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Abstract The hydrogen bonding interactions between nor-
adrenaline (NA) and DMSO were studied with density
functional theory (DFT) regarding their geometries, energies,
vibrational frequencies, and topological features of the
electron density. The quantum theory of atoms in molecules
(QTAIM) and the natural bond orbital (NBO) analyses were
employed to elucidate the hydrogen bonding interaction
characteristics in noradrenaline-DMSO complexes. The H-
bonds involving the hydroxyls hydrogen in NA and the O
atom in DMSO are dominant intermolecular H-bonds and are
stronger than other H-bonds involving the methyl hydrogen of
DMSO as a H-donor. The weak H-bonds also include a 7t H-
bond which involves the benzene ring as a H-donor or H-
acceptor. QTAIM identified the weak H-bonds formed
between the methyl hydrogen of DMSO and the N atom in
NA in some complexes (AB5, AB6 and AB7), which cannot
be further confirmed by NBO and other methods, so there
are probably no interactions between hydrogen and nitrogen
atoms among these complexes. A good linear relationship
between logarithmic electron density (Inp,) at the bond
critical point (BCP) and structural parameter (8Ryy...y) was
found. The formations of new H-bonds in some complexes
are helpful to strengthen the original intramolecular H-bond,
this is attributed to the cooperativity of H-bonds in
complexes and can be learned from the structure results
and the NBO and QTAIM analyses. Analysis of various
physically meaningful contributions arising from the energy
decomposition procedures show that the orbital interactions
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of H-bond is predominant during the formation of the
complex, moreover, both the hydrogen bonding interaction
and the structural deformation are responsible for the
stability of the complexes.
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Introduction

Noradrenaline (NA) is the simplest member of the
catecholamine series of neurotransmitters and is widely
distributed in various organisms. NA plays an important
role in biological systems since it controls a wide variety of
physiological and behavioral processes mainly through
different receptor types. Like other amine neurotransmitters
(such as dopamine, adrenaline and serotonin), NA is
electroactive, so that it can be monitored electrochemically.
The electrochemical behavior of NA have been the topic of
very interesting studies in the past decades [1-9]. The
electrochemical behavior of NA is affected by solvents,
especially by polar aprotic solvents because of the
formation of hydrogen bonding interactions between
solvents and NA. For example, experimental and theoretical
research on the conformations of NA in the gas phase and
in aqueous solution has shown that the preferred con-
formations in solution differ markedly from those of their
neutral or protonated counterparts [10-15]. However, the
solvent effects on the structure and properties of NA have
received comparatively little attention. Therefore, it would
be of interest to study the interactions between different
solvents and NA.
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Dimethyl sulfoxide (DMSO) is a typical polar aprotic
solvent which can dissolve both polar and nonpolar com-
pounds and is miscible in a wide range of organic solvents as
well as water. Previous studies showed that DMSO can
prevent the electrochemical oxidization of adrenaline by
forming H-bonds [16, 17]. Although NA and adrenaline
have similar structures, however, NA has one chiral center
(the side chain carbon atom bearing four different groups).
Therefore, the interactions between NA and DMSO should
be different from those between adrenaline and DMSO. The
hydrogen bonding interaction is believed to be the dominant
interaction between neurotransmitters and DMSO. Therefore,
the aim of this paper is to study the hydrogen bonding
interactions between NA and DMSO by theoretical chemistry
methods. Our previous researches [16—-19] showed that the
hydrogen bonding interactions are very complicated even in
such simplified model systems because more than one proton
donor (H-donor) and acceptor (H-acceptor) sites can be
found in NA or DMSO molecule. The MP2 method is
reliable to characterize the nature of a H-bond. However,
it is not a cost-effective approach for such biomolecular
systems even with a medium-size basis set. On the other
hand, conventional density functional theory (DFT)
cannot better describe hydrogen bonding interactions
although it has been accepted as a cost-effective
approach (e.g., see refs. [20, 21] and references therein).
Recently, many functionals (such as B2PLYP [22], MO6L
[23, 24] and wB97XD [25]) have been developed to treat
hydrogen bonding and van der Waals interactions within
DFT. These range from physically rigorous dispersion
functionals derived from first principles to entirely
empirical corrections or parameterizations. A comprehen-
sive review of such methods is given by Johnson et al.
[26]. Many studies have shown that these new DFT
methods can give reliable results for a wide variety of
weakly bonded systems [22, 27-29]. In addition, the
quantum theory of atoms in molecules (QTAIM) [30-32]
and the natural bond orbital (NBO) analysis [33, 34] have
been proven to be very useful tools in understanding of H-
bonds. In this study, we mainly discuss the structures and
hydrogen bonding interactions of the NA-DMSO complexes

Fig. 1 Molecular graphs of
free noradrenaline (NA) and
DMSO (B) monomers. Large
circles correspond to attractors

by DFT calculations, QTAIM and NBO analyses are carried
out to study the nature of H-bonds.

Computational details

In this paper, the wB97XD functional [25] with the 6-
311++G(d,p) basis set [35, 36] was used. The wB97XD
functional includes empirical dispersion and can better
treat hydrogen bonding and van der Waals interactions
than conventional DFT functionals. First, the geometries
of the isolated NA and DMSO monomers were fully
optimized. The complexes were constructed starting from the
most stable NA and DMSO monomers. All complexes were
also fully optimized at the same level. The counterpoise (CP)
correction [37] was implemented in each step of the iterative
process of geometry optimization in an integrated way in
order to ensure that complexes and monomers are being
computed with a consistent basis set. The harmonic
vibrational frequencies were calculated with analytic second
derivatives at the wB97XD/6-311++G(d,p) level as well,
which confirm the structures as minima and enable the
evaluation of zero-point vibrational energies (ZPVE). All
ZPVE and frequencies were unscaled. Finally, the interaction
energies were calculated based on the ZPVE and BSSE
corrections. The QTAIM and the NBO analyses were also
implemented to provide complementary information on the H-
bond. All DFT calculations and NBO analyses were performed
with the Gaussian09 [38]. The QTAIM analysis were carried
out by using the software AIM2000 [39] with wB97XD
wave functions employing the 6-311++G(d,p) basis set.

