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ABSTRACT: This article discusses some methodological aspects and applications of
hydrogen bonding interactions in molecular aggregates, as well as in liquids, that have
currently been considered in the literature. First, the concept of a hydrogen bond is
revisited from the classic picture of a H-bonded pair of molecules. Second, an analysis
of the interaction energy into various physically meaningful terms is presented within
the quantum mechanical scope and applied for different H-bonded complexes. Third,
cooperative effects are quantitatively considered in terms of electronic redistribution

upon complexation. Fourth, some results are reviewed and new insights into the
fundamental nature of the hydrogen bonding interaction are reported. Finally, the
fundamental forces responsible for the formation of hydrogen bonds in condensed
phase are examined by means of atomistic simulations based on classical force fields.
©2010 Wiley Periodicals, Inc. Int ] Quantum Chem 111: 1256-1269, 2011
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1. Introduction

S tudies of intermolecular interactions have
been part of the research interests of Profes-
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sor Sylvio Canuto during many years [1-4].
Among these studies, hydrogen bonding interac-
tions have gained especial attention because of
their importance in physical chemistry and bio-
logical systems [5-15]. On the quantum chemistry
perspective, systematic studies of the methodo-
logical dependence of computed properties of
H-bonded systems have also been carried out in
Canutos’s group [10, 11, 16-19]. Moreover, com-
putational methods to investigate specific interac-
tions between the solute and solvent in the liquid
phase have been developed by Canuto, Coutinho,
and coworkers [6, 8, 13, 15, 20-28]. Since then, he
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has guided many PhD students in the direction of
understanding properties and mechanisms in mo-
lecular aggregates and liquids [29]. In this sense,
this article revisits important topics about hydro-
gen bonding interactions that have been subject of
continuous interest of Professor Canuto and his
collaborators [30-33]. Furthermore, new insights
into the fundamental nature of the H-bonds in
molecular complexes are presented [34, 35].

There have been important papers and reviews
written about hydrogen bonding in molecular clus-
ters and condensed phase over the years [36—40].
They have mainly allowed a detailed understand-
ing of structural, binding, and vibrational proper-
ties of diverse H-bonded systems within the Born-
Oppehheimer approximation. This knowledge has
also been extended to design self-assembling mate-
rials through the interaction of H-bonds in the
nanoscale [41-43]. From the electronic structure
standpoint, density functional theory (DFT) meth-
ods have dramatically enhanced the level of accu-
racy that is expected from the calculations. Thus,
taking an accurate electronic structure description
into account, one obtains state-of-the-art informa-
tion concerning the hydrogen bonding phenom-
enon in extended molecular systems.

On the other hand, for pure liquids and solutions,
a fully quantum mechanical description is still com-
plicated [44, 45], mainly because of the huge compu-
tational cost involving a large number of explicit
molecules in these types of systems. Additionally, in
the liquid phase, beyond the larger number of mole-
cules considered, it is necessary to account for their
numerous configurations. In this way, the use of a
classic description of the system can reduce the cost
of the calculations. This can be achieved through
hybrid or sequential protocols. In a hybrid scheme,
the classical and quantum mechanic regions are
interfaced directly [46, 47], whereas in the sequential
approach, a simulation of the liquid is used to gen-
erate structures that are then used in subsequent
quantum mechanics calculations [20-28, 48]. In the
latter procedure, pioneered by Canuto and Cou-
tinho [6, 8, 13, 15, 20-28], a number of uncorrelated
configurations of the liquid are selected from a
Monte Carlo simulation, using the autocorrelation
function of the energy [49]. Therefore, the focus con-
verges on the separation of the intrinsic properties
of the system under study (e.g., a solute) from the
disturbances undergone by interactions with the
binding moieties or solvent medium.

In the following sections, it is presented some
definitions, methodologies, and results that

accompany the formation of a H-bond, in the
electronic ground state and considering a closed
shell system. The impact of H-bonding on the
geometry, energetics, electronic redistributions,
and spectroscopic properties is examined. These
studies are based on many-body perturbation/
coupled-cluster theories (MBPT/CC), and DFT
calculations. Moreover, results on the simulation
of hydrogen bonding in solutions are presented in
terms of empirical potentials. The paper is con-
cluded with new insights into the fundamental
nature of the hydrogen bonding interaction and
by throwing some light on the understanding of
H-bonded molecular nanostructures in solutions
[50, 51].

