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ABSTRACT

We investigate intramolecular non-covalent interactions (NCIs) in neutral serine, its zwitterion, molecular clusters, and crystal
using electron density-based approaches, including QTAIM, RDG, IQA, and electronic pressure analysis. In addition to completed
NCIs (hydrogen bonds with bond paths), we identify latent interactions—attractive, bond-path-free atomic pair interactions with
negative interaction energies. These are classified into dynamic (vibration-induced and transient) and static (secondary, persis-
tent but structurally passive) types. Analysis of the internal pressure in electronic continuum reveals that latent NCIs exhibit
distinct signatures in the kinetic and exchange components, which evolve across the molecular, cluster, and crystalline states.
Dynamic interactions are characterized by off-axis minima in the exchange part of the pressure, whereas static interactions lack
such features. Upon crystallization, intramolecular latent NCIs may disappear due to electron density redistribution and the
formation of intermolecular hydrogen bonds. These intermolecular contacts may also spatially constrain atoms, suppressing
vibrational flexibility and effectively converting dynamic NCIs into static ones. The kinetic pressure highlights regions of elec-
tron localization, while the exchange pressure offers a physical criterion for distinguishing different types of NCIs. Our findings
demonstrate the structural and stabilizing roles of latent interactions and establish electronic pressure as a sensitive and inform-
ative descriptor for their analysis.

1 | Introduction clusters of simple amino acids, and molecular crystals—are

essential for understanding these phenomena. Unfortunately,

Non-covalent interactions (NCIs), those quiet but powerful
forces, play a crucial role in biomolecular systems [1, 2], con-
tributing to protein folding processes [3-6], substrate—enzyme
“lock-and-key” recognition [7, 8], and drug action mechanisms.
Structural models of living system components—molecules,

experimental studies of such systems are often limited by their
conformational flexibility and low thermal stability. As a result,
reliable structural data exist primarily for the simplest aliphatic
amino acids [9-21]. This is where quantum chemistry steps in—
not as a luxury, but as a necessity.

Abbreviations: ED, electron density; IQA, interacting quantum atoms; NCI, non-covalent interaction; QTAIMC, quantum theory of atoms in molecules and crystals;

RDG, reduced density gradient.
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Serine (NH,-CHCH,0OH-COOH), a nonessential amino acid
(2-amino-3-hydroxypropanoic acid), is a constituent of nearly all
natural proteins and contributes to the formation of active sites in
esterases and peptidases [22]. Like most amino acids, serine exists
in a nonionized form in the gas phase [18, 21, 23-26], featuring
four proton donor and four proton acceptor groups (Figure 1). In
condensed phases (solution or crystal), the molecule adopts a zwit-
terionic form [26, 27]. These structural features, combined with its
biological relevance and chemical simplicity, make serine a partic-
ularly suitable subject for the investigation of both intra- and inter-
molecular NCIs using high-level quantum-chemical approaches.

NClIs are traditionally identified through interatomic distances,
van der Waals radii, and characteristic directionality (linearity)
of contacts [27-29]. However, van der Waals radii are not uni-
versal [30], and while strong hydrogen bonds, such as O-H---O,
often display clear linearity, weaker interactions like C-H:--O
tend to deviate from this pattern [31, 32]. This necessitates the
use of complementary approaches that go beyond purely geo-
metric criteria and involve the analysis of electron density (ED).

Moreover, many observed binding features in polyatomic mole-
cules, clusters, and crystals do not fully align with existing the-
oretical frameworks of chemical bonding [33]. This issue will be
discussed in more detail below. Developing a consistent and uni-
fied description of various types of atomic and molecular inter-
actions remains an open and important challenge in structural
chemistry.

The aim of this work is to investigate intra- and intermolecu-
lar NCIs in neutral serine conformers, its zwitterionic form, a
molecular cluster, and the serine crystal, based on the analysis
of ED obtained from both theoretical calculations and X-ray dif-
fraction data. To achieve this, we employ a combination of com-
plementary methods for identifying and characterizing NCIs, all
relying on the properties of the ED distribution.

2 | Methodology

The ED, p(r), is a scalar function related to the many-electron
wave function, ¥, by the relationship:

FIGURE 1 | Atom numbering and dihedral angles of the neutral
serine molecule: ¢ =(H2-N1-C2-C1); 1 =(N1-C2-C1-01); w=(C2-C1-
O1-H1); y, =(N1-C2-C3-03); y,=(C2-C3-03-H4).
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where e Ziv &(r — r;) the operator of the local ED at point r;, e is
the electron charge. The variables s, denote the spin coordinates
of electrons. Integration over the spin variables in Equation (1)
is equivalent to summation over spin orientations. Due to the
indistinguishability of electrons, summation over electrons in
Equation (1) is replaced by multiplying by the total number of
electrons N. From Equation (1), it follows that the ED represents
the average density of N electrons in their ground state, averaged
over inter-electronic interactions. The ED depends only on the
spatial coordinate r.

A direct approach to analyzing ED is provided by the quantum
topological theory of molecular and crystalline structure, de-
veloped by Bader and collaborators [34]. This theory, known
as the Quantum Topology of Atoms in Molecules and Crystals
(QTAIMC), is based on the topological analysis of the ED dis-
tribution function p(r). The origin of this function can vary: it
may be derived experimentally from coherent X-ray diffraction
or through quantum-chemical calculations.

The gradient of the ED equals zero at critical points (CP):

dp dp Jp
p(r) or ox dy o0z @)

The second derivatives of the ED, calculated at these points, form
a real symmetric 3X 3 Hessian matrix. Its eigenvalues 4,, 4, 4,, are
then sorted in ascending order, and their values are renumbered
accordingly: the principal curvatures of the ED at the CP are de-
noted as A; < 4, < 4;. These eigenvalues determine the rank p and
the signature q of the CP (p, q). The rank p=3 corresponds to the
number of non-zero eigenvalues A;, while g is the algebraic sum
of the signs of the eigenvalues 4 at the CP. In the ED, four nonde-
generate CPs are possible: (3, —3), known as an attractor; (3, —1),
representing a BCP; (3, +1), describing a ring CP; and (3, +3), cor-
responding to a cage CP [34, 35]. Each of these CPs corresponds to
specific structural elements of a molecule or crystal: atomic posi-
tions, bonds between atoms, ring and cage fragments of a structure.

In QTAIMC, the boundaries of atoms in molecules are defined
as closed surfaces enclosing each nucleus. The flux of the gra-
dient vector of the ED through these surfaces is equal to zero at
every point:

Vo) -nr)=0;Vr € S(r) ?3)

n(r) is the unit vector normal to the surface at the point S(r).
Thanks to condition in Equation (3), any interatomic surface is
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formed by gradient trajectories that end at a bond CP located on
this surface.

Interactions between atoms in molecules and crystals are asso-
ciated with bond paths in the ED: bridges of ED, represented by
pairs of gradient lines that start at the same bond CP and end at
nuclei. The presence of bond paths between a pair of atoms (or
a bond CP) in the interatomic space is postulated in QTAIMC
as a necessary and sufficient condition for the existence of a
bonding chemical interaction between these atoms in the equi-
librium state [35-37]. Such interactions are naturally regarded
as structure-forming or completed.

Low values of the ED and its reduced density gradient (RDG)

1 1Vp® ]
2(37:2)5 p(r)s

identify regions between pairs of atoms where a bond path may
occur (a point where RDG =0 exists) [38-40]. Isosurfaces of RDG
encompassing a molecule or the area between two interacting
atoms are always closed. In the latter case, this is caused by the
accumulation of ED in the interatomic space and the local slowing
of the exponential decay of the ED as the distance from the mol-
ecule increases. As proposed [38], the function sign[A,(n)]*o(r) is
also analyzed, where A,(1) is the second-largest eigenvalue of the
Hessian matrix of the ED. The sign of 1,(r) helps identify differ-
ent types of NCIs [35, 37]. The combination of descriptors RDG(r)
and sign[4,()]*e(r), characterizes the curvature of the ED at point
r along one of the orthogonal directions in the interatomic space.
Regions with low values of ED and its RDG are associated with
NCIs. However, the presence of a bond path in these regions is not
mandatory. In this case, one can refer to potentially possible atomic
interactions, which are proposed to be called incomplete [41] or la-
tent (hidden) interactions.

In some cases, even in the absence of bond paths, the distri-
bution of ED may be such that small deviations of nuclei from
equilibrium due to vibrations can lead to the appearance of
“pseudo-bond paths”—bridges of ED analogous to bond paths
in equilibrium systems. Thus, during conformational changes
or under favorable conditions of atomic vibrations in real sys-
tems, a “pulsating” network of atomic contacts may exist, in
which bond paths or pseudo-bond paths can form or break.
Such atomic “contacts” will be referred to as dynamic latent
interactions. NCIs between atoms for which pseudo-bond
paths do not form in structures resulting from atomic vibra-
tions will be classified as static latent (secondary) interactions.
We employ vibrational frequency analysis and the correspond-
ing normal mode analysis to identify NCIs in the serine mole-
cule. This approach is based on the calculation of the Hessian
matrix of ED and its diagonalization, which allows us to de-
termine the normal modes of vibration using the rigid rotor/
harmonic oscillator model [42]. Each normal mode represents
a collective atomic motion describing their mutual displace-
ments within the harmonic approximation [43]. Of particular
interest to us are modes in which coordinated atomic motions
indicate hidden NCIs [44-46]. For example, hydrogen bonds
manifest as low-frequency stretching vibrations of hydrogen
and acceptor atoms, while weak long-range interactions can

induce correlated atomic displacements even in the absence of
an explicit bonding pathway. The analysis of these modes not
only confirms the presence of expected hydrogen bonds but
also reveals additional latent NCIs that are difficult to identify
based on geometric criteria alone.

