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The phenoxyl group-modulated interplay of
cation–p and r-type interactions in the alkali
metal series†

Giacomo Prampolini, *a Marco d’Ischiab and Alessandro Ferretti*a

The interaction potential energy surfaces (IPESs) of four alkaline metal cations (Na+, K+, Rb+ and Cs+)

complexed with phenol and catechol were explored by accurate ab initio calculations to investigate the

interplay of different noncovalent interactions and their behavior along the alkali metal series and upon

–OH substitution. Selected one-dimensional interaction energy curves revealed two different minimum

energy configurations for all phenol– and catechol–metal complexes, characterized either by cation–p

or s-type interactions. For each investigated complex several two-dimensional IPES maps were also

computed, exploiting the computational advantages of the MP2mod approach. The size of the alkali

cation was found to play a similar role in modulating both kinds of complexes, as the interaction

strength always decreases along the metal series, from Na+ to Cs+. Conversely, the number of hydroxyl

substituents markedly affected cation–p complexes vs. s-type ones. As a most relevant finding, in

catechol–metal complexes the strength of cation–p interactions is around half that of the s-type ones.

It is argued that the combined effect of cation dimensions and hydroxyl substitution in catechol–Na+

complexes makes s-type configurations remarkably more stable and easily accessible than cation–p

ones. Besides shedding new light on the origin of biological phenomena connected with underwater

adhesion, the quantum mechanical interaction energy database provided herein may offer a useful

reference for tuning accurate force fields, suitable for molecular dynamics simulations, where environ-

mental effects might be also taken into account.

1 Introduction

Since the seminal paper of Feynman1 concerning the pure
electrostatic nature of intermolecular forces, noncovalent inter-
actions (NCI)2,3 have attracted massive attention in many different
fields, because of the crucial role they play in medicine, biological
processes, energy storage, supramolecular chemistry and advanced
materials, to cite a few. Notwithstanding their origin is electro-
static, it is a common practice to classify the different kinds of
NCIs, depending on their strength, involved species, behavior in
water, etc., thus leading to the definition, for instance, of hydro-
phobic interactions,4 hydrogen bonds,5 p–p interactions,6 halo-
gen bonds,7 and anion–p8 or cation–p interactions.9 Limiting the
discussion to the latter kind, since their early definition by
Dougherty and co-workers,9–11 the importance of cation–p

interactions is nowadays well established and their role is
relevant to many research topics and applications, ranging from
biology12–14 to materials science.15–24 In most of the aforementioned
cases, however, cation–p interactions may compete with other NCIs,
and the resulting biological functions or material properties are
often the result of a delicate balance, settled among all
contributions.8 Very recent examples of such a complex interplay
can be for instance found in the ion-driven assembly of biological
catecholamines,14 or in the competition between cation–p inter-
actions and hydrogen bonding in mussel-inspired adhesion.22

In this framework, computational approaches and modeling
can prove themselves to be very useful, due to their intrinsic
capability to unravel the different contributions to the total
energy of the system. On the one hand, given the large dimensions
of both systems of biological interest and advanced materials,
computational feasibility requires to resort to techniques rooted in
classical physics and statistics, as molecular dynamics or Monte-
Carlo techniques,25,26 whose reliability is based in turn on the
force-field (FF) employed to describe the investigated targets.
Unfortunately, as far as cation–p interactions are concerned, the
reliability of standard FFs has been often questioned, although
FF’s refinements with more complex models have recently
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been suggested.27–29 On the other hand, notwithstanding their
application is generally limited by the system size, quantum
mechanical methods are able to accurately distinguish among
the different kinds of NCIs, and help to unveil the separate role
of each contribution, at least for model systems of reduced
complexity. Indeed, the long-lasting effort in accurately com-
puting the cation–p interaction energy in benzene prototype
complexes with alkali metal ions (M+),30–36 accompanied by its
experimental validation through gas-phase collision induced
dissociation (CID) measures,32,37–41 has allowed for a deeper
insight into cation–p interaction patterns, revealing key features
that are able to clarify the behavior of more complex systems.

From a biological point of view, benzene–M+ complexes
can in fact be considered as the simplest model for the
phenylalanine–M+ pair, where cation–p interactions are
expected to be the primary source of attraction. Yet, if other
biological functions have to be considered, model systems
more complex then benzene–M+ should be taken into account.
Phenol–M+ and catechol–M+ complexes would be in this sense
the perfect candidates for mimicking the behavior of e.g.
tyrosine or dihydroxy–phenylalanine (DOPA) in the presence
of ions, but the picture remarkably changes with respect to
benzene complexes. As pointed out in the extensive work of
Vaden and Lisy,42–44 the hydroxyl substitution significantly
influences the interaction patterns of the phenol–M+ complexes
with respect to the ones found for benzene. On the same foot,
in a subsequent study, Wheeler’s group reported not negligible
effects triggered by substitution on p–p interactions involving
two aromatic rings.45 In both cases, the lone pair of the oxygen
atoms within the hydroxyl substituents can directly interact
with the other species (either the alkali ion42 or the neighboring
p cloud45), giving rise to another kind of NCI that can in
principle compete and modulate the principal source of inter-
actions. More specifically, concerning the phenol–M+ com-
plexes, several studies28,33,42,43,46–48 agree in indicating that
the competition between cation–p and these cation-lone pair
or s-type42 interactions is pivotal in governing the behavior of
complexes between aromatic moieties with hydroxyl substituents
and alkali metal cations. According to Vaden and Lisy,42 the cation–
p interactions are dominant in the popular en face or ‘‘top’’
conformations (i.e. when the ion is found along the ring Ĉ6 axis),
where benzene and phenol show a similar behavior,42,46–48 whereas
s-type interactions, settled between the ion and the oxygen lone
pair, become decisive in alternative geometries,42,46–48 where the ion
interacts more closely with the hydroxyl group. When considering
subsequent OH substitutions, along with its p- and m-isomers
hydroquinone and resorcinol, catechol occupies a central position,
but only few studies concerning its interaction with ions have been
reported up to our knowledge in the literature, notwithstanding its
relevance in cutting edge topics related to melanin research,
including metal binding, antioxidant defense, adhesion
and polymer buildup.19–24,49,50 In fact, except a few studies
concerning the interactions of indole-containing moieties with
specific cations,47,51–53 a systematic and reliable comparison of
the competition between cation–p and s-type interactions in
catechol–M+ complexes is still missing.

