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Abstract

In the present work we report a detailed description of the structural features of the
protocatechuic potassium salt. The X-ray data collection evidenced a complex structure
where there is a struggle between the catecholic and carboxylic functions to coordinate
the potassium ion. The experimental data have been analyzed on the basis of various
different Molecular Dynamics approaches, and they were compared to previous structural
experimental and computational data on similar compounds. An improvement for the
Dreiding Force Field for what concerns the K* ion has been implemented to achieve the
computational results.

Keywords: X-ray diffraction; atomic displacement parameters; molecular dynamics; humic
substances; potassium ion coordination

1. Introduction

The protocatechuic acid (PCA), or 3,4 dihydroxybenzoic acid, belongs to the vast
set of humic substances (HSs). They are characterized by the presence of aromatic or
polyaromatic backbones functionalized by the contemporary presence of carboxylic and
phenolic groups which enables their typical behaviour as polyprotic acids. HSs are involved
in many biodegradation processes and often form complexes with ions [1-4].

Due to this ability, this class of compounds plays a key role in potential environmental
chemistry applications, as they provide a natural route for the complexation of heavy
metals [5-9].

In previous works, after having solved and refined the caffeic acid (CA) structure [10],
we focused on its potassium salt [11]. It resulted in an intriguing and challenging hybrid
co-crystal and not a “straight” co-crystal [12]. The structure, in fact, was characterized by
the concomitant presence, in a 1:1 ratio [13] of a fully protonated, as well as a deprotonated,
CA moiety alternately on the carboxylic and on the catecholic function, with a six-fold
coordination of a K* ion and a molecule of water. This was the first and still the only crystal
structure of the caffeic acid coordinated with a metal [12].

As compared with the above-mentioned CA salts, the present structure recalls the
six-fold geometry, although severely distorted and it can be considered a typical salt,
where both the catecholic and the carboxylic functions contribute equally to the K* ion
coordination. Furthermore, and more specifically, this experimental structure vaguely
reminds the computed structure of the CA potassium salt described in our previous
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work [12], at least by considering the groups involved in the coordination, and confirms
our computer predictions [11].

We therefore focused on the energetics and the fine structural features of this potassium
salt, by analyzing them by using several different Molecular Dynamics (MD) simulations
based on both quantum-mechanics density functional theory (DFT) and empirical force
fields (FF) with two different functional and parametrical schemes, the Universal and
Dreiding Force Fields [14]. We extended our analyses up to very fine details such as the
Atomic Displacement Parameters (adps) which measure the mean-square displacement
amplitude of an atom about its equilibrium position in a crystal. This approach enables the
analysis of constraints and preferential directions of displacement at the atomic level on
one hand, thus offering the opportunity to have an additional point of view to interpret
and understand the structural and mechanical properties of the compounds, even at the
macroscopical level on the other. Interestingly, all the MD results provided very similar
results, which are in very good agreement with the experimental data, thus confirming the
quality of our approach already tested on a broad variety of substrates [15-21].

2. Results and Discussion

PCA potassium salt (PCAK, Figures 1 and 2) crystallizes in the Pbca space group with
an orthorhombic lattice. Its unit cell parameters are reported in Table 1, together with
the ones inferred by the different computational approaches. There are eight molecular
moieties in the unit cell (Z = 8), and only one formula unit in the asymmetric cell (Z' = 1).
The structure does not show any solvent accessible void and provides a 90.7% packing
index [22] which reflects a fairly efficient packing.

O

H
© OH

HO

Figure 1. Chemical sketch of 3,4 dihydroxybenzoic acid (PCA).

Table 1. The cell parameters derived by the different experimental and computational approaches.
The * corresponds to the use of the K* parameters inferred by ref [23], The ** to the use of the K*
parameters derived by the Universal FE.

