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A detailed study of the behavior under pressure of four important organic acids using the first-principles
solid-state methodology is presented. These organic acids are the L-(+)-lactic, maleic, succinic and citric
acids. The citric acid monohydrate is also investigated. The computed crystal structures and associated
X-ray diffraction patterns are in very good agreement with their experimental counterparts. The elastic
tensors of these materials are determined using the finite deformation method and the mechanical
stability of their structures is studied. A set of relevant elastic properties is obtained in terms of the
computed elastic tensors. This set includes the bulk, shear and Young moduli, the Poisson’s ratio, the
ductility, hardness and anisotropy indices and the bulk modulus pressure derivatives. In the solid state,
these organic acids are shown to be stable, relatively weak and very anisotropic materials and, with the
exception of citric acid monohydrate, all of them exhibit the negative Poisson’s ratio (NPR)
phenomenon. The deformation of the crystal structures under isotropic pressures and anisotropic
stresses is then evaluated and analyzed. The organic acids considered display the negative linear
compressibility (NLC) phenomenon in several narrow pressure ranges. The presence of large NLC
effects in these materials is mainly related to the onset of pressure induced phase transitions or sudden
structural rearrangements. The lactic acid exhibits a large NLC effect under the effect of isotropic
pressures due to the proximity of a pressure induced phase transition occurring at a pressure of P ~ 1.0 GPa.
The maleic acid shows NLC under isotropic pressures of the order of P ~ 1.1 GPa but no phase transition is
observed. Under anisotropic stresses directed along the minimum Poisson’s ratio direction, maleic acid also
shows a large NLC effect at small external pressures of P ~ 0.1 GPa. Succinic acid displays small NLC effects

Received 10th February 2020, in several pressure ranges under isotropic pressures but large NLC values under anisotropic stresses directed

Accepted 26th July 2020 along the minimum NPR direction because it undergoes a pressure induced phase transition near
P ~ 15 GPa. Finally, the citric acid shows small NLC values for negative isotropic pressures near —0.5 GPa
and a large NLC effect under low anisotropic stresses (P ~ 0.1 GPa) which is accompanied by the breaking of

one intramolecular hydrogen bond present in this material at zero pressure.
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1 Introduction
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1 Electronic supplementary information (ESI) available: (a) Material data and calcula-
tion parameters; (b) atom labelling convention employed; (c) interatomic distances
and angles at zero pressure; (d) unit-cell volumes and lattice parameters under
isotropic pressures; (d) interatomic distances and angles in Phase II of lactic acid;
(e) interatomic distances and angles of succinic and citric acids under several
anisotropic stresses; (f) animated sequences of the crystal structures of lactic, maleic,
succinic and citric acids under the effect of increasing pressures; (g) computed
positions of the atoms in the unit cell of lactic acid under an isotropic pressure of
1.056 GPa (CIF file): CCDC 1945991; (h) computed positions of the atoms in the unit
cell of succinic acid under an anisotropic stress with associated pressure of 1.757 GPa
(CIF file): CCDC 1945995; (i) computed positions of the atoms in the unit cell of citric
acid under an anisotropic stress with associated pressure of 0.168 GPa (CIF file):
CCDC 1945994. CCDC 1945991, 1945994 and 1945995. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/d0ma00019a

This journal is © The Royal Society of Chemistry 2020

The investigation of the behavior of solid materials under
pressure is highly relevant in many scientific research fields
such as geoscience,'® planetary science and astrophysics,'”>®
condensed matter physics***" and materials science.**””® The
study of carbon, hydrocarbon, and general organic materials
under pressure has played a remarkably important role in these
fields and also in biochemistry, biophysics and organic chem-
lstry and phySiCS.2’15’16’18’19’27’28’51’53_55’57_59’67_118 Slgnlflcant
progress has been achieved in the last decades in the field
of high pressure crystallography and crystal engineering of
organic materials,?:3>87/88:96,97,1027104,116-118 The earlier studies
of matter under pressure were an immediate consequence of
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the fact that most part of the matter in the Earth, solar system
and extra-solar solid bodies are subjected to extreme conditions
as very high pressures. In geosciences, the influence of pressure
is fundamental for understanding the formation and trans-
formation of rocks and minerals. Two fascinating findings at
the end of nineteenth century strongly stimulated the research
of materials under pressure in materials science and con-
densed matter physics. The first is the discovery of materials
displaying anomalous mechanical behaviors and negative
mechanical phenomena such as the negative Poisson’s ratio®>***>
(NPR) and negative linear compressibility’>®"*> (NLC) effects.
These materials, showing anomalous variations of their dimen-
sions as a result of the application of pressure, have found an
immense range of potential applications as the development
of ultrasensitive pressure detectors, robust shock-absorbing
composites, pressure-driven actuators, optical telecommunica-
tion cables, artificial muscles, next generation body armor
and devices for biomedical applications,*>*8°%335%,60.70 The
second is the discovery that compression turns many non-
superconductor (and even non-conductor) materials into
superconductors.***3%37:1% One of the most important under-
lying reasons for the wide dissemination of high pressure
research is the possibility of exploiting the changes in the
chemical nature and structure of solid materials induced by
pressure. The pressure induced phase transitions and structural
transformations may be advantageously used, for example,
in high-pressure synthesis, mechanochemistry and nano-
technology.>>'"*™"** Mechanically responsible organic crystals
showing macroscopic motion as a response to pressure or
deformation are very interesting due to their potential applica-
tions in nanotechnology as organic actuators.’®'307133

The mechanical response of molecular crystals, polymers
and organic materials related to living organism physiology is
of direct and enormous interest for the human being. The
interest in the research of the effect of high pressure on living
systems was originated by the discovery of piezophile organisms
in the deep marine environments."**** The corresponding
studies involved not only the investigation of the pressure adapta-
tion mechanisms of these organisms but also the possible role of
high pressure in the origin of life."*°™** In the research of organic
materials under pressure, the main purpose is generally the study
of the modification of the molecular structure and properties of
the material under study associated to changes in the noncovalent
interactions present in the system, although the production
and analysis of drastic structural changes and the detection of
phase transitions is also extremely interesting. The effect of
pressure in the structure and function of many organic
compounds®* 1131437146 jncluding low molecular-weight bio-
molecules such as peptides, lipids and saccharides and macro-
molecules such as proteins, nucleic acids and polysaccharides
has been investigated at length, as well as the pressure induced
modifications of the interactions among many of them (for
example the interactions of proteins and lipids in biological
membranes'**1*>'477153) The mechanical effects of pressure on
compounds of biological interest have been utilized in a plethora
of applications in biomedicine and biotechnology.”®'0%437146
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Very successful applications of the use of high pressure have
been achieved in the pharmaceutical’®'**'****” and food
industries®?>1°%1587167 for the manufacturing, decontamination,
sterilization, disinfection, sanitization, conservation and low
volume storage of chemical products and foods.

Despite of the large amount of effort devoted to the study of
the effects of pressure in organic materials, it is surprising to
find that detailed studies involving the determination of
the mechanical properties together with the study of the
mechanical stability and behavior under pressure of a good
series of important prototypical organic materials have not
been published, saving the cases of the recent studies con-
cerning the cyclic oxocarbon acids’®’® and oxalic acid.”"”* The
main purpose of this work is to provide such study for four very
important organic acids. These organic acids are one mono-
carboxylic acid (i-(+)-lactic acid), two dicarboxylic acids (maleic
and succinic acids) and one tricarboxylic acid (citric acid).
Although the mechanical behavior of many polymers based
on these compounds and related systems has been studied,
the mechanical properties of these materials are completely
unknown. These materials have crucial biological roles, are
important reagents in synthetic organic chemistry, have a great
number of medical and technological applications and are
widely used in the food and pharmaceutical industries. In this
work, first-principles solid-state methods based in Density
Functional Theory (DFT) employing large plane wave basis sets
and pseudopotentials will be employed. In the computations,
the representative volume element of the materials considered
is the unit cell. Periodic boundary conditions are applied in the
calculations.®®"® Thus, the organic acids studied in this paper
are modelized as infinite and space unconstrained systems.
Theoretical methods of different degree of complexity, ranging
from empirical force field approaches to fully featured quantum
theory based methods as those used in this work have been
employed in the study of the mechanical properties of solid
materials.>®2%70778:170-203 The first works concerning the com-
puter modelling of materials displaying negative Poisson’s
rations (known as auxetic*®) were the pioneering papers of
Wojciechowski.”®* The utilization of large-scale calculations
employing state of the art first principles computational modelling
techniques for the description of solid-state materials has
produced very reliable results and, therefore, this methodology
is sufficiently advanced today to predict their mechanical
properties in good agreement with experimental measurements.
In the first-principles treatment of organic molecular crystals, it is
imperative to describe accurately the non-bonding interactions
among the atoms forming part of the system>*>'® including the
dense hydrogen bond network present in the crystal structure
of the majority of these materials. In this paper appropriate
dispersion corrected energy-density functionals were employed.

