Theor Chem Acc (2015) 134:88
DOI 10.1007/s00214-015-1691-x

@ CrossMark

REGULAR ARTICLE

Complexes of nitric oxide with water and imidazole

Marco Martinez Gonzalez! - Kenny Bravo-Rodriguez? - Reynier Suardiaz® -
José Manuel Garcia de la Vega* - Luis Alberto Montero! - Elsa Sanchez-Garcia? -

Rachel Crespo-Otero®

Received: 31 March 2015 / Accepted: 22 June 2015 / Published online: 4 July 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract NO-Imi-H,O complexes can be used as mod-
els to investigate the interactions of histidine with nitric
oxide and water in biological systems like myoglobin.
We discuss here the water—imidazole, water—nitric oxide
dimers and the trimolecular complexes of nitric oxide with
water and imidazole from the donor—acceptor point of view
using the natural bond orbitals and localized molecular
orbital energy decomposition analysis schemes. The com-
parison between trimolecular and bimolecular complexes
shows that in general, the stabilization energies are more
sensitive to changes in the interactions of imidazole with
water than to changes in the interactions with nitric oxide.
The effect of imidazole ring protonation on the geometry
and stabilization of the complexes is also investigated. We
found that cooperative effects are more relevant in charged
complexes and planar structures than in neutral species and
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nonplanar complexes. The driving forces governing the
interactions between open and closed shell systems are also
discussed with special emphasis on the role of lone pairs
and unpaired electrons.
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1 Introduction

Non-covalent interactions play an important role in many
physical and chemical processes [1]. However, complexes
between open and closed shell molecules are less under-
stood than those only involving closed shell molecules. It is
reported that the stabilization of hydrogen bonded systems is
related to n — o™ interactions between donor and acceptor
[2]. Hernandez-Soto et al. investigated HO,---X complexes
X = H,0, H,0,, HONO, HONO,, CH;0H, HCOOH,
CH;COOH and H,SO,) [3] and found that the unpaired elec-
tron does not play an important role on their stabilization. To
understand the competition between lone pairs and unpaired
electrons, the complexes of -CH;, ‘NH,, -OH and -F radi-
cals and water were previously investigated by us [4]. These
radicals have an increasing number of lone pairs (from none
to 3), and in most cases, the lone pairs showed the largest
donor capacity compared to the unpaired electrons [4]. Most
recently, the role of unpaired electrons in the interactions of
aromatic radicals with water was also investigated by us, evi-
dencing the effect of the aromatic ring in complex formation
in radicals [5-7].

Nitric oxide (NO) is a radical involved in many biologi-
cal processes [8—11]. Despite its small size, the theoretical
study of NO associations with other molecules remains a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-015-1691-x&domain=pdf
http://dx.doi.org/10.1007/s00214-015-1691-x

88 Page2of 12

Theor Chem Acc (2015) 134:88

challenge due to the radical character of the NO monomer
and the van der Waals (vdW) character of its complexes.
Thus, weak complexes between NO and inert gases are
frequently used as models to understand vdW interactions
[12—16]. The dimerization of NO [17] as well as its interac-
tions with small molecules like N,, CO, H,0, CH,, C,H,
C¢Hyg, imidazole and amino acids was also investigated [18—
27]. Weinhold et al. [2] examined the complexes between
NO and HF using the donor—acceptor scheme based on the
natural bond orbitals (NBO). In an unrestricted treatment,
NBO of the NO molecule can be considered as hybrids of
different spin [2]. Therefore, the unpaired electron can play
an important role in the formation of complexes.

Histidine (His) is a polar amino acid that can be found in
the active site of proteins like myoglobins. Histidine plays
a major role in the regulation of nitric oxide diffusion near
the myoglobin active site [28]. The polar molecule imida-
zole (Imi) forms the lateral chain of His, and it is therefore
responsible for most of the properties of this amino acid.
Since histidine is a suitable candidate for water substitution
in proton transfer membranes, Imi—Imi proton transfer pro-
cesses have been investigated [29, 30]. In deoxymyoglo-
bine, the last coordinated position around Fe'! is occupied
by a water molecule [28]. Thus, the NO-Imi-H,O inter-
actions could be important to regulate the access of nitric
oxide to the active site of the enzyme.

Imi—H,O complexes have been studied using both exper-
imental and theoretical methods. Choi et al. [31] combined
infrared laser spectroscopy and theoretical calculations and
found two minima in which water could act either as pro-
ton acceptor or as donor. Similar complexes are reported
by Carles et al. [32] using electron transfer spectroscopic
techniques and semiempirical calculations. The interaction
of protonated imidazole with water was theoretically inves-
tigated [33] as well as the interactions of imidazole dimers
with water [34]. In both cases, it was found that water pref-
erably interacts with the nitrogen atoms of the imidazole
ring.

