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ABSTRACT

Cation-r interactions between ammonium and catechol groups provide a commonly held paradigm in the com-
plex interplay of noncovalent forces that govern both biological phenomena, such as underwater adhesion in
mussel byssus and other marine organisms, and aggregation processes in self-assembly of catecholamine-derived
polymers. However, closer consideration of the peculiar properties of the catechol functionality, that features
two adjacent phenoxyl groups endowed with chelating properties, would suggest operation of alternate interac-
tion geometries besides typical cation-z. Following previous studies on various alkali metal cations, we report
herein compelling computational evidence in favor of a so far overlooked o-type interaction between the ammo-
nium cation and the catechol system, as the most important contributor to binding, far exceeding the cation-z
component. The present findings would hence prompt an experimental and theoretical reassessment of the ac-
tual importance of cation-r against o-type interaction between ammonium and catechol groups in underwater
adhesive patterns. In this framework, the catechol-ammonium interaction energy potential surfaces herein re-
ported may provide an improved reference to approach more realistic natural and synthetic adhesion models en-

compassing other participating molecules/ions and the role of the solvent.

1. Introduction

The complex interplay among different types of noncovalent inter-
actions (NCI) [1-3] plays a fundamental role in several biological
processes and phenomena. In particular, the competition among hydro-
gen bonding [4], z-x [5] and cation-z [6] interactions dominates selec-
tive and tunable structure-dependent molecular recognition in in-
hibitor-enzyme, ligand-receptor, ligand-transporter, and hapten-
antibody binding [7]. However, one of the most remarkable examples
of biological phenomena that hinge on cation-z interactions is repre-
sented by underwater adhesion in marine mussels and other aquatic or-
ganisms [8-12]. Based on commonly accepted models, adhesion to the
rock surface is mainly attributed to the exposed catechol residues of
DOPA [13,14,8,15] in a fashion that is favored by the proximity of pro-
tonated amine groups in lysine residues [16], while other authors find
that there is a synergy between lysine and DOPA in interfacial adhesion
independently from their relative position [17,18]. The catechol moiety
of DOPA can also establish surface dependent interaction processes
[19] and the replacement of catechol with phenyl groups is usually as-
sociated with a worse performance [18]. Following the elucidation of
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catechol-ammonium interactions in mussel byssus, considerable atten-
tion has been devoted to the design of bioinspired adhesive materials
like polydopamine for a broad range of technological and biomedical
applications [10,12,20-23]. The importance of the medium conditions
in under water adhesion has been emphasized in several instances. For
example it has been reported that cationic-aromatic sequences can yield
strong electrostatic adhesion of hydrogels in seawater, where high ionic
strength environmental conditions operate [24]. The marked complex-
ity of this phenomenon has been highlighted in recent reports demon-
strating that amine-catechol pairs may have anti-synergetic effects sug-
gesting an unexpectedly negative impact of this interaction in underwa-
ter adhesion [25].

