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The common garden herbicide glyphosate, N-(phosphonomethyl)glycine, has been studied between
ambient pressure and 5.17 GPa using single crystal X-ray diffraction. Glyphosate forms a structure
composed of layers parallel to the (1 0 -2) planes. Hydrogen bonds form along the stacking direction, which
are very incompressible so that the effects of pressure are accommodated mostly within the layers. This
study has confirmed two high pressure phase transitions previously observed by Raman spectroscopy,
enabling the structural signatures of the transitions to be identified. Both transitions are very subtle and
second order, involving changes to the way the structure responds to pressure rather than changes to the
structure. The first transition occurs between 0.93-1.21 GPa and corresponds to the onset of greater
compressibility within the layers. The second transition between 3.78-4.23 GPa is an intramolecular feature
signalling a deformation of the molecular backbone. In the absence of a first order phase transition, the
packing remains in a compressed form of its ambient pressure form up until the highest pressure measured.
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1. Introduction

The use of high pressure to study the phase behaviour of
molecular materials is becoming an increasingly more
accessible technique with a wide range of applications.!
Vibrational spectroscopy provides a sensitive method for
studying subtle transitions, but these sometimes do not
appear to have an obvious structural effect on, for example,
cell dimensions, volumes, or atomic positions. Identification
of these transitions crystallographically can be complex and
involve sifting through large amounts of numerical data, with
the risk that subtle features could be missed. For example,
the presence or absence of a phase transition in naphthalene
has been debated since Bridgeman's first observations over
80 years ago.”'! Clear discontinuities seen in high-pressure
infra-red spectra of naphthalene are hardly discernable in
crystal structure data.

“ Centre for Science at Extreme Conditions, School of Chemistry, The University of
Edinburgh, King's Buildings, West Mains Road, Edinburgh, UK. E-mail: S.Parsons@ed.ac.uk
b The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK

+ Dedicated to Paul R. Raithby, celebrating a career in inorganic and
organometallic chemistry, on the occasion of his 70th birthday.

1 Electronic supplementary information (ESI) available. CCDC 2223284-2223299,
geometry-optimised structures in cif format, description of occupied volume
calculations, crystal structure refinement statistics, strain tensor principal values
at each pressure point, supplementary figures referred to in the text. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d2ce01616h

988 | CrystEngComm, 2023, 25, 988-997

A reconstructive phase transition occurs at 5.98 GPa forming a polycrystalline high-pressure phase.

Glyphosate, N-(phosphonomethyl)glycine, is a common
garden herbicide, used widely in domestic products such as
Weedol® and Roundup®. The Cambridge Structural
Database (CSD)'? features five entries for glyphosate under
the refcode family PHOGLY. The first four (PHOGLY-
PHOGLYO03) are studies on crystals of the same phase (space
group P2,/c) obtained directly from commercial weed-killer
samples at ambient temperature and pressure."** The final
entry (PHOGLY04) is again an ambient temperature and
pressure structure but features a unique polymorph in the
space group P24, obtained on using MnO, in the presence of
H,S0, to oxidise N-(phosphonomethyl)iminodiacetic acid."®

Glyphosate was recently studied to 6.2 GPa using high
pressure Raman spectroscopy in the spectral range 45 to 3700
em™ by Holanda et al.’” two high pressure phase transitions
were identified. The first transition was located at between
0.97 and 1.5 GPa and the second between 4.29 and 4.63 GPa.
The transitions were identified based on discontinuities in
plots of vibrational frequency versus pressure, splitting and
changes in the intensities of bands as well as the appearance
of new modes. For example, the appearance at 0.97 GPa of a
new mode at 61 cm ™" was taken to indicate a change in space
group symmetry. The second transition was identified above
3.86 GPa, where a band at 82 cm™ merges to form a single
wide band with another previously at 90 cm™. Glyphosate has
not previously been studied using high pressure X-ray
diffraction and the motivation for this work was to identify
the structural character of the transitions.