Results and discussion

Recently, conformers of NA have been studied by different
research groups [11-13, 40—42]. In this work, the structure of
isolated NA was well reproduced at the wB97XD/6-311++G
(d,p) level. The optimized conformers of NA (A) and DMSO
(B) were presented in Fig. 1. As shown in Fig. 1, NA and
DMSO molecules can offer several possible donor and
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acceptor sites to form H-bonds, respectively. The main H-
acceptors of NA are the three oxygen atoms of the hydroxyl
groups, and the oxygen atom is the unique H-acceptor in
DMSO moiety. Moreover, similar to adrenaline [16], the
benzene ring can act as a H-acceptor to form a 7-H-bond.
The main H-donor sites of NA may occur on the two
phenolic hydroxyls as well as the hydroxyl linked with
«-carbon. Moreover, the amino (NH,, N) group as well as
the methenyls (C3H4 on the benzene ring and C7H7) as a
H-donor can also form H-bond with DMSO in a few
complexes. DMSO can offer the methyl as a H-donor to
form weak H-bond. The benzene ring can also offer a
proton to the oxygen atom of DMSO to form a 7t-H-bond.

Structures

According to QTAIM, the presence of a bond critical point
(BCP) between two atoms is a universal indicator of
bonded interactions and the electron density, p,, at the
critical point is related to the bond strength or bond order.
Therefore, the existence of BCP and the topological
properties of electron density p, can be used to study the
nature of a H-bond. Based on the QTAIM, both inter- and
intramolecular H-bonds can be characterized by the BCP
between a H-donor (X-H) and a H-acceptor (Y). The
coexistence of several H-bonds maybe results in the
formation of a ring structure characterized by a ring critical
point (RCP). Of course, the benzene ring of NA moiety also
can be characterized by a RCP which has no relationship
with a H-bond. Moreover, the distance between the BCP of
H-bond and corresponding RCP can also be used as a
criterion to measure the structural stability of the H-bond.
The union between these two critical points represents bond
cleavage and consequent ring opening [43]. In addition, a
cage structure formed consequently by many H-bonds is
characterized by a cage critical point (CCP). As shown in
Fig. 1, the intramolecular O3H3"--N* H-bonds character-
ized by a BCP between H3:-N form a five-membered ring
which is characterized by corresponding RCP. Moreover,
the intramolecular H-bond is weak since the distance
between the BCP and the RCP is very short. In addition,
similar to adrenaline [16], no intramolecular H-bond
between the two phenolic hydroxyls can be found in NA
on the basis of QTAIM and NBO analyses although it
seems to exist from a viewpoint of structure.

All optimized complexes were presented in Fig. 2, and
the structural parameters of H-bonds were listed in Table 1.
The vibrational frequency calculations show that all
optimized complexes have no imaginary frequencies and
are stable structures. As shown in Fig. 2, each of the
complexes involves multiple intermolecular H-bonds. The
intramolecular O3H3*"N* H-bond involved in free NA
still exist in NA-DMSO complexes except in the AB6 and

AB10 complexes. Beside the intramolecular O3H3"--N*
H-bond, another intramolecular H-bond formed between
the two phenolic hydroxyls can be found in the AB1 and
AB2 complexes. It is noteworthy that the bonding manner
of the AB1 and AB2 complexes are similar, and the
differences lie on the orientation of DMSO moiety.

The dominant intermolecular H-bonds in all complexes
are formed between hydroxyls of NA moiety and an O
atom of DMSO, while H-bonds involving the methyl
(DMSO) or methenyls (C3H4 and C7H7 of NA) as a H-
donor are weak and minor. For most complexes, the two
phenolic hydroxyls of NA moiety are arranged on one side
only after the formation of H-bonds with DMSO, while
they are opposites in both AB3 and AB4 since they form
the bifurcated H-bonds with the oxygen atom of DMSO
simultaneously. The bonding manner in AB3 and in AB4 is
similar, and the main difference is whether DMSO is on the
same side with the side-chain of NA moiety.

The bifurcated H-bonds are too familiar and can be
found in most complexes except AB9. Most of the
bifurcated H-bonds involve an O atom of either DMSO
moiety or hydroxyl (O3), and few involve either an O atom
of the phenolic hydroxyl (O1) or the N atom of the amino
group of NA. In addition, on the basis of QTAIM shown in
Fig. 2, some di-hydrogen bonds can also be found in AB1,
ABS, AB6 and AB7. Of course, these di-hydrogen bonds
seem to be weak because of the longer bond lengths and
will be further discussed later.

Another possible H-bond is a 7 H-bond, which cannot
be directly identified, as shown in Fig. 2, since there is no
better way to deal directly with a 7t bond by QTAIM.
However, from a viewpoint of structure, when the methyl
of DMSO moiety is above the benzene ring, it has a
tendency to form a 7t H-bond between the methyl and the
benzene ring. For example, the C2H6":--C3* H-bond in the
AB1 complex seems to be a 7 H-bond rather than an
intermolecular H-bond. Similar things happened in AB2,
AB3 and AB4, in which the H-bonds involving the methyl
of DMSO and one carbon atom of the benzene ring should
be regarded as 7 H-bonds. Unfortunately, neither QTAIM
nor NBO analyses can give direct evidences for a 7t H-
bond.