Very recently,36 we have benchmarked the performances of a
number of quantum mechanical methods, based both on wave-
function (WF) approaches and density functional theory (DFT),
in delivering accurate estimates of the cation–p interaction
energy of benzene–M+, phenol–M+ and catechol–M+ complexes
(M = Na+, K+, Rb+ and Cs+). On average, the best results were
obtained with the WF based MP2mod approach,36 which deliv-
ered, at a lower computational cost among all tested methods,
the best average standard deviation of about 5 kJ mol�1 with
respect to highly accurate Coupled Cluster (CC) calculations,
purposely carried out with single, double, and perturbatively
included connected triple excitations (CCSD(T)), on several
geometries of all investigated cation–p complexes. The better
accuracy of MP2mod predictions with respect to both DFT
benchmarked functionals and standard MP2 techniques54

relies on specifically modified basis sets, where the exponents
of the polarization functions on each atom of the aromatic
moiety are tuned to reproduce the aromatic homo-dimer inter-
action energies of a reference CCSD(T) training set,55–58

whereas for metal cations a standard def2-TZVPPD36,59 is
employed. Moreover, MP2mod computational feasibility allowed
us to compute several two-dimensional cross-sections of the
cation-aromatic species interaction energy surface (IPES), revealing
interesting features occurring both along the phenol–catechol and
the alkali metal series. Such a database consisted of hundreds of
benzene–M+, phenol–M+ and catechol–M+ interaction energies,
computed at the MP2mod level on geometries obtained by displacing
the metal cation on top of the carbon skeleton, i.e. on a plane
parallel to the aromatic ring, to maximize the interaction of the
cation with the p cloud. Besides the expected ‘‘en face’’ configuration,
new stable arrangements appeared when the cation is displaced
toward the oxygen atoms in the substituted species. In some cases,
and in particular for catechol and the smaller cations, these
attractive regions appeared even deeper than the standard ‘‘en
face’’ ones, which phenol and catechol share with benzene.

In the present work, the insurgence upon hydroxyl substitution
of alternative configurations of a stable complex between aromatic
species and alkali cations (Na+, K+, Rb+ and Cs+) will be further
investigated, extending the MP2mod sampling to other regions of
the configurational space. In fact, the previous results strongly
suggest that possible s-type interactions between the alkali
metal and the hydroxyl substituents in phenol and, most likely,
in catechol, might lead to rather stable dimer arrangements,
which might compete with standard cation–p ones, eventually
affecting the intricate interplay among NCI in larger systems.
Indeed, the major aim of this paper is to reliably explore the
large portions of the IPESs of all investigated pairs, thus allow-
ing a sound and unbiased comparison among all involved
species, which could help in the rationalization of both the
consequences of hydroxyl substitution and the role of cation
dimensions on complex stability. The paper is organized as
follows. In the next section all the computational details are
reported, together with a description of the IPES regions that are
going to be sampled at the MP2mod level. The discussion of the
results is organized into three parts: first, mono-dimensional
interaction energy curves are presented for all investigated
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complexes, to ascertain the position and the stability of possible
minima in the proximity of the hydroxyl substituents; next, the
interplay between intermolecular forces and the rotation of the
hydroxyl groups around the C–O bond is analyzed in terms
of two-dimensional energy maps; in the last subsection, the
cation-aromatic moiety IPES in samples along the whole
configurational space, and the interplay between cation–p and
s-type interactions are discussed in detail. Finally, our main
conclusions are collected in the last section.

2 Computational details

All calculations were performed with the Gaussian16 suite of
programs,60 using the specific MP2mod approach,36,55–58 briefly
described in the following, or CCSD(T) techniques.

The MP2mod calculations are carried out at the MP2 level but
with modified basis sets, always taking into account the basis set
superposition error (BSSE), by the standard Counterpoise (CP)
correction.61 Such a scheme was recently validated by us,36

specifically for the compounds herein investigated. As described
in ref. 36, the specific basis set employed for the cation–p com-
plexes in MP2mod calculations consists of: (i) the modified
6-31G**(0.32,0.20)58 for all atoms in benzene, (ii) the modified
6-31G**(0.27, 0.34, 0.36)57 for all atoms in phenol and catechol,
(iii) the large def2-TZVPPD59 basis set, considering explicitly all
core electrons, for the two smaller Na+ and K+ metal cations, and
(iv) the def2-TZVPPD59 basis set with a consistent effective core
potential (ECP)62 for Rb+ and Cs+, as suggested by Armentrout
and co-workers.37,39,41 Further details can be found in ref. 36
and in the original papers.55–58,63

The binding energy DE of each considered noncovalent
complex, composed by an aromatic molecule A and a metal

ion M+, is computed within the super-molecule approach,
as

DE = EA� � �M+ � EA � EM+ (1)

where the EA� � �M+ is the absolute energy of the A� � �M+ dimer,
while EA and EM+ are those of the single monomers (A and M+).

One-dimensional curves are extracted from the whole inter-
action potential energy surface (IPES) by computing DE(R) at
different dimer arrangements, built by translating M+ with
respect to the aromatic ring center of either benzene, phenol
or catechol along a displacement vector R. In the top panels of
Fig. 1, the selected vectors are shown as an example for
catechol: Rtop, along the (z) axis perpendicular to the aromatic
plane (xy), Rside, along the (x) axis lying within the ring plane
and bisecting the aromatic C–C bond between the carbons
bearing the oxygen atoms, and RO, the vector connecting the
ring center with one oxygen atom. Furthermore, the conformational
flexibility of the substituted aromatic moieties is also taken into
account, by considering two different conformers for both phenol
and catechol, built by rotating one hydroxyl group through the d
dihedral, placed either at 01 or at 1801 (see panel b) in Fig. 1. As
detailed in Fig. S1 in the ESI,† similar dimer arrangements were
built for all considered A� � �M+ pairs.

