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ABSTRACT: Understanding the physicochemical properties of
biomolecules and how these properties drive the emergence of
complexity in the assembly/condensation of such systems is
important for understanding a variety of reactions taking place in
astrophysical environments, in particular those where polymerization processes occur on mineral surfaces or solid organic matter
form in cold-chemistry processes. Here, a computational study of
the structural and electronic properties of the gas and condensed
phases of the isoleucine group of amino acids, found with large
enantiomeric excess in Antarctic meteorites, is presented. An
analysis of a statistical complexity measure related to their
electronic properties, of the degree of chirality, and of the Hbond patterns is also reported. The results, based on Density
Functional Theory, Many Body Perturbation Theory, and Møller−Plesset perturbation theory, show that a) the condensed
amino acids keep reminiscence of structural and electronic properties of the gas phase molecules, b) the proteinogenic Lisoleucine gains in complexity and chirality upon condensation, contrary to its diastereomer, which is absent in living systems,
and c) the complexity based on electronic properties can contrast with the notion of structural/geometrical complexity. The
ﬁndings suggest that future scoring strategies of organic molecules should rely on both structural/geometrical molecular
complexity and on the electronic properties, which in diﬀerent states of matter are determined by other degrees of freedom
(conﬁgurational or chiral) to a diﬀerent extent, as well as on information storage capability of self-assembly conﬁgurations
constrained by an atomistic chemistry perspective.
KEYWORDS: aliphatic amino acids, meteoritic organics, isoleucine, density functional theory calculations,
many body perturbation theory, electronic properties, chirality
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grains16 and by shock-induced reactions in collisions of icy
grains.17 Formation of condensed amino acids in cold
environments is also suggested by ﬁndings of amino acids in
pristine Antarctic meteorites.18 This, combined with the
preferred handedness of amino acids in meteoritic samples,19−21 points to the possibility that condensation
phenomena might have inﬂuenced the chiral assembly of
solid organic matter.22−25 Nevertheless, meteoritic samples
exhibit a very large set of amino acids, most of them unknown
to our biosphere,26−29 which suggests that amino acids cannot
be considered as unambiguous indicators of life.
Current strategies for biosignature detection rely mainly on
established features associated with life on Earth, as speciﬁc
classes of molecules, isotopic signatures, molecular weights
patterns of fatty acids or other lipids, and enantiomeric
excesses. Diﬀerent directions are under investigation nowadays
to unravel possible universal features of life, especially in

