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Abstract ωB97XD/6-311++G(d,p) calculations were car-
ried out to investigate the hydrogen-bonding interactions
between adrenaline (Ad) and water. Six Ad–H2O complexes
possessing various types of hydrogen bonds (H-bonds) were
characterized in terms of their geometries, energies, vibra-
tional frequencies, and electron-density topology. Natural
bond orbital (NBO) and quantum theory of atoms in molecules
(QTAIM) analyses were performed to elucidate the nature of
the hydrogen-bonding interactions in these complexes. The
intramolecular H-bond between the amino and carboxyl oxy-
gen atom of Ad was retained in most of the complexes, and
cooperativity between the intra- and intermolecular H-bonds
was present in some of the complexes. H-bonds in which
hydroxyls of Ad/water acted as proton donors were stronger
than other H-bonds. Both hydrogen-bonding interactions and
structural deformation play important roles in the relative
stabilities of the complexes. The intramolecular H-bond was
broken during the formation of themost stable complex, which
indicates that Ad tends to break the intramolecular H-bond and
form two new intermolecular H-bonds with the first water
molecule.

Keywords Hydrogen bonding interaction . Density
functional theory (DFT) . Natural bond orbital (NBO) .
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Introduction

Adrenaline (Ad) is a member of the catecholamine series of
neurotransmitters. Its chemical structure is shown below:

Ad plays an important role in biological systems, since it
controls a wide variety of physiological and behavioral pro-
cesses, mainly through different receptor types. Moreover, the
electrochemical behavior of Ad has been the focus of very
interesting studies in the past few decades [1–9], and numer-
ous electrochemical methods have been developed to detect
Ad. Although the electrochemical response of Ad can be
improved by using a modified electrode, the detection of Ad
under physiological conditions is still problematic [9–11].

To solve this problem, it is necessary to understand the
electrochemical reaction mechanism of Ad, and the crucial
factor in this is the structure of Ad. Gas-phase conforma-
tions of Ad are well understood [12–20]; for example, they
have been studied using ultraviolet spectroscopy (both R2PI
and LIF), infrared ion-dip and hole-burning spectroscopy
[12, 13], and molecular beam Fourier transform microwave
(MB-FTMW) spectroscopy [14]. Moreover, several studies
on the conformational landscape of protonated Ad in the gas
phase have been reported [15, 17, 18]. However, the con-
formational landscape of Ad under physiological conditions
is more complicated than that in the gas phase, since Ad can
form hydrogen bonds (H-bonds) with solvents through
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hydroxyl and amino groups, which means that the electro-
chemical behavior of Ad varies with the particular aqueous
environment it is in. An electrochemical study has shown
that DMSO has an strong influence on the structure and
diffusion kinetics of Ad [21]. Therefore, the above studies
on the gas-phase conformations of Ad cannot be to used to
accurately elucidate its conformations in aqueous solution.
However, it is difficult to identify the supermolecular struc-
tures formed during the complexation of Ad with solvent
molecules, since their spectral features can be broadened or
can overlap with each other. Theoretical tools can be used to
investigate the behavior of Ad in aqueous environments,
since it is free of the above difficulties. There are some
theoretical studies on the conformers of Ad or supermolec-
ular structures formed through complexation of Ad with
solvent molecules [20–24]. Alogona reported the conforma-
tional landscape of the N-protonated form of adrenaline in
the gas phase and in aqueous solution [20]. Yu studied the
supermolecular structures that form from protonated Ad and
DMSO [22]. Recently, we also carried out some research on
protonated Ad/DMSO [23] and noradrenaline/DMSO com-
plexes [24], and the results showed that the solvent has a
crucial influence on the conformers of these neurotransmit-
ters in DMSO.

In the work described in this paper, we studied the
hydrogen-bonding interactions between Ad and a water mol-
ecule via density functional theory (DFT) combined with
quantum theory of the atoms in molecules (QTAIM) and
natural bond orbital (NBO) analyses. We hope that the results
of this study will be helpful in further studies on the micro-
solvation of Ad, and will increase our understanding of its
electrochemical reaction mechanism.