The interplay between noncovalent interactions and the
conformational flexibility of the hydroxyl substituents is further
investigated by computing at the MP2mod level two-dimensional
scans DE(r,d), DE(y,d), and DE(f,d), where the position of the
metal ion M+ is varied along the spherical coordinates (r, y and f)
shown in panel (c) of Fig. 1, while the full d rotation is explored.
Moreover, in order to explore the IPES of each considered A� � �M+

pair more in detail, two-dimensional landscapes, DE(r,f), DE(r,y),
and DE(f, y) are also computed at the MP2mod level on a large

Fig. 1 Set up of the dimer geometries employed in the one- and two-dimensional IPES’s scans. (a) Cation–p interacting arrangements: M+ cation is
displaced along Rtop (blue arrow), which coincides with the benzene ring Ĉ6 axis. (b) s-Type interacting arrangements: M+ cation is displaced within the
xy plane containing the aromatic moiety, either along Rside (blue arrow, bisecting the 1,2 aromatic C–C bond of the ring) or RO (orange arrow). The d
dihedral, ruling the rotation of the hydroxyl group, shown in the d = 1801 conformation, is also indicated with a black arrow. (c) Spherical coordinates
considered in the two-dimensional scans.
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number of dimer arrangements, built by moving the metal ion
around the aromatic moiety as shown in panel (c) of Fig. 1.

Finally, since MP2mod was originally devised and validated
specifically for noncovalent interactions involving aromatic
species, to further assess MP2mod’s accuracy, supplementary
CCSD(T) reference calculations were carried out at selected
geometries, where the ion is closer to the OH substituents.
All CCSD(T) calculations were performed with the def2-TZVPPD
basis set, using ECP’s for the larger Rb+ and Cs+ ions, consistently
with the reference data employed in ref. 36.

3 Results and discussion
3.1 1D curves

In our recent work36 concerning the cation–p interactions
established between benzene, phenol, and catechol with alkali
ions (Na+, K+, Rb+, and Cs+), it was found that the presence of one
or more oxygen atoms induces significant differences among the
three aromatic species. As our previous investigation was limited
to cation–p interaction energy landscapes, only the complex
arrangements obtained by displacing the metal ion in a plane
parallel to the aromatic ring were considered, and it was
noticed36 that, in particular for catechol and smaller ions, new
stable minima appeared when the ion was shifted toward the
hydroxyl substituents. To further explore the interaction between
the cation and the hydroxyl substituents, several new geometrical
arrangements are here explored, where the contribution of s-type
forces is expected to be maximized.

The left panel of Fig. 2 shows several interaction energy
profiles DE(R), obtained by displacing, with respect to benzene,
phenol or catechol, the Na+ cation along the Rside and RO

vectors, shown in Fig. 1. Similar results, obtained for all other
ions, are shown in Fig. S2 and S3 in the ESI.† For all considered

aromatic moieties, the Rside approaching direction clearly leads
to more stable minima, where the ion can get closer to the
oxygen lone pair (see also Table A and B in the ESI†) and, at the
same time, to the aromatic electron p cloud. Yet, a striking
effect is observed along the aromatic series, and the stability of
the catechol� � �Na+ complex (170 kJ mol�1) is twice the one
found for phenol (80 kJ mol�1), and around six times that of
benzene (26 kJ mol�1). A somewhat smaller, but still significant
effect was also found for all other ions, as shown in Fig. S2 and S3
(ESI†). It should be noticed that, since even benzene shows a fairly
stable minimum along the Rside direction, the s-type interaction
cannot be ascribed solely to the electrostatic attraction between the
cation and the oxygen lone pair (DEOx), but also to a second
stabilizing term, accounting for the interaction of the alkali metal
with the aromatic electron density (DEAr). In the case of alkali
metal ions, DEAr is dominated by a favorable induction energy
between the charged species and the polarizable p electron cloud.
Interestingly, a less pronounced (o2 kJ mol�1) yet not negligible
interaction energy has been recently reported64 between benzene
and alkali metal atoms, suggesting a third source of interaction,
routed in the dispersion forces established between the metal and
aromatic polarizable electron clouds. By comparing the interaction
energy trends along the alkali metal atoms series reported in
ref. 64 with the ones reported in this work and in ref. 36 for alkali
cations, it is evident that the increasing cation size has an opposite
effect with respect to neutral atoms, where the interaction strength
increases from Na to Cs, whereas it decreases when ions are
considered.

As far as phenol and catechol are concerned, two different
molecular conformations are also considered, differing in the d
dihedral (see panel b of Fig. 1), which rules the rotation of one
hydroxyl group. From the relaxed torsional energy profile,
computed at the MP2mod level on both isolated phenolic
species and displayed in Fig. S6 in the ESI,† the two equivalent
minima of phenol (at d = 01 and d = 1801) are found to be
separated by a barrier of B10 kJ mol�1 at 901, whereas, in
catechol, two non-degenerate minima were found, with a
significantly higher (B27 kJ mol�1) and a non-symmetric
barrier between them. The latter features can be ascribed to
the formation/breaking, upon d rotation, of an internal hydro-
gen bond (HB) between the two catechol’s hydroxyl groups,
which can be established in the absolute minimum conforma-
tion at 01, and is lost in the local minimum at 1801, causing the
increase (B19 kJ mol�1) of the aromatic moiety’s internal
energy. To preliminary evaluate the effect of the hydroxyl
flexibility on s-type interactions, in the right panel of Fig. 2,
the Na+ ion is displaced, along Rside, with respect to phenol and
catechol, each considered in their two minima, namely with d
at 01 (dashed lines) or 1801 (solid lines). When d = 01, it appears
that strong s-type interactions cannot take place for neither
one of the phenolic species, as the rotated hydrogen atom
prevents Na+ to bound to the aromatic molecule. In phenol,
the curve does not present any stable minimum, as the steric
repulsion with the hydrogen atom overcomes the attraction
between the ion and the lone pair of one single oxygen atom,
whereas in catechol, the combined presence of two oxygen

Fig. 2 MP2mod (lines) interaction energy profiles (DE(R)) between Na+ and
benzene (green), phenol (blue) and catechol (red). CCSD(T)/def2-TZVPPD
(squares) data are also reported as the reference. Left panel: The metal ion
is displaced along either the Rside (solid lines) or RO (dashed lines) vectors,
defined in panel (b) of Fig. 1 (see also Fig. S1 in the ESI†). Right panel: The
metal ion is displaced along Rside, while the aromatic moiety, either phenol
or catechol, is placed in the d = 1801 (solid lines) or d = 01 (dashed lines)
conformation.
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atoms causes a weak s-type interaction to take place, yet at a
rather long distance (45 Å). Although less impressive, similar
trends were registered for all considered alkali ions, as shown
in the ESI,† in Fig. S2 and S3. The results discussed so far
indicate that rather strong s-type interactions can be settled
between alkali metal ions and both considered phenolic
species, given that the cation is approaching along the Rside

vector and the aromatic moiety rotates one hydroxyl group in its
d = 1801 conformation. In fact, in the phenol complexes, the
s-type interaction can take place without increasing the internal
energy of the organic moiety, as the 01 and 1801 conformers are
degenerate. In catechol, despite the 1801 conformer is 20 kJ mol�1

higher in energy with respect to the 01 one, the large gain in terms
of intermolecular energy (4125 kJ mol�1 for Na+) largely compen-
sates the intramolecular term.

