Table 1
Name and number of the conformations considered for each structure investi-
gated in the glyphosate deprotonation reactions.

formal charge (FC) tautomer structure name (number)

0 H,;PO3CH,NHCH,; COOH 4112(5)
GLY H>PO3CH>NH, CH>,COO~ 4202(2)
HPO; CH,NH; CH,COOH 4211(4)
-1 H3;PO3CH,;NHCH,COO 4102(5)
GLY™ HPO; CH,NHCH, COOH 4111(3)
HPO; CH,NH; CH,COO~ 4201(5)
-2 HPO; CH,NHCH,COO™ 4101(5)
GLY? POSZCHZNH;’CHZCOO 4200(6)
-3 PO32CH,NHCH,COO"~ 4100(5)
GLY3~
Table 2
Solvents and dielectric constant.

Solvent epsilon

Acetone CH3COCH3 20.7

Acetonitrile (CH3CN) 37.5

CH,Cl, 10.36

CCly 2.24

DMSO 46.7

Ethanol (EtOH) 24.5

water (H,0) 78.2

Gas phase 1

and that when the molecule has a neutral charge, the most stable form is
the zwitterionic specie with the protonated amino group and the phos-
phonate group.

2. Methodology

The molecules under study were subjected to geometry optimiza-
tions using density functional theory [30,31]. For this, we used the
hybrid exchange correlation functional B3LYP and the Gaussian basis set
functions 6-31G(d,p) and 6-311++G(2d,2p), as implemented in the
ORCA package [32]. All geometrical parameters were optimized
without constraints.

We used two implicit solvent models to evaluate the solvent effect:
the integral equation formalism polarizable continuum model
(IEFPCM), [33] and the density-based solvation model (SMD) [34]. Both
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models consider that the solvent is a continuous medium with a certain
dielectric constant. The dielectric constants of the solvents are listed in
Table 2. To simulate the effects of exposure of the solute to the solvent, a
cavity is opened to place the molecule that is being studied. The cavities
have a surface charge that stabilizes according to the dielectric constant
of the solvent. The differences between IEFPCM and SMD lie in the
definition of the molecular cavity and in their formulation of the terms
of the non-electrostatic contributions.

We also performed frequency calculations in all cases, that is, for the
gas phase and for the solvated systems, to obtain the corresponding
Gibbs free energy standard values (G*298.15K) and the corresponding
Boltzmann population values. The importance of the vibrational anal-
ysis is two-fold. First, it allows to characterize a given conformation as a
true minimum on the molecular potential energy surface, and, if the
conformation is confirmed to be a minimum, the calculated harmonic
frequencies are useful in the assignment of the experimental vibrational
data.

Taking into account that the results of the B3LYP/6-311++G(2d,2p)
method in an aqueous medium coincide with the results obtained by
Ruano et al., this level of theory is the one that was used to assign the
vibrational frequencies.

Finally, we calculated the isotropic chemical shifts for phosphorus
atoms. In this case, the isotropic magnetic shielding tensor was obtained
at the B3LYP/6-311++G(2d,2p) level of theory. The reported shifts are
relative to phosphoric acid. The absolute isotropic shieldings of phos-
phoric acid were also calculated using the B3LYP/6-311++G(2d,2p)
model.

We took the initial conformations each different species with
different formal charges from the work of Peixoto et al. [29]. A four-digit
number was assigned to label the tautomers with each digit referring to
the number of hydrogen atoms present in the alyphatic carbons, amino,
carboxylate, and phosphonate groups, respectively, for the species with
a given formal charge as presented in Table 1. The number of the con-
formers for each tautomer specie is also given. The schemes for the
conformers are showed in Figs. 1-4.

3. Results and discussion
3.1. Glyphosate conformers, abundance

The Gibbs free energies were obtained from the frequency calcula-
tions, the entropy and thermal corrections. These energies were used to
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Fig. 1. Conformers for GLY a)4112 b)4202 c)4211.
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Fig. 2. Conformers for GLY ! 2)4102 b)4111 ¢)4201.