The nature of NCIs can be further detailed using the Interacting
Quantum Atoms (IQA) method [47-51]. The IQA method is
based on identifying pairwise energy contributions to atomic
interactions by partitioning the complex system—a molecule or
a complex—into atomic basins, which, according to QTAIMC,
are separated by zero-flux surfaces. The conceptual distinction
between IQA and QTAIMC lies in the fact that IQA does not rely
on the concept of bond paths. Instead, it is based on the principle
that all pairs of atoms in a system interact due to the delocaliza-
tion of electronic wave functions. The energetic characteristics
of these interactions are obtained by integrating corresponding
energy operators over pairs of atomic basins.

For each pair of atoms A and B, the contributions to the total en-
ergy may be divided into intra-atomic energy Eiintra, where i=A,
B, and the interatomic interaction energy EAB :

inter’

A _ TA AA AA
EA  =TA+ VA VA

intra

AB _ y/AB AB AB AB
Einter - Vnn + Ven + Vne + Vee A#B
Here, T represents the kinetic energy, VAP the nucleus-nucleus
interaction energy, VAP and VAB the electron-nucleus interaction
energy, and Ve‘:B the electron-electron interaction energy. The
contribution VAP is further divided into electrostatic (V4F), ex-
change (V2B), and correlation components (V45):
VAR = VAR 4+ VAR L V1B,

els
The total electrostatic interaction energy Vé’i‘f is given by

AB _ y/AB AB AB AB
Vels - Vnn + Vne + Ven + VCoul

The total energy of interatomic interaction is defined as the sum
of one-atom and two-atom contributions:

_ A 1 AB
Eim - Eintra + E Z Einter
A A B#A

where

AB _ pAB | pAB | AB
Einter - Eels + EX + EC

The boundaries of atomic basins used for integration to deter-

mine each atomic energy contribution in the IQA method are

defined by the zero-flux condition of the ED gradient, as speci-
fied in QTAIMC [34].

The energetic characteristics of atomic interactions are evaluated
based on the corresponding electrostatic and exchange pair con-
tributions, which depend on the strength and type of interactions.
However, the interaction energies between two atoms cannot serve
as a universal predictor for the existence of a bond path between
them [52]. Furthermore, these energies do not always correlate

3 of 20

85U8017 SUOLULLIOD BAITER.ID 3|1 (dde 8up Aq pauA0b B2 DO NIE YO (88N JO S3IN1 104 ARIQIT BUIIUO AB]IM UO (SUORIPUOO-PUR-SULBYW0D™A8 1M AR 1 pU1UO//SANY) SUORIPUOD PUE SIS L U3 885 *[5202/£0/GT] U0 AR1q178uliuo AB)IM SPUoNqIGSEISRAIUN BINGWeH BISBAIUN SYISILYR L Aq FETOL 92(/200T OT/I0Pp/w0d™A8 1M AReld U1 uo//SAny Wo.y papeojumoq ‘LT ‘SZ0Z *XL86960T



with interatomic distances or the values of ED at bond CPs. This
is not paradoxical: strictly speaking, the ED within two interacting
basins indeed depends on all atoms in a system.

Note that some contradictions are observed in the described
approaches to chemical bonding. For instance, in QTAIMC,
the necessary and sufficient condition for the existence of a
chemical bond between atoms in an equilibrium state is the
presence of bond paths (or BCP). The RDG analysis does
not unambiguously confirm the presence of bond paths (or
BCP) but instead identifies regions where either CP of the ED
(RDG =0) or low values of the ED and its reduced gradient are
observed. In those regions, QTAIMC analysis does not detect
bond paths between atoms; the ED gradient has a minimum
in only two directions. This is due to the interatomic regions
being influenced by overlapping boundaries of ED basins
from neighboring atoms [41].

The characteristics of electron concentration and depletion in
the position space of molecules and crystals can be determined
through the analysis of isotropic internal local pressure within
an inhomogeneous electronic continuum [53]. During the forma-
tion of chemical compounds, the electron cloud is self-organized
in the field of nuclei, creating regions with different electron
concentration. In some areas, electron pressure is locally higher,
while in others it is lower, with the resulting distribution de-
pending on intra- and intermolecular interactions. The pressure
distribution of the inhomogeneous ED in molecules and crys-
tals is described by a symmetric macroscopic stress tensor of the
second rank, 6(r) = p(r) + =(r), which consists of a volumetric
(isotropic) component p(r) and a shear component 7t(r).

Within the framework of density functional theory (DFT) [54],
the stress tensor density, 6(r), consists of an electrostatic com-
ponent 611.}4 (r) and quantum contributions, including the kinetic
6‘; (r) and exchange-correlation G’ij.c(r) parts:

6;(1) = 6}/(r) + G‘;(l‘) +6 (1) (5)
For hydrostatic stress distribution (z(r)=0), it is convenient to
go to the scalar function

p®)= — %Tr 6(r) 6)

which presents a mean isotropic pressure at each point in the elec-
tronic continuum. It defines the virtual work performed during
the compression of a volume element of the electronic continuum
at point r, while preserving the shape of the volume element. The
electrostatic (Maxwellian) part of the stress [55] has no characteris-
tic features and may be added to the external (nuclei) electric field.
In DFT, the quantum part of the internal pressure of an inhomo-
geneous electron continuum can be now calculated [56] as follows:

p@) =p°) + p*(r) (7

Here

Span _ 2 1
p(x) = 3ts(r) 4V p(r) 8)

is the quantum kinetic part of the internal electronic pressure,
t,(r) is the kinetic energy density of noninteracting electrons. It
can be expressed in orbital or an orbital-free approximations
[57] The part of pressure of an inhomogeneous electronic con-
tinuum, associated with exchange-correlation effects, is given
by [53]:

NCrn _ s 9ex(p)
PIr] = p)ve (1) — e (1) + 2 ——

©
It depends on the exchange-correlation volumetric energy
density of electrons, e,.(p): E,[p] = / e,.(p)dr. The symbol s
refers to the dimensionless RDG, which is a standard quan-
tity used in the Generalized Gradient Approximation (GGA)
s(r) = |V p(r)| / 2k;(x)p(r). It measures how quickly the ED p(r)
changes in space (the inhomogelneity of the ED). The local Fermi

wavevector is kq(r) = (372p(r)) >.

The quantum internal pressure of an inhomogeneous electron
gas is thus associated with the kinetic part pS(r), the exchange
part pX(r), and the correlation part p€(r), and it can be calcu-
lated [56] nonempirically as follows:

p@) =p3@) +p* (@) +pC(®) (10)

We calculated the distribution of the isotropic internal pressure
in the inhomogeneous electronic continuum (Equation 10).
The kinetic energy density of noninteracting electrons, t5(r),
was approximated using the Kirzhnits expansion [58], which
depends only on the ED p(r), its gradient, and its Laplacian.
These quantities are well-defined and can be derived from both
theoretical wave functions and experimental X-ray electron
densities.

The exchange component of the pressure, p*(r), was evaluated
within the GGA using a standard exchange functional. The
correlation part, pS(r), was neglected as in previous works [56],
under the assumption of its minor contribution. This methodol-
ogy provides additional physical justification for the classifica-
tion of the studied NCIs.

3 | Computational Details

Geometry optimization and wavefunction calculations for the
conformers of the neutral molecule and zwitterion were per-
formed using the Kohn-Sham method at the B3LYP/6-311++G**
level of theory [59-61] with the Gaussian 09 program. This com-
putational level provides an accurate description of conformer
geometries and relative energies [62]. Wavefunctions for zwitte-
rionic conformers were calculated with implicit solvation effects
modeled using the SMD method [63, 64].

Experimental ED data were derived from precision X-ray dif-
fraction measurements at 20K for the molecular crystal of DL-
serine and were represented using parameters of the multipole
model [65]. The structure was refined in space group P2,/a with
excellent data quality, including R(F) ~1.5%-2.6% and residual
ED below +0.2e/A3. The geometry of the molecular cluster of
seven serine molecules was taken from the crystal structure of
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FIGURE 2 | QTAIMC analysis of neutral and zwitterionic serine conformers. Conformers within 10kJ/mol of the lowest-energy structure are

shown (AE, , in kJ/mol is given in parentheses below each structure). Bond and ring CPs are shown as black dots and triangles, respectively.

DL-serine. The cluster geometry was optimized using the Kohn-
Sham method at the B3LYP/6-3114++G(d,p) level. The absence
of imaginary IR vibrational frequencies in the optimized struc-
tures of both the single molecule and the cluster was checked
using the rigid rotor harmonic oscillator model [66]. The result-
ing multi-electron wavefunctions were used to calculate theo-
retical ED and its characteristics.

The identification, classification, and quantitative description
of NCIs were performed using QTAIMC theory [34], RDG
analysis [38-40], and the IQA method. Calculations were car-
ried out with the AIM2000 [67], Multiwfn [68], and AIMAII
[69] programs.

The distribution of kinetic and exchange components of the
quantum internal pressure in the inhomogeneous electronic
continuum for the zwitterion and cluster was calculated from
wavefunctions using Multiwfn. For the crystal, kinetic, ex-
change, electrostatic components, and total pressure were
computed from experimental ED data using the WinXPRO pro-
gram [70].