Computational details

All DFT calculations were performed with Gaussian 09 [25]
with the default convergence criteria and without any con-
straint on the geometry. The ωB97XD functional [26] with
the 6-311++G(d,p) basis set [27, 28] was used to investigate
the electronic structures of the Ad–H2O systems. The
ωB97XD functional includes empirical dispersion and can
more accurately treat hydrogen-bonding and van der Waals
interactions than conventional DFT. First, the isolated Ad
and water monomers were fully optimized; then the com-
plexes were constructed, starting from the most stable Ad
and water monomers, and they were also fully optimized at
the same level. The harmonic vibrational frequencies were
calculated with analytic second derivatives at the same level
in order to confirm that the structures were minima and
evaluate zero-point vibrational energies (ZPVE). To take
into account the effects of basis set superposition error
(BSSE), the counterpoise (CP) correction [29] was imple-
mented, thus ensuring that the complexes and monomers

were computed with a consistent basis set. The interaction
energies were calculated based on the ZPVE and BSSE cor-
rections. In order to analyze the properties of the H-bond
interactions in complexes, NBO analysis was carried out using
Gaussian 09, and QTAIM analysis was performed using the
wavefunctions obtained at theωB97XD/6-311++G(d,p) level
by AIM2000 [30].

Results and discussion

Conformers of Ad have been studied by other groups [12, 15].
In this work, the Ad and water monomers were optimized at
the ωB97XD/6-311++G(d,p) level; the molecular graphs are
presented in Fig. 1. As shown in Fig. 1, Ad offers several
possible proton donor/acceptor sites to form H-bonds. The
two phenolic hydroxyls and the hydroxyl linked with the α-
carbon are the main H-donor sites of Ad. Themethylene of Ad
also acts as an H-donor in order to form weak H-bonds in
some complexes. The main H-acceptors of Ad are the three
oxygen atoms of the hydroxyl groups, and the nitrogen atom
usually accepts one proton to form an intramolecular H-bond
with the hydroxyl. A water molecule can donate/accept an
proton to form an H-bond in which the hydroxyl and the
oxygen atom act as H-donor and acceptor, respectively. The
benzene ring can also offer a proton to the oxygen atom of
H2O to form a π H-bond.

Structures

In this work, different complexes were taken into account in
order to analyze various types of H-bond. Molecular graphs of
the optimized Ad–H2O complexes are shown in Fig. 2, and
the structural parameters of the H-bonds are listed in Table 1.
No imaginary frequency was found, which verified that all of
the optimized complexes were stable. According to QTAIM,
the direct proof of the existence of an H-bond can be obtained
by considering the bond critical points (BCPs) between the H-
donor (X–H) and H-acceptor (Y). The coexistence of multiple
H-bonds usually leads to the formation of a ring structure
characterized by one ring critical point (RCP), and the union
between the RCP and corresponding BCP can be used as a
criterion to estimate the structural stability of the H-bond,
since a shorter distance means less stability [31]. Of course,
as shown in Figs. 1 and 2, there is one RCP at the center of the
benzene ring that has no relationship with an H-bond. As
shown in Fig. 1, one intramolecular H-bond is formed be-
tween the hydroxyl (O1H1) and the nitrogen atom in the Ad
monomer, which is characterized by the BCP and the
corresponding RCP. This intramolecular O1H1A···NA H-
bond is retained in all Ad–H2O complexes except AW1. The
cleavage of the intramolecular O1H1A···NA H-bond in AW1
indicates that greater structural deformation occurs in AW1
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than in the other complexes. From the viewpoint of structure,
it is reasonable to form an intramolecular H-bond between two
phenolic hydroxyls of Ad [22], and such an intramolecular H-
bond can be found in AW2, but it is not obtained in QTAIM
analyses of the free Ad molecule and other Ad–H2O com-
plexes. The probable reason for this is that QTAIM is an
elegant theory, but one that sometimes gives unrealistic
predictions.

As shown in Fig. 2, the oxygen atom of the water moiety
accepts two protons from both the hydroxyl and the methylene
of Ad simultaneously, to form one bifurcated H-bond in AW2.
In other Ad–H2O complexes (AW1, AW3, AW4, and AW6),
the water moiety acts as an H-donor/H-acceptor to form two
intermolecular H-bonds with the Ad moiety simultaneously.
AW5 is a special case; except for the intermolecular H-bonds,
there is a tendency to form a π H-bond between the benzene
ring of Ad and water moieties when the water is above the
benzene ring, since benzene is highly electron withdrawing.
However, because the distance between the center of benzene
ring and the proton of the hydroxyl of water in AW5 is about
3.484 Å, this πH-bond is very weak and cannot be confirmed
by either QTAIM or NBO analysis. In addition, as shown in
Fig. 2, for the O2H2A···O3A H-bond inAW2, the BCP almost
merges with the corresponding RCP, which indicates that the
O2H2A···O3A H-bond is weak and has a tendency to break.
Hence, generally speaking, no intramolecular H-bond is
formed between the two phenolic hydroxyls of the Admoiety.

