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Abstract A theoretical analysis of the nature of the
interactions in dibenzo[24]crown-8 (DB24C8)-n-dibuty-
lammonium (DBM)—pseudorotaxane complex at the
MP2 and DFT levels shows that the main contribution
to the binding energy is the electrostatic interaction with
moderate (20–25%) correlation stabilization. The total
binding energy in the DB24C8-DBM complex represents
a sum of the binding energies of two NH–O and one
CH–O hydrogen bonds and the latter constitutes about
25% of the total interaction energy, giving the total
binding energy of �41.2 kcal mol�1 at the BHandH-
LYP/6-311++G** level. Deprotonation of the
DB24C8-DBM complex reduces the binding energy by
some 50 kcal mol�1, giving metastable complexes
DB24C8-DBA-1 or DB24C8-DBA-2, which will disso-
ciate to give free crown ether and n-dibutylamine be-
cause of the strong exchange repulsion that prevails in
neutral complexes.

Keywords Molecular switch Æ Dibenzo[24]crown-8 Æ
Dibutylammonium Æ MP2 Æ DFT

Introduction

It is well known that crown ethers can form complexes
with RNH3

+ ions [1–3]. The chemical consequences of
this kind of interaction have been observed in many
important processes like molecular recognition events
[4], resembling some important biological processes like
protein-transport across membranes [5], as well as pro-
ducing binding sites for Lewis-basic ligands in artificial
receptors [6, 7]. More recently, it has been shown that
suitably chosen R2NH2

+ ions can thread through the

cavities of appropriately constituted crown ethers to give
inclusion complexes with pseudorotaxane-like geome-
tries [8, 9]. Interactions between crown ethers and
R1R2NH2

+ ions were used in the design of systems of
both photochemical and photophysical interest. Their
structural features have been studied by X-ray crystal-
lography in the solid state, 1H NMR spectroscopy in
solution and mass spectrometry in the gas phase [10].
Investigations of the molecular recognition between a
crown ether of at least the [24]crown-8 constitution and
an NH2

+ center on a threaded dialkylammonium ion
have led to the realization that such systems could serve
as a basis for pH-controllable molecular shuttles in sit-
uations involving competitive multiple recognition sites.
Indeed, such an ‘‘all-or-nothing’’ molecular switch was
described [11] in the literature in 1997. It involves
DB24C8 as the ring component and a 4,4¢-bipyridinium
unit as the competing recognition site, also containing a
NH2

+ center for binding the crown ethers.
An example of an acid––base controllable molecular

shuttle in which the rotaxane bears a fluorescent and
redox-active anthracene stopper unit in addition to a
dialkylammonium center and a bipyridinium unit has
been reported by Stoddart et al. [12]. Upon addition of
an appropriate base, the NH2

+ group is deprotonated
and the crown ether switches from the NH center to the
bipyridinium. Treatment with acid restores the NH2

+

center and reverses the process. Using the anthracene
stopper, it is possible to monitor the switching process
by means of electrochemical and photophysical tech-
niques due to its absorption, luminescence, and redox
properties.

It is believed that the interaction between an NH2
+

center and a crown ether is essentially electrostatic in
nature since the stability constant associated with the
threading of R2NH2

+ ion decreases with the solvent
polarity [13]. Similar conclusions have been reached in
the studies of C6H11NH3

+-18-crown-6 complex dissoci-
ation [14]. Close contact is observed between both NH
protons and oxygen atoms located in the polyether’s
macrocycle. Additionally, one of the CH2 protons in
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each methylene group linked directly to the ammonium
center is within hydrogen-bonding distance, suggesting
C–H–O interactions [13]. However, it has not been
documented on a theoretical level that electrostatic
interactions dominate crown ether–ammonium com-
plexes.

Although there is some theoretical work on ammo-
nium–crown complexes [15–18] it is limited to DFT or
HF studies of crown–ammonium complexes. To the best
of our knowledge, there is only one quantum-mechani-
cal semiempirical study of a molecular complex between
a secondary ammonium cation and DB24C8, which
represents a model of a real molecular switch. The au-
thors studied the process of switching between neutral
and protonated states of this complex and although the
semiempirical model predicts correctly the most impor-
tant features of the switching process, this model is too
simple to give a deep insight into the nature of inter-
molecular interactions [19]. Another approach [20] was
used to understand the nature of interaction in para-
quat-based catenanes and rotaxanes. In this work, a
small model system consisting of methylpyridinium ion
and dimethylether representing a model for the inter-
action between paraquat cycle and a polyethyleneoxide
chain was used. The model system was studied at the
MP2/6-311++G** level and the importance of CH–O
hydrogen bonds between the charged system and oxy-
ethylene chain was shown.

This work is an attempt to combine these two ap-
proaches. On one hand to use a model as close as possible
to the real system, and on the other to use correlated ab
initio and DFT methods to study the nature of inter-
molecular interactions in DB24C8-secondary ammo-
nium-based pseudorotoxanes.