2. Theory and Calculations

A hydrogen bonding interaction is classically
drawn as X—H:-'Y, where a hydrogen atom (H),
covalently bound to a more electronegative atom
(X), interacts with a region of high electron den-
sity (Y). Weaker than a conventional covalent
bond, the H-bond is stronger than van der Waals
interactions that bind together nonpolar mole-
cules. Strictly speaking, X can be an atom like O,
F, or N, whereas Y can be any ¢ or n electron
donor site (e.g., a Lewis base) in the same or sep-
arate molecule [52-54]. Recently, metal atom gold
has been proposed as a nonconventional proton
acceptor [55]. Many authors have also given atten-
tion to less usual H-bonding interactions [56-58],
wherein the donor X—H group does not necessar-
ily involve atom X much more electronegative
than H. In this case, the C—H donor has been
shown to participate in H-bonds of surprising
strength [56, 58].

There are important perturbations that accom-
pany a H-bond formation [52]. However, two
features are commonly accepted to all types of
H-bonds: (i) there is a significant electronic redis-
tribution from the proton acceptor (Y) to the pro-
ton donor (X—H); (ii) formation of the X—H---Y
H-bond results in weakening of the X—H covalent
bond. Usually, (ii) is accompanied by a bond
elongation and concomitant decrease of the X—H
stretch vibration frequency (red shift) compared
with the isolated moieties. Also, a blue shift is
sometimes expected to occur during the H-bond
formation [59]. Computational advances in ab
initio approaches have permitted a detailed
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characterization of the hydrogen bonding phe-
nomena in a variety of systems.

2.1. BINDING AND ZERO-POINT VIBRATONAL
ENERGIES

The most common quantity calculated from ab
initio calculations for a H-bonded system is the
binding energy associated to the reaction X—H + Y
— X—H--'Y. The complexation energy of this pro-
cess is taken as AE, which is defined as follows:

AE=E(X—H---Y)— [EX—H)—EY)] (1)

If a H-bonded complex is formed, then this is
more stable than the isolated species and AE
is negative; in other words, the binding energy is
positive. As usual, all species are taken in their
fully optimized geometries. Hence, changes in the
internal geometries of both X—H and Y can lead
to significant nuclear relaxation after the H-bond
formation [54].

To calculate the strength of the H-bonding inter-
action, it is important to employ size-consistent
correlated methods [60] such as the second-order
Moller-Plesset (MP2) level of perturbation theory
[61]. After obtaining the equilibrium structure, sin-
gle-point calculations can be performed within the
many-body perturbation/coupled-cluster theories
(MBPT/CC). In this way, we are able to analyze
the effects of high-order electron correlation in
assembling the complex from its isolated moieties.
As an alternative approach to compute the struc-
ture and energy of H-bonded complexes, DFT [35,
62, 63] has provided accurate results with lower
computational cost than MBPT/CC. Usually, the
performance of DFT methods depends on the basis
set chosen, as well as the exchange-correlation
functional employed in the calculations.

Currently, the use of large Gaussian-type basis
sets, combined with correlated methods, has per-
mitted to compute accurate properties of many
H-bonded systems. For example, in the case of
small clusters, such as H-bonded pairs of mole-
cules, split-valence basis sets, augmented with
polarization and diffuse functions [64, 65] (e.g.,
6-311++G(d,p)) appears to be important basis
sets required for reliable results. Also, in calcula-
tions that include electron correlation, the series
of correlation-consistent polarized split-valence
basis sets (cc-pVXZ, X =D, T, Q, 5, and 6)[66, 67]
is entirely feasible. These basis sets can also be
systematically employed with augmented and dif-

fuse functions (aug-cc-pVXZ), which are well
suited for convergence studies [68]. Whereas large
basis sets may improve the computations, the
finite size introduces a nonphysical stabilization
given by the basis set superposition error (BSSE).
Thus, the counterpoise correction (CP) has been
proposed to compensate for this error [69].
Indeed, the CP-corrected complexation energy
should be calculated as follows:

AECP _ E(X —H.-. Y) — [E(X — H)X,HM{Y}
—E(Y) gy (2

Now, the energy of each subunit should be cal-
culated in the presence of all the basis functions
used in the calculations of X—H:--Y. The difference
between Egs. (1) and (2) gives one measure of
BSSE.

Making use of the optimization algorithms, it is
possible to determine the force field for nuclear
displacements of the H-bonded system from the
equilibrium geometry, leading directly to the eval-
uation of its vibrational spectrum. Thus, with the
frequencies of the normal modes, one obtains the
zero-point vibrational energy (ZPVE) as well as
thermodynamic quantities related to the forma-
tion of a H-bond [52]. One of the most noticeable
characteristics in the vibrational spectrum appears
in the band corresponding to the stretch of the
X—H bond. Normally, this mode shifts to lower
frequency and is intensified so that it is possible
to establish a correlation between the amount of
the red shift and the strength of the H-bond [59].
Most importantly, the computed vibrational spec-
tra can be compared directly with available
Raman and infrared experiments.