Concomitant to, and in support of, progressing experimental ap-
proaches, growing interest has been devoted in the past decade to the
setup and application of various computational methods suitable for
the investigation of non-covalent interactions [26,3], including cation-
7, [27] settled between van der Waals homo- or heterodimers in vacuo.
As far as cation-7 complexes are concerned, most of the attention was
focused on the interaction between benzene and alkali metal cations
[28-34], or small polyatomic ions such as NHI [35-38]. In line with
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the advent of the idea that cation-z interaction may be significant in bi-
ological processes, also phenol or catechol complexes with cations have
been investigated to some extent [39-42], including polyatomic ones,
such as ammonium and protonated amines [43,37,38]. In this frame-
work, we have also very recently investigated [34,44] cation-aromatic
non covalent dimers by means of the Mp2mod method [45,46], a very ac-
curate, yet computationally convenient protocol for the calculation of
the interaction energy (AE). Interestingly, notwithstanding the fact that
the Mp2mod protocol was originally proposed and applied by our group
for aromatic interactions, [45-52] its reliability in handling interaction
between aromatic species and cations was very recently assessed with
respect to very accurate AE reference data [34,44]. Thanks to such vali-
dation, the computational convenience of the Mp2med protocol allowed
us to confidently carry out a wide and deep exploration of the AE multi-
dimensional surface [44], which highlighted effects that were probably
overlooked in a more limited scan. A most noticeable outcome of this
approach was the finding that installment of phenolic hydroxyl groups
onto the benzene ring causes a gradual shift in phenolic systems from
pure cation-z interactions (as in benzene) to strong and dominant o-
type cation-lone pair interactions engaging the OH groups in the plane
of the aromatic ring [44]. Herein, we exploit the aforementioned
mp2mod features in handling both cation-z and o-type interactions, to
investigate the the complexes formed by ammonium ions and catechol.
Furthermore, to better elucidate the role of the hydroxyl substituents,
we also present the results obtained with the same ions interacting with
phenol and benzene. On the one hand, aim of this computational study
is to probe on a preliminary basis the potential of o-type versus cation-z
interactions in the catechol-ammonium binding mechanisms, with a
view to setting the basis for a detailed reassessment of the mechanism
in systems and processes of biological and technological relevance. On
the other hand, the interaction energy surfaces here reported, reliably
sampled at QM level for a large number of ion-molecule arrangements,
can be promptly employed as reference to tune lower level models, e.g.
classical FFs [50,53-55], which are fundamental to take into account
other players as solvent, other ionic species and/or biological embed-
ding.

2. Computational details

Unless otherwise stated, following the approach adopted in our pre-
vious work on cation-r interaction with alkali metal ions [34,44], the
geometry of all considered monomers was initially optimized at B3-
LYP/cc-PVTZ level, and kept frozen during the single-point calculations
of the interaction energy AE. The latter were computed in the super-
molecule approach, always applying the standard Counterpoise correc-
tion [56] to take care of the basis set superposition error. Reference
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CCSD(T) calculations, performed for validation purposes, were carried
out with the 6-311 + G(2d,p) basis set.

All interaction energy curves, dimer optimizations and interaction
energy landscapes were computed by means of the Mp2mod method, re-
cently tuned and validated by us to handle cation-z [34] and o-type
[44] interactions. The excellent compromise between accuracy and
computational cost granted by the Mp2mod approach exploits an error
compensation between the well-known overestimation of the interac-
tion strength, delivered by the Moller-Plesset Second Order Perturba-
tion Theory (MP2) in estimating aromatic interactions [57], and the un-
derestimation caused by the reduced basis set dimensions. Moreover,
following the ideas of the early work of Kroon-Batenburg and Van Dui-
jneveldt [58] and Hobza’s group [59,60], the exponents of the polariza-
tion functions of the employed basis set are further optimized to repro-
duce reference CCSD(T) data. In the present work, following the ap-
proach proposed in Ref. [[34]], we employed specifically modified ba-
sis sets for the considered aromatic molecules, 6-31G(0.32,0.20) [34,
46] for benzene and 6-31G(0.27, 0.34, 0.36) [51,34] for phenol and
catechol, whereas the standard 6-311+ G(2d,p) for the either NHI or
MeNH;. All calculations were carried out with the GAUSSIAN16 suite of
programs [61].