In this paper, special care is given to the study of the
compressibilities of the considered organic acids. In fact, one
of the main reasons for performing this study was to extend the
previous studies on the mechanical properties of the oxalic’"”?
and cyclic oxocarbon acids.”®”* It was found that these com-
pounds in the solid state exhibit the NPR and NLC phenomena

This journal is © The Royal Society of Chemistry 2020
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and undergo pressure induced phase transitions for relatively
small external pressures. The extremely anomalous mechanical
behavior found in these works, raises the question of whether
this behavior is a peculiarity of these materials or is a part a
more general trend associated to the organic acids. The com-
pressibility is a fundamental material property which measures
the variation of the dimensions of a given material with respect
to pressure. The isotropic negative linear compressibility
(INLC)**%*7%727¢ phenomenon is an important elastic anomaly
in which one dimension of a given material increases upon
hydrostatic compression. The anisotropic linear compressibil-
ity phenomenon (ANLC),”%”%”>7% however, involves the
increase of the dimensions of a given material under the effect
of a compressive stress applied along a certain direction. The
INLC effect is quantified by means of compressibility associated
to a given dimension /, k, = 1//-(0//0P)p, where P is the external
pressure. Conversely, the ANLC phenomenon is measured in
terms of the volumetric compressibility along a certain direction,
i.e., the directional derivative of the volume with respect to the
pressure applied in that direction, &' = 1/V-(0V/0Py,)p. In this case,
the pressure is defined in terms of the trace of the stress tensor as
P=—1/3-(3 g;). Since the total volume cannot increase under
isotropic compression for thermodynamically and mechanically
stable space unconstrained solid materials,****>*° the isotropic
volumetric compressibility, &y = 1/V-(0V/0P)p, must be strictly
positive. The positivity of the isotropic volumetric com-
pressibility does not hold for constrained systems*® and in
the vicinity of material instabilities as phase transitions*’
and appropriate counterexamples have been encountered.*'*
However, in the case of anisotropic stresses there is not such
limitation and the anisotropic volumetric compressibility Ky can
be negative.

This article is organized as follows. The first-principles solid-
state methods employed in this work and the precise calcula-
tion parameters used are described in Appendix A of the ESL ¥
The main results obtained for the lactic, maleic, succinic and
citric acids are presented and discussed in four separate
Subsections of Section 2. The results obtained for citric acid
monohydrate are reported in Section 2.5. In each Subsection,
the results obtained for the crystal structure of the considered
material, its elastic tensor, mechanical stability and mechanical
properties are given. The presence of anomalous negative
mechanical phenomena and pressure induced phase transitions
in these materials and the deformation of the crystal structures
under pressure are also studied. Finally, Section 4 contains the
main conclusions of this article.

2 Results and discussion

2.1 1~(+)-Lactic acid

The lactic acid, or 2-hydroxypropanoic acid, is a natural mono-
carboxylic acid which was first isolated from sour milk in 1780
by the Swedish chemist Carl Wilhelm Scheele.”’> Berzelius
discovered that lactate salts are produced in the muscles during
exertion. Wislicenus in 1873 established its molecular structure.>'>

This journal is © The Royal Society of Chemistry 2020
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The participation of Lactobacillus bacteria in the production of
lactic acid in fermentation was discovered in 1856, by Louis
Pasteur.”™ The lactic acid is chiral. The enantiomer studied in
this paper is the levogyrous one, -(+)-lactic acid. It is a product
of anaerobic metabolism of sugars in the majority of living
organisms and plays a fundamental role as an energy source
for neurons in the brain of several mammalian species, includ-
ing the human one.”"'® Aside of other biological functions,
L-lactic acid is the primary endogenous agonist of hydroxy-
carboxylic acid receptor 1 (HCA1).>" Lactic acid can be produced
by fermentation of carbohydrates or synthetically for example
from acetaldehyde.”">?'®?'® Lactic acid is employed in food
processing as an additive which is a mild acidulant, as a
decontaminant and as a food preservative, and in the pharma-
ceutical and cosmetic industry. It is also used as a synthetic
intermediate in many organic synthesis industries and in var-
ious biochemical industries. Lactic acid is an important building
block for the production of biodegradable polymers as
poly(lactic acid) (PLA) which are among the most frequently
used in medical sutures and devices, bioimplants and scaffolds
in tissue engineering.”*°"**> While the mechanical properties of
PLA films and many related materials have been studied,”***°
the mechanical properties of solid lactic acid are unknown.

2.1.1 Crystal structure. The computed crystal structure of
L-(+)-lactic acid, COOH-CH(OH)-CH3, is displayed in Fig. 1A.
A picture of a 2 x 2 x 2 supercell is shown in Fig. 2A. Fig. 2
shows the crystal structures of the materials considered in this
paper in a larger scale than Fig. 1. The unit-cell of r-(+)-lactic
acid is orthorhombic (see Table S1, ESI{). The computed
unit-cell parameters, volume and density are given in Table 1.
The calculated unit cell parameters obtained using the disper-
sion corrected Perdew-Burke-Ernzerhof (PBE) energy-density
functional are in good agreement with the experimental
values.*****' The computed unit cell volume is only 2.4%
smaller than the experimental value reported by Schouten et al.**°
Since the first principles result corresponds to zero temperature,
the thermal expansion effect should reduce the difference with
respect to the experimental value, corresponding to room tem-
perature, significantly. As can be seen in the first row of the
table, the introduction of dispersion corrections is mandatory
for the description of molecular crystals, since the uncorrected
PBE functional overestimates the experimental unit-cell volume
by nearly 16%.

A set of interatomic distances and angles in the crystal
structure of lactic acid are given in Tables S2 and S3 of the
ESIL,t compared with the corresponding experimental results.**°
The labelling convention used to denote the different atoms in the
crystal structure of lactic acid is shown in Fig. S1 of the ESL.{ The
computed data agrees satisfactorily with the experimental results,
despite of the fact that the both set of structural data correspond
to different temperatures. The differences in the C-C and C-O
distances are smaller than 0.01 A, except for the C-O double
bonds for which the differences are of the order of 0.02 A. The fact
that for the computed C-H, O-H and H- - -O distances, involving
hydrogen atoms, there are larger discrepancies with respect to the
corresponding experimental values was expected because the

Mater. Adv., 2020, 1,1399-1426 | 1401
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Fig.1 Computed crystal structures of (A) L-(+)-lactic acid; (B) maleic acid; (C) succinic acid; (D) citric acid; (E) citric acid monohydrate. In all the cases,
views of the unit cell from the [001], [010] and [100] crystallographic directions are given. Color code: O — red; C — gray; H — white.

experimental structure was determined by refinement from X-ray
diffraction data. In general, the experimental hydrogen locations
are very unprecise due to the small scattering factor of hydrogen.

As can be observed in Fig. S1 (see also Tables S2 and S3) of
the ESL{ there are three non-equivalent hydrogen bonds in
lactic acid: O1-H1---03"", 03-H3---02’ and 03-H3---03’.
In the first one, the donor oxygen atom (O1) is from the OH

1402 | Mater. Adv., 2020, 1,1399-1426

bond in the carboxylic functional group and the acceptor
oxygen atom (O3’") is from the OH alcoholic group of a
different molecule. In the second and third hydrogen bonds,
the donor oxygen atom (03) is from the alcoholic OH group and
the acceptor oxygen atoms are one (02’) from a C—0 bond and
the other (03') from a carboxylic OH group both being located
in different molecules.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Views of 2 x 2 x 2 supercells of (A) L-(+)-lactic acid; (B) maleic acid; (C) succinic acid; (D) citric acid; (E) citric acid monohydrate. Color code: O -

red; C — gray; H — white.

Table1l Computed lattice param
to room temperature

eters of the selected organic acids. The theoretical results correspond to zero temperature and the experimental ones

Parameter a(A) b (A) c(A) o (deg) B (deg) 7 (deg) vol. (A% Dens. (g cm ?)
1-(+)-Lactic acid>****!

PBE 6.0568 8.5894 9.6078 90.0 90.0 90.0 499.8396 1.197
PBE + disp. 5.4858 8.2410 9.3290 90.0 90.0 90.0 421.7510 1.418
Exp.2* 5.4896(3) 8.4221(3) 9.3453(5) 90.0 90.0 90.0 432.0702 1.385
Maleic acid***>*

PBE 8.0760 10.5595 8.6302 90.0 126.78 90.0 589.4946 1.308
PBE + disp. 6.8630 10.1247 7.3947 90.0 117.52 90.0 455.6945 1.692
Exp.>* 7.1511(8) 10.1107(11) 7.6405(10) 90.0 119.405(8) 90.0 481.2594 1.602
Succinic acid®**?**

PBE 6.3299 8.8155 11.0661 90.0 97.35 90.0 612.4274 1.281
PBE + disp. 5.6594 8.1169 10.3944 90.0 89.62 90.0 477.4754 1.643
Exp.>! 5.7015(5) 8.4154(8) 10.3538(8) 90.0 90.374(3) 90.0 1496.7689 1.579
Citric acid®**™**

PBE 13.1200 5.9182 11.76015 90.0 109.32 90.0 861.7019 1.481
PBE + disp. 12.8179 5.5423 11.3389 90.0 112.13 90.0 746.1776 1.710
Exp.”** 12.817(16) 5.628(7) 11.465(15) 90.0 111.22(10) 90.0 770.9433 1.655
Citric acid monohydrate®*2

PBE 6.5500 9.4838 15.5143 90.0 90.0 90.0 963.7298 1.448
PBE + disp. 6.1856 9.2915 14.9972 90.0 90.0 90.0 861.9491 1.619
Exp.>* 6.2343(10) 9.2882(14) 15.246(2) 90.0 90.0 90.0 882.8261 1.581

The X-ray powder diffraction pattern of lactic acid was can be seen, they are in satisfactory agreement as expected from

determined from the computed and experimenta

1>*° crystal the consistence between the computed and experimental

structures. The resulting patterns are given in Fig. 3A and as crystal structures.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 X-ray powder diffraction patterns of the selected organic acids obtained from the computed and experimental structures using with CuKa

radiation (1 = 1.540598 A).

