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Abstract. Hydrogen bonding is a prominent non-covalent interaction that influences significatively the
properties of the matter in which it is present. In this work it is reviewed some of the contributions of the
chemistry department at the Autonomous Metropolitan University-Iztapalapa, to the study of the hydrogen
bonding phenomena. Also, it is presented a formula derivation to calculate the hydrogen bond cooperative effect
in a linear chain applying the Hellmann-Feynman theorem. In this manner, it is corroborated that the hydrogen
bonding cooperative effect in a linear chain arises solely from classical interactions among effective point
dipoles.
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Resumen. El enlace de hidrogeno es una prominente interaccion no covalente que influye significativamente
en las propiedades de la materia en la que estd presente. En este trabajo se revisan algunos aportes del
departamento de quimica de la Universidad Auténoma Metropolitana-Iztapalapa, al estudio de los puentes de
hidroégeno. Ademas se presenta la derivacion de una formula para calcular el efecto cooperativo de los puentes
de hidrogeno aplicando el teorema de Hellmann-Feynman. De esta manera se corrobora que el efecto
cooperativo en la energia de los puentes de hidrogeno surge unicamente de las interacciones clasicas entre
dipolos efectivos.

Palabras clave: Puentes de hidrégeno; calculos de estructura electronica; quimica cuantica.

Introduction

The hydrogen bond (hb), an interaction between electron rich and electron poor molecular regions
mediated by a hydrogen atom, has been thoroughly investigated both experimental and theoretically since
Latimer and Rodebush [1] reported on the presence of such interactions in molecular systems. Usually, the hb
is depicted as D-H---A where D stands for donor atom and A for the acceptor atom or region (Fig. 1). The
hydrogen bonding phenomenon is so important that it is not an exaggeration to say that life would not be
possible without it, e.g., hbs confer peculiar properties to water, proteins, ribonucleic and deoxyribonucleic
acids, crucial (bio)molecules for all living systems.
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Fig. 1. Top, scheme of a hydrogen bond. The label A stands for acceptor atom or region, D stands for donor
atom. Bottom, scheme of an infinite chain of hydrogen bonds modeled as a one-dimensional crystal. Orange
lines depict the unit cell. Dashed blue lines indicate the formation of an hb interaction between molecules.

Moreover, hbs exert the forces driving many chemical reactions in solution or in the solid state. Studies
about hydrogen bonding can be grossly classified into two kinds, those dealing with the effect of hbs into the
physicochemical properties of the systems and those related to advance our understanding of the nature of such
interaction. As this work is intended to be part of a special number to celebrate the 50™ anniversary of the
foundation of the Metropolitan Autonomous University (UAM from the spanish Universidad Auténoma
Metropolitana) at Mexico, here it is reviewed some contributions of the chemistry department at UAM, campus
Iztapalapa, to the study of the hydrogen bonding phenomena. Particularly, we focus on studies about the proper
theoretical description of hbs, their effect on the properties of matter and the hydrogen bonding cooperative
effect. Additionally, we discuss about the nature of the hb interaction within the view of the Hellmann-Feynman
theorem (HFT). In this manner, we aim for adding further arguments to the ones presented by Nochebuena et
al. [2] in one of the reviewed papers, regarding the nature of the hydrogen bonding cooperative effect. In that
work [2], it is argued that hydrogen bonding cooperativity results solely from the interaction of classical point
dipoles, i.e., not quantum effects are needed to be invoked to understand its origin.