It is well known that H-bond formation is connected with
the elongation of the proton-donating X–H bond and the
shortening of the H···Y bond (except in the case of so-called
blueshifted H-bonds). The shorter the H···Y bond or the longer
the X–H bond, the stronger the interaction, and vice versa. As
shown in Table 1, the almost unchanged ΔRX–H values and
the RH···Y values of >2.5 Å for the H-bonds, taking methylene
as the H-donor, indicate that these H-bonds are very weak.
The other H-bonds, which have the hydroxyl as the H-donor,
have positive ΔRX–H values and are redshifted H-bonds. The
largest ΔRX–H (0.027 Å) is found in the OH1W···NA H-bond
ofAW1, which indicates that it is the strongest intermolecular

H-bond. It is worth noting that another intermolecular H-bond
(O1H1A···OW) in AW1 is also strong, considering its short
RH···Y (1.867 Å). However, the ΔRX–H value (0.002 Å) of the
intermolecular H-bond (O1H1A···OW) in AW1, obtained by
comparing it with the intramolecular O1H1A···NA H-bond of
the Ad monomer, is small. In this case, the strength of the H-
bond cannot be estimated based onΔRX–H. Furthermore, such
strong hydrogen-bonding interactions in AW1 do not mean
that it definitely the most stable complex, as the cleavage of
the intramolecular O1H1A···NA H-bond results in serious
structural deformation, which will be further discussed later.

Since the strength of the H-bond cannot be estimated
by ΔRX–H in some cases, an alternative choice is RH···Y, and
a shorter H···Y bond means a stronger hydrogen-bonding
interaction. However, this relationship is only approximate,
even when the RH···Y values are for similar species immersed
in similar environments; in other words, if the sample of the
X–H···Y system is homogeneous. Estimation of H-bond
strength directly on the basis of RH···Y is not possible for a
heterogeneous sample if the H-bonds differ in the types of H-
donors and/or H-acceptors involved. In view of the above
difficulties, the H-bond parameter δRH···Y, which allows inter-
actions to be unified in order to estimate their strength,
even when different pairs of atoms are involved, is defined as
[32]

dRH���Y ¼ RvdW
H þ RvdW

Y � RH���Y ð1Þ

where RvdW
H and RvdW

Y are the van der Waals radii of the H and
Y atoms, as given by Bondi [33], respectively; RH···Y is the
distance between the H-donor and the H-acceptor. As shown
in Table 1, the maximum δRH···Y is 0.917 Å, for the intermo-
lecular O1H1W···NA H-bond in AW1, which should be the
strongest H-bond. Of course, another intermolecular H-bond
in AW1, O1H1A···OW, is also strong because it has a small
δRH···Y (0.853 Å). It is worth noting that the δRH···Y values of
the H-bonds in which methylene acts as H-donor in AW2 and
AW5 are small, which implies that the RH···Y is close to the
sum of the van der Waals radii of the H and Y atoms.

Fig. 1 Molecular graphs
of adrenaline (Ad) and
water (W) monomers.
Large circles correspond to
attractors: gray H, blue N,
black C, red O. Small circles are
attributed to critical points: red
bond critical point, yellow
ring critical point
(color figure can be viewed
in the online issue)
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Therefore, from a structural viewpoint, the interaction be-
tween the methylene and Yatom is very weak and has partial
van der Waals character. In addition, both the δRH···Y and
ΔRX–H values of the intramolecular O1H1A···NA H-bond in
some Ad–H2O complexes (AW2, AW4, and AW6) remain
almost unchanged, which indicates that the formation of the
complex has little influence on the strength of the intramolec-
ular O1H1A···NA H-bond, since the intermolecular H-bond is
away from the side chain of Ad. However, the δRH···Yvalues of
the intramolecular O1H1A···NA H-bond inAW3 andAW5 are
obviously larger than that of the Ad monomer, which indicates
that the intramolecular O1H1A···NA H-bond is strengthened in
these complexes. In other words, certain cooperative effects

occur between the intramolecular O1H1A···NA H-bond and the
intermolecular H-bonds in these complexes.

Vibrational frequencies

The harmonic vibrational frequencies and their shifts for the
H-bonds in the Ad–H2O complexes and monomers calcu-
lated at the ωB97XD/6-311++G(d,p) level are listed in
Table 2. Redshifts in the X–H stretching vibrational fre-
quency have traditionally been considered one of the main
fingerprints of H-bonds, assuming that the formation of an
H-bond weakens an X–H single bond. The larger the shift,
the stronger the H-bond. However, it is not easy to calculate