2.1.2 Elasticity tensor, mechanical stability and mechanical
properties. The elasticity tensor of 1-(+)-lactic acid was computed
at the optimized equilibrium structure. The elements of the
matrix representation of the elastic tensor of the lactic acid are
reported in Table 2. Since the crystal structure of lactic acid is
orthorhombic**® (see Table S1 of the ESIf), there are only nine
non-vanishing independent matrix elements in its elasticity
matrix.>*”**® A given crystal structure is mechanically stable,
if an only if, the Born mechanical stability conditions are
satisfied.>>**®° The generic Born mechanical stability condition
can be expressed mathematically in terms of an algebraic condi-
tion on the eigenvalues of the matrix representation of the elastic
tensor: the elastic matrix must be positive definite, that is, all its
eigenvalues must be greater than zero.”*® Therefore, the elastic
matrix of 1-(+)-lactic acid was diagonalized numerically. Since all
its eigenvalues were positive, 1-(+)-lactic is mechanically stable.
For orthorhombic space symmetry, a closed set of necessary and
sufficient mechanical stability conditions is also known>****° and

1404 | Mater. Adv., 2020, 1,1399-1426

are given in Appendix B. The satisfaction of these conditions
implies the satisfaction of the generic Born mechanical stability
condition.

The mechanical properties of polycrystalline aggregates of
L-(+)-lactic were determined in terms of the elasticity matrix
using the Voigt,**' Reuss®®* and Hill**® approximations. As in
many previous works,”%7H747677:264  the best agreement
between the calculated bulk modulus with the single crystal
bulk modulus computed from the 4th Birch-Murnaghan equa-
tion of state (BM-EOS, see Appendix A in the ESIT) was obtained
with the Reuss scheme. The computed mechanical properties
in the Reuss approximation together with the bulk modulus
and its first two derivatives with respect to pressure extracted
from the BM-EOS are reported in Table 3. The calculated bulk
modulus, B =9.82 + 0.15 GPa, is quite small, a feature common
for most organic acid crystals.””" Lactic acid in the solid state
is a brittle material because the computed ductility index,
D = 1.48, is smaller than 1.75.2°*¢7 The calculated Vickers

This journal is © The Royal Society of Chemistry 2020
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Table 2 Computed elastic constants of the selected organic acids. The
Voigt convention is employed for the indices of the matrix elements of the
elasticity tensor (a pair of Cartesian indices are contracted into a single
integer: 1 <i<6:xx > 1lLyy > 2,2z > 3,yz—> 4, xz > 5 xy > 6).
All the values are given in GPa

Cy
Lactic Maleic Succinic Citric Citric acid

ij acid acid acid acid monohydrate
11 13.95 38.31 23.27 21.08 22.12

22 18.45 35.21 19.36 30.82 52.03

33 16.47 13.74 21.43 25.27 31.65

44 8.45 7.10 13.04 13.31 4.25

55 9.14 20.82 13.89 10.67 11.48

66 15.48 11.76 6.45 13.87 7.38

12 7.59 9.29 10.70 6.44 6.17

13 5.19 19.56 12.88 7.64 7.70

15 0.0 22.28 2.42 3.45 0.0

23 9.03 4.99 14.40 12.56 4.72

25 0.0 6.47 6.26 —4.68 0.0

35 0.0 7.57 8.88 —3.40 0.0

46 0.0 6.89 0.62 8.07 0.0

hardness is, H = 0.84 is small and, therefore, lactic acid is a
weak material.>*® The universal anisotropy index,>*® AY = 1.38,
is quite significant.

2.1.3 Dependence of the mechanical properties of lactic
acid on the orientation of the applied strain. Negative Poisson’s
ratios. Due to large mechanical anisotropy of the lactic acid,
indicated by the value of the universal anisotropy index,
its mechanical properties must have a notable directional
dependence. The large dependence of bulk, Young and shear
moduli and Poisson’s ratio of lactic acid on the direction of the
applied strain is displayed in Fig. 4. Since the shear modulus
and Poisson’s ratio depend on two directions, the direction of
the applied strain, or longitudinal direction, and the transverse
direction, Fig. 4C and D provide representations of surfaces of
maximum G and v, respectively. These surfaces are composed
with the maximum values of these properties for the given
direction of the longitudinal strain and all possible trans-
verse directions.?® Fig. 4D also shows the surface of minimum
Poisson’s ratio. Since there exists a strong symmetry-independent
correlation between large values of the mechanical anisotropy and
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Fig. 4 Elastic properties of lactic acid as a function of the orientation of
the applied strain: (A) compressibility; (B) Young modulus; (C) maximum
shear modulus; (D) surfaces of minimum (red) and maximum (violet)
Poisson’s ratio. The maximum values of the compressibility, Young modulus,
shear modulus and Poisson's ratio are 49.3 TPa™%, 23.74 GPa, 15.48 GPa and
0.59, respectively.

large values of the difference of the minimum and maximum
values of the Poisson’s ratio when all the possible directions of the
applied strain are taken into account,**>*”° the lactic acid is likely
to display the negative Poisson’s ratio phenomenon. Its surface of
minimum Poisson’s ratio (see Fig. 4D) is negative for all the
directions of the applied strain. The minimum value of the
Poisson’s ratio (see Table 4) is vy, = —0.27, the longitudinal
direction of minimum Poisson’s ratio being Ugyi, = (—0.70, —0.71,
0.00). As it will be shown in the next section, lactic acid not only
displays the NPR phenomenon but also significant negative linear
compressibilities.

2.1.4 Deformation of the crystal structure of lactic acid as
a function of the external isotropic pressure. Isotropic NLC.
The deformation of the crystal structure of lactic acid under
hydrostatic pressure was studied by optimizing its structure
under the effect of twenty one different values of the pressure.
The computed unit-cell volume and lattice parameters are given
in Table S4 of the ESIt and displayed in Fig. 5. As can be
observed, lactic acid displays INLC for applied pressures in the
narrow range P = 1.01-1.03 GPa, due to a sudden pressure
induced phase transition occurring at about 1.03 GPa, which leads
to a large increase of the b lattice parameter (from 8.10 to 8.64 A).

Table 3 Computed mechanical properties of the selected organic acids derived from the calculated elastic constants in the Reuss approximation at zero
temperature. The computed bulk modulus and its first two pressure derivatives derived from the BM-EOS are also given

Property Lactic acid Maleic acid Succinic acid Citric acid Citric acid monohydrate
Elastic constants

B (GPa) Bulk modulus 9.82 + 0.15 9.16 + 0.39 12.75 £ 0.53 13.82 £+ 0.41 14.56 £ 0.19
G (GPa) Shear modulus 6.65 1.92 5.55 8.10 8.03

E (GPa) Young modulus 16.27 5.37 14.53 20.32 20.36

v Poisson’s ratio 0.22 0.40 0.31 0.25 0.27

D Ductility index 1.48 4.78 2.30 1.71 1.81

H Vickers hardness 0.84 0.35 0.27 0.64 0.37

AY Universal anisotropy index 1.38 25.90 2.81 1.81 1.59
BM-EOS

B (GPa) Bulk modulus 12.78 £ 0.56 10.35 £ 0.08 13.51 £ 0.50 13.46 £+ 0.36 15.66 £+ 0.24
B’ Bulk modulus first derivative 8.42 4+ 1.39 3.82 + 0.07 7.78 + 0.86 8.98 4+ 0.57 8.41 £+ 0.34
B’ (GPafl] Bulk modulus second derivative —1.67 + 0.23 —1.86 + 0.24 —1.44 + 0.97 —2.12 + 0.78 3.12 + 0.40
7 % parameter (fit) 0.004 0.001 0.005 0.009 0.002

This journal is © The Royal Society of Chemistry 2020
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Table 4 Minimum and maximum Poisson’s ratios for the selected organic acids. The directions for the associated longitudinal and transverse directions

are also given

Vmin Ulr;n'n U—rrm'n Vmax Ull:lnin Ugin
Lactic acid
—0.27 (=0.70, —0.71, 0.00) (0.71, —0.70, 0.00) 0.59 (0.61, —0.80, 0.00) (0.00, 0.00, —1.00)
Maleic acid
—0.96 (—0.46, —0.74, —0.49) (0.00, —0.55, 0.84) 1.56 (—0.64, 0.74, —0.22) (0.00, —0.29, —0.96)
Succinic acid
—0.26 (=0.10, —0.69, —0.71) (0.29, 0.67, —0.69) 1.07 (0.63, 0.00, 0.78) (0.00, 1.00, 0.00)
Citric acid
—0.23 (0.46, —0.69, —0.57) (0.81, 0.59, —0.06) 0.57 (0.81, —0.59, —0.02) (0.36, 0.47, 0.81)
Citric acid monohydrate
0.01 (—0.70, —0.45, 0.55) (0.71, —0.40, 0.58) 0.65 (~0.18, —0.75, 0.63) (0.11, —0.65, —0.75)
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Fig. 5 Unit cell volume and lattice parameters of lactic acid under the effect of different external isotropic pressures. Note that the variation of the b
lattice parameter is displayed in an smaller pressure range from 0.25 to 2.5 GPa to show its behavior in this pressure range in more detail.

