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Abstract

The nature of the cation–p interaction between ammonium ion and a series of aromatic groups has been revisited through

standard supermolecular energy decomposition schemes such as the Kitaura–Morokuma and the reduced variational space self-

consistent field approaches. The emerged picture describes the ammonium–aromatics interaction as basically governed by

electrostatics with significant contributions from the polarization, dispersion, and at a minor extent from, even from the

aromatic–ammonium charge transfer. The role of molecular properties of the aromatic partners such as their mutipole

moments, first and second order polarizability as well as the electronic properties of the frontier orbitals have been investigated

in the light of the decomposed components. A final comment on the implications of our results on the reliability of the force

fields currently employed for classical simulations and drug design investigations, has also been addressed. q 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Cation–p interactions between aromatic and

cationic amino groups are known to play an important

role in many biological systems [1–3]. Several

investigations have indeed demonstrated their impli-

cation in diverse fields ranging from structural

biology [4,5] to molecular recognition mechanisms

[6–8].

In the last years the binding energies of a large

number of cation–p complexes have been accurately

evaluated through gas-phase measurements [9–13]

and ab initio calculations [14–18]. From such studies

cation –p turned out to be a relatively strong

interaction apparently much more complicated than

a simple ‘electrostatic’ ion-neutral binding [1]. As a

matter of fact, from the large number of theoretical

investigations consequently devoted at understanding

more in detail its nature, cation–p resulted as

essentially driven by electrostatics [19] but with

remarkable contributions from induction [20,21],

dispersion [22] and, although at a minor extent,

even from charge transfer [23,24]. The relative weight

of the above terms was found to significantly depend

on the chemical nature and mutual distance of the

involved partners. For example, in the case of p-

complexes involving cationic alkali and different

aromatic groups, the binding energy can be entirely
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described in terms of Coulombic and induction effects

[1,20]. When, on the other hand, organic cations are

let to interact with benzene, the role of the dispersion

forces was shown to become more important [14–18,

22].

Understanding the nature of a p-interaction and, in

particular, predicting its strength on the basis of

simple molecular properties is gaining increasingly

large importance, nowadays, in particular for its

introduction into reliable and accurate classical force

fields which are the basis of bio-molecules simu-

lations and drug design investigations.

In general, in order to provide a consistent

theoretical description of any kind of intermolecular

interaction at whatever distance, two complementary

approaches are nowadays available: a supermolecular

scheme based on the decomposition of the ab initio

eigenvalue of the dimer eigenfunction [25] into

physically meaningful terms [26], and a perturba-

tional approach which allows, in principle, to directly

express the van der Waals interactions as a sum of

distinct contributions [18,20,22,27–29]. If on one

hand, the latter method has been extensively and

successfully applied for explaining several van der

Waals interactions [26–29] including several cation–

p system [18,20], the supermolecular description of

the energy components has been, so far, seldom

considered for such kind of complexes. Only very

recently Pullman, Berthier and Savinelli have ana-

lyzed for the first time the interaction energy of the

benzene with Naþ, mono and tetramethylammonium

cations [30] by the use of the decomposition scheme

of Kitaura and Morokuma (KM) [31], which is the

most popular supermolecular approach [32,33]. In

that paper, the authors have indeed confirmed the

leading role of the Coulombic interactions and the

important contributions of other terms, in particular,

the induction on the aromatic ring. In the present

investigation, the same procedure in conjunction with

the similar reduced variational space self-consistent

field (RVS) method [34], have been applied to a series

of ammonium–aromatic p-complexes with the pre-

cise aim of revisiting, through an uniform and

rigorous computational approach, much of the

information already known about this system [1].

Ammonium cation represents the simplest cationic

amino group able in principle to model ‘pure’ cation–

p interactions with aromatic molecules, and therefore,

particularly suitable for deep understanding the

physics of such bonding.

The first part of our investigation is aimed at

evaluating the role of the dispersion in the

ammonium–p complexes.