INTRODUCTION
The recent observations of water ice in the shallow subsurface
of Mars1 and liquid water and active geology on Jupiter’s moon
Europa2 and Saturn’s moon Enceladus,3 point at a large
diversity of environments in the Universe that could host or
could have hosted life. Life forms could emerge starting from
diﬀerent states of organic matter and eventually develop in
diﬀerent solvents. A still unanswered question is how to
estimate the complexity of prebiotic or biomolecules
encountered in such possibly very diverse environments, and,
ultimately, how to recognize life.
Being the building units of proteins, amino acids are high
priority targets in the search for life elsewhere in the Universe,4
either as gas phase molecules in planetary/small bodies
atmospheres or as solid organic matter. The latter can be
expected in the crust of jovian icy moons, at surface brines5
and evaporite deposits6 on Titan’s surface, or within the
aerosols of its atmosphere,7 and at Enceladus surface8 or within
the icy grains of its plumes.9,10 Rich solid-phase chemistry
leading to amino acids and relevant prebiochemicals is also
triggered by irradiation in astrophysical11−14 and cometary
ices,15 by mobile reactants in growing ice mantles of dust
© 2019 American Chemical Society
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connection with research on exoplanets.30 From the molecular
point of view, analysis of general binding patterns for diﬀerent
chemical data sets31 and complexity-scoring scales32,33 have
been proposed. The latter are put forward on the basis of
molecular complexity, as indicator of the structure of the single
molecules, and of the Shannon’s information content34 of the
sequence formed by such molecules, i.e., the degree of
randomness (or variability) of their microscopic arrangements
giving the global pattern. However, the electronic properties of
the building blocks on which the biomolecular machinery of
life is based, as we know it, also play a fundamental role and
the information storage capability of the self-assembly of such
building blocks can well be constrained by real atomistic
chemistry. Several recent works have highlighted the role of
physicochemical properties in allowing for optimal covering of
the chemical space in terms of size, hydrophobicity, and
charge,35 in determining energy input−dissipation mechanisms, storing energy in bonds,36 in driving energy dissipation
and self-organization of structures,37 and in determining a
universal charge transport mechanism via a speciﬁc arrangement of the highest occupied molecular orbital (HOMO) and
of the lowest unoccupied molecular orbital (LUMO).38,39 Also,
the electronic properties have been shown to play a relevant
role in the modern diversiﬁcation of amino acids,40 as well as in
satisfying speciﬁc H-bond requirements for life.41 Previous
works42,43 have evaluated the complexity of the electronic
properties for known amino acids via the statistical complexity
measure from López-Ruiz−Mancini−Calbet44,64 (CLMC complexity), which is based on both the Shannon entropy of the
electronic distribution (describing its randomness) and the
disequilibrium of such distribution (i.e., its distance from a
uniform distribution). Others have used information-based
descriptors of the electronic properties to study the chirality
and similarity between mirror images (enantiomers) of chiral
molecules.45−48 Studies of complexity measures for condensed
phases are scarce and deal with inorganic systems with focus
on the sole structural complexity.49
Given the large diversity of environments of interest for
astrochemistry and meteoritic studies, it is opportune to
investigate such paradigm shift toward information theory also
to explore the emergence of complexity in the electronic
properties of amino acids in diﬀerent states of matter. In this
context, here a computational study of the structural,
electronic, and chiral properties, H-bond patterns, and the
statistical complexity related to the electronic properties is
presented, for both the gas and condensed phase of a speciﬁc
group of meteoritic amino acids recently found in Antarctic
meteorites with large enantiomeric excess.18 The α-amino
acids from the isoleucine series [2-amino 3-methylpentanoic
acid, CH3CH2−CH(CH3)−CH(NH2)−COOH], either involved in protein synthesis, in human plasma, or not present in
living systems, are considered. Calculations are performed at
the density functional theory (DFT) level and at the many
body perturbation theory approach (MBPT) for the
condensed phases and MP2 perturbation approach level for
the gas phase amino acids. The results show that the electronic
properties of the amino acids in the condensed phase are
indicative of a higher propensity to chemical reactivity,
potentially allowing for a higher complexiﬁcation of the
system, that complexity and chirality change according to the
state of matter, and that the complexity measure based on
electronic properties can contrast with the intuitive notion of
structural complexity.
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METHODS
Isoleucine Series. Isoleucine contains two chiral carbons
(Cα,Cβ) and exists as two distinct compounds based on the
spatial orientation of the two substituents at those carbons
(Figure 1). The isomer having absolute conﬁguration S at both

Figure 1. Representation of the two enantiomers L-Ile and D-Ile
(where change of chirality occurs at both the Cα and Cβ atom) and
their diastereomers D-allo-Ile and L-allo-Ile (which exhibit change of
chirality only at one chiral carbon center).

chiral carbons ([S,S]) is the naturally occurring α-amino acid
(L-Ile), used for the proteins synthesis. Its mirror
image amino acid (enantiomer) is the [R,R] isomer Disoleucine (D-Ile), not shown in our life. L-Ile transforms to
its diastereomer D-allo-isoleucine via α-epimerization, following loss and acquisition of protons on opposite sides of the
molecule and chiral reversal only at the α-carbon, known also
as C2. D-Allo-isoleucine (D-allo-Ile, with conﬁguration [R,S]) is
also not found in living organisms.18,50 The enantiomer of the
latter is L-allo-isoleucine (L-allo-Ile, with [S,R] conﬁguration at
the two chiral carbons), not involved in protein biosynthesis
but featured in bacteria, fungi, and plants and human plasma.
In the solid, as in the liquid phase, isoleucine is in its
zwitterionic state, i.e., the α-amino group is protonated −NH3+
and the α-carboxylic acid group is deprotonated COO−. The
four stereoisomers of isoleucine assemble in several diﬀerent
condensed phases.51,52 Here the pure enantiomeric crystal of LIle (with the observed Z′ = 2 packing determined by glide
planes 53 and the energetically close Z′ = 1 packing,
crystallyzing with only one molecole in the asymmetric unit),
the pure enantiomeric crystal of D-allo-Ile, the racemic LD-Ile,
and the diastereomeric complex D-Ile:D-allo-Ile are considered.
Allo-Ile spontaneously resolves in its enantiomers, forming a
conglomerate crystal,51 while Ile forms racemate crystals (LDIle). The initial crystal structures were taken from the
Cambridge Structural Database, except the (unusual) structure
of L-Ile Z′ = 1, kindly provided by Prof. G. M. Day from Univ.
of Southampton, UK. In a previous study,52 it was shown that
the condensation of L-Ile does not signiﬁcantly beneﬁt from a
Z′ = 2 packing with respect to a Z′ = 1 structure (with actually
two Z′ = 1 structures found slighly more stable than the
observed Z′ = 2 one), and thus, an investigation of the
electronic properties of the latter has also been performed. For
L-isoleucine
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Figure 2. Optimized crystal structures, visualized as 2 × 2 × 2 supercells. From top to bottom: (a) L-Ile (Z′ = 1), (b) L-Ile (Z′ = 2), (c) D-allo-Ile,
(d) LD-Ile, and (e) L:Ile:D-allo-Ile. Corresponding band structures are also shown (obtained with Wannier interpolation at the DFT-GGA (black)
and G0W0 level (blue)).