4 | Computational Results
4.1 | Neutral and Zwitterionic Serine Molecules
4.1.1 | Conformation Analysis

The neutral serine molecule has five internal axes, rotation
around which leads to the formation of various conformations
(Figure 1). Analysis of the potential energy surface for the non-
ionized serine molecule, calculated as a function of the con-
formational state of the main chain, revealed six local minima
(Figure S1). For each minimum, conformers with different con-
formational states of the side chain were identified, resulting
in a total of 63 conformers (designated as N). The most stable
conformers, with relative energies not exceeding 10kJ/mol,
are shown in Figure 2. Torsion angles and relative energies of
these conformers determined through full geometry optimiza-
tion (B3LYP/6-311++G**), are provided in Table S1. The indi-
viduality of the found conformers/tautomers was confirmed by
comparing geometries by distances between each atom and the
centroid point [71, 72].
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The geometric parameters of found conformers closely match
those reported by other authors [73-76]. The four most ener-
getically stable conformers in Figure 2—N1, N2, N3, and N4—
retain their positions in the stability hierarchy, with minor
variations depending on the basis sets and computational meth-
ods used. These conformers have been observed experimentally
[75-78]. Conformers with relative energies exceeding 5kJ/mol
are present in negligible amounts [79], making their identifica-
tion in experimental IR spectra challenging or even unfeasible.
A comparison of the structures of the most stable conformations
of serine and its derivative HCO-NH-CHCH,0H-CONH,, with
a longer main chain [80], demonstrated that the conformational
properties of the amino acid align well with its structural or-
ganization as residues in peptides. However, the details of con-
formational stability in each system are naturally determined
by the types of interactions, which differ between peptides and
the acid.

Based on the calculated wavefunctions for the nine most sta-
ble conformers of neutral serine (N1-N9) with relative ener-
gies not exceeding 10kJ/mol, the identification, classification,
and quantitative description of intramolecular NCIs were per-
formed within the QTAIMC framework. Relative energies, geo-
metric parameters, and quantum-topological characteristics
of the bond CPs associated with the identified interactions are
provided in Table S2. All intramolecular interactions in serine
conformers can be categorized into the following groups based
on the types of interacting molecular fragments: amino group of
the main chain—carboxy group of the main chain, amino group
of the main chain—hydroxyl group of the side chain, and car-
boxy group of the main chain—side chain.

Stable conformers of zwitterionic serine were obtained by op-
timizing the geometries of structures derived from previously
identified neutral molecule conformers (63 structures). This
was achieved by artificially transferring a hydrogen atom from
the COOH group to the lone pair region of the NH, group, with
implicit solvation in water modeled using the SMD (water)
method. After geometry optimization and vibrational frequency
analysis, 13 unique zwitterionic conformers (designated as Z)
were identified (Figure 2). Previously, conformational searches
using MMFF and SYBYL force-field methods for the L-serine
zwitterion identified only 9 conformers, which retained their
individuality after optimization with B3LYP/6-31+G(d,p), M06-
2X/6-31+G(d,p), and MP2/6-31+G(d,p) levels of theory, em-
ploying implicit solvation via the IEF-PCM model [81]. Torsion
angles and relative energies (AE <10kJ/mol) for the zwitterionic
serine conformers, obtained through full geometry optimization
at the B3LYP/6-311+4G** level, are presented in the Supporting
Information. The structures and stability ranking of the five
most stable zwitterionic conformers agree with results from [82],
based on optimization at the B3LYP/6-31+G(d,p) level of theory.
Experimental data (IR, Raman, FarIR) indicate the presence of
the three most stable zwitterionic conformers in aqueous ser-
ine solutions at pH = 5.82 [82]. The geometries of the most stable
conformers identified in this study are also consistent with re-
sults from [83], whose calculations at the B3LYP/6-311++G(d,p)
level and experimental vibrational absorption (VA) and vibra-
tional circular dichroism (VCD) spectroscopy confirmed the
presence of the three most stable conformers in neutral aqueous
solutions.

4.1.2 | QTAIMC Analysis

QTAIMC analysis was performed for both neutral and zwitter-
ionic conformers of serine to investigate the nature of covalent
and NCIs. For the neutral forms, the analysis revealed the bond
paths and BCPs corresponding to covalent bonds and structure-
stabilizing NCIs, primarily hydrogen bonds. Traditionally, a
hydrogen bond is described as a three-atom interaction with
hydrogen at the center, following the D—H---A (donor-hydro-
gen---acceptor) notation. This convention is adopted in the pres-
ent work to describe interactions that are accompanied by the
formation of a bond path, as defined by QTAIMC. The most no-
table hydrogen bonding motifs include O1-H1---N1 (observed in
conformers N1, N3, N5, and N7), O3-H4---N1 (N2, N4, and N8),
and 03-H4:--02 (N3, N6, and N9). These interactions contrib-
ute to the overall stabilization of the neutral serine conformers
(Figure 2).

In contrast to the neutral molecule, where each conformer ex-
hibits at least one hydrogen bond, such interactions are much
less common in the zwitterionic form. QTAIMC analysis of
the eight most stable zwitterionic conformers of serine (Z1-Z8,
AE, ,<10kJ/mol) revealed that hydrogen bonding in this form is
primarily limited to N-H---O and O-H---O interactions. Notable
examples include N1-H1---O1 (Z1), N1-H1---0O2 (Z3), N1-H3---02
(Z8), and O3-H4---01 (Z3). The relative energies, quantum topo-
logical characteristics of CPs, and geometric parameters of these
intramolecular interactions are summarized in Table S4. One
might expect that the oppositely charged atomic groups within
the main chain of the zwitterion would consistently attract each
other and thus form stabilizing hydrogen bonds. However, this
is rarely observed, which could be attributed to the use of the
SMD (water) solvation model in the calculations.

Interestingly, the orientation of the side chain in conformer N1
closely resembles that in Z1, even though this arrangement is
not enforced by hydrogen bonding. Nevertheless, it turns out to
be energetically favorable, which is rather surprising. In both N3
and Z3, the side chain adopts the same orientation, stabilized by
an identical hydrogen bond. As chemists, we would intuitively
expect N3 and Z3 to be the most stable conformers by a signif-
icant margin, given that they each exhibit two intramolecular
hydrogen bonds instead of one. Yet, this is not the case. We will
attempt to address the reasons for this unexpected result in the
following section.

4.1.3 | RDG Analysis

The RDG analysis was performed for both neutral and zwitteri-
onic serine conformers to identify and characterize intramolec-
ular interatomic regions with low ED values and RDG minima,
which are indicative of potential NCIs.

For neutral serine, such regions were observed between atoms
separated by distances characteristic of NCIs (Figure 3). When a
bond path exists within these regions, the RDG—sign[4,(r)]o(r)
diagram exhibits a spike that touches the x-axis, indicating a
zero ED gradient at the BCP and confirming a completed NCI.
In contrast, when no bond path is present, RDG peaks are less
pronounced (see Figure S2), suggesting the presence of latent
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FIGURE 3 | RDG isosurfaces plotted at 0.6a.u. for selected neutral and zwitterionic serine conformers. Only conformers within 10kJ/mol of

the lowest energy structure are shown. The relative electronic energy difference (AE,

intramolecular NCIs. In such cases, ED basin boundaries of
neighboring atoms touch and penetrate the interatomic region,
but the gradient minimum occurs in only two directions, pre-
venting the formation of bond paths and BCPs [41].

The identified latent interactions in neutral serine conformers
include H2---O1 (N8), H2---02 (N2, N4), H2---O3 (N6), H3---03
(N1, N5, N7), and H7---O1 (N4). Additionally, interatomic NCIs
with distances exceeding the sum of van der Waals radii (2.600 A
for H---O and 2.650 A for H---N) [30] were found: H6---01 (N2),
H6---02 (N5), H7--02 (N1), H3---:01 (N6, N9), and H4---O2 (N1).
RDG analysis (Figures 3, and S2) further supports the classifica-
tion of these NCIs as latent interactions.

For zwitterionic serine, RDG analysis (Figures 3 and S3) and
interatomic distance measurements revealed a similar pattern
of latent intramolecular NCIs. These include N1-H1---O2 (Z5,
Z6), N1-H3.--02 (22, Z4, Z7), N1-H2--03 (22, Z4, Z7), and N1-
H3---03 (71, Z5) (Figure 2). Additionally, interactions involving
atom pairs with distances exceeding the van der Waals radii
sum for H and O atoms were identified: N1-H1---O2 (22, Z4, Z7,

o iN kJ/mol) is indicated in parentheses below each structure.

Z8), N1-H2---03 (Z8), N1-H3--01 (Z1), N1-H3---02 (Z3, Z5, Z6),
N1-H3---03 (Z6), 03-H4---02 (Z1), C3-H6---01 (Z2, Z4, Z7), C3-
H7---01 (Z5, Z6, Z8), and C3-H7---02 (Z1).

These findings help to understand the notable similarity between
conformers N1 and Z1: both exhibit an almost identical pattern
of latent interactions between the side chain and the backbone.
This raises a fundamental question: could the presence of three
weak, latent interactions provide an energetic stabilization com-
parable to (or even exceeding) that of an additional well-defined
hydrogen bond, as observed in conformers N3 and Z3?

To explore the nature of latent interactions and their role in mo-
lecular structuring, we analyzed the low-frequency vibrational
modes of the studied neutral and zwitterionic serine conformers.