The compressibility at P = 1.03 GPa is negative and very large,
ky = —1/b-(0b/OP)p, ~ —8680.5 TPa '. The ¢ lattice parameter
decreases to a larger extent (from 9.16 to 7.91 A) and the total
unit cell volume decreases. This drastic structural change does
not alter the space symmetry of the crystal structure. As can be
seen, the volume even increases slightly by about 0.5 A® before
the transition, between pressures P = 1.01 to 1.03 GPa. As it is
well known, under the effect of isotropic pressures, a negative
volumetric compressibility is possible near a phase transition
because the crystal structure becomes unstable before the
transition. The crystal structures before and after the phase
transition are shown in Fig. 6. The crystal structures are com-
pletely different. The new crystal structure at the pressure of
P =1.056 GPa (referred to as Phase II in what follows) is given as
ESIf in a file of CIF type. The modification of the crystal
structure of lactic acid under increasing external isotropic

1406 | Mater. Adv., 2020, 1,1399-1426

pressure is displayed as an animated sequence of crystal struc-
tures given in the Animation S1 in the ESL}

The b lattice parameter increases again in the pressure range
from P = 1.53 to 1.56 GPa. In this case, the increase is much
smaller (from 8.60 to 8.64 A). The estimated compressibility at
P =155 GPa is k, ~ —162.9 TPa '. The ¢ and a lattice
parameters decrease from 7.83 to 7.79 A and from 5.32 to
5.30 A, respectively, leading to a decrease of the total volume
from 358.98 to 356.69 A%. Tables S5 and S6 of the ESI show that
the interatomic distances and angles within the lactic molecule
units are not altered significantly in this pressure range and
that the main bonding change involved is the elongation of
the O3-H3:--02’ hydrogen bond. However, the change in the
H3.--02' distance (0.004 A) is very small in comparison with the
variation in the b lattice parameter, 0.04 A. The b lattice parameter
is equal to the distance between two successive lactic molecules

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Computed crystal structures of L-(+)-lactic acid under the effect of isotropic pressures: (A) P = 1.026 GPa and (B) P = 1.056 GPa (1 x 2 x 2 supercells).

along the [010] crystallographic direction (R}, see Fig. 6B). The

reason for the increase of the b lattice parameter under pressure is,
therefore, the enlargement of the non-bonding distances along
[010] direction leading to the increase of RI}'® in the Phase II of
solid lactic acid, which is only partially due to the elongation of the
03-H3:--02’ hydrogen bond.

2.1.5 Deformation of the crystal structure of lactic acid as a
function of the external anisotropic stress. Anisotropic NLC.
The crystal structure of lactic acid was optimized under the
effect of eight different external stresses applied in the direc-
tion of minimum Poisson’s ratio with associated pressures in
the range from —0.23 to 1.88 GPa. The computed unit-cell
volumes and lattice parameters are reported in Table S7 of the
ESIt and shown in Fig. 7. Lactic acid does not show any sign of
ANLC in this pressure range.

2.2 Maleic acid

Maleic acid, or cis-butenedioic acid, is an organic dicarboxylic
acid. It is the cis-isomer of butenedioic acid, whereas fumaric

acid is the trans-isomer. Maleic acid is habitually derived from
the hydrolysis of maleic anhydride which, in turn, is produced
synthetically by oxidation of benzene or butane.””* Maleic acid
has an exceptionally high ability to form salts with various
amino acids (amino acid maleates).'”®>** More than 20 salts of
this acid with different amino acids have been documented.**?
Maleic acid is widely employed in synthetic organic chemistry.
For example, it is used industrially for the production of
glyoxylic acid by ozonolysis.>”" Succinic acid may be produced
from maleic acid by hydrogenation. However, its main use is as
precursor of fumaric acid. The isomerization may be produced
in several ways and must be catalyzed, for example by several
chemical reagents, such as mineral acids and thiourea, because
the reaction of interconversion, involving a rotation around
a double C-C bond, is not spontaneous.””’ Maleic acid and
polymers based in it, as the polymaleic acid (PMA) and terpolymer
of maleic acid (TPMA), are employed in textile industry because are
able to establish an esterification reaction with cotton and,
at moderate temperatures and in the presence of appropriate
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Fig. 7 Unit cell volume and lattice parameters of lactic acid under the effect of different external stresses applied in the direction of the minimum

Poisson'’s ratio.

This journal is © The Royal Society of Chemistry 2020

Mater. Adv., 2020, 1,1399-1426 | 1407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00019a

Open Access Article. Published on 27 July 2020. Downloaded on 1/18/2026 4:46:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

catalyzers, can crosslink cotton fibers, leading to a larger durability
and improved fabric strength and wash resistance.””>*”*> While the
mechanical properties of polymers formed with maleic acid,
materials treated or coated with maleic acid, or related materials
have been studied'”®**>*”**”> the mechanic properties of crystal-
line maleic acid have not been reported.

2.2.1 Crystal structure. The computed crystal structure of
maleic acid, ¢is-COOH-CH—CH-COOH, is shown in Fig. 1B
and a picture of a 2 x 2 x 2 supercell of maleic acid is displayed
in Fig. 2B. As can be observed in the view from [010] crystallo-
graphic direction included in Fig. 1B and in Fig. 2B, the crystal
structure of maleic acid is composed of layers formed with
hydrogen-bonded maleic acid molecules. Table 1 provides
the computed and experimental unit-cell parameters, volume
and density. The results are in reasonable agreement with
experiment,>**>** the computed unit cell volume being 5.3%
smaller than the experimental value given by Rychkov et al.**’
As in the case of lactic acid, the main source for this difference
must be the fact that the computed crystal structure corre-
sponds to zero temperature and the experimental one to room
temperature. The difference could be reduced to a large extent
if an experimental determination of the crystal structure at low
temperature could be carried out. In fact, volume thermal
expansion effects larger than 5% were observed for example
for the closely related crystal structure of oxalic acid dihydrate
for which low temperature crystal data are available.”* The
effect of dispersion interactions in the structure of maleic
acid is enormous. As shown in Table 1, the uncorrected PBE
functional overestimates the experimental unit-cell volume by
nearly 23%.

The interatomic distances and angles in the computed and
experimental®*® crystal structures of maleic acid are provided in
Tables S8 and S9 of the ESL.f The atom labelling convention
employed in these tables is given in Fig. S2 of the ESL{ The
calculated distances and angles agree well with the experimental
data. The differences in the C-C and C-O distances are smaller
than 0.01 A, except for the C-C and C-O double bonds for which
the differences are within 0.02-0.03 A. There are two non-
equivalent hydrogen bonds in the structure of maleic acid,
O1-H1---03 and O4-H4---02" (Fig. S2, ESIt). The first one is
intramolecular, the donor oxygen atom (O1) being from the OH
fragment in one of the two carboxylic functional groups and the
acceptor oxygen atom (O3) belonging to the C—O0 bond of the
other carboxylic group. In the second hydrogen bond the donor
oxygen atom (O4) is from the OH fragment in the second
carboxylic group and the acceptor one (02") is from a C—=0
bond in a carboxylic group of other maleic acid molecule.

The X-ray powder diffraction patterns of maleic acid deter-
mined from the computed and experimental®®® crystal struc-
tures are shown in Fig. 3B. The agreement between both
patterns is very good, providing additional support to the
computed crystal structure.

2.2.2 Elasticity tensor, mechanical stability and mechanical
properties. The matrix elements of the computed elasticity tensor
of maleic acid are given in Table 2. There are only thirteen
non-vanishing independent matrix elements in the elasticity
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of maleic acid because its crystal structure has
monoclinic space symmetry>*® (Table S1 of the ESIt). In order
to study the mechanical stability of the crystal structure of maleic
acid, its elasticity matrix was diagonalized numerically. As it
occurred with lactic acid, all eigenvalues were positive and,
therefore, maleic acid is mechanically stable.”>*>%

The mechanical properties of polycrystalline maleic acid
were obtained using the Voigt,*** Reuss®®* and Hill*** approxi-
mations. As for lactic acid, the Reuss approximation was
chosen as the best because it provided the best agreement
between the calculated bulk modulus with the single crystal
bulk modulus computed from the 4th Birch-Murnaghan EOS.
The mechanical properties obtained with this approximation
together with the bulk modulus and its first two derivatives
with respect to pressure are provided in Table 3. The calculated
bulk modulus, B=9.16 + 0.39 GPa, agrees well with the value of
B extracted from the BM-EOS, B = 10.35 + 0.08 GPa. Crystalline
maleic acid is ductile because the calculated ductility index,
D = 4.8, is greater than 1.75*°>%%¢ and is very weak because the
computed Vickers hardness, H = 0.35, is very small.>®” Maleic
acid is very anisotropic mechanically because the associated
universal anisotropy index,>®® AY = 25.90, is extremely large.