Once the stability of M+� � �A dimers in s-type arrangements
has been assessed, it is now interesting to compare such
complexes with those held together by cation–p interactions,
investigated in previous work.36 DE profiles of cation–p and
s-type interacting complexes, formed between phenol and Na+

or K+ (left panel) and between catechol and the same ions, are
displayed in Fig. 3, whereas those involving larger Rb+ and Cs+

ions are reported in Fig. S4 and S5 (ESI†). The comparison
highlights the different behaviors of the interaction energy in
the two aromatic species for the various cations. Our previous
results36 indicate that the effect of hydroxyl substituents on
cation–p interactions is mainly located in the vicinity of the
C–O bonds, while the well depth of the en face configuration
remains essentially unaltered, as both phenol and catechol
cation–p interaction curves (dashed lines) show essentially
the same shape as the benzene� � �M+ profiles for the corres-
ponding M+ ions. As far as the different considered cations are
concerned, the depth of the cation–p minimum decreases
along the alkali metal series, while the equilibrium M+� � �A
distance is shifted to larger values. Turning to the s-type curves

(solid lines) computed in the present work, notwithstanding
approaching along the Rtop directions allows the metal ion to
settle closer to the ring center with respect to the Rside direction,
in phenol the computed profiles show shapes and depths
similar to the cation–p, for all considered cations. This does
not hold in the case of catechol, where the s-type curves always
exhibit a more stable minimum, particularly deep for the Na+

cation (4160 kJ mol�1), but still significant for the larger ones
(B100, 90 and 80 kJ mol�1 for K+, Rb+ and Cs+, respectively, as
shown in Fig. S5, ESI†). The difference between cation–p and
s-type minima decreases on going from Na+ to Cs+, being about
60 kJ mol�1 for the former and less than 10 kJ mol�1 for the latter.

As the MP2mod was originally conceived to reproduce p–p
interactions,55–58 the accuracy of the method in handling other
types of interactions calls for further validations. For this
reason, in ref. 36, the accuracy of MP2mod results in computing
the cation–p interaction energy was successfully validated against
high level CCSD(T) calculations, carried out with the large def2-
TZVPPD basis set, resulting in an average standard deviation
of B5 kJ mol�1. Here the interaction energy in several s-type
interacting geometries has been computed again at the
CCSD(T)/def2-TZVPPD level, for selected M+� � �A pairs, and
compared with the MP2mod counterparts. Table 1 reports the
interaction energy computed at CCSD(T) and MP2mod levels for
several selected arrangements, where either cation–p or s-type

Fig. 3 MP2mod (lines) interaction energy profiles DE(R), computed in dimer
arrangements obtained by displacing the ion either along Rtop (dashed
lines) or Rside (solid lines), as shown in the insets. CCSD(T)/def2-TZVPPD
(squares) data are also reported as reference. Left: Phenol–Na+ (red) and
phenol–K+ (green). Right: Catechol–Na+ (red) and catechol–K+ (green).

Table 1 CCSD(T) and MP2mod interaction energies (DE, kJ mol�1) computed
for phenol� � �M+ complexes in cation–p or s-type arrangements and
in the last two rows, the MP2mod standard deviation with respect to
CCSD(T)/def2-TZVPPD energies obtained for the two considered
arrangements

Ion Interaction R (Å) DECCSD(T) DEMP2mod

Na+ Cation–p 1.90 �41.7 �44.1
Na+ Cation–p 2.45 �97.7 �104.6
Na+ Cation–p 3.20 �67.9 �73.9
Na+ s-Type 4.00 �81.0 �67.9
Na+ s-Type 4.30 �89.7 �83.6
Na+ s-Type 5.00 �63.8 �62.9

K+ Cation–p 2.40 �33.6 �40.8
K+ Cation–p 2.90 �71.0 �76.0
K+ Cation–p 4.20 �34.7 �37.0
K+ s-Type 4.40 �48.7 �50.1
K+ s-Type 4.70 �62.4 �61.0
K+ s-Type 5.30 �50.9 �51.2

Rb+ Cation–p 2.60 �30.7 �36.2
Rb+ Cation–p 3.05 �64.0 �67.9
Rb+ Cation–p 3.80 �46.4 �48.5
Rb+ s-Type 4.50 �32.1 �35.8
Rb+ s-Type 4.90 �57.2 �58.2
Rb+ s-Type 5.60 �42.5 �44.2

Cs+ Cation–p 2.80 �34.7 �36.2
Cs+ Cation–p 3.20 �60.4 �67.9
Cs+ Cation–p 4.20 �37.0 �48.5
Cs+ s-Type 4.70 �29.6 �34.4
Cs+ s-Type 5.10 �49.0 �58.3
Cs+ s-Type 5.80 �38.0 �39.7

All Cation–p Std. dev. (kJ mol�1): 6.0
All s-Type Std. dev. (kJ mol�1): 5.3
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interactions are maximized. From these data, also displayed in
Fig. 2, 3 and Fig. S2–S5 (in the ESI†), it appears that the
standard deviation found for s-type complexes with respect to
the higher level method (5.3 kJ mol�1) is very similar with to the
one achieved for cation–p interactions (6.0 kJ mol�1), and
almost coincident to the global one reported in ref. 36. To
avoid the computational burden associated with the CCSD(T)
calculations, only the minimum geometries for catechol� � �Na+

and catechol� � �K+ complexes were subjected to the same test, and
the results are reported in Table 2. The MP2mod energies again agree
with the CCSD(T) reference values within few kJ mol�1, and, more
important, the CCSD(T) ratio between cation–p and s-type DE’s
(0.63 and 0.64 for Na+ and K+, respectively) is almost quantitatively
reproduced by MP2mod (0.63 and 0.67), implying that this method
can be used with confidence to investigate with balanced and
reliable estimates the whole set of accessible dimer configurations
of M+� � �A complexes. Exploiting the computational convenience
and reliability of MP2mod calculations,36 we can therefore afford a
systematic investigation of two-dimensional interaction energy
landscapes, consisting of hundreds of ab initio calculations,
obtained in few hours on a standard multi-core machine. We
separate the discussion into two parts, one related to the interplay

between the internal flexibility of the aromatic moiety (consisting in
the OH rotation) and the cation displacement in s-type arrange-
ments, and a second part where the pathways connecting the
cation–p and s-type minima are extensively explored.