condensed phases, calculations were performed using periodic
boundary conditions within the plane-wave code VASP,56 with
Projector Augmented Wave (PAW) potentials,57 with a large
basis with a cutoﬀ of 900 eV. A preliminary optimization with
the Generalized Gradient Approximation (GGA) in the
Perdew−Burke−Ernzerhof parametrization,58 taking into
account the van der Waals (vdW) interactions via the DFT
+D2 approach59 was performed before the one with B3LYP.
Further details on the k-mesh for reciprocal space and on the
optimization procedure are described in the Supporting

the gas phase molecules, the initial geometries of L-Ile and Dallo-Ile have been taken from the PubChem database.
Computational Details. Structural and Electronic
Properties. A hierarchy of electronic structure approaches is
used in this work for both the condensed structures and the gas
phase amino acids (and the molecular units “frozen” in the
condensed phases). Geometry optimization of both the
condensed and gas phase amino acids was performed at the
DFT-hybrid Becke three-parameter Lee−Yang−Parr
(B3LYP)54,55 level with tight self-consistent criteria. For the
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home-based developed routines along with multidimensional
integration routines66 combined with spline interpolations of
the electron density functions ρ(r⃗), partially reusing some parts
of the BRABO package.67 A ﬁne grid spacing was used,
assuring integration accuracy (see SI).
The chirality index considered in this work is the Avnir’s
Continuous Chirality Measure (CCM), which can be
calculated via the freely available tool by the Avnir’s group
(http://www.csm.huji.ac.il/new/), once the ﬁles with the
coordinates of the gas phase amino acids and of the molecular
units extracted from the condensed phases are uploaded. This
quantity is based on the distance of a chiral object from the
closest abstract achiral one. The algorithm evaluates
quantitatively the degree of chirality in a range from 0the
molecule corresponds to an achiral objectto higher values
(the upper limit is 100)expressing the distance from the
closest achiral object:68

Information (SI). For the optimization of gas phase molecules,
calculations were performed with the 6-311++G(d,p) basis set
using the Gaussian09 code.60 For the molecular units extracted
from the solid, a solvation has been performed to keep the
charge distribution for the zwitterionic conﬁguration, using a
PCM model61 (see SI for details), keeping rigid the molecular
conformation as extracted from the solids.
The band gaps for the condensed systems and the HOMO−
LUMO gaps for the molecular units (both the gas phase amino
acids and those extracted from the condensed phases) have
been calculated, respectively, by applying Many Body
Perturbation Theory (MBPT) (in the so-called G 0 W 0
approximation) and second-order Møller−Plesset (MP2)
theory, starting from the previously optimized structures at
DFT-B3LYP level. An important quantity that is used
extensively to make predictions on the stability of a molecule
IP − EA
is the hardness62 η = 2 , where IP is the ionization
potential (energy necessary to remove an electron a neutral
atom or molecule) and EA the electron aﬃnity (energy
necessary to add an electron to a neutral atom or molecule to
form a negative ion/negatively charged molecule). The
hardness is actually related to the HOMO−LUMO gap in
simple molecular orbital theory since IP can be considered as
the negative of the HOMO and EA the negative of the LUMO
(actually, a generally applicable linear correlation relationship
exists between the calculated HOMO/LUMO energies and the
experimental/calculated IPs/EAs63). Larger values of η (and of
the HOMO−LUMO gap) correspond to less reactive
molecules.
Complexity and Chirality. The López-Ruiz, Mancini, and
Calbet64 complexity, denoted as CLMC, is given by the product
of two entropy measures:
CLMC = D[ρ]e