2.2.3 Dependence of the mechanical properties of maleic
acid on the orientation of the applied strain. Negative Poisson’s
ratios. Fig. 8 displays tridimensional representations of the
bulk, Young and shear moduli and Poisson’s ratio of maleic
acid as a function of orientation of the applied strain. The
surface of minimum Poison’s ratio, given in Fig. 8D, shows that
maleic acid is a NPR material with a very significant value of the
lowest Poisson’s ratio of —0.96 (see Table 4).

2.2.4 Deformation of the crystal structure of maleic acid as
a function of the external isotropic pressure. Isotropic NLC. The
crystal structure of maleic acid was optimized under the effect
of twenty eight different hydrostatic pressures. The computed
unit-cell volumes and lattice parameters are reported in Table
S10 of the ESIt and displayed in Fig. 9. Maleic acid displays
INLC for applied pressures in the narrow pressure range from

Fig. 8 Elastic properties of maleic acid as a function of the orientation of
the applied strain: (A) compressibility; (B) Young modulus; (C) maximum
shear modulus; (D) surfaces of minimum (red) and maximum (violet)
Poisson’s ratio. The maximum values of the compressibility, Young modulus,
shear modulus and Poisson’s ratio are 101.36 TPa™*, 72.89 GPa, 18.13 GPa
and 1.56, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Unit cell volume and lattice parameters of maleic acid under the effect of different external isotropic pressures.

P=1.09 to P=1.15 GPa. The qa lattice parameter increases from
6.60 to 6.68 A. An estimate of the compressibility at P=1.13 GPa
gives a negative value of k, = —1/a-(3a/0P)p ~ —177.2 TPa~". The
¢ lattice parameter decreases to a larger extent (from 7.11 to
6.98 A) and the total unit cell volume decreases. In this case the
bond structure topology is not altered as the pressure increases
and no phase transition occurs.

The a lattice parameter increases again in the pressure range
from P =1.67 to 1.77 GPa. Its value increases from 6.66 to 6.69 A
and the c lattice parameter decreases from 6.84 to 6.79 A. In this
case, the estimated compressibility at P = 1.73 GPa is k, ~
—51.8 TPa™ . Finally, from P = 2.58 to 2.84 GPa, the parameter a
increases from 6.63 to 6.66 A (and the ¢ lattice parameter
decreases from 6.65 to 6.57 A). The estimated compressibility
at P=1.61 GPa is k, ~ —38.2 TPa .

The variation of the unit cell structure of maleic acid under
increasing external isotropic pressures is displayed in the
Animation S2 of the ESI.{ As can be seen in the Animation,
the maleic acid structural sheets rotate relative to the reference
system and the changes are not easily visualizable. However,
the variations of the lattice parameters under pressure may be
understood from Fig. 2B. The a lattice parameter is identical to
twice the interlayer space (Ry;) between two sheets in the crystal
structure of maleic acid. The b lattice parameter is equal to the
distance between two maleic acid molecules belonging to a
given sheet along the [010] direction (RLy). Finally, the ¢ lattice
parameter is equal to the distance between two maleic acid
molecules belonging to a given sheet along the perpendicular
(horizontal in Fig. 2B) direction (Rkj). It follows from Table S10
(ESIY) that the INLC in maleic acid arises from the increase of the
interlayer space, or equivalently the a lattice parameter, for the
three pressure ranges 1.09 to 1.15 GPa, 1.67 to 1.77 GPa and
2.58 to 2.84 GPa. The maleic acid molecule intra-sheet distances
decrease consistently under increasing isotropic pressure.

This journal is © The Royal Society of Chemistry 2020

2.2.5 Deformation of the crystal structure of maleic acid as
a function of the external anisotropic stress. Anisotropic NLC.
The structure of maleic acid was optimized under the effect of
twelve different external stresses applied in the direction of
minimum Poisson’s ratio in the range of pressure from —0.1 to
0.1 GPa. The unit-cell volumes and lattice parameters obtained
are given in Table S11 of the ESIT and shown in Fig. 10. Maleic
acid displays ANLC for applied pressures in the pressure range
P = 0.039 to P = 0.059 GPa. In this case the volume first
decreases reach a minimum and then increases. The compres-
sibility at P = 0.043 GPa is ky = —1/V-(QV/0P), ~ —1183.3 TPa .
There are not topological changes in the structure as the
pressure increases and therefore no phase transition occurs.

The change in the crystal structure of maleic acid under the
effect of increasing pressures associated to the anisotropic
stresses directed along the minimum Poisson’s ratio direction
is shown in the Animation S3 of the ESIL.{ As in the isotropic
case, the maleic acid layers rotate relative to the reference
system. However, while the rotation in the isotropic case was
counterclockwise relative to the b axis, the rotation is clockwise
in the present case. The changes in the crystal structure are
also opposite to those found for the isotropic case. Now,
the interlayer space decreases and the increase in volume is
due to the increase of the intrasheet distances between the
maleic acid molecule distances. In particular, the distance
between two maleic acid molecules belonging to a given
sheet along the direction perpendicular to [010] crystallo-
graphic direction (referred to as Riyy in the previous section)
increases from 7.45 to 7.98 A while the increase in Rgf,ﬁ,?] is
insignificantly small.

2.3 Succinic acid

Succinic acid is a dicarboxylic acid®’® whose IUPAC name is
1,4-butanedioic acid. Succinic acid has multiple biological roles

Mater. Adv., 2020, 1,1399-1426 | 1409
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Fig. 10 Unit cell volume and lattice parameters of maleic acid under the effect of different stresses applied in the direction of the minimum Poisson’s

ratio.

in living organisms where it takes the form of succinate anion.
Succinate has a very important primary biological function as a
metabolic intermediate which converts into fumarate by the
enzyme succinate dehydrogenase (SDH) in the electron trans-
port chain involved in the process of generation of adenosine
triphosphate (ATP).>”7*’® All metabolic processes which
are connected with the tricarboxylic acid cycle (TCA) cycle,
including the metabolism of carbohydrates, amino acids, fatty
acids, cholesterol, and hemoproteins, depends on the tempo-
rary formation of succinate. Succinate also acts as a signaling
molecule reflecting the cellular metabolic state. The excess
of succinate or fumarate drives the direct or reverse activity of
SDH (direct or reverse electron transport) which leads to
oxidation or generation of succinate.”””*”® Succinate is also a
product of the glyoxylate cycle and a re-entry point for the
gamma-aminobutyric acid shunt into the TCA cycle.>”***° The
biological function of succinic acid is believed to be extremely
important and to extend to epigenetics, tumorigenesis, signal
transduction, endo- and paracrine modulation and inflam-
mation.”””?°" The action of some bacteria as Actinobacillus
succinogenes and Anaerobiospirillum succiniciproducens may be
exploited to produce succinate in living organisms>®* because,
under anaerobic conditions, induce the reverse activity of SDH.
Succinic acid may be obtained from several synthetic routes>”®
as the partial hydrogenation of maleic acid but, is mostly
produced from biomass via fermentation. Using genetically
modified microorganisms, such as Escherichia coli or Saccharomyces
cerevisiae, a high-yielding, commercial production of succinic acid
from fermentation of glucose has been achieved.****** Succinic
acid is widely utilized as a safe food additive and as an excipient in
pharmaceutical industry.”**° Succinic acid or succinate salts may
be employed to synthesize a large series of organic compounds

1410 | Mater. Adv., 2020, 1,1399-1426

as 1,4-butanediol, maleic anhydride, succinimide, 2-pyrrolidinone
and tetrahydrofuran.>’® In the framework of crystal engineering,
it has been crystallized with many other molecules in order to
develop cocrystals and salts having desirable physicochemical
properties.>*'?%62% Succinic acid is employed as a precursor of
polyesters, as a component of some resins, and to develop
biodegradable polymers of interest in tissue engineering.?>>%
The characteristics and mechanical properties of many interesting
polymers and materials based on, or related to, succinic acid have
long been investigated.*** "

2.3.1 Crystal structure. The optimized crystal structure of
succinic acid, COOH-CH-CH-COOH, is plotted in Fig. 1C.
A picture of a 2 x 2 x 2 supercell is shown in Fig. 2C. As can
be seen in the view from [010] crystallographic direction
contained in Fig. 1C, or even better in Fig. 2C, the succinic
acid structure is composed of zigzag folded layers formed with
hydrogen-bonded succinic acid molecules. The computed and
experimental unit-cell parameters, volume and density of
succinic acid are compared in Table 1. The computational
results agree satisfactorily with the experimental results.”**>>"
The experimental volume reported by Lucaioli et al.>** is under-
estimated by 3.9%. The effect of dispersion interactions in the
structure of succinic acid is, as in the case of maleic acid, huge.
The uncorrected PBE functional overestimates the experimental
unit-cell volume by nearly 23% (see Table 1). As mentioned in
Sections 2.1.1 and 2.2.2, the major reason for the differences
between the present dispersion corrected results and the experi-
ment data may be the different temperatures associated to both
sets of data (zero and room temperatures, respectively).