Hydrogen bonding association energy

Interaction energy in hbs range from few, 3 to 4 kcal/mol, to tens, 30 to 40 kcal/mol. From a theoretical
standing point, the methods that predict hb association energies within an error of one or two kcal/mol per hb
are considered adequate to investigate them. Currently, it is acknowledged that association energies calculated
with the coupled cluster method with singles, doubles and perturbative triples (CCSD(T)) excitations are the
gold standard [3]. Nevertheless, such method is computationally not feasible to treat systems beyond tens of
atoms nowadays. The second order Mgller-Plesset perturbation theory (MP2), it is also a reliable level of theory
to describe hbs and it can be used to routinely investigate hydrogen bonded systems of tens of atoms. Presently,
one may be able to calculate larger systems (of hundreds or even thousands of atoms if large computer facilities
are available) using MP2 together with the resolution of the identity approximation [4]. Density functional
theory (DFT) in its Kohn-Sham formulation, is also considered adequate to describe hbs but depending on the
exchange correlation (xc) functional employed. DFT can be considered the computationally less demanding
method to investigate hbs, hence it can be used for investigating more complex (larger) systems than those
studied with MP2 or CCSD(T) (Fig. 2).

As mentioned above, DFT accuracy to describe hbs depends on the xc functional employed. For
example, following the work of Vargas et al. [5] about the hb strength in formamide and N-methylacetamide
dimers, calculated at a MP2 level of theory and extrapolating to the complete basis set limit using the aug-cc-
pVXZ basis set family with X = D, T, Q, one of us have shown that DFT with the Perdew-Burke-Ernzerhof
(PBE) [6] generalized gradient approximation (gga) to xc describes adequately the hbs [7], as compared to the
MP2 results of Vargas et al. However, such description deteriorates as the hb deviates from linearity [7]. To
improve the prediction by DFT of the hb strength in situations in which these are nonlinear, we have shown in
a later work [8] that empirical corrections to describe dispersion, like that proposed by Tkatchenko and Scheffler

345
Special issue.: Celebrating 50 years of Chemistry at the Universidad Autonoma Metropolitana. Part 2



Review J. Mex. Chem. Soc. 2025, 69(1)
Special Issue

©2025, Sociedad Quimica de México

ISSN-¢ 2594-0317

(TS) [9], are required. Yet, one may find systems in which almost any functional fails to properly describe hbs,
as in the (HYN), hydrogen bonded dimers, with Y = C, Si Ge and Sn [10]. In these dimers, DFT together with
almost any gga or hybrid xc functionals predicts a spurious proton transfer event in at least one of the members
of the family. We know that the proton transfer event is spurious by comparing the DFT optimized geometries
against those obtained with MP2 and reported by us in a previous work [11]. Bautista-Renedo and Ireta have
shown that such spurious proton transfer can be remediated fine-tuning the amount of exact exchange in hybrid
xc functionals [10]. Still, with these fine-tuned functionals the hb strength is not adequately described in most
of the dimers of such family, as compared against CCSD(T) results obtained extrapolating to the basis set limit
the aug-cc-pVXZ basis sets with X =D, T, Q [10, 11].

Accuracy

DFT+VdW CCSD(T)

MP2

DFT

Cost

Fig. 2. Scheme of the methods accuracy versus the computational cost to calculate the strength of an hb
(considering that the same basis set is used in all the depicted methods).

