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Cation recognition by benzene sandwich
compounds – a DFT perspective†

Katarina A. Ćeranić, a Snežana D. Zarić b and Dušan P. Malenov *b

Cation–π interactions between alkali, alkaline earth and ammonium cations and sandwich compounds of

benzene and the cyclopentadienyl (Cp) anion were studied using quantum chemical CCSD(T)/CBS and

DFT (B3LYP/def2-TZVP) calculations. The results show significantly stronger interactions of sandwich

compounds with respect to (uncoordinated) benzene. Moreover, very strong cation–π interactions of Cp

sandwich compounds are furthermore surpassed by cation–π interactions of benzene sandwich com-

pounds, which are capable of reaching a remarkable interaction energy value of −196.8 kcal mol−1 (Mg2+/

W(benzene)2). While there are only small variations of interaction energy values for sandwich compounds

of different transition metals (3d metals < 4d < 5d), cation–π interactions progressively become stronger

in the following order: (uncoordinated) benzene < Cp sandwich < benzene sandwich. Aside from inter-

action energies, the cation–π interactions can be assessed by means of their influence on the geometries

of sandwich compounds, which are found to strongly correlate with the strength of cation–π interactions.

These results emphasize sandwich compounds, particularly those containing C6 aromatic rings, as prom-

ising candidates for new receptors for common metal cations.

1 Introduction

Cation–π interactions are noncovalent interactions between
cations and electron clouds of π-systems.1–4 The first report on
cation–π interaction was by Kebarle et al. for that between the
K+ cation and benzene. The study showed that the potassium
cation has a slight preference for bonding with benzene over
water.4,5 Cation–π interactions can be found in chemical
systems, biological systems and in materials science.4,6–10

Interactions involving aromatic rings are key to processes in
both chemical and biological recognition and in
catalysis.2,3,11–14 These interactions, depending on the nature
of the cation and the π systems, can be among the strongest
noncovalent interactions.1–4 Cation–π interactions are domi-
nated by electrostatic and ion-induced polarization
terms.11,15–17 SAPT (symmetry adapted perturbation theory)
analysis showed that the largest contribution to the interaction
energy is induction.18 There have been a number of theoretical
and experimental studies done to determine the strength of
cation–π interactions.12–14,19–21 The binding energy of Li+ to
benzene is −38 kcal mol−1 while that of NH4

+ to benzene is

−19 kcal mol−1.12–14 The trend of weakening binding energies
in the gas phase with increasing size of cation (Li+ > Na+ > K+ >
Rb+) has been observed. When the ion is larger the charge is
dispersed over a larger sphere and binding interactions
weaken, since the electrostatic component of the interaction is
important.14,17 While most of the studies on cation–π inter-
actions have dealt with alkali metal cations, a few studies have
shown that alkaline earth cations form even stronger cation–π
interactions.1,22 The cation–π interaction between Ca2+ and
benzene has an energy value of −70 kcal mol−1, while the
Mg2+/benzene interaction is calculated to be −120 kcal mol−1.1

Vijay and Sastry have investigated cooperativity of cation–π and
π–π interactions between Li+, Na+, K+, NH4

+, PH4
+, OH3

+ and
SH3

+ and benzene in sandwich, parallel-displaced and
T-shaped configurations. They have concluded that cation–π
interactions are enhanced to a small extent in the presence of
π–π interactions,23 which is particularly important for biologi-
cally relevant systems.

Metal complexes and organometallic compounds can also
form cation–π interactions. In these interactions, a metal
complex can be the cation, where the ligands of the complex
interact with aromatic or other π-systems (metal ligand aro-
matic cation–π (MLAC–π) interactions).24–28 These interactions
were first studied by using quantum chemical calculations29,30

and later recognized in crystal structures.31–33 The MLAC–π
interactions have also been recognized and described in
numerous proteins.34 In our recent paper, the interactions of
coordinated ammonia in metal ammine complexes with C6-
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aromatic rings were recognized in crystal structures and by
quantum chemical calculations.35 The strongest NH–π inter-
action with energy of −34.16 kcal mol−1 was obtained for the
interactions of the [Co(NH3)6]

3+ complex with benzene, where
three ammine ligands were involved in the interaction.35