Cybulski et al. [35] studied the H,O---NO interactions
using RCCSD(T) calculations and symmetry-adapted per-
turbation theory. They found four complexes of which the
most stable were those with water interacting with the nitro-
gen atom of nitric oxide. Similar results were reported by
Myszkiewicz et al. [27] using UMP2, UMP4 y UCCSD(T)
methods. Dozova et al. [36] studied the complexes between
water and nitric oxide using matrix isolation and infrared
spectroscopy techniques and identified experimentally one
1:1 NO---H,0, three 1:1 NO---HDO and two 1:1 NO---D,0
complexes. In the same study, five NO---H,0O minima
were calculated at the UB3LYP/6-311 ++4G(2d,2p) and
CCSD/6-311 +4G(2d,2p) levels of theory.

NO-Imi-H,0 complexes provide a simple model to
investigate the interactions of histidine with nitric oxide
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and water in myoglobin. Thus, we extend previous work on
NO-Imi dimers [37] to assess the effect of one water mol-
ecule in nitric oxide—imidazole interactions. We discuss the
water—imidazole, water—nitric oxide dimers and the trimo-
lecular complexes of nitric oxide with water and imidazole
from the donor—acceptor point of view using the NBO and
the localized molecular orbital energy decomposition anal-
ysis (LMOEDA) scheme. The effect of the protonation of
the imidazole ring on the geometry and stabilization of the
complexes is also investigated. The driving forces govern-
ing the interactions between open and closed shell systems
are discussed with special emphasis in the role of lone pairs
and unpaired electrons.

2 Computational details

Intermolecular complexes of nitric oxide, imidazole and
water were calculated at the UMO05-2X/6-31 ++G(d,p)
level of theory using Gaussian03 [38—40]. The reliability of
the level of theory was tested comparing with calculations
at higher levels of theory (Supporting Information). To
analyze the effect of the protonation state of Imi, the mol-
ecule was considered in its neutral and protonated (ImiH™)
forms. NO can act as Lewis acid and base. Both types of
complexes were considered and analyzed in the broad
context of interactions between radicals and closed shell
molecules. Two interaction patterns are discussed here:
(a) hydrogen bond interactions ((N-O)yo:--H-Z) and (b)
interactions with NO acting as acid (N-O)yo:+-Z (Z repre-
sents non-hydrogen atoms)). Frequency calculations were
performed to verify that the structures were minima on the
potential energy surface.

Stabilization energies (AE) were calculated by subtract-
ing the sum of the energies of the isolated monomers to the
energy of the complex and using the LMOEDA method
[41]. The basis set superposition error (BSSE) was esti-
mated using the counterpoise method of Boys and Bernardi
[42]. The electronic density analysis of all complexes was
performed by means of the natural bonding orbital (NBO)
scheme [2]. In this framework, the second-order perturba-
tion theory allows to estimate the energy contribution asso-
ciated with the departure from the Lewis structure as:

2) < a|IA7|b* >2
AED , = —p———— (M
Epxr — &qg

< a|IA7 |b* > are the matrix elements of the Fock operator
between the full @ and the empty b NBOs and p is the occu-
pation of the NBOs (2 for restricted and 1 for unrestricted
calculations). Then, the larger contributions are obtained
for transitions with larger < a|f7 |b* > values and smaller
energy gaps (AE,_., = &5+ — &,) between a and b* NBOs.
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To analyze the effect of an unpaired orbital, the correspond-
ing interactions were deleted and the interaction energies
recomputed. The interactions with values of AE‘(JZ_)) » larger
than 0.4 kJ/mol (a and b" localized in different molecules)
were considered as relevant. The NBO charges and spin
densities are reported in the Supporting Information.

To analyze the nature of these interactions, the stabiliza-
tion energies were decomposed into electrostatic, polariza-
tion, exchange, repulsion and dispersion components based
on the LMOEDA method as implemented in the GAMESS
code [43]. Single-point calculations were performed at the
UMO05-2X/6-31 ++G(d,p) level of theory, and the energy
was decomposed using two and three molecular units
to estimate the cooperative effects. The geometries, sta-
bilization energies, NBO and LMOEDA analyses of all
intermolecular complexes can be found in the Supporting
Information.