X-Ray Castep Universal  Universal*  Dreiding **  Dreiding *
a 12.1515(8) 12.3385 11.9416 11.4487 12.0772 11.4048
b 7.4636(5) 7.3520 7.4964 7.5250 7.5655 7.5047
c 15.6079(10) 16.0242 16.9376 16.6679 16.2590 16.2707
o 90.000 90.000 90.000 90.000 90.000 90.000
B 90.000 90.000 90.000 90.000 90.000 90.000
Y 90.000 90.000 90.000 90.000 90.000 90.000
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Figure 2. Atomic numbering and potassium ion (in purple) coordination in PCA. Displacement
ellipsoids are shown at 50% probability. H atoms are displayed as fixed-sized spheres.

The whole setup is shown in Figure 3A,B.

Figure 3. Cont.
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(B)

Figure 3. (A) Unit cell of PCAK, along the b-axis, with Z = 8. Dashed lines evidence the K* ion
coordination interactions. (B) The typical (partially distorted) octahedral geometry of the K* ion
coordination is evidenced in purple.

The molecular packing is, as expected, characterized by the competitive coordination
of the potassium (K) ion by means of the catecholic and/or the carboxylic function. They
both succeed in the K coordination, giving rise to a distorted hexacoordinated structure
with a warped octahedral shape. The amount of the deviation from a perfect Platonic
octahedron can be quantified accordingly to ref. [24] by an octahedral volume of 22.156 A3,
a quadratic elongation of 1.160 and an angle variance of 453.54 deg? (Figure 4A,B).

(A)

Figure 4. Cont.
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(B)

Figure 4. (A) K* ion (in purple) octahedral coordination as observed in the molecular building block.
(B) The partially distorted octahedron is highlighted.

The structure building block shows several inter- and intramolecular hydrogen bonds.
They are reported in Table 2.

Table 2. Potential hydrogen bonds analysis. Bond lengths are given in A. Donor-Acceptor distance is
reported together with its standard uncertainty (s.u.). * Identifies bifurcated hydrogen bonds, i.e., the
sum of three angles about H~360° [25].

Bond Type D—H.A D-H H..A D..A
Inter- 010—H102..08 2 0.84 1.85 2.6594(2)
Intra- O11—H111..010 0.81 241 2.7618(2)
Inter- *O11—H111..08 P 0.81 1.94 2.6946(2)
Inter- *O11—H111..09 b 0.81 2.54 3.0567(2)
Intra- C2—H?21..08 0.94 2.53 2.8405(2)

Symmetry codes: 1 —x,2 -y, 1 —2z°%x3/2—y,1/2+z

The structure is further stabilized by the presence of m-stacking and T-shaped inter-
actions which are reported in Table 3. This cooperative work evidenced in the unit cell
represents a strong and mostly isotropic network of decent interactions that contribute to
the overall stabilization of the structure.

To extend our analysis to very fine details such as the adps, we compared the ex-
perimental data, inferred by means of an X-ray data collection of the diffraction of the
PCAK, with the ones computed with different in silico approaches. We used Molecular
Dynamics to simulate whether the computed unit cell could resemble the experimental
one. The method is described in the Materials and Methods section and follows a robust
approach already successfully used for a broad variety of compounds. It is based on the
initial relaxation of the symmetry to a P1 (triclinic). As a consequence, the structure is free
to float over the energy surface without any particular constraint. The simulation validated
that the symmetry setup—orthorhombic in our case—is confirmed by checking the relative
cell angles, that were free to change but remained constant during the simulation. This was
achieved by optimizing the original input file by means of a DFT approach and several MM-
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and FF-based ones. No matter what the origin of the input .cif file was, it gave rise to similar
results for all the different approaches. Interestingly, as described in the Computational
Details, an improvement to the original K* data for the Dreiding Force Field was provided
in order to achieve these results. For this purpose, we implemented the original FF with
data already published in the literature for what concerns K* ion [23].