Structural parameters of H-bonds can give preliminary
information on the nature of H-bonds. It is well known that
the H-bond formation is connected with the elongation of
the proton donating X-H bond (except of the special case of
so-called blue-shifting H-bonds) as well as the shortening
of H-~-Y bond. The shorter H-Y bond or the longer X-H
bond, the stronger the interaction, and vice versa. As shown
in Table 1, most H-bonds have positive ARx_y values and
are red-shifting H-bonds, which will be further discussed
later. Moreover, because of the larger ARxy and the
shorter H-Y bonds, the H-bonds involving the hydroxyls
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Fig. 2 Molecular graphs of NA-DMSO complexes. Large circles correspond to attractors attributed to atomic positions: gray, H; blue, N; black,
C; red, O; S; purple. Small circles are attributed to critical points: red, bond critical point; yellow, ring critical point; green, cage critical point

of NA as H-donors are usually stronger than other H-bonds.
Both the largest value (0.027 A) of ARx_y; and the shortest
H-Y bond (1.685 A) are found in O2H2"-O® H-bond of
ABL. This indicates that the O2H2*---O" H-bond in ABI1 is
the strongest H-bond among NA-DMSO complexes. The
02H2*+-0® H-bond in AB2 involving the second shortest
H--Y bond (1.717 A) as well as the second largest value
(0.024 A) of ARy should be the second strongest H-
bond. Therefore, the phenolic hydroxyl O2H2 is the
strongest H-donor among the three hydroxyls of NA, while
the O3H3 hydroxyl is inclined to form the intramolecular
H-bond with a N atom. In addition, other intermolecular H-
bonds involving the hydroxyls or the amino as a H-donor
are weaker than the above H-bonds and are stronger than
those involving the methyl of DMSO or the methenyls
(C3H4 and C7H7) of NA as H-acceptor.

@ Springer

The shorter H-Y bond, the stronger the interaction, and
vice versa. However, because of different atoms as H-
acceptors in different types of H-bonds, Ry..y cannot be
used directly for the comparison of H-bond strength. So a
H-bond parameter, dRy...y [44], is defined as

SRy.y =RP" + RV — Ry.y, (1)

where R}P" and RYP" are van der Waals radii of H and Y
atoms given by Bondi [45], respectively, Ry..y is the
distance between a H-donor and a H-acceptor. As shown in
Table 1, the maximum of SRy..y is 1.035 A for the
intermolecular O2H2*---O® H-bond in ABI1, which seems
to be the strongest H-bond. Of course, the intermolecular
02H2*+-0® (1.003 A) H-bond in AB2 mentioned above
is also a stronger H-bond due to the second largest ORy...v-
Moreover, due to the smaller ARx.y and ORy..y, the
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Table 1 Structural parameters (bond lengths in A, angles in degree) of H-bonds in NA-DMSO complexes calculated at wB97XD/6-311++G(d,p)
level

Complex H-bond ? Rxn Ruy ARy ° SRypy LX-HY
AB1 O3H3"--NA 0.968 2.111 0.002 0.639 119.8
O1H1%--024 0.964 2.096 0.003 0.624 115.4
02H2*--0B 0.985 1.685 0.027 1.035 167.2
C3H4"--OP 1.084 2.690 -0.001 0.030 113.0
C2H6B--C34 1.091 2.667 0.000 0.233 138.8
C1H3B.-03% 1.093 2.257 0.001 0.463 162.0
C3H4AH3C18 1.084/1.093 2.456 -0.001/0.002 -0.056 111.6/126.5
AB2 O3H3%-NA 0.967 2.130 0.001 0.620 119.3
O1H14--024 0.965 2.099 0.003 0.621 115.6
02H2--0B 0.982 1.717 0.024 1.003 167.4
C3H4A--8B 1.084 2.839 -0.001 0.161 119.6
CIH1B-03% 1.089 2.696 -0.001 0.024 118.1
CIH1B--C3” 1.089 2.654 -0.001 0.246 134.7
AB3 O3H3"NA 0.966 2.148 0.000 0.602 118.7
O1H1%--0B 0.972 1.809 0.010 0.911 159.2
O2H2*--0B 0.972 1.803 0.014 0.917 156.7
C2H6B--C1* 1.092 2.633 0.000 0.267 133.8
ClH3B.-.c2* 1.091 2.687 0.000 0.213 137.0
AB4 O3H3%-NA 0.966 2.158 -0.001 0.592 118.1
O1H1%--0B 0.972 1.795 0.010 0.925 162.7
O2H24--0B 0.971 1.841 0.013 0.879 153.7
C2H6B--024 1.091 2.541 0.000 0.179 126.2
ClH3B.-C1# 1.092 2.651 0.000 0.249 128.2
AB5 O3H3A-NA 0.971 2.009 0.005 0.741 123.3
NH10%--0® 1.020 2.019 0.007 0.701 152.8
C7H7A+-0OP 1.098 2.604 -0.004 0.116 128.5
C1H3B.-03% 1.093 2.304 0.002 0.416 159.3
C2H6B--NA 1.091 3.002 -0.001 -0.252 126.6
H303"--C2H6" 0.971/1.091 2.406 0.005/0.000 -0.006 118.2/153.3
AB6 C2H4B.-.NA 1.091 2.974 0.001 -0.224 112.3
O3H3"--0B 0.973 1.839 0.007 0.881 156.5
NH114--0B 1.017 2.070 0.006 0.650 166.8
C2H6B--034 1.091 2.612 0.000 0.108 128.7
C1H3B..03% 1.092 2.610 0.000 0.110 132.3
C8H8AH6C2B 1.097/1.091 2.392 0.003/0.000 0.008 119.0/119.5
AB7 O3H3%-NA 0.973 1.988 0.007 0.762 123.4
NH114--0B 1.018 2.015 0.007 0.705 146.7
CIH3B.-NA 1.091 3.133 0.000 -0.383 129.6
C2H6B:-034 1.092 2.384 0.001 0.336 173.5
C8H8"--H6C2" 1.092/1.092 2.450 -0.002/0.001 -0.050 110.9/104.4
ABS O3H3%--NA 0.966 2.148 0.000 0.602 118.6
O1H1*-0B 0.983 1.807 0.021 0.913 146.1
C2H6B--014 1.091 2.466 0.000 0.254 130.5
C1H3B--012 1.091 2.440 0.000 0.280 130.8
AB9 O3H3"-NA 0.966 2.149 0.000 0.601 118.6
O1H1%--0B 0.980 1.764 0.018 0.956 159.9
ClH1B.-02% 1.089 2.493 -0.001 0.227 125.1
AB10 O3H3%--0B 0.970 1.847 0.004 0.873 174.4