For neutral serine, atoms involved in both completed and incom-
plete latent NCIs exhibited significant vibrational amplitudes
(Figure 4). It is reasonable to assume that atomic displacements
during vibrations could lead to the formation and rupture of
interatomic ED bridges (“pseudo-bond paths”), which locally
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FIGURE4 | (a)Selected harmonic low-frequency normal modes of conformer N1 of the neutral serine and Z1 of zwitterion. Arrows indicate the

directions of atomic displacements, with the arrow length proportional to the displacement amplitude: v—harmonic vibration frequency (cm™),

I,p,—infrared intensity (km/mol). (b) Nonequilibrium structures. Atomic displacements from the start to the end of the vector are marked as (1),

while displacements in the opposite direction are marked as (-1). For v=60cm™! (-1), see more Figure S10.

reduce the potential energy of electrons. To test this hypothe-
sis, we examined interatomic distances and ED distribution in
nonequilibrium structures for the H3---03, H4---O2, and H7---O2
atom pairs in the most stable conformer N1, as they were previ-
ously classified as latent interactions.

The H3---O3 bridge appears in nonequilibrium structures
(Figure 4) at vibrational frequencies of 58cm™' (forward),
218cm™! (forward), and 101cm™! (backward), depending on
the direction of atomic displacement. This vibrational behavior
supports the classification of H3..03 as a dynamic latent inter-
action; we denote it as (..) to reflect the consistent formation of a
pseudo-bond path during atomic displacements.

In contrast, for H4---O2, an ED bridge appeared at only one vi-
brational frequency (58cm™!, forward) when atoms moved to-
ward each other, suggesting that H4--O2 is a static latent (less
dynamic) interaction, unlikely to participate in a “pulsating”
network of atomic contacts. Accordingly, we denote it with two
dots below (-). Similarly, the H7--O2 bridge emerged at 292cm™
(forward) when atoms moved toward each other.

Interestingly, the bond path of the completed H1---N1 interac-
tion remained almost intact at all examined frequencies (58,
101, 218, 292, 344, and 367 cm™!), except for two cases at 292
and 367cm™!, where it temporarily vanished in nonequilib-
rium structures.

A similar vibrational analysis was conducted for all latent interac-
tions identified using RDG (Table S3). The following interactions
exhibited clear pseudo-bond path formation and can be classified
as dynamic latent interactions: H7..01 (N4), H2..02 (N4), H3..03
(N5), H2.".03 (N6), H3..03 (N7), H2..01 (N8). In contrast, the in-
teractions H2--02 (N2), H6--01 (N2), H6--02 (N5), H3--O1 (N6),
H3--01 (N9) did not exhibit stable pseudo-bond formation and
can therefore be classified as static latent interactions.

As in the neutral molecule, atomic displacements along vi-
brational modes in zwitterionic serine led to the formation of
pseudo-bond paths for several latent interactions. In the most
stable conformer Z1 (Table S5, Figure 4b), the dynamic H3..03
interaction exhibited bridges at 60, 81, and 297cm™~! (forward),
and at 195cm™! (backward), depending on the direction of
atomic movement. For the more static H7--O2 and H4--O2 in-
teractions, bridges appeared at 279cm~! and 60cm™! (forward),
respectively, under similar conditions.

At frequencies 195 and 279cm™!, the completed N1-H1---O1
bond path disappeared, similar to what was observed in neu-
tral serine. Notably, at 60cm~, a new N1.--O1 pseudo-bond path
emerged, replacing the original bond path of H1---O1. This be-
havior was also observed in Z4 at 198.6cm™ and in Z7 at 323
and 407cm™!. For most completed NCIs, such as N1-H1---O1
(E. ,=—413.5kJ/mol), the bond path was preserved at all vibra-

int ™
tional frequencies except 334cm™.
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A systematic vibrational analysis of all latent interactions in
zwitterionic serine identified several cases where pseudo-bond
path formation was consistently observed. The interactions
H2..03 (22, Z4, Z7), H3..02 (Z2, Z4, Z7), H1..02 (Z5, Z6), and
H3..03 (Z5) were classified as dynamic latent interactions, as
they showed clear pseudo-bond path formation in nonequilib-
rium structures. Meanwhile, interactions such as H1--02 (Z2,
Z4), H6--01 (Z2, Z4, Z7), H3--02 (Z3, Z5, Z6), H7--02 (Z5, Z6,
7Z8), H3:-03 (Z6), H1--02 (Z7, Z8), and H2--03 (Z8) were classi-
fied as static latent interactions, as no consistent pseudo-bond
formation was observed during vibrational analysis.

In summary, vibrational analysis supports the classification of
certain latent interactions as dynamic, meaning they contribute
to a “pulsating” network of atomic contacts in which pseudo-
bond paths can dynamically form or break. These dynamic in-
teractions significantly influence the structural organization of
serine, particularly in its zwitterionic form, where the interplay
of electrostatic and vibrational effects creates a unique environ-
ment for NCIs.

4.1.4 | IQA Analysis

To further investigate the nature of completed and latent NCIs
identified via RDG, the IQA method was used to calculate the
pairwise interatomic interaction energies (E. ) in both neutral
and zwitterionic serine conformers.

int

In the neutral serine conformers, the E,  values for all identi-
fied interatomic NCIs were negative, indicating that these in-
teractions contribute to system stabilization [84] (Figure 5a).
However, not all NCIs correspond to bond paths, meaning they
do not necessarily have a structure-forming function. For com-
pleted (structure-forming) NCIs, such as O1-H1---N1 (N1, N3,
N5, and N7), 03-H4---N1 (N2, N4, and N8), and 03-H4---02 (N3,
N6, and N9), the E.  values were significantly more negative

int

compared to other atom pairs (Tables S2 and S3).

Although no direct correlation between interaction energy

(E,,) and interatomic distances was identified (since in addi-

tion to the distance there is also the influence of the surround-

ing atoms on the resulting E, ), it can be observed that shorter
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FIGURE 5 | Interaction energy E.

int
Zwitterionic conformers.

distances often correspond to more favorable (i.e., more nega-
tive) interaction energies. However, this trend is not always easy
to observe or clearly confirm. This distance dependence can
be seen for both completed and latent interactions, including
H2---01(2), H3--01(03), H2:--03, and H4---O2. Notably, in the
case of C-H---O interactions, E, , values were more negative for
atom pairs involving the carbonyl oxygen O2 (H:--O2 distances:
2.619-2.789 A) compared to those involving the hydroxyl oxygen

01 (H---01 distances: 2.537-2.751 A) (Table S3).

Electrostatic interactions contribute significantly to the binding
energy of all NCIs. However, no strict correlation was observed
between the electrostatic contribution and the nature of the in-
teraction (completed vs. latent). Transitioning from O-H---N and
O-H---O hydrogen bonds (completed) to N-H---O interactions
(latent) led to a slight increase in the electrostatic contribution
(~92.1% — ~95.2%). In contrast, for C-H:--O interactions (latent),
the electrostatic contribution decreased to ~70.6% (Tables S2
and S3).

To further distinguish between interacting and noninteracting
atoms, we analyzed changes in intra-atomic energies (AEj,.,),
which reflect the internal response of an atom to its environ-
ment and can be linked to charge redistribution effects. For
instance, in conformer N1, the H3..03 pair was classified as a
dynamic latent interaction: E;,; <0, with a slight destabilization
of H3 (AE;,,,(H3)=+1.6kJ/mol) and significant stabilization of
03 (AE;;,;2(03) =—17.7kJ/mol). According to the established in-
terpretation (e.g., Ayers, Bultinck, Martin Pendéas), such trends
are indicative of partial charge transfer: in this case, O3 gains
ED and becomes more stabilized, while H3 loses ED and is
destabilized.

In conformer N3, this interaction vanishes due to side-chain ro-
tation, and the corresponding E;,,,, values change accordingly.
A similar analysis of the H4--O2 and H7--O2 pairs supports their
classification as latent interactions: they persist across conform-
ers, despite relatively weak stabilization effects (Table S3), again
suggesting subtle but consistent ED redistribution rather than
strong bonding.

For zwitterionic serine conformers, the IQA analysis showed
a similar stabilization trend, but with a greater contribution

0
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(in kJ/mol) versus distance R (in A) for NCIs in studied serine conformers: (a) Neutral conformers and (b)
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from charge-assisted hydrogen bonding (Figure 5b). The in-
teraction energies for completed (structure-forming) hydro-
gen bonds H1---O1, H1---:O2, H3---02, and H4---O1 are highly
negative, with values ranging from —408.9 to —556.3kJ/mol
(Table S5).

The electrostatic contribution remained dominant across all
interaction types. However, as in neutral conformers, no direct
correlation was observed between electrostatic energy and in-
teraction type. The exchange energy contributions (VA®) varied:
6.5%-8.6% for completed N-H:--O and O-H---O hydrogen bonds,
0.4%-4.9% for latent N-H---O and O-H---O interactions, 18.0%—
22.5% for latent C-H---O interactions.

A key consideration for the zwitterionic form was the symmetry of
the NH,* group during its rotation and subsequent optimization,
as it affects the numbering of hydrogen atoms. In conformer Z3,
the H2 and H3 atoms in NH,* were equivalent due to threefold
rotational symmetry. A noninteracting reference hydrogen atom
H2 in Z3 was selected for comparison across conformers.

Atomicenergy analysis further confirmed that NCIsuchasH3..03,
H4--02, and H7--O2 in conformer Z1 could be classified as latent
interactions. For instance, the H4--O2 pair resulted in slight stabi-
lization of H4 (AEM =—-34.9kJ/mol) and 02 (AE2? =—20.1kJ/
mol) compared to Z4, where this interaction disappeared due to
side-chain rotation. In contrast, the H7---O2 pair in Z1 exhibited
H7 destabilization (AEiIr{era = +7.0kJ/mol) and O2 stabilization
(AEi?lfra = —20.1kJ/mol) compared to the noninteracting reference
state in Z4. These variations in intra-atomic energies are consis-
tent with localized charge redistribution effects, suggesting partial

charge transfer between the interacting atoms.