3. Results
3.1. cation-= and o-type interaction energy curves

The formation of a non covalent complex between an aromatic ring
and the NH} ion can take place along two different directions, as dis-
played in Fig. 1. On the one hand, when the cation approaches the ring
along the 6‘6 axis of the aromatic carbon skeleton, R, the stabilizing ef-
fect of the cation-r interaction is well known [6]. On the other hand, if
the nitrogen atom lies within the plane containing the ring and is
moved toward the ring along the line bisecting the C-C bond, R, the o-
type interaction between cation and the hydroxyl substituents is ex-
pected to be maximized [34,40,44]. Notwithstanding NH} can ap-
proach the aromatic species with different orientations (see Figs. S1 and
S2 in the Supplementary Information), i.e. pointing one (1H), two (2H)
or three (3H) hydrogen atoms toward the ring, only minor differences,
amounting to at most 10% (see Figs. S3 - S8), were found among the
possible NH; arrangements. Hence, for the sake of clarity, only the data
for the geometries with NH} pointing two hydrogens in an eclipsed
conformation (2He, see also Fig. 1) are displayed in Fig. 2, whereas a
more detailed presentation of the results for each specific conformer
can be found in the Supplementary Information.

Fig. 1. Top (left) and side (right) views of the approaching R, and R, directions for the considered cation-aromatic species pairs. The aromatic carbon skeleton,

shared among benzene, phenol and catechol is evidenced in red, while the possible -OH substituents are shown with shaded colors. The NHI ion is highlighted in

cyan or green when involved in cation-r or o-type interactions, respectively.
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Fig. 2. Computed mp2mod jnteraction energy (AE, kJ/mol) profiles of NHI complexes with catechol (blue and green lines), phenol (cyan and dark green) and ben-

zene (violet and turquoise). The cation—r interactions, sketched in the left inset, are all displayed with bluish color, whereas o-type ones (right inset) are highlighted

with greenish tones.

Fig. 2 shows the interaction energy curves computed at Mp2med
level [34,44] for complexes formed by an aromatic molecule (either
catechol, phenol or benzene) and the NH} ion, approaching either
along the R, or R, direction. As far as catechol is concerned, relatively
strong cation-z interactions are established when the ion is shifted
along the R, direction (blue lines), i.e. “on top” of the 7 cloud. Both the
interaction strength (~ 80 kJ/mol) and the minimum distance (~2.9 A)
are close to those recently reported by us for catechol-K+ complexes
(78 kJ/mol and 2.9 A) [34,44]. As shown in Fig. S3 and Table A in the
Supplementary Information, besides a slight preference of about 10 kJ/
mol for the 2He configuration, these cation-z driven conformations are
stable regardless the orientation of the N-H axes with respect to the aro-
matic core, thus behaving similarly to a monoatomic ion. More interest-
ingly, an even stronger interaction (~110 kJ/mol) clearly appears also
along the R, direction (green lines), when the NH} ion approaches the
hydroxyl groups, but is less close to the aromatic z cloud. It should be
noted here that such very favorable o-type interaction energy largely
counterbalances the internal energy loss in catechol, due to the 1800
torsion of the O-H bond and the consequent breaking of the intramolec-
ular H-bond, which takes place to allow the cation to settle closer to the
oxygen atoms, as previously found for alkali metal cations [34,44]. It
might be also worth mentioning that, at difference with the cation- in-
teractions, the 2He conformer, where two NH hydrogens closely inter-
act with the neighboring catechol oxygen atoms, is more stable
(~15 kJ/mol, see Table B in the Supplementary Information) than the
2Hs staggered one. These findings confirm that the alternative, yet very
stable, in-plane o-type conformation, recently reported for catechol
complexes with alkali metal ions [34,44], can play a crucial role also in
the chemistry of the catechol moiety with the NHI ion. Additionally,
the direct interaction of the cation with the oxygens lone pair, charac-
terizing the o-type-dimers [40,44] with alkali metals, is in the present
case also enforced by the favorable forces that can be established be-
tween the oxygen lone pair and the ammonium hydrogens, as suggested
by the difference between the 2He and 2Hs conformers.