2.2. COOPERATIVE EFFECTS AND
MANY-BODY INTERACTIONS

Aggregation phenomena involving many mole-
cules are known as nonadditivity or cooperativity
[52, 70, 71]. These are of particular interest in
H-bonded systems because of the diffuse nature
and high polarizability of the hydrogen and lone-
pair electron densities [72]. An important type of
cooperative effects occurs when the species
involved possess both acceptor and donor proper-
ties, forming large chains or cycles. This effect is
commonly observed in water or HCN clusters [19,
52, 53, 73]. Notwithstanding, multiple H-bonds are
not always strongly interacting as in the case of
chains or cycles. For example, when a H-bond is
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formed between two water molecules, the one
donating the hydrogen atom increases the ability
of accepting a new H-bond. In contrast, the proton
acceptor molecule reduces the ability of accepting
a new H-bond, although it becomes a better proton
donor. The electron redistribution thus results in
both the cooperativity (e.g., accepting one H-bond
favors the donation of another) and anticooperativ-
ity (e.g., accepting one H-bond unfavors accep-
tance of another) in hydrogen bonding networks.
To evaluate the cooperative effects quantita-
tively, it is usual decomposing the total interac-
tion energy of a cluster with N interacting mole-
cules into a sum of multiple-body terms,
according to the partition scheme [19, 74]:

N-1 N N-2N-1 N
ABy =D Wi+ > Us(ijik)
i=1 j>i i=1 j>i k>

®)

The terms Ux(K =2 — N) in Eq. (3) correspond
to the two- through N-body single contributions
in the total interaction energy of the aggregate.
The multiple-body terms are recursively obtained
from the total energy of singlets, E;(i), doublets,
Ex(i,}), triplets, E3(i,], k), etc., defined as follows:

Us(i,]) = E2 — [E1(i) — E2(j)],

u3(iaj7k) = E3(i7j7k> - [Uz(l,]) + u2(i7 k) + uZ(]ak)]
— [E1(i) + E1(j) + Ea (k)]
U4(i,j,k, hH= E4(i,j,k, ) — [U3(i,j,k) + U3(i,j, )]

+ US(iakv l) + u3(j7k7 l)} - [UZ(IJ)
+ U (i, k) + U (1,1) + U (j, k) + Uz (f, 1)
+ Ua(k, )] = [E1(i) + Ex(j) + Ex(k) + Ex(1)],
......... 4)

Among the multiple-body terms, the three-
body contribution (also denoted as AE3 pody)
plays an important role in the stabilization of
large hydrogen bonded clusters [71]. Furthermore,
these interactions are known to affect many prop-
erties of H-bonded systems in the condensed
phase [75]. While three-body terms are essential
to describe cooperative effects, contributions from
four-body and higher terms are negligible. In this
sense, analytical potentials based on three-body
interactions have been developed for describing
the dynamics of HF aggregates [76]. Advances in
the spectroscopic techniques, which are able to
probe small clusters [77], have aided the determi-

nation of three-body effects without the compli-
cating effects of higher orders. The experimental
techniques coupled with advances in theoretical
treatments moved investigations of many-body
interactions to the forefront of the intermolecular
interaction research.

2.3. POTENTIAL MODELS FOR LIQUID
SIMULATION

Despite the high level of quantum mechanical
investigations of molecular clusters—leading to
valuable insights into the nature of hydrogen
bonding interactions—it is not a simple task to
obtain detailed information about the intermolec-
ular potential at all separation distances. Usually,
results from these calculations may be factored in
a specific partition of the total interaction energy
into individual contributions [78, 79]. These are
used in formulating suitable expressions for the
H-bonding interaction for molecular mechanics
calculations [80]. In fact, special potential func-
tions to handle H-bonding interactions can be
necessary for the three-dimensional folding of bio-
logical macromolecules [81]. On the other hand,
in several empirical force field calculations, the
hydrogen bonds have been well described by a
simple superposition of a Lennard-Jones type
potential for nonbonded atoms, and an electro-
static contribution [82], which can be represented
by the interaction of partial point charges, such as
follows:

on o on f§ o g\ 0 g
1] 1] qlq]
o 22{4&][(,11) -G ] o }
)

In molecular liquids and solutions under nor-
mal conditions, the nonadditivity problem is com-
monly bypassed and the total potential energy of
N interacting molecules is represented as a sum
of two-body terms, so-called effective pair interac-
tions. Such effective potentials have been pro-
posed for several substances by atomistic simula-
tions of liquid-state properties [83, 84]. It is clear
that attempts to model solvation process accu-
rately should include three-body contributions.
However, it must be emphasized that effective
potentials have folded into them various interac-
tion effects, such as polarization of the surround-
ing solvent molecules, nonrigidity of solutes, ani-
sotropic interactions, etc. Therefore, no explicit
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hydrogen bond term is included because the Cou-
lomb and Lennard-Jones terms can accurately rep-
resent the hydrogen-bonding interactions [82].