A full atomic energy analysis was conducted for all zwitterionic
conformers (Table S5), confirming the classification of the follow-
ing latent interactions: H1---O2 (22, Z4, 75, Z6, 77, Z8), H7---02
(Z1), H7--01 (Z6), H6--01 (Z2), H7--O1 (Z5, Z8), where the H
atom is stabilized and the O atom destabilized; and H7---O1 (Z6),
H6---O1 (Z7), where both the H and O atoms are destabilized.
While E;,, values show a clear trend, being most negative for
completed interactions and less negative for latent ones, this
trend is primarily governed by the Coulombic component (E_)),
which contributes over 90% of the total interaction energy.
However, we acknowledge that E | is dominated by monopolar
terms at long distances and may not reliably indicate bonding.
Therefore, we no longer interpret the presence of non-covalent
bonds based solely on E . Notably, in the neutral form of ser-
ine, the exchange component (V*B) becomes positive for latent
interactions, unlike in the zwitterionic form, where it remains
negative but decreases in magnitude from completed to latent
NClIs. (Figure S22).

4.1.5 | Local Pressure Analysis

The kinetic and exchange components of internal electronic
pressure provide valuable insights into the nature of cova-
lent and NCIs in serine conformers. These functions for the
N1 conformer of neutral serine are illustrated in Figure 6.
The electronic continuum in the kinetic component maps is

compressed along the covalent N1-H3, C3-H7, O3-H4, and O1-
H1 bonds, forming local bridges corresponding to the electron
concentrations of bonding electron pairs. These bridges are
separated by saddle points in the kinetic pressure function
p3(r), which are shifted along bond paths toward the more elec-
tronegative atom, away from the BCPs of the ED (Figure 6a).
Maxima in pS(r), corresponding to the nonbonding (lone) elec-
tron pairs of the N1, 03, 02, and O1 atoms, are also observed.
Their spatial arrangement follows the tetrahedral geometry of
N1, 03, and 02, characteristic of single bonds, and the planar
geometry of O1, typical of a carbonyl group. The kinetic con-
tribution of electrons to pressure significantly influences the
localization of electron pairs near these atoms (Figure 6a). The
distribution of the exchange component pX(r) follows a similar
pattern, being associated with saddle points of the ED along
covalent bond paths and lone electron pairs, corresponding to
minima in pX(r).

For the completed H1---N1 interaction in the N1 conformer, a
region of negative pS(r) values appears between the atoms, while
a local minimum in p*(r) coincides with the BCP (Figure 6). A
similar distribution of p5(r) is observed between atoms H3/03
and H7/02, which were classified as dynamic latent interac-
tions. However, for these interactions, the local minima in p*(r)
are positioned closer to the molecular backbone and shifted
away from the interatomic line (Figure 6b). In contrast, for the
H4---0O2 air, which was classified as a static latent interaction,
the kinetic component pS(r) exhibits significantly less negative
values. Additionally, in the exchange pressure distribution, ei-
ther a local minimum is absent, or it becomes significantly shal-
lower (less negative than —0.001a.u.). This suggests that the
exchange component of internal electronic pressure provides a
detailed characterization of NCIs, particularly in cases involv-
ing electron delocalization.

In all studied conformers, the kinetic contribution of electrons
to the internal pressure confirmed the three-dimensional or-
ganization of bonding and lone electron pairs. Meanwhile, the
exchange component plays a dominant role in determining elec-
tron distribution in interatomic regions. All completed NCIs, in-
cluding O1-H1---N1 (N1, N3, N5, N7), 03-H4---N1 (N2, N4, N8),
and 03-H4---02 (N3, N6, N9), are characterized by negative p5(r)
values in interatomic space and the presence of local minima in
pX(x), coinciding with BCPs (Figure S7).

Dynamic latent interactions, such as N1-H2..02 (N4), N1-H3..03
(N1, N5, N7), and N1-H2..03 (N6), exhibit a similar pressure
distribution to conformer N1, with negative pS(r) values in the
interatomic space and local minima in pX(r) located away from
the internuclear line (Figure S8). However, for static latent in-
teractions such as N1-H3--O1 (N9) and C3-H6--O1 (N2), this
structural feature is either absent or the corresponding minima
become significantly less pronounced (below 0.001 a.u.).

For fragments where H...O pair were classified as forming la-
tent interactions, the kinetic component pS(r) in the interatomic
space remains negative. However, in interactions such as N1-
H2--02 (N2), N1-H2..01 (N8), and C3-H7..01 (N4), the pX(r)
function exhibits unfinished minima, which become shallower
and shift deeper into pseudo-cycles as the H...O interatomic
distance increases (2.460, 2.410, and 2.530A, respectively). In
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FIGURE 6 | Distribution of the kinetic (a) and exchange (b) components of internal electronic pressure in the N1 conformer of the neutral serine
molecule and Z1 conformer of serine zwitterion; cross-sectional planes are taken through the specified atoms. Dashed lines represent values ranging
from —0.034 to —0.010a.u. with increments of 0.002a.u.; from —0.010 to Oa.u. with increments of 0.001 a.u. Solid lines represent values ranging from
—0.400 to —0.050a.u. with increments of 0.025 a.u.; from 0 to 0.1 a.u. with increments of 0.002a.u.; from 0.1 to 1.0a.u. with increments of 0.1a.u.; and

from 1.0 to 3.0a.u. with increments of 0.2a.u.

contrast, for interactions N1-H3:-O1 (N6), O3-H4--02 (N1), and
C3-H6--02 (N5), such structural features are either absent or sig-
nificantly less pronounced (Figure S9).

Thus, the exchange component of electronic pressure for all la-
tent interactions exhibits local minima in pX(r), which are most
pronounced in dynamic latent interactions. In contrast, for static
latent interactions, minima of the exchange pressure function
are not observed in all studied conformers. Even when present,

they remain incomplete and shift deeper into pseudo-cycles as
the interatomic H...O distance increases.

The analysis of internal electronic pressure, particularly the dis-
tribution patterns of the kinetic pS(r) and exchange p*(r) con-
tributions, provides further insights into the nature of NCIs. In
neutral serine, dynamic latent interactions were characterized
by the formation of interatomic regions with negative pS(r) and
pX(r) values, accompanied by local minima in pX(r). In contrast,
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static latent interactions lacked these features, likely due to
increased exchange pressure values in the interatomic region
(Figure S13).

For the Z1 conformer, these functions are shown in Figure 6.
The electronic continuum is compressed along the covalent
N1-H1, N1-H3, C3-H7, and O3-H4 bonds, forming local bridges
corresponding to bonding electron pairs. These bridges are
separated from BCPs along bond paths by saddle points in the
kinetic pressure function pS(r) (Figure 6). Maxima in pS(r) are
also observed, corresponding to the lone electron pairs of O3,
02, and O1, with spatial arrangements consistent with the tetra-
hedral geometry of hydroxyl oxygen O3 and the planar geometry
of the carbonyl oxygens O1 and O2.

The completed H1---O1 interaction and the dynamic latent
H3..03 interaction in Z1 are accompanied by the forma-
tion of regions with negative pS(r) values and local minima
in pX(r) (Figure 6). For H1---O1, the local minima are more
pronounced and coincide with the BCP, whereas for H3..03,
they are shifted away from the internuclear line (Figure 6b).
In contrast, for the H4--O2 and H7--O2 pairs, classified as
static latent interactions, the kinetic component pS(r) is sig-
nificantly less negative, and in the exchange pressure distri-
bution, the local minimum is either absent or significantly less
pronounced.

In all studied conformers, the kinetic contribution of electrons
to pressure confirmed the organization of bonding and lone
electron pairs. The exchange component appears primarily
responsible for electron distribution in interatomic space. All
completed NCIs N1-H1---O1 (Z1), N1-H1---O2 (Z3), N1-H3---02
(Z8), and 03-H4---O1 (Z3) exhibit negative p5(r) values and local
minima in p*(r) at BCPs (Figure S11).

Dynamic latent interactions, such as N1-H1..02 (Z5), N1-
H2..03 (Z2, Z4, Z7), N1-H3..02 (Z2, Z4, Z7), and N1-H3..03
(Z1), exhibit similar patterns with interatomic distances of
2.265t03.024 A, except for N1-H2.".03 (Z7) (R(H--Y) =2.923 A)
(Figure S12). In contrast, for static latent interactions, such
as 03-H4--02 (Z1), N1-H1--02 (Z2, Z4, Z7, Z8), N1-H2.-03
(Z8), N1-H3--02 (Z5, Z6), N1-H3--01 (Z1), C3-H6--01 (Z4, Z7),
and C3-H7--O1 (Z5, Z6, Z8), structural features of exchange
pressure are either absent or significantly less pronounced
(Figure S14). These findings confirm that dynamic latent in-
teractions exhibit stronger pX(r) minima, shorter interatomic
distances, and larger D-H...A angles, whereas static latent in-
teractions lack these characteristics.

4.2 | Comparison of Zwitterionic Serine With
Molecular Cluster and Crystal

The comparison of the conformational state of the individual
zwitterion Z6, the central zwitterion in a cluster of 7 molecules
extracted from the crystal structure, and the zwitterion in the
DL-serine crystal revealed that their geometric parameters are
similar (Table 1). Therefore, these systems were selected to trace
the influence of the environmental effect as the individual zwit-
terion of serine transitions to the cluster and subsequently to the
crystal.