Organometallic sandwich compounds can also form
cation–π interactions via their aromatic ligands. Ferrocene has
been recognized as an organometallic system capable of
forming interactions with alkali metal cations via its cyclopen-
tadienyl rings.36–39 These interactions have found application
in assembling organometallic polymers,40 and have recently
been shown to play important roles in electrochemical pro-
cesses, most notably the ones relevant to lithium-ion
batteries.41–44 According to calculated binding enthalpies, Li+

forms a stronger cation–π interaction with ferrocene
(−44.0 kcal mol−1) than with benzene (−36.1 kcal mol−1).36

Another example of a sandwich compound forming cation–π
interactions was (benzene)(hexafluorobenzene)chromium
reported by Frontera et al., who calculated somewhat weaker
cation–π interactions of −31.7 kcal mol−1 with Li+ and
−10.5 kcal mol−1 with K+.11

Organometallic half-sandwich compounds containing
benzene or Cp-type ligands with additional electron-withdraw-
ing ligands were recently shown to be capable of forming
anion–π interactions.45 In this way, transition metal coordi-
nation can be used as a way to make aromatic rings without
electron-withdrawing substituents or heteroatoms suitable for
anion–π interactions. The strongest anion–π interaction that
has been calculated is that between fluoride and the Cp ligand
in [FeCp*(CN)(CO)2], with an interaction energy of −25.0 kcal
mol−1, making these types of interactions stronger than
anion–π interactions of almost all organic molecules.45

In the present study we re-examined ferrocene as an
organometallic system suitable for recognition of alkali metal
cations via cation–π interactions, and extended our study to its
analogues – ruthenocene and osmocene. In addition, we
propose benzene sandwich compounds – bis(benzene)chro-
mium and its molybdenum and tungsten analogues – as more
efficient systems for cation recognition, particularly for alka-
line earth metal cations, which form remarkably strong
cation–π interactions.

2 Methodology

The effect of transition metal coordination onto cation–π inter-
actions of aromatic rings was analyzed by performing calcu-
lations on sandwich compounds. We studied interactions of
six cations, Mg2+, Ca2+, Li+, Na+, K+ and NH4

+, with sandwich
compounds of benzene and cyclopentadienyl (Cp) coordinated
to different metals. For benzene sandwich compounds we
studied bis(benzene)chromium, bis(benzene)molybdenum
and bis(benzene)tungsten, while for Cp sandwich compounds
we studied ferrocene, ruthenocene and osmocene. In this way
we were able to analyze the influence of 3d, 4d, and 5d metals
in sandwich compounds on cation–π interactions. The singlet

state of all sandwich compounds was considered in all calcu-
lations. Influence of cation–π interactions on the geometries of
sandwich compounds was evaluated by observing several geo-
metrical parameters (Fig. 1).

DFT calculations were done by employing the Gaussian09
(v. D.01) software.46 The B3LYP method47–50 with the def2-
TZVP basis set51 was chosen for optimization of the cation–π
complexes, with def2-TZVP effective core potentials used for
heavier 4d and 5d metals (Mo, W, Ru, Os), and with an ultra-
fine integration grid. This level of theory gives interaction
energy values in good agreement with those at the CCSD(T)/
CBS level (Table 1). All optimized structures were verified as
true minima by performing the calculations of vibrational fre-
quencies (no imaginary frequencies found). Interaction ener-
gies at the CCSD(T)/CBS level,52 considered to be the gold stan-
dard in quantum chemistry,53 were calculated using the two-
point extrapolation method of Helgaker.54 Interaction and
binding energies calculated at B3LYP/def2-TZVP level were cor-
rected for basis set superposition error using the counterpoise
method of Boys and Bernardi.55

We calculated values of the interaction energy, Eint, between
cations and sandwich compounds using the equation:

Eint ¼ Eopt
sandwich–cation � ðEfrozen

sandwich þ Efrozen
cationÞ þ EBSSE

as well as values of binding energy, Ebind, using the equation:

Ebind ¼ Eopt
sandwich–cation � ðEopt

sandwich þ Eopt
cationÞ þ EBSSE

Eoptsandwich–cation represents the energy of the optimized sand-
wich–cation complex; Efrozen

sandwich and Efrozen
cation represent the energy

of the sandwich compound and cation as they are within the
geometries of sandwich–cation complexes, respectively;
Eoptsandwich and Eoptcation represent the energy of the optimized struc-
tures of the isolated sandwich compounds and cations,