Fig. 2 Molecular graphs of Ad–H2O complexes. Large circles correspond to attractors: gray H, blue N, black C, red O. Small circles are attributed
to critical points: red bond critical point, yellow ring critical point (color figure can be viewed in the online issue)
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the shift in the X–H stretching vibrational mode if it mixes
with other vibrational modes. Strong mixing occurs between
the C2H7 and symmetric H5–C1–H6 stretching vibration
modes in the free Ad molecule, which are calculated to
occur at 3101.5 and 2996.4 cm−1, respectively, so two
ΔvX–H values can be obtained for H-bonds involving
C1H6 as the H-donor. Similar behavior is also seen for
Ad–H2O complexes. For example, strong mixing occurs
between the O–H1W and O1–H1A stretching vibration
modes in AW3, which leads to different ΔvX–H values for
these two vibrational modes with respect to those in free water
and Ad molecules, respectively; the ΔvX–H values of the O–
H1W stretching vibrational mode are −180.9 and −207.1 cm−1,
while they are −42.1 and −68.3 cm−1 for the O1–H1A stretch-
ing vibrational mode. As shown in Table 2, the largest redshift
value of −486.9 cm−1 was found for the OH1W···NA H-bond
in AW1. The O3H3A···OW (AW2), OH1W···O1A (AW3), and
O2H2A···OW (AW4) H-bonds have large redshifts of more

than −200 cm−1, so the strengths of these H-bonds are
regarded as weaker than the OH1W···NA H-bonds in AW1
and stronger than other redshifted H-bonds. The O2H2A···O3A

H-bond in AW2 has a very small ΔvX–H of −4.5 cm−1, which
means that this H-bond is weak, in accord with the above
discussion. However, the small ΔvX–H of the intramolecular
O1H1A···NA H-bond in Ad–H2O complexes does not mean
that it is also very weak, as it originally existed in the free Ad
molecule. Furthermore, theΔvX–H values of the intramolecu-
lar O1H1A···NA H-bond in AW3 and AW5 are clearly larger
than those in other complexes; such complexes benefit from
cooperative effects between the intramolecular O1H1A···NA

H-bond and the intermolecular H-bonds.

QTAIM analyses

QTAIM has been shown to be a powerful tool for investigat-
ing hydrogen-bonding interactions [32, 34–38]. Topological

Table 1 Structural parameters (bond lengths in Å, angles in degrees) of H-bonds in Ad–H2O complexes, calculated at the ωB97XD/6-
311++G(d,p) level

Complex H-bonda RX–H ΔRX–H
b RH···Y δRH···Y !X–H···Y

AW1 OH1W···NA 0.984 0.027 1.833 0.917 160.2

O1H1A···OW 0.969 0.002 1.867 0.853 161.3

AW2 O3H3A···OW 0.970 0.012 1.821 0.899 178.6

C7H9A···OW 1.085 −0.001 2.709 0.011 126.5

O2H2A···O3A 0.963 0.001 2.114 0.606 114.5

O1H1A···NA 0.967 0.000 2.129 0.621 120.0

AW3 OH1W···O1A 0.970 0.013 1.865 0.855 170.5

C8H10A···OW 1.083 0.001 2.532 0.188 134.0

O1H1A···NA 0.971 0.004 2.076 0.674 121.1

AW4 O2H2A···OW 0.973 0.011 1.824 0.896 171.1

OH1W···O3A 0.965 0.008 1.937 0.783 139.1

O1H1A···NA 0.967 0.000 2.126 0.624 120.0

AW5 OH1W···O1A 0.967 0.010 2.010 0.710 163.0

C1H6A···OW 1.093 −0.001 2.621 0.099 130.7

O1H1A···NA 0.970 0.003 2.083 0.667 120.0

AW6 OH1W···O2A 0.965 0.008 1.952 0.768 162.3

C4H8A···OW 1.086 0.001 2.547 0.173 133.3

O1H1A···NA 0.967 0.000 2.116 0.634 120.3

O1H1A···NA 0.967 2.121 0.629 120.1

Ad O2H2 0.962

O3H3 0.958

C4H8 1.085

C8H10 1.082

C7H9 1.086

C1H6 1.094

Water OH 0.957

a Superscript “A” denotes adrenaline and superscript “W” denotes H2O
b ΔRX–H0RX–H (complexes) − RX–H(free monomer)
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criteria for the existence of hydrogen bonding were proposed
by Koch and Popelier [39]. According to these criteria, H-
bonds should exhibit relatively high electron density at the
H···Y BCP (ρb), in the range 0.002–0.034 a.u., and the Lap-
lacian of the electron density at H···Y BCP (∇2ρb) should be
within 0.024–0.139 a.u. [40]. Therefore, both ρb and ∇2ρb at
the H···Y BCP are good measures of the strength of the
H-bond; moreover, the criteria provide the basis for distin-
guishing hydrogen-bonding interactions from van der Waals
interactions, and have been shown to be valid for both stan-
dard and unconventional H-bonds. In addition, other charac-
teristics can be applied to describe the considered BCP as well

as the atom–atom interaction. There are well-known relation-
ships that result from the virial theorem between energetic
topological parameters and the Laplacian of electron density
at the BCP