TABLE1 | Torsional anglesofthe Z6 conformer, the central molecule
in the 7-molecule 7Z6 cluster, the DL-serine molecule in the crystal at
20K (experimental), and the periodic crystal structure (calculated).

Object P* P? Xt X"

76 -171.4 177.4 69.4 -90.0
726° -178.3 -178.4 69.2 —81.8
Cryst. exp. -172.7 -178.8 68.7 -91.5
Cryst. calc. -171.1 178.9 65.4 —88.0

*Torsional angles: ¢ = (H2-N1-C2-C1); 3 = (N1-C2-C1-0O1); y; =(N1-C2-C3-03);
X,=(C2-C3-03-H4).

"Tn the case of the 7Z6 cluster, the values are shown only for the central
molecule.

QTAIMC analysis of the individual zwitterion conformer Z6,
the zwitterion in a molecular cluster, and in a crystal has re-
vealed the bond path network associated with covalent bonds
within and between the molecules (Figure 7). Analysis of RDG
in these systems revealed regions with low ED and small RDG
values between the atomic pairs H1..02, H3--O2, H3--03, and
O1--H7 within the molecule in conformer Z6 and the cluster
(Figure 7a,b). These regions do not correspond to bond paths in
the QTAIMC framework. For the serine molecule in the crystal,
analysis of the experimental ED distribution and its reduced gra-
dient indicates that such regions are identified within the mol-
ecule between the atomic pairs H1---O2, H3---O2, and H7---O1
(Figure 7c). Just like in the isolated molecule and the 7Z6 clus-
ter, the same pattern of noncovalent interactions is observed in
the theoretically optimized crystal. (Figures 7d and S4) In the
RDG region between H3 and O3, intermolecular interaction
slightly contributes as well, even adding a bit more volume to
the isosurface.

Thus, in the studied systems, the latent NCIs N1-H1..02, N1-
H3:-02, and C3-H7--0O1 interactions are consistently identified,
while the appearance or disappearance of the N1-H3:-O3 in-
teraction is associated with the redistribution of ED upon the
transition of the molecule into the crystal and the formation of
intermolecular crystal-stabilizing hydrogen bonds.

The depth of the sharp RDG peaks (“spikes”) (in Figure 7a-c)
decreases with the reduction of sign(4,)p. In this case, the ED
decreases in the interatomic space as the distances between
atoms increase in the sequence H1..02, H3:-02, H3--03, and
H7--01 (e.g., for the individual zwitterion Z6, these distances
are 2.453, 2.669, 2.721, and 2.726 A, respectively, as shown in
Figure 7a), indicating a weakening of these latent NCIs. The
weakening of these uncompleted NCIs in the series N1-H1..02,
N1-H3--02, N1-H3--03, and C3-H7--O1 in the Z6 zwitterion
is also evidenced by the decrease in the pairwise interatomic
interaction energies (E, ), which are —351.1, —317.3, —274.9,
and —51.8kJ/mol, respectively. The primary contribution to
these values comes from the classical electrostatic interac-
tion energy. The exchange energy contribution for N1-H1..02,
N1-H3--02, and N1-H3:-O3 interactions ranges from 1.1% to
2.5% and increases for C3-H7--O1 to 18.7% (Table 2). The fact
that the RDG diagram for the Z6 conformer shows only three
spikes (despite four possible interactions identified through
3D RDG analysis) is likely due to the overlap of two spikes

12 of 20

Journal of Computational Chemistry, 2025

85U8017 SUOLULLIOD BAITER.ID 3|1 (dde 8up Aq pauA0b B2 DO NIE YO (88N JO S3IN1 104 ARIQIT BUIIUO AB]IM UO (SUORIPUOO-PUR-SULBYW0D™A8 1M AR 1 pU1UO//SANY) SUORIPUOD PUE SIS L U3 885 *[5202/£0/GT] U0 AR1q178uliuo AB)IM SPUoNqIGSEISRAIUN BINGWeH BISBAIUN SYISILYR L Aq FETOL 92(/200T OT/I0Pp/w0d™A8 1M AReld U1 uo//SAny Wo.y papeojumoq ‘LT ‘SZ0Z *XL86960T



-

2.000

1500

Q
2 1.000
&
0.5()(]‘
0000 646 0,020 0.000  0.020 0,040 0000 040 -0.020  0.000  0.020  0.040 0000 e 2 0.000° 55366 0,100 ~ 0.000  0.100 0200
signDa(n)]*p(r) sign[d2(r)]*p(r) Rt P Sl sign[ia(r)] “p(r)
(@) (b) (© @

FIGURE 7 | Analysis of noncovalent interactions in serine systems. (a) Isolated zwitterionic serine Z6; (b) Serine molecule within a 7-molecule
cluster (Z7G) extracted from the experimental [65] DL-serine unit cell and optimized at the B3LYP/6-311++G(d,p) level; (c) Serine molecule in the ex-
perimental [65] DL-serine crystal at 20K; (d) Periodic structure of crystalline DL-serine optimized at the B3SLYP/POB-TZVP level. Top row: QTAIMC
analysis showing atomic positions, bond paths, and CPs (atoms, bond, ring, and cage). Middle row: RDG isosurfaces (RDG =0.6a.u.) revealing non-
covalent interactions, including latent intramolecular NCIs. Key interactions are marked as regions A and B. Bottom row: RDG versus sign(4,)o(r)

plots highlighting attractive (A) and repulsive (B) interactions.

corresponding to interactions with similar ED values in the
interatomic spaces.

We conducted an analysis of interatomic distances and char-
acteristics of the ED distribution in nonequilibrium structures
for latent interactions H1..02, H3--02, H3--O3, and H7--O1 in
the Z6 conformer, whose geometry closely resembles that in the
molecular crystal of DL-serine. Quantum-topological analysis of
the ED for the atom pairs H1..02 and H7--O1 revealed that in the
nonequilibrium structures of the Z6 conformer, formed during
atomic vibrations, pseudo-bond paths emerge (Figure 8b). For
the H1---O2 contact, this is observed at vibrational frequencies
v=46 (Figure 8b) when atoms are displaced opposite to the vec-
tors shown in Figure 8a, and at ¥=150cm™ when displaced
along the vectors. For the H7--O1 pair, an ED bridge forms be-
tween the atoms at v=330cm™! (Figure 8b) when atoms are dis-
placed toward each other (opposite to the direction of vectors in
Figure 8a).

Between H3 and O3, at v=187cm™! (Figure 8b), a pseudo-bond
bridge appears during atomic displacements toward each other
(opposite to the vectors in Figure 8a), but it bypasses atom H3,
curving around it to connect the nuclei of atoms N1 and O3. To
rule out an error potentially caused by insufficiently precise
standard settings in the AIM2000 program, the ED distribution
and its gradient lines were recalculated in the plane of atoms

N1, H3, and O3 (Figure S15), which clearly show the absence of
pseudo-bond paths for both H3...03 and N1...03. Thus, the NCIs
between H3 and 02, H3 and O3, and H7 and O1 can be classi-
fied as static latent interactions. The likelihood of these atomic
pairs participating in a “pulsating” network of atomic contacts
during favorable vibrational patterns is low, as the appear-
ance of a pseudo-bond path is either not observed or observed
at only one or two frequencies. For a more detailed analysis of
NCIs in the Z6 conformer, in the central molecule within the
cluster, and in the crystal, the kinetic pS(r) and exchange p*(r)
contributions to the electron continuum pressure were calcu-
lated (Figures S16 and S17). Additionally, for the molecule in
the crystal, the electrostatic contribution and the total electronic
pressure were computed (Figure S17). Nonetheless, we antici-
pate that the presence of strong intermolecular hydrogen bonds
in the calculated cluster and crystal may restrict the vibrational
freedom necessary for the formation of intramolecular “pseudo-
paths” (Figures S5 and S6). As a result, an interaction previously
classified as dynamic in the isolated molecule may shift toward
a static character within the environment.

When the molecule transitions to a cluster, there is no clear cor-
relation between E, , values (-319.9, —334.8, —287.8, —33.2kJ/
mol) and interatomic distances H-O for the interactions N1-
H1..02, N1-H3--02, N1-H3--03, and C3-H7--01 (2.541, 2.575,
2.871, 2.705 A, respectively) (Table 2). The exchange energy
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TABLE 2 | Values of latent interatomic interaction energy E,

and their exchange V,*P and electrostatic E, *® components (kJ/mol), distance

between atoms R(H--Y) (A), and angle theta ©(X-H---Y) (degrees) in the Z6 zwitterion conformer, the central molecule in the cluster, and the crystal.