This journal is © The Royal Society of Chemistry 2023
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2. Materials and methods
2.1 Single crystal X-ray diffraction

Crystals of glyphosate (Sigma Aldrich) were grown by slow
evaporation of an aqueous solution of concentration 10 mg
mL™". Diffraction data were collected on a Bruker AXS D8
Venture diffractometer using Ag Ka radiation (4 = 0.56083 A),
first at ambient conditions and then at high pressure in two
separate studies. In each case, a crystal was loaded into a
Merrill-Bassett diamond-anvil cell (DAC) with half opening
angle of 38° 600 pum Boehler-Almax-cut diamonds and
tungsten carbide backing plates.'®'® A tungsten gasket of
thickness 300 um indented to 150 um and hole diameter of
300 um was used, with a 4:1 mixture of methanol and
ethanol as a pressure transmitting medium.>® A small ruby
chip was also included in the sample loading and the ruby
fluorescence method was used to measure the pressure; the
values quoted have an uncertainty of 0.05 GPa.>! The data at
ambient pressure were collected in the DAC prior to addition
of the pressure transmitting medium. The maximum
pressure reached was 5.17 GPa. The data quality deteriorated
at 5.60 GPa, and increasing pressure further to 5.98 GPa led
to a proliferation of diffraction spots which pointed to the
sample undergoing a destructive phase transition forming a
new polycrystalline phase. Attempts to determine the unit
cell dimensions of the new phase were unsuccessful.

The diffraction patterns were indexed using APEX4 and
integrated using SAINT.>* Corrections for the gasket shading,
absorption and other systematic errors were applied using
the multiscan procedures in SADABS.>® The structure at
ambient pressure was solved using dual-space methods
(SHELXT),** and refinement of all structures was against |F|*
(SHELXL),”® from within the OLEX-2 interface.>® The starting
model at each pressure point was taken from the previous
point in the series and all intramolecular bond lengths and
angles restrained to their values at ambient pressure. All
non-hydrogen atoms were refined with anisotropic
displacement parameters (adps) and hydrogen atoms
attached to carbon were placed at calculated positions and
allowed to ride their parent atoms; those attached to oxygen
were treated as rotating rigid groups. Adps were subject to
enhanced rigid bond restraints.”” Listings of crystal and
refinement data are available in Table S1.f Structures were
visualised using Mercury®® and Diamond.*’

2.2 Periodic DFT calculations

The high-pressure crystal structures were optimised using
periodic density functional theory (DFT) using CASTEP with
the Perdew-Burke-Ernzerhof (PBE)** exchange-correlation
functional and ‘on the fly’ pseudopotentials.®® The basis set
cut-off and k-point spacing were 920 eV and 0.07 A™, giving a
convergence in the total energy of 0.1 meV per atom. The
convergence criteria for the geometry optimisations were: 5 x
107° eV per atom (energy), 0.01 eV A™* (force) and 5 x 10°* A
(displacement). The unit cell parameters were fixed at
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observed values throughout. DFT optimized structures were
used in all calculations and figures unless stated otherwise.

2.3 Occupied volume (‘CellVol’) calculations

Occupied (‘network’) and unoccupied (‘void’) volumes in
crystal structures were evaluated in a Monte Carlo procedure
using the CellVol code;** a short summary is available in the
ESLi

2.4 Pixel calculations

Intermolecular interaction energies were calculated via the
Pixel method*™* using the MrPixel interface.’® Gaussian-
097 was used to calculate the electron density at the MP2
level of theory with the 6-31G** basis set. The molecular
electron density was calculated on a grid of 0.08 x 0.08 x 0.08
A’ and a condensation level of 4 was used for the Pixel
calculations with a cluster radius of 14 A. The positions of H-
atoms, which strongly influence intermolecular interaction
energies, are systematically in error when determined by
X-ray diffraction as the result of the asymmetry of their local
electron distributions. In addition, the position of H3 in the
refined crystal structures exhibited some instability as a
function of pressure, with an oscillation in the torsion at
successive pressure points. This is likely to be an artefact,
perhaps the result of the relatively low (~40%) completeness
of high-pressure data sets, a result of shading by the
diamond anvil cell. Pixel calculations were therefore based
on coordinates obtained from geometry-optimisation of the
crystal structures using periodic DFT.

