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A B S T R A C T

A Density Functional Theory (DFT) study of the electronic, energetic, dynamical, and mechanical properties of new glycine molecular crystals is presented here. Our
search of the potential energy surface (PES) reproduces the previously reported structures for -, -, and -glycine with P P P2 , 2 , 3n1/ 1 1 symmetries, respectively. In
addition, we report three new orthorhombic (o), tetragonal (t), and monoclinic (m) crystals with P P2 2 2 , 41 1 1 3, and P21 symmetries. The crystals have wide band gaps,
classifying them in the range of insulators. All three new phases have low mechanical hardness (< 3.2 GPa), characterizing them as soft crystals. Topological and
local energetic properties of the electronic densities for the new crystalline phases of glycine have been calculated using the tools provided by the quantum theory of
atoms in molecules (QTAIM) under periodic conditions. Typical NH O, OH O as well as secondary CH O hydrogen bonds (HBs), act as the stabilizing factors
resulting in large cohesive energies for the new phases of glycine crystals. Without exception, all types of HBs, for all new phases, perfectly fit the attractive region of
a Lennard-Jones potential.

1. Introduction

For many years, determining the properties of amino acid crystals
has been a hot research topic. These properties are very important,
among others, in industrial applications, in the development of bio-
sensors and optoelectronic devices [1]. In this context, it appears that
alanine, leucine, isoleucine, valine, and glycine crystals are all in-
sulators [2–4]. In particular, glycine is a very promising material in
optoelectronic applications [5,6], and its ferro-optical properties lead to
applications in medicine and biology [7]. Recently, Hu and coworkers
[8] studied the bioferroelectric properties of glycine crystals, helping in
the rationalization of electric dipole organization in biomaterials.

Glycine is the structurally simplest amino acid: it does not contain
substituents at the -carbon and as a consequence is not a chiral mo-
lecule. There are three known stable phases of glycine crystals at room
conditions, labeled , , -glycine [9,10]. Under high humidity condi-
tions and -glycine are transformed into -glycine [11]. Metastable

, -glycine phases, only observable at high pressures, have also been
reported [12].

Chisholm et al. [4] investigated crystalline structures of glycine and
their thermodynamic stabilities using ab initio techniques, however,
there are no reports of dynamic and mechanical stabilities of glycine
crystals. Maron and coworkers gave a complete description of the
structures and stabilities of the crystalline polymorphs of , and
-glycine using density functional theory [13]. New glycine poly-

morphs are of great interest, since modulation of their properties may

lead to new developments [14–16]. In this work, we present new gly-
cine crystal structures that meet energetic, dynamic, and mechanical
stability criteria.

2. Computational details

A stochastic search for molecular crystals of glycine was carried out
using evolutionary algorithms as implemented in the USPEX code
[17–19]. At this point, it is quite important to explicitly state that the
initial structures for the stochastic search where constructed using only
the zwitterion form of glycine. Notice that although the zwitterion form
is the most common one found in glycine crystals, any configuration is
contingent to experimental conditions [20]. The structural and elec-
tronic properties of all calculated crystals were analyzed using Density
Functional Theory (DFT) [21–23]. The CRYSTAL-14 [24,25] program
was used to optimize crystal geometries and lattice parameters. Har-
monic vibrational frequencies and mechanical properties of all the
crystalline structures generated by USPEX were also computed. Besides
the already known molecular crystals of -glycine with P2 n1/ symmetry,
-glycine with P21 symmetry, and -glycine with P31 symmetry, our

calculations yielded new stable phases, surprisingly, one of them con-
taining pristine glycine molecules, not in the zwitterion form. Our
strategy comprises all electron DFT calculations using linear combina-
tion of atomic orbitals (LCAO) in conjunction with the hybrid B3LYP
functional [26–28] as implemented in CRYSTAL-14. Gaussian basis sets
with triple-zeta valence and polarization [29] were used for carbon,
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nitrogen, oxygen and hydrogen. Justification for this choice of model
chemistry is provided in Table 1 and in Table 2, were the experimental
parameters and the very accurate dispersion corrected GGA calcula-
tions of Rodríguez and coworkers [32] for the known glycine crystals
are meticulously reproduced with the single exception of the b para-
meter for the crystal. Notice that this error is consistent with the GGA
calculations of Rodríguez with no correction for dispersion. This single
error appears to have no consequences in our further analysis since all
other lattice parameters, bond distances, and cohesive energies for the
three known crystals are correctly reproduced. For the calculations
reported in Table 1, Brillouin zone integration was performed on a
Monkhorst-Pack [30] × ×12 12 12 k-mesh.