Fig. 3. Conformers for GLY 2 a)4101 b)4200 .

obtain the relative abundances of the glyphosate conformers, assuming
that they have a Boltzmann distribution.

The Boltzmann populations of the isomers are computed through the
probabilities defined in Eq. (1)

o PAGL

P =g oo

@

where f=1/kgT, and kg is the Boltzmann constant, T is the temperature
in Kelvin, AG is the Gibbs free energy of the kth isomer. Eq. (1) estab-
lishes that the distribution of molecules will be among energy levels as a
function of the energy and temperature. Eq. (1) is restricted so that the
sum of all probabilities of occurrence, at fixed temperature T, Pi (T) is
equal to 1 and given by Eq. (2)

i: Pi=1 @)
i=1

Fig. 4. Conformers for GLY 2 a)4100 .

The results are shown in Tables 3-5, Figs. 5-8.

Among the species with formal charge 0 (GLY), it is observed that
there are clearly two types of conformers that are stable: those that are
not ionized and the phosphonate zwitterions, while the population of
carboxylate zwitterions is negligible. The relative amounts of both
conformers in the different solvents vary with the level of theory used in
the calculations and the different solvent models.

In the case of IEFPCM calculations, the non-ionized conformer is the
most stable (4112) in all solvents except DMSO where zwitterion
phosphonate (4211) is the most predominant. This last conformer can be
observed in appreciable amounts in Acetone, Acetonitrile, DMSO,
Ethanol and Water, that is, in solvents that have a certain degree of
polarity.

When the formal charge is -1 (GLY!), the predominant species in
almost all solvents is the 4201 conformer, that is, the species that has lost
the hydrogen from the carboxylate group, except in the case of carbon
tetrachloride, where the 4102 species is the one that dominates.

When the formal charge is -2 (GLY 2) there is only the 4101
configuration and when the formal charge is -3 (GLY®), the 4100
specie.

As stated above, changing the solvent model changes the relative
abundances of the different glyphosate configurations. In the SMD sol-
vent model, when the formal charge is 0, it is observed that the 4112
species is the only species in most solvents, except for the case of Ethanol
and water, where the predominant species is that of the zwitterion
phosphonate, being almost the only species in the case of water. As in
the IEFPCM model, the abundance of the zwitterion carboxylate is
negligible. This is in agreement with previously found experimental
results by XPS [28].

For formal charges -1, -2 and -3 the results using the SMD and
IEFPCM models are the same. However, for the formal charge -2, the
experimental results found by Pedano et al. [28] show that, in the case of
water, the most favorable structure is 4200. This means that the use of
the base 6-31G(d,p) it is not good at finding the minimum energy
configuration. This is why we repeat the calculations using a larger basis
(6-311++G(2d,2p)) and the SMD solvation model.

The results are displayed in the Table 3.

From the results for the case of water, it is observed that when the
molecule has a neutral charge, the most stable form is the zwitterionic
species with the protonated amino group and the phosphonate group
with a deprotonation (species 4211), the first deprotonation occurs in
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Table 3

Abundance of the conformers using IEFPCM solvation model and B3LYP/6-31G(d,p) level of theory.
Solvent 4112 4202 4211 4102 4111 4201 4101 4200 4100
CH3COCH3 78.2344 0.0154 21.7501 3.3e-05 - 100.0 99.9911 0.0089 100.0
CH3CN 76.9637 0.0224 23.0138 3.1e-05 - 100.0 99.9892 0.0108 100.0
CH,Cl, 98.9042 0.0012 1.0946 5.6e-05 - 99.9999 99.9993 0.0007 100.0
CCly 99.9999 - 5.6e-05 100.0 - le-06 100.0 - 100.0
DMSO 32.7608 0.0163 67.2229 2.6e-05 - 100.0 99.9858 0.0142 100.0
EtOH 83.3411 0.0139 16.645 2.1e-05 - 100.0 99.9898 0.0102 100.0
H,0 64.2655 0.0625 35.672 4.9e-05 - 100.0 99.9837 0.0163 100.0
Gas phase 100.0 - - 0.0025 - 99.9975 100.0 - 100.0