1=4ð Þr2ρb ¼ 2Gb þ Vb ð2Þ

Hb ¼ Gb þ Vb ð3Þ
where Gb, Vb, and Hb are the kinetic, potential, and total
electron energy densities at the critical point, respectively.
Gb is a positive value, and Vb is a negative one. The sign of

Table 2 The X–H stretching vibrational frequencies (strength) of H-bonds in both Ad–H2O complexes and monomers

Complex H-bond vX–H
a ΔvX–H

AW1 OH1W···NA 3415.1(709) −486.9

O1H1A···OW 3703.9(744) −59.3

AW2 O3H3A···OW 3710.5(890) −226.6

C7H9A···OW 3230.9(1), 3199.9(1), 3197.6(10)b 49.5, 18.5, 16.2b

O2H2A···O3A 3865.1(107) −4.5

O1H1A···NA 3771.7(138) 8.6

AW3 OH1W···O1A 3969.7(81, as) −41.6

3721.1(275, s)c, 3694.9(382, s)c −180.9, −207.1d

C8H10A···OW 3224.2(2) −7.3

O1H1A···NA 3721.1(275)c, 3694.9(382)c −42.1, −68.3e

AW4 O2H2A···OW 3635.3(820) −234.4

OH1W···O3A 3972.4(127, as), 3808.4(280, s) −38.9, −93.6

O1H1A···NA 3756.4(151) −6.8

AW5 OH1W···O1A 3947.8(43, as)f, 3765.5(188, s) −63.6f, −136.5

C1H6A···OW 3119.2(5, as), 3012.7(47, s) 17.7, 16.3

O1H1A···NA 3711.7(204) −51.4

AW6 OH1W···O2A 3973.8(107, as), 3804.8(245, s) −37.6, −97.2

C4H8A···OW 3187.9(2) −13.0

O1H1A···NA 3756.3(155) −6.9

Ad O2H2 3869.6(117)

O1H1 3763.2(151)

O3H3 3937.1(99)

C8H10 3231.5(1)

C7H9 3181.4(7)

C1H6 3101.5(21, as), 2996.4(57, s)g

C4H8 3200.9(4)

Water OH 4011.4(62, as), 3902.0(12, s)

a All frequencies are in cm−1 and the strengths are in km mol−1 . “as” denotes the asymmetric stretching vibration mode, and “s” denotes the
symmetric stretching vibration mode
b Mixing occurs among the C7H9A , C4H8A , and C8H10A stretching vibration modes
c Strong mixing occurs between the OH1W and O1H1A stretching vibration modes
d −41.6 and −180.9 are the ΔvX–H values when compared to the symmetric H–O–H stretching vibration mode of a free water molecule
e −42.1 and −68.3 are the ΔvX–H values when compared to the O1H1A stretching vibration mode of adrenaline
f Slight mixing occurs between the OH1W and O1H1A stretching vibration modes
g Strong mixing occurs between the C2H7 and the symmetric H5–C1–H6 stretching vibration modes
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Hb depends on which contribution—potential or kinetic—will
prevail locally at the BCP. The Laplacian is negative if the
modulus of the potential energy is at least twice the kinetic
energy, which implies that the interaction has covalent charac-
ter, so it may involve covalent bonds as well as very strong H-
bonds. If the modulus of the potential energy only just out-
weighs the kinetic energy, the Laplacian is positive but Hb is
negative, which implies that the interaction has partial covalent
character and involves strong H-bonds [41, 42]. Moreover,
the ∇2ρb at the BCP is small and positive, which is typical of
closed-shell interactions. Therefore, the following criterion for
H-bond strength was proposed by Popelier [39]: for weak or
medium-strength H-bonds, ∇2ρb>0 and Hb>0; for strong H-
bonds, ∇2ρb>0 and Hb<0; for very strong H-bonds, ∇2ρb<0
and Hb<0. This classification shows that weak H-bonds even-
tually merge with (weaker) van der Waals interactions, where-
as, at the other end of the continuum, strong H-bonds merge
with covalent and polar bonds.