It is now well established that B3LYP is good enough to reproduce
crystal geometries in the systems studied here, unfortunately, cohesive
energies mandate the inclusion of dispersion. Indeed, a total of 14
molecular crystals bonded via hydrogen bonds were studied by Civalleri
and coworkers [33], who explicitly wrote “The dispersion correction is
crucial to arrive at a reasonable agreement with experiment. In fact, the pure
B3LYP method gives results that are rather poor. The cohesive energies are
generally underestimated in many cases, mainly for dispersion bonded mo-
lecular crystals (e.g. propane,C6H6, naphthalene, …) they become repulsive.

The inclusion of the dispersion term in the original parameterization
proposed by Grimme leads to a dramatic improvement and a good agreement

with experimental data.” Accordingly, we report here cohesive energies
corrected by Grimme dispersion.

3. Results and discussion

3.1. Geometries

Geometrical parameters for glycine molecules in the new crystalline
phases are listed in Table 2. Lattice parameters and spatial groups are
listed in Table 3.

The molecular packing of the new crystalline structures of glycine
are shown in Fig. 1. The calculated new phases of glycine exhibit dif-
ferent arrays of molecular packing and a variety of intermolecular in-
teractions. The monoclinic (m) and tetragonal (t) phases, as well as the

Table 1
Space group, lattice parameters, and %error in the volume of the unit cell with respect to the experimentally known [31] glycine crystals. The very recent dispersion
corrected GGA results [32], and our own calculations are shown. n is the number of monomers per unit cell. All calculations in this work using B3LYP in conjunction
with a triple-zeta valence plus polarization basis set.

System n Space Group Method a/Å b/Å c/Å , , %error(V)

-glycine 3 P31(144) Experimental 7.0383(7) — 5.4813(8) —
GGA+TS1100 7.08 — 5.49 — 1.4
This work 7.20 — 5.52 — 5.8

-glycine 4 P2 c1/ (14) Experimental 5.1047(3) 11.9720(14) 5.4631(3) 111.740(5)
GGA+TS1100 5.12 11.97 5.46 111.12 0.2
This work 5.23 13.89 5.48 110.03 20.17

-glycine 2 P21(4) Experimental 5.0932(16) 6.272(3) 5.3852(18) 113.19(3)
GGA+TS1100 5.09 6.32 5.39 112.69 1.0
This work 5.17 6.49 5.40 111.03 6.9

Table 2
Optimized geometric parameters for , , glycine and the new o t, , and m phases of glycine crystals. See Fig. 2 for atom labels.

-Glycine -Glycine -Glycine o t m

Bond Lengths This work Exp [40] This work Exp [10] this work Exp [41]

O1-C3 1.26 1.256(1) 1.26 1.247(4) 1.27 1.258(1) 1.43 1.25 1.24
O2-C3 1.26 1.258(1) 1.27 1.254(4) 1.26 1.247(2) 1.33 1.27 1.29
C3-C4 1.53 1.524(1) 1.53 1.530(3) 1.53 1.531(1) 1.55 1.53 1.52
C4-N5 1.49 1.479(1) 1.49 1.474(4) 1.49 1.473(1) 1.50 1.50 1.49
N5-H6 1.03 1.034(1) 1.04 0.90 1.03 1.034(2) 1.06 1.04 1.04
N5-H7 1.06 1.056(1) 1.05 0.88 1.05 1.053(1) 1.04 1.03
N5-H8 1.04 1.041(1) 1.03 0.90 1.04 1.040(2) 1.02 1.05 1.04
C4-H9 1.09 1.094(1) 1.09 0.95 1.09 1.086(3) 1.09 1.08 1.08
C4-H10 1.09 1.095(1) 1.09 0.97 1.09 1.093(3) 1.09 1.09 1.09
O2-H7 0.99

Bond Angle
O1-C3-O2 125.50 125.46 125.68 125.9(3) 125.54 125.8(1) 115.68 125.79 125.80
O1-C3-C4 117.63 117.36 117.47 117.1(3) 118.07 117.7(1) 112.00 117.34 119.31
O2-C3-C4 116.86 117.17 116.80 116.9(2) 116.35 116.5(1) 110.55 116.86 114.89
C3-C4-N5 111.38 111.50 112.71 111.6 (2) 111.93 111.5(1) 113.09 111.42 112.18
H7-O2-C3 111.63
C4-N5-C3 121.00

Torsion Angle
O2-C3-C4-N5 143.40 152.70 162.50 167.1(1) 162.80 116.20 167.30
O1-C3-C4-N5 38.10 18.60 29.50 24.80 19.60 15.4(1) 32.20 62.60 13.50
H7-O2-C3-C4 46.50
H7-O2-C3-N5 156.50

Table 3
Space group and lattice parameters of the new crystals of glycine. n is the
number of monomers per unit cell.

