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Abstract A computational study has been performed for
studying the characteristics of the interaction of phenol with
ammonium and methylammonium cations. The effect of the
presence of water molecules has also been considered by
microhydrating the clusters with up to three water mole-
cules. Clusters of phenol with ammonium and methylam-
monium cations present similar characteristics, though
ammonium complexes have been found to be more stable
than the methylammonium ones. The first water molecule
included in the complexes interacts with a N-H group of
ammoniun cations and simultaneously with the hydroxyl
oxygen atom of phenol (or the aromatic ring). This first
water molecule is more tightly bound in the complex, so
the stability gain as more water molecules are included
drops significantly by 2-3 kcalmol ' with respect to the first
one. As more water molecules are included, the differences
between favorable coordination sites (the cation, the hy-
droxyl group or a previous water molecule) decrease. As a
consequence, several of the most stable complexes located
including three water molecules already exhibit hydrogen
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bonds between the hydroxyl group and one water molecule.
The results indicate that a cyclic pattern formed by a series
of hydrogen bonds: 7t--*-H-N-H---O-H---O-¢, is characteristic
of the most stable minima, being kept as more water mole-
cules are included in the system. Therefore, this pattern can
be expected to be crucial in ammonium cations---phenol
interaction if exposed to the solvent to any degree.

Keywords Ab initio calculation - Cation--7t interactions -
Microhydration - Non-covalent interactions - Solvent effects

Introduction

Non-covalent interactions are an essential tool for the mo-
lecular architecture in natural systems, as in certain key
processes such as molecular recognition or protein folding
[1-3]. These interactions allow the construction of nano-
scale molecular assemblies of a complexity greater than the
initial molecules and held together and organized by non-
covalent interactions [4—6]. One widespread type of non-
covalent interaction is the cation'*7t interaction between a
cation and an aromatic unit [1, 3, 7-11]. It is very common
to find protonated amino acids which may establish cati-
on-7t interactions with the side chain of other aromatic
amino acids present in the environment, for example, as part
of the same protein. Thus, it is common for the side chains
of arginine and lysine to interact with phenylalanine, tyro-
sine and tryptophan [1, 7, 9, 11].

Though cation‘--7t interactions are strong interactions in
the gas phase, their strength can be dramatically affected by
environmental effects, most importantly the presence of
solvent around a given cation -7t contact [1, 12-23]. Several
studies have shown that cation- -7t contacts in proteins can
be formed with a great variety of degrees of exposure to
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solvent, ranging from fully exposed contacts to others bur-
ied in hydrophobic regions of the protein. Therefore, there
can be cation'-'7t contacts which are only partially exposed
to the solvent, forming a microhydrated structure that can
present different properties compared to those of the fully
exposed cation--7t interaction.

Theoretical methods are especially well suited for study-
ing this kind of effect, since the progressive hydration of a
given cation- -7t interaction can be modeled, providing in-
formation at a microscopic level which is usually not af-
fordable from experiment [24, 25]. The cation 7
interaction weakens as water molecules are included
[26-30], and the solvent can promote structural changes in
the mutual orientation of the cation and the aromatic unit, as
recently shown by our group in guanidinium---benzene com-
plexes [30]. An important interaction among amino acid
side chains is established by the cationic lysine side chains,
which bear an ammonium cation, and the aromatic units in
the side chains of aromatic amino acids [9, 11]. The inter-
action between methylammmonium and benzene has been
studied as a simple model for this kind of interaction,
showing that the inclusion of water molecules weakens the
methylammonium---benzene interaction. Also, the inclusion
of the third water molecule breaks the direct contact be-
tween the cation and benzene [29]. However, it can be
expected that interactions with other aromatic units as the
phenol unit in tyrosine will present a much more complex
behavior than benzene. Contrary to benzene, phenol pos-
sesses two different regions where a cation can establish a
stabilizing interaction. Also, the hydroxyl group can act
both as donor or acceptor in hydrogen bonds with the water
molecules included in the cluster. Therefore, even when
phenol is very similar to benzene, the presence of the hy-
droxyl group introduces a greater complexity on the poten-
tial energy surface of the cluster, allowing for a greater
variety of stable structures, as already shown in phenol---
water clusters as compared to benzene ones [31-38].