In the second part of the work, the ‘non-dispersive’

forces will be extracted and their relative weight

evaluated for all the complexes in correspondence of

the absolute minima and along the minimum energy

dissociation path. Finally each of the energy terms

will be correlated to specific physical properties of the

aromatics such as permanent electric moments,

polarizabilities and ionization energy.

2. Method

The binding energy of a generic dimer A–B

calculated up to the nth order of perturbation in which

each monomer undergoes a slight geometric relax-

ation can be expressed [35] as

DEðnÞðA–BÞ ¼ DESCFð2-bodyÞ þ DEðnÞð2-bodyÞ ð1Þ

where DE SCF (2-body) is the Hartree–Fock energy

intrinsically taking account of geometry relaxation,

electrostatic and exchange–repulsion interactions as

well as the mutual polarization, whereas the DE (n) (2-

body) term represents the global contribution arising

from the perturbative inclusion up to the nth order of

the electron correlation which essentially represents

the dispersion contribution to the binding energy [36].

In the present work, the latter term has been evaluated

through the Møller–Plesset perturbation theory,

whereas the components of the DE SCF (2-body)

term have been explicitly calculated through the

above cited KM and RVS schemes, whose general

features will be outlined in Sections 2.1 and 2.2.

2.1. Kitaura–Morokuma analysis

The KM computational scheme is based on the re-

calculation of the supermolecule’s SCF energy

lacking specific elements of the Fock and overlap

matrices which can be associated to the energy terms

[31].

The decomposed interaction energy then takes the
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following form:

DESCFð2-bodyÞ ¼ ES þ PL þ EX þ CT þ MIX

þ BSSE ð2Þ

where ES is the electrostatic term which takes account

the Coulombic interactions between the unperturbed

charge distribution of A and B. Physically, this term

includes all the permanent charges and multipole

interactions. PL is the polarization term, EX is the

exchange repulsion, i.e. the short-range repulsion

caused by the overlap of the electron distribution of A

and B, CT is the charge transfer term, i.e. basically the

interaction which originates from the charge transfer

from occupied molecular orbitals of A to empty

molecular orbitals of B and vice versa. MIX term

accounts for the coupling between all the above terms,

it is simply evaluated by the difference between the

SCF energy and the summation of the ES, PL, EX and

CT contributions. BSSE is the basis set superposition

error which is a well-known limitation in the

calculation of the binding energies arising for the

truncation of the atomic basis sets. In the present

study, it was taken into account through the counter-

poise correction by Boys and Bernardi [37]. More-

over, the BSSE in each of the above energy terms was

further evaluated by using an alternative approach

more suitable for the KM and RVS schemes [38,39].

2.2. Reduced variational space SCF analysis

Both the polarization and charge transfer definition

in the KM scheme do not strictly satisfy the Pauli

exclusion principle. This basic limitation could

sometimes generate unreliable results and an alterna-

tive and comparative scheme should therefore be

considered. In this respect the RVS approach very

closely related to the KM scheme, is able, through the

group function approach of Mc Weeny [40], to isolate

the PL, CT and BSSE terms allowing a better control

over the antisymmetrization of the wavefunctions.

Differently from the KM one, in the RVS scheme the

global interaction energy is expressed as:

DESCFð2-bodyÞ ¼ CEX þ PL þ CT þ BSSE ð3Þ

where, the electrostatic and exchange terms are

included in the same term CEX, and MIX coupling

become vanishingly small. In the present case, the

KM and RVS decomposition schemes have been

applied according the implementation of Gordon and

Chen [41].

3. Computational details

Four different systems were computationally

addressed, namely the ammonium–p complexes

with benzene, furan, pyrrole and thiophene hereafter

indicated as ABZ, AFR, APR and ATH, respectively.