A common procedure to identify hydrogen
bonds in liquid simulations is through the radial
distribution function (RDF). In this case, spherical
integration of the first peak of the RDF between
the proton acceptor center and the hydrogen
atom of the solvent gives the number of H-bonds
formed. The difficulty associated with this proce-
dure is that it cannot be assured that all nearest-
neighbor structures are indeed related to H-bonds
[6, 13, 85]. An efficient and more correct way to
extract the H-bonded structures has been pre-
sented by Stilinger and Rahman [86, 87] and
Mezei and Beveridge [88]. They have discussed
the directional and energetic aspects of H-bonds
as well as the importance of identifying H-bonds
from computer simulation of liquids. Thus, such
interactions are indeed better obtained using the
geometric and energetic criteria [6, 13, 49, 85].

3. Applications to H-Bonded Systems

3.1. STRUCTURE AND BINDING OF
HCN-WATER ISOMERS

The interaction between HCN and water has
been studied both experimentally and theoreti-
cally [7, 10, 68, 89-94]. Recently, it has been pro-
posed that the isomerization process between
HCN and HNC can be catalyzed by water mole-
cules in the interstellar medium [95, 96]. The
experimental microwave studies of Fillery-Travis
[89] and Gutowsky et al. [90] have identified the
1:1 structure with the oxygen atom of water
bonded to the hydrogen atom of HCN; ie,
H,O---HCN. Another 1:1 structure, with the nitro-
gen atom of HCN H-bonded to one hydrogen

TABLE |

atom of water; i.e., HCN---H,O, has found to be
less stable [7, 68]. Heikkila et al. [92] studied the
infrared spectrum of these complexes in low-tem-
perature argon matrices by FIIR technique and
calculated the relative stability of the two isomers
by using ab initio calculations at the MP2/6-
311++G(2d,2p) level.

We have employed high-level ab initio calcula-
tions to determine the equilibrium structures,
spectroscopic properties, energetics, and coopera-
tive effects of different HCN-water clusters [7,
10]. The stability of the 1:1 structures obtained
with different methods is presented in Table I. It
is shown that HCN---H,O is less bound than
(HCN),, whereas H,O---HCN is more bound than
(HCN),. In all considered methods given in Table
I, we find the following stability order:
HCN--H,O < HCN--HCN < H,O--HCN. This
relative stability is very important in determining
the precursor of long chains and also the relative
abundance of the two species. This is of further
interest in the interstellar medium and in comets,
where the astrophysical properties may provide
important clues regarding the formation of com-
plex organic molecules.

In a systematic study, using the aug-cc-pVXZ
basis set series with X = D,T,Q, and extending
the results to the infinite basis limit, Malaspina
et al. [68] have corroborated that H,O---HCN is
more stable than HCN:--H,O by ~6 kJ/mol. By
including the extrapolated value, the MP2 method
gives binding energies of 17.45 and 12.38 kJ/mol
for H,O--HCN and HCN--H,O complexes,
respectively, as the differences in zero-point
vibrational energies and the correction for BSSE
are considered. Heikkilad et al. [92] have obtained
these binding energies, without including ZPE, as
19.66 and 1531 KkJ/mol wusing the MP2/
6-311++G(2d,2p) level of theory, which are in ac-
cordance with our previous results (Table I).

Computed binding energies (in kd/mol) with counterpoise corrections of water-HCN complexes in comparison

with the HCN dimer.

Binding energy H>O---HCN HCN---H,O (HCN),
MP2/6-311++G(d,p) 19.67 14.80 17.72
MP4//MP2/6-311++G(d,p) 19.07 1417 17.15
CCSD//MP2/6-311++4G(d,p) 19.10 13.46 16.62
CCSD(T)//MP2/6-311+-+G(d,p) 19.16 13.96 16.81

B3LYP/6-311++4G(d,p) 22.27 15.13 17.96
MP2/6-311++G(3df,2p) [94] 20.34 15.79 19.21
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(b)

FIGURE 1. Optimized structures of (a) H,O---(HCN), and (b) (HCN),---H,O---(HCN), with PW91/aug-cc-pVTZ level of
DFT. In (a), the water molecule is oriented such that the hydrogen bonds form approximately in the tetrahedral
directions, i.e., in the lone pair directions. In (b), the water molecule forms an extended tetrahedral structure, acting
as both proton acceptor and proton donor. H-bond distances are given in A and angles in degrees. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

However, in Ref. 68, Malaspina et al. have deter-
mined that under typical conditions of supersonic
expansion experiments (T < 150 K), H,O---HCN is
essentially the dominant isomer.