Fig. 1 Geometrical parameters used to describe cation–π interactions
between sandwich compounds and various cations (Cat). M is the metal
atom in a sandwich compound, which can be Fe, Ru, or Os for Cp sand-
wich compounds, or Cr, Mo, or W for benzene sandwich compounds.
The label Cen denotes the centroid of the aromatic ring (benzene or Cp)
forming the cation–π interaction. Cat is the cation and it can be Mg2+,
Ca2+, Li+, Na+, K+, or NH4

+ ion, while dCat–π is the distance from the
cation (Cat) to the center of the aromatic ring (Cen), dM–π is the distance
from the metal of a sandwich compound (M) to the center of the aro-
matic ring forming the cation–π interaction (Cen). dM–π,bottom is the dis-
tance from the metal M to the center of the aromatic ring not involved
in cation–π interactions.
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respectively. EBSSE is the energy attributed to the basis set
superposition error.

3 Results and discussion

We performed B3LYP/def2-TZVP calculations on cation–π
interactions of metal cations (Mg2+, Ca2+, Li+, Na+, K+ and
NH4

+) with sandwich organometallic compounds containing
benzene and a Cp ring (Tables S1–S7†). The calculated data
enable the evaluation of influence of a metal atom (Fe, Ru, Os,
Cr, Mo and W) and type of aromatic ring (Cp or benzene)
within the sandwich compound on the strength of cation–π
interactions.

The obtained interaction energies show that the cyclopenta-
dienyl sandwich compounds form stronger cation–π inter-
actions than (uncoordinated) benzene (Table 1 and Fig. 2).
However, the sandwich compounds of benzene are capable of
forming even stronger cation–π interactions (Table 1 and
Fig. 2). The strongest interaction energies are calculated for
complexes with Mg2+ cations, with −121.78 kcal mol−1 for
interaction with benzene, −155.62 kcal mol−1 for interaction
with osmocene, and the remarkable interaction energy of
−196.77 kcal mol−1 for interaction with bis(benzene)tungsten
(Fig. 2).

The cation–π interactions of benzene sandwich compounds
are significantly stronger than those previously reported for
the sandwich compound Cr(C6H6)(C6F6), whose benzene
ligand forms cation–π interactions with B3LYP/6-31++G** ener-
gies of −31.7 kcal mol−1, −19.2 kcal mol−1 and −10.5 kcal
mol−1 with Li+, Na+ and K+, respectively.11 Our calculations

show that bis(benzene)chromium forms significantly stronger
interactions with these cations: −52.52 kcal mol−1, −35.92 kcal
mol−1 and −24.60 kcal mol−1 with Li+, Na+ and K+, respectively
(Table 1 and Fig. 2). These results imply that substituents on
the lower (non-interacting) aromatic ring can affect interaction
energies through long-range electronic effects, a point which
deserves more attention in our future research.

In accordance with interaction energies, the dcat–π distances
for Cp sandwich compounds are shorter than those of uncoor-
dinated benzene, and even shorter for benzene sandwich com-
pounds (Table 1 and Fig. S3, S4†). As one can anticipate, the
interaction energies and dcat–π distances for sandwich com-
pounds are most significantly influenced by the charge and
size of cations, whose influences are similar to those observed
for the interactions with uncoordinated benzene (Table 1 and
Fig. 2), and in agreement with the literature data.1

Our calculations show that coordinated aromatic rings in
sandwich compounds form stronger cation–π interactions
than uncoordinated benzene (Fig. 2 and Table 1). The type of
the aromatic ring in the sandwich compound has an impor-
tant influence, since the benzene ring has approximately 20%
stronger interactions than the Cp ring. However, even though
it is evident that transition metal coordination itself strength-
ens cation–π interactions, the particular metals within the
sandwich compounds have surprisingly little influence on
interaction energies. Interaction energies for Cp sandwich
compounds with Fe, Ru and Os in the sandwich are very
similar for all the studied cations (Fig. 2). The interaction ener-
gies of benzene sandwich compounds with Cr, Mo and W in
the sandwich are also very similar, with notable differences
observed only in the case of very strong interactions with Ca2+

and Mg2+ ions (Fig. 2).
By analyzing the geometries of sandwich–cation complexes,

it was observed that the binding of cations causes the defor-
mation of the sandwich compound geometry. This defor-
mation is most notable in the changes in dC–C bond lengths

Table 1 Interaction energy (Eint) values calculated at the B3LYP/def2-
TZVP and the CCSD(T)/CBS levels for cation–π interactions of benzene,
bis(benzene)chromium and ferrocene. The dcat–π value indicates the dis-
tance from the cation to the aromatic ring center (see Fig. 1); for NH4