The structures were initially optimized in the full

space of the coordinates at the Hartree–Fock (HF)

level of theory.1 The reliability of the HF result was

then checked by re-optimizing all the structures first

using the density functional theory (DFT) [42]

through the hybrid Becke3LYP functional [43] and

finally using the Møller–Plesset second-order pertur-

bation theory (MP2) which, in such systems, provides

a reliable estimation of the dispersion [14,23]. All the

optimized structures were finally characterized as true

minima by diagonalizing the corresponding Hessian

matrices.2 The 6-311 þ G(d,p) [44] atomic basis set

was used for all the above calculations. Minimum

energy dissociation paths starting from the absolute

minima up to interfragments distances of 10 Å, were

then calculated at the HF/6-311 þ G(d,p) level of

theory for each of the four complexes projecting the

reaction coordinate onto the vector connecting the

ammonium nitrogen to the center of the mass of

the aromatic group, denoted as rN-cm.

In correspondence of each of the steps along the

path, the 3N-7 orthogonal coordinates were system-

atically relaxed, then the Hessian matrices were first

calculated, successively the roto-translational external

modes as well as the reaction coordinate were

projected out of them [45] in order to check the

absence of bifurcations, i.e. negative eigenvalues. KM

and RVS schemes were finally applied to all the

located points to follow the variation of the interaction

terms as a function of the selected reaction coordinate.

All the above calculations were performed using the

1 Several minima have been found during the minimizations.

However we have limited our investigation exclusively on the

absolute minima.
2 All the geometrical features and harmonic frequencies are

available upon request.
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GAUSSIAN 94 [46] and Gamess USA [47] packages of

programs.

4. Results and discussion

4.1. The role of the dispersion at the minimum

Several recent studies have pointed out that the

dispersion, quantified in terms of dynamical elec-

tronic correlation, provides a crucial contribution to

the interaction energy between organic cations and

aromatic groups [14–19] and, in particular, between

ammonium ion and benzene [23], toluene and p-cresol

[15]. It was, in fact, systematically observed that the

calculations carried out at the MP2 level of theory, led

to interaction energies significantly larger than the HF

results. In order to observe possible changes in the

dispersion contribution when the aromatic group is

changed, a comparison between the HF, Becke3LYP

and MP2 results was addressed in the present

investigation, for all the four ammonium complexes

in correspondence of their own energy minima. The

resulted interaction energies, reported in Table 1,

were not corrected for zero point energy nor for the

thermal contribution in order to directly appreciate the

correlation effect exclusively acting on the electronic

energy. The BSSE which, on the contrary, is of crucial

importance in any supermolecule-based calculation,

was taken into account by adopting the counterpoise

procedure.

None of the complexes showed HF and Becke3-

LYP differences appreciably larger than the chemical

accuracy of both the methods (see the table). On the

other hand, owing to the dispersion effect [18,23], the

interaction energies were found to systematically

increase when the electronic correlation was included,

i.e. at the MP2 level of theory. Unfortunately, the

chemical accuracy of the presently employed levels of

theory did not allow a quantitative evaluation of

possible differences among the binding energy shifts

of the complexes. However, both the Becke3LYP and

MP2 are known, in general, to provide more accurate

results for the geometrical rather than for the

energetical parameters. Therefore the presence of

sharp Becke3LYP/MP2 geometry differences, and in

particular, possible changes in the interfragment

distance [14,23], would be particularly informative

about the presence of differential correlation effects.

From Table 1 it is in fact interesting to note that, if on

one hand ATH, AFR and ABZ showed at the

minimum basically the same rN-cm contraction of

about 0.1 Å, on the other hand a significantly larger

shift of 0.2 Å was observed for the ammonium ion

interacting with the pyrrole. It is also interesting to

note a quantitative relationship between the electron

correlation and the overall binding energy. Among the

presently investigated complexes (Fig. 1), APR also

Table 1

Interaction energies (each of these terms were calculated as the BSSE corrected difference between the total energy of the fragments and the

total energy of the complex; an error bar not smaller than 2 kcal/mol should be considered) (E, kcal/mol) and rN-cm distances (R, Å)

Species HF/6-311 þ G(d,p) Becke3LYP/6-311 þ G(d,p) MP2 (full)/6-311-G(d,p)

ABZ E ¼ 14:4; R ¼ 3:160 E ¼ 15:4; R ¼ 3:020 E ¼ 17:9;a R ¼ 2:940

AFR E ¼ 10:9; R ¼ 3:281 E ¼ 12:5; R ¼ 3:170 E ¼ 14:0; R ¼ 3:091

APR E ¼ 18:0; R ¼ 3:160 E ¼ 19:1; R ¼ 3:092 E ¼ 19:9; R ¼ 2:891

ATH E ¼ 12:3; R ¼ 3:332 E ¼ 14:4; R ¼ 3:260 E ¼ 16:1; R ¼ 3:160

a When thermally corrected, this value at 298 K resulted as large as 16.7 kcal/mol, a value closer to the experimental DH298 ¼ 17:1 kcal=mol

from Ref. [9].