S[ρ]

= D[ρ]L[ρ]

S(G ) =

∫ ρ 2 ( r ⃗) d r ⃗

(4)

RESULTS AND DISCUSSION
Structural and Electronic Properties: Changes upon
Condensation/Sublimation. The relaxed structures of the
condesed phases obtained by a B3LYP (re)optimization (on
top of the preliminary GGA+D2 calculation) are shown in
Figure 2 (represented as 2 × 2 × 2 supercells to favor
visualization). The geometric parameters obtained are in good
agreement with the available experimental parameters (see SI).
The diﬀerent condensed phases are all found relatively close in
energy, with the most stable structure being the racemic LD-Ile,
in line with previous works,52 followed by D-allo-Ile and the
diastereomeric complex L-Ile:D-allo-Ile. D-Allo-Ile is more
stable than L-Ile, with a gain in energy of 6.28 kcal/mol with
respect to the Z′ = 2 structure of L-Ile, which is found to be
more stable than the Z′ = 1 structure of L-Ile, in line with
previous works.69 D-Allo-Ile crystallizes with two independent
and dissimilar molecules in the elementary cell,51,70 which have
diﬀerent side-chain conformations: in molecule A, the torsion
angle deﬁning orientations about the C−C bonds in the side
groups (N−C2−C3−C5) is trans, while molecule B is gauche−.
The conformation of the molecules is found to be similar in
the diﬀerent crystals. The conformation of L-Ile is the Z′ = 2
structure, similar to the one in the structure of LD:Ile and LIle:D-allo-Ile, conﬁrming previous results.51 The conformation
of D-allo-Ile in the pseudoracemate L-Ile:D-allo-Ile corresponds
to that of one of the two molecular units (unit A) in the
enantiomerically pure D-allo-Ile structure.
The optimized gas phase amino acids and the two molecular
units (A and B) with which the two enantiomerically pure
crystals L-Ile (Z′ = 2) and D-allo-Ile condense are reported in
Figure 3. The gas phase D-allo-Ile is found to be (slightly)

(1)

(2)

and L[ρ] = e , which involves the Shannon entropy S[ρ].
The latter quantiﬁes the departure of the probability density
from localizability (and thus it is a general measure of
randomness of the probability density):

∫ ρ( r ⃗) ln ρ( r ⃗) d r ⃗

i=1

■

S[ρ]

S [ρ ] = −

n

∑ ||Pi − Pi|̂ |2

where G is a given symmetry group, Pi are the points of the
original conﬁguration, P̂ i are the corresponding points in the
nearest G-symmetric conﬁguration, and n is the total number
of conﬁguration points. Thus, the algorithm ﬁnds the set of
points P̂ i, which possesses the desired symmetry (G
symmetry), such that the total normalized distance from the
original shape Pi is minimal. The algorithm screens S over the
symmetry groups having a reﬂection mirror, an inversion
center, or a higher order improper rotation axis, which are
indeed possessed by achiral objects.

i.e., the disequilibrium D[ρ], which quantiﬁes the departure of
the probability density from uniformity:
D[ρ] =

1
n

(3)

(ρ(r⃗) is the probability density, normalized to unity). In
relation to the electronic distribution, S gives information on
the variability of the information string needed to describe the
delocalization of the electronic cloud. For discrete variables, a
simple example can be found in the Petz’s book:65 if we want
to pass the information on the name of the winning horse in a
race with 8 horses, where all horses have the same propability
to win, the minimum length of a message is given by
1
1
S = ∑i = 1,8 8 log 2 8 = 3. This means that each horse can be
identiﬁed with a message expressed by a combination of 1s and
0s of length 3 (3 bits). The Shannon entropy does not say
anything about the properties that identify each horse (e.g., the
color, age, etc.); such characteristics are communicated via the
encoding process (a string of 0s and 1s). The complexity CLMC
has been calculated on both the gas phase amino acids and on
the molecular units “frozen” in the condensed matrices, via
1958
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Figure 3. Top row: L-Ile in the gas phase and the (zwitterionic) molecular units A and B extracted from the condensed phase (Z′ = 2). Bottom
row: D-allo-Ile in the gas phase and the (zwitterionic) molecular units A and B extracted from the condensed phase. Arrows indicate the stretching
or shortening of the bonds upon condensation (the same behavior is also valid for the units B, where the diﬀerences in bond length with the gas
phase molecule vary at maximum of 0.01 Å) w.r.t. unit A.