3. Results and discussion
3.1 Ambient pressure structure

Glyphosate, N-(phosphonomethyl)glycine, crystallizes in
space group P2,/c with one molecule in the asymmetric
unit.*® The molecules adopt the zwitterionic tautomeric form
(Fig. 1), with formal positive and negative charges on the
ammonium group based on N3 and phosphate groups based
on P5, respectively. The bond distances, angles and
conformation have been discussed in detail in ref. 13.

H3A

Fig. 1 The zwitterionic molecular structure of glyphosate featuring
the numbering scheme used in this work.
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Intermolecular interactions are dominated by H-bonding.
Intermolecular interaction energies, evaluated using the Pixel
method (Table 1) show that the first coordination sphere,
consisting of those molecules forming interactions to a
central reference molecule with non-zero Pauli repulsion
terms, contains 13 molecules (Fig. 2). The prediction of
mechanical properties based on slip planes described by
Bryant, Maloney and Sykes® indicates that the most probable
slip plane in the structure of glyphosate is (1 0 -2), and the
crystal structure can be described in terms of layers parallel
to these planes (Fig. 2i).

Within the layer (Fig. 2ii) the phosphate moieties form
pairs of O3H3:--O4 H-bonds across inversion centres in a
ring motif (contact A, centroid separation 6.868 A, total
energy —114.7 kJ mol™). These units are linked into a chain
which runs along b by pairs of N3H3B---O5 H-bonds, also
forming ring motifs across inversion centres, between the
ammonium and phosphate groups (contact B, centroid
separation 5.033 A, total energy -267.3 kJ mol ). This
interaction between oppositely charged groups is the most
stabilising contact in the structure. The chains are connected
into a layer which is parallel to the (1 0 -2) planes on one
side by weaker interactions C/C" and D and on the other by a
symmetry-equivalent interaction D'. Neither C/C’' nor D/D’
forms H-bonds with the central molecule. C is barely
stabilising at all with a total energy equal to —0.6 kJ mol ™",

Table 1

Interactions in the first coordination sphere of glyphosate at ambient pressure. All energies are in kJ mo

View Article Online

CrystEngComm

composed principally of destabilising coulombic and
stabilising dispersion components (+10.4 and —-14.8 k] mol ",
respectively). The closest atom-atom distances, formed
between C2H2A and carboxyl, measure 2.7-3.0 A, and the
centroid separation is 5.995 A. Contact D is a longer-range
electrostatic interaction (centroid separation 8.854 A and
total energy —28.4 kJ mol ™).

The stacking of the layers involves four further H-bonded
contacts. The most stabilising of these forms N3H3A:--O4
H-bonds with the central molecule (contact E/E, centroid
separation 6.532 A, total energy —144.5 kJ mol ™). Further
H-bonds (contact F/F’) are formed through lattice translations
along a, forming a head-to-tail arrangement involving
O1H1:--05 (centroid separation 8.669 A, total energy —90.6 k]
mol ™). Destabilising electrostatic interactions G (centroid
separation 6.460 A, total energy 5.8 k] mol*) and H/H'
(centroid separation 5.135 A, total energy 32.2 k] mol %) are
also formed between the layers as the result of the
juxtaposition of like-charged moieties. The formation of
destabilising contacts has been noted in other zwitterionic
structures such as amino acids.***'

3.2 Response of the unit cell parameters to pressure

The total unit cell volume decreases monotonically (Fig. 3i),
with no apparent discontinuities at between 0.97 and 1.5 GPa

(%, Classifications as hydrogen bonded

or electrostatic interactions are relative to the interaction with the central molecule