Fig. 1. Minimum energy structures of the investigated complexes.
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appeared as, by far, the most strongly bound complex.

Actually, in a recent paper [22] Berthomieu and

coworkers have highlighted that the role of the

dispersion, along a series of p-complexes, is found

to increase when passing from more weakly bound

complexes, e.g. tertbutyl/benzene, to stronger bound

complexes, e.g. isopropy/toluene. In addition, the

electron correlation was also related to the amount of

HOMO–LUMO charge transfer [23]. As will be later

described in Section 3.2.3 of the present paper,

pyrrole was also shown to be the more ‘covalently’

bound to the ammonium cation, i.e. the p electrons

interact with the ammonium LUMO stronger than in

the other complexes.

4.2. Energy decomposition analysis

At this point let us consider more in detail the

nature of the DE SCF(2-body) through the application

of the KM and RVS supermolecule approaches.

Fig. 2. (a) ES and EX terms obtained from the KM analysis for the four investigated complexes ABZ (dashed line), APR (dotted line), ATH

(solid line) and AFR (long-dashed line). (b) ES term obtained from classical electrostatic calculations ABZ (dashed line), APR (dotted line),

ATH (solid line) and AFR (long-dashed line).

Table 2

Energy terms (kcal/mol) from KM and RVS decomposition evaluated at the HF equilibrium geometries

Species KM terms RVS terms þ Dispersion

ABZ ES ¼ 211:8; EX ¼ 5:6; PL ¼ 25:6; CT ¼ 23:7; MIX ¼ 1:1 CEX ¼ 26:8; PL ¼ 25:1; CT ¼ 22:5; Disp ¼ 23:5

AFR ES ¼ 29:0; EX ¼ 6:1; PL ¼ 25:4; CT ¼ 23:6; MIX ¼ 1:0 CEX ¼ 22:9; PL ¼ 24:7; CT ¼ 22:5; Disp ¼ 23:1

APR ES ¼ 217:0; EX ¼ 8:3; PL ¼ 27:0; CT ¼ 24:6; MIX ¼ 1:9 CEX ¼ 29:0; PL ¼ 25:7; CT ¼ 23:2; Disp ¼ 22:0

ATH ES ¼ 29:8; EX ¼ 6:0; PL ¼ 25:8; CT ¼ 23:8; MIX ¼ 1:1 CEX ¼ 24:8; PL ¼ 24:9; CT ¼ 22:5; Disp ¼ 23:8
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All the BSSE-corrected KM and RVS results for

ABZ, AFR, APR and ATH are reported in the Figs.

2(a) and 3(a)–(d), respectively.

The corresponding values calculated at the mini-

mum are also explicitly reported in Table 2.

4.2.1. Electrostatic and exchange terms

The importance of the ion-permanent multipole

interaction, i.e. the ES term in cation–p complexes

interaction, has been pointed out by several authors in

recent years [1]. In particular, the electric quadrupole

moment of the aromatic group was indicated, on the

basis of qualitative and quantitative arguments [18,

48–50] to play a leading role. In fact, apolar aromatic

partners were systematically observed to strongly

interact with cationic partners, e.g. the ammonium/

benzene complex itself [23]. The plausible presence

of an ion-dipole term was only recently proposed for a

series of tetramethylammonium–aromatic complexes

[14]. Nevertheless, a systematic analysis of the

relative weight of the aromatic dipole and quadrupole

moment in p-complexes involving the ammonium

ion, was never addressed so far. This aspect has been

therefore revisited in the present section. Since the

electrostatic term does not suffer for the above

remarked limitations concerning the wavefunction

antisymmetrization, we have analyzed its behavior

only referring to the KM scheme.3 From the values

reported in Table 2 the ES values was found to

quantitatively dominate the binding energies of the

investigated complexes at the minimum; moreover it

also resulted to be the only term undergoing a

meaningful shift when the aromatic partner is changed

[1].