3.2. SUPRAMOLECULAR HCN-WATER
CLUSTERS

Here, it is important to mention that HCN-
water complexes are expected to form supramo-
lecular structures, such as those formed with one
water molecule H-bonded to two HCN molecules
or one water molecule H-bonded to four HCN
molecules (Fig. 1). These complexes have been
obtained as true minima within DFT (PW91/aug-
cc-pVTZ), presenting intense intermolecular vibra-
tional modes in the infrared spectra. Furthermore,
large three-dimensional HCN structures oriented
by a single water molecule are expected to exist
in special conditions (Rivelino and Canuto, in
preparation). It is interesting to note that H,O--
(HCN), is an example of negative cooperativity
[52], where the oxygen atom serves as proton
acceptor to both HCN molecules. However, it
forms a highly stable structure (~24 kJ/mol, after
ZPVE correction) and is also capable to donate
both hydrogen atoms, forming (HCN),:--HyO--
(HCN), (~80 kJ/mol, after ZPVE correction). As
both water and HCN are common elements in
planetary environments, the relative abundance of

the isomeric H-bonded water-cyanide clusters can
play an important role for the formation of struc-
tures like (HCN)y---Hy0O---(HCN)y.

Table II displays some important vibrational
modes that occurs in these supramolecular com-
plexes. Particularly, in the case of H,O---(HCN),,
it is noticed librations (restricted rotations; i.e.,
rocking motions) of the water molecule raging
from 252 to 343 cm™'. These librations are conse-
quences of the restrictions imposed by hydrogen
bonding, and their combinations with other vibra-
tional motions are responsible for more complex
infrared and Raman spectra of liquid water and
ice than the vapor [99]. Indeed, in the case of
(HCN),:--H,O--(HCN),, we observe that the libra-
tions are shifted to higher wavenumber region;
i.e., 533 to 649 cm~!. Moreover, with the complete
spatial confinement of water translational vibra-
tions of its center of mass are observed in the
181-207 cm ™! (5.4-6.2 THz) range. These involve
H-bonded network movements along linear or
near-linear hydrogen bonds and show a
resemblance with the condensed phase of water
[100]. Some bending vibrations of the hydrogen
bonds also occur, due to out of alignment transla-
tions relative to O—H--N (70-104 cm ') and
C—H---O (138-156 cm ') H-bonds.

Large red shifts are observed in the C—H
stretch of H,O---(HCN),, i.e., 124 and 110 cm ™! for
the asymmetric and symmetric combinations,
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TABLE Il

Computed vibrational modes (in cm™") of the
H50---(HCN), complex with PW91/aug-cc-pVTZ.

Modes H,O-«(HCN),  H,O HCN
H50 libration 252 — —
H50 libration 296 — —
H50 libration 343 — —
HCN bend — — 724 (712)
HCN bend? (asym.) 806 — —
HCN bend? (sym.) 816 - —
HCN bend® (sym.) 828 — —
HCN bend® (asym.) 831 — —
H,O bend 1600 1595 (1590) —

CN stretch (asym.) 2111 - —

CN stretch (sym.) 2114 — -
CN stretch — - 2124 (2097)
CH stretch (asym.) 3247 — —
CH stretch (sym.) 3261 — -
CH stretch - — 3371 (3311)
H,O stretch (sym.) 3687 — —
H,0 stretch (asym.) 3783 — -

H,0 stretch
H,0 stretch

sym.) -
asym.) -

3705 (3638)  —
3809 (3733)  —

—_— e~~~

Values in parenthesis correspond to the experimental data
[97, 98].

2In-plane N—H.

b Out-of-plane N—H.

respectively. These shifts increase to 272 and
248 cm ™! in (HCN),:--H,O---(HCN)s. Interestingly,
the O—H symmetric stretch of H,O is signifi-
cantly reduced by 199 cm™'!, whereas the asym-
metric mode is reduced by 244 cm™!, upon the
(HCN),---H,O---(HCN), formation. As seen,
increased strength of hydrogen bonding typically
shifts the stretch vibration to lower frequencies
with greatly increased intensity in the infrared.
Although the present results indicate some coop-
erative effects in these structures, regions of the
potential surface associated with intermolecular
coordinates may be quite flat, so that distortions
away from the idealized structures (those with
directed lone pairs at the proton acceptor sites
and linear X—H:-Y H-bonds) are very common

(Fig. 1).

3.3. HCN LINEAR CHAINS

Structures and vibrational spectra of pure HCN
clusters have been extensively investigated in the
last decades [73], and continue to be an issue of
great interest for studies of hydrogen bonding
interactions [19, 52]. With the advances in the ex-

perimental techniques [101], optically selected
mass spectra combined with infrared spectrum
have shown vibrational bands associated with
(HCN)y complexes (N = 2-5) formed in helium
nanodroplets. On the theoretical side, recent stud-
ies of the interaction energies and NMR indirect
nuclear spin-spin coupling constants in linear HCN
chains have been performed by Provasi et al. [102]
with the theory of polarization propagators. Further
theoretical studies of neutral and charged HCN
clusters have been carried out by Sanchez et al.
[103] by using DFT and MP2 methods.