3.2 Interplay between torsional internal energy and r-type
interactions

The interaction energy landscapes involving the d rotation of
the hydroxyl group around the C–O bond and each of the three
spherical coordinates (r, y and f, shown in panel c of Fig. 1)
describing the position of the metallic ion are displayed in
Fig. 4–6 for Na+ and K+ ions, whereas those concerning with Rb+

and Cs+ are shown in Fig. S7–S9 in the ESI.† Fig. 4 shows the
changes in the interaction energy upon d rotation and by
varying the distance r of the cation from the center of the ring
along the Rside direction (i.e. lying within the aromatic plane, at
f = 01 and y = 901), for the phenol–Na+/phenol–K+ (top) and the
catechol–Na+/catechol–K+ pairs (bottom). All the DE(r, d) maps
show the same qualitative behavior: in all cases, a clearly
defined minimum is found, in a significantly attractive well
centered at d = 1801 � 501, with r distances in between 4 Å and
5 Å. On the same foot, at small r’s and with d approaching 01, a
steep high energy region appears clearly, due to the cation–
hydrogen repulsion, which is more evident as the ion dimensions
increase (see also Rb+ and Cs+ in the ESI†), whereas a much
smoother climb back is registered when the ion is moved to
larger distances. Nonetheless, significant quantitative differences
appear between the two aromatic species. First, the minimum
depth is always larger in catechol, due to the stronger s-type
interaction, which can also be seen as a chelating interaction. As
observed in the one dimensional curves, this effect is particularly

Table 2 CCSD(T) and MP2mod interaction energies (DE, kJ mol�1) computed
for catechol� � �M+ complexes in cation–p or s-type arrangements

Ion Interaction R (Å) DECCSD(T) DEMP2mod

Na+ Cation–p 2.50 �96.4 �104.3
Na+ s-Type 4.30 �156.0 �165.6

K+ Cation–p 2.80 �70.3 �78.4
K+ s-Type 4.60 �109.6 �116.5

Fig. 4 2D interaction energy plots DE(r,d) computed at MP2mod level between phenol (top) or catechol (bottom) and Na+ (left) or K+ (right) cations.
The sampled PES region, where the metal ion (gray sphere) is moved within the plane containing the aromatic ring, is shown in the insets together with
the investigated dihedral. In the color palette, the interaction energy is reported in kJ mol�1.
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remarkable for the catechol–Na+ pair, whose interaction is char-
acterized by a very stable, wide and well defined minimum
(B�170 kJ mol�1). Next, it might be also worth noticing how
the combined effect of the double –OH substitution causes the
minimum energy region to extend to large r displacements, so it
is likely that the cation feels a significant attractive force even
when far from catechol, if approaching within the plane

containing the aromatic ring (i.e. y = 901), along the Rside

direction. It yet remains to be established if other approaching
directions, maintaining y = 901 at different f angles, are possible,
and if s-type patterns of similar strength can be settled.

Fig. 5 shows the DE(f,d) landscapes, for phenol (top) and
catechol (bottom), considering the Na+ and K+ cations, while the
maps obtained for Rb+ and Cs+ are reported in Fig. S8 in the ESI.†

Fig. 5 2D interaction energy plots DE(f,d) computed at the MP2mod level between phenol (top) or catechol (bottom) and Na+ (left) or K+ (right) cations.
The sampled PES region, where the metal ion (gray sphere) is moved within the plane containing the aromatic ring, at a distance r = 4.5 Å, is shown in the
insets together with the investigated dihedral. In the color palette, the interaction energy is reported in kJ mol�1.

Fig. 6 2D interaction energy plots DE(y,d) computed at the MP2mod level between phenol (top) or catechol (bottom) and Na+ (left) or K+ (right) cations.
The sampled PES region, where the metal ion (gray sphere) is moved keeping a fixed distance r = 4.5 Å, is shown in the insets together with the
investigated dihedral. In the color palette, interaction energy is reported in kJ mol�1.
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In all cases, as shown in the inner panels, the cation is
displaced counter-clockwise, within the aromatic plane
(y = 901), at a fixed r distance of 4.5 Å, compatible with most
of the minima found during the previous r, d scan. The
qualitative picture is again very similar among all considered
pairs, and two minimum energy regions appear: one is centered
at f = 01 (i.e. along the Rside direction), d being in the [1201–
2401] range, whereas another is found around f = 601, when d is
rotated in the [�601 to +601] range. Yet, significant differences
are clearly visible both between the two aromatic species and
among the investigated ions. Indeed, as far as phenol is con-
cerned, the two minima present similar depths (�88 kJ mol�1

and �91 kJ mol�1 for Na+ and �67 kJ mol�1 and �61 kJ mol�1

for K+), and are both accessible by f rotation, when the ion
approaches the Rside vector facing the oxygen lone pair. In
catechol, conversely, the minimum around f = 01 is remarkably
more stable (�158 kJ mol�1 and �109 kJ mol�1, for Na+

and K+, respectively) than the other one (�98 kJ mol�1 and
�72 kJ mol�1), notwithstanding being surrounded by rather high
barriers (4100 kJ mol�1), due to the presence of the second
substituent, that compromise its accessibility by f rotation. In
contrast, when d = 01 and the intra-molecular HB is settled, the
minimum region at f B 601 is similar to those found in phenol,
and, although less deep, it becomes accessible when the cation
approaches the oxygen atom from the opposite side with respect
to the hydrogen. All the above discussed features are more
evident with Na+, whereas they lose contrast when the ion
dimensions are increased. As can be observed by looking at
Fig. S8 (ESI†), the minima found for the catechol–Cs+ pair are
barely visible (�5 kJ mol�1 and �18 kJ mol�1 at f = 01 and
f = 601, respectively), suggesting that the s-type interaction for
larger ions is not so effective at the selected distance (r = 4.5Å). In
fact, as shown in Fig. S4 and S5 (ESI†), the increasing dimensions
of the considered metal ion not only shift the minimum at larger
distances, but also result in significantly less deep wells.