Table 3. m-stacking and T-shaped noncovalent interactions. s.u. is reported in parentheses where its
calculation is meaningful.

m-Stacking Interactions and T-Shaped Interactions

. . . 2 Angle Between . 2 Crystallogr.
Ring-Ring Distance (A) Planes (°) Slippage (A) Directions
Cgl-Cgl 3.4928(2) 0 0.855 1-X,1-Y,1-Z
Cgl-Cgl 4.9373(3) 81 n.a. “B—-X1/2+Y,Z
X-H...Cg(m-Ring) Interactions (Details of the T-Shaped Ones)
X—H — Cg(]) Distance (A) vﬁ?l%lt;:;tlll’(leai?:g) Crystallogr. Directions X—H — Cg())
C5—H51 — Cgl 271 57 1/2 —x,-1/2+y,z C5—H51 — Cgl

The results are reported in Table 1 for what concerns the unit cell parameters. They
show a strong consistency between the experimental data—inferred by means of X-ray
diffraction—and the computed ones.

From our point of view, the data reported in Table 4 are definitely more interesting.
They show the Uiso (isotropic displacement parameter), i.e., the mean-square displacement
amplitude of an atom, averaged in all directions. It represents an isotropic parameter which
simplifies the quantification of the libration amplitude of each atom in the structure as
compared with the anisotropic one (adp or Uaniso), which is more useful for a graphical
representation. In fact, being based on tensors, they emphasize the preferred orientation in
a specific direction towards one or more atoms which perform their displacement. As a
consequence, their analysis could be considered a prediction, at an atomic level, of prefer-
ential or forbidden movements of the atoms. These properties have evident consequences
on the physical and mechanical properties of the substance, even at a macroscopical level.

These data are shown in Figure 5 where, in spite of different experimental and com-
putational origins, similar trends are present. As there are no “real” Uiso values, neither
can the experimental ones be considered “true”. In fact, these data are heavily affected
by the scattering method used for their evaluation. Adps inferred by means of X-ray data
are generally quite different from neutron ones and this difference relies on the different
probe used [26-28]. However, the main approximation in the adp estimate is provided
by a crude approximation—the so-called Independent Atom Model—used during data
refinement, which forces a poorly realistic spherical model to simulate the electron density
of atoms as if they were independent entities, without taking into account the changes in
the electron density distribution due to chemical bonding and other structural features [29].
As hydrogen atoms contains one electron only, their scattering performance is poor. Thus,
their Uiso are not reported in Figure (but in Table 4).

On one hand, the experimental Uiso are systematically bigger than the computed ones
up to the oxygen atoms. On the other, confirming this trend, DFT-based data are regularly
greater than the MM-based ones. Such a difference can be interpreted on the basis of a
greater stiffness conferred by the FF parameters to the atoms in the unit cell.
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Table 4. Uiso (isotropic displacement parameter) for non-Hydrogen atoms, with the corresponding
atom numbering, calculate for every different experimental or in silico approach. The * corresponds
to the use of the K* parameters inferred by ref [23], the ** to the use of the K* parameters derived by

the Universal FE.
Uiso
X-Ray Castep Universal  Universal *  Dreiding **  Dreiding *
C1 0.0313 0.01981 0.01434 0.01316 0.01387 0.01370
Cc2 0.0319 0.02176 0.01486 0.01409 0.01495 0.01525
C3 0.0314 0.02253 0.01399 0.01351 0.01451 0.01454
C4 0.0330 0.02340 0.01411 0.01327 0.01502 0.01394
C5 0.0346 0.02472 0.01939 0.01747 0.02139 0.02011
Cé6 0.0339 0.02362 0.01899 0.01661 0.02098 0.01951
C7 0.0314 0.02468 0.01854 0.01712 0.01679 0.01821
08 0.0342 0.03276 0.02810 0.02367 0.02321 0.02360
09 0.0359 0.03878 0.02974 0.03124 0.02754 0.03221
010 0.0372 0.03773 0.02520 0.02456 0.02533 0.03081
011 0.0355 0.03903 0.01976 0.01828 0.02031 0.01898
K12 0.0353 0.03889 0.02421 0.02503 0.02567 0.02797
H21 0.0377 0.03500 0.02644 0.02502 0.02514 0.02675
H51 0.0379 0.04273 0.03422 0.03090 0.03790 0.03643
Hé61 0.0404 0.04232 0.03191 0.02842 0.03743 0.03417
H111 0.0533 0.04216 0.02945 0.02649 0.02556 0.02592
H102 0.0563 0.03017 0.04682 0.05208 0.03896 0.07369
0.05 T T T T T T T T T T T T
—a— X-ray
] —&— Castep ]
—A— Universal
0.04 ¥— Universal* o ]
—&— Dreiding**
- :.Tn/g*'/.\.\./ ]
B 0.03- .
_
-
0.02 -
K/
0.01 T T T T T T T T T T T T
8 & © B & 8 © ©0 @ F § ¥
Atom site