Spectroscopic and geometric parameters of
HCN have been discussed by us [104] using
highly correlated levels of theory. Later, we have
quantified multiple-body interaction terms of H-
bonded HCN strings by performing a systemati-
cal analysis within MBPT/CC methods [19].
Because of the possibility of resonance with the
H—C":N": structure, involving a positive formal
charge on the carbon atom, the H-bonds are suffi-
ciently strong to stabilize linear polymers of
HCN, even in condensed phase. However, it is
well accepted that hydrogen bond formation in
HCN clusters possesses a cooperative character
[52]. This phenomenon is associated with the non-
additive terms, such as Us, Uy, etc., given by Eq.
(4), which provide the many-body effects in the
total H-bonding interaction.

A multiple-body decomposition of small chains
(N = 1-5) is shown in Table III. As seen, these
terms show a significant dependence on the clus-
ter size. For instance, in the case of (HCN),;, we
have obtained contributions of —56.54, —5.80, and
—0.25 kJ/mol for the total two-, three-, and four-
body terms, respectively. The three-body contri-
bution gives about 9% of the total interaction
energy, as normally expected for these types of
systems. The four-body contribution, however, is
considerably smaller; being less than 1% of the
total interaction. The higher-order terms are small
but not totally negligible for very larger clusters.
In the case of (HCN)s, the total four-body contri-
bution is —0.63 kJ/mol, whereas the five-body
contribution is only —0.02 kJ/mol. Now, the
three-body is 11%, whereas the four-body contri-
bution continues to be less than 1%, of the total
hydrogen bonding interaction. The five-body term
gives a negligible contribution to the total interac-
tion of the pentamer.

In our study of Ref. [19], we have employed
MBPT/CC theories to quantify the magnitudes
and high-order correlation effects of two- through
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TABLE Il

Calculated interaction energies and total multiple-body analysis (kJ/mol)® of linear (HCN)y strings using the

MP2/6-311+ +G(d,p) level of theory.

N AEN AE2—body AES—body AE4—body AES—body Cooperativityb
2 =17.72 -17.72 - - — -

3 -39.47 -36.98 —2.48 - — -4.29

4 —62.59 -56.54 -5.80 -0.25 — -4.72

5 -86.29 -76.16 —9.48 -0.63 -0.02 -5.14

2CP corrections are included.
PIAEN — (N — 1)AE,)/N — 2 (see details in Ref. [19]).

five-body terms in the total interaction energy of
HCN linear chains. Geometries were optimized
with MP2/6-3114+-+G(d,p) and binding energies
were calculated up to the CCSD(T) level. We have
noticed that higher-order electron correlation does
not give a sizable contribution to the strength of
the H-bond interactions, which is mainly domi-
nated by electrostatic contribution, as expected for
highly polar systems [27]. In Figure 2, we display
the calculated dipole moment per molecule as a
function of the number of monomers. Extrapola-
tion to large N values shows that the induced
dipole moment is 3.87 D; i.e., there is essentially
an increase of ~30% relative to the isolated dipole
moment of the HCN molecule. In fact, an
approach based on electrostatic inductions can be
rather reliable for a quantitative description of the
cooperative effects in linear HCN clusters.
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FIGURE 2. Calculated linear polarization of a HCN
chain at the MP2//6-311+-+G(d,p) level. Extrapolation of
the average dipole moment indicates that cooperativity
effects are dominated by induction effects.

3.4. LEWIS ACID-BASE H-BONDED
COMPLEXES

Beyond a typical hydrogen bond, some com-
plexes can form special types of intermolecular
interactions, e.g., Lewis acid-base interactions
[34]. Recently, evidence for these cooperative
interactions in the acetaldehyde-CO, complex has
been provided by Raman spectroscopy [105].
Also, ab initio calculations of CO, complexes with
simple model carbonyl compounds identified the
possibility of a weaker C—H---O interaction that
acts cooperatively with the Lewis acid-base inter-
action having hydrogen atoms attached to the «-
carbon or the carbonyl [106]. However, as noticed
by Kryachko, there are still problems that are
related to these systems and that are awaiting
their complete understanding [54]. In particular,
other small molecules possessing electron defi-
cient carbon atoms, e.g., HCN and FCN, are also
candidates for working as Lewis acids in the pres-
ence of carbonyl compounds [34].