Finally, it is interesting to achieve a deeper insight into the
interplay between d rotation and the polar angle y, which shifts
the ion from a position on top of the aromatic ring (y = 01),
where the cation–p interaction was shown to be maximized,36

to the aromatic plane (y = 901), where the ion can more closely
interact with the hydroxyl substituents. To this end, Fig. 6
shows the DE(y,d) landscapes, obtained by computing at
MP2mod level the interaction energy between the investigated
aromatic species and Na+ and K+, as a function of the y and d
coordinates when f is fixed at 01 and the distance r is again
4.5 Å. At difference with the previous cases, the interaction
energy maps obtained for phenol and catechol are clearly
distinguishable even from a first visual inspection. Notwith-
standing that in all cases DE at y = 01/1801 does not show any
dependence on d, significant differences appear between the
investigated aromatic species when the ion is displaced toward
y = 901. In fact, when the metal cation is displaced toward the
phenol plane it experiences a rather smooth gradient, which
goes from a slight attraction (e.g. B�20 kJ mol�1, for Na+) to a
more defined minimum (�91 kJ mol�1), which slowly loses
intensity when the ion is rotated beneath the aromatic ring

(y = 1801). In the vicinity of the plane, the d rotation becomes
effective in modulating the interaction patterns, and significant
barriers appear when d is placed in the 01–301 range. A very
different picture appears for catechol: the second hydroxyl
substitution increases the strength of the s-type interaction,
in turn increasing the gradient on going from the position
centered on top of the p cloud (y = 01) to the one within the
aromatic plane, in between the two oxygen atoms, widening
and further stabilizing the minimum region around y = 901,
and eventually reducing the repulsive effect of the d rotation.
Such differences between phenol and catechol are augmented
as the ion dimensions increase. On going from Na+ to Cs+ (see
also Fig. S9, ESI†), the minimum region elongates toward y
larger than 901 for phenol, whilst smaller than 901 for catechol.
In all cases the d rotation becomes more effective on the
interaction energy patterns with the increasing dimensions of
the ion, and the single minimum found for Na+ gradually splits
into three well separated minima, among which the most stable
are found at y B 1201 for the complexes involving phenol, and
at y B 601 for catechol.

Based on the above findings, it can be concluded that the d
rotation can modulate the interaction energy between the
considered alkali ions and the phenolic systems, affecting the
pathways that lead to the stable s-type minima and contributing
to differentiate between phenol and catechol behavior. Yet,
especially for the smaller ions, the s-type interaction strength
(in the�170 to 100 kJ mol�1 range) and the gradients leading the
ion to the stable minima seem to be sufficient to overwhelm the
rotational barrier (around 10 kJ mol�1 and 30 kJ mol�1 for phenol
and catechol, respectively, see Fig. S6, ESI†), thus allowing the
ions to settle in the resulting s-type minima. For this reason, in
the following discussion, where the A–M+ IPES is further explored
along two spherical coordinates, the d dihedral was fixed at 1801,
unless otherwise stated.

3.3 Competition of non-covalent interactions

In this section we want to discuss in more detail the interplay
between cation–p and s-type interactions, which might differ-
ently contribute to determine the different minimum energy
configurations of the resulting complexes. To this end, for all
investigated phenol–M+ and catechol–M+ pairs, two dimensional
maps were obtained by scanning the IPES at the MP2mod level
along three pairs of spherical coordinates, namely (f, r), (r, y) and
(f, y). Furthermore, to better understand both, the effect of
hydroxyl substitution, and the nature of the s-type interaction,
the same landscapes were also purposely computed for the
benzene–M+ complexes.

The first IPES’s cross-section explored by the MP2mod sampling
is the one spanned by the radial distance r and the azimuthal
angle f, i.e. when the ion is displaced, within the aromatic
plane (y0

s = 901), at different positions with respect to the ring
center. The results shown in Fig. 7 and 8 confirm the preliminary
findings obtained in the DE(f,d) scan: the approaching direction
more effective to establish s-type interactions is the one along the
Rside vector (f0

s = 01), where the most stable s-type minimum was
found for all investigated phenol–M+ and catechol–M+ complexes,
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at r0
s distances varying between 4.2 Å (catechol–Na+) and 5.2 Å

(phenol–Cs+), as reported in Table 3. It might be worth noting that
also all the benzene–M+ pairs present a minimum at f0

s = 01,
which is degenerate for symmetry with the other five versors
(f�s =�601,�1201 and 1801) that bisect each aromatic C–C bonds.
If the total s-type interaction energy (DEs) in the vicinity of the

[f0
s, r0

s] minimum can be expressed as a sum of the previously
discussed DEOx and DEAr contributions, for each benzene–M+

s-type complex DEOx clearly vanishes, due to the absence of
hydroxyl substituents, and DEAr = DEbenz

s , which accounts for the
interaction between the cation and the aromatic ring within the
plane y0

s = 901. Based on the rather scarce sensitivity of the en face

Fig. 7 2D interaction energy plots DE(f,r) computed at the MP2mod level between benzene (top), phenol (middle) or catechol (bottom) and Na+ (left) or
K+ (right) cations. The sampled IPES region is shown on the left, together with the investigated spherical coordinates. In the color palette, the interaction
energy is reported in kJ mol�1.