Table 4

Abundance of the conformers using SMD solvation model and B3LYP/6-31G(d,p) level of theory.
Solvent 4112 4202 4211 4102 4111 4201 4101 4200 4100
CH3COCH3 99.9995 - 0.0005 0.0009 - 99.9991 100.0 2e-06 100.0
CH3CN 99.9964 - 0.0036 0.0002 - 99.9998 100.0 2e-06 100.0
CH,Cl, 99.9668 - 0.0332 0.0002 - 99.9998 100.0 5e-06 100.0
CCly 100.0 - 1.1e-05 0.0013 - 99.9987 100.0 - 100.0
DMSO 99.992 - 0.008 0.0004 - 99.9996 100.0 le-06 100.0
EtOH 37.6258 0.1284 62.2458 8e-06 - 100.0 99.8847 0.1153 100.0
H,0 5.512 0.4179 94.0701 5e-06 - 100.0 99.002 0.998 100.0
Gas phase 100.0 - - 0.0025 - 99.9975 100.0 - 100.0

the carboxylate group (forming species 4201), the second deprotonation
at the phosphonate group (forming species 4200), and the last depro-
tonation at the amino group (forming species 4100).

All authors agree that the first deprotonated form of glyphosate is the
4201 species, however the second deprotonation of glyphosate has been
the subject of controversy since authors such as Liu [35], using calo-
rimetry and NMR techniques, and Peixoto [29], using DFT and the
IEFPCM solvation model, found that this second deprotonation occurred
in the amino group, giving rise to the formation of the 4101 species.
While Ruano et al. [28], using XPS and DFT, and Yan et al. [36], using

ATR-FTIR, Two-Dimensional Correlation Spectroscopy, and DFT Study,
found that this second deprotonation occurs in the phosphonate group,
as indicated by our study. It is important to highlight that although
species 4200 is the predominant species in our study (58%), species
4101 cannot be neglected since it has a population close to 42%. This
indicates that species 4101 and 4200 are in equilibrium and that
experimentally it is possible to find evidence of the existence of both.
In the case of ethanol and acetonitrile, the zwitterionic species 4211
is also the most stable species when the formal charge is 0. However, in
the case of acetonitrile, the 4112 species is also present in the majority.

Table 5
Abundance of the conformers using SMD solvation model and B3LYP/6-311++G(2d,2p) level of theory.
Solvent 4112 4202 4211 4102 4111 4201 4101 4200 4100
CH3COCH3 94.7471 0.6159 4.637 6e-06 - 100.0 100.0 4.9e-05 100.0
CH3CN 38.6568 - 61.3432 1.1e-05 - 100.0 99.9998 0.0002 100.0
CHCl, 98.4792 0.3416 1.1792 9e-06 - 100.0 99.9999 0.0001 100.0
CCly 100.0 - - 6.5e-05 - 99.9999 100.0 - 100.0
DMSO 90.6111 0.3003 9.0886 5e-06 - 100.0 100.0 4.9e-05 100.0
EtOH 0.3746 0.9679 98.6576 - - 100.0 75.8688 24.1312 100.0
H,0 0.1797 0.3196 99.5008 2e-06 - 100.0 41.9632 58.0368 100.0
Gas Phase 100.0 - - 0.0001 - 99.9999 100.0 - 100.0
Acetone Acetonitrile
100 A 100 A
80 A 80 1
60 60 4
B R
40 - 40 A
20 A 204

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

Fig. 5. Boltzmann population values for stable conformations found for different structures of glyphosate and its deprotonated forms in acetone and acetonitrile

using SMD solvation model and B3LYP/6-311++G(2d,2p) level of theory.
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CCl4

100 -
80 A
60
40 4
204

0

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

%

Fig. 6. Boltzmann population values for stable conformations found for different structures of glyphosate and its deprotonated forms in dichloromethane and
tetrachloromethane using SMD solvation model and B3LYP/6-311++G(2d,2p) level of theory.