With the aim of modeling the interaction between lysine
and tyrosine side chains, complexes formed by ammonium
and methylammonium cations with one phenol unit have
been computationally studied employing ab initio methods.
The effect of a small number of water molecules in the
complex has been considered in order to determine how
their presence can alter the characteristics of the interaction.

Computational details

The first step for the study of the clusters formed by ammo-
nium and methylammonium with phenol in the presence of
water molecules is the location of the most stable minimum
energy structures on the potential energy surface of each of
the complexes studied in this work. Starting structures have
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been prepared taking into account the chemical character-
istics of the species involved in the formation of the clusters.
Phenol presents two regions for a favorable interaction with
cations: the aromatic ring and the hydroxyl oxygen. There-
fore, complexes formed by phenol and one ammonium or
methylamonium cation have been prepared exploring these
regions. The geometries of these clusters have been opti-
mized at the MP2/6-31+G* level of calculation, the result-
ing structures being used for subsequent optimizations at the
MP2/6-31+G(2d,p) level. Once the stationary points on the
potential energy surface of each of the complexes has been
located, a frequency analysis at the MP2/6-31+G(2d,p) level
has been carried out for ensuring that no imaginary frequen-
cies are obtained and therefore the structure corresponds to a
minimum on the potential energy surface. As observed in
previous work, this level of calculation is expected to pro-
vide a reasonable description of the interaction in this kind
of systems [39, 40]. Also, the values obtained at the MP2/6-
31+G(2d,p) level for water:--water, ammonium--water and
methylammonium---water dimers amount to —4.6, —19.8 and
—17.6 kcalmol ', respectively, which compares pretty well
with those obtained at the CCSD(T)/aug-cc-pVTZ level
(—4.4, -20.6 and —18.3 kcalmol ).

Water molecules have been introduced in the clusters
following chemical intuition and a systematic procedure,
taking into account that water molecules will favorably
interact with any of: a) the N-H free units of the ammonium
cations, b) the phenol hydroxyl group, c) another water
molecule present in the system. This procedure gives rise
to a great variety of minima, which were selected according
to complexation energy. When several minima show similar
hydrogen bonds but slightly differ in the position of the
methyl group in methylammonium, for example, only the
most stable structure is considered.

For all the minima located, the complexation energy has
been obtained by employing the supermolecule method
[41], using the counterpoise method to avoid basis set su-
perposition error (BSSE) [41, 42]. Therefore, the complex-
ation energy is obtained as:

A Ecomplex _ Ecomplex Uk

75 :( complex

where terms in parentheses indicate the basis set, super-
scripts the geometry employed in the calculations and i, j,
k the fragments constituting the complex. This quantity
describes the formation of the complex from isolated frag-
ments, and therefore is related to the total stability of the
complex, which will increase as more water molecules are
included, since more favorable interactions will be estab-
lished. Since part of the interest of the present work relies on
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the effect of water molecules on the cation--7t interaction,
another quantity has been obtained, denoted by AE;,,
corresponding to the process:

¢—OH + M" (H,0), — ¢—OH---M" - (H,0),

n

This quantity is related to the formation of the complex from
phenol and an already hydrated cation, describing the strength
of the interaction between the phenol molecule and the rest of
the system. It is expected to provide more information about the
effects of water molecules on the cation-7t interaction. All
calculations have been performed by using Gaussian 09 [43].

Results

A discussion taking into account microhydration level has
been chosen, so complexes of both ammonium and methyl-
ammonium with a given number of water molecules will be
compared.