The optimized structural arrangements of the
HCHO:--CO,, HCHO---HCN, and HCHO--FCN
complexes are shown in Figure 3. These com-
plexes are supposed to be mostly stabilized by
Lewis acid-base interactions, involving the car-
bonyl oxygen atom in formaldehyde and the elec-
tron-deficient carbon atom in CO,, HCN, or FCN.
As suggested in Figure 3, it is possible to identify
weak H-bond interactions of the type C—H:-Y
(Y = O, N) shared with the aldehydic proton.
Similarly, in the case of HCN, an H-bonding
interaction of the type C—H---O is also expected
to be formed with the carbonyl oxygen atom.
Some important parameters and properties of
these complexes are summarized in Table IV. A
typical observation related to the formation of
these complexes is that the CO,, HCN, and FCN
molecules become slightly bent after bound,
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FIGURE 3. Lewis acid-base complexes of formaldehyde with (a) CO,, (b) HCN, and (c) FCN. Distances are given in
A. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

leading to a splitting in the v, vibrational mode of
the linear molecules [34, 105, 106].

As reported in Table IV, the degeneracy of v,
is lifted in the complexes. This seems to be
directly connected with the interaction between
the electron-deficient carbon (the Lewis acid) of
CO,, HCN, or FCN and the carbonyl oxygen of
HCHO. The largest calculated splitting was
obtained for the HCHO:--HCN complex (48
cm™Y), whereas HCHO---CO, and HCHO---FCN
gave a very similar spliting of ~16 cm’,
although these latter complexes presented very
different stabilizations (~6 and 11 kJ/mol, respec-
tively). In addition to the Lewis acid-base interac-
tion, the blue shifts calculated for the symmetric
stretch (vs) of C—H in HCHO bonded to CO,,
HCN, and FCN were, respectively, 11, 14, and 16
cm !, indicating the presence of weak, but coop-

TABLE IV

erative, H bonds. Also, a small blue sift of only 2
cm™ ' was obtained for the NC—H symmetric
stretch in HCHO:---HCN. In summary, this study
has shown that HCN and FCN form stable com-
plexes like the Lewis acid—base HCHO---CO, com-
plex, opening important perspective to under-
stand the interactions between HCN and carbonyl

groups.

3.5. CONFORMATIONAL ANALYSIS OF
FURFURAL

Having discussed the main structural and ener-
getic features behind a H-bond in molecular
aggregates, it is worthwhile now to go beyond a
static structure (in its equilibrium geometry) to a
solute embedded in a solvent, where temperature
effects are included. As an interesting example,

Calculated properties of the weakly bound formaldehyde complexes with CO,, HCN, and FCN at the

MP2(Full)/aug-cc-pVDZ level.

Properties HCHO---CO, HCHO---HCN HCHO---FCN
Bond lengths (A)
C-H® 1.109 1.109 1.109
H--Y 2.630 2.683 2.556
0--C 2.849 2.944 2.774
Bond angles (°)
OCH 121.4 121.5 121.2
C-H---Y 110.8 127.5 118.7
C-H---O — 91.8 —
Binding energy® (kJ/mol) 6.32 11.05 11.42
v, splitting (cm™") 16 48 16
Vibrational shifts (cm™")
Vs 11 14 16
C=0 stretch -4 -6 -9

3The C-H distance in the isolated species is 1.111 A.

P Corrected for BSSE, ZPVE, and geometric deformations (see details in Ref. [34]).
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FIGURE 4. lllustration of the conformational
equilibrium of furfural. The OO-trans form is more stable
in the vapor, whereas the OO-cis form is more stable in
polar solvents. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

the conformational equilibrium of furfural (Fig. 4)
in protic solvents is examined here via atomistic
simulations [13, 26], with the intermolecular inter-
actions described by Eq. (5). Since the early infra-
red and Raman studies by Allen and Bernstein
[107], this mechanism has continued to fascinate
chemists. Recently, rotational barrier and thermo-
dynamic parameters of furfural in solvents of dif-
ferent polarities have been investigated based on
DFT calculations [108]. All these studies have
shown that in the gas phase, the OO-trans con-
former is always more stable, but increasing the
polarity of the solvent leads the OO-cis conformer
to become more stable [109].

vails in solvents with dielectric constants higher
than 5. However, the stability between both con-
formers does not obey a simple relationship with
the dielectric constant. This, of course, indicates
that the solvent effects are more complex than
could be inferred by a simple reaction field [26].
NMR measurements [111] have been used to
determine the thermodynamic parameters for the
rotation of the carbonyl group in furfural in tolu-
ene, acetone, and methanol. For instance, impor-
tant entropy effects were observed in nonprotic
solvents, e.g., toluene and acetone, and no effects
in protic solvents such as methanol.