The electronic topological properties at the H···Y BCPs of
H-bonds—including the electron density (ρb), the Laplacian
of the electron density (∇2ρb), the kinetic energy density (Gb),
the potential energy density (Vb), and the total electron energy
density (Hb)—for all of the complexes are listed in Table 3. As
shown in Table 3, the OH1W···NA H-bond inAW1 is a unique
H-bond among all of those in the Ad–H2O complexes—it lies
within the range of strong H-bonds due to its negative Hb

value of −0.004051 a.u.; moreover, its ρb value of 0.040704
a.u. is beyond the upper limit of the range, so partial covalent
character is attributed to it. For the other H-bonds, both ρb
and ∇2ρb lie within the ranges proposed by Popelier;

moreover, their Hb values are positive, which indicates that
these H-bonds are weak or of medium strength. Especially for
H-bonds in which methylene acts as the H-donor, both ρb and
∇2ρb are close to the lower limits of the criteria proposed by
Popelier, which shows that they are very weak. Another
problem is that no direct QTAIM evidence can be found for
a π H-bond between the benzene ring and the hydroxyl of the
water moiety in AW5. Compared with the free Ad molecule,
the intramolecular O1H1A···NA H-bonds in both AW3 and
AW5 have larger ρb and ∇2ρb values, while theirHb values are
smaller, which indicates that the intramolecular O1H1A···NA

H-bonds are strengthened by cooperative effects in these
complexes. Similar cooperativity is not found in other
complexes, since the electron-density topological parameters
(ρb, ∇2ρb, andHb) of the intramolecular O1H1A···NA H-bonds
show only small changes compared to those of the free Ad
molecule.

NBO analysis and energy

Generally, a certain amount of charge transfer (CT) from the H-
acceptor to the H-donor is one of the characteristics attributed
to H-bonds. This CT leads to rearrangement of the electron
density within each part of the molecule. According to NBO
theory [43], for a typical hydrogen bond, there is a two-electron
nB ! σ�

XH intermolecular donor–acceptor interaction where
electron density from the lone pair nB of the H-acceptor deloc-
alizes into the unfilled σ�

XH antibonding orbital of the H-donor.
The nB ! σ�

XH orbital overlap is characteristic of hydrogen-

Table 3 Electron density (ρb),
Laplacian of the electron density
(∇2ρb), kinetic energy density
(Gb), potential energy density
(Vb) and total electron energy
density (Hb) in a.u. at BCPs of
H-bonds in Ad–H2O complexes
and the Ad monomer, as
obtained by QTAIM analysis

Complex H-bond ρb l2ρb Vb Gb Hb

AW1 OH1W···NA 0.040704 0.101375 −0.033446 0.029395 −0.004051

O1H1A···OW 0.030158 0.106580 −0.024593 0.025619 0.001026

AW2 O3H3A···OW 0.031128 0.117104 −0.026602 0.027939 0.001337

C7H9A···OW 0.006408 0.021981 −0.003906 0.004701 0.000795

O2H2A···O3A 0.019155 0.095460 −0.016684 0.020275 0.003590

O1H1A···NA 0.023616 0.083449 −0.017713 0.019288 0.001574

AW3 OH1W···O1A 0.028655 0.107949 −0.023191 0.025089 0.001898

C8H10A···OW 0.009162 0.030814 −0.005440 0.006572 0.001132

O1H1A···NA 0.026186 0.088946 −0.019877 0.021057 0.001180

AW4 O2H2A···OW 0.032516 0.111421 −0.027047 0.027451 0.000404

OH1W···O3A 0.025203 0.100990 −0.020534 0.022891 0.002357

O1H1A···NA 0.023744 0.083780 −0.017821 0.019383 0.001562

AW5 OH1W···O1A 0.022741 0.077082 −0.016264 0.017767 0.001504

C1H6A···OW 0.008141 0.024905 −0.004749 0.005488 0.000738

O1H1A···NA 0.026130 0.088705 −0.019845 0.021011 0.001165

AW6 OH1W···O2A 0.022820 0.091169 −0.017325 0.020059 0.002733

C4H8A···OW 0.008441 0.027636 −0.005004 0.005957 0.000952

O1H1A···NA 0.024220 0.084768 −0.018213 0.019703 0.001489

Ad O1H1A···NA 0.024040 0.084410 −0.018070 0.019586 0.001516
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bonding interactions. The formation of the hydrogen bond
leads to an increase in the occupancy of the σ�

XH antibonding
orbital and hence a weakening and lengthening of the X–H
bond. This leads to the redshifted νX–H stretching frequency.
Therefore, electron delocalization or CT effects between nB
and σ�

XHcan be estimated by second-order perturbation theory:

Eð2Þ ¼ �2
nBh jF σ�

XH

�
�

�2

" σ�
XHð Þ � " nBð Þ ð4Þ

where nBh jF σ�
XH

�
�

�

is the Fock matrix element between the nB
and σ�

XH orbitals, " σ�
XH

� �� " nBð Þ is the orbital energy differ-
ence (the difference in the diagonal Fock matrix elements).
Therefore, the CT and the corresponding lowering of energy
are attributed to hydrogen bonding interactions, and the
second-perturbation energies E(2) lowering is responsible
for the orbital interaction of H-bond, the larger E(2) values
correspond to stronger CT interaction occurred in the H-bond.