Centroid
Label Symmetry distance (A) Coulombic Polarization Dispersion Repulsion Total —Contact description
H-bonded
Contact A 1-x,2-y,1-z 6.868 -244.8 -115.4 -32.3 277.9 -114.7 Pairs of O3H3--O4 H-bond ring
motifs across inversion centres
Contact B 1-x,1-y,1-z 5.033 -273.3 -95.9 -40.2 142.1 -267.3 Two N3H3B:--O5 H-bond ring
motifs across inversion centres
Contact E/E" | —x,y- 1 1 _, 6532 -147.7 -50.6 -18.5 72.3 -144.5 Pairs of N3H3A---04 H-bonds
' 22
1-xy+ 11 -z
7y 2 k) 2
Contact F/F'  x+1,y,2 8.669 -136.7 -67.3 -13.0 126.4 -90.6 Lattice translations of the central
x-1,y,2 molecule along a. 01H1---O5 H-bond
through a head to tail arrangement
Electrostatic interactions
Contact C/C' 211 . 5.995 10.4 -8.5 -14.8 12.3 -0.6 Lattice translation of contact E/E'
272 along a. Composed principally of
11 destabilising coulombic and
-xy+-,--2 . .
2’2 stabilising dispersion components
Contact D/D" 135 4= 1 8854 -24.2 -3.3 4.1 3.1 -28.4 Lattice translation of contact F/F’
2 Vs along a. Longer range electrostatic
X4+1, % 3,z +% interaction
Contact G -x,1-y,1-2 6.460 16.8 -7.4 -11.9 8.4 5.8 Destabilising electrostatic interaction
as a result of the juxtaposition of like
charged moieties
ContactH/H' 3 1 5.135 46.4 -12.7 -17.0 15.5 32.2 Destabilising electrostatic interaction
Y YE as a result of the juxtaposition of like
3 1 charged moieties
X, E -y,Z2+ E
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Fig. 2 Packing diagrams for glyphosate. The interactions within the first coordination sphere are labelled. Slashes indicate those molecules hidden
by symmetry from the view. Vectors drawn from the central reference molecule on the diagram represent the principal axes of the strain tensor;
red, green and blue are used for the numerically smallest, middle and largest eigenvalues. i) A view down the b-direction reveals the layered
structure parallel to (1 0 -2) slip planes, indicated by blue lines. ii) A view of a single layer. Note that labels refer to molecule-molecule interactions,

as listed in Table 1, rather than individual contacts such as H-bonds.

or between 4.29 and 4.63 GPa associated with the phase
transitions reported in Holanda et al.'s study."” The volume
versus pressure data can be fitted (x> = 0.93) to a single third-
order Birch-Murnaghan equation of state (EoS) to yield a
bulk modulus of 14.8(4) GPa with a pressure derivative of
7.5(4).*> These values are typical of H-bonded molecular
crystals, and are comparable to other amino acids such as
serine [19(2) GPa],** alanine [13.1(6) GPa]** and histidine
[14.0(5) GPa].*’

The compressibility of the wunit cell parameters is
anisotropic, following the order ¢ (6.5% between ambient
pressure and 5.17 GPa) > b (5.8%) > a (2.0%) (Fig. 3ii); the
value of § increases monotonically (Fig. 3iii). None of the unit
cell parameters show any significant features at the first
reported transition pressure, though the a and ¢ axis lengths
show small discontinuities at 3.8 GPa, marking of the onset
of the second transition.

The anisotropy of compression is much clearer in the
strain tensor.***® The smallest eigenvalue determined
between ambient pressure and 5.17 GPa (Table 2) is over an
order of magnitude smaller than the other two [-0.0012(4)
versus —0.0587(3) and —0.1204(4)]. The eigenvectors (Fig. 2)
show that the numerically largest eigenvalue is located in the
planes described above in the direction of the very weak
contacts C and D. By symmetry, one eigenvector must lie
along b, and in glyphosate this is the middle axis, the smaller
compression being consistent with the occurrence of the

This journal is © The Royal Society of Chemistry 2023

chain-forming H-bonds A and B described above. The axis of
minimum compression lies perpendicular to the first two
axes, approximately along the strongly H-bonded stacking
direction, and has an eigenvalue which is barely significantly
different zero. The essentially two-dimensional character of
the compression in glyphosate thus reflects the relative
incompressibility of strong H-bonds.