The statistical analysis from atomistic Monte
Carlo (MC) simulations of the hydrogen bond for-
mation of furfural in water and chloroform (a
weaker protic solvent than water) is presented in
Table V. In principle, it is expected that in protic
solvents like water the H-bonds formed with the
oxygen atoms of the furfural molecule could favor
a particular conformation to the detriment of
another. To understand the specific role of the
solute-solvent interactions during the internal
rotation, we have performed a detailed structural
investigation of the H-bonding water [13]. Each
H-bond formed between furfural and the solvent
is defined using the geometric and energetic crite-
ria [86-88]; these are Rox < 3.7 A, Ooxuy < 36°,
and positive binding energies. Table V summa-
rizes results corresponding to the three most rep-
resentative conformers (OO-cis, transition state
(TS), and OO-trans) of furfural in water and chlo-
roform. This analysis provides a microscopic
description of the specific interaction involving
the proton acceptor furfural and the proton donor

Baldridge et al. [110] showed that the con- water or chloroform during the cis—trans
former with larger dipole moment, OO-cis, pre- interconversion.
TABLE V
Calculated averages properties® of H-bonding formation® in furfural in solutions.
H>,O # H-Bond O---X O---X-H —AE/H-bond
OO-cis 0.97 3.03 = 0.23 19.5 = 8.0 14.06 = 2.93
OO-TS 0.84 2.98 = 0.23 20.8 £ 8.0 12.89 = 2.51
OO-trans 1.13 2.95 = 0.23 16.5 = 8.0 12.89 = 2.93
CHCl3
OO-cis 1.07 3.26 = 0.23 21.7 = 8.0 13.64 = 2.93
OO-TS 0.97 3.24 = 0.23 20.9 = 8.0 13.43 = 2.09
OO-trans 0.92 3.27 = 0.23 20.7 = 8.0 13.35 + 2.51

aDistances in A, angles in degree, and binding energies in kJ/mol.

PX = C (in chloroform) or O (in water).
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(a)

(b)

FIGURE 5. Hydrogen bonding interactions between furfural and (a) water and (b) chloroform obtained from MC
simulations under ambient conditions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

In the aqueous solution, we have calculated for
the OO-cis that 23% of the configurations make
no H-bond, 58% make one, 17% make two, and
2% make even three H-bonds. Then, out of the
60 MC configurations selected, there exist 58
H-bonds in the OO-cis conformer, making there-
fore, 0.97 H-bond on average. This is the statistics
of the hydrogen bonding interactions for the solu-
tion of furfural in water. In fact, most of the
H-bonds have the carbonyl oxygen as the proton
acceptor. Similar results are obtained for the OO-
trans conformer and transition state, with an aver-
age number of 1.13 hydrogen bonds in the first
case and 0.84 for the second one. Also, a similar
statistics is obtained in chloroform. In Figure 5, it
is shown two types of common H-bonds formed
with arbitrary conformers of furfural in both
solvents.

As noted in Table V, similar H-bonding pat-
terns have been obtained dissolving furfural in
water or chloroform. The average number and the
strength of hydrogen bonds formed between the
solute and the solvent are essentially constant
along the internal rotation, which gives no mean-
ingful contribution to the activation entropy.
These results are in agreement with previous
observations of the investigation of furfural in
methanol by Bain and Hazendonk [111]. Thus,
atomistic MC simulations have demonstrated that
the hydrogen bonding patterns along the rota-
tional equilibrium are very similar. The number
of the hydrogen bonds formed and the binding
energies change slightly during the internal rota-
tion of the carbonyl group of furfural. This sug-
gests that the hydrogen bonding interactions are
not preferentially formed with a particular
conformer.

4. Concluding Remarks

This article revisited important topics related to
the hydrogen bonding phenomenon, which can
be treated by using high-level quantum mechani-
cal calculations or atomistic computer simulations.
Some methodological aspects and applications of
hydrogen bonding interactions in molecular
aggregates and liquid solutions were discussed.
In particular, issues that have been research
interest of Professor Canuto and his collaborators
were briefly reviewed [5-33, 104]. Moreover,
new insights into the fundamental nature of the
H-bonds in molecular complexes were presented
[34, 35] (Rivelino and Canuto, in preparation).

The recent progress that has been made in ab
initio electronic structure calculations has permit-
ted high-level investigations to be performed on
hydrogen bonding interactions in clusters and
extend systems. These studies have produced
structures and binding energies of accuracy com-
parable to that obtained experimentally. Further-
more, they have provided insight into other prop-
erties of H-bonded complexes, resulting in a deep
understanding of the H-bonding interaction phe-
nomenon. Importantly, advances in experiments
have contributed greatly to probe this unique
intermolecular interaction.

There are, however, many important problems
that remain to be investigated, including hydrogen
bonding in associated liquids [44, 112], quantum
effects on the proton transfer of hydrogen bonded
systems [44, 113], effects of hydrogen bonds in
large biochemical structures, which has reveled im-
portant cooperative patterns [114], and hydrogen
bonding interactions in solvated nanostructures
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and supramolecular assembled nanocomposites,
such as fullerene derivatives [50, 51, 115].
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