+

the N-centroid distance was considered

System Cation
dcat–π
[Å]

Eint B3LYP/
def2-TZVP
[kcal mol−1]

Eint CCSD(T)/
CBS
[kcal mol−1]

Benzene Mg2+ 1.924 −121.78 −115.50
Ca2+ 2.357 −81.88 −70.95
Li+ 1.840 −38.37 −36.83
Na+ 2.395 −23.87 −22.12
K+ 2.907 −15.88 −13.13
NH4

+ 3.018 −16.22 −19.09

Bis(benzene)
chromium

Mg2+ 1.864 −183.71 −178.87
Ca2+ 2.170 −131.25 −117.28
Li+ 1.773 −52.52 −50.47
Na+ 2.277 −35.92 −33.37
K+ 2.767 −24.60 −19.64
NH4

+ 2.837 −25.67 −29.75

Ferrocene Mg2+ 1.900 −152.98 −147.26
Ca2+ 2.271 −108.77 −95.15
Li+ 1.837 −47.44 −44.50
Na+ 2.346 −30.21 −27.40
K+ 2.821 −20.46 −23.52
NH4

+ 2.947 −21.17 −23.58

Fig. 2 Interaction energies (in kcal mol−1) between benzene and Cp
sandwich compounds and various cations, calculated at the B3LYP/
def2-TZVP level of theory.
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and dM–π distances (Fig. 1). Namely, cation–π interactions lead
to lengthening of C–C bonds of interacting aromatic rings in
all of the studied systems (Tables S3 and S5†), with linear cor-
relation between C–C bond lengths and the binding energies
(Fig. S16†). In addition to the changes within the aromatic
ring forming the interaction, the formation of cation–π inter-
actions causes shortening of the dM–π distances in all studied
systems (Fig. 3). As the dM–π distance decreases, the dM–π,bottom

distance increases (Fig. 3a), resulting in very similar dπ–π dis-
tances compared to the sandwich compound without cation–π
interactions (Fig. 3a and Fig. S15†). Therefore, it can be
observed that the overall size of the sandwich compound
remains similar upon the formation of cation–π interactions,
but the sandwiched transition metal is affected by the pres-
ence of cation and shifts towards it, becoming closer to the
aromatic ring forming cation–π interaction. This implies that
the transition metal is most likely involved in the formation of
the cation–π interaction, which deserves further analysis in our
upcoming studies. In addition, the changes in dM–π are in
good linear correlation with binding energies for both benzene
and Cp sandwich compounds (Fig. 3b and Fig. S17†), indicat-
ing that dM–π is another geometrical parameter, together with
C–C bond lengths, that can be used for assessment of the
strength of cation–π interactions.

Experimental support for our results was found within the
crystal structure of organometallic compounds containing
both C6 and C5 aromatic rings coordinated to transition
metals,56 where K+ prefers the C6 ring to form the cation–π

interaction (Fig. 4). In this example, K+ is situated almost
exactly above the C6 aromatic ring, being horizontally dis-
placed only 0.18 Å relative to the ring center, with the cation–
center distance of 2.83 Å, which is similar to the distances we
have obtained for benzene sandwich compounds (Table 1).

4 Conclusions

To evaluate the effect of transition metal coordination on
cation–π interactions, we have studied systems containing
sandwich compounds of benzene and cyclopentadienyl (Cp)
ligand and alkali, alkaline earth and ammonium cations.
These cation–π interactions were studied by means of CCSD
(T)/CBS and B3LYP/def2-TZVP calculations of binding and
interaction energies, as well as the observation of geometrical
parameters of cation–π dimers and the involved sandwich
compounds.

The calculations have shown that coordinated cyclopenta-
dienyl rings in ferrocene, ruthenocene and osmocene form
stronger cation–π interactions than (uncoordinated) benzene.
However, the strongest cation–π interactions were calculated
for benzene sandwich compounds, namely bis(benzene)chro-
mium, bis(benzene)molybdenum and bis(benzene)tungsten.
The calculations performed for the small and highly charged
Mg2+ cation reveal the strongest interactions, with interaction
energy values of −121.78 kcal mol−1 with benzene,
−152.98 kcal mol−1 with ferrocene and −183.71 kcal mol−1

with bis(benzene)chromium. Similarly to cation–π interactions
of uncoordinated aromatic compounds, cation–π interactions
of sandwich compounds are strongly influenced by charge and
size of cations. Moreover, sandwich compounds containing
larger transition metals form somewhat stronger cation–π
interactions with 2+ cations. Therefore, the strongest calcu-
lated interaction is that between Mg2+ and bis(benzene)tung-
sten, with interaction energy of −196.77 kcal mol−1.