3 Results and discussion

As mentioned above, we selected NO and H,O as the open
and closed shell molecules in this study because of their
biological relevance, similar size and the fact that both fea-
ture oxygen as heteroatom. In addition, NO-Imi-H,0O com-
plexes can be used as a model to investigate the interactions
of histidine with nitric oxide and water in biological sys-
tems like myoglobin.
This way, we aim to answer the following questions:

e [s the unpaired orbital of NO involved in complex for-
mation?

NO-H,0

A{s_zs
944_ b

2803 1272
K J 2367 ’f
121.7

Al A2

e In tri-molecular complexes of imidazole with an open
shell molecule (NO) and a closed shell molecule (H,0),
which plays the most important role? How does the pro-
tonation of the Imi ring affect complexation?

Why are these complexes stable?

How important are cooperative effects in a open shell-
water—closed shell system?

3.1 Is the unpaired orbital of NO involved in complex
formation?

To investigate the role of the unpaired electron on the sta-
bilization of the complexes, we considered the dimers of
nitric oxide with water and imidazole. The geometries of
these complexes have been previously reported [35-37,
44]. For consistency, we re-optimized the structures at
the UMO05-2X/6-31 ++G(d,p) level of theory. To discuss
our main findings, we chose a set of representative com-
plexes (Fig. 1). These complexes feature the most frequent
interactions found in the trimers: ONyg--O-Z (Al, B1),
ONyo---H-Z (A2, BS, HB1), NOy---H-Z (A4, B7, HB2).
More information about other complexes can be found in
the Supporting Information.

The donor—acceptor interactions with major energy
contributions indicate how the complexes differ from the
corresponding Lewis structures (Fig. 1; Table 1). To fur-
ther verify the role of the interactions predicted as most
important by the AE® values, we removed these donor—
acceptor interactions and performed new NBO calculations
(Table 1). The resulting stabilization energies are reported
as AE®,
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Fig. 1 Geometries of selected dimers (distances in A and angles in degrees). Imidazole-NO dimers: a neutral planar, b protonated planar
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Table 1 Major orbital

. . Interaction Donor-acceptor AE® AE AE@

interactions at the a—=b

UMO5-2X/6-31 +4-G(d,p) level a—b o Orbitals B Orbitals

of theory for selected NO-H,0,

Imi-H,0 and ImiH"-H,0 Planar complexes

complexes Al ONxnoOHyuer  70) = o) 2.6 2.6 ~79 0.6
A2 ONyo - "HOy e nN) = O(on) 7.5 - =55 10.5
A4 NOyo*HOgter n©) = 9(on) 2.6 - -5.0 1.2
B1 ONyo* Ny Ny = TNo) 1.8 23 -9.8 —0.9
B5 ONyo--HNy,,; M = ol 45 - -6.3 32
B7 NOyo--HNy; o) = i 2.6 - -5.7 03
HB1 ONyo-HN,, nNy = ok 12.2 - —15.4 8.0
HB2 NOyo -HNp,; n©) = O(Nm) 7.7 - —13.5 2.8

Second-order energy contributions according the NBO donor—acceptor scheme (AEz(Ii) ;) and stabiliza-
tion energies (AE@) computed removing the corresponding donor—acceptor interactions. All energies are

reported in kJ/mol

For the Al dimer, the most relevant interaction is
n©o) = T(Noy With the ng, orbital located at the O atom
of water as donor. For the A2 and A4 complexes, the main
interactions involve in both cases density transfer from the
NO molecule to water. Thus, in A2 the n(\) = ooy, inter-
action contributes mostly to the stabilization energy. In A4,
the main interaction is n(o) — ooy, involving the unpaired
orbital ) centered in the O atom of NO; the larger AE®
corresponds to the interaction involving the orbital located
in the N atom. The stabilization of A2 and A4 is related
to donor—acceptor interactions between the unpaired elec-
tron of NO and the antibonding natural orbitals of the water
molecule. The slightly higher stability of A2 with respect to
A4 can be explained by the donor—acceptor model (Eq. 1)
considering that the n(, orbital is higher in energy than
n()- In addition, when optimizing anionic complexes anal-
ogous to A2 and A4, the hydrogen bond structure becomes
unstable and geometries similar to A1 are obtained.

For NO-Imi, we found that the stabilization of the
(N-O)yo--H-Np,; complexes is due to donor—acceptor
n(x) — o(yy interactions with an important role of the
unpaired electron (Table 1). These interactions are stronger
for the protonated complexes (HB1 and HB2), which have
larger stabilization energies. In the planar complexes,
nx) — T(No) donor-acceptor interactions are relevant
showing little effect of the unpaired electron in the stabili-
zation (like in A1).