System n Space Group a/Å b/Å c/Å , ,

m-glycine 4 P2 (4)1 4.79 7.38 10.08 103.64
t-glycine 4 P4 (78)3 6.39 — 8.50 —
o-glycine 4 P2 2 2 (19)1 1 1 5.80 5.22 10.19 —
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well known phase, retain glycine monomers in the zwitterion form
(See Fig. 2). In contrast, in the orthorhombic (o) phase, the zwitterion
form is lost in favor of long chains of glycine molecules linked through a
highly covalent interaction (see below) between the carbonyl carbon on
one glycine to the amino nitrogen of the neatest neighbor affording a
C3 N5 distance of 1.57 Å. Because of these interactions, along the
entire chain, one of the hydrogen atoms in the quaternary ammonium
end of the zwitterion (H7, Fig. 2) is transferred to one of the oxygen
atoms of the -CO2 group of another neighbor, leading to the formation
of the O1-H7 bond (0.99 Å) (see Fig. 2).

In the new orthorhombic phase, the newly formed H2N C]O
group participates in two equivalent, strong hydrogen bonds
(O2 H6N5 (1.62 Å) in Fig. 2), where the NH2 group acts as a proton
donor to a C]O group. These hydrogen bonds are responsible for the

two dimensional folding of the chains which extends along the a-axis
(ac-plane of o-glycine in Fig. 1). A hydrogen bond inter layer between
folded chains is formed by the O2 H7O1 interaction (1.72 Å) along the
b axis, resulting in two-dimensional layers stacked along the c axis (bc-
plane of o-glycine in Fig. 1). o-glycine crystallizes in the P2 2 21 1 1 space
group with 4 formula units per unit cell (see Table 3).

The new tetragonal phase of glycine crystallizes in the P43 space
group with four formula units per unit cell. We describe this t phase as a
centrosymmetric crystal structure, with the glycine molecules adopting
a tetramer rhombus-like geometry localized at the center of the con-
ventional cell, as seen from the ab plane (see the middle panel of Fig. 1).
The four monomers are held together within the unit cell by the
O2 H8N (1.74 Å), O2 H6N (1.81 Å), O1 H7N (1.86 Å), and
O1 H9C (2.13 Å) hydrogen bonds (see Fig. 2). This arrangement of the

Fig. 1. Molecular packing in the new o-, t- and m-glycine crystal structures. Color code: Carbon: grey, Hydrogen: small white spheres, Nitrogen: blue, Oxygen: red.
Hydrogen bonds are represented by dashed lines.
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glycine monomers within the unit cell that propagates throughout the
crystal results in a strong 3D network of hydrogen bonds.

The new monoclinic phase, shows a very interesting array in which
the atoms labeled O2 in Fig. 2 act as acceptors of three hydrogen bonds.
As seen from the bc-plane (Fig. 1), individual glycine molecules in the
zwitterion form adopt the same configuration for the –CO2 group, si-
multaneously alternating configurations of the – +C(NH )3 groups be-
tween adjacent layers. The four monomers per unit cell interact via
O2 H8N5 (1.85 Å), O2 H6N5 (1.88 Å), and O2 H7N5 (1.98 Å) hy-
drogen bonds.

Notice that in all new phases of glycine crystals predicted here, sec-
ondary hydrogen bonds of the C–H O type are stabilizing factors. See for
example the ac-plane in tetragonal glycine in Fig. 1, and the corresponding
data listed in Table 8, which will be analyzed in detail below.