Fig. 3 (a) M–π and M–π,bottom distances for bis(benzene)chromium
with and without cation–π interaction with Mg2+. (b) The correlation
between the change in M–π distances and B3LYP/def2-TZVP binding
energies for cation–π complexes of bis(benzene)chromium and
ferrocene.

Fig. 4 Cation–π interaction between a coordinated C6-aromatic ring
and K+ in the crystal structure of dipotassium (m-biphenyl)-bis(N,N’-bis
(t-butyl(dimethyl)silyl)ferrocene-1,1’-diamide)-di-ytterbium diethylether
solvate (CSD refcode XAJMOO).
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The formation of cation–π interactions induces local
changes in the structures of sandwich compounds, the most
notable being the elongation of C–C bonds within aromatic
rings and the shortening of distances between the transition
metal and aromatic ring center, the latter implying additional
interactions between the sandwiched transition metal and
cation. Both of these parameters show linear correlation with
the binding energies of cation–π interactions, which provides
the assessment of the strength of cation–π interactions based
on structural changes within the sandwich compounds.

In this work we demonstrate the ability of organometallic
compounds to act as remarkable cation receptors. Very strong
interactions obtained by quantum chemical calculations indi-
cate the potential of sandwich compounds, especially those
containing C6 aromatic rings, to be used in cation recognition
processes.

Author contributions

K. A. Ć. – data curation, formal analysis, investigation, soft-
ware, visualization, writing – original draft; S. D. Z. – formal
analysis, methodology, project administration, resources,
supervision, validation, writing – original draft; D. P. M. – con-
ceptualization, data curation, formal analysis, investigation,
methodology, project administration, software, supervision,
validation, writing – review & editing.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the Ministry of Science,
Technological Development and Innovation of the Republic of
Serbia (contract numbers: 451-03-136/2025-03/200288 and 451-
03-136/2025-03/200168). The high-performance computing
resources used in this work were provided by the IT Research
Computing Group at Texas A&M University in Qatar, which is
funded by the Qatar Foundation for Education, Science and
Community Development.

References

1 A. S. Reddy and G. N. Sastry, Cation [M = H+, Li+, Na+, K+,
Ca2+, Mg2+, NH4+, and NMe4+] interactions with the aro-

matic motifs of naturally occurring amino acids: A theore-
tical study, J. Phys. Chem. A, 2005, 109, 8893–8903.

2 G. W. Gokel, S. L. De Wall and E. S. Meadows,
Experimental Evidence for Alkali Metal Cation–π
Interactions, Eur. J. Org. Chem., 2000, 2967–2978.

3 G. W. Gokel, L. J. Barbour, S. L. De Wall and
E. S. Meadows, Macrocyclic polyethers as probes to assess
and understand alkali metal cation-π interactions, Coord.
Chem. Rev., 2001, 222, 127–154.

4 A. S. Mahadevi and G. N. Sastry, Cation–π Interaction: Its
Role and Relevance in Chemistry, Biology, and Material
Science, Chem. Rev., 2013, 113, 2100–2138.

5 J. Sunner, K. Nishizawa and P. Kebarle, Ion-solvent mole-
cule interactions in the gas phase. The potassium ion and
benzene, J. Phys. Chem., 1981, 85, 1814–1820.

6 B. H. Hong, S. C. Bae, C.-W. Lee, S. Jeong and K. S. Kim,
Ultrathin Single-Crystalline Silver Nanowire Arrays Formed
in an Ambient Solution Phase, Science, 2001, 294, 348–351.

7 D. A. Dougherty, Cation-π Interactions Involving Aromatic
Amino Acids1234, J. Nutr., 2007, 137, 1504S–1508S.

8 M. M. Torrice, K. S. Bower, H. A. Lester and
D. A. Dougherty, Probing the role of the cation–π interaction
in the binding sites of GPCRs using unnatural amino acids,
Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 11919–11924.

9 P. Lhoták and S. Shinkai, CATION–π INTERACTIONS IN
CALIX[n]ARENE AND RELATED SYSTEMS, J. Phys. Org.
Chem., 1997, 10, 273–285.