In addition, at larger distances along the minimum

energy path, as shown in Fig. 2(a), the ES term

provided basically the only contribution to the

interaction [1].

Fig. 3. Total energy (SCF) and RVS-based decomposed terms for ABZ (a), APR (b), ATH (c) and AFR (d).

3 As will be shown through the paper, the antisymmetrization

revealed very important, therefore all the terms concerning non-

electrostatic interactions have been discussed through the RVS

scheme only.
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We then re-calculated, both at the minimum and

along the dissociation path, the electrostatic energy

between a positive charge centered on the ammonium

nitrogen and the permanent electric multipoles of

benzene, pyrrole, furan and thiophene. In such

calculations, whose results were reported in Fig.

2(b) both the ion-quadrupole, i.e. charge-Qzz, and the

ion-dipole contributions were considered. The latter

term actually resulted virtually zero only in the ABZ

system. In fact in all the other complexes, the

ammonium ion electric field and the electric dipole

moment m of all the aromatics were systematically

found to deviate from the perfect mutual orthogon-

ality, leading to an increase of the ion-dipole

contribution.4 The calculated curves reported in

panel (b) of Fig. 2 resulted to significantly fit the

corresponding decomposed ES curves in panel (a). It

can be also perceived from the values in Table 2 that

the same trend cannot be observed only by including

the ion-quadrupole terms.

A short comment deserves finally the exchange

interaction EX which appeared of similar magnitude

and behavior for all the complexes. Interestingly the

ATH complex showed at the minimum the largest EX

contribution probably for the presence of the sulfur

atom. Moreover, if one observes the CEX graphs in

the RVS scheme depicted in Fig. 3, where the EX term

was added to the ES, some interesting features can be

appreciated:

The CEX represents essentially more than 50% of

the overall binding energies in all the complexes.

The CEX energy minima, in all the four p-

complexes, were significantly found at system-

atically higher rN-cm values with respect to the ab

initio ones. Such result qualitatively throws light

on the well known deficiencies of the commonly

used force fields which, taking into account only

Fig. 3 (continued )

4 Such angles resulted as large as 81, 77 and 768 for AFR, APR

and ATH, respectively. In addition a small deviation of about 5–108

was observed along the path for all the complexes.
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the EX and ES terms, provide a seriously wrong

estimate of this kind of interactions at least using

charge distributions derived through electrostatic

fittings based on SCF calculations in vacuo.

Although ABZ and ATH show, at the minimum,

the same contribution, the lower ability of the

thiophene to electrostatically bind to the aromatic

ring [1] is probably to be ascribed to its higher,

more repulsive EX contribution at the minimum.

4.2.2. Polarization terms

It is known that immediately after the ES one, the

polarization term provides the most important contri-

bution to the ammonium ion–aromatic binding

energies [1,21]. However it was also recently

observed, through a perturbational method [20] that

its weight, if evaluated along a series of compounds,

maintains essentially constant, making the induction

effect definitely not the defining feature of the p-

complexes [1].

In this work the PL term was extracted from the

binding energies of all the complexes using both the

KM and the RVS schemes. However, since the former

resulted slightly overestimated, we restricted our

analysis only by using the more ‘physical’ RVS

result. Our findings turned out to be absolutely in

line with the previous investigations. In fact, at

the minimum, the PL terms, being as large as

25.7 kcal/mol for APR, 25.1 kcal/mol for ABZ,

24.7 kcal/mol for AFR and 24.9 kcal/mol for ATH,

were found to represent a bit less than 50% of the

interaction energies of all the complexes. The

contribution due to the PL term should arise, in

principle, from the mutual induction on both the

partners. However in charged p-complexes like our

systems, it can be intuitively expected that the effect

of the ammonium ion on the aromatic moiety should

be quantitatively much more important than the effect

produced by the aromatic on the ammonium [18].