@ Springer



2614

J Mol Model (2011) 17:2609-2621

Table 1 (continued)

Complex H-bond ? Rxn Ruy ARxy ° SRy (X-H+Y
NH114--0B 1.016 2.137 0.005 0.583 139.1
CIHI1B--NA 1.092 2.481 0.003 0.269 135.0

AB11 O3H3"--NA 0.966 2.140 0.000 0.610 118.9
O1H1%--0B 0.978 1.847 0.016 0.873 145.9
C2H4B--01% 1.090 2.492 0.000 0.228 125.4

# Superscript “A” denote noradrenaline and “B” denote DMSO

® ARy = Rxn (complexes) - Ry y(free monomer)

H-bonds formed between O/N atoms of DMSO/NA and
methyl (DMSO) or methenyls (C3H4 and C7H7 of NA) as
H-acceptor are weaker than those involving hydroxyls as a
H-donor. In addition, the negative values of dRy...y can be
found in the H-bonds formed between methyl (DMSO)
and N atom (NA) in ABS, AB6 and AB7, which means the
H--N bond length is longer than the sum of the van der Waals
radii of hydrogen and nitrogen atoms. Therefore, there are
probably no interactions rather than hydrogen bonding
interactions. Similarly, the di-hydrogen bonds in some
complexes (AB1, ABS, AB6 and AB7) are very weak
because the H--H bond length is almost equal to the sum of
the van der Waals radii of two hydrogen atoms. Therefore,
according to the criteria of QTAIM, weak H-bonds might not
qualify as true h-bonds; if the interest is to determine weak
hydrogen bonds, other methods might be more amenable.

As shown in Table 1, for the intramolecular O3H3"-N* H-
bond in AB7, the Ry bond length is elongated and dRyy...y
is larger than that of free NA, which indicates that the strength
of intramolecular O3H3*N* H-bond is enhanced. The
enhancement of the O3H3"-"N* H-bond is attributed to the
cooperative effect which exists among multiple H-bonds in
complexes. Cooperativity, that is, the enhancement of the first
H-bond between a proton donor and a proton acceptor when a
second H-bond is formed between one of these two species
and a third partner, is one of the hallmarks of hydrogen
bonding [46-48]. When the intermolecular NH11%--0® and
C2H6"--03* H-bonds formed in AB7, the strong cooperative
effect happened which further strengthen the intramolecular
O3H3"“N* H-bond. A similar cooperative effect also occurs
in other complexes (AB1, AB2 and ABS5), in which the
intramolecular O3H3*-“N* H-bond is enhanced because of
the formation of new intermolecular H-bonds.

Vibrational frequency
The harmonic vibrational frequencies of H-bonds in NA-
DMSO complexes and monomers as well as their shifts

calculated at the wB97XD/6-311++G(d,p) level were listed
in Table 2. The red-shifts in the X-H stretching vibrational

@ Springer

frequency have been traditionally considered one of the
main fingerprints of H-bonds, assuming that formation of a
H-bond weakens an X-H single bond. However, because of
the concurrence of several inter- and intramolecular H-
bonds in NA-DMSO complexes, it is not easy to calculate
the shifts of X-H stretching vibrational modes if it mixes
with other vibrational modes.

As shown in Table 2, the strong mixture among the two
CHj; stretching vibrational modes can be found in free
DMSO molecules. Due to the strong mixture, multiple shift
values are given for each CHj stretching vibration modes of
DMSO moiety in the complex. Similar things also
happened in NA-DMSO complexes. For example, the
strong mixture among the two CHj stretching vibrational
modes in both AB8 results in the four shift values for the
H-bonds involving methyl as H-donor, of course, these
shifts are very small, which indicates that these H-bonds
involving methyl as a H-donor are weak. The strong
mixture among the bifurcated H-bond formed between O
and the two phenolic hydroxyls in both AB3 and AB4. Due
to the strong mixture, four shift values of about -180~-300
ecm™ are given for each phenolic hydroxyl stretching
vibration modes of NA moiety in these complexes, which
indicates that the bifurcated H-bond is the stronger red-shift
one. The maximum shift of -521.7 cm™ can be found in the
02H2%---0® H-bond of AB1, and the O2H2*+-O® H-bond
in AB2 with a shift of -456.4 cm™ is the second maximum
of shift, so the two H-bonds are the strongest red-shift ones.
This is consistent with the above discussion. Moreover, the
shifts of H-bonds involving hydroxyls (NA) and an O atom
(DMSO) are beyond one hundred wavenumbers and are
dominant H-bonds, while other H-bonds with small shift
usually are weaker. Especially, the H-bonds involving
methyls of DMSO as H-donor have small positive shift
values, which indicates that these H-bonds should be weak
blue-shift ones. In addition, the intramolecular O3H3"- N
H-bond involves the shifts of about -30~-130 cm™ in the
complexes (AB1, AB2, AB5 and AB7), which indicates
that the strengthening of the intramolecular O3H3"--N* H-
bond among these complexes is attributed to the coopera-
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Table 2 The X-H stretching vibrational frequencies (in cm™) of H-bonds in both NA-DMSO complexes and monomers