3.2. Cohesion energies

In order to estimate the energetic stability of glycine crystals, co-
hesive energies per molecule were calculated using

=E
E

n
Ecohesion

crystal
molecule (1)

where Ecrystal is the crystal energy, n is the number of molecules in the
unit cell, and Emolecule is the total energy of the equilibrium geometry of
the isolated molecule in the gas phase. This is the energy necessary to
dissociate the crystal into separated molecules. Zero point energies
(ZPE) and empirical D3 Grimme dispersion corrections [34] were used
to accurately compute lattice energies as well as molecular gas phase
energies. ZPE of the glycine crystals were obtained through the full set
of vibrational frequencies computed at the point [35]. Corrected co-
hesive energies per molecule of the new molecular crystals are −64.12,
−146.31, and −167.94 kJ/mol for the orthorhombic, tetragonal, and
monoclinic phases, respectively. On the grounds of these cohesion en-
ergies, the new crystals of glycine found here appear to be thermo-
dynamically stable. Moreover, using our computational method, we
obtained corrected cohesive energies per molecule of −158.31,
−172.75, and −175.50 kJ/mol for the experimentally known mono-
clinic , , and trigonal phases, respectively. These results are very
encouraging because it seems that our approach recovers what is
known about glycine crystals [13,36–39,10,42–45], thus, providing
strong support to the new stable phases.

4. Dynamic and electronic properties

Lattice dynamics is an important branch of condensed matter phy-
sics and is critical for understanding the thermal properties of crystal-
line solids at finite temperatures [46,47]. As a matter of fact, densities
of phonon states are required to evaluate thermal expansion coeffi-
cients, heat capacities, entropies and lattice thermal conductivity of
crystals, among other thermodynamic properties [48–53]. In order to
be able to compute the dynamic vibrational matrix at different high
symmetry points of the Brillouin zone, a 2× 2×2 supercell was em-
ployed. Frequencies for vibrational normal modes were calculated
within the harmonic approximation by numerical differentiation of the
analytical gradient of the potential energy with respect to atomic po-
sitions [35]. All phonon frequencies for the new orthorhombic, tetra-
gonal, and monoclinic phases are positive, thus describing dynamically
stable crystals.

Calculations of band structures and of density of states afford va-
luable information to study electronic properties of crystals, specifi-
cally, gaps between valence and conduction bands determine the ability
of extended crystals to transport and conduct electric charge. According
to Tulip and Clark [2], calculated band gaps for crystals of common
amino acids are 5.27, 5.07, 5.05, and 4.68 eV for valine, alanine, leu-
cine, and isoleucine, respectively. For serine, Costa and coworkers [54]
measured a 5.90 eV band gap. Cândido-Júnior and coworkers [55] re-
ported an experimental band gap for cysteine (orthorhombic) of 4.68 ±
0.02 eV. Similarly, for -glycine [3] ( =P n2 2 2 , 41 1 1 ), the experimental
band gap was reported to be 5.11 ± 0.02 eV. Rodríguez and coworkers
[32] reported a calculated band gap in the vicinities of 5.0 eV for the -,
-, and -phases. In this work, calculated band gaps for the new stable

phases of glycine are 5.8 (orthorhombic), 6.8 (tetragonal), and 7.5
(monoclinic) eV, as shown in Fig. 3. Thus, for all crystals listed above,
calculated and experimental band gaps place them in the insulator
category.

5. Mechanical properties

Attempts to understand the conditions for mechanical stability of
crystalline structures date back to the works of Max Born and coauthors
in the 1940s [56,57]. A set of necessary and sufficient conditions known

Fig. 2. Atom numbering for the m-, t - and o-glycine. Color code: Carbon: grey,
Hydrogen: small white spheres, Nitrogen: blue, Oxygen: red. Hydrogen bonds
are represented by dashed lines.
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as Born stability criteria, for each crystal symmetry, were developed as a
function of elasticity constants. For each spatial group, the elasticity
tensor can be reduced to a 6×6 symmetric elasticity matrix [58]. The
Born stability criteria for each crystal phase are written in terms of the
elasticity matrix elements as [58]

> >
> + >

+ + + + + >

c c c c
c c c c c c
c c c c c c

0, 0,
0, 2 0,

2( ) 0

ii 33 55 35
2

44 66 46
2

22 33 23

11 22 33 12 13 23 (2)

> < + >
<

c c c c c c c
c c c c

| |, 2 ( ), 0,
2 ( )

11 12 13 33 11 12 44

16
2

66 11 12 (3)

> > > > >
+ >

c c c c c c c
c c c c c c c c c c c c

0, 0, 0, 0, ,
2 0

11 44 55 66 11 22 12
2

11 22 33 12 13 23 11 23
2

22 13
2

33 12
2 (4)

for the monoclinic (Eq. (2)), tetragonal (Eq. (3)), and orthorhombic (Eq.
(4)) phases, respectively. We provide the corresponding matrices in
Tables 4–6.