3.3 Intermolecular interactions

The centroid-centroid separation of most contacts reduces
with increasing pressure, except for contact G, which remains
relatively constant at ~6.5 A. Contacts which do not involve
hydrogen bonds (C, D and H) generally show a greater
reduction in centroid separation with the greatest reductions
seen for contacts C and D in the direction of the most
compressible strain axis (0.538, 0.761, 0.37 A for contacts C,
D and H respectively). Amongst the H-bonded contacts A, B,
E and F, A shows a significantly higher change in centroid
separation (0.46 A) than the others, for which compression is
more consistent (0.155, 0.148 and 0.173 A for contacts B, E
and F respectively). Both contact A and B align with the
middle strain axis while contacts E and F align with the least
compressible strain axis.

The energies of each of the 13 intermolecular contacts are
shown as a function of the centroid separation in Fig. 4. The
trends are monotonic for most of the contacts, but there is

CrystEngComm, 2023, 25, 988-997 | 991
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14.8(4) GPa. ii) Normalised unit cell axes lengths as a function of pressure. iii) # angle as a function of pressure. Error bars are plotted for all

parameters but are mostly smaller than the data symbols.

some scatter for the chain-forming H-bonded interactions A
and B. These energies are highly sensitive to random errors
in the atomic (particularly the H) positions. Even though the
coordinates used in the Pixel calculations were optimised by
periodic DFT, the cell dimensions were fixed at their
experimental values during these optimisations, and so some
random error persists. We are of the opinion that since the

Table 2 The principal values of the strain tensor calculated between
ambient pressure and 5.17 GPa. <a etc. are the angles made by each
eigenvector with the unit cell axes. The principal values of the strain
tensor evaluated at each individual pressure are available in the ESIt

Axis Strain <al° <b/° <c/°

1 -0.0012(4) 27.1 90.0 132.8
2 -0.0578(3) 90.0 0.0 90.0
3 —0.1204(4) 62.9 90.0 42.8

992 | CrystEngComm, 2023, 25, 988-997

scatter does not align with the phase transitions, it probably
reflects random error.

3.4 Volume analysis

The volume of a crystal structure can be partitioned into
regions which are occupied by molecules and their network of
intra and intermolecular interactions and unoccupied
interstitial voids. We refer to these as the as the ‘network’ and
‘void’ regions, respectively and their volumes are Ve and
Vioia-> Trends in Vye and Vieq with pressure can be more
sensitive to subtle structural transitions than the overall unit
cell dimensions. The method has recently been used to identify
structural behaviour in naphthalene, the Blatter radical and in
4-methylpyridine pentachlorophenol co-crystals.*****”

The network and void volumes in glyphosate are shown in
Fig. 5 as a function of pressure. While there are no

This journal is © The Royal Society of Chemistry 2023
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based on this work and that of Holanda et al.

discontinuities in either the overall unit cell volume or
intermolecular energies associated with the phase transitions
revealed by Raman spectroscopy, small discontinuities do
occur in the gradient of the network volume trends at 0.93
and 3.78 GPa. These are less clear in the void volume trends
as they are overwhelmed by the greater compressibility of the
voids. The trends in Ve between the transitions are quite
linear, and fitting to second order Birch-Murnaghan
equations of state yields bulk moduli of 90(12), 105(2) and
96(7) GPa for the three phases with increasing pressure; there
is no significant difference between these figures. The
average network bulk modulus can be obtained by fitting a
second-order Birch-Murnaghan EoS across the entire data
range giving K = 104.2(6) GPa (y* = 0.86), a value typical of
hydrogen bonded networks.** A third-order Vinet equation of
state was applied to the void giving a bulk modulus of 4.4(1)

This journal is © The Royal Society of Chemistry 2023
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GPa, K’ = 1.17 (9) and a y* of 1.29, typical of values seen in
our previous work.*?