Tables S12 and S13 of the ESI} give a comparison of
the interatomic distances and angles in the computed and
experimental®®! crystal structures of succinic acid. The atom

This journal is © The Royal Society of Chemistry 2020
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labelling convention used for succinic acid is shown in Fig. S3
of the ESL.+ The computed C-C and C-O bond distances differ
from experiment by less than 0.01 A, except for the C-O double
bond in which the difference is about 0.02 A. For crystalline
succinic acid there is only one non-equivalent hydrogen bond,
O1-H1---02’ (Fig. S3, ESIf). In the crystal structure of succinic
acid, the hydrogen bonding is dual, i.e., each pair of adjacent
succinic acid molecules are linked by a pair of symmetry
equivalent hydrogen bonds. One hydrogen bond links the
oxygen atom of an hydroxyl fragment of a carboxylic group of
the first molecule with the oxygen atom in the C=O0 bond of a
carboxylic group in the second molecule (O1-H1- - -02’) and the
other hydrogen bond relates the oxygen atom of the hydroxyl
fragment of the carboxylic group on the second molecule with
the oxygen atom in the C=O bond of the carboxylic group in
the first molecule (O1’-H1'---02).

The X-ray powder diffraction patterns of succinic acid
obtained in terms of the optimized and experimental®" struc-
tures are shown in Fig. 3C and as can be seen they are in good
agreement.

2.3.2 Elasticity tensor, mechanical stability and mechanical
properties. The calculated stiffness matrix elements of succinic
acid are given in Table 2. Since the crystal structure of this acid
is, as that of maleic acid, monoclinic (Table S1 of the ESIY),
there are only thirteen non-vanishing independent matrix ele-
ments in its elasticity matrix.>*”>*® Since all eigenvalues of the
elasticity matrix of succinic acid are positive, it is mechanically
stable.>*®*®® The mechanical properties of polycrystalline
succinic acid obtained from the elasticity constants using the
Reuss®®* approximation and the single crystal bulk modulus
and its first two derivatives with respect to pressure obtained
from the BM-EOS are reported in Table 3. The agreement
between the bulk modulus obtained from the elastic constants,
B = 12.75 + 0.53 GPa, and that extracted from the BM-EOS,
B = 13.51 £+ 0.50 GPa, is very good. The calculated ductility
and hardness indices are D = 2.30 and H = 0.27. Consequently,
crystalline succinic acid is ductile and very weak.>®>?% T
he universal anisotropy index,”®® of succinic acid is very large,
AY =2.81.

2.3.3 Dependence of the mechanical properties of succinic
acid on the orientation of the applied strain. Negative Poisson’s
ratios. Tridimensional representations of the mechanical
properties of succinic acid as a function of the direction of
the applied strain are presented in Fig. 11. From Fig. 11D
(see also Table 4), it follows that succinic acid displays the
NPR phenomenon, the lowest value of the Poisson’s ratio being
Vinin = —0.26.

2.3.4 Deformation of the crystal structure of succinic acid
as a function of the external isotropic pressure. Isotropic NLC.
The unit-cell volumes and lattice parameters associated to the
optimized crystal structures of succinic acid under the effect of
twenty eight different hydrostatic pressures are reported in
Table S14 of the ESIf and displayed in Fig. 12. Succinic acid
appears to display INLC for four different small pressure
regions between 0.0 and 2.5 GPa. The first region is observed
for applied pressures in the pressure range from 0.58 to

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Elastic properties of succinic acid as a function of the orientation
of the applied strain: (A) compressibility; (B) Young modulus; (C) maximum
shear modulus; (D) surfaces of minimum (red) and maximum (violet)
Poisson’s ratio. The maximum values of the compressibility, Young modulus,
shear modulus and Poisson'’s ratio are 43.88 TPa™*, 31.03 GPa, 13.09 GPa and
1.07, respectively.

0.82 GPa, The a lattice parameter increases from 5.599
to 5.607 A. The compressibility at P = 0.71 GPa become
ko= —1/a-(0a/oP)p ~ —9.1 TPa™". In the second pressure region,
from 1.28 to 1.37 GPa, the a lattice parameter increases from
5.572 to 5.576 A (at P = 1.33 GPa, k, becomes —12.8 TPa™%).
From 1.93 to 2.06 GPa, the a lattice parameter augments from
5.538 t0 5.542 A (k, = —8.3 TPa~ " at P = 2.00 GPa). Finally, from
2.17 to 2.22 GPa, the a lattice parameter increases from 5.531 to
5.534 A (at P = 2.18 GPa, k, ~ —13.7 TPa™%). The b lattice
parameter also increases slightly within two narrow pressure
regions. The increments are also small (0.006 A in both cases).

The variation of the unit cell structure of succinic acid under
increasing external isotropic pressure is displayed in the
Animation S4 of the ESL{ The interpretation of the variations
of the lattice parameters under pressure may be achieved in a
simple way from Fig. 2D. The c lattice parameter is identical to
the distance between two successive minima in a given folded
sheet (Rynm). According to Table S14 (ESIt), this distance
decreases uniformly under pressure and therefore the folds
become narrower as pressure increases or, equivalently, the
folding angle decreases. The a lattice parameter is equal to the
distance between two succinic acid molecules in a given
sheet along [100] direction (Rk®). Thus, the INLC in succinic
acid is related to the increase of this intrasheet distance in the
four pressure intervals mentioned in the previous paragraph.
The b lattice parameter is twice the space between two
consecutive folded sheets or interlayer space (Ry,). According
Table S14 (ESIT), the interlayer space also decreases when the
pressure increases except, as was mentioned in the previous
paragraph, in two small pressure regions.

2.3.5 Deformation of the crystal structure of succinic acid
as a function of the external anisotropic stress. Anisotropic
NLC. The unit cell volumes and lattice parameters for the crystal
structures of succinic acid optimized under the effect of twenty six
different external stresses applied in the direction of minimum
Poisson’s ratio in the range of pressure from —0.1 to 0.1 GPa
are presented in Table S15 (ESIt) and displayed in Fig. 13.
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Poisson’s ratio.

The variation of the crystal structure under increasing pres-
sures is shown in the Animation S5 of the ESI.{ Succinic acid
displays ANLC for applied external stresses directed along the
minimum Poisson’s ratio direction in the pressure range from
1.30 to 1.53 GPa, due to a sudden pressure induced phase
transition occurring at about P = 1.3 GPa, which leads to a large
increase of the unit cell volume (from 444.73 to 469.83 A). The
volume compressibility at P = 1.47 GPa is negative and very
large in absolute value, ky = —1/V-(OV/0P)p ~ —505.0 TPa™ ". The
crystal structures before, within and after the phase transition

1412 | Mater. Adv., 2020, 1,1399-1426

are shown in Fig. 14. The crystal structures are completely
different. The new crystal structure at the pressure of P=1.757 GPa
is given as ESIf in a file of CIF type. The most important
interatomic distances and angles in succinic acid at the pressures
P=1.404 and P =1.757 GPa are given in Tables S16 and S17 of the
ESL T respectively. While the internal geometry of succinic acid
molecules is almost unchanged, the relative disposition of the
molecules is different. The intermolecular hydrogen bond length
H1.--02’ increases by 0.02 A and the O1-H1- - -02’ angle decreases
by nearly 3 degrees.

This journal is © The Royal Society of Chemistry 2020
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2.4 Anhydrous citric acid

Citric acid, or 2-hydroxypropane-1,2,3-tricarboxylic acid, is a
weak organic acid.*'® His name is due to the fact that it occurs
naturally in citrus fruits. It was isolated for the first time from
lemon juice in 1784 by the chemist Carl Wilhelm Scheele.*"
It can exist either in anhydrous form or as a monohydrate, the
last being converted to the first at about 78 °C. Citric acid is
present in biologic organisms as the citrate ion and as the
mono-hydrogen citrate ion. The citric acid can form diverse
citrate salts and may also be esterified at one or more of the
carboxylic acid functional groups with different alcohols, to
form a variety of mono-, di- and tri-esters. The citrate ion forms
chelate complexes with many cations, the alkali metal ones
included.*"®

The citric acid is a fundamental intermediate in the tri-
carboxylic acid cycle*”*?° occurring in the metabolism of all
aerobic organisms. In this cycle, citrate synthase catalyzes the
condensation of oxaloacetate with acetyl coenzyme A (CoA) to
form citrate. Then, aconitase catalyses the conversion from
citrate to aconitic acid. The series of reactions involved in
the TCA to release energy through the oxidation of acetyl-CoA
derived from carbohydrates, lipids and proteins, produces
nearly two-thirds of the energy derived from food. Citrate can
also be transported from the mitochondria into the cytoplasm
and transform into acetyl-CoA for fatty acid synthesis. Citrate is
a modulator of the conversion regulating allosterically the
enzyme acetyl-CoA carboxylase. Large concentrations of citrate
in the cytoplasm indicate the presence of enough biosynthetic
precursor molecules and inhibits phosphofructokinase and
glycolysis.””® Citrate is an essential component of bones, help-
ing to regulate the size of apatite crystals.**' The microbial
production of citric acid by several species of fungi as Aspergillus
niger from sucrose or glucose is well known from the beginning
of nineteenth century and has been exploited widely.*!83%

This journal is © The Royal Society of Chemistry 2020

However, citric acid is nowadays also produced synthetically
from aconitic or isocitrate salts under high pressure conditions
using a reverse nonenzymatic TCA cycle reaction.’*’ Citric acid
is massively produced and used, for instance, as an acidifying,
flavoring, cleaning or chelating agent.*'*** It is also used
for the development of different materials as biodegradable
polymers whose properties including the mechanical ones have
been investigated.***73*!