Complex H-bond VX" Av
ABI1 03H3A-NA 3752.2(159) -30.8
O1H14-02" 3835.7(100) -35.9
02H24--0B 3408.8(1117) -521.7
C3H4"--0P 3212.1Q2)° 7.8
C2H6B--C34 3176.4(3, a), 3168.5(1, a), 3060.9(10, s) <0.1,235,1.5
C1H3B-.03% 3171.9(6, a), 3155.0(14, a), 3048.4(26, s) 4.6, -11.15, -11
AB2 03H3A-NA 3756.6(149) 26.4
O1H14--02* 3822.7(104) -48.9
02H2%--0" 3474.1(1213) -456.4
C3H4*-SB 3211.2(6) 6.9
C1H1B--03% 3193.7(4, a), 3066.1(16, s)°, 3064.9(1, s)° 17.2, 6,62
C1H1®--C3* 3193.7(4, a), 3066.1(16, s)°, 3064.9(1, s)° 17.2, 6, 6.2
AB3 03H3A-NA 3786.7(128) 3.7
O1H1*-0B+02H2%-0" 3674.7(1094)°, 3623.7(35) -196.9, -247.9, -255.8, -306.8
C2H6®--C1* 3179.6(1, a), 3167.0(1, a)°, 3059.9(8, s) 3.1, 0.85, 0.5
C1H3B--c2* 3185.6(2, a), 3173.2(2, a)°, 3066.2(10, s) 9.1, 7.05, 6.8
AB4 O3H3%-NA 3796.5(125) 13.5
O1H1%--0B+02H2%-0OB 3689.3(983, a)%, 3634.0(92, s)° -182.3, -237.6, -241.2, -296.5
C2H6B--024 3181.0(2, a), 3174.7(1, a)°, 3065.0(10, s) 4.5,8.55,5.6
C1H3B--C14 3177.8(1, a), 3167.3(1, a)°, 3059(6, s) 13, 1.15,-0.4
AB5 O3H3"-NA 3685.7(170) 973
NH10%--0® 3630.9(26, a), 3474.8(147, s) -16.7, -85.2
C7H7A+OP 3027.9(18)°, 3024.1(39)° 53.5,49.7
C1H3B--03% 3178.0(1, a), 3174.8(4, a)°, 3065.8(8, s) 1.5, 8.65, 6.4
C2H6"-N* 3152.5(7, a), 3042.7(26, s) 24, -16.7
AB6 03H3A-08 3631.7(643)" -151.3
NH114--0B 3614.2(30, a)",3520.1(54, s) -33.4,-39.9
C2H4B.-N* 3175.3(1, a)°, 3168.0(1, a)°, 3059.7(5, s)° -1.2,1.85,03
C2H6"--03% 3175.3(1, a)°, 3168.0(1, a)°, 3059.7(5, s)° -1.2,1.85,03
C1H3B--03% 3178.6(1, a)°, 3170.9(1, a)°, 3061.7(10, s)° 2.1,4.75,2.3
AB7 O3H3"-NA 3654.9(184) -128.1
NH114-0B 3635.0(36, a), 3498.3(158, s) -12.6, -61.7
C1H3B..N” 3180.5(1, a)°, 3172.5(3, a)°, 3064.3(6, s) 4,6.35,49
C2H6P--03% 3169.7(6, a)°, 3159.7(6, a)°, 3050.3(17, s)° -6.8, -6.45, 9.1
ABS O3H3"-NA 3781.2(136) -1.8
O1H14--0® 3476.2(1001) -395.4
C2H6"--014+C1H3®--014 3177.93, a)8, 3174.8(1, a)8, 3167.0(2, a)é, 0.9, -12, -0.8, -0.6, -2.5, -2.9
3163.9(1, a)%, 3057.6(21, )&, 3055.8(7, )2
AB9 O3H3A-NA 3784.9(135) 1.9
OIH1"0" 3509.0(1424) -362.6
C1H1®--02% 3186.8(1, a), 3059.6(13, s)° 103, 0.2
AB10 03H3A-08 3680.8(849) -102.2
NHI11%-0" 3617.5(11, a), 3526.8(22, s) -30.1, -33.2
C1H1B-N* 3153.6(11, a), 3048.3(22, s) 229, -11.1
AB11 03H3A-NA 3782.5(136) 0.5
O1H14-0® 3576.6(997) 295
C2H4B--014 3181.9(3), 3059.2(7)° 5.4,-02
NA Ol1-H1 3871.6(114)
02-H2 3930.5(88)
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Table 2 (continued)

Complex H-bond VX Av
03-H3 3783.0(136)
H10-N-H11 3647.6(8, a), 3560.0(2, s)
C3-H4 3204.3(5)
C7-H7 2974.4(50)
DMSO CH, 3177.03, a)%, 3176.0(1, a)%, 3167.8(10, )2,

3164.5(0, a)%, 3060.1(8, s)%, 3058.7(5, s)°

a

intensity (in km-mol™ ) of vibrational modes
® mixed with other vibrational modes slightly
¢ mixed with symmetric CHj stretching vibrational modes slightly

9 strong mixture between the O-H stretching vibrational modes
€

f

& strong mixture between the two CHj stretching vibrational modes

tive effect. Moreover, the strongest cooperative effect in
AB7 is confirmed by the largest shift value of -128.1 cm™
of the intramolecular O3H3*+N* H-bond. On the contrary,
no obvious evidence for the cooperativity of a H-bond in
other complexes can be found since the shifts of the
intramolecular O3H3"+N* H-bond are very small or
positive.

QTAIM analysis

The QTAIM analysis has been carried out to deepen the
nature of the H-bond interactions, and the results are listed
in Table 3. According to QTAIM, both electron density (p;)
and its Laplacian (Vp) at the BCP of XH---Y H-bond are
good measures of the strength of H-bond. According to the
criteria of H-bonds proposed by Popelier, all H-bonds of
the studied complexes have positive VZp,, values and fall
within the 0.02~0.15 a.u. range, while p, must fall between
0.002 and 0.04 au. [31]. As shown in Table 3, for the
02H2*+-0® H-bond in ABI, the p, (0.04405) of is beyond
the upper-limit of the range, the V?p, (0.14542) is the
maximum value among all H-bonds and is close to the
upper-limit of the range. Therefore, the 02H2*--0" H-
bond in AB1 is the strongest H-bond and a partial covalent
character is attributed to the H-bond, which is consistent
with the above discussion from the viewpoint of structure.
Similarly, the O2H2*--O® H-bond in AB2 is a strong H-
bond as well because the p, (0.0397) and VZp, (0.13883)
are very close to the upper-limit of the ranges, respectively.
As shown in Table 3, it can be found that most
intermolecular H-bonds formed between hydroxyls of NA
and an O atom of DMSO are strong ones, moreover, the H-
bonds involving two phenolic hydroxyls of NA moiety
usually are stronger than those involving the other