The results of the NBO analysis are listed in Table 4. From
Table 4, the atom that most commonly acts as the H-acceptor
in the H-bond is O, and it is clear that there are two “branches”
of H-acceptor O atoms: one has sp hybrid characteristics and

the other has p hybrid characteristics; these each yield a
different E(2) value. The O atom involved as H-acceptor in
AW2 (O2H2A...O3A) and AW5 (C1H6A...OW) has one sp
branch, while the O atom in other H-bonds has one sp branch
and one p branch. When the N atom is involved as the H-
acceptor, it also shows sp characteristics. The E(2) values of
the intramolecular O1H1A···NA H-bond in some complexes
(AW3 and AW5) are significantly larger than that that of the
Ad monomer, which confirms the existence of cooperativity
between the intra- and intermolecular H-bonds. Without such
cooperativity, the E(2) value of the intramolecular
O1H1A···NA H-bond in other Ad–H2O complexes barely
changes compared to that of the Ad monomer. The largest E
(2) value (21.55 kcal·mol−1) was found for the OH1W···NA H-
bond of AW1, which indicates that the strongest CT interac-
tion is responsible for the H-bond. The O2H2A···O3A H-bond
of AW2 is the weakest intermolecular H-bond involving a
hydroxyl group, because it has the smallest E(2) value of 1.5
kcal·mol−1. In addition, the E(2) values of the H-bonds with
hydroxyl as the H-donor are larger than those of the H-bonds
with methylene as the H-donor, which is consistent with the
above discussion.

Table 4 The second-order
perturbation energies E(2)
(in kcal·mol−1) of the H-bonds
in Ad–H2O complexes and
the AD monomer, as obtained
by NBO analysis

a The values not in parentheses
refer to H-bond formation via the
O sp hybrid; those in parentheses
refer to H-bond formation via the
O p hybrid. The lone pair on the N
atom mainly has p character. See
discussion in the text

Complex H-bond E(2)a Complex H-bond E(2)a

AW1 OH1W···NA 21.55 AW4 O2H2A···OW 0.26(16.82)

O1H1A···OW 0.11(13.58) OH1W···O3A 5.05(0.89)

AW2 O3H3A···OW 15.08(0.06) O1H1A···NA 4.91

C7H9A···OW 0.44(0.1) AW5 OH1W···O1A 0.67(6.81)

O2H2A···O3A 1.5 C1H6A···OW 0.88

O1H1A···NA 4.85 O1H1A···NA 6.46

AW3 OH1W···O1A 3.89(7.7) AW6 OH1W···O2A 5.49(0.44)

C8H10A···OW 0.07(0.87) C4H8A···OW 0.07(1.19)

O1H1A···NA 6.56 O1H1A···NA 5.19

Ad O1H1A···NA 5.07

Table 5 Total energies (E), preparation energies (ΔEprep), charge-transfer energies (ΔECT), non-charge-transfer energies (ΔENCT), interaction
energies (ΔEint), and binding energies (ΔE) of the Ad–H2O complexes, calculated at the ωB97XD/6-311++G(d,p) levela

Complex Eb ΔEint ΔECT ΔENCT ΔEprep ΔE

AW1 −707.379025 −6.08 −35.24 29.16 4.07 −2.00

AW2 −707.378390 −5.68 −15.68 10.00 0.20 −5.48

AW3 −707.377329 −5.01 −12.53 7.52 0.76 −4.26

AW4 −707.376404 −4.43 −23.02 18.59 2.00 −2.43

AW5 −707.376114 −4.25 −8.36 4.11 1.03 −3.21

AW6 −707.375597 −3.92 −7.19 3.27 0.18 −3.74

Ad −630.958683

Water −76.410660

a All energies are in kcal·mol−1 , except for the total energy (which is in Hartrees)
b The total energies of the complexes include ZPVE and BSSE corrections, while the energies of the monomers (Ad and H2O) include ZPVE
correction
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To explore the nature of the hydrogen-bonding interaction,
an energy decomposition analysis is required. According to
NBO theory, the decomposition of the interaction energy
(ΔEint) can be presented as