2.4.1 Crystal structure. The optimized crystal structure of
anhydrous citric acid, COOH-CH,-C(OH)(COOH)-CH,-COOH,
is drawn in Fig. 1D and a picture of a 2 x 2 x 2 supercell is
shown in Fig. 2D. The computed unit-cell parameters, volume
and density of anhydrous citric acid are given in Table 1. The
theoretical results reproduce satisfactorily the experimental
data.”®*** The computed unit-cell volume is smaller than
the experimental volume measured by Rammohan et al.>** by
3.2%. The uncorrected PBE functional overestimates strongly
the experimental unit-cell volume by nearly 12% (see Table 1).

Tables S18 and S19 of the ESIf give a comparison of the
interatomic distances and angles in the computed and
experimental®* crystal structures of citric acid. The atom
labelling convention employed ion these tables is displayed
in Fig. S4 of the ESL.{ The differences of the computed C-C and
C-O bond distances with respect to the experimental ones are
smaller than 0.01 A, except for the C-O double bonds for which
the differences are about 0.02 A.

For crystalline citric acid there are six non-equivalent hydro-
gen bonds (see Tables S18, S19 and Fig. S4 of the ESIT). The
hydrogen bonds O1-H5---02’, O3-H6- - -06’ and O5-H7- - -04’
link the oxygen atoms of the hydroxyl fragments of the three
carboxylic groups with the oxygen atom in the C=O bonds of
carboxylic groups in three different citric acid molecules. The
remaining three hydrogen bonds are O7-H8- - -02, O7-H8- - -01’
and O7-H8-:--06 and link the oxygen atom in the OH alcoholic

Mater. Adv., 2020, 1,1399-1426 | 1413
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group (O7) with three different oxygen atoms. The O7-HS8- - -02
and O7-H8---06 hydrogen bonds are intramolecular, the
acceptor O2 and O6 oxygen atoms belonging to the C—0 bond
of carboxylic groups in the same citric acid molecule. The
0O7-H8- - -0O1’ hydrogen bond is intermolecular and the acceptor
oxygen atom belongs to the OH fragment of a carboxylic group
of a different molecule.

Fig. 3D shows that the agreement between the X-ray powder
diffraction patterns of citric acid obtained from the optimized
and experimental®* structures is very good.

2.4.2 Elasticity tensor, mechanical stability and mechan-
ical properties. The matrix elements of the elasticity matrix of
citric acid computed at the optimized crystal structure are given
in Table 2. Since the space symmetry of its crystal structure
is monoclinic (Table S1 of the ESIt), there are only 13 non-
vanishing independent matrix elements in its stiffness
matrix.”>”**® After diagonalizing the elasticity matrix, all the
eigenvalues were found to be positive, and, therefore, this acid
is mechanically stable.>**2°° The elastic properties of polycrys-
talline citric acid determined in terms of the matrix elements of
the elasticity tensor employing the Reuss>®*> approximation are
provided in Table 3 together with the bulk modulus and its first
two pressure derivatives obtained from the BM-EOS. The value
of the bulk modulus obtained from the elastic constants is,
B=13.82 %+ 0.41 GPa, which agrees well with that extracted from
the BM-EOS, B = 13.46 £ 0.36 GPa. From the data given in
Table 3, it follows that citric acid is a brittle and weak
material®®>°” because the ductility and hardness indices are
D =1.71 and H = 0.64, respectively. The calculated value of the
universal anisotropy index®®® is rather large, AY = 1.81.

2.4.3 Dependence of the mechanical properties of anhy-
drous citric acid on the orientation of the applied strain.
Negative Poisson’s ratios. Images of the spatial representations
of the bulk, Young and shear moduli and Poisson’s ratio of
anhydrous citric acid as a function of orientation of the applied
strain are plotted in Fig. 15. The surface of minimum Poison’s
ratio, showed in Fig. 15D, reveals that citric acid exhibits the

Fig. 15 Elastic properties of citric acid as a function of the orientation of
the applied strain: (A) compressibility; (B) Young modulus; (C) maximum
shear modulus; (D) surfaces of minimum (red) and maximum (violet)
Poisson’s ratio. The maximum values of the compressibility, Young
modulus, shear modulus and Poisson's ratio are 34.17 TPa~*, 40.90 GPa,
21.66 GPa and 0.57, respectively.

1414 | Mater. Adv., 2020, 1,1399-1426
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NPR phenomenon, the value of the smallest Poisson’s being
—0.23 (Table 4).

2.4.4 Deformation of the crystal structure of anhydrous
citric acid as a function of the external isotropic pressure.
Isotropic NLC. Table S20 of the ESI{ contains the unit-cell
volumes and parameters of the optimized crystal structures of
anhydrous citric acid under eighteen different hydrostatic
pressures in the range from —1.0 to 2.5 GPa. The results are
also displayed in Fig. 16. Citric acid does not display INLC for
applied positive pressures although the behavior of the unit cell
volume and lattice parameters is very irregular between —0.25
and 0.25 GPa. However, a small increase of the a lattice
parameter is observed for negative pressures between —0.54
to —0.34 GPa. The compressibility in this pressure interval is
negative but its absolute value is relatively small. The minimum
compressibility is found at P = —0.46 GPa, k, = —1/a-(0a/0P)p ~
—15.5 TPa~". The occurrence of negative mechanical properties
under tension (negative pressure) has been observed in several
previous works. The presence of negative Poisson’s ratios for
two-dimensional systems at negative pressures was found by
Boal et al®*? in 1993, by Wojciechowski**® in 1995 for any
dimensionality and rediscovered by Rechtsman et al*** in 2008.
Likewise, it has been recently found that oxalic acid dihydrate”
displays the phenomenon of negative area compressibility under
tension and that silver oxalate exhibits very large negative linear
compressibilities for negative pressures.”® The variation of the unit
cell structure of citric acid under increasing external isotropic
pressures is shown in the Animation S6 of the ESL¥

2.4.5 Deformation of the crystal structure of anhydrous
citric acid as a function of external anisotropic stresses. Aniso-
tropic NLC. The unit cell volumes and lattice parameters
obtained for anhydrous citric acid under the effect of twelve
different external stresses applied in the direction of minimum
Poisson’s ratio in the range of pressure from —0.27 to 0.80 GPa
are reported in Table S21 of the ESIf and displayed in Fig. 17.
Citric acid displays ANLC for applied external stresses directed
along the minimum Poisson’s ratio direction in the pressure
range from 0.10 to 0.16 GPa. The unit cell volume increases
from 740.25 to 750.21 A and the volume compressibility at
P = 0.13 GPa is negative and very large in absolute value,
ky = —1/V-(0V/OP)p ~ —405.1 TPa '. The crystal structures
before and after the phase transition are shown in Fig. 18.
As can be observed, one of the intramolecular hydrogen bonds
(O7-HS8- --02) disappears under the effect of pressure. The new
crystal structure at the pressure of P=0.168 GPa is given as ESIT
in a file of CIF type.

The interatomic distances and angles at P = 0.1163 GPa and
P = 0.1613 GPa are given in Tables S22 and S23 of the ESLf
These tables show that the citric acid molecule geometry
remains almost the same. The intramolecular hydrogen
bond lengths O7---02 and H8:---O2 in the hydrogen bond
0O7-H8---02 increase by 0.08 and 0.12 A, respectively, and
the O7-HS8---02 angle decreases by nearly 2.3 deg. Thus, the
intramolecular hydrogen bond become larger as the pressure
increases and finally disappears. However, as in the case of the
lactic acid, the increase of the hydrogen bond lengths is very

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Unit cell volume and lattice parameters of anhydrous citric acid under the effect of different stresses applied in the direction of the minimum

Poisson'’s ratio.

small in comparison with the variation of the lattice parameters
and cannot be considered the reason for the large volume
increase. Particularly, the a lattice parameter increases by
0.80 A in passing from 0.10 to 0.16 GPa. The « lattice is identical
to the distance between the two citric acid molecules along the
[100] crystallographic direction and, therefore, the increase of the
unit cell volume under pressure results from the enlargement of
the non-bonding distances along [010] which are not compensated

by the decrease of the b and c lattice parameters.

This journal is © The Royal Society of Chemistry 2020

Animation S7 of the ESIt displays the variation of the unit
cell structure of citric acid under increasing external stresses
applied in the direction of minimum Poisson’s ratio.

2.5 Citric acid monohydrate

2.5.1 Crystal structure. The optimized crystal structure of
citric acid monohydrate, CsHgO,-H,O, is displayed in Fig. 1E
and a picture of a 2 x 2 x 2 supercell is shown in Fig. 2E.
The computed unit-cell parameters, volume and density are
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Fig. 18 Computed crystal structures of anhydrous citric acid under the effect of external stresses applied along the direction of minimum Poisson’s

ratio: (A) P = 0.089 GPa and (B) P = 0.168 GPa.

provided in Table 1 compared with the corresponding experi-
mental information.>>**® The computed unit-cell volume is
smaller than the experimental one reported by King et al.>>® by
2.4%. For comparison, the uncorrected PBE functional over-
estimates the experimental unit-cell volume by 9.2% (see
Table 1). The calculated and experimental®*® interatomic dis-
tances and angles are given in Tables S24 and S25 of the ESL¥
The atom labelling convention utilized for citric acid monohy-
drate is shown in Fig. S5 of the ESI. The differences between
the computed C-C and C-O bond distances and the experi-
mental ones are smaller than 0.01 A, except for the C-O double
bonds for which the variations are about 0.02 A.