Figure 5. Uiso values for non-hydrogen atoms. * Refers to K* parameters inferred by ref [23]. ** Refers
to K* parameters derived by the Universal FF (as they were missing in the original Dreiding FF).

The reported trends are clearly very similar no matter the experimental or compu-
tational method used to infer them. The Uiso magnitude is obtained by means of their
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Uaniso values and it is a trustful indicator of the atom ability to move, or better to librate,
around their equilibrium position. As a consequence, the greater the magnitude of their
Uiso values, the easier they can move although bound to other atoms although packed in a
three-dimensional network. Interestingly, some carbon atoms, although belonging to the
main backbone, are slightly more movable than others. This is true for C2, C5, C6, carbon
atoms in spite of the different approaches used to calculate their adps.

A possible explanation can be provided invoking the fact that the aromatic ring side,
to which C5 and C6 belong, is freer to move as there are no oxygen atoms overlooking that
side. In fact, on the other side, the C2, which is slightly more movable than C1 and C3—i.e,,
its adp value is slightly bigger—lays nearby the oxygen atoms belonging to the carboxylic
and hydroxylic groups, which are involved in classic hydrogen bonds. The C2 carbon atom
is involved only in an intramolecular and nonconventional—thus weaker—H-bond, as
described in Table 2.

The C5 carbon atom is constantly regarded as the most movable carbon atom in the
structure, both in the experimental data and computed ones. To explain this behaviour,
we consider the presence of a T-shaped interaction, reported in Table 3. These kinds of
interactions [30] are extremely relevant in terms of the overall stabilization of the crystalline
structure. On one hand, they provide an anchoring point along which the structure building
block oscillates. On the other, they supply a preferential direction of movement which
affects the adps magnitude.

In fact, the pi-stacking interactions provide a sort of symmetrical and equally dis-
tributed interactions among the different carbons of the involved rings. This is not true
neither for the H-bonds which are focused on a specific group of atoms directly involved
in the bond formation nor for the T-shaped interactions. Moreover, we are comparing the
Uiso values, i.e., the isotropic ones, and therefore we can only compare their magnitude
and not their deviation from a perfect sphere. This latter characteristic can instead show
us the effect of the resultant of the forces acting on a specific atom and it is reported in
Figure 6.

It is also important to bear in mind that the stacking interactions in the presence of
hydrogen bonding are found to be stronger than in the absence of the hydrogen bond-
ing [31]. Thus, in the presence of a large network of H-bonds and p-shaped interactions,
the strongest ones—i.e., classic hydrogen bonds with a relevant electrostatic contribu-
tion and typical p-stacking interactions—contribute to the stiffening and stabilization of
the crystalline building, while the weakest—i.e., the intramolecular C-H bond and the
T-shaped interaction—represent only an attachment point which can undergo major fluctu-
ations [32-36].

To strengthen this hypothesis, we overlaid the two most different structures in terms
of Uaniso values. The result of the superimposition of the experimentally (X-ray)-inferred
data and the MD (DFT-based) ones are reported in Figure 6.

The DFT-based simulation seems to overestimate, with respect to the X-ray data, the
Uaniso. However, in spite of an almost completely isotropic distribution of the X-ray-
inferred adps, although comparable in magnitude, the MD (DFT-based)-inferred ones
show an evident oblate shape. This is particularly true for some atoms, the more movable
ones. Interestingly, the direction towards which the oblate adps point is the 1/2 — X,
—1/2 +Y, Z. This is shown in Figure 7 and corresponds to the already mentioned T-shaped
interaction. There are, of course, minimal deviations from this principal direction due to
the chemical environment and preferential interactions experienced by the atoms in the
whole crystalline structure.
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Figure 6. X-ray vs. MD (DFT-based) adps superimposition. The X-ray model is reported with
different colours while the MD one is in light yellow.