DMSO

100 A

80 -
60
40
20 A
0

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

%

E

Ethanol

100 -
80 A
60
40 A
204

0

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

%

Fig. 7. Boltzmann population values for stable conformations found for different structures of glyphosate and its deprotonated forms in dimethylsulfoxide and

ethanol using SMD solvation model and B3LYP/6-311++G(2d,2p) level of theory.

As in all the previous cases, the only species with a stable -1 formal
charge is the 4201 species. The second deprotonation occurs, unlike in
the case of water, in the phosphonate group, although in the case of
ethanol the deprotonation can also be observed in the existence of the
4200 species, but in a smaller proportion than in the case of water.

In the rest of the solvents, the most stable species is the 4112 species

water

100 A

80 A

60 -

%

40 -

20 A

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

when the formal charge is 0, then the 4201 species, and the second
deprotonation occurs at the phosphonate group to form the 4101 species
and finally the 4100 species. The results show that the solvent exerts a
great influence with respect to the stability of the species in question.
Protic solvents, such as water and ethanol, are the only ones capable of
stabilizing the 4200 species in solution and for the 4211 species the

vacum

100 -
80 -
60 -
40 1
20 4

0

4112 4202 4211 4102 4111 4201 4101 4200 4100
Conformation

%

Fig. 8. Boltzmann population values for stable conformations found for different structures of glyphosate and its deprotonated forms in water and gas phase using

SMD solvation model and B3LYP/6-311++G(2d,2p) level of theory.



A.G. Albesa and M.E.F. Hermosilla

Chemical Physics Impact 6 (2023) 100140

Table 6

Theoretical vs experimental IR vibrational frequencies in cm~' for GLY (4112).
Assigment Expt® gas phase CH3COCH3 CH3CN CH,Cl, CCly DMSO EtOH H,0
v(N-H) 3243 3537 3552 3563 3531 3546 3552 3525 3552
u(C=0) 1732 1803 1775 1763 1770 1792 1778 1728 1701
S(N-H) 1570 1518 1501 1498 1509 1509 1504 1507 1493
v(P=0) 1222 1269 1250 1238 1243 1261 1242 1213 1198

a)solid

Table 7

Theoretical vs experimental IR vibrational frequencies in cm~' for GLY (4211).
Assignment Expt® H,0 CH3COCH3 CH3CN CH,Cl, DMSO EtOH
u(C=0) 1740 1728 1786 1783 1795 1790 1882
S(NH2) 1610 1532 1590 1605 1604 1659 1567
v(C-OH) 1433 1436 1451 1464 1463 1479 1452
7(NH2) 1384 1376 1255 1272 1211 1258 1370
v(C-OH)/y(C-0-H) 1244 1143 1176 1168 1186 1177 1298
Vqgs(PO2) 1188 1204 1244 1242 1243 1247 1178
v5(PO2) 1076 1043 1070 1068 1066 1050 1063
v(P-OH) 916 770 758 759 759 756 811

a)in water

Table 8

Theoretical vs experimental IR vibrational frequencies in cm~! for GLY ! (4201).
Assignment Expt® H,0 CH3COCH3 CH3CN CH,Cl, CCly DMSO EtOH gas phase
Vas(COO) 1614 1556 1670 1657 1665 1701 1672 1606 1722
S(NH2) 1580 1484 1627 1590 1627 1654 1643 1563 1631
v5(CO0) 1400 1344 1362 1365 1364 1349 1366 1379 1330
7(CH2)/7(NH2) 1228 1216 1192 1197 1190 1184 1193 1236 1216
Vqgs(PO2) 1186 1199 1240 1233 1239 1264 1243 1207 1271
v5(PO2) 1080 1061 1060 1064 1063 1064 1063 1061 1063
v(P-OH) 917 799 763 762 765 754 764 734 753

a)in water

relative amounts depend on its polarity.
3.2. IR Spectra

There are two main regions in the infrared spectrum of glyphosate,
one with bands from 800 cm™! to 1300 cm™! belonging to the phos-
phonate group and the second with bands from 1300 cm™! to 1800 cm™!
belonging to the amino and carboxyl groups [37].