As can be seen from Tables 4–6, all new phases of glycine crystals
satisfy the conditions for mechanical stability. Our results suggest that
the response of orthorhombic crystals against linear compression is
anisotropic ( = > = > =c c c138.63 44.13 18.4411 22 33 GPa). Conversely,
the response of tetragonal crystals against linear compression exhibits
two dimensional isotropy ( = = = < =c c c16.29 16.29 49.7511 22 33 GPa),
and the response of monoclinic crystals is quasi isotropic in all direc-
tions.

Table 7 lists the values of the Shear (G) and Young (E) moduli, as
well as the mechanical hardness (H), and the Poisson ( ) and Pugh ( )
ratios for the three new stable crystalline phases of glycine.

The Bulk (B) and Shear (G) moduli measure the resistance of a
material to change in size and shape, respectively. The = G B/ ratio,
known as the Pugh criterion [59], is associated to ductility ( < 0.57) or
to fragility ( > 0.57). Accordingly, the orthorhombic phase is predicted
to be fragile while the monoclinic and tetragonal phases are char-
acterized as ductile.

The Young modulus (E), defined as the ratio between applied stress
and the resulting strain within the elasticity limit, provides information
about the rigidity of the crystals. Our computational results show that
the Young moduli for the new stable phases of glycine are not too far

from the experimentally measured moduli of several amino acid crys-
tals, such as -glycine, -glycine, L-Alanine and DL-Serine, whose
measured moduli are in the ±20.8 0.4 to ±44 1 GPa range [60].

Compressibility is determined using the Poisson ratio, whose max-
imum value, 0.5, would be achieved only in ideal, perfectly in-
compressible isotropic materials [61,62]. The values of the Poisson
ratio for the new m t o, , polymorphs of glycine place them in the
compressibility range of common materials such as metallic glasses for
example [63]. The mechanical hardness of a material is related to local
plastic deformation. Under this premise, hardness (in GPa) of poly-
morphs may be estimated by [64]

H G2( ) 32 0.585 (5)

Our results for the new stable phases of glycine are not too far from
experimental hardness for known glycine crystals, which are reported
to be 0.5 GPa [65,66]. Since mechanical hardness for all polymorphs
of glycine (new and known) are smaller that 10 GPa, all of them are
characterized as soft materials.

Fig. 3. Bands and DOS for glycine crystal structures.

Table 4
Symmetric elasticity matrix for the orthorhombic phase of glycine crystals in
GPa.

138.63 33.40 6.79 0 0 0
44.13 2.19 0 0 0

18.44 0 0 0
2.99 0 0

5.96 0
33.48

Table 5
Symmetric elasticity matrix for the tetragonal phase of glycine crystals in GPa.

16.29 15.14 13.72 0 0 0.44
16.29 13.72 0 0 −0.44

49.75 0 0 0
14.57 0 0

14.57 0
7.28

Table 6
Symmetric elasticity matrix for the monoclinic phase of glycine crystals in GPa.

43.40 20.87 12.00 0 3.35 0
36.71 14.12 0 2.79 0

42.32 0 6.49 0
12.99 0 2.97

7.88 0
15.88

Table 7
Descriptors of mechanical stability of the new stable phases of glycine. G: Shear
modulus. E: Young modulus. : Poisson ratio. : Pugh ratio. H: mechanical
hardness. All data in GPa.

Crystal G E H

monoclinic 12.38 29.61 0.28 0.52 1.01
tetragonal 9.93 16.35 0.34 0.53 0.67

orthorhombic 19.07 33.37 0.26 0.60 3.18
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5.1. Intermolecular bonding interactions

Properties of bond critical points (rc,BCPs) for all intermolecular
interactions leading to stability in the new phases of glycine crystals
calculated using the formalism of the quantum theory of atoms in
molecules (QTAIM) [67] as implemented for periodic systems in

CRYSTAL-14 [24,25] are listed in Table 8 and plotted in Fig. 4. Several
useful descriptors discussed elsewhere [67] were used to dissect the
nature of bonding interactions. We summarize our findings as follows:

1. Considering that all intermolecular interactions are hydrogen bonds
(except for the N COO contacts in o-glycine), the calculated

Table 8
QTAIM derived periodic descriptors of the nature of intermolecular bonding interactions (hydrogen bonds, HB, and the N COO interaction in o-glycine) in m-, o- and
t-glycine crystals. All data taken from optimized geometries at the B3LYP level in conjunction with a triple-zeta valence plus polarization basis set level of theory. dHB
in Å: distances between the two participating moeities. EHB in kJ/mol: approximate energies of the hydrogen bonds, estimated using the Espinosa-Molins-Lecomte
formula: =E V r0.5 ( )cHB [76]. All other parameters in a.u. See Fig. 2 for atom labels.