Figure 7. The most relevant T-shaped interaction between the C5—H>51 and the corresponding
aromatic ring on a neighbour molecule.
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3. Materials and Methods
3.1. X-Ray Crystallography

PCA (257 mg, 1.67 mmol, Sigma Aldrich, Burlington, MA, USA, >98% purity, Merck
Spa, Roma, Italy) was added, under a nitrogen atmosphere, to an anhydrous methanol
solution (6 mL) containing potassium carbonate (230 mg, 1.67 mmol, Sigma Aldrich at 99%
purity), and the resulting mixture was stirred for 1 h at room temperature, resulting in
a pale yellow precipitate which was filtered and washed with cool methanol. A total of
100 mg of the so-obtained potassium salt was dissolved in 1 mL of water, and a few drops
of methanol were added to the resulting solution; the slow and competitive evaporation of
the two solvents at room temperature was allowed in order to obtain almost transparent
and block-shaped single crystals suitable for X-ray diffraction.

Single-crystal X-ray diffraction data were collected on an Oxford Diffraction Super-
nova diffractometer with graphite-monochromated Cu K radiation (A = 1.54184 A) at
298 (2) K operated at 50 kV and 40 mA. Data collection and reduction were performed using
the CrysAlisPro software package (Agilent (2014). CrysAlis PRO. Agilent Technologies
Ltd., Yarnton, Oxfordshire, UK). Absorption corrections were applied using a multi-scan
technique. The structure was solved by Superflip [37]. The hydrogen atoms belonging to
the water molecule and the O-H moieties were located in a difference Fourier map and
refined isotropically. The remaining hydrogen atoms bound to carbon were refined using
a riding model with d(C-H) = 0.93 A and Uiso = 1.2 Ueq(C). The figures were prepared
using Mercury [38].

CCDC 2451846 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
http:/ /www.ccdc.cam.ac.uk/data_request/cif.

This .cif is partially incomplete—i.e., misses the s.u. on hydrogen atoms. This is due
to the fact that this is an old data collection (2016), and the file bearing all the relative
information was lost. However, all the relevant data are present and the lack of s.u.s does
not affect the reliability of the calculations and reasoning.

The computed .cifs obtained by means of the different in silico techniques are provided
as Supplementary Materials.

3.2. Computational Details
3.2.1. Modelling

Crystal—The structural model of PCAK submitted to the MD simulations was gen-
erated using the X-ray structure (unit cell and atomic fractional coordinates) reported in
the experimental .cif file. The positions of each atom were attained by considering their
fractional parameters available in the .cif file for the single unit cell. The symmetry-related
(space group name PBCA) images were allowed to develop, and then the structure was
converted to P1, removing all the symmetry constrains. This allows the symmetry related
atoms to move independently from one another during the MD simulation [16,21,39], using
a robust and well-accepted procedure in which periodic boundary conditions (PBC) are
applied. For the force-field-driven simulations, the P1 structure was replicated 3, 4 and
2 times along the a, b and ¢ axes, respectively, to attain a supercell of 36.4545, 29.8544 and
31.2158 A in length for each axes, respectively. The quantum-mechanical driven simulation
used the single cell converted to P1 symmetry structure, as is (i.e., 12.1515, 7.4636 and
15.6079 A).

3.2.2. Force Field Settings

To perform the molecular mechanics (MM) and MD calculations, the Forcite module of
the BIOVIA Materials Studio 2025 package was used, with the implemented Universal [40]
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and Dreiding [14] force fields. Since the available parameters set file for the Dreiding FF
did not have vdW parameters for the K* ion, the file was augmented with the parameters
obtained from either the Universal FF or from the literature [23]. The non-bond (NB)
interactions settings adopted were an atom-based summation method for the vdW and
Ewald summation for Coulomb. For the vdW interactions, a cut-off distance of 18.50 A was
used with a cubic-spline truncation, with width =1.00 A and buffer width = 0.50 A, and long-
range corrections. The Ewald summation parameters were accuracy = 0.00001 kcal mol !,
with a buffer width of 0.50 A. The dielectric constant value ¢ was set to 1.0.