more stable than L-Ile (by 0.43 kcal/mol), following the trend
of the condensed phases, but in contrast with previous
results.71 Actually, in both works the energy diﬀerence is at the
limit of the accuracy of the methods; the results obtained here,
however, hint to a reminiscence of stability upon phase-change,
similarly to what occurs for the structural and electronic
properties as discussed below. For L-Ile, a slightly higher
stability for the isomer bearing a single hydrogen bonding
between the hydroxyl hydrogen and the amino nitrogen O−
H−NH2 w.r.t. the isomer with a bifurcated hydrogen bonding
from the amide to carbonyl groups NH2−OC is found (see
SI), in agreement with other MP272,73 and B3LYP/6311+G(d,p) results,74 although in contrast with other MP2/
6-311++G(d,p)75 and B3LYP/6-31G(d,p)76 calculations. In
Figure 3, arrows indicate the shortening and stretching of
bonds, which occurr in both L-Ile and D-allo-Ile, and numbers
are the diﬀerences in bond length with respect to the gas phase
molecule. The skeletal structure of the gas phase amino acids is
almost preserved upon condensation, with most of the C−C
bonds left unaltered, in agreement with previous works.77
Some changes occur only for speciﬁc bonds. In particular,
while in the gas phase the CO bond is shorter than the C−
O bond and has a greater population reﬂecting the double
nature of the bond, these two bonds acquire approximately the
same length upon condensation, as already observed in a
previous study.78