Crystal Atoms dHB × r10 ( )c2 × r10 ( )c2 2 V Gr r| ( )|/ ( )c c H r r( )/ ( )c c EHB

m NH8 O2 1.85 3.3 10.3 1.02 −0.02 −35.36
NH6 O2 1.88 2.9 10.0 0.95 0.04 −30.06
NH7 O2 1.98 2.3 8.6 0.88 0.10 −22.13
CH10 O1 2.18 1.6 6.0 0.81 0.14 −13.52
CH9 O1 2.43 1.2 4.3 0.79 0.16 −9.14

t NH8 O2 1.73 4.2 12.5 1.11 −0.09 −50.96
NH6 O2 1.81 3.5 11.6 1.03 −0.02 −40.35
NH7 O1 1.86 2.9 10.5 0.94 0.05 −30.71
CH9 O1 2.13 1.8 6.8 0.82 0.15 −15.33

o N COO 1.57 21.1 −37.0 3.20 −0.80 not a HB
NH6 O2 1.62 6.0 14.0 1.28 −0.23 −82.11
OH O2 1.72 4.1 12.8 1.10 −0.08 −50.71
NH8 O1 2.17 2.1 8.9 0.91 0.09 −24.47
CH10 O2 2.56 0.7 2.5 0.72 0.19 −4.65
CH9 O1 2.67 0.7 2.4 0.75 0.17 −4.71

Fig. 4. Descriptors of the nature of bonding intermolecular interactions derived from the periodic topological properties of the electron densities at bond critical
points. Top left: exponential decays of electron densities ( r( )c , green line) and of their Laplacians ( r( )c

2 , purple line). Top right: Espinosa’s criterion [76]. Bottom
left: kinetic (orange line), potential (purple line), and total (green line) energy densities as a function of the length of hydrogen bonds. Bottom right: Approximate
energy of the hydrogen bonds as a function of length. Vertical lines at 1.88 Å mark the boundary between closed shell and intermediate interactions (see text).
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separations between the two participating units cover a wide range,
from the unusually short and strong NH6 O2 to the very long and
weak secondary CH9 O1 HB.

2. The values of electron densities at BCPs for hydrogen bonds in the
new stable phases of glycine crystals fall in the range of several
related hydrogen bonds [68–75]. Accumulation of electron density,

r( )c , around a given BCP, for an intermolecular interaction in-
dicates the extent to which the two participating moeities share
their electrons, and thus is an approximate measure of covalency. It
is clear from Table 8 for all hydrogen bonds that these are weak
interactions because the electron density at BCPs is about one entire
order of magnitude smaller than for example the strong N COO
contact. The top left panel of Fig. 4 shows an exponential decay of
the electron density around BCPs associated to hydrogen bonds as a
function of the length of the hydrogen bond. There are two im-
portant aspects worth mentioning: on one hand, the exponential
decay correctly describes the asymptotic behavior, which at large
distances leads to no BPC and to no shared electron density; on the
other hand, all types of hydrogen bonds for all phases obey the same
correlation, thus, they are clearly interactions of the same physical
nature.

3. The Laplacian of a function is a mathematical tool for the char-
acterization of local extrema as either local maxima or minima.
Thus, for the particular case of the electron density, it is a measure
of local concentration or depletion of electron charge [77]. Indeed,
local minima (positive Laplacians) at BCPs describe interactions
where the electron density is displaced away from the critical point,
towards the nuclei, a characteristic of long range and of ionic in-
teractions. Conversely, local maxima (negative Laplacians) at BCPs
describe interactions where the electron density is concentrated in
the internuclear region, around the BCP, a characteristic of covalent
bonding. In this context, the results listed in Table 8 reveal only
ionic and/or long range interactions in the hydrogen bonds (all have
positive Laplacians) leading to crystal stabilization. Nicely, the very
strong C COO interaction in o-glycine is described by the Laplacian
of the electron density as highly covalent. An exponential decay as a
function of distance with the same benefits as explained above for
the electron densities is seen on the left top left panel of Fig. 4.