Actually, by factorizing [41] the above contributions,

the induction on the aromatic was found to account for

more than 98.5% of the PL term at the minimum, and

Fig. 3 (continued )
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even more at larger distances. Such result allowed us

to perceive the PL term as exclusively an ion-induced

multipole interaction and therefore to refer its strength

only to the induction occurring on the aromatic

partner. As a consequence of the fact, we attempted to

bring out a possible correlation between the PL term

[51,52] and the first and second order polarizabilities

of the aromatic partners collected in Table 3. For this

purpose, we have re-calculated the induction term by

using the SCF atomic point charges of the ammonium

ion, i.e. 0.46 for the hydrogens and 20.84 for the

nitrogen, and the z-components of the polarizability

tensors which, for the geometry of the complexes and

also for obvious symmetry considerations, corre-

sponded basically only to the azz and bzzj ones. At

the minima we obtained energy values of 25.8, 25.0,

25.0, 24.1 kcal/mol for ABZ, APR, ATH and AFR,

respectively, with only the pyrrole showing and

appreciable contribution, i.e. 0.1 kcal/mol, due to the

hyperpolarization. The above values resulted of the

same order of magnitude of the PL terms obtained

from the RVS analysis although their relative trend

turned out to be slightly different probably for the not

sufficiently accurate description of the a and b tensors

as well as in the inadequacies of the point charges

approximation at short distances. Unfortunately, like

in the previous case of the dispersion, a seriously

quantitative understanding of the role of the polariz-

ability was prevented by the fact that both the RVS-

extracted and the calculated PL values was found to

fall in an interval as large as 1.7 kcal/mol which is not

meaningful within the presently applied methods.

Such point certainly deserves, in the future, a further

and more accurate investigation using a better starting

wavefunction.

4.2.3. Charge transfer

The role of the charge transfer (CT) in (CH3)n

(NH)42n
þ /benzene complexes was first remarked by

Lee and coworkers who highlighted the occurrence of

through-space p–sp interactions. In their paper the

authors carefully analyzed the LUMO of the complex

Fig. 3 (continued )
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but the actual weight of the CT was not evaluated

[23].

At this end, like for the PL we will only refer to the

antisymmetrized RVS results. At the minimum, the

CT term resulted of comparable magnitude being as

large as 23.2 kcal/mol for APR, and 22.5 kcal/mol

for ABS, AFR and ATH. At larger distances, this

interaction decreases quite rapidly becoming vanish-

ingly small already at about 4 Å. This result clearly

confirmed that at the minimum the covalent contri-

bution in the ammonium–p interaction does actually

play a very important role [23]. Such result, see above,

is also strictly connected to the occurrence of

dispersive forces. As already remarked in the first

subsection of the present paragraph, it seems in fact to

exist a relationship between the amount of ‘covalent’

character and the role of the electron correlation in the

presently investigated ammonium–aromatic com-

plexes. In order to explain the relative weight of the

charge transfer contribution, an analysis of the

molecular orbitals of the interacting partners should

be carried out. In principle one should consider both

the electron donation from the aromatic to the

ammonium cation as well as the backdonation from

ammonium to aromatic. However, according to the

present analysis which allows [41] the two contri-

bution to be separated, de facto only the charge

transfer from aromatic to ammonium was found to

formally occur in our systems.

Although also in this case, like for the PL, any

rigorous interpretation of the result was prevented by

CT values similar to each other in magnitude, a

qualitative picture can help us in evaluating which

factors should be invoked in predicting the weight of

CT. At this end we have reported in Table 4, the

calculated HOMO energies for pyrrole, benzene,

furan and thiophene and the corresponding exper-

imental ionization energies. From these values, we

observe that the higher in energy is the HOMO, i.e.

the lower is the ionization energy, and more important

appears the charge transfer term. Consequently, and

intuitively, cation–p systems in which the cationic

system shows low LUMO energies, i.e. a higher

tendency than ammonium in withdrawing electrons,

should be characterized by a more pronounced

covalent nature of the bond [53,54].