To identify which intermolecular interactions undergo the
largest changes at the transitions, the volumes of the
glyphosate molecule and dimers and larger clusters were
calculated by placing a box around each and evaluating the
occupied volume using a similar Monte Carlo procedure to
that described above for unit cells. Further details are
available in the ESIL.} The calculation was first applied to the
interlayer volume, featuring contacts E, F, G, H and the
central molecule (Fig. S2 in the ESI}). This plot contains no
clear discontinuity at the first transition, Fig. 6i. The layer
stacking is in the direction of the numerically smallest
eigenvalue of the strain tensor and appears to remain
unchanged through the first transition. A very slight
discontinuity is seen at the second transition. The calculation

CrystEngComm, 2023, 25, 988-997 | 993
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contact A (Fig. 2). iv) The volume of contact D/D’.

was then applied to a single layer containing the central
molecule and contacts A, B, C and D (Fig. S2 in the ESII).
This plot features a discontinuity at both transition
pressures, indicating that both transitions have a structural
signature within the layers, Fig. 6ii. In particular, the layer
compressibility appears to level-off immediately before the
first transition but becomes re-established afterwards. The
first transition can thus be associated with the re-emergence
of compressibility within the layers.

To identify the interactions driving these transitions the
Monte Carlo method was then applied to the individual
dimers A-H listed in Table 1. Plots for all contacts can be
found in the ESIi (Fig. S3) with selected contacts presented
in Fig. 6iii and iv. Volumes at this scale are very sensitive to
structural instabilities and there is some scatter.
Nevertheless, contact A and D/D’" show fairly clear
discontinuities at the first transition. Contact A shows a
reduction in dimer volume and contact D/D’ a smaller
increase, so that the re-emergence of layer compressibility
can be associated with contact A.

994 | CrystEngComm, 2023, 25, 988-997

Both interlayer and intralayer plots and virtually all
contacts can be interpreted as having a discontinuous
change in dimer volume at the second transition. This
suggests that the transition may have an intramolecular
contribution, and application of the volume calculation to
individual molecules reveals a small discontinuity in
molecular volume at the second transition, Fig. 7i. As
pressure is increased, the long axis of the molecule hunches
to a more compressed form, with most of this compression
taken up at the carbonyl end of the molecule, Fig. 7ii. As
pressure increases, the longest axis of the inertial tensor
(see ESIf) compresses, Fig. 7iii, with the trend becoming
steeper after the second transition. The alignment of the
long axes with the layer explains why the second transition
is more obvious in Fig. 6ii than in 6i.

4. Conclusions

The literature contains many examples of vibrational
discontinuities from spectroscopic experiments at high

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 i) Molecular volume the glyphosate molecule as a function of pressure. ii) Hunching of the molecular backbone. The elementally coloured

structure is from ambient pressure measurements, the overlaid green structure is from 5.17 GPa. iii) The change in length of the long axis of the

molecule (the longest axis of the inertial tensor) with pressure.

pressure that often seem to not be reproduced by
conventional crystallographic analysis. This is especially
relevant to second order transitions which instead of
accounting for physical changes to structural packing,
represent the onset of new mechanisms for accommodating
pressure. The network and void volumes appear to be more
sensitive than other structural features to these subtle
changes.

In this paper we have applied these methods to two high
pressure phase transitions in glyphosate which had previously
been identified by Raman spectroscopy. We have previously
noted that the onset of subtle transitions marks a shift from
compression of the void space to compression of the more
rigid network, and the same in true in glyphosate. The first
transition, between 0.93-1.21 GPa corresponds to a
discontinuous change in the overlap of van der Waals surfaces
within the layers to accommodate further compression. The
second transition between 3.78-4.23 GPa is an intramolecular
effect, signalling an increased rate of contraction of the

This journal is © The Royal Society of Chemistry 2023

molecular backbone to allow further compression. Both
transitions occur without a change to space group symmetry or
a change to the structural packing. The lack of a discontinuity
in either the total volume or energy for either transition,
suggests that they are both second order.
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