Conventional and non-conventional HBs

According to the International Union of Pure and Applied Chemistry (IUPAC), to have an hb the D
atom should be more electronegative than H [12]. Also, in the [UPAC definition is mentioned that in hydrogen
bonded dimers the D-H vibrational frequency is usually red shifted, as compared to that frequency of the
isolated monomer [12]. Moreover, in textbooks it is usually mentioned that the A and D atoms tend to be N, O
and F. The hbs that follow all these characteristics are classified as conventional, if they do not, thus they are
classified as non-conventional. Evidence of non-conventional hbs starts to appear in the literature about the year
2000 when Vargas et al. showed using the MP2/aug-cc-pVTZ level of theory that the strength of -C-H---O
contacts is large enough, on the order of 2 to 4 kcal/mol, to be considered as hbs [13]. Our group also showed
that non-conventional hbs can be formed when the H atom is more electronegative than the donor one, as in
(HSiN),, (HGeN), and (HSnN), [11]. However, the (HNSi),, (HNGe), and (HNSn); set of dimers, in which the
D atom is more electronegative than H, do not form hbs. The formation of a hb was corroborated showing the
dependence of the hb strength with respect to the -D-H---A angle, i.e., the hb directionality. Also, it was analyzed
the values of the density at the density critical points, the electrostatic potential associated to each dimer, the
alteration of the D-H vibrational frequency and the magnitude of the dipole moment as compared against the
isolated monomers. The latter study [11] was carried out at the MP2 and CCSD(T) level of theory with the aug-
cc-pVXZ basis set family with X = D, T, Q. The formation of hbs when the H atom is more electronegative
than the donor one has been corroborated experimental and theoretically in (CH3)3Si---Y (Y = ICF3, BrCN, and
HCN) by Hobza et al [14]. Thus, it is not necessary for the H atom to be less electronegative than the D one to
form an hb. Therefore, it could be considered by the IUPAC to remove the sentence about the H atom
electronegativity from the definition of a hb. Another type of non-conventional hb is when & electrons act as
the A region. Galano et al. studied such non-conventional hbs between HF, cyclopropane derivatives and
ethylene [15,16]. In these cyclopropane derivatives the C-C bonds have an extra p character according to a
natural bond orbital analysis. Contrasting the interaction between HF and the ethylene double bond, and those
between HF and the C-C bonds in the cyclopropane derivatives, Galano et al. [15] provided evidence of the
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formation -D-H---p non-conventional hbs in these systems. This has importance in substrate-receptor
interactions of complexes formed by drugs used to treat the acquired immune deficiency syndrome [15]. All
these results regarding the formation of non-conventional hbs might also indicate that the nature of the hb is
still not well understood.

HBs and peptide structure and stability

A peptide is the product of a dehydration reaction between amino acids. If many amino acids are
involved in the reaction the product is a linear (poly)peptide chain that eventually becomes a protein. Hydrogen
bonding is crucial to understand the stability, structure, and properties of peptides (short polypeptidic chains)
and proteins (long polypeptidic chains with biological activity). For example, the helical and sheet
conformations of the protein backbone, named protein secondary structure, were predicted considering the
conformations that best favor the formation of hbs. However, these geometric criteria were not supported by
energetic studies. In a series of works [17-19] we showed, using DFT and PBE, that the helical conformation
of peptides is stabilized by hbs, at 0 K in vacuum, only if hb cooperative effects are considered [17].
Nevertheless, we also showed that such helical conformation is marginally stable at room temperature (in
vacuum) [18], and that including TS dispersion corrections the helical conformation is significantly stabilized
at 0 K [8] and at temperatures as high as 700 K (in gas phase), which is in concordance with gas-phase
experimental results [19]. The stability at 700 K was corroborated performing ab-initio molecular dynamics
simulations in gas phase at different temperatures using the PBE functional including and excluding TS
dispersion corrections. Still, these results [8,17-19] were not convincing for determining if hbs are the main
stabilizing interaction of the helical conformation in aqueous solvent, as one can argue that the extended
backbone conformation forms more hbs with the solvent molecules than with itself in the solvated helical
conformation. By microsolvating the peptide backbone with water molecules, we found that, at 0 K, the helical
conformation is still more stable than the extended conformation using DFT/PBE-TS [20,21]. Hydrogen
bonding also affects the dipeptide structure by applying compression along the peptide backbone, which
explains why B-sheets in proteins are slightly twisted [22]. Moreover, hbs are crucial for the self-assembly
mechanism of dipeptides into their crystal structures as these stabilize the zwitterionic state along possible
assembly paths [23]. Furthermore, hbs modulate the elastic response of these systems to mechanical stress, for
example, they drive the transformation between different helical conformations upon mechanically stressing
the system [24], and originate an unusual stiffness in dipeptide crystals, whose DFT-calculated Young’s moduli
range between 19.7 and 33.3 GPa [25].