5. Conclusions

The present study provides a supermolecular view

of the energy components of cation–p interactions

between the ammonium cation and a series of

Table 3

HF/6-311 þ G(d,p) permanent dipoles (the dipole moments are

parallel to the C2v axes) (m, Debye), quadrupole moments (in the

pyrrole, furan and thiophene the y axis was taken as the C2v axis;

the z axis was taken as the perpendicular one to the ring plane) (Q,

Debye Å), polarizability (aii, atomic units) and hyperpolarizability

tensors (biii, atomic units)

Benzene Furan Pyrrole Thiophene

m ¼ 0 m ¼ 0:79 m ¼ 1:90 m ¼ 0:82

Qxx 232 Qxx 224 Qxx 224 Qxx 235

Qyy 232 Qyy 228 Qyy 227 Qyy 231

Qzz 241 Qzz 232 Qzz 235 Qzz 241

axx 74.3 axx 49.2 axx 55.8 axx 70.6

ayy 74.3 ayy 49.3 ayy 55.2 ayy 61.5

azz 41.5 azz 31.3 azz 35.5 azz 39.7

bxxx 0 bxxx 0 bxxx 0 bxxx 0

bxxy 0 bxxy 20.1 bxxy 241 bxxy 28.9

bxyy 0 bxyy 0 bxyy 0 bxyy 0.

byyy 0 byyy 230 byyy 239 byyy 5.35

bxxz0 bxxz 27.4 bxxz 0 bxxz 0

bxyz 0 bxyz 0 bxyz 0 bxyz 0

byyz 0 byyz 14.3 byyz 0 byyz 0

bxzz 0 bxzz 0 bxzz 0 bxzz 0

byzz 0 byzz 32.8 byzz 32.7 byzz 8.9

bzzz 0 bzzz 25.75 bzzz0 bzzz 0

Table 4

HF/6-311 þ G(d,p) HOMO energies (atomic units), experimental ionization energies (atomic units) (experimental values taken from Ref. [57])

and charge transfer contribution (kcal/mol) in the corresponding complexes at the minimum (see Table 1)

Benzene Furan Pyrrole Thiophene

EHOMO ¼ 0:33831 EHOMO ¼ 20:32621 EHOMO ¼ 20:30178 EHOMO ¼ 20:33438

Exp IP ¼ 0:337 Exp IP ¼ 0:324 Exp IP ¼ 0:300 Exp IP ¼ 0:323

CT ¼ 22:5 CT ¼ 22:5 CT ¼ 23:2 CT ¼ 22:5
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aromatic groups. The electrostatic interaction,

providing the largest contribution to the binding

energy and appearing as the most sensitive to the

variations of the aromatic partner, resulted as the

most ‘characterizing’ term. Both the ion-quadru-

pole and the ion-dipole terms were found to be

involved in its quantitative definition. Similarly

also the dispersion appeared to play a key role.

Although its weight turned out to be much less

relevant than the ES one, however its effect, in

particular on the interfragment distance at the

minimum, appeared as fairly sensitive to the

variations of the aromatic core. Differently, the

induction on the aromatic partner, particularly

strong at the minimum, did not seem to appreci-

ably feel variations of the aromatic partner. Such

result also prevented a quantitative interpretation

of the PL contribution in terms of the aromatic’s

first and second order polarizability. Further in all

the complexes, a non-negligible charge transfer

resulted to take place from the aromatic HOMO to

the ammonium cation LUMO, i.e. essentially a

p–sp donation. The amount of charge actually

transferred from the two partners was also

correlated to the energy of the aromatic HOMO

and, interestingly, it also appeared to be not

independent from the weight of the dispersion

term.

The present study, in line with the previous

investigations performed in other laboratories

further indicates that for correctly treating this

kind of long range bonds in classical simulations,

which are at the basis of large molecule

simulations and drug design investigations, at

least the polarization term should be considered

beyond the electrostatic although its introduction

in the currently employed force fields, is still far

from being explicit [55,56].
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