Figure 1 shows the minimum energy structures found for
the complexes formed by phenol and ammonium or meth-
ylammonium as obtained with the MP2/6-31+G(2d,p) level
of calculation. As expected, in accordance with previous
results for phenol complexes with alkali cations [44], two
structures have been found corresponding to the location of
the ammonium cation over the phenyl ring and contacting
with the hydroxyl oxygen. In minimum PAO0-1 (the nomen-
clature reflects the phenol unit P, ammonium A or methyl-
ammonium M cation, the number of water molecules
present in the system 0, and a numerical identifier for each
structure) the ammonium cation interacts with the hydroxyl
oxygen, forming a hydrogen bond at a distance of about
1.65 A. This is quite a short hydrogen bond distance reflect-
ing the larger intensity of the interaction due to the cationic
nature of ammonium. On the other hand, in minimum PA0-
2 the cation is placed over the phenyl ring, forming a
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Fig. 1 Structures of the minima found for the complexes formed by
ammonium and methylammonium cation with phenol as obtained at
the MP2/6-31+G(2d,p) level of calculation. Distances of selected con-
tacts shown in A

N-H:--7t hydrogen bond at a distance of 2.20 A from the
ring center. Also, the MP2/6-31+G(2d,p) level of calculation
provides a third structure which is similar to PA0-2 but with
the ammonium cation rotated by about 90° to be aligned
with the O-C bond of phenol (N-H--7t at 2.14 A). As regards
complexation energies, these are shown in Table 1. It can be
observed that the most stable minimum corresponds to the
interaction of the cation with the hydroxyl group, showing a
complexation energy amounting to —19.9 kcalmol ' at the
MP2/6-31+G(2d,p) level of calculation, whereas minima
PA0-2 and PA0-3 are less stable by about 1.5 kcalmol .
Inclusion of zero point energy corrections (ZPE) does not
change this picture. Similar structural patterns have been
obtained for methylammonium complexes, though in this
case the methyl group establishes a secondary interaction
with the aromatic ring or hydroxyl oxygen. Therefore, min-
imum PMO-1 presents the ammonium group of methylam-
monium interacting with the hydroxyl oxygen at a distance
of 1.74 A, whereas the methyl group participates in a C-
H:-7t hydrogen bond at a distance of 2.88 A from the ring
center. In minimum PMO0-2 the methyl group of ammonium
is oriented away from the aromatic ring, with a N-H--O
hydrogen bond at 1.74 A. Finally, in minimum PM0-3
methylamonium cation is rotated 180° relative to PMO-1,
so the ammonium group forms a N-H--7t hydrogen bond at
2.17 A from the ring center, whereas the methyl group
contacts the hydroxyl oxygen forming a C-H:--O contact at
2.66 A. The complexation energies shown in Table 1 indicate
that the interaction is weaker in methylammonium complexes
than in analogous ammonium ones, reaching —18.2 kcalmol '
in the most stable minimum, corresponding again to contact
with the hydroxyl oxygen. Minima PMO0-2 and PMO0-3 are
within 0.5 kcalmol ™' above the most stable structure, so
energy differences between minima are smaller than in am-
monium complexes. The structures and energies are similar to
those obtained by other authors for benzene complexes [29,
45-49]. BSSE amounts to around 1-2 kcalmol ' in these
complexes, though its effect in relative stabilities is smaller
since all minima present similar values.

When one water molecule is incorporated to the com-
plexes, a variety of minima have been located, the most
stable among which are presented in Fig. 2. It is important
to notice that, especially in the case of methylammonium
complexes, there are several minima with similar geometri-
cal arrangements and almost equal interaction energies.
When this happens only the most stable structure of each
kind is presented. For example, in structure PM1-1 the
methyl group points in the opposite direction of O-H bond.
There is another minimum with the methyl group pointing
in the same direction, with a very similar energy, which for
the sake of simplicity is not considered in the discussion of
results. As observed in Fig. 2, both ammonium and meth-
ylammonium present similar minima for the complexes
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Table 1 Complexation energies