HBs and surface reactivity

Surface O-H groups can be found in oxide and hydroxide materials. In the former, due to the
deprotonation of adsorbed species like H,SO4 on Zr oxides, and in the latter as part of material composition. In
both cases such O-H groups affect decisively the surface reactivity leading to superacidity [26] or the
modification of the reactivity of groups containing oxygen [27,28]. For example, recently we have shown
[27,28] by means of DFT/PBE-TS calculations and surface models, that the lone pair reactivity of the methoxy
group (MeO) adsorbed on the surface of layered double hydroxides (LDHs), like MgAl-OH and MgGa-OH, is
modified due to its interaction with the surface, which is mediated by the hb formation with surface O-H groups.
In this manner we have explained why a specific ratio of Al to Mg in these LDHs has the largest LDH catalytic
activity in the cyanoethylation of methanol (MeOH) [27], and why MgGa-OH is a better LDH catalyst for the
cyanoethylation of 2-propanol than MgAI-OH, and the opposite for the cyanoethylation of MeOH [28]. Surface
and interlaminar hydrogen bonding controls the anion diffusion in such LDH materials [29,30], which could
further affect the reactivity as it was found that the adsorption of MeO" is energetically favored in sites in which
a chain of hbs can be formed throughout the bulk of the material, thus involving the position of interlaminar
OH- anions. Moreover, according to the energetics of the adsorption of MeOH and MeOr, both coexist around
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the surface deprotonation site. Therefore, if MeO" diffuses away from deprotonation sites one may expect that
more MeOH will transform into MeO, which is the reactive species in the third step of the methanol
cyanoethylation reaction. In Ref. 29 and 30 it was shown that low energy barriers to diffuse from one minimum
to the neighbor one along the LDHs interlaminar space, are due to the formation of hydrogen bonds between
the OH" anion and interlaminar hydroxyl groups.

HBs and reaction mechanisms and equilibrium

The presence of hbs can stabilize structures connected to an equilibrium state, or to one specific path
over another thus determining the reaction mechanism or modifying the reactivity of a chemical system. For
example, Cedillo et al. have shown that water clusters can activate the chemical bond on Br, by hydrogen
bonding with it [31], and Galano et al. reported that the clathrate-hydrate formation is inhibited by antifreeze
glycoproteins through the formations of hbs [32]. Also, Galano et al. found that transition states of reactions in
gas phase involving the hydroxyl radical and hydroxy ethers are altered due to the formation of hbs, which
modify their reactivity [33]. Furthermore, Galano et al. have proposed mechanisms in which hbs play a crucial
role to explain experimental kinetic data, thus obtaining good agreement between calculated and experimental
results [34-36]. Additionally, Cedillo et al. reported that the presence of intramolecular hbs shift the tautomeric
equilibrium towards a particular tautomer, such as in phenacylpyridines, and alter its stability and acidity in
solution [37]. Such kind of intramolecular hbs can also significantly change the electrostatic potential of polar
molecules [38]. Cedillo et al. also showed that hbs confer different degrees of stability to the different phases
of AIOOH under pressure by their symmetrization [39].

Origin of HBs and its cooperative effect

Diverse opinions have been advanced about the nature of hydrogen bonding [see e. g. 40, 41]. The
question that one may try to answer is why the interaction energy of the D-H:--A is larger than the one expected
solely from dispersion forces plus classical dipole-dipole interactions. It has been postulated that the hb strength
arises from the sum of different energy contributions like these associated to charge transfer, partial covalency,
polarization and electronic resonance [41]. Still, no consensus has been reached about the main contributions
to the strength of the hbs. It is well established that two or more hydrogen bonds may interact with each other
if they are close enough and aligned, or close to the alignment, provoking a change in their strength. Usually,
such interactions among hbs strengthen them, thus this phenomenon is named hb cooperative effect. Little it
has been discussed in the literature about the nature of the hb cooperative effect, which may be of different
nature than the one of the hb itself. Recently, we have proposed [2] that the hb strength, Ej,;, in a dimer can be
estimated according to