An important factor in the stabilization of an interac-
tion is the charge transfer between the molecules forming
the complex. We found that, with the exception of A1 and
B1, complex formation is accompanied by a small spin
density transfer from nitric oxide to water (about 0.01 e).
This transfer, albeit small, is more effective in complexes in
which NO is interacting via its nitrogen atom. The values of
charge transfer and spin density transfer between the mon-
omers do not change significantly when different schemes
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to obtain the charges were considered. For the Imi-NO
dimers, the charges of Imi and NO molecules within the
complexes are similar to those obtained with atoms in mol-
ecules partition scheme at UMP2/6-311 ++4G(2d,2p) level
of theory [37].

In (N-O)yg---H-Z complexes, the values of the charge
and spin transfer are very similar, indicating that the
unpaired orbital plays a major role in the stabilization. This
is in contrast to the complexes stabilized by (N-O)yq---Z
interactions where NO acts as acid accepting electron den-
sity on their 7T(*NO) orbitals. Consequently, the role of the
unpaired electron in the stabilization of the dimers depends
on the nature of the interaction. If NO acts as a Lewis base
((N-O)yo'-"H-Z interactions), the unpaired electron is
involved in the interaction. Conversely, when NO acts as
Lewis acid, the unpaired electron does not have a signifi-
cant impact on the stabilization of the complexes.

(N-O)yo---H-Z dimers behave differently to open shell
molecule—water complexes previously studied by us [4, 5],
where the unpaired electron did not affect significantly the
stabilization of the complexes. The distinct behavior of NO
can be explained by the energy ordering of the NO orbitals.
For instance, the energy gap between the unpaired orbital
and the next occupied orbital with opposite spin is larger in
NO (0.14 au) than in the hydroxyl radical (0.03 au). Conse-
quently, the unpaired electron in nitric oxide is available to
independently interact with closed shell molecules.

3.2 In tri-molecular complexes of imidazole with an
open shell molecule and a closed shell molecule,
which plays the most important role? How does the
protonation of the Imi ring affect complexation?

Although the bimolecular complexes of nitric oxide with
water [36] and imidazole [37] have been previously inves-
tigated, much less information is available concerning the
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Fig. 2 Imidazole-water
complexes (distances in A and
angles in degrees)
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water and nitric oxide stabilized
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nitric oxide-imidazole—water trimers. Here we propose
several geometrical arrangements for the NO-Imi-H,O
complexes (Figs. 3, 4, 5) which provide an excellent case
study for the investigation of the competition between
diverse interaction motifs, the role of specific molecu-
lar interactions, ring protonation and cooperative effects.
For the NO-Imi-H,O system, two main types of struc-
tures were considered: planar, in which the NO and H,O
molecules are in (or nearly in) the plane defined by the

imidazole ring, and nonplanar, in which the H,O and/or the
NO molecules lie over or under the imidazole ring plane.
To better understand the role of the dimer subunits in
the stabilization of the trimers, the Imi—-H,O complexes
were computed at the same level of theory. Two Imi-
H,O dimers have been previously reported [31, 45]: W1
and W2, which are stabilized by the Ny ;---H-Oy,., and
N-H,,,;---O-H, ., interactions, respectively. In W1, the
water molecule acts as Lewis acid and in W2 as base, with

@ Springer
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Fig. 4 Planar trimolecular com-
plexes of imidazole with water
and nitric oxide stabilized by
the N-H---O-H and C-H:---O-H

Planar NO-IMI-H,O complexes
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Njpi--H-Oy e and N-Hj.---O-H_.. distances of 1.97 A
in both cases (Fig. 2). The very similar interaction energies
of both complexes (—33.3 kJ/mol for W1 and —27.4 kJ/
mol for W2) are in agreement with the results obtained by
Choi et al. [31] that suggest the presence of an equimolar
mixture of two complexes. For the protonated imidazole
(ImiH"), only the N-Hj,;---O-H,,,, interaction (complex
HWT1) was found. The interaction energy (—69.3 kJ/mol)
of HW1 is almost two times larger than in W2. Thus, the
protonation of the second nitrogen atom increases the
hydrogen donor capacity of the amine group of imidazole.
The Imi—-H,O dimers are significantly more stable than the
NO-H,0 and Imi—-NO dimers (Table 1 and Supplementary
Information). Consequently, the planar trimers are clas-
sified according to the interaction between Imi and H,O
(Figs. 3, 4).