(kcalmol ™) obtained for the most Ammonium Methylammonium

stable minima of the clusters o o8

formed by phenol and the cations AEcomplex AEzpg AH AE omplex AEzpg AH

studied in this work as obtained at

the MP2/6-31+G(2d,p) level PAO-1 —19.88 —18.87 —18.98 PMO-1 —18.18 —14.00 —13.84
PAO-2 —18.31 —17.34 -17.22 PMO0-2 -17.84 -13.79 —13.51
PAO-3 —18.28 -17.27 -17.17 PMO0-3 -17.73 —13.62 —13.62

containing one water molecule. Two of the minima with
each cation present a cyclic pattern, where the water mole-
cule interacts with one of the free N-H groups of the cation,
but simultaneously acts as hydrogen donor in a hydrogen
bond to the hydroxyl oxygen (PA1-1 and PM1-1) or to the
phenyl ring (PA1-2 and PM1-2). This kind of structures with
participation of the hydroxyl group, not possible in benzene
clusters, is a key feature of the complexes formed with phenol.
The rest of the structures shown in Fig. 2 are similar, but in this
case the water molecule does not interact directly with the
phenol molecule. Considering complexation energies shown
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Fig. 2 Selected most stable minima for the complexes formed by
ammonium and methylammonium with phenol in the presence of one
water molecule as obtained at the MP2/6-31+G(2d,p) level of
calculation
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in Table 2, the most stable structure for ammonium complexes
is PA1-1, with a complexation energy amounting to
~37.8 kealmol . However, the second most stable structure
PA1-2 is only 0.5 kcalmol ™' less stable. After these two
structures, there is an energy gap of about 2 kcalmol ' to the
next stable minimum. It is worth noting that inclusion of the
first water molecule makes the most stable minimum to be that
with the cation over the phenyl ring, contrary to the behavior
observed in the cluster without water molecules. This is a
consequence of the secondary interaction established by the
water molecule and the phenol moiety. The water molecule
can establish a hydrogen bond with the hydroxyl oxygen,
which is stronger than the hydrogen bond formed with the
aromatic ring (typical values for water-water hydrogen bonds
are around 4-5 kcalmol ™' whereas for O-H-+7t amount to
2-3 kcalmol ") [50]. Therefore, even though the interaction
between the cation and the phenol molecule is weaker over the
ring, this loss is compensated with the additional strength of
the O-H---O hydrogen bond formed. This effect can be clearly
seen in structures PA1-3 and PA1-4; since there are no hydro-
gen bonds between water and phenol, the most stable structure
is PA1-3, with the cation over the hydroxyl group. Also, the
complexation energy difference between PA1-1 and PA1-4
allows an estimation of the contribution of the hydrogen bond
to phenol of about 3.5 kcalmol ' (1.9 kcalmol " for the water
contact with the aromatic ring). Methylamonium complexes
behave in a similar manner, showing complexation energies
around 2.5-3 kcalmol ' less negative than the corresponding
ammonium minima. As before, no changes are observed after
introduction of ZPE or enthalpy corrections.

The energy differences between analogous structures of
ammonium and methylamonium is larger than in complexes
without water, suggesting that ammonium cation is able to
polarize more efficiently the water molecule, giving an extra
stabilization to the complexes compared to methylammo-
nium. Another way of quantifying the effect of the new
water molecule is focusing on the energy change observed
when a water molecule is added to the complexes without
water. Therefore, the formation of PA1-1 from PA0-3
implies an energy gain of —19.8 kcalmol ', whereas in
forming PA1-2 from PAO-1 only changes by —17.4 kcal
mol ', These 2.5 kcalmol ™' reflect the comment above
about the different strength of O-H:--7t and O-H:--O contacts.
On the other hand, forming PA1-4 from PA0-3 changes the
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Table 2 Complexation energies

(kcalmol ') obtained for the Ammonium AEin Methylammonium AEjy

most stable minima of the clus- o o8

ters containing one water mole- AEcomplex  AEzpr  AH AEcomplex  AEzpe  AH

cule (see Fig. 2) as obtained at

the MP2/6-31+G(2d,p) level PA1-1 -37.77 —-34.37 -35.17 -18.56 PMI1-1 —35.26 -29.00 2935 -—18.03
PA1-2 -37.30 3430 3491 -18.03 PMI1-2 -34.17 —28.20 —28.38 -16.95
PA1-3 —35.44 —-32.81 —-33.02 -16.07 PMI1-3 -32.70 —27.12 -26.88 —15.36
PA1-4 —34.25 -31.70 -31.76 -14.94 PMI1-4 -32.38 —-26.94 -26.59 —15.04

energy by —15.5 kcalmol ', so the formation of the water--
phenol hydrogen bond gives an extra stabilization of 2—
3.5 kcalmol ', The same is observed for methylammonium
complexes, with changes of —17 kcalmol ' and —15 kcal
mol ™" in the presence and absence of the water--phenol
hydrogen bond, respectively. The energy gain is smaller
than in ammonium complexes, because in the formation of
the water:--phenol hydrogen bond, a contact between methyl
group and phenol has to be broken.