10 E. T. Kool and M. L. Waters, The model student: what
chemical model systems can teach us about biology, Nat.
Chem. Biol., 2007, 3, 70–73.

11 I. Alkorta, D. Quiñonero, C. Garau, A. Frontera, J. Elguero
and P. M. Deyà, Dual cation and anion acceptor molecules.
The case of the (η6-C6H6)(η6C 6F6)Cr(0) complex, J. Phys.
Chem. A, 2007, 111, 3137–3142.

12 D. A. Dougherty, Cation-π Interactions in Chemistry and
Biology: A New View of Benzene, Phe, Tyr, and Trp, Science,
1996, 271, 163–168.

13 S. C. R. Lummis, D. L. Beene, N. J. Harrison, H. A. Lester
and D. A. Dougherty, A Cation-π Binding Interaction with a
Tyrosine in the Binding Site of the GABAC Receptor, Chem.
Biol., 2005, 12, 993–997.

14 D. A. Dougherty, The Cation–π Interaction, Acc. Chem. Res.,
2013, 46, 885–893.

15 E. Cubero, F. J. Luque and M. Orozco, Is polarization
important in cation-π interactions?, Proc. Natl. Acad.
Sci. U. S. A., 1998, 95, 5976–5980.

16 C. Garau, A. Frontera, D. Quiñonero, P. Ballester, A. Costa
and P. M. Deyà, A Topological Analysis of the Electron
Density in Anion–π Interactions, ChemPhysChem, 2003, 4,
1344–1348.

17 C. Garau, A. Frontera, D. Quiñonero, P. Ballester, A. Costa
and P. M. Deyà, Cation-π versus anion-π interactions:
Energetic, charge transfer, and aromatic aspects, J. Phys.
Chem. A, 2004, 108, 9423–9427.

18 I. Soteras, M. Orozco, F. J. Luque, J. Kongsted,
K. V. Mikkelsen, T. A. Darden, C. Chipot, F. J. Luque,

Paper Dalton Transactions

7704 | Dalton Trans., 2025, 54, 7700–7706 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
2 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
on

 5
/2

2/
20

26
 2

:5
3:

40
 P

M
. 

View Article Online

https://doi.org/10.1039/d5dt00395d


T. L. Rosenberry, I. Silman and J. L. Sussman, Induction
effects in metal cation–benzene complexes, Phys. Chem.
Chem. Phys., 2008, 10, 2616.

19 A. Ferretti, M. d’Ischia and G. Prampolini, Benchmarking
Cation–π Interactions: Assessment of Density Functional
Theory and Möller–Plesset Second-Order
Perturbation Theory Calculations with Optimized Basis
Sets (mp2mod) for Complexes of Benzene, Phenol, and
Catechol with Na+, K+, Rb+, and Cs+, J. Phys. Chem. A,
2020, 124, 3445–3459.

20 J. C. Amicangelo and P. B. Armentrout, Absolute Binding
Energies of Alkali-Metal Cation Complexes with Benzene
Determined by Threshold Collision-Induced Dissociation
Experiments and ab Initio Theory, J. Phys. Chem. A, 2000,
104, 11420–11432.

21 D. Feller, D. A. Dixon and J. B. Nicholas, Binding
Enthalpies for Alkali Cation–Benzene Complexes Revisited,
J. Phys. Chem. A, 2000, 104, 11414–11419.

22 F. Alirezapour and A. Khanmohammadi, The effect of
cation–π inter-actions on the stability and electronic pro-
perties of anti-cancer drug Altretamine: a theoretical study,
Acta Crystallogr., Sect. C: Struct. Chem., 2020, 76, 982–991.

23 D. Vijay and G. N. Sastry, The cooperativity of cation–π and
π–π interactions, Chem. Phys. Lett., 2010, 485, 235–242.

24 O. Dobrovolska, M. Brilkov, N. Madeleine, Ø. Ødegård-
Fougner, Ø. Strømland, S. R. Martin, V. De Marco,
E. Christodoulou, K. Teigen, J. Isaksson, J. Underhaug,
N. Reuter, R. B. Aalen, R. Aasland and Ø. Halskau, The
Arabidopsis (ASHH2) CW domain binds monomethylated
K4 of the histone H3 tail through conformational selection,
FEBS J., 2020, 287, 4458–4480.

25 M. Ngu-Schwemlein, J. Merle, W. Meeker, K. Risdon-
Langdon and T. Nixon, Evaluating the involvement of
tryptophan on thiolated peptide-mercury(II) complexes:
Cation-pi interactions, Inorg. Chim. Acta, 2020, 506, 119552.