4. Energy densities have units of pressure. Therefore, local energy
densities may be equated to the local quantum pressure on the
electron cloud [77]. Accordingly, local positive energy densities
may be physically interpreted as regions from where the electrons
want to escape, leading to local depletion of charge. Similarly, ne-
gative energy densities may be physically interpreted as regions that
suck in neighboring electrons, leading to local concentration of
charge. The everywhere positive (repulsive) kinetic energy, and the
everywhere negative (attractive) potential energy fit this inter-
pretation perfectly as can be seen in the bottom left panel of Fig. 4.
As a consequence, the sign of the resulting local total energy density
H G V= +r r r( ) ( ) ( )c c c , a measure of the balance between the re-
pulsive and attractive interactions, is a good criterion for the nature
of the stabilizing interactions. Fig. 4 shows a few points with ne-
gative total energy densities, with hydrogen bond lengths smaller
than 1.88 Å, the distance at which the repulsive interactions begin
to slightly dominate (the same observation may be drawn from
Table 8). This is an early indication that notwithstanding the fact
that all hydrogen bonds in the new stable phases of glycine have the
same physical origins (see the above discussion on electron densities
at BCPs), they are not equivalent in their nature.

5. Local application of the virial theorem at BCPs lead Espinosa and
coworkers [76] to establish a more detailed and somewhat quanti-
tative description of bonding interactions. In this picture, critical
points with larger contributions from the repulsive kinetic energy
described by V G <r r| ( )|/ ( ) 1c c , characterize long range or ionic
interactions, critical points with excess of locally stabilizing poten-
tial energy, that is, those for which V G >r r| ( )|/ ( ) 2c c , characterize

covalent bonds, and the intermediate region V G< <r r1 | ( )|/ ( ) 2c c ,
contains all types of bonding interactions with contributions from
both, long range and covalent types. The top right panel of Fig. 4
and the data listed in Table 8 uncover a picture fully consistent with
the above discussion of energy densities: not all hydrogen bonds
stabilizing the new phases of glycine are equivalent, most of them
are of long range type, mostly van der Waals or London as well as
ionic, but a few very strong ones are of the intermediate character. It
is worth noticing that this intermediate character bonding interac-
tions may be traced back to the early formal application of quantum
mechanics to chemical bonding by Pauling [78] and by Coulson
[79] in which wave functions were written as linear combinations of
all possibilities. In related studies of hydrogen bonds [80], it has
been shown that covalency and ionicity are not incompatible fea-
tures of HBs, rather, they seem to act concomitantly.

6. Approximate energies for hydrogen bonds may be estimated using
the Espinosa-Molins-Lecomte formula [76] =E V r0.5 ( )cHB . The re-
sults listed in Table 8 and plotted in Fig. 4 are quite revealing: in-
cluding all types of HBs and all new stable phases of glycine, the
collective data perfectly fits the attractive r1/ 6 region of a Lennard-
Jones potential [81].

7. The collective topological descriptors of chemical bonding gathered
at bond critical points suggest that the NH6 O2 hydrogen bond in
the new o-phase of glycine crystals is unusually strong, having ne-
gative energy density, the largest accumulation of electron density,
the smallest interaction distance, and the largest virial ratio.

6. Summary and conclusions

Explorations of the potential energy surfaces for glycine crystals
afford three new orthorhombic, tetragonal, and monoclinic stable
phases, with properties close to the experimentally known , , and
-glycine. The new crystals passed all tests designed to establish ther-

modynamic (large negative cohesion energies provided by networks of
typical NH O and OH O and secondary CH O hydrogen bonds),
dynamic (phonon vibrations), and mechanical (Born conditions) stabi-
lity. Tetragonal and monoclinic crystals are ductile while orthorhombic
crystals are characterized as fragile. All phases have low mechanical
hardness, classifying them as soft materials, all are compressible, in the
same order of common metallic glasses. Band gaps for the new crys-
talline phases of glycine cover the 5.8–7.5 eV range, characterizing
them as insulators. Not all hydrogen bonds are equivalent, a number of
them are predicted to be long range contacts with some degree of
covalency. Put together, all types of HBs and all new stable phases of
glycine, the collective data perfectly fits the attractive r1/ 6 region of a
Lennard-Jones potential.
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