Considering the values obtained for AE;,; corresponding
to the interaction between phenol and the rest of the com-
plex considered as a single unit, it can be appreciated that
the values registered are similar to those obtained in the
absence of water (of course are less negative than complex-
ation energies obtained for complexes with one water mol-
ecule since the cation--water interaction is not included).
Therefore, contrary to the usual trends observed in other
systems where the presence of one water molecule decreases
the strength of the interaction because it competes with the
aromatic molecule for interacting with the cation [26-30], in
minima PA1-1 and PM1-1 AE;,, amounts to —18.6 and
—18.0 kcalmol ', respectively. Though the cation-7t inter-
action is weakened as shown by the values obtained for
PA1-3 and PM1-3 which exhibit decreases in the interaction
strength of more than 3 kcalmol ', the formation of the O-
H--O hydrogen bond in PA1-1 and PM1-1 compensates for
this effect. In benzene complexes, the decrease in strength
amounts to around 1.7 kcalmol ™" when the first water mol-
ecule is included [29].

The inclusion of the second water molecule increases the
complexity of the potential energy surface with lots of
minima obtained. The six most stable ones for ammonium
and methylammonium complexes are shown in Fig. 3, with
their complexation energies listed in Table 3. It can be
appreciated that most of the minima shown in Fig. 3 present
a cyclic pattern of hydrogen bonds similar to those observed
for the complexes containing one water molecule. There-
fore, two different patterns arise: one presenting a 7t---H-N-
H--O-H---O-¢ hydrogen bond network, and the other with a
series of ¢-O--H-N-H:--O-H---7t contacts. Most of the struc-
tures in Fig. 3 present these patterns (exceptions are PA2-5
and PM2-4), with the second water molecule occupying one
of the free N-H units of ammonium cations, or hydrogen

bonded as acceptor to the hydroxyl group of phenol. There-
fore, as the second water molecule is included, the hydroxyl
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Fig. 3 Selected most stable minima for the complexes formed by
ammonium and methylammonium with phenol in the presence of
two water molecules as obtained at the MP2/6-31+G(2d,p) level of

calculation
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Table 3 Complexation energies

(kcalmol ™) obtained for the Ammonium AEiy Methylammonium AEin

most stable minima of the clus- o o

ters containing two water mole- AEcomplex  AEzpr  AH AEcomplex  AEzpe  AH

cules (see Fig. 3) as obtained at

the MP2/6-31+G(2d,p) level PA2-1 =51.18 —46.38 —47.08 -15.83 PM2-1 —48.14 -40.50 —40.72 -16.00
PA2-2 =50.57 —46.01 —46.61 —15.16 PM2-2 —47.20 —38.81 —39.58 —14.55
PA2-3 —49.59 —44.06 —4531 —13.81 PM2-3 —46.97 -39.70  —39.67 —14.80
PA2-4 —49.43 —44.45 4544 -13.56 PM24 —46.48 —38.56 —39.12 —14.56
PA2-5 —48.76 —44.59 4480 —13.31 PM2-5 —46.29 —38.37 —38.88 —13.61
PA2-6 —48.31 —43.13 4428 1325 PM2-6 —45.72 -37.58 —38.28 —13.86