Three types of interactions are possible between the

neutral ring of imidazole and water: Np..---H-Oy e

@ Springer
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N-H;,i---O-H,,er and C-Hy,;---O-H,, - In addition, the
C-H;,;--O-H,,, interaction which is not present in the

bimolecular complexes is identified in the trimer. Planar
structures featuring the Ny .---H-Oy,, interaction (D1 to
D12, Fig. 3) are the most stable of all NO-Imi-H,0 com-
plexes (—43.3 to —34.4 kJ/mol). The NBO analysis shows
that the main source of stabilization in these complexes
is the individual contribution of Imi-H,O donor-accep-
tor interactions. Similar tendencies are found (in terms of
the effect of the unpaired electron) in the complexes sta-
bilized by (N-O)yo--H-Z or (N-O)yo---Z interactions.
The donor—acceptor interactions from the NO-H,O and
Imi—NO subunits of the trimers play a minor role in com-
parison with the n() — ooy, interactions in the N---O-
Hyyer complexes or the n) — oj\y, interactions in the
N-Hj,;---O-H,,,, complexes.

Only the two less stable planar NO-Imi-H,O com-
plexes (D21 and D22) feature the C-Hp,-O-H

water
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Fig. 5 Planar trimolecular
complexes of protonated
imidazole with water and nitric
oxide. Important intermo-
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Fig. 6 Nonplanar trimolecular complexes of protonated imidazole with water and nitric oxide. Relevant intermolecular distances and angles are
highlighted (distances are given in A and angles in degrees). Stabilization energies (BSSE corrected) are provided in the blue boxes (in kJ/mol)

interaction (Fig. 4), which was not found in the Imi—-H,0O
dimers. This interaction is related to the ny) — ooy,
transition (Table S6), and the corresponding NBO total
stabilization energies are the same in the two complexes.

In the last section, we evaluate the cooperative effect of
these interactions.
When the imidazole ring is protonated, the resulting

planar complexes feature the N-Hy;---O-H,, ., interaction

@ Springer
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between Imi and H,O (Fig. 6). There, the imidazole—water
and imidazole—nitric oxide distances are shorter, while
nitric oxide and water monomers become more apart. The
corresponding stabilization energies of the protonated com-
plexes are also higher than those of the neutral complexes
(Fig. 5). The NBO analysis shows that the most important
Imi---H,O interaction becomes stronger upon protonation
of the imidazole ring (See Supplementary Information).
For the interactions between NO and Imi, second-order
perturbation energy values vary only slightly in the charged
complexes. This indicates that Imi---H,O interactions are
more sensitive to ring protonation with respect to Imi---NO
interactions.

The nonplanar neutral NO-Imi—-H,O complexes can be
classified into two groups: the most stable complexes with
the Ny,;---H-Oy,, interaction between the imidazole ring
and water (E1-E4) and the N-H;_;---O-H,,,., complexes
(E5-E7) (Fig. 6). The stabilization energies vary in the
same ranges that in the trimolecular planar complexes. For
the first group of structures, the electron density transfer
associated with the Np.---H-O,,., interaction is a conse-
quence of the nin) — U(*OH) transition and involves transfer
of electron density to an antibonding orbital of H,O (Fig. 6
and Table S10, Supplementary Information). Conversely,
for the N-H,;---O-H, ., interaction, the charge transfer
takes place from the water oxygen atom to the protonated
nitrogen atom of imidazole no) — oy

When imidazole is protonated, no stable trimers with the
water molecule out of the plane defined by the imidazole
ring could be found. Two main interaction motifs are iden-
tified in the NO-ImiH"-H,O complexes: the N-Hj,;---O—
H,,.r interaction between the imidazole ring and water
(HE1 to HE6, Fig. 6) and the C-Hj,;---O-H,., inter-
action (HE7). Unlike the neutral structures and because
ImiH™ lacks free electron pairs, water interacts only via its
hydroxyl oxygen atom. The energies of the resulting com-
plexes vary from —77.8 kJ/mol for HE1 to —75.0 kJ/mol
for HE6.

The comparison between the energies associated with
the n) — oy, interaction in protonated and unproto-
nated nonplanar trimolecular complexes shows that those
values duplicate upon ring protonation. Since ImiH" is an
electron-deficient specie, the electron density transfer from
water to the imidazole ring is favored in protonated com-
plexes with respect to the neutral cases (Supplementary
Information).