3.2. Effect of phenoxyl substitution on o-type interaction energy curves

To further investigate the factors underlying the unusual strength of
the o-type interaction, we have computed the same AE profiles for the
phenol—NHj‘r and benzene—NH4+ pairs. The curves are displayed in Fig. 2,
while the resulting minima are reported in Table 1. The comparison
among the three aromatic moieties yields indeed a clear rationale of the
relationship between o-type interaction’s strength and the presence of
the hydroxyl substituents. As far as the cation-z interactions are con-
cerned, in agreement with the results obtained for alkali metal cations
[34], both the position and the depth of the minimum are almost un-
changed in going from catechol to benzene and the difference in the AE
profiles are negligible. The reliability of such results, obtained at
mp2med Jevel, was validated through the comparison with highly accu-
rate Coupled Cluster (CC) calculations, purposely carried out with Sin-
gle, Double, and perturbatively included connected Triple excitations
(CCSD(T)) for few selected conformations of the benzene-NH] com-
plexes (see Table E for details): the final standard deviation with respect
to CCSD(T), of ~5 kJ/mol, is in excellent agreement with the results re-
cently obtained for alkali metals [34,44], thus allowing us to confi-

Table 1

Minimum interaction energies (AE;) and noncovalent equilibrium bond
lengths (R? and R?) computed at Mp2™°? level for benzene-NH, phenol-NH}
and catechol-NH; dimers along the R, and R, directions displayed in Fig. 1.
The labels 2He and 2Hs refer to the orientation of the N-H bonds with re-
spect to the aromatic moiety, as shown in detail in Figures S1 and S2 in the
Supplementary Information.

Molecule  cation-= o-type

Label R, (A) AE;(kJ/mol) Label R, (A) AE, (kJ/mol)
catechol 2He  2.90 -81.2 2He 4.85 -115.8
phenol 2Hs  2.90 -80.0 2He  4.80 —65.7

benzene 2He 2.90 -76.1 2Hs 4.50 -18.2
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dently apply the Mp2md method to further investigate NH; complexes
with aromatic moieties.

Turning to the the o-type-interactions established along the R, di-
rection, striking differences instead appear when one or two phenolic
hydroxyl groups of catechol are replaced with an aromatic hydrogen. In
phenol-NH} complexes (dark green lines in Fig. 2) the depth of the o-
type minimum is around 15 kJ/mol smaller than the one found for the
same pair along R,, and ~50 kJ/mol less stable than its catec:hol—NH;r
counterpart. Furthermore, as evidenced in Fig. S6 and Table D in the
Supplementary Information, the 2He conformer is still the most stable,
but the differences with the other arrangements are remarkably re-
duced. On the same foot, the removal of the second -OH substituent de-
finitively contributes to undermine o-type stability in favor of cation-z
one. In benzene, the o-type’s interaction strength (turquoise lines) is
further reduced to less than 20 kJ/mol, with the most stable NH4+ con-
figuration being 2Hs, where the repulsion between the NH;’s hydro-
gens and the aromatic ones is smaller (see Fig. S8 and Table F for de-
tails).