group starts participating in the hydrogen bond network of
several of the most stable structures. This is an indication
that the energy differences between coordinating the water
molecule to the cation or to the hydroxyl group have dimin-
ished, being competitive with each other. Table 3 lists the
values obtained for the complexation energies of the minima
shown in Fig. 3. Considering ammonium complexes, it can
be observed that the two most stable structures differ in
stability by only 0.5 kcalmol ™', so including more water
molecules decreases the difference in stability between
structures presenting O-H--O and O-H--7t contacts. The
next structure in order of stability PA2-3 already presents
a ¢-OH-O hydrogen bond, and is 1.6 kcalmol ' less stable
than the most stable minimum found, and isoenergetic with
the analogous structure bearing a O-H--7t contact PA2-4.
Minimum PA2-5 is unique since no contact between water
molecules and the phenol moiety is established, with a drop
in stability of 2.5 kcalmol ' with respect to the most stable
minimum. Finally, in PA2-6 the second water molecule is
hydrogen bonded to the previous one. The complexation
energy for this structure is 2.9 kcalmol ' less negative than
that of the most stable minimum. Therefore, when a second
water molecule is included in the cluster, there are three
main possibilities: bonding to a N-H group, bonding to the
hydroxyl oxygen and bonding to the previous water mole-
cule. As deduced from the comparison of PA2-1, PA2-3 and
PA2-6 the first option is the most favorable, the second
being 1.6 kcalmol ' less stable, whereas the third one
decreases complexation energy by 2.9 kcalmol ' with re-
spect to bonding to the N-H group, or 1.3 kcalmol ' with
respect to hydroxyl oxygen.

In the case of methylammonium clusters, the behavior is
pretty similar, though some differences arise. The most
stable structure PM2-1 is analogous to the most stable
minimum of ammonium complexes. However, the second
most stable minimum, with a complexation energy only
0.8 kcalmol ™' less negative already presents a ¢p-OH:+O
contact, with methylammonium over the phenyl ring. It is
worth noting that whereas in PM2-1 all N-H groups of the
cation are occupied, in PM2-2 there is a free one, with the
small impact in energies indicating that complexation with

@ Springer

the cation or phenol already gives similar stabilization to the
complex. In fact there is an inversion in the order of stability
between structures PM2-2 and PM2-3 with respect to that
observed in ammonium complexes, though the difference
between these two structures amounts to only 0.3 kcal
mol ', Structure PM2-4 is also very close in energy, being
1.6 kcalmol ' less stable than the global minimum. In this
structure both water molecules are bound to methylammo-
nium N-H groups, establishing both O-H:-O and O-H:'7t
contacts with phenol. Therefore in this structure the interac-
tion takes place between a hydrated methylammonium cat-
ion and a phenol molecule, with no direct interaction
between aromatic molecule and cation, in a similar way to
that observed in benzene clusters with three water molecules
[29]. Finally, in PM2-6 the new water molecule is hydrogen
bonded to the previous one, with a stability loss of 2.4 kcal
mol " with respect to the most stable minimum. So, even
when the behavior is similar with both cations, in methyl-
ammonium complexes there are smaller differences for wa-
ter to be coordinated to any of the favorable locations within
the cluster, especially between N-H and phenol O-H group.
In complexes with two water molecules, inclusion of ZPE
does alter the order of stability already discussed, though
when this happens it is a consequence of the structures being
almost isoenergetic.

AE;, values shown in Table 3 are significantly less neg-
ative than those obtained in complexes with one water
molecule. Since the second water molecule does not directly
interact with phenol, there is no compensating effect for the
decrease in the cation--7t interaction as a consequence of the
cation charge being shared among all neutral species in the
complex. In fact, the charges obtained from a natural bond
orbital (NBO) analysis indicate that the charge of the
ammonium cation amounts to 0.93 a.u. in the ammonium-+
phenol complex, decreasing to 0.91, 0.89 and 0.89 a.u.
when including up to three water molecules (values for
methylammonium are 0.94 a.u. in the complex with phenol
and 0.92, 0.89 and 0.89 a.u. as water is included).