The natural charges of the protonated complexes show
that the charge transfer between ImiH" and H,O takes val-
ues of about 0.05 e, while in neutral complexes with simi-
lar N-Hy,,;---O-H,,,, interaction the charge transfer values
are much lower (about 0.02). On the other hand, the charge
transfer between ImiH" and NO is much smaller than the
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Fig. 7 Spin densities for A2, B5 dimers and HD1 trimer (contours:
0.005)

charge transfer between ImiH' and H,O. Since the spin
density transfer is of the same order in nonplanar proto-
nated and neutral complexes, it can be inferred that water
plays a more relevant role than nitric oxide in the stabili-
zation of the nonplanar NO-ImiH"-H,O complexes. On
the other hand, the spin density transfer is mainly from the
NO molecule to the closest molecule. Figure 7 shows the
spin density in three complexes featuring the Z-H---N-O
interaction (timer: HD1 and dimers: A2 and B5). A fraction
of spin density is transferred from the NO molecule to the
Z—H bonds, which is consistent with stabilization through
(n(N) = 0 zyy,) donor—acceptor interactions. Similar results
are obtained for complexes stabilized by (no) — ‘7(*21-1))
interaction.

The comparison with bimolecular complexes evidences
that in general, stabilization energies are more sensitive to
changes in the interactions involving water than to changes
in the interactions with nitric oxide. The NBO natural
charges show that the Imi-H,O charge transfer is in all
cases (except HE7) much larger than the Imi—-NO charge
transfer. These results also indicate that the stabilization of
the charged complexes is primarily related to the interac-
tion between ImiH" and H,0.

We thus found that the protonation of the ring stabilizes
the system because it favors charge transfer interactions
between Imi and H,O. The natural charge values show that
only net charge transfer from NO and H,O to Imi takes
place with no evidence of charge transfer between H,O and
NO. This suggests that the unpaired orbital of NO is not
involved in the NO---H,0 interaction in these complexes.
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Fig. 8 Energy contributions to the stabilization energy computed using the LMOEDA scheme for NO-Imi-H,O complexes, using three units in

the analysis. The star represents the total stabilization energy

3.3 Why are these complexes stable?

LMOEDA analysis was carried out to understand the ori-
gin of the stabilization of the complexes and the interplay
between different molecular units. We decomposed the sta-
bilization energies of the dimers and trimers considering
the individual units. The most important stabilizing energy
components were dispersion, electrostatic and polariza-
tion. The competition between these components strongly
depends on the involved molecules and the geometry.

For the NO-H,O complexes, the stabilizing electro-
static component is small with respect to dispersion and
polarization (Supplementary Information). In the case
of the ONyy-OH,,., interaction (Al), polarization is
the dominant component. For the ONyg:-HO,,., and
NOyq---HO,,r interactions (A2, A3 and A4, AS com-
plexes), dispersion plays the most important role. In con-
trast to the NO- H,O dimers, the Imi-H,O complexes are
largely stabilized by electrostatic terms with small contri-
butions from dispersion, exchange and polarization terms.
The protonation of the Imi ring increases the electrostatic
component.

In the case of the planar Imi-NO dimers, we found
that the geometry modulates the contributions of differ-
ent energy terms (Supplementary Information). For planar
complexes, the dispersive contribution is slightly larger
than the electrostatic contribution. In the case of nonplanar

complexes, dispersion terms are more than twice the elec-
trostatic stabilizing contribution. The ONyq- Ny, interac-
tions in the complexes B1 and B2 have important disper-
sive contributions and some electrostatic character, while
ONyo--HNy,,; interactions (BS and B6) and NOyq---HNy;
interactions (B7-B10) are almost exclusively stabilized by
dispersion, having a very small polarization component
which is repulsive in some cases. The protonation of the
Imidazole ring increases the role of the electrostatic contri-
bution to the planar complexes stabilized by ONyq---HNpi
and NOyq---HNy,,; interactions (HB1 and HB2), but disper-
sion remains as the most important source of stabilization
being the dominant contribution in nonplanar complexes.

The most important source of stabilization in planar
trimers is the electrostatic component, followed by disper-
sion, exchange and polarization. The sum of the stabiliz-
ing components: electrostatic, polarization and exchange
compensates the electrostatic repulsive interaction. Thus,
the stabilization energies are very similar to the dispersive
component. In the case of D1, the dispersion contribution is
—42.2 kJ/mol and the stabilization energy is —44.2 kJ/mol
(Fig. 8).