Fragment Object BCP E_AB VAP E, R(H--Y) )
N1-H1..02 76 — —342.5 -8.7 —351.1 2.453 89.4
726 — -311.7 -8.3 -319.9 2.541 83.9
Cryst. exp. — — — — 2.465 89.4
Cryst. calc. — — — — 2.530 86.6
N1-H3--02 76 — —313.8 -3.6 -317.3 2.669 77.7
726 — —327.7 =71 —334.8 2.575 81.8
Cryst. exp — — — — 2.667 77.8
Cryst. calc. — — — — 2.738 75.7
N1-H3--03 76 — -270.3 —-4.6 -274.9 2.721 98.1
726 — —284.6 -3.2 —287.8 2.871 90.2
Cryst. exp — — — — 2.759 95.2
Cryst. calc. — — — — 2.712 95.3
C3-H7--01 76 — —-42.1 -9.7 —51.8 2.726 91.9
726 — -14.5 -18.7 -33.2 2.705 92.3
Cryst. exp — — — — 2.672 92.4
Cryst. calc. — — — — 2.642 94.5

(a)

(b) QY )

-1 D

FIGURE 8 | (a) Equilibrium structure of the serine zwitterion Z6 conformer with atomic displacement vectors corresponding to specific vibra-

tional frequencies. (b) Nonequilibrium structures of the Z6 conformer. Atomic displacements along the vectors are labeled as (1), while displacements

in the opposite direction are labeled as (-1).

contribution to these interactions is similar to that observed
in the isolated zwitterion molecule (1.1%-2.6%) and in-
creases to 56.3% only for C3-H7--O1. Comparing N1-H1..02
in the isolated zwitterion and the cluster shows that increas-
ing the H-O distance makes E,  less negative (conformer
Z6: E, =-351.1kJ/mol, H-O distance=2.453A; cluster

conformer: E, =-319.9kJ/mol, H-O distance=2.5414).
A similar trend is observed for N1-H3:-O2 (conformer Z6:
E,,,=-317.3kJ/mol, H-O distance=2.669A; cluster con-
former: E, =-334.8kJ/mol, H-O distance=2.575 A).
However, for N1-H3--O3, when Z6 transitions to the cluster,

the H-O distance increases from 2.721 to 2.871A, but Ej
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becomes more negative (—274.9 to —287.8 kJ/mol). Thus, when
the isolated zwitterion Z6 transitions to the cluster, the cor-
relation between E,  values and H-O distances for these latent
intramolecular N-H---O interactions weakens, likely due to
environmental effects. The formation of completed intermo-
lecular interactions and redistribution of ED between donor
and acceptor atoms also plays a role. For instance, atoms H3
and O3 in the central molecule form hydrogen-bond bridges
with neighboring molecules, facilitating ED redistribution.
Changes in the interaction C3-H7--O1 in conformer Z6 are
also notable: in Z6, the H-O distance is 2.726 A, and E, ,equals
—51.8kJ/mol. In the cluster, the H-O distance decreases to
2.705A, but the interatomic interaction energy E, . becomes
less negative, reaching —33.2kJ/mol. Calculating the energies
of the specified pairwise interatomic interactions in the DL-
serine crystal using the IQA method is not feasible based on
X-ray diffraction experimental data since the calculations re-
quire single-electron spin-orbitals, which cannot be derived
from the ED. Moreover, current IQA implementations do not
yet support periodic wavefunctions.

These functions for the Z6 conformer of the serine molecule are
shown in Figure S16. The electronic continuum is compressed
along the covalent N1-H1, N1-H3, and C3-H7 bonds, forming local
bridges that correspond to the electron concentrations of bonding
electron pairs. These bridges are separated from BCPs by saddle
points in the kinetic component of the internal electronic pressure,
pS(¥), which shifts toward the most electronegative atom along
the bond paths (Figure S16). Maxima in pS(r), corresponding to
nonbonding (lone) electron pairs of atoms O3, 02, and O1, are
also observed. The spatial arrangement of these maxima is con-
sistent with the tetrahedral coordination of the hydroxyl oxygen
03 and the planar coordination of the carbonyl oxygens O1 and
02. The kinetic contribution of electrons to pressure significantly
influences the localization of electron pairs near O3, 02, and O1
(Figure S16). The distribution of the exchange component, pX(r),
is also clearly associated with saddle points in the electronic den-
sity along covalent bonds and nonbonding electron pairs of atoms.
These are characterized by local minima in the exchange contri-
bution to the electronic gas pressure, pX(x).

Contacts N1..02 and H3--O2 in the Z6 conformer, classified as
latent interactions (as discussed earlier), are accompanied by
the formation of regions of reduced negative kinetic pressure
p3(r) and negative exchange pressure pX(r) with local min-
ima in the interatomic space (Figure S16). In contrast, for the
N3--03 and H7--O1 contacts, which are also classified as latent
interactions, these features in the distribution of kinetic and
exchange contributions to the internal electronic pressure are
less pronounced.

The distribution of the kinetic pS(r) and exchange p*(r) com-
ponents of electronic pressure in the central molecule of the
7-molecule cluster is similar to that observed in the individual
Z6 zwitterion (Figure S16). The N1.--O2 and N3:--O2 contacts
can be classified as latent interactions (as discussed earlier).
They are accompanied by the formation of regions of reduced
negative kinetic p5(r) pressure and negative exchange p*(r) pres-
sure in the interatomic space (Figure S16) without local minima.
The N3---O3 and H7---O1 contacts can also be classified as latent
(secondary) interactions since such features in the distribution

of the kinetic and exchange contributions to the internal elec-
tronic pressure are less pronounced.

The distribution of the kinetic pS(r) and exchange p*(r) com-
ponents of electronic pressure in the experimental ED for the
DL-serine crystal (Figure S17) differs from that of the central
molecule in the 7-molecule cluster and the individual Z6 zwit-
terion. The main difference in molecule-in-crystal lies in the in-
creased values of the kinetic and exchange contributions in the
examined interatomic regions and the complete absence of local
minima in the exchange contribution.

In the distribution of the electrostatic contribution to elec-
tronic pressure, p,,(r), between atoms connected by covalent
bonds and completed NCIs (e.g., the intermolecular interaction
H3---O1(L) marked in Figure S17), a local minimum of this
function is observed along the bond line. In both covalent and
completed NCIs, this minimum in electrostatic pressure is
shifted from the BCP along the bond line toward the more elec-
tronegative atom: from hydrogen to oxygen, from carbon to ox-
ygen, and so on (Figure S17). In these local minima, the electron
experiences strong attraction simultaneously to the two atomic
nuclei connected by the bond path. The resulting net force (sum
of the attractive force toward H and the opposing force toward
0) is close to zero (~0.00015a.u.) but not exactly zero, as the
attraction to other nuclei in other directions also contributes.
The distribution of p,,(r) (like the exchange pressure) does not
exhibit extrema corresponding to nonbonding (lone) electron
pairs of atoms.

The electronic continuum on maps of total electronic pressure
is compressed along the covalent bond lines, forming localized
bridges with positive values of p(r), corresponding to the elec-
tronic concentrations of bonding electron pairs. At the same
time, the CPs of total pressure, separating these bridges, are
shifted from the BCP toward the more electronegative atom
(Figure S17). In the interatomic regions, the total pressure as-
sumes negative values. Maxima of p(r) are visible, correspond-
ing to nonbonding electron pairs of atoms O1, 02, and O3. Their
spatial arrangement is consistent with the tetrahedral geometry
of atom O3, characteristic of a hydroxyl group, and the planar
geometry of atoms O1 and 02, characteristic of a carbonyl group.

In the p,,(r) distribution between atoms H3 and O3, which form
a six-membered unclosed pseudocycle, a local minimum of elec-
trostatic pressure is observed precisely along the interatomic
line, along with a remote saddle point, distinguishing it from
other interactions: H1---O2, H3---O2, and H7---O1, which par-
ticipate in five-membered pseudocycles (Figure S17). For the
H7---O1 interaction, the formation of a local minimum of elec-
trostatic pressure (~0.00005a.u.), distant from the interatomic
line, is noted. Considering the difference in electronegativity
between atoms H3 and O3, the bridge of electrostatic pressure
presumably indicates that, despite the absence of an RDG iso-
surface (Figure 7c) in the interatomic region, H3 and O3 may ex-
perience attractive electrostatic interaction. It is noteworthy that
the O3/H3 distance is significantly shorter than in the central
molecule of the cluster of seven molecules. For this interaction,
a typical pattern is observed: along the interatomic H3-03 line,
the basins of neighboring atoms encroach into the interatomic
region, rendering this interaction incomplete [41].
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Two possible scenarios can be proposed for the dynamic
changes in the topology of the electrostatic contribution distri-
bution, p,,(r), as atoms H3 and O3 approach each other: (1) An
additional local minimum might form within the electrostatic
pressure bridge or (2) the existing local minimum along the in-
teratomic line already accounts for the attractive electrostatic
interaction between H3 and O3. Confirming one scenario and
disproving the other would require comparing the pM(r) distri-
bution for completed and uncompleted interactions based on
theoretical ED in the previously identified serine conformers.
However, no software currently exists to perform such an anal-
ysis. Additionally, an investigation into the pM(r) distribution for
experimental electron densities of crystals of other molecules,
where both completed and uncompleted interactions are ob-
served, could provide clarity. Unfortunately, such a study was
beyond the scope of this work.

To explore why an RDG isosurface of 0.6a.u. does not appear be-
tween H3 and O3 in the crystal, single-point calculations were
conducted for the geometries of a seven-molecule cluster and
an individual molecule extracted from the crystal. Analyses of
QTAIMC and RDG for the resulting theoretical electron den-
sities revealed the presence of four latent interactions: H1---O2,
H3---02, H3---03, and H7---O1. While the molecule in the crystal
exhibited lower values of the kinetic component in intramolecu-
lar interatomic regions and a complete absence of local minima in
exchange pressure, the distribution of these functions for the the-
oretical single-point electron densities of the seven-molecule clus-
ter and the individual molecule mirrored the patterns observed in
the optimized Z6 conformer and the seven-molecule cluster 7Z6.