@ Springer

“s” denote symmetric stretching vibrational modes, and “a” denote asymmetric stretching vibrational modes. Numbers in parentheses are

The O-H stretching vibrational mode mixes with the asymmetric CH, stretching vibrational mode strongly
The O-H stretching vibrational mode mixes with the NH, stretching vibrational modes

hydroxyl. All p, and V?p, values of other H-bonds fall
within the ranges. Moreover, due to the smaller p, and its
Laplace values, the H-bonds formed between O/N atoms of
DMSO/NA and methyl (DMSO) or methenyls (C3H4 and
C7H7 of NA) as H-acceptor are weaker than those
involving hydroxyls as H-donor. Especially, for the H-
bonds formed between methyl (DMSO) and N atom (NA)
in AB5, AB6 and AB7, the Vp,, is beyond the lower-limit
range, and the H--"N bond length is longer than the sum of
the van der Waals radii of hydrogen and nitrogen atoms,
thus there are probably no interactions between hydrogen
and nitrogen atoms among these complexes. Therefore,
QTAIM is not an exclusive criterion to confirm the
existence of a very weak H-bond. Similarly, for the di-
hydrogen bonds in some complexes (AB1, ABS, AB6 and
AB7), the p, of them are close to the lower-limit of the
range and the V2p,, are beyond the lower-limit value, which
indicates that these di-hydrogen bonds are very weak and a
partial van der Waals interactions character is attributed to
the H-bonds. In addition, the cooperativity of the H-bond in
complexes can be learned from the results of QTAIM as
well. As shown in Table 3, the values of p, (0.03134) as
well as V2p,, (0.09940) of the intramolecular O3H3*-N*
H-bond in AB7 are the maximum among complexes and
are larger than those of free NA, which indicates that the
strong cooperative effect happened in AB7 and is consistent
with the above discussion. Similar cooperative effect can be
found in other complexes (AB1, AB2 and ABS) as well, in
which the values of p, as well as V*p,, of the intramolecular
O3H3*N”* H-bonds are larger than that of free NA.
Generally, the p, decreases as a result of the elongation
of the corresponding bond. The opposite occurs when the
bond length shortens. Therefore, a relationship between p,,
and H--Y bond length of X-H-Y H-bond is predictable.
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Table 3 Electron density (p,) and Laplacian of the electron density (V2p,) in a.u. at BCPs of H-bonds in both NA-DMSO complexes and NA

monomer obtained by QTAIM analysis

Complex H-bond Py & Py Complex H-bond o) V2,
AB1 O3H3"NA 0.02406 0.08535 AB6 C2H45--NA 0.00474 0.01860
O1H14--02" 0.02057 0.09393 03H3A-08 0.03302 0.11444
02H2%--0B 0.04405 0.14542 NH114--0PB 0.02033 0.07182
C3H4*0" 0.00832 0.02758 C2H6":-034 0.00847 0.02440
C2H6"--C34 0.00878 0.02456 Cl1H3%-03% 0.00668 0.02303
C1H3B-03% 0.01372 0.04657 C8H8"--H6C2P 0.00575 0.01819
C3H4"--H3C1? 0.00497 0.01669 AB7 03H3A-NA 0.03134 0.09940
AB2 03H3A-NA 0.02318 0.08327 NH114-+-0B 0.02262 0.08303
O1H1A-02" 0.02070 0.09308 CIH3B--NA 0.00365 0.01094
02H24--0B 0.03971 0.13883 C2H6R-03% 0.01207 0.03366
C3H4"--SB 0.00738 0.02694 C8H8"--H6C2"P 0.00591 0.01956
CIHIB--034 0.00647 0.02319 ABS 03H3A-NA 0.02248 0.08174
C1H1B--C34 0.00818 0.02304 O1H1*0" 0.03484 0.11961
AB3 03H3A-NA 0.02251 0.08164 C2H6B014 0.00922 0.03112
O1H1%--0B 0.03424 0.12181 CIH3B--01% 0.01029 0.03332
O2H2%-08 0.03533 0.12372 AB9 O3H3A-NA 0.02245 0.08162
C2H6"-C1# 0.00857 0.02430 O1H14-0" 0.03602 0.12772
C1H3B-C24 0.00737 0.02316 ClH1B--02% 0.01011 0.03313
AB4 03H3A-NA 0.02204 0.08097 AB10 03H3A-08 0.03020 0.11134
O1H14-0B 0.03480 0.12498 NH114--0B 0.01871 0.06603
02H2A+-08 0.03303 0.11509 CIH1B--NA 0.01114 0.03280
C2H6B-02% 0.00906 0.02889 AB11 03H3A-NA 0.02277 0.08256
ClH3B--C1# 0.00899 0.02530 O1H14-0® 0.03042 0.11252
AB5 O3H3%--NA 0.02914 0.09728 C2H4B--01% 0.00904 0.03049
NH10*--0® 0.02218 0.08097 NA 03H3A-NA 0.02266 0.08212
C7H7--0OP 0.00880 0.02598
CI1H3B--03% 0.01365 0.04159
C2H6B-NA 0.00469 0.01392

C2H6B---H303" 0.00425 0.01505

Because of different atoms as H-acceptor in different H-
bonds, the H-bond parameter dRy...y defined in Eq. 1 is
used to replace H:Y bond length to carry out correlation
analysis. As shown in Fig. 3, a good linear relationship
between Inp, and dR}y...y was found and the fitted equation
can be expressed as

Inp, = —5.0767 + 1.89645Ryy..y = 0.9849 (2)

where r is the correlation coefficient. Therefore, the
estimate results of the strength of H-bonds by QTAIM are
consistent with those by structural analysis.

NBO analysis and energy

The NBO analysis was also performed here to deepen the
nature of H-bonds and the result was listed in Table 4.