In the case of nonplanar complexes, dispersion contri-
butions are in the same order of the electrostatic contribu-
tions, while polarization and exchange terms contribute
similarly to the stabilization. The relevant role of dispersion
is associated with the stacking between the Imi ring and the
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Table 2 Association energies (kJ/mol) calculated at the UMOS5-
2X/6-31 ++4G(d,p) theory level for planar NO-Imi—-H,O complexes

AE A AE-A
N---H-O interaction
D1 —47.1 —44.3 2.7
D2 —46.4 —43.9 —-2.5
D3 —44.4 —47.4 3.0
D4 —41.6 —40.6 —-1.0
D5 —41.7 —36.5 5.2
D6 —41.3 -36.0 —-52
D7 —41.1 -36.9 —4.2
D8 —41.0 —-36.8 —4.2
D9 —41.0 —38.1 -29
D10 —41.5 —43.3 1.8
D11 —41.2 —39.2 -2.1
D12 —-374 —36.8 —-0.6
N-H---O-H interaction
D13 —41.4 —40.2 —1.2
D14 —40.9 —-39.9 —-1.0
D15 —40.6 -394 —1.2
D16 —40.5 —39.6 -0.9
D17 -37.9 —-39.1 1.2
D18 -37.7 —41.9 4.2
D19 —-36.3 —38.1 1.9
D20 —34.8 —344 —-0.4
C-H---O-H interaction
D21 —17.2 —17.5 0.3
D22 —17.5 —16.7 —-0.7

NO molecule. As it was found for the dimers, the nature
of these interactions depends on the geometry (planar and
nonplanar), which modulates the contributions of disper-
sion and electrostatic interactions.

In conclusion, LMOEDA analyses show that NO-Imi—
H,O trimers are stabilized by a combination of factors with
an important role of electrostatic, polarization and dis-
persion stabilizing terms. The electrostatic contributions
mainly come from the Imi-H,O subunits of the trimers.
The dispersion terms are related to the Imi—-NO and NO-
H,O fragments. These calculations show that NO-closed
shell interactions are mainly dispersive.

3.4 How important are cooperative effects in an open
shell-water—closed shell system?

As mentioned above, the interaction energies of the com-
plexes were calculated as:

AENO--Imi--H,0) = E(NO--Imi--H,0)

~ (Eami) + Evo) + Ea1,0)) 2)

@ Springer

For a trimolecular complex, we define the value A as
the sum of the energies of the dimer subunits forming the
trimer (two-body contribution to the stabilization energy).
Since we calculated the energies of the dimers subunits
with the fixed geometries they adopt in the trimer, only
electronic factors are considered and the effects of geom-
etry relaxation are neglected.

A = E(mi.-N0) + E(Imi..H,0) + ENO...H,0)
— Z(E(Imi) + ENoy + E(Hzo)) @

Thus, two-body cooperative effects in the complex can
be estimated as the difference between AE and A.

AE — A = ENO--Imi--H,0) — Eami) — ENo) — Ew,0)
— (E(imi--N0) + E(imi--H,0) + ENO--H,0)
—2E(mi) — 2ENo) — 2Em,0)) AE
— A = ENO--Imi--H,0) — E(Imi--NO)
— E@mi--H,0) — ENoO.--H,0) + E@mi)
+ ENoy + En,0) 4)

This approximation allows us to roughly estimate the
effect of introducing an additional molecule into a dimer
to form the corresponding trimer. Here, we found that in
almost all cases, the three-body cooperative effect is very
low. As evidenced by frequency calculations, all the com-
plexes are minima of the potential energy surface. Thus,
positive AE-A contributions could be related to the effect
of geometry relaxation. This means that monomer geom-
etry relaxation provides the extra energy required for trimer
formation and that some dimers subunits can only be found
within the trimer context.

For planar complexes, AE-A take modular values in
the 5.2-0.4 kJ/mol range and the complexes featuring the
N-Hj,;---O-H, ;. and C-Hy;---O-H,,, interactions have
in general the lower cooperative effect (Table 2). In most
cases, the stabilization energies can be estimated at chemi-
cal accuracy only considering two-body contributions. This
effect is even less pronounced for nonplanar complexes
(AE-A values between 1.0 and 0 kJ/mol). Slightly higher
cooperative effects are calculated for the N-Hy;---O—-H,per
complexes. The same planar versus nonplanar tendency is
found for the protonated complexes in which the coopera-
tive effect is more pronounced than in the neutral structures
(AE-A values between 10.8 and 0 kJ/mol for planar com-
plexes and of 1.0 kJ/mol and less for nonplanar complexes,
Table 2 and Supporting Information). Thus, our results sug-
gest that three-body cooperative effects are more relevant
in charged complexes and in planar structures than in neu-
tral species and nonplanar structures.