Fig. 8 2D interaction energy plots DE(f,r) computed at the MP2mod level between benzene (top), phenol (middle) or catechol (bottom) and Rb+ (left) or
Cs+ (right) cations. The sampled IPES region is shown on the left, together with the investigated spherical coordinates. In the color palette, the interaction
energy is reported in kJ mol�1.
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cation–p configurations on OH substitution,36 it could be also
hypothesized that DEAr is not much affected by the presence of
hydroxyl substituents, and the DEAr value obtained for the benzene
complexes could be extended in first approximation to all the
investigated aromatic species. Following this idea, along with the
minimum total s-type-interaction energy (DEs), Table 3 also
reports the DEOx contribution, estimated, for all investigated
pairs, as

DEOx = DEs � DEAr C DEs � DEbenz
s (2)

By comparing the DEOx values between the two phenolic
species, an almost perfect linearity, DEcatechol

Ox = 2DEphenol
Ox ,

appears for all considered cations on going from phenol to
catechol, strongly suggesting an additive effect of the chelating
action of the two oxygen atoms. Interestingly, as appears in
Table 3, such a combined action affects the DE well depths but
not the position of the minima, which are essentially unaltered
with respect to those found for phenol. The significant strength
of s-type interactions found for both the phenolic species herein
investigated prompted us to further extend the comparison

between cation–p and s-type complexes, exploiting again the
MP2mod computational feasibility to extensively explore the ener-
getic inter-conversion pathways that might connect these two
minimum energy arrangements along their IPES. Since the polar
angle y shifts the ion from a top en face cation–p energy
minimum (y = 01) to the symmetric bottom one (y = 1801),
going through the plane containing the s-type minimum
(y = 901), we will focus the discussion onto the DE(r,y) and DE(f,y)
landscapes. Fig. 9 and 10 show the two-dimensional interaction
energy maps, DE(r,y) of benzene, phenol, and catechol, with Na+/
K+ and Rb+/Cs+, as a function of the polar angle and the radial
distance, at f = 01. The major effect of hydroxyl substitution on the
aromatic moieties is evident in all cases: on going from benzene
to catechol, a minimum energy region, corresponding to a stable
s-type complex, appears around y = 901. Other important
differences yet arise, both among the aromatic species and
along the alkali metal ion series. When interacting with benzene,
all ions show a single minimum energy configuration at y = 0/1801
and r = r0

p, r
0
p being 2.5 Å, 2.8 Å, 3.0 Å and 3.2 Å, for Na+, K+, Rb+

and Cs+, respectively. This configuration corresponds to the

Table 3 MP2mod interaction energy minima (DEs, kJ mol�1) found for all investigated complexes with the DE(f,r) scan at f = 01 and r = r0
s (Å, in

parenthesis). The last three columns report the DEAr and DEOx contributions to DEs, where DEAr is the benzene–M+ interaction energy computed at r0
s

found for the phenolic species (reported in parenthesis), and DEOx is obtained from eqn (2)

M+

DEs(r0
s) DEAr@r0

s DEOx@r0
s

Benzene–M+ Phenol–M+ Catechol–M+ Benzene–M+ Phenol–M+ Catechol–M+

Na+ �26.8 (4.0) �96.2 (4.2) �164.5 (4.2) �25.8 (4.2) �70.4 �138.7
K+ �17.1 (4.6) �67.3 (4.8) �119.1 (4.8) �15.6 (4.8) �51.7 �103.5
Rb+ �14.3 (4.8) �58.1 (5.0) �103.8 (5.0) �13.1 (5.0) �45.0 �90.7
Cs+ �13.3 (5.0) �51.6 (5.2) �93.2 (5.2) �12.0 (5.2) �39.6 �81.1

Fig. 9 2D interaction energy plots DE(r,y) computed at the MP2mod level between benzene (top), phenol (middle) or catechol (bottom) and Na+ (left) or
K+ (right) cations. The sampled IPES region is shown on the left, together with the investigated spherical coordinates. In the color palette, the interaction
energy is reported in kJ mol�1.
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‘‘en face’’ arrangement, where the complex stability is determined by
the cation–p interaction, whose strength decreases with larger
r0
p, i.e. with the increasing dimensions of the ion. As already

reported in our previous investigation limited to cation–p inter-
actions, these trends are unaltered upon OH substitution, and the
behavior of phenol–M+ and catechol–M+ landscapes in the region

near y = 0/1801 is very similar to the one found for benzene. In
contrast, the presence of one or two hydroxyl substituents has a
striking effect in the region around y = 901, i.e. where the s-type
interaction can be settled. Already upon the first substitution a new,
s-type, minimum starts to appear, whose deepness decreases along
the alkali metal series, but it is always connected by a low energy

Fig. 10 2D interaction energy plots DE(r,y) computed at the MP2mod level between benzene (top), phenol (middle) or catechol (bottom) and Rb+ (left) or
Cs+ (right) cations. The sampled IPES region is shown on the left, together with the investigated spherical coordinates. In the color palette, the interaction
energy is reported in kJ mol�1.

Fig. 11 2D interaction energy plots DE(f,y) computed at the MP2mod level between benzene (top), phenol (middle) or catechol (bottom) and Na+ (left) or
K+ (right) cations. The sampled IPES region is shown on the left, together with the investigated spherical coordinates. In the color palette, the interaction
energy is reported in kJ mol�1.
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path to the cation–p minimum at y = 0/1801. By comparing the
phenol–M+ landscapes with the ones computed for catechol, it is
evident that the above discussed additive effect of the second
substituent enforces the s-type interaction, remarkably increasing
both the well depth and its extension. In fact, for all cations, the
s-type complex results in higher stability than the cation–p one, in
particular for Na+ and K+, where very deep wells (B�170 kJ mol�1

and B�110 kJ mol�1) extend throughout the whole y range, thus
connecting the cation–p minimum to the s-type one, through a
channel where the interaction energy is monotonically decreasing
toward the y = 901 direction.

The last computed interaction energy maps are the ones
concerning with the azimuthal and polar angle, DE(f,y), dis-
played in Fig. 11 and 12. For a more sound comparison among
the ions, each scan was performed by fixing the ion radial
distance r to r�s, i.e. in the vicinity of r0

s distance found for the
considered A–M+ pair, being r�s 4.0 Å, 4.4 Å, 4.5 Å and 4.7 Å, for
Na+, K+, Rb+ and Cs+, respectively. The insurgence of the s-type
minimum in the (0, 90) region upon substitution is again
clearly visible in all figures, together with the decrease of the
interaction strength with increasing ion dimensions. A closer
look at the top panels, where the IPES’s cross section for the
benzene molecule is displayed, reveals a smooth attractive
region of about �50 kJ mol�1 for Na+, which extends to
y B 601, notwithstanding the repulsion of the hydrogens as
the ion approaches the aromatic plane, at y = 901. In phenol,
the appearance of the s-type minimum is accompanied, at
large y, by the insurgence of a high repulsive barrier near
f = 301, which corresponds to the position of the oxygen atom.
Yet, in all cases the s-type minimum remains well accessible by
f rotation, if the ion is approaching from negative f angles.