According to NBO theory [33], the second-perturbation
energies E(2) lowering is responsible for the orbital
interaction of H-bond, the larger E(2) values correspond
to a stronger charge-transfer (CT) effect that happened in
the H-bond. As shown in Table 4, the O atom involved in
most of intermolecular H-bonds has different branches: one
has sp hybrid characteristics, and the others have more p
hybrid characteristics; they corresponds to different E(2)
values, respectively. On the contrary, the O atom involved
in intramolecular H-bond is mainly of p character. In
addition, the N atom involved in the H-bond is mainly of p
character as well. The largest £(2) value of 27.30 kcal-mol™
is found for the O2H2*---OB H-bond in AB1, which
indicates the strongest CT effect happened in ABI.
Similarly, a stronger CT effect happened in O2H2*--O®
(AB2) and O1HI*~0® (AB9) H-bonds because of the
larger £(2) values. Moreover, the CT effect happened in the
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Fig. 3 Correlation between the electron density (p,) at BCPs and
ORy...y in H-bonds

H-bonds involving hydroxyls as H-donors are stronger than
those that happened in other H-bonds. However, no
information of CT effect on the H-bonds formed between
methyl (DMSO) and a N atom (NA) in AB5, AB6 and AB7
were given by NBO analyses, which indicates that no CT
effect happened in these H-bonds, that is, there are probably

no interactions between hydrogen and nitrogen atoms among
these complexes, which is consistent with the above dis-
cussion. Similarly, NBO analysis cannot give information of
CT effect on the di-hydrogen bonds in some complexes (AB1,
ABS, AB6 and AB7) as well, which attribute to van der
Waals interactions character to a great extent. In addition, the
results of NBO can also give evidence for the cooperativity
of a H-bond in complexes. As shown in Table 4, the strong
cooperative effect in AB7 is confirmed by the largest E(2)
value of 10.99 kcal-mol™ of the intramolecular O3H3%--N*
H-bond, which also agree with the above discussion. A
similar cooperative effect can be found in other complexes
(AB1, AB2 and ABS5) as well, in which the values of E(2) of
the intramolecular O3H3*-N* H-bonds are larger than that
of free NA.

Beside the QTAIM and NBO method, other methods were
applied to deepen the nature of H-bonds. Despite the vast
literature on the bonding mechanism of H-bonds there was no
unified explanation for all red- and blue-shift H-bonds. It is
noteworthy that Politzer et al. interpreted blue shifting and red
shifting in terms of the Hermannson equation [49] and o-holes
[50-56] successfully. Especially, according to the research of
Politzer et al., the molecular surface electrostatic potential of

Table 4 The second-perturbation energies £(2) (in kcal-mol™") of H-Bonds in both NA-DMSO complexes and NA monomer obtained by NBO

analysis

Complex H-bond EQ2)*® Complex H-bond EQ2)*

AB1 O3H3"N* 5.65 AB6 C2H4B-N* 0.16
OlH1A-024 1.81 03H3A-08 4.68 (11.05)
O2H2*--08 11.70 (2.88, 12.72) NH114--08 1.85 (0.25, 4.89)
C3H4*--0® 0.11 (0.26) C2H6B--03% 0.11 (0.82)
C1H3®--03" 3.04 (0.89) C1H3B-03% 0.46 (0.09)

AB2 O3H3"N* 5.09 AB7 O3H3"N* 10.99
OlH1A-02* 1.81 NH114--0B 3.05 (3.26, 0.36)
O2H24--0B 8.73 (4.92, 10.61) ClH3B.-.NA 0.19
CI1HI®--03" 0.18 C2H6®--03% 0.38 (2.91)

AB3 O3H3%- N4 4.66 ABS O3H3"-N* 4.66
O1H1%--0B 5.66 (5.37, 5.48) O1H1%--0B 6.18 (11.83)
02H2%--08 5.47 (7.45, 4.30) C2H6B-014 0.84 (0.22)

AB4 O3H3"--NA 438 ClH3B--01% 0.76 (0.54)
OlH1%-0" 6.30 (3.44, 7.54) AB9 O3H3"N* 4.66
02H2"+-0" 4.46 (8.68, 1.91) OIHI1"0B 6.76 (0.95, 13.46)
C2H6%-02" 0.12 (0.39) ClH1B--02% 0.10 (0.49)

ABS O3H3- N4 8.93 AB10 03H3A-08 3.66 (10.86, 1.30)
NH10"--0® 3.19 (2.23, 1.75) NH114-0® 1.07 (3.03)
C7H7"--0O® 0.38 (0.21, 0.40) CIH1B--NA 2.09
C1H3®-03" 0.65 (3.00) AB11 03H3A-NA 481
C2H6B--NA 0.3 O1H14--0B 4.82 (0.39, 9.25)

NA O3H3" N4 477 C2H4B--014 0.70 (0.11)

 The values are O sp hybrid branch to form the H-bond; those in the parentheses are O p hybrid branch. The lone pair of N atom is mainly of p

character. See discussion in the text

@ Springer



J Mol Model (2011) 17:2609-2621

2619

DMSO reveals positive o-holes on the sulfur on the extension
of the O-S bond [57]. The resulting arrays of positive and
negative site in DMSO makes possible a variety of
simultaneous intermolecular hydrogen bonding interactions.
Therefore, the H-bonds among NA-DMSO complexes can be
interpreted in terms of o-hole interactions, which will be
discussed in detail in our future research.