We computed the AE-A contributions using the
LMOEDA scheme defining the dimers as molecular units
(Supplementary Information). In most of the cases, the
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Table 3 NBO donor acceptor

. A Complex Interactions Donor-acceptor pair ~ Stabilization energy ~ Dimer Stabilization energy
interactions in three selected
trimers and the corresponding o Orbitals p Orbitals a orbitals  f orbitals
dimers
D5 ONyoH-Np - vy = o\ 4.5 - B5 4.5 -
NppiH-Opger  2N) = 0 0p) 23.4 234 W1 45.7
D8 NOyoH-Nyy;  n0) = oim 2.8 - B7 2.6 -
ONyoH-Cppi  novy = 0(cy) 1.1 - 1.2 -
Nimi-H-Opaer  B(N) = 6(*OH) 234 234 W1 45.7
D13 ONyo:*Nimi nNy = T(No) 1.4 1.9 B1 1.8 2.3
NHppiOHyger - 00) = 0\my 27.3 27.3 W2 53.6

electrostatic component of the interaction is additive.
Dispersive and polarization contributions have the larg-
est influence in the cooperative effects between the three
monomers.

The AE-A values also show that both complexes with
favorable (the third molecule binds better to the dimer
than to a single molecule, negative AE-A values) as well
as unfavorable cooperative effects can be found. In planar
complexes, unfavorable cooperative effect took place when
two molecules of the complex interacted with the same
atom of the third molecule with noncomplementary charge
transfers. D3, D10, D17, D18, D19, E3, HD5 and HE3 are
stabilized by interactions between the three monomers that
cannot be fully described as the sum of two-body compo-
nents. The NBO analysis of D3, D10, D17, D18 and D19
complexes shows the unprotonated nitrogen atom of Imi
acting as a density donor. In D21, the corresponding Imi—
NO dimer is not stable in the trimer geometry, and there
is an important geometry relaxation because of three-body
interactions.

To investigate three-body effects on the NBO second-
order energy contributions, the values of the most impor-
tant interactions in DS, D8 and D13 trimers and their cor-
responding dimers were analyzed (Table 3, D1: BS + W1;
D8: B7 + W1, D13: B1 + W2). These dimers are stable
in nuclear configurations close to those of the correspond-
ing trimers. The AE-A values (with respect to the relaxed
dimer structures) are —0.2, —1.1 and —0.5 kJ/mol, respec-
tively, showing the effect of geometry relaxation. The
major orbital interactions change less than 1 kJ/mol with
respect to the corresponding dimers.

4 Conclusions

Here, the bimolecular and trimolecular complexes of nitric
oxide, imidazole and water are discussed. The NBO theory
and the localized molecular orbital energy decomposition
scheme are used to understand the nature of the intermo-
lecular interactions. The prediction of the structures of
NO-Imi-H,0O complexes not only allowed us to investigate

the interactions taking place in these systems, but also to
elucidate the role of ring protonation and planarity in coop-
erative effects. These complexes provide a model for the
investigation of the role of competing nonbonding interac-
tions involving unpaired and paired electrons, which play
a key role in enzymatic reactions. Our work indicates that
the above-mentioned competition depends on the nature
of each interaction and on the specific energy balance
with respect to the closed shell molecule. This is related to
the fact that orbitals with lone pairs and unpaired orbitals
mostly show similar energies and are located in common
regions of space. Accordingly, we expect this competition
to play an important role in systems with many lone pairs.
We found that:

¢ In contrast to other radicals (i.e., HO, HO,), when nitric
oxide forms hydrogen bonds acting as a Lewis base
((N-O)yo"H-Z interactions) the unpaired ny, or n,
orbitals play a significant role in the stabilization of the
complexes.

e The dimers featuring the O-N y---H-Z interactions are
more stable than the N-Oy---H-Z complexes.

e When nitric oxide interacts with a heteroatom
((N-O)yo--Z interactions), the nz) — n(’;vo) donor—
acceptor has the most important contribution to com-
plex stabilization.

e Protonation of the imidazole ring stabilizes the N-H
antibonding orbitals in imidazole with the consequent
stabilization of its complexes.

e The interplay between different stabilizing interactions
in dimers and trimers strongly depends on the geometry
(planar vs. nonplanar).

e Dispersion and polarization energy terms are the domi-
nant contributions in the stabilization of NO-closed
shell complexes.

e The stability of the trimers is more sensitive to changes
in the interactions of imidazole with water than to
changes in the interactions with nitric oxide.

e Our calculations suggest that the cooperative effect is
more relevant in charged complexes and planar struc-
tures than in neutral species and nonplanar complexes.
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