Tables 6 and 7 show the results of the spectra obtained for glyphosate
when the formal charge is O for the solid state and when it is in solution,
for the solid state we consider that the predominant species, based on
the DFT calculations, is species 4112 and in solution the predominant
species is species 4211.

One of the differences that can be observed is the displacement of the
& mode of the NH, although they are found at a close frequency, in the
case of species 4112, experimentally it is found at a lower frequency
than in the case of the species 4211.

In the regions belonging to the phosphonate group, a peak is

Table 9
Theoretical vs experimental IR vibrational frequencies in cm~! for GLY 2
(4200).

Assignment Expt® H,0 EtOH
Vas(COO) 1610 1536 1576
S(NH2) 1567 1598 1633
15(CO0) 1400 1383 1394
7(NH2) 1372 1400 1409
v(PO3) (E) 1094 1065 1070
v(C-N) 1052 1039 1037
v(PO3) (A1) 980 939 937

a) in water

observed around 1200 cm !, which in the case of species 4112 is close to
the vibrational mode v(P— O) and in the species 4112 corresponds to the
Vgs(PO2) mode. In the zwitterionic species, the v53(PO2) mode is also
observed at 1076 cm !, while in the neutral species don’t.

In general terms, it can be seen that the calculated frequencies are
lower than the experimental ones. The main differences are in the v(C-
OH)/y(C-0O-H) and v(P-OH) modes. This last mode is poorly described by
the method used in this work. Jin et al. [36], using a smaller base and
explicit water molecules around glyphosate, found a value much closer
to the experimental one, which would indicate that, in some way, the
solvent plays an important role when it comes to describe those modes.

The vibrational frequencies for species 4201 are shown in the
Table 8. According to calculations this species is the only possible one
for GLY L. Again, an excellent agreement with the experimental data is
observed. The only major difference, again, is seen in the v(P-OH) mode.

Another of the discrepancies that exists is to know which are the
species that exist for GLY 2. It has already been mentioned that the two
species are 4200 and 4101. It is interesting to see that both species can
be differentiated by means of the IR spectrum (Table 9): both show the
mode corresponding to v4(COO), but in the species 4200 is greater than
in species 4101. The mode corresponding to v;(COO) is very similar in
both cases, therefore, to see the differences between both species it is
necessary to see which are the characteristic modes of each of them: in
species 4101 the modes related to the movements of the hydrogens in
the amino group are not found, that is, the modes §(NH;) and 7(NH3).
The modes v(PO 3) are also not found. In the spectrum of species 4200,
the v5(PO2) and v4(PO2) modes, as expected, are absent.