Figures 2 and 3 also report respectively the dispersion of the
electronic states (and band gaps) in the condensed phases and
the IP and IP-EA distance (reﬂecting the HOMO−LUMO
gap) for both the gas phase amino acids and the molecular
units extracted from the condensed phases. The results from
Figure 2 show that (a) the dispersion of the electronic states in
the condensed phases show nearly no dispersion, which
implies highly localized states reminiscent of those of
individual molecules and is the reason why many spectroscopic
measurements in molecular crystals have often been explained
by using the spectra of the individual molecules;79−81 (b) the
diﬀerences between the band gap of the experimentally
observed L-Ile Z′ = 2 structure and of the L-Ile Z′ = 1 are at
the limit of computational accuracy, and that the dispersion of
conduction states appears as the main diﬀerence between such
two phases; (c) the condensed amino acids are all found to be
wide gap semiconductors at the G0W0 level, similarly to
previously analyzed amino acids,78,82,83 with D-allo-Ile having
larger band gap with respect to L-Ile. The result in Figure 3 on
the IP at MP2 level for the gas phase L-Ile (9.42 eV) matches
reasonably well the experimental value for the conformer here
studied (9.57 eV84) and previous results from MP2 (9.77
eV72) or the Outer Valence Green’s function (OVGF) method
(9.65 eV,76 9.85 eV74). Agreement is also observed at DFT
level between the B3LYP value obtained here, 9.01 eV, and the
previous result of 9.18 eV in ref 73. The results in Figure 3 tell
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that the zwitterionic molecular units in the solid state, which
thus have a more similar conﬁguration to the one in a liquid
physiological solution, have smaller HOMO−LUMO gaps
with respect to the gas phase amino acids, and thus higher
reactivity and polarizability, since the electron distribution can
be distorted readily if the LUMO energy lies close to the
HOMO energy. This implies that the formation of larger
biomolecules and the potential complexiﬁcation of the system
might be more favored in solid organic matter. For the
zwitterionic units of L-Ile extracted from the condensed phase,
the IPs are in reasonable agreement with the 8.00 eV value for
the amino acid in solution.72 Last, by looking at the band gaps
in Figure 2 and at the IP−EA distances in Figure 3, we see that
the higher band gap of the condensed D-allo-Ile with respect to
L-Ile recalls the results on the HOMO−LUMO gaps of both
the corresponding gas phase amino acids and the molecular
units extracted from the solids.
The higher abundancy of D-allo-Ile with respect to L-Ile in
highly pristine CR2.6 chondrite meteorites,18,85 accompanied
by the largest ever reported enantiomeric excess of a
nonprotein amino acid, can be related in this study to the
energetics of D-allo-Ile following structural optimization, its
higher HOMO−LUMO gap (suggesting a lower propensity to
reactivity), and the spontaneous resolution of allo-Ile in
conglomerate crystals (separate enantiomerically pure crystals)
reported in previous works.51 Also, the larger band gap of Dallo-Ile with respect to L-Ile suggests less reactivity to
secondary light projectiles generated in the track of energetic
galactic cosmic rays,12 as the response to irradiation by the
electronic degrees of freedom suddenly decreases for systems
with large band gap, when the projectiles have slowed down.86
It is important to note that, for the gas phase and the
molecular units extracted from the condensed phases, the
higher level MP2 results do not change the ordering of the
HOMO−LUMO gaps found at B3LYP level. Such sequence
ordering kept at diﬀerent levels of theory gives conﬁdence that
the complexity CLMC can reasonably be estimated on the basis
of the electronic properties at the B3LYP level. Also, a recent
study on the evaluation of the (atomic) Shannon entropy has
recently shown that B3LYP behaves averagely well in the
calculation of such quantity.87
Complexity and Chirality Indexes: Changes upon
Condensation/Sublimation. In Figure 4, the complexity
CLMC and the chirality index CCM are plotted vs IP−EA for
both the gas phase amino acids and the molecular units
extracted from the condensed phases. Given the diﬀerent
approximations used, and the optimization at diﬀerent level of
theory, the agreement for L-Ile (gas) with previous results
obtained at the MP2 level (CLMC ≈ 15.0−15.2 au for Ile42) is
fair. It is observed that the zwitterionic molecular units have
higher complexity CLMC, to0gether with a lower HOMO−
LUMO gap as discussed above, with respect to the gas phase
amino acids.
About chirality, as L-Ile and D-allo-Ile are not enantiomers
but diastereomers, their chirality index obviously diﬀers. For
the mirror image of L-Ile, as extracted from the racemic system
LD-Ile, the chirality degree is identical to the L-Ile molecular
unit in the system (within the level of computational errors,
i.e., 12.428 and 12.429, respectively). The value obtained for
gas phase L-Ile (7.43) is in reasonable agreement with the 7.73
value reported in previous works,88 obtained with the same
functional (B3LYP) but a diﬀerent basis set (6-31G(d,p)).
Both enantiomerically pure solids crystallize with two

Figure 4. CLMC (López-Ruiz, Mancini, and Calbet complexity) values
and CCM (continuous chirality measure) values for the diﬀerent
amino acids studied in this work (zwitterionic molecular units and gas
phase molecules) vs IP−EA. a.u. are used for IP−EA and for CLMC
values.