26 V. P. Singh, S. Singh, D. P. Singh, P. Singh, K. Tiwari,
M. Mishra and R. J. Butcher, Synthesis, spectral and single
crystal X-ray diffraction studies on Co(II), Ni(II), Cu(II) and
Zn(II) complexes with o-amino acetophenone benzoyl
hydrazone, Polyhedron, 2013, 56, 71–81.

27 M. Shakourian-Fard, M. Nasiri, A. Fattahi and
M. Vafaeezadeh, Influence of the water molecules (n = 1–6)
on the interaction between Li+, Na+, K+ cations and indole
molecule as tryptophan amino acid residue, Struct. Chem.,
2012, 23, 857–865.

28 E. Springfield, A. Willis, J. Merle, J. Mazlo and M. Ngu-
Schwemlein, Spectroscopic and Theoretical Studies of Hg
(II) Complexation with Some Dicysteinyl Tetrapeptides,
Bioinorg. Chem. Appl., 2021, 2021, 9911474.

29 S. D. Zarić, Cation–π interaction with transition-metal
complex as cation, Chem. Phys. Lett., 1999, 311, 77–80.

30 S. D. Zarić, Theoretical study of cation–π interactions of the
metal complex cation, [Co(NH3)6]3+, with ethylene and
acetylene, Chem. Phys., 2000, 256, 213–223.

31 M. Milčić and S. D. Zarić, Intramolecular Metal Ligand
Aromatic Cation–π Interactions in Crystal Structures of

Transition Metal Complexes, Eur. J. Inorg. Chem., 2001,
2001, 2143–2150.

32 S. D. Zarić, Metal Ligand Aromatic Cation−π Interactions,
Eur. J. Inorg. Chem., 2003, 2003, 2197–2209.

33 M. K. Milčić, Z. D. Tomić and S. D. Zarić, Very strong metal
ligand aromatic cation-π interactions in transition metal
complexes: intermolecular interaction in tetraphenylborate
salts, Inorg. Chim. Acta, 2004, 357, 4327–4329.

34 S. D. Zarić, D. M. Popović and E.-W. Knapp, Metal Ligand
Aromatic Cation–π Interactions in Metalloproteins: Ligands
Coordinated to Metal Interact with Aromatic Residues,
Chem. – Eur. J., 2000, 6, 3935–3942.

35 J. P. Blagojević Filipović, D. Z. Vojislavljević-Vasilev and
S. D. Zarić, Crystallographic and Quantum Chemical Study
of NH/π Interactions of Metal Ammine Complexes with
Aromatic Rings in the Second Coordination Sphere, Cryst.
Growth Des., 2024, 24, 1705–1714.

36 A. H. Ilkhechi, J. M. Mercero, I. Silanes, M. Bolte,
M. Scheibitz, H.-W. Lerner, J. M. Ugalde and M. Wagner, A
Joint Experimental and Theoretical Study of Cation−π
Interactions: Multiple-Decker Sandwich Complexes of
Ferrocene with Alkali Metal Ions (Li+, Na+, K+, Rb+, Cs+),
J. Am. Chem. Soc., 2005, 127, 10656–10666.

37 J. Rodríguez-Otero, E. M. Cabaleiro-Lago, Á. Peña-Gallego
and M. Merced Montero-Campillo, Study of the ferrocene–
lithium cation interaction by DFT calculations: an in-depth
analysis of the existence of a planetary system, Tetrahedron,
2009, 65, 2368–2371.

38 A. Irigoras, J. M. Mercero, I. Silanes and J. M. Ugalde, The
Ferrocene−Lithium Cation Complex in the Gas Phase,
J. Am. Chem. Soc., 2001, 123, 5040–5043.

39 L. Kaufmann, H. Vitze, M. Bolte, H.-W. Lerner and
M. Wagner, Experimental Assessment of the Relative
Affinities of Benzene and Ferrocene toward the Li+ Cation,
Organometallics, 2007, 26, 1771–1776.

40 J. J. Morris, B. C. Noll, G. W. Honeyman, C. T. O’Hara,
A. R. Kennedy, R. E. Mulvey and K. W. Henderson,
Organometallic Polymers Assembled from Cation–π
Interactions: Use of Ferrocene as a Ditopic Linker Within
the Homologous Series [{(Me3Si)2NM}2·(Cp2Fe)]∞ (M=Na,
K, Rb, Cs; Cp=cyclopentadienyl), Chem. – Eur. J., 2007, 13,
4418–4432.