2u?
Enp = Ryep — Ve Eq.1
in which R, stands for a repulsive contribution, y for an effective dipole moment (which is different to the
molecular dipole moment either in the isolated monomers or in the dimer, see below). 4 stands for the distance
between the centers of mass of each monomer in the interacting conformation. The second term in right hand
side of Eq. 1 is the classical expression for calculating the interaction energy between two point-dipoles aligned
head to tail. Recalling that the dipole-dipole interaction energy in a finite chain of M dipoles of the same strength
aligned head to tail and equally spaced is given by [42]:
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2u3 ey (M1 2u? Eq.2

- (F-w) = MG - o)
where , stands for the Riemann zeta function of order x [42]. Dividing Eq. 2 by M and taking the limit in which
M tend to infinity one gets:

o 2W7
Eg' =-—5G Eq.3

which is the interaction energy between two point-dipoles embedded in an infinite chain of point-dipoles of the
same magnitude, equally spaced and aligned head to tail. Eq. 3 illustrates cooperativity in a point-dipole chain.
As for M - o {3 = 1.2021, hence the dipole-dipole interaction strengthens by ~1.2021 in an infinite chain
owing to the addition of interactions with second, third and so on nearest neighbors. Considering Eq. 3
Nochebuena et al. [2] proposed that the hb strength in an infinite chain, Ej, (see Fig. 1), can be estimated with
the next expression:

2

. u
Enp = Rrep - ?Q Eq. 4

If one hypothesizes that R,.., and u in Eq. 1 and Eq. 4 are the same for a given value of 4, then one is
considering that the R,..,, and u are readily determined once the first hb is formed. Thus, u should accounts for
all possible quantum effects associated to the attractive energetic contributions to the hb strength, and R, the
repulsive energetic contributions. The R,., term may arise when the electronic cloud around the H atom
overlaps with the electronic cloud around the A atom (or region), likely due to the Pauli repulsion. Considering
the hypothesis above mentioned, the hb cooperativity can be estimated with the next equation:

2u?

G = =55

((z—1) Eq.5

which allows us to argue that hb cooperativity originates solely from dipole-dipole interactions. Eq. 1, 4 and 5
were numerically corroborated by Nochebuena et al. [2] calculating Ej; in some hydrogen bonded dimers
(hydrogen cyanide, 4-pyridone and formamide dimers), and Ejj; in the corresponding infinite chains for
different A values. In all these systems the molecular dipoles are aligned head to tail and the geometry of the
molecules in the dimers is the same of the molecules at the infinite chain. DFT/PBE and DFT/PBEO were used
in these calculations together with the TS dispersion correction.

One can argue that equations 1, 4 and 5 are a consequence of the HFT, which estates that

0E 0K
FTA (‘*’|W|“’> Fa.6

where L is an arbitrary parameter. Feynman demonstrated that forces acting on nuclei of a molecule can be
determined from classical electrostatic calculations once the corresponding electronic charge density is known
[43]. For demonstrating that, Feynman used the HFT. In following works other authors used the HFT to
demonstrate that the attractive force between two atoms, e.g., two Xe or two Ar atoms, is of the order of 1/R”
where R is the distance separating them. These results imply that the appearance of dispersion forces between
two charge distributions can be explained with the HFT [44-49], as Feynman mentioned in his seminal work
[43]. Thus, in this section we seek for a theoretical support for Eq. 1, 4 and 5 using the HFT.
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Let us consider two identical monomers electrically neutral with N electrons each capable of forming
hbs. The centers of mass of these monomers are located at points p an ¢ along the Z axis, at opposite sides of
the origin o and at a distance 1/2 from it (Fig. 3). The A value is such that the monomers are hydrogen bonded.
Considering that the Hamiltonian for that system is:

VIR SN R DD I < on) WD IED WD I
K 2 k'K Rix iTik ]>17"]2i 4

where the indexes K and K 'run over all nuclei in the dimer, Zy stands for the K-th nuclear charge, R+ for the
distance between the K-th and K'-th nuclei and 7, for the distance between the i-th electron and the K-th
nucleus. The 1/2 factor in the third term of the right-hand side of Eq. 7 stands for compensating double
counting. The derivative with respect to A of the first, second and last terms of the right-hand side of Eq. 7 are
zero (these terms do not depend on A), hence according to the HFT one gets that the energy derivative with
respect to A of the total energy of the resulting dimer is given by:

aEdlm — Z Z ZKZK aRKK
2

K'£K KK' Egq. 8

WPy, oy T Do, DW(Ty, o, Ty oy Ton A) 0Tk
+2 ZZKJ (7 2N)(1 k 2N,) KK -

ik 04

The A term in the wavefunction is added just to remark its parametric dependence of such parameter.
Integrating the second term of the right-hand side of Eq. 8 over all the electronic coordinates but i-th one, one gets:

aEdzm _ Z Z ZxZyg' aRKK’ Z j p(,2) arKd Eq.9
K'#K RKK, ‘

Fig. 3. Scheme for the charge distribution in a hydrogen bonded dimer. The origin of the system is at o, the
local origin of the left charge distribution is at p and that for the right charge distribution is at q.

where 1y is the distance between an electron and the K-th nucleus. Recalling that E, = Egin — 2E0n, Where
E4im 1s the total energy of the hydrogen bonded dimer and E,,,,,, the total energy of the monomer, and assuming
that the electron density of the dimer, p(#, 1), can be partitioned we obtain an expression for dE;, /dA. The
density of the dimer, p(¥, 1), is partitioned according to p(#,1) = p,, (?'p) + pq (?q) + Ap(¥, 1), where p,, (?'p)
and pg (?q) stand for the electron densities of the monomers centered at points p and q (see Figure 3), and
Ap(7, 1) is a function whose values are such that the density partition expression is exactly fulfilled. To simplify
the expression for dEy;,/dA we also assume that the dimer is linear, with their nuclei laying along the z axis.
Although Eq. 1, 4 and 5 are also fulfilled even in cases in which not all nuclei lie along the Z axis, like in the
formamide chain [2] and water chains (Rojas-Regalado, S.; Bautista-Renedo, J.; Ireta, J. in preparation). Hence,
it can be shown that 0 E},;, /01 becomes
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aEhb ZpZy aRAU
5D
__Z z ZUZA aRUA z fpp(rp) 01px d
2 A R%, 3 - P

P

6
Z qu(rq) Tqx dr, Eq. 10
2 Tok
A
Z f p(rp,l) aer dr
2 pK oA

Ap(rq, A) 0Tk
zz f oz Ha

where the index A runs only along nuclei of monomer A (to the left of the origin, Fig. 3) and index U runs only
along nuclei of monomer U (to the right of the origin, Fig. 3). The 1/2 factor multiplying the integrals on the
right-hand side of Eq. 10 arises because we are considering the average of the two ways of calculating dry /92
(i. e. with respect to the origin p and with respect to the origin ¢) as it was suggested by Berlin [49]. The negative
of the right side of Eq. 10 are the forces exerted on the atoms of the dimer for a given value of 4. Integrating
Eq. 10 with respect to A, and using a Taylor expansion to describe R~ and 7~ as an infinite series, and further
considering that the monomers are identical one may find that

R5 R;
Ehb—z Z ZAZU< AU AASU+ -.>

Gk 2)" (o 2)' i
—ZKZKpr(Tp)[ pag + pas todnp
A 5 R Eq. 11
1 . (rK-z)2 (TK'Z)4 .
—EZKZKpr(rp,A)[ pA3 + pAS + - | d7,
1 o Gk2) G ) .
—EZKZKpr(rq,)l)[ q/13 + q/15 + dry

where R,y stands for the distance between the A-th and U-th atoms, whose positions are referred respect to
either the point p or the point ¢. Considering that py, = Yx ZxRg, pe, = [ zp(F)dT, X aZs = N, p,(#) =
pq(#), and [ p,(F)d7 = N, Eq. 11 can be rewritten as:

2 1 = = = =21
Ewy = -3 [#zzvz - ZANZAZ;% + oy + EJ 2%Ap(7,, A)pp (1) dTpdiy
1 - Y - >/
+ Ef 22 0p(7q, A)pq(7y) drqdrq]
1 1 N Y > 3o
+ FZAEUZAZURjU 5 U Z4Ap(rp"1)pp (rp)drpdrp

+ f 2487y, 2)pq () iy +

Eq. 12
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where z stands for the z-coordinate of the given particle (nucleus or electron) respect to either the point p or the
point g. Now, considering that the molecular dipole moment of the monomer is p,,, = Uy, — Uoz, ONE can
realize that the part in parenthesis of the first term on the right-hand side of Eq. 11 resembles u?,, plus additional
squared dipole-like terms that depends on Ap (7, 1). Therefore, we replace the part in the parenthesis of this
term by /,tgf (1), the square of a kind of effective dipole. Thus Eq. 12 can be written as

_ Zﬂgf(ﬂ-)

e + ﬂﬁep - ﬁ&r’tt + .. Eq. 13

Enp =

where 19T5€p and 92, stands for the repulsive and attractive terms that depend on 1/1°. Hence, Eq. 13 shows
that the leading attractive term contributing to the hb energy can be obtained considering interactions between
effective dipoles. Next, if one generates an infinite chain replicating the dimer along a given direction (see Fig.
1), without optimizing the geometry of the resulting chain and ensuring that monomers keep their nearest
neighbor distance equal to that in the dimer along the chain, one can find that Eq. 13 can be transformed into

21z

Enp=——3 G+ Orepls — Vaeels + -+ Eq. 14

where (5 is the Riemann zeta function of order 5 ({5 = 1.037 ...). To get Eq. 14 we have applied the same
method as for obtaining Eq. 3. Subtracting Eq. 13 from Eq. 14 one arrives to

2usy

="

-1+ (ﬁrsep - ﬁgtt)((S -+ Eq. 15

Thus, according to Eq. 15 one can argue that the contributions of the second term and higher orders to
Cyp are negligible, hence it is recovered Eq. 5. The only assumption for obtaining Eq. 15 from Eq. 14 is that
Ap(7, 1) is completely determined by first nearest neighbors. Based on PBE-TS and PBEO-TS DFT calculations
it was corroborated that such assumption is fulfilled by the systems investigated by Nochebuena et al. [2] and by
one dimensional water chains (work in progress -Rojas-Regalado, S.; Bautista-Renedo, J.; Ireta, J. in
preparation-). In the work of Nochebuena et al. it was proposed an empirical formula for determining u, ¢ solely
knowing the hb in the dimer. Then, with such p it was estimated the hb in the infinite chain within an error of
~0.2 kcal/mol, with respect to the PBE-TS and PBEO-TS DFT results, along all the dissociation path of the chain.

Conclusions

The contributions of the chemical department, at UAM campus Iztapalapa, to advance our understanding
of hydrogen bonding has been significative. These contributions have been devoted to investigating the effect of
hbs into the physicochemical properties of the systems and to further our understanding of the nature of such
interactions. For example, by means of the HFT here it is obtained an expression for the hb strength in a dimer and
in an infinite chain. Using these expressions, it is corroborated that the hb cooperativity arises solely from the
classical interaction among effective point dipoles. Currently, the line of investigation on non-covalent interaction
is still vigorous at the theoretical physical chemistry area of the chemistry department at UAM, campus Iztapalapa.
We aim for getting a concise theory on non-covalent interactions.
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