The calculation of the difference in ED between the single-point
computed central molecule in a seven-molecule cluster and an
isolated molecule extracted from the crystal enabled visualiza-
tion of the environmental influence and the redistribution of
ED from donor atoms to acceptor atoms during the formation
of completed intermolecular interactions. In the single-point
cluster of seven molecules, the H3 and O3 atoms of the central
molecule form hydrogen bonding bridges with neighboring
molecules. This results in an accumulation of accepted ED on
the H3 atom, while the O3 atom redistributes its ED from the
interatomic H3-03 region toward the bonding path of the in-
termolecular hydrogen bond, effectively donating its ED to the
hydrogen atom of a neighboring molecule (Figure S18). A sim-
ilar effect on the ED gradient (and consequently RDG) can be
expected for the crystal.

It can also be hypothesized that RDG does not detect the interac-
tion between H3---O3 atoms in a crystal due to differences in the
distributions of theoretical and experimentally reconstructed
electron densities within the framework of the multipole model.
In the intramolecular interatomic regions, theoretical ED val-
ues are significantly lower than those from the multipole model
for the crystal. For instance, the theoretical 0.1a.u. contour
is located roughly at the same position as the la.u. contour
in the crystal (Figure S19). This discrepancy implies that for
RDG—sign(4,)p diagrams for the crystal, a much wider range
of sign(4,)p values needs to be considered compared to the the-
oretical case. Consequently, the use of the multipole model may
lead to the loss of critical information about uncompleted latent
interactions.

104

1* 5

FIGURE9 | Critical points (CP) of covalent bonds and numbered CP
of completed intermolecular NCIs. CPs are represented as binding ellip-
soids, reflecting the deviation of the ED distribution from cylindrical
symmetry (This includes pairs of identical interactions caused by the
periodicity of the crystal structure: 1 and 6, 2 and 7, 3 and 8,4 and 9, 5
and 10.)

4.3 | Intermolecular Interactions in a Crystal

QTAIMC analyses (Tables S6 and S7) and RDG of the experimen-
tal ED for the crystal of DL-serine identified 10 intermolecular
hydrogen bonds, of which only five are symmetry-independent
(H1--03 (D), H3--01 (L), H2--01 (L), 02---H5 (L), 02---H4 (L)),
along with 10 corresponding regions of low ED values and small
RDG magnitudes (Figure 9). In contrast, for the seven-molecule
cluster, which lost symmetry elements after optimization, eight
completed intermolecular interactions were identified (H1---O3
(D), 03--H1 (D), H3--01 (L), O1---H3 (L), H2--01 (L), 01--H2 (L),
02---H4 (L), H4---02 (L)), along with eight associated regions of low
ED values and small RDG magnitudes. In the notation, the second
atom belongs to neighboring molecules, with the enantiomer type
(D or L) indicated in parentheses.

In the cluster, IQA calculations for all these interactions were
not performed due to the high computational resources re-
quired, and in a crystal such calculations are now impossible.
However, considering the linearity (Tables S6 and S7) and the
fact that all these interactions are completed, it is logical to
assume that they have relatively low values of intermolecular
interaction energy E, (H--O) compared to the uncompleted
intramolecular interactions. These completed intermolec-
ular interactions in the crystal may hinder vibrations that
could bring the pairs of atoms H1.--02, H3---02, H3---03, and
H7---0O1 closer together, leading to the formation of pseudo-
bonding paths in the nonequilibrium structures within the
zwitterion. This is because each atom in these four pairs par-
ticipates in an intermolecular hydrogen bond.

All intermolecular hydrogen bonds in a cluster and crystal
are accompanied by regions of reduced values of kinetic pres-
sure pS(r) between the H and O atoms (Figures S20 and S21).
However, in the cluster, local minima of exchange pressure p*(r)
are observed (Figure S21), whereas in the crystal, saddle points
of negative exchange pressure p*(r) coincide with the positions
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of the CPs of ED (Figure S20). In a crystal, regions of reduced
values of total electronic pressure p(r) and local minima of elec-
trostatic pressure pM(r) were also identified (Figure S20), located
on the interatomic line and shifted toward the more electroneg-
ative oxygen atoms.

In intermolecular interatomic spaces, both the kinetic pres-
sure p5(r) and the total pressure p(r) acquire negative values.
Perpendicular to the line of the intermolecular hydrogen bond,
these functions increase, while along the direction from the
H atom to the O atom, their values locally decrease. For com-
pleted intermolecular interactions, no kinetic pressure pS(r) or
total pressure p(r) CPs are formed. A similar pattern was iden-
tified for certain linear completed intramolecular interactions
in long pseudocycles (8 atoms) in the molecule CH,CONH-Glu-
CONHCH, [85]. However, for shorter pseudocycles (7 atoms), a
CP of kinetic pressure p3(r) is formed.

Unlike completed and dynamic intramolecular interactions, as
well as hydrogen bonds in the cluster and even in a single-point
cluster of 7 molecules extracted from the crystal, intermolecu-
lar interactions in the crystal are characterized not by a local
minimum of exchange pressure pX(r), but by saddle points in
the—pX(r) function. This suggests that the type of analyzed ED
(theoretical or reconstructed from experimental data using the
multipole model) affects the topological details of the exchange
pressure pX(r) distribution.

As previously noted, the distribution of kinetic pressure pS(r)
and exchange pressure pX(r) in the intermolecular space of
the experimental ED for the crystal of DL-serine differs sig-
nificantly from that observed for the central molecule in the
7-molecule cluster and the individual zwitterion Z6. For latent
interactions H1---O2 and H3---O2 in the crystal, there are no
signs of regions with reduced negative kinetic p5(r) or exchange
pX(x) pressure values. At the same time, the distribution of
kinetic pS(r), exchange pX(r), and total pressure shows strong
accumulation of the electronic continuum in the interatomic
spaces of intermolecular hydrogen bonds. This is confirmed
by the distribution of the ED difference between the central
molecule in the single-point 7-molecule cluster and the single-
point isolated molecule extracted from the crystal. These ob-
servations point to a redistribution of ED from intramolecular
interatomic regions toward the regions of intermolecular hy-
drogen bonds. The absence of an RDG isosurface between the
atom pair H3---O3 in the experimental ED, despite its presence
in theoretical ED for the central molecule in the cluster and
in the zwitterion Z6, can be explained by significantly differ-
ent ED values in experimental data compared to theory. This
discrepancy likely arises from the redistribution of ED into
the regions of intermolecular hydrogen bonds or fundamen-
tal differences between theoretical and experimental electron
densities. In conclusion, the crystal of DL-serine consistently
exhibits three latent intramolecular interactions observable
via RDG analysis: H1---02, H3:--O2, and H7---O1. Additionally,
the interaction H3:---O3 is identified through the distribution
of electrostatic pressure, although its absence in RDG data is
likely caused by either a significant shift of ED toward intermo-
lecular hydrogen bonds or differences between theoretical and
experimental electron densities. These four interactions do not
influence the structural organization of the serine molecule in

the crystal and rarely, if ever, form pseudo-bond paths during
atomic vibrations.

5 | Conclusions

The application of quantum-chemical methods based on the
ED has demonstrated that, in the neutral serine molecule, its
zwitterion, clusters, and molecular crystal, latent (incomplete,
potential) NCIs can present in addition to covalent hydrogen
bonds. Their interaction energies are negative, indicating their
attractive (stabilizing) nature.

Quantum-topological analysis of nonequilibrium structures of
conformers of the neutral molecule and zwitterion of serine, aris-
ing from atomic displacements during low-frequency vibrations,
allowed latent interactions to be classified into two types: dy-
namic and static. Dynamic interactions influence the structural
organization of the molecule by creating a “pulsating” network
of atomic contacts, within which pseudo-bond paths may form
or break. Such picture is not observed for static interactions.

Analysis of the internal electronic pressure of the electron gas
in these systems provided a detailed view of intra- and inter-
molecular interactions. On the kinetic pressure maps, the elec-
tronic continuum is compressed along covalent bonds, forming
local bridges that correspond to electron pair concentrations in
bonding regions. These bridges are separated by saddle points
shifted from CPs in the ED toward the more electronegative
atom. Lone pairs correspond to maxima of the kinetic pressure.
A similar pattern is observed when the molecule transitions to a
condensed phase. Covalently bonded atoms are separated in the
distribution of the exchange component of the electron contin-
uum pressure, by saddle points, whose positions coincide with
the BCPs of the ED. Nonbonding electron pairs are also evident,
corresponding to minima in this function. This pattern persists
when the molecule transitions to a cluster or crystal.

For completed NCIs, the kinetic component of the electron
continuum pressure is negative, and the distribution of the ex-
change component features local minima, whose positions align
with the BCPs of the ED. For latent (incomplete) NCIs (both
dynamic and static), the kinetic component of the electron con-
tinuum pressure is less negative. The exchange component dis-
tribution for dynamic latent interactions exhibits local minima,
located off the interatomic axis. Such details are absent for static
interactions.

When the molecule transitions to a condensed phase (a clus-
ter or a crystal), the kinetic component of the electron con-
tinuum pressure and the total quantum pressure are positive
in covalent bond regions (which are “hard” in respect to ex-
ternal actions) but negative in interatomic regions associated
with “soft” NCIs. The exchange component distribution for
intramolecular latent interactions remains consistent as the
molecule transitions to a cluster. However, in the crystal,
local minima in the interatomic regions observed in the iso-
lated molecule are absent. Intermolecular hydrogen bonds in
the cluster are characterized by the presence of a local mini-
mum in the exchange pressure, whereas in the crystal, they
are characterized by saddle points in this function. Thus, the
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study of these systems demonstrates that the kinetic contribu-
tion to the electron continuum pressure exerts the most sig-
nificant influence on the localization of electron pairs near
atoms, while the exchange component reveals the finer details
of interatomic interactions.
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