ΔEint ¼ EAW � EA � EW ¼ ΔENCT þΔECT ð5Þ

where EAW is the energy of the Ad–H2O complex (AW), EA
and EW are the energies of the most stable monomers, and
ΔECT and ΔENCT are the CT and non-CT energies, respec-
tively. ΔECT accounts for the orbital and polarization inter-
actions, while ΔENCT relates to the classical electrostatic and
Pauli steric repulsion interactions. In the NBO scheme, the CT
interaction is linked to the shift in occupancy from the mani-
fold of filled orbitals of one monomer to the unfilled orbitals of
the other. As proposed by Reed et al. [43], ΔECT values
between the Ad and H2O moieties in the complexes can be
obtained from by summing the E(2) values of the intermolec-
ular H-bonds; the negative of this sum is ΔECT. In the NBO
scheme, ΔECT is negative because it is evaluated as the vari-
ational energy lowering due to the expansion of the variational
space on each monomer to include unfilled orbitals on the
other monomer. ΔENCT terms with positive values arise from
exclusive repulsion and electrostatic (induction and polariza-
tion) interactions, and can be obtained from Eq. 5. Based on
NBO theory, the binding energy (ΔE) of the AW complex is
also influenced by both the deformation of the monomers (Ad
and water) and ΔEint, and ΔE can be decomposed into

ΔE ¼ ΔEprep þΔEint ð6Þ
where ΔEprep is the preparation energy

ΔEprep ¼ EAW � EA Wð Þ � EW Að Þ ð7Þ
Here, EA(W) (or EW(A)) is the energy of the Ad (or water)
monomer when all the nucleus structure units of water (or Ad)
are considered as puppet atoms of carrying empty orbital.
ΔEprep is the amount of energy required to deform the separate
moieties from their free monomer structures to the geometries
that they acquire in the pair complex; ΔEint represents the
actual energy change when the prepared moieties are com-
bined to form the pair complex.ΔEprep is positive because the
structural deformation causes the molecular energy to jump to
a higher energy level, while ΔEint is negative unless the
complex is less stable than the monomers. The results of the
energy decomposition of the interaction based on the NBO
approach are listed in Table 5.

As shown in Table 5, the largestΔECTof −35.24 kcal·mol−1

is responsible for the strong CT effect that occurs in AW1. A
strong non-CT effect (ΔENCT029.16 kcal·mol−1) also occurs
in AW1, which results in the strongest interaction energy
of ΔEint of −6.08 kcal·mol−1, indicating that AW1 is the most
stable complex. However, cleavage of the intramolecular
O1H1A···NA H-bond in AW1 results in serious structural

deformation and counteracts this strong hydrogen bonding to
a large extent, as can be seen from the largest ΔEprep of 4.07
kcal·mol−1. Therefore, the binding energy (ΔE0−2.00
kcal·mol−1) of AW1 is the smallest among all the Ad–H2O
complexes, which suggests that replacing the intramolecular
O1H1A···NA H-bond with two intermolecular ones does not
favor the binding energy of AW1. Similar to AW1, AW4 has
the second strongest CT effect (ΔECT0−23.02 kcal·mol−1)
among the Ad–H2O complexes, but this is countered by
the second largest ΔEprep of 2.00 kcal·mol−1 to some degree.
The slight structural deformation of AW2, which has the
smallest ΔEprep (0.20 kcal·mol−1) and a strong CT effect
(ΔEint0−15.68 kcal·mol−1), can be attributed to the smallest
binding energy (ΔE0−5.48 kcal·mol−1). All other complexes
have ΔEprep values of less than about 1.0 kcal·mol−1. In
conclusion, the order of ΔEint is not consistent with that of
the binding energy (ΔE), since both hydrogen-bonding inter-
actions and structural deformation are the two most important
aspects of the stability of the complexes.

Conclusions

In this work, we studied the geometries, energies, and IR
characteristics of the H-bonds of Ad–H2O complexes at
the ωB97XD/6-311++G(d,p) level. The intramolecular
O1H1A···NA H-bond is retained in all complexes except for
AW1. Cooperativity between the intra- and intermolecular H-
bonds exists in AW3 and AW5, while no such cooperativity is
found in other Ad–H2O complexes, since the intermolecular H-
bond is away from the side chain of Ad. Both hydrogen-
bonding interactions and structural deformation play important
roles in the relative stabilities of the complexes. Although its
strong CT effect is counteracted by its serious structural defor-
mation to a great extent, AW1 is the most stable complex,
which implies that Ad tends to break the intramolecular
O1H1A···NA H-bond and form two new intermolecular H-
bonds with the first water molecule. In conclusion, the various
hydrogen-bonding motifs that have been shown to occur in the
studied complexes may aid our understanding of the hydrogen-
bonding interactions between Ad and other small organic
molecules.
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