3.3. cation—r and o-type interaction energy landscapes

The enhanced stability of o-type conformers in catechol versus other
aromatic systems may be taken as evidence for a peculiar behavior of
the o-dihydroxy functionality, e.g. in DOPA, versus other aromatic sys-
tems lacking phenoxyl groups in the o-substitution pattern, e.g. tyrosine
and phenylalanine. Nonetheless, before hypothesizing a major role of
o-type interactions, possibly detrimental to the settlement of competing
cation—z ones, it is necessary to rule out both the existence of other “hy-
brid” minima and the presence of inter-conversion channels, through
which the cation could easily migrate from one configuration to the
other. To this end, exploiting Mp2md computational convenience, we
sampled the whole [R,, R,] configurational space see Fig. 3.b for defin-
ition), through the calculation of around one thousand ab initio cate-
chol-NH} interaction energies. Fig. 3.a shows the resulting interaction
energy landscape AE(R,, R,). The o-type minimum region is clearly vis-
ible on the right, and it covers a rather broad range both in R,
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(3.5-5.5 A) and in R, (-3.0-3.0 A). Conversely, the two degenerate
cation-z minima (localized at R,3~ + A) are less evident, since the
wells are smoothly extended along R, in particular toward positive R,
i.e. closer to the o-type minimum region. Both minima were better
characterized through a geometry optimization, again carried out at
mp2mod Jevel, starting from either the cation-z or the o-type region. The
resulting minima, displayed respectively in Fig. 3.c and d, can still be
classified as cation—z and o-type, since in the former NH] is centered
on top of the aromatic 7 cloud, along the axis perpendicular to the ring,
whereas in the latter it is close the the hydroxyl groups, with its hydro-
gens pointing toward the catechol’s oxygen atoms, though with the N
atom slightly out of the plane containing the ring. The significantly
larger stability of the o-type configuration is again confirmed by com-
puting the interaction energy at the two optimized geometries, reported
in Table 2. To exclude possible inaccuracies of the Mp2mod predictions,
this result has been further validated at CCSD(T) level, by computing
again the interaction energy of the two conformers with the higher
level method: despite a systematic Mp2mod overestimation, slightly
larger than the one previously found for the complexes involving ben-
zene, both methods agree in indicating the o-type arrangement as the
most stable and, more important, in the assessment of the ratio between
the two investigated geometries (~1.5).

To further explore and characterize the possible paths interconnect-
ing the two binding points, additional interaction energy profiles were
computed at Mp2mod ]evel again scanning the R, coordinate, but in-
creasing the number of sampled R, heights. The results are shown in
Fig. 4, where the catechol-NH; configurations corresponding to the re-
sulting minima and barriers are displayed in the insets. At short R, dis-
tances, a significant barrier separates two minima: a first one, solely as-
cribable to cation-z interactions, where the ion center of mass is located
along the ring normal axis (R, ~0 A), and a second, more stable one,
where the NH} cation is shifted toward the oxygen atoms lone-pairs
(R, ~3.5 A). The interaction energy difference between the two min-
ima, as well as the barriers height, sensibly decreases as the ion steps
away from the z cloud. At R, > 2.8 A, the two minima are almost de-
generate, and the barrier separating them is reduced by almost an order
of magnitude. Despite these results suggest that at room temperature an
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Fig. 3. a) Two dimensional plot of the interaction energy (AE, kJ/mol, in the color palette) of the catechol- NH;r pair along the R, and R, coordinates; b) Reference

system. cation-z and o-type arrangements of the NH;r cation are highlighted in blue and green, respectively; c¢) Optimized geometry for catechol—NHI dimer in the

cation—7 conformation; d) Optimized geometry of the catechol-NHI dimer in the o-type conformation.
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Table 2

Interaction energies computed at MP2™d and CCSD(T) level, at the cation-z
(AE®) and o-type (AE°®) geometries, optimized at MP2™d level. The ratio
R;/z, between the o-type and cation-z AEs, is reported in the third row for
both methods. On the same foot, the employed CPU time is shown in the last
Tow.

mp2mod CCSD(T)
AE” (kJ/mol) -93.2 —80.0
AE° (kJ/mol) -142.2 -132.0
Ry /z 1.4 1.6
CPU time (min) 9 18300 (>12 days)

NH; ion approaching the catechol molecule will preferentially visits o-
type-arrangements, a complex interplay among different configurations
should be expected, with catechol-NH; pairs stabilized through a bal-
ance of “pure” cation-z to more hybrid o-type interactions.

3.4. Catechol-MeNH] complexes

The results so far discussed indicate that phenol and catechol may
interact with the NH} ion via markedly different mechanisms, and
highlight the decisive role of hydroxyl substituents in governing the po-
sition of the cation with respect to the aromatic cloud and, conse-
quently, the stability of the resulting complexes. It is thus of interest to
ascertain whether and to what extent the present results hold for larger
NH, functionalized cations, as in biologically relevant molecules. Ac-
cordingly, the present investigation was extended from the simple NH}
cation to a protonated primary amine, the methyl ammonium
(MeNHY), computing again the interaction energy profiles at Mp2mod
level for the cation-z and o-type configurations of its complexes with
both phenol and catechol. Fig. 5 shows the comparison of the computed
energy profiles for catechol and phenol complexes with both MeNH;r
and NHj ions.