Turning to catechol, on the one hand the combined effect of
the two available lone pairs enforces the s-type minimum,
increasing both its depth and wideness, on the other hand
the steric encumbrance of the two hydroxyl groups limits its
accessibility through f rotation, leaving to the ion only the
previously discussed (r, y) path as an effective channel to reach
the phenolic unit in a s-type complex.

4 Conclusions

The preliminary one-dimensional interaction energy scans,
carried out at the MP2mod level along the selected paths of
the three-dimensional IPES, for complexes formed by three
aromatic molecules (namely, benzene, phenol and catechol)
and alkali ions of increasing dimensions (Na+, K+, Rb+ and Cs+)
have revealed additional stable minima for the phenolic spe-
cies, in different configurations with respect to the cation-p en
face arrangements. Their stability can be traced back to the
presence of one or more hydroxyl substituents on the aromatic
ring and to the consequent establishing of s-type interactions
between the ion and the oxygen atoms. In fact, contrary to the
‘‘en face’’ configurations, where the ion is located along the
vector perpendicular to the aromatic plane, thus maximizing
the cation–p interactions, these s-type minima, found in both
phenol and catechol, are located within the plane containing
the aromatic ring, in the vicinity of the oxygen atoms, and show
similar (phenol) or even more attractive (catechol) interaction
energies than those found at the cation–p geometries. The
existence of such stable s-type configurations in the investigated
complexes, as well as the ratio between the MP2mod interaction

Fig. 12 2D interaction energy plots DE(f,y) computed at the MP2mod level between benzene (top), phenol (middle) or catechol (bottom) and Rb+ (left) or
Cs+ (right) cations. The sampled IPES region is shown on the left, together with the investigated spherical coordinates. In the color palette, the interaction
energy is reported in kJ mol�1.
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energies of cation–p and s-type minima in both phenol–M+ and
catechol–M+ dimers, is in an excellent agreement with higher
level CCSD(T)/def2-TZVPPD, thus confirming MP2mod’s reliability
in computing both cation–p and s-type interactions.

This last validation has allowed us to confidently exploit the
MP2mod computational affordability to extend, with hundreds
of new points for each complex, the sampling of the investigated
IPES to a four-dimensional configurational space, which includes
the three spherical coordinates determining the position of the
ion and the dihedral governing the rotation of one hydroxyl
substituent. The collected energy database was eventually orga-
nized in two-dimensional interaction energy maps and their
features were compared among both the aromatic species and
along the alkali metal series. As far as the former comparison is
concerned, the analysis of the IPES landscapes confirmed
the remarkable effect of hydroxyl substitution. In agreement
with early studies reported for phenol–M+ complexes,46–48 the
presence of OH groups significantly increases the stability of
s-type complexes, whose interaction energy is comparable to
the one recently reported for the cation–p, ‘‘en face’’ con-
figurations.36 The stability of the s-type configurations signifi-
cantly increases in catechol, where the favorable interaction
with the oxygen lone pair is found to increase linearly with the
number of substituents, and the combined chelating inter-
action causes the insurgence of much deeper minima with
respect to phenol. The net preference registered for the smaller
ions to bind with catechol in s-type configurations strongly
suggests that the energy barriers (e.g. breaking of the internal
hydrogen bond through hydroxyl d rotation) which may prevent
the accessibility of s-type’s geometries might be easily overcome
in virtue of the total energy gain. Moreover, the computed
landscapes evidenced favorable energy channels connecting
the ‘‘en face’’ configurations to regions in which the ion may
interact directly with the oxygen’s lone pair, suggesting that the
s-type interaction could play an important role in influencing
the delicate balance among NCI when catechol–ion complexes
are embedded in a more complex environment. Turning to the
effect of the cation dimensions, the comparison of the inter-
action energy landscapes along the alkali metal series reveals
rather monotonic trends, where the strength of the interaction
diminishes with the increasing charge/mass ratio of the ion.
Yet, there is a significant difference between the other ions and
Na+, whose smaller dimensions allow it to more closely
approach the hydroxyl substituents, consequently increasing
the stability of the resulting s-type complexes.

Overall, these results support the reported role of cation–p
interactions in K+-aided adhesion of polydopamine films and
the lack of effects of Na+. Underwater adhesion and film deposition
are the result of a complex balance of NCI, which are fine-tuned by
cation properties, and inter-species (cohesion) vs. intra-species
(adhesion) effects. Nonetheless, care should be taken in extending
the conclusions of the present work straightforwardly to condensed
phase properties, as the present modeling does not take into
account the critical effects connected with oligomer-type stacking
interactions of the metal/catechol complexes, the role of water in
competing for binding of the cation to the phenolic OH groups,

and the role of the metal counterion, which is emerging as a
critical contributor. In fact, notwithstanding the deep insight on
the relative gas-phase stability of different noncovalent complexes
that reliable interaction energy landscapes can offer, it is worth
recalling that the presence of other species might of course alter
the aforementioned conclusions. For instance, Vaden and Lisy42–44

reported that in aqueous solvents phenol–M+ complexes are in
generally more stable in the s-configuration with respect to the
cation–p one, but, while with Na+ the dominant configurations are
those in which the phenol hydroxyl group is not involved in
hydrogen bonds with the surrounding water molecules, with K+,
the phenol OH group is involved in a hydrogen bond with the
solvent. The present findings on phenol complexes are consistent
with the results of ref. 42 and those on catechol seem to suggest
that a similar, even enhanced difference between the Na+ and K+

behavior should be expected for complexes involving catechol. Yet,
if a full comprehension of the intricate interplay among all NCI
has to be achieved, the whole complex + solvent system should
be considered, resorting to techniques such as molecular
dynamics,28,65 which is beyond the aims of the present work.
Nonetheless, the here reported interaction energy database can
be of outermost importance as a reference for accurately tuning
the FF parameters describing the ion interaction with the con-
sidered aromatic units. Indeed, MP2mod databases have already
been exploited by some of us to parameterize accurate quantum-
mechanically derived FFs, achieving more than encouraging
results in the simulation of condensed phase properties.66–69

Work in progress is aimed at extending the study to the inter-
action of metal cations with other catechol-containing systems,
like the melanin/polydopamine component 5,6-dihydroxy-indole,
and to the involvement of counterions in establishing comple-
mentary sets of non-covalent interactions. The overall aim of
these studies is to gain a quantitative perspective of cation–p
interactions in the complex interplay of NCI underpinning natural
phenomena such as mussel byssus adhesion.
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