molecular units, which remarkably diﬀer in their chirality
index, while the diﬀerence in their complexities is very small.
The average chirality for the two molecular units of D-allo-Ile
remains higher with respect to L-Ile, in line with the ﬁndings of
previous works.88 However, interestingly, it can be noted that
the complexity slightly increases in association with a gain in
chirality in the protein-forming L-Ile, while for the nonproteinogenic D-allo-Ile the complexity increases and the
average chirality decreases.
The observed small diﬀerences in the complexity values of LIle and D-allo-Ile can be expected, as the two amino acids have
the same number of electrons and as the CLMC complexity is
based on global spatial distributions. Also, by including diﬀuse
functions in the basis set, lacking a prominent atomic
character, the results can be expected not to show strong
dependence on local properties of the atomic environments.
Nevertheless, an increase in complexity remains when shifting
from the gas phase amino acid (15.64 au for L-Ile) to the
condensed phase (16.54 and 16.46 au for the two zwitterionic
units of L-Ile). This means that adding Shannon entropy
measures linked to the electronic properties on a (structural/
geometrical) molecular complexity scale, although not enough
to grasp intrinsicate properties for molecules with the same
chemical formula, would help in characterizing global aspects
of the electronic properties in diﬀerent states of matter.
H-Bonding Network. The packing of both L-Ile and D-alloIle is clearly determined by side chains, involved in vdW’s
interactions, and by the charged α-amino and α-carboxylate
groups that form H-bonds (Figure 5, visualized as 2 × 2 × 2
supercells). The ﬁrst type of bond gives rise to hydrophobic
layers, while the second to hydrophilic layers. The H-bond
patterns in the two systems are equivalent to the one reported
in previous studies70 and exhibit the same main ring motifs.89
The average strength of such patterns can be deduced by
analyzing the energetics of intermolecular vs intramolecular
stabilization or, in other words, the competition between vdW
and H-bond energy. A simple but eﬀective approach90 can be
employed in which ﬁrst the contribution from vdW
interactions to the binding energy of the crystal is evaluated,
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in D-allo-Ile can be expected, as the diﬀerent side chain
conformations of the two dissimilar molecular units in such
system adapt the stacking in order to still accommodate the
symmetry of the same space group as L-Ile (P21).
Complementary Complexity Perspectives Behind
Cold-Chemistry Processes. The result that the complexity
CLMC related to the electronic properties is higher for the
amino acids in the condensed phases with respect to the gas
phase molecules contrasts with the intuitive notion of
“structural/geometrical” complexity of a crystalline solid. In a
purely “structural/geometrical” perspective, focused on the
variability of the microscopic arrangements of the components,
a solid is a paradigm of simplicity, with the lowest statistical
complexity. A crystalline solid is indeed a perfectly ordered
system, where one speciﬁc conﬁguration is chosen (high
disequilibrium) and is made up by repetitions of elementary
cells. Each of such cell requires only few bits of information to
be deﬁned (and thus “stores” only a limited amount of
information). However, when looking at condensation
phenomena for organic molecular systems, the smallest units
relevant for electronic and chiral properties could be
considered to be the single molecular units, which are not
only chiral but may also have dissimilar conﬁguration.
Crystallization, like any other spontaneous process, is driven
by information minimization and symmetry maximimization.93
Diﬀerent degrees of freedom in a system (conﬁgurational,
vibrational, electronic/magnetic, or chiral) contribute to the
total (thermodynamical, informational) entropy to diﬀerent
extents49 depending on the state of matter.
It is interesting to consider, at least qualitatively, which
microscopic degrees of freedom may drive the emergence of
complexity in the products of diﬀerent condensation (or
sublimation) phenomena. Conglomerate crystals like D-allo-Ile
may form signiﬁcant enantiomeric excess even starting from
solutions that are approximately racemic, by a process similar
to stirring,23 which might be relevant in shock-wave-driven
chemistry of colliding icy grains.17 In such reactions, it is well
possible that complexity is mainly driven by the conﬁgurational
degrees of freedom, rather than the chirality evolving from a
nearly racemic system. Upon condensation, the average
symmetry of the molecular units in D-allo-Ile increases (the
zwitterionic molecular units are, on average, less chiral with
respect to the gas phase amino acid). This is contrasted by the
conﬁgurational contribution, as the two units are dissimilar,
with the compensating side chains making the electronic
density more uniformly delocalized in the unit cell (thus, with
a lower disequilibrium). Racemates (as LD-Ile) display
preferential crystallization/sublimation of one enantiomer94,95
in the presence of a slight excess of one enantiomer at the
start.24 In L-Ile, the average chirality of the two zwitterionic
molecular units of the condensed phase is increased with
respect to the gas phase molecule. This, together with a high
similarity of the two units, with no dissimilar side chains,
makes the electronic density less uniformly delocalized (higher
disequilibrium in both structural and electronic properties). All
this suggests that the emergence of complexity in the electronic
properties of organic molecules or solid organic matter may be
driven by diﬀerent degrees of freedom, whose relative
importance is determined by the details of the formation
process. Further studies are needed to disentangle the
contribution of diﬀerent degrees of freedom to complexity.
Interestingly, potential formation of 2-methylbutyraldehyde,
a chiral Strecker precursor for the isoleucine serie, has been

Figure 5. H-bond patterns in the optimized structures of (a) L-Ile and
(b) D-allo-Ile. Highlighted are the hydrophobic layer, given by vdW
interactions between side chains, and the hydrophilic layer given by
the charged α-amino and α-carboxylate groups that form H-bonds.