3.2.3. Charges

The atomic charges were assigned by using the charge equilibration (Qeq) method [41].
In this method the resulting charges on each atomic centre depend on the distance it has
from the surrounding atoms. To avoid differences between equivalent atoms, we reset their
values to the average. For example, the two equivalent oxygen atoms of the carboxylic
group of PCAK attain charge values of —0.629 e and —0.482 ¢; they both were averaged to
the mean value (—0.555 ¢), and so on for the other equivalent atoms.

3.2.4. Protocols

For either the Universal or Dreiding FFs molecular mechanics (MM) and Molecular
Dynamics (MD)-implemented calculations, the Forcite module was used.

In all the necessary preliminary MM calculations, Forcite’s smart geometry optimiza-
tion algorithm was used to a gradient of 0.1 kcal mol".

The MD simulations started from the MM energy-minimized structures, as attained
from the modelling section. In all the runs, the constant number of particles, pressure
and temperature (NPT) ensemble with PBC was used. In order to allow the cell to change
both shape and volume, we used the Parrinello pressure control method [42], whereas a
Berendsen’s thermostat with the default decay constant (0.01 ps) was used to control the
temperature [43]. Pressure was set at 0.0, GPa, while the temperature was set to 298 K. The
four collected runs, two with the potassium ion vdW parameters from the universal FF and
two with these parameters from the literature [23], were made of transients of 1.0 ns, after a
0.1 ns equilibration period. The integration time step was 0.001 ps and the sampling every
1000 time-steps.

3.2.5. Quantum Mechanical Calculations

The quantum mechanical calculations were performed with CASTEP, a pseudopo-
tentials plane-wave density functional theory (DFT) method, programme [44] available
in BIOVIA Materials Studio 2025. The DFT level of the theory used was GGA: gradient-
corrected functionals with PBE [45] exchange and correlation functional, together with
the TS [46] dispersion correction (DFT-D correction). The SCF criterion was extended to
a medium quality (cut_off_energy = 489.80 ev; elec_energy_tol = 0.0000002), with OTFG
ultrasoft pseudopotentials and Koelling-Harmon relativistic treatment. Geometry op-
timization of the structure was executed with the LBFGS [47] method with tolerances
set to: geom_energy_tol = 0.00001; geom_force_tol = 0.030; geom_stress_tol = 0.050;
geom_disp_tol = 0.001; geom_max_iter = 100. The MD simulation was executed with
the NPT ensemble using the Nose-Hover thermostat [48,49] at 298 K, and the Parrinello—-
Rahman barostat [50] with an external stress of 0.0001 GPa, integration time step of 1 fs, a
thermal equilibration period of 1 ps, and a production run of 7 ps. The trajectory was saved
at every step. In Figure S1 (in the Supplementary Materials) the result of the overall 8 ps
equilibration on the cell axes parameters is displayed.
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4. Conclusions

In this paper we described an efficient and robust method to predict the fine structural
details of complex crystalline structures. We extended our forecasts to the adps prediction,
with a very good agreement between the calculated data and the benchmark provided by
the X-ray-inferred ones.

This information was used to provide basic information about the most valuable lines
of strength present in the crystalline building, accounting, in our case, not only for the
hydrogen network but also the m-staking and T-shaped interactions.

Moreover, the complex and controversial [11,12] coordination of the K* ion is described.

This outcome was performed by means of the integration of the original data present
in the Dreiding FF with the ones already present in the literature [23]. The use of MM-
based MD simulations provides a less expensive computational path to achieve valuable
structural information. In fact, they are in complete agreement with previously published
data, thus confirming, once again, the goodness of our approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13120385/s1, Figure S1: Cell parameters equilibration;
Table S1: cell parameter deviation percentage.
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