Therefore, AEj, drops by about 2 kcalmol ' with respect
to the values observed in complexes with one water mole-
cule. The inclusion of a third molecule extremingly
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complicates the search for minima, since an overwhelming
amount of minima can be located, the most stable of which
are shown in Fig. 4. The corresponding complexation ener-
gies are shown in Table 4. In the case of ammonium com-
plexes, most structures show the cyclic hydrogen bond
pattern observed in the smaller clusters, but other possibil-
ities arise presenting a variety of hydrogen bond networks,
with water molecules interacting among themselves (PA3-2
and PA3-8, for example), or participation of the hydroxyl
group. The energy differences among structures are very
small, with up to seven minima within a complexation
energy interval of only 1 kcalmol ' In any case the most
stable minimum exhibits the same structure observed in
smaller clusters with the third water molecule occupying
the last free N-H group of ammonium cation. A similar pattern
is observed in PA3-2, only 0.2 kcalmol ' less stable. Howev-
er, PA3-3, with a complexation energy only 0.4 kcalmol " less
negative than the most stable structure, already shows a
$-OH--+O hydrogen bond, revealing a further decrease on the
difference between coordinating to the cation or to the hydrox-
yl group. Therefore, already with three water molecules, there
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are plenty of structures with similar stability because the sta-
bility differences of the favorable regions for water coordina-
tion have diminished to be almost negligible. Due to the
simultaneous participation of phenol hydroxyl group and aro-
matic ring in the hydrogen bond network, the structural pat-
terns are similar to those found in ammonium--water clusters
with n+2 water molecules [51].

The results obtained for methylammonium complexes are
similar, though only four structures are within a 1 kcalmol
range from the most stable minimum. The main difference
with ammonium complexes arises because in methylammo-
nium cluster already with two water molecules and phenol
there are no N-H free groups for the third water to be
coordinated, so it must be incorporated to the hydrogen
bond network. Therefore, the most stable structure already
shows a ¢-OH--O hydrogen bond, as does also PM3-3, the
third most stable minimum. The rest of the stable structures
present O-H:--O hydrogen bonds among water molecules or
with water acting as hydrogen bond donor to the hydroxyl
group. It becomes clear that including more water molecules
already implies the formation of hydrogen bonds between
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Fig. 4 Selected most stable minima for the complexes formed by ammonium and methylammonium with phenol in the presence of three water

molecules as obtained at the MP2/6-31+G(2d,p) level of calculation
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Table 4 Complexation energies (kcalmol ') obtained for the most stable minima of the clusters containing three water molecules (see Fig. 4) as

obtained at the MP2/6-31+G(2d,p) level

Ammonium AE; Methylammonium AE;n¢

AEcomplex AEzpe AH*® AE complex AEzpi AH?*
PA3-1 —63.06 =56.79 —57.42 -13.31 PM3-1 —59.18 —49.47 =50.03 —13.54
PA3-2 —62.91 —55.65 —56.94 —13.59 PM3-2 —58.82 —49.07 —49.75 —14.43
PA3-3 —62.73 —56.56 —57.88 —13.60 PM3-3 —58.27 —48.17 —49.05 —13.14
PA3-4 —62.62 —53.84 —56.25 —13.67 PM3-4 —58.14 —46.35 —48.29 —13.30
PA3-5 —62.55 —56.43 —57.00 —13.04 PM3-5 —58.02 —48.36 —48.97 —13.10
PA3-6 —62.30 —55.83 -56.75 -12.98 PM3-6 —57.88 —48.68 —48.93 -12.19
PA3-7 -62.10 —55.53 —56.49 -12.10 PM3-7 —57.86 —48.72 —48.99 -12.99
PA3-8 -61.90 —54.10 —55.82 -12.14 PM3-8 —57.86 —47.90 —48.70 -13.07
PA3-9 -61.71 —54.69 —55.96 —12.46 PM3-9 =57.70 —48.52 —48.81 -13.28
PA3-10 -61.19 —53.59 —55.26 -11.91 PM3-10 —57.28 —47.41 —48.26 -11.82
PA3-11 -61.07 -53.92 —55.43 -11.31 PM3-11 -57.14 —47.69 —48.16 -12.22
PA3-12 -61.05 —54.25 —55.37 —11.83 PM3-12 —56.93 —47.52 —47.97 -11.98