and then the contribution from long-range electrostatic
interactions and the average H-bond strength (i.e., per Hbond) are evaluated (see SI). The results show that the Hbond in D-allo-Ile is slightly stronger than the one in L-Ile, but
only by a very small diﬀerence (0.4 kcal/mol), which cannot be
considered as meaningful given the methods employed. The
estimation should be improved via higher level approaches,
ﬁrst because the H-bond energy actually always includes some
vdW contribution, and second because the DFT-D2 approach
used here, being a pairwise-additive model of vdW interactions,
ignores nonadditive many-body vdW energy contributions
beyond the pairwise approximation.91,92 If a more relevant
weakness of the H-bonds pattern in L-Ile would be conﬁrmed
by more robust approaches than those considered here, such
bonds could be broken more easily in a transient fashion and
would allow the mobility of L-Ile molecules through a possible
solvent medium.
Nevertheless, upon close inspection, a higher distortion of
the pattern in D-allo-Ile can be noted: the lengths of the Hbonds formed by α-amino and α-carboxylate groups in the
hydrophilic layers (1.74 and 1.99 Å) diﬀer more than what
occurrs in L-Ile (1.75 and 1.88 Å); the H-bond between a
molecule and the one above or below in Figure 5 (i.e., within
the same sheet in the hydrophobic layer) is remarkably longer
in D-allo-Ile (2.33 Å) than in L-Ile (1.94 Å); also, the two
bifurcated bonds diﬀer remarkably in D-allo-Ile (2.38 and 1.78
Å), while in L-Ile they have nearly the same length (2.22 and
2.16 Å). Such slightly higher distortion of the H-bond pattern
1961
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reported in recent experiments on the eﬀects of the interaction
of energetic electrons with astrophysically relevant water/
methane ices.96 In the Solar system, Europa, Encedalus, and
Titan are excellent candidates to detect organic matter in
diﬀerent states of matter. These bodies are subjected to cosmic
rays, solar wind, and also electrons and ions from the local
magnetosphere of their giant planet, with electrons penetrating
deeper into the ice and triggering a rich deep-bulk chemistry.
Intense ionizing radiation can produce volatiles from the solids
and solid particulates from gases,97 as relevant for Enceladus’
plume, which might have and organic content as high as
carbonaceous chondrites.98
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In the development of new scoring strategies of the complexity
of biological molecules with respect to some universal features
of life, the electronic properties of the single molecular units
cannot be neglected. This work is the ﬁrst investigation on the
physicochemical properties of the gas and condensed phases of
the amino acids of the isoleucine series, found in Antarctic
meteorites with large enantiomeric excess, and on their link to
complexity, chirality, and the propensity for chemical reactivity.
The results obtained show that the statistical complexity
related to the electronic properties of the amino acids, as well
as the inherent chirality index, could be diﬀerent between the
gaseous phase, as relevant, for example, in planetary/small
bodies atmospheres, and the condensed phase, as relevant for
formation of solid organic matter in cold chemistry processes,
self-assembly, and polymerization in mineral or icy matrices at
planetary/small bodies surfaces. In particular, it is found that
(a) the molecular units frozen in the condensed phases have
higher propensity to chemical reactivity, which suggests a
potential for higher complexiﬁcation of the system; (b) L-Ile,
involved in protein biosynthesis, has higher propensity to
chemical reactivity in both the gas and condensed phase with
respect to D-allo-Ile, which is absent in living systems, gains in
both complexity and chirality upon condensation, and forms a
less distorted H-bond pattern.
The information theory of quantum systems oﬀers a
complementary perspective with respect to complexity notions
only relying on structural/geometrical, topological properties
of the molecules, or on the randomness in their arrangement in
sequences. The higher complexity related to the electronic
properties for the molecular units in the condensed phases
contrasts with the perspective of (lowest) structural/geometrical statistical complexity of a crystalline solid (no or very
little radnomness, in the arrangement of the molecular units,
and high disequilibrium). The analysis presented here suggests
that, while adding Shannon entropic measures related to the
electronic properties to a geometry/topology-based complexity
approach would not be enough to grasp intricate properties for
molecules with the same chemical formula in the same state of
matter, it can characterize changes in the global aspects of the
electronic properties from the gas to a condensed state.
Analysis of the electronic properties for several known and
unknown amino acids is needed in order to deﬁne a new
complexity scale based on both structural/geometrical/
topological properties and on the electronic properties, with
link to the propensity for chemical reactivity and charge
transport.
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