Since negligible differences were found (see Fig. S10 in the
Supplementary Information) in the trends of the interaction energy
with respect to the ion orientation, we have here limited the compari-
son to the most stable conformations, i.e. the 2He ones. The minimum
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AE and the noncovalent bond length for catechol and phenol complexes
with either the NH; or MeNH] ion are summarized in Table 3. For both
aromatic species, the presence of the methyl induces in all cases a de-
crease in the well depth, more evident for o-type interactions than for
cation-z: the difference in AE, with respect to the simple NH ion
(~4% for both catechol and phenol) is about half the one found in AE,
(~8% for phenol and ~10% for catechol). Nonetheless, the main result
observed for the NH; ion appears to hold also when considering a pri-
mary amine: while in phenol-cation complexes the cation-z “on top”
interaction is stronger than the “in plane” o-type one, in catechol-cation
aggregates the picture is reversed, and the o-type arrangements are al-
most twice more stable than the more investigated cation-z ones.

4. Conclusions

Computational evidence is presented, suggesting that so far over-
looked in-plane o-type interactions at the o-diphenol functionality may
play a crucial and hitherto unrecognized role in the binding of ammo-
nium cations to catechol z-systems. These results would point to an in-
tegrated and more complex scenario in which a three-dimensional net-
work of non-covalent orthogonal interactions would provide a robust
and synergic framework of cooperative effects imparting exceptional
strength to byssus proteins. Further evidence in support of these conclu-
sions is required to delineate a more realistic model for the interplay of
non-covalent catechol-ammonium interactions in, e.g., mussel byssus
and polydopamine and to orient further advances in the rational design
of advanced underwater adhesives. From a computational point of
view, the present results could serve as reference to validate or refine
the classical force-field based simulations, which are often built upon
rough and incomplete descriptions, and to assess their suitability to ac-
count for both cation-z and o-type interactions toward more realistic
models of underwater adhesion. An important issue that needs to be ad-
dressed in future computational efforts concerns the role of the counte-
rion, since the latter can likely affect the conformation of the OH bonds.
The need to extend the investigation to ternary aromatic-cation-anion
systems has emerged in recent studies indicating that aromatic groups
can enhance the electrostatic interactions of cationic residues to nega-
tively charged surfaces within co-polymeric scaffolds even in a high
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Fig. 4. R, interaction energy profiles computed at Mp2mod level for catechol—NH4Jr complexes at fixed R, heights. In the insets, The dimer configurations (at

R, =2.3 A) corresponding to the local minima and to the barriers are shown ion the insets.
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Fig. 5. Computed MP2med interaction energy (AE, kJ/mol) profiles of NHI and MeNH;r complexes with phenol (left panel) and catechol (right panel). The cation-7

and o-type arrangements are sketched for reference in the insets, and evidenced in blue and green, respectively.

Table 3
Minimum interaction energies (AE,, AE,) and noncovalent equilibrium bond
lengths (R? and RY) computed at Mp2md level for catechol-NHJ and cate-

chol-MeNH; complexes along the R, and R, directions displayed in Fig. 1.

Complex cation-z o-type

R, (A)  AE, (kJ/mol) R, (A)  AE, (kJ/mol)
catechol—NHI 2.90 -81.2 4.85 -115.8
catechol—Me-NH;' 2.90 -77.6 4.90 -106.6
phenol-NH} 2.90 -78.8 4.80 —65.7
phenol-Me-NH] 2.90 -76.1 4.85 —60.4

ionic-strength medium. It is thus argued that proximal aromatic sys-
tems can preserve the integrity of cation-anion binding even under
high ionic strength conditions where screening effects may usually op-
erate.
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