There are seven non-equivalent hydrogen bonds (see
Tables S24 and S25 and Fig. S5 of the ESIt) in the crystal
structure of citric acid monohydrate. The hydrogen bonds
O1-H5---Ow”, O5-H7---Ow and O3-H6---02" link the oxygen
atoms of the hydroxyl fragments of the three carboxylic groups
with the oxygen atoms of two water molecules (Ow” and Ow)
and the oxygen atom from a C—O0 bond of a carboxylic group in
another citric acid molecule (02”). Two additional hydrogen
bonds (O7-HS- - -02’ and O7-H8- - -06) link the oxygen atom in
the OH alcoholic functional group (O7) with two oxygen atoms
from the C=O0 bonds of two carboxylic groups, the first from a
different citric acid molecule (02’) and the second from the
same one (06). Thus, the second of these hydrogen bonds is
intramolecular. The last two hydrogen bonds (Ow-Hw1---O7
and Ow-Hw2.--O4) originate in the oxygen atom of a water
molecule (Ow) and end in the oxygen atom of the alcoholic
group (O7) and in the oxygen atom of the C—=O bond of a
carboxylic group (04).

The X-ray powder diffraction patterns of citric acid mono-
hydrate obtained from the optimized and experimental®*®
structures are highly consistent (see Fig. 3E).

2.5.2 Elasticity tensor, mechanical stability and mechanical
properties. The computed elasticity matrix of citric acid mono-
hydrate has only nine non vanishing independent elements due to

1416 | Mater. Adv., 2020, 1,1399-1426

the space symmetry of its crystal structure**”**® (orthorhombic,
see Table S1 of the ESIt) and is given in Table 2. The numerical
diagonalization of the elasticity matrix leads to a set of eigenvalues
which are all positive. Thus, citric acid monohydrate is mechani-
cally stable.”>**®® The mechanical properties of polycrystalline
citric acid monohydrate obtained from the elements of the elas-
ticity matrix using the Reuss®®> scheme are reported in Table 3
together with the bulk modulus and its first two pressure deriva-
tives obtained from the BM-EOS. The value of the bulk modulus
obtained from the elastic constants and from the BM-EOS are,
14.56 £ 0.19 GPa and 15.66 * 0.24 GPa, respectively. The ductility
and hardness indices of citric acid monohydrate are D = 1.81 and
H = 0.37. Therefore, it is a ductile and weak material.>*>2” The
calculated value of the universal anisotropy index,?*® AY = 1.59,
is quite large but smaller than that of anhydrous citric acid.

Fig. 19 Elastic properties of citric acid monohydrate as a function of the
orientation of the applied strain: (A) compressibility; (B) Young modulus;
(C) maximum shear modulus; (D) surfaces of minimum (red) and maximum
(violet) Poisson’s ratio. The maximum values of the compressibility, Young
modulus, shear modulus and Poisson’s ratio are 34.09 TPa~%, 50.03 GPa,
17.18 GPa and 0.65, respectively. In this case the surface of minimum
Poisson’s ratio is not shown. All the values of v on this surface are positive.

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 Unit cell volume and lattice parameters of citric acid monohydrate under the effect of different external isotropic pressures.

2.5.3 Dependence of the mechanical properties of citric
acid monohydrate on the orientation of the applied strain.
Fig. 19 displays the 3D representations of the bulk, Young and
shear moduli and Poisson’s ratio of citric acid monohydrate as
a function of orientation of the applied strain. As can be seen,
its mechanical properties have a large directional dependence,
as expected from the value obtained of the universal anisotropy
index. However, unlike all the other materials considered in
this work, citric acid monohydrate does not exhibit negative
values of the Poisson’s ratio. The surface of minimum Poisson’s
ratio is positive for all possible orientations. The minimum
value of the Poisson’s ratio is close to zero, +0.01 (Table 4).

2.5.4 Deformation of the crystal structure of citric acid
monohydrate as a function of the external isotropic pressures
and anisotropic stresses. The crystal structure of citric acid
monohydrate was optimized under the effect of a large series
of isotropic pressures and anisotropic stresses. However, no
mechanical anomalies in the computed data were found. For
example, Fig. 20 shows that the unit-cell volume and lattice
parameters of citric acid monohydrate (the numerical values
are given in Table S26, ESIt) decrease invariably under the
effect of increasing isotropic pressures within the range of
pressure going from —1.0 to 11.0 GPa.

3 Conclusions

The crystal structures and mechanical properties of the
L-(+)-lactic, maleic, succinic and anhydrous citric acid and
citric acid monohydrated were determined by means of first
principles solid-state methods based in density functional
theory using large plane wave basis sets and pseudopotential
functions. The computed crystal structures were in very good
agreement with their experimental counterparts. The calcula-
tions were carried out using the PBE energy-density functional
supplemented with dispersion corrections to improve the
description of the dense network of hydrogen bonds present
in the unit cell of these materials. The experimental unit cell
volumes of these materials were underestimated by 2.4, 5.3, 3.9,

This journal is © The Royal Society of Chemistry 2020

3.2 and 2.4%, respectively. These results may be compared with
those obtained using the uncorrected PBE functional which
overestimates the experimental data enormously by 15.7, 22.5,
23.3, 11.8, 9.2%, respectively, due to the inaccurate description
of dispersion interactions. The remaining differences with
respect to experiment may be attributed mainly to the fact
that the experimental structures were determined at room
temperature and the first principles results correspond to zero
temperature. Low temperature experimental studies of the
crystal structures of these materials could reduce to a large
extent the differences. For example, very large thermal expan-
sion effects in the crystal structures of related organic materials
as oxalic acid have been found.”**** The good agreement of the
X-ray powder diffraction patterns of these materials determined
from the optimized and experimental crystal structures
provided additional support for the computed structures.

The set of organic materials considered includes one mono-,
two di- and one tri-carboxylic acids in order to provide diversity
and generality to the study of the mechanical behavior of
organic acids, thus extending the previous studies of the cyclic
oxocarbon acids’®”? and oxalic acid.”"”*> These organic acids
have extremely important biological functions and are widely
utilized in synthetic organic chemistry, crystal and tissue
engineering, polymer technology and in the food and pharma-
ceutical industries. In the majority of these fields, the research
on the effects of pressure is growing very fast. However, the lack
of very complete studies for a series of prototypical important
systems to be used as models is a significant gap in this
research. In fact, the mechanical properties and stability and
the behavior of these materials under pressure is almost
completely unknown. The elastic tensors of these materials
were determined using the finite deformation method and the
mechanical stability of their structures was studied. A set of
relevant elastic properties was derived in terms of the com-
puted elastic tensors. This set includes the bulk, shear and
Young moduli, the Poisson’s ratio, the ductility, hardness and
anisotropy indices and the bulk modulus pressure derivatives.
In the solid state, these organic acids are shown to be stable,
weak and very anisotropic materials and, with the exception of

Mater. Adv., 2020, 1,1399-1426 | 1417
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citric acid monohydrate, all of them exhibit the negative
Poisson’s ratio (NPR) phenomenon.

Crystalline materials possessing a normal mechanical beha-
vior commonly show decreasing unit cell volumes and lattice
parameters under compression and do not present mechanical
anomalies. On the other hand, the deltic, squaric, croconic and
a- and B-oxalic acids and oxalic acid dihydrate exhibit a rich set
of mechanical anomalies, including the NPR and NLC pheno-
mena, as well as pressure induced phase transitions for relatively
small external pressures.”””* This study has demonstrated that
the lactic, maleic, succinic and anhydrous citric acids also show
negative mechanical phenomena and pressure induced phase
transitions. Therefore, it seems that the extremely anomalous
mechanical behavior is the norm rather than the exception for
the organic acids in the solid state. The mechanical properties of
materials belonging to other important organic compound types
as alcohols, esters, aldehydes, ketones, amines and amides could
be also very interesting and should be investigated in detail.

The NLC effects in these materials are primarily associated
to the onset of pressure induced phase transitions or sudden
structural rearrangements. L(+)-Lactic acid shows a large
NLC effect under isotropic pressures due to the fact that it
undergoes a pressure induced phase transition occurring at a
pressure of P ~ 1.0 GPa. The maleic acid exhibits NLC under
isotropic pressures of the order of P ~ 1.1 GPa but no phase
transition is observed. Under anisotropic stresses directed
along the minimum Poisson’s ratio direction, maleic acid
also shows a large NLC effect at small external pressures of
P ~ 0.1 GPa. Succinic acid displays small NLC effects under
isotropic pressures but large negative compressibilities under
anisotropic stresses directed along minimum NPR direction
because it undergoes a pressure induced phase transition near
P ~ 1.5 GPa. Finally, the citric acid shows small NLC values for
negative isotropic pressures near —0.5 GPa and a large NLC
effect under low anisotropic stresses (P ~ 0.1 GPa) which is
accompanied by the breaking of one of the intramolecular
hydrogen bonds present in this material at zero pressure.
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