The spectrum of GLY 2 has only one possible interpretation. Table 10
shows the results of the calculations and their comparison with the
experimental results. The correlation between them is excellent.
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Table 10
Theoretical vs experimental IR vibrational frequencies in cm~! for GLY 2 (4101).
Assignment Expt* H,0 CH3COCH; CH3CN CH.Cl, ccly DMSO EtOH gas phase
14s(COO) 1610 1501 1600 1595 1595 1622 1605 1537 1628
15(CO0) 1400 1400 1385 1386 1386 1379 1385 1399 1364
»(C-N) 1052 1087 1086 1086 1086 1075 1089 1082 1066
1es(PO2) - 1169 1215 1209 1210 1222 1215 1177 1227
5(PO2) - 1045 1053 1050 1055 1047 1054 1046 1050
a)in water
That is, they assume that protonation has the following form: a)4100
14 101 201 211
Our calculations show that if this were the case, the displacements
12 4 would be: 2.89 ppm, 11.38 ppm, and -2.73 ppm, respectively.
Instead, if we consider protonation to be of the form (as the Boltz-
10 1 mann population-based abundance results and IR spectra results show):
€ 4l ° 008 o o b)4100 200 201 211
S ® %00 % 00 © o The displacement of the NMR signal would be: 7.02 ppm, 1.46 ppm
£ 6 ® and -2.73 ppm, the observed change is very similar to that obtained
B ° experimentally (Fig. 9).
< 4 o Luetal 2016) © Table 11 shows all the displacements obtained by DFT for the
O Kudzin et al (2002) different solvents using H3POj, as reference.
21 @ 4211(DFT)
@ 4201 (DFT)
04 4200 (DFT) ® o 3.4. Conclusions
@ 4100 (DFT)
' J ' ' ' " j In the present work we have performed DFT calculations on glyph-
0 2 4 6 8 10 12 14 16 : . o
osate and its deprotonated forms using two implicit solvent models. The
pH results show that the IEFPCM model is not a good model since it in-

Fig. 9. pH dependence of 3P NMR phosphorus shifts.
3.3. NMR

NMR spectroscopy is a powerful technique for studying both quali-
tative and quantitative relationships between different organic
molecules.

In a recent work, Liu et al. [35], using this technique, determined the
31P NMR spectrum of glyphosate at different pHs: 13,7.5,3.4 and 1.0.
The dominant species are assumed to be: GLY 2 (100%); solution b,
GLY 2 (99%); solution ¢, GLY ! (97%); and solution d, GLY (82%).

They found a shift between solution a) and solution b) of 8.83 ppm,
and attributed this to the protonation of oxygen in the phosphonate
group. For the second protonation the change is 1.48 ppm and they
assume that it occurs at the amino group. The third protonation has a
shift of -0.18 ppm. They justify these changes by taking into account the
distance between the atom that is protonated and the phosphorus atom.

dicates that the neutral species (4112) is the most stable in aqueous
solution, while the experimental results show that the most stable spe-
cies is the zwitterionic (4211) when the charge formal is 0. On the
contrary, the SMD method is capable of providing a correct description
of the most stable form in aqueous solution. However, we also found that
the size of the base set is also relevant when predicting the stability of a
species: the use of a median base (6-31G(d,p)) shows that for the species
with two negative charges is 4101, while using a larger basis (6-311++G
(2d,2p)) shows that the more stable structure is 4200.

Taking this basis into account, we have been able to assign the
vibrational modes found experimentally in aqueous solution and we
have extended the assignment of the modes to the different solvents used
in this study. Likewise, we have calculated the 31P NMR spectrum and
have compared the results with experimental data and have reached the
conclusion that the shift observed in the first protonation of glyphosate
corresponds to the protonation on the amino group and not on the
phosphonate group, as some authors claim.

We have extended the study to several solvents, with different

Table 11
Theoretical 3! P isotropic chemical shift for glyphosate species in different solvents.
4112 4202 4211 4201 4101 4200 4100

CH3;COCH3 26.84 12.48 3.41 3.94 11.58 11.73
CH3CN 26.93 3.885 4.487 12.068 10.33
CH,Cl, 23.905 11.628 3.29 2.465 11.78 10.188
CCly 24.399 -4.145 3.152 10.704 10.993
DMSO 26.907 12.917 3.38 2.846 11.298 9.815
EtOH 24.457 0.145 2.155 13.378 4.305 10.94
H,0 25.342 11.366 4.904 2.171 13.556 3.632 10.66
Gas Phase 21.2 1.787 9.529 13.078
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polarities, in the hope that once the most stable glyphosate species are
determined, this knowledge can help in the study of their character-
ization and better simulation in different environments.
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