water molecules on a second solvation shell or necessarily
introduces ¢-OH--O contacts. Almost any position occupied
by the water molecule will lead to minima with complexation
energies of similar magnitude. In fact, analyzing the energy
changes when including water molecules to the phenol--
cation complexes, it becomes clear that the stabilization drops
significantly when water molecules are included in the com-
plex. Thus, when the first water molecule is included, the
interaction changes by —17.9 kcalmol ' in ammonium com-
plexes and by —17.6 kcalmol ' in methylammonium ones, as
a consequence of both a new N-H:--O contact but also due to
the presence of a new O-H:+-O hydrogen bond to the hydroxyl
group. The inclusion of the second water molecule stabilizes
the complex in a significantly smaller amount, reaching —13.4
and —12.4 kcalmol ' for ammonium and methylamonium
complexes, respectively. So, the stabilization drops by
4.5 kcalmol ! in ammonium and by 5.2 kcalmol ' in meth-
ylammonium. This happens because the inclusion of the sec-
ond water molecule only introduces a new N-H-O contact.
Finally, when the third water molecule is included, the energy
change amounts to —11.9 kcalmol™' for ammonium and
—11.5 kecalmol ™" for methylammonium, with an extra drop
of 1.5 and 0.9 kcalmol ™, respectively. These values indicate
that the first water molecule is tightly bound within the com-
plex whereas as more water molecules are included they are
more loosely held in the cluster.

The same trends are observed in AE;,, values, which be-
come less negative as the more water molecules are included.
The values for AE;,; of the most stable complexes of ammo-
nium amount to —19.9, —18.6, —15.8 and —13.3 kcalmol ! for
complexes from 0 to 3 water molecules. It becomes clear that
the first water molecule hardly affects the interaction with
phenol due to the compensation of the loss in cation‘*-phenol

@ Springer

interaction by the O-H---O hydrogen bond. However, as more
water molecules are included the interaction strength changes
by larger quantities, exceeding 2 kcalmol—'. In the case of
methylammonium complexes (—18.2, —18.0, —16.0 and
—13.5 kealmol ™) the effect is similar, though in this case the
first water molecule is able of totally recovering the loss of
strength in the interaction. The inclusion of more water mol-
ecules produces a decrease in the interaction strength of more
than 2 kcalmol '. Therefore, as observed in other systems
[26-30], the inclusion of water weakens the cation--7t inter-
action. Nevertheless, the participation of the hydroxyl group
interacting as hydrogen acceptor to one water molecule makes
the weakening only evident in complexes with at least two
water units.

Conclusions

Clusters formed by one phenol molecule and an ammonium
or methylamonium cation in the presence of up to three
water molecules have been computationally studied at the
MP2/6-31+G(2d,p) level of calculation. Both ammonium
and methylammonium form complexes interacting with the
aromatic ring and the hydroxyl group of phenol with similar
stabilities. However, in methylammonium complexes, sec-
ondary interactions are established between the methyl
group and phenol.

The presence of water molecules greatly increases the
complexity of the potential energy surfaces of the cluster
though the minima located show similar characteristics for
both cations. In any case, as one water molecule is incorpo-
rated to the system, the most stable minima present cyclic
patterns with the water molecule bound to the cation and
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simultaneously establishing a hydrogen bond with the phe-
nol molecule via the hydroxyl group or the aromatic ring.
The inclusion of more water molecules does not break this
pattern which is observed in the most stable structures of all
clusters studied.

As more water molecules are included, the energy differ-
ences of the favorable interaction sites allowed to the new
water molecule (contact with N-H of the cation, O-H of
phenol or another water molecule) become smaller, so in
clusters with two and three water molecules, several of the
most stable minima present a ¢-OH:-O hydrogen bond
between the phenol hydroxyl group and a water molecule.

The energy change upon formation of a complex with n
water molecules from the n-/ one decreases as more water
molecules are included. The stabilization is especially sig-
nificant for the first water molecule since it interacts simul-
taneously with the cation and the phenol molecule. The
incorporation of the second and third molecules is accom-
panied by significantly smaller changes. Therefore, though
the presence of water weakens the phenol--cation interac-
tion, at least two water molecules are needed to produce a
noticeable effect. The first water molecule partially recovers
the loss in phenol--cation interaction by means of the hy-
drogen bond to phenol oxygen.

The results obtained in the present study can help in un-
derstanding the interaction between ammonium cations and
the side chain of tyrosine, especially in environments where
the amino acid is only partially exposed to the solvent.
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