According to NBO theory [33], the actual interaction
energy (AE;,) is decomposed into the charge-transfer (CT)
and non-charge-transfer (NCT) parts

AEp = AENet + AEcr (3)

where AEcr account for the orbital interaction and
polarization interactions, AEycr consists of the classical
electrostatic interaction and the Pauli steric repulsion
interaction. The AEcr term (always negative) were
obtained by summarizing E(2) for intermolecular H-bonds
in Table 4, and the AEyct term can be obtained from Eq. 3.
Furthermore, the binding energy (AFE) of NA-DMSO
complex is influenced by the deformations of monomers
and is decomposed as

AE = AEpep + AEjy, 4)

where the preparation energy (AE,) is the amount of
energy required to deform the separate bases from their free
monomer structure to the geometry that they acquire in the
pair complex; AEy, represents the actual energy change
when the prepared bases are combined to form the pair
complex. Namely,

AEprep = Ena-pMso — EpmsonNa) — ENa(pmso) (5)

AEin = Exa—pmso — Epmso — Enas (6)

where Ena.pmso 1S the energy of NA-DMSO complex,
Epmsoma) (0 Exapmsoy) 18 the energy of DMSO (or NA)

monomer when all the nucleus structure units of NA (or
DMSO) are considered as puppet atoms of carrying an
empty orbital; Epyvso (or Ena) is the energy of the most
stable DMSO (or NA) molecule.

The AE of NA-DMSO complexes were decomposed
into several terms summarized in Table 5. For most
complexes, the two phenolic hydroxyls of NA moiety are
arranged on one side only after the formation of H-bonds
with DMSO, while they are opposites in both AB3 and
AB4 since they form the bifurcated H-bonds with the
oxygen atom of DMSO simultaneously. Therefore, both
AB3 and AB4 are predicted to have serious deformation,
which can be learned from the two largest AE,,., values
(9.29 and 9.11 kcal-mol, respectively) of them. The
clearage of intramolecular O3H3%-N* H-bond in AB6
and AB10 leads to serious deformations, which are
responsible for the larger AE,., values (5.58 and 6.48
keal-mol™, respectively). The serious deformations in these
complexes (AB3, AB4, AB6 and AB10) counteract the
strong hydrogen bonding interaction to a great extent.
Therefore, the binding energies (AE) of them are smaller
than those of others. The intramolecular O3H3*-N* H-
bonds still exist in other complexes, which are predicted to
have small deformation. By and large, the order of AE;, is
consistent with AE except those complexes (AB3, AB4,
AB6 and AB10) with serious deformations. The smallest
AEpe, (0.85 kcal-mol™) of AB11 does not mean that it is
the most stable complex because of the weaker hydrogen
bonding interactions. AB1 is the most stable complex
which involves the strongest O2H2*--0® H-bond, more
importantly, its deformation is small. Therefore, both
hydrogen bonding interaction and structural deformation
can affect the stability of NA-DMSO complexes. In
addition, as shown in Table 5, for most NA-DMSO
complexes, the absolute values of AEct is larger than
AEyncT, because the hydrogen bonding interaction is a

Table 5 Total energy (E),

preparation energies (AEep), Complex E AEin AEprep AEcr AExcT AE

charge-transfer energies

(AECT)a non-charge_transfer AB1 -1144.822973 -15.88 1.86 -31.60 15.72 -14.02

energies (AExcr), interaction AB2 -1144.81964 -13.79 2.19 -24.44 10.65 -11.60

energies (AE;y), and binding AB3 -1144.818747 -13.23 9.29 -33.73 20.50 3.94

energies (AFE) of the NA-

DMSO complexes calculated at ~ AB4 -1144.816317 -11.70 9.11 -32.84 21.14 2.59

wB97XD/6-311++G(d,p) level*  ABS -1144.812242 9.14 0.95 -12.11 297 -8.19
AB6 -1144.811427 -8.63 5.58 2420 15.57 -3.05
AB7 -1144.810428 -8.01 1.78 -10.15 2.14 -6.23
ABS -1144.81014 -7.82 1.03 2037 12.55 -6.79

* The total energy of complexes  AB9 -1144.809595 -7.48 1.87 -21.76 14.28 -5.61

involve ZPVE and BSSE cor- AB10 -1144.808923 -7.06 6.48 -22.01 14.95 -0.58

rection, while the energy of the

monomers (NA and DMSO) AB11 -1144.807755 -6.33 0.85 -15.27 8.94 -5.48

involve ZPVE correction. All NA -591.684966

energies are in kcal-mol™ except DMSO -553.112704

the total energy (in Hartree)
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short-distance force, while the electrostatic interaction is a
long-distance force; namely, the former should be predom-
inant as two monomers get together.

Conclusions

The complexes formed between NA and DMSO have been
investigated at wB97XD/ 6-311++G(d,p) level. The nature
of H-bonds has been analyzed through structures, energies,
frequencies and electron density topological analysis.
Multiple H-bonds including intra- and intermolecular H-
bonds are formed in complexes. The H-bonds involving
hydroxyls (NA) and O atoms (DMSO) are dominant
intermolecular H-bonds and are stronger than other H-
bonds involving methyl of DMSO as H-donor. The weak
H-bonds also include 7t H-bonds which involve the benzene
ring as a H-donor or a H-acceptor. Especially, the QTAIM
results identified the weak H-bonds formed between methyl
(DMSO) and N atom (NA) in some complexes (AB5, AB6
and AB7), which cannot be further confirmed by NBO and
other methods, so there are probably no interactions
between hydrogen and nitrogen atoms among these com-
plexes. The intramolecular O3H3%*-N* H-bond in some
complexes were strengthened by the formations of new
intermolecular H-bonds, which attribute to the cooperativity
of H-bonds in complexes and can be learned from the
results of structures, NBO and QTAIM analyses. The
results show that the stability of NA-DMSO complexes is
influenced by hydrogen bonding interactions and structural
deformations. AB1 with smaller deformation is the most
stable complex, in which the O2H2*--O® H-bond is the
strongest H-bond as well, while both serious deformation
(such as AB3, AB4, AB6 and AB10) and weaker hydrogen
bonding interaction (such as AB11) will weaken the
stability of the complex. In addition, the electron density
(pp) at BCPs significantly correlates with the H-bond
parameter dRy..y. This study provides the geometrical,
energetical, and topological information of hydrogen
bonding interactions in the NA-DMSO complexes and
helps to elucidate the electrochemical behavior, pharmacol-
ogy, pharmacodynamics of NA in DMSO.
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