41 N. Sharma, J. K. Ajay, K. Venkatasubbaiah and
U. Lourderaj, Mechanisms and dynamics of protonation
and lithiation of ferrocene, Phys. Chem. Chem. Phys., 2015,
17, 22204–22209.

42 Y. Mi, W. Liu, K. R. Yang, J. Jiang, Q. Fan, Z. Weng,
Y. Zhong, Z. Wu, G. W. Brudvig, V. S. Batista, H. Zhou and
H. Wang, Ferrocene-Promoted Long-Cycle Lithium–Sulfur
Batteries, Angew. Chem., Int. Ed., 2016, 55, 14818–14822.

43 R. M. Torres, A. Bhargav and A. Manthiram, Poly(vinylferro-
cene) as an Ionomer and Sulfur-Confining Additive for
Lithium–Sulfur Batteries, ACS Appl. Mater. Interfaces, 2023,
15, 39245–39252.

44 M. Yin, K. Guo, J. Meng, Y. Wang, H. Gao and Z. Xue,
Ferrocene-Based Polymer Organic Cathode for Extreme

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 7700–7706 | 7705

Pu
bl

is
he

d 
on

 0
2 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
on

 5
/2

2/
20

26
 2

:5
3:

40
 P

M
. 

View Article Online

https://doi.org/10.1039/d5dt00395d


Fast Charging Lithium-Ion Batteries with Ultralong
Lifespans, Adv. Mater., 2024, 36, 2405747.

45 D. P. Malenov and S. D. Zarić, New Type of Aromatic
π-Systems for Anion Recognition: Strong Anion-π and C–
H⋯Anion Interactions Between Halides and Aromatic
Ligands in Half-Sandwich Compounds, Chem. – Eur. J.,
2021, 27, 17862–17872.

46 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng,
W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery Jr.,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,
C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox,
Gaussian 09, Revision D.01.

47 A. D. Becke, Density–functional thermochemistry. III. The
role of exact exchange, J. Chem. Phys., 1993, 98, 5648–5652.

48 B. Miehlich, A. Savin, H. Stoll and H. Preuss, Results
obtained with the correlation energy density functionals of
becke and Lee, Yang and Parr, Chem. Phys. Lett., 1989, 157,
200–206.

49 C. Lee, W. Yang and R. G. Parr, Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density, Phys. Rev. B:Condens. Matter Mater. Phys.,
1988, 37, 785–789.

50 P. J. Stephens, F. J. Devlin, C. F. Chabalowski and
M. J. Frisch, Ab Initio Calculation of Vibrational Absorption
and Circular Dichroism Spectra Using Density Functional
Force Fields, J. Phys. Chem., 1994, 98, 11623–11627.

51 F. Weigend and R. Ahlrichs, Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy,
Phys. Chem. Chem. Phys., 2005, 7, 3297–3305.

52 J. A. Pople, M. Head-Gordon, K. Raghavachari, M. Head-
Gordon and K. Raghavachari, Quadratic configuration
interaction. A general technique for determining electron
correlation energies, J. Chem. Phys., 1987, 87, 5968.

53 M. O. Sinnokrot, E. F. Valeev and C. D. Sherrill, Estimates
of the ab initio limit for π-π interactions: The benzene
dimer, J. Am. Chem. Soc., 2002, 124, 10887–10893.

54 T. Helgaker, W. Klopper, H. Koch and J. Noga, Basis-set
convergence of correlated calculations on water, J. Chem.
Phys., 1997, 106, 9639.

55 S. Boys and F. Bernardi, The calculation of small molecular
interactions by the differences of separate total energies.
Some procedures with reduced errors, Mol. Phys., 1970, 19,
553–566.

56 Y. Xiao, X.-K. Zhao, T. Wu, J. T. Miller, H.-S. Hu, J. Li,
W. Huang and P. L. Diaconescu, Distinct electronic struc-
tures and bonding interactions in inverse-sandwich samar-
ium and ytterbium biphenyl complexes, Chem. Sci., 2021,
12, 227–238.

Paper Dalton Transactions

7706 | Dalton Trans., 2025, 54, 7700–7706 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
2 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
on

 5
/2

2/
20

26
 2

:5
3:

40
 P

M
. 

View Article Online

https://doi.org/10.1039/d5dt00395d

	Button 1: 