Computational details

The model system used for the calculations represents a
complex of DB24C8 with the di-n-butylammonium
cation as the charged species and DB24C8 with di-n-
butylamine as the deprotonated one (Fig. 1). Because of
the flexibility of the DB24C8 cycle, there are multiple
local minima for these complexes. To get as close as
possible to the global minimum, a conformational
search was carried out for the charged complex using a
Monte Carlo algorithm in combination with the
MMF94 force field available in the Titan program [21].

The lowest energy structure was used for all further
optimizations. A similar procedure was used for
DB24C8 and the di-n-butylammonium cation. The ini-
tial structures for the neutral complex were generated by
the elimination of one of the protons from the ab initio
optimized structure of the charged complex, suggesting
that deprotonation occurs faster than conformational
changes.

It is important to select an appropriate theoretical
method that offers a reasonable balance between com-
putational cost and precision. To select this method,
preliminary calculations were carried out on ‘‘models’’
of the model system; a complex of di-n-propylammoni-
um and di-n-propylamine with dimethylether (DME).
To study the nature of CH–O interactions, a model
complex of tetramethylammonium (TMA) with DME
was used as a model. First, the geometry was optimized
at the MP2/6-31+G* level and zero-point energy cor-
rection was determined. Then, the geometry was opti-
mized at the MP2/6-311++G** level and binding
energies were calculated taking into account basis set
superposition error (BSSE) according to Ref. [22]. For
comparison purposes, similar calculations were carried
out at HF, B3LYP and BHandHLYP levels. The solvent
effect on the binding energy was studied at the
BHandHLYP level with the Poisson–Boltzmann method
[23, 24] implemented in the Jaguar 5.5 suite of programs
[25], which represents one of the modifications of the
continuum model. All DFT geometry optimizations
were carried out using the Jaguar 5.5 suite of programs.
Single point energy evaluations at DFT and MP2 levels
as well as MP2 geometry optimizations were carried out
with the Gaussian 03 code [26]. The largest possible basis
set (6-311++G**) was used for all calculations to re-
duce the effect of the basis set on the calculation results.
Thus, all geometry optimizations and frequency calcu-
lations for DB24C8-containing complexes involved
around 1,300 basis functions.

The Kitaura–Morokuma energy decomposition
analysis [27] was carried out with the GAMESS pro-
gram [28].

Results and discussion

Complexes of (DME) with n-dipropylamine (DPA),
n-dipropylammonium (DPM) and TMA with DME as
model systems forDB24C8-secondary ammomium-based

Fig. 1 Formation of DB24C8–
DBM pseudorotoxane complex
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pseudorotoxaneswere studied at four different theoretical
levels in order to find a compromise between accuracy and
computational efficiency. The MP2 level of theory was
chosen as a reference. As seen from Table 1, the binding
energies of DPA–DME and DPM–DME complexes are
very similar for MP2 and all DFT models, while the HF
binding energies are less negative. When analyzing Ta-
ble 1 one can see that underbinding at the HF level is
related to ignoring the correlation stabilization, which
reaches 3–4 kcal mol�1 forDPA–DMEandDPM–DME
complexes. The experimentally observed dissociation en-
thalpy for the dimethylammonium–water complex in the
gas phase is 15 kcal mol�1 [29], very close to the binding
energy obtained by theMP2 andDFTmethods. A similar
situation holds for the TMA–DME complex, where cor-
relation stabilization represents about 20% of the total
stabilization energy. The experimental data available for
the TMA–water complex give a dissociation enthalpy of
9 kcal mol�1 [29], close to those obtained by DFT and
MP2. The HF model, as seen from Table 1, slightly

underestimates the stability of the CH–O ionic hydrogen
bond. There is a big difference between the stabilization
energies of charged (DPM–DME) and neutral (DPA–
DME) complexes, which is the driving force for the
switching process in pH-switchable molecular shuttles
(Table 1). As seen in the case of neutral complex DPA–
DME, the binding energy is completely due to correlation
stabilization and the HF/6-311++G** stabilization en-
ergy is positive for MP2/6-311++G** optimized geom-
etries. It is interesting to note that the correlation
stabilization is similar for both charged and neutral
complexes. However, the total stabilization energies for
DPM–DME and DPA–DME are of �16.00 and
�2.76 kcal mol�1, respectively. The electrostatic, charge
transfer and polarization contributions are responsible
for the difference in binding energy between DPM–DME
andDPA–DME complexes, as follows from theKitaura–
Morokuma energy-decomposition analysis.

Table 2 shows the Kitaura–Morokuma energy-
decomposition of the HF interaction energy for

Table 1 BSSE corrected gas
phase binding energies (kcal
mol�1) at different levels of
theory with ZPE corrections at
6-31+G* level

aThe free Gibbs binding energy
at 298 K

MP2/6-311++G**

Complex MP2/6-311++G** HF/6-311++G** Ecorr

DPA–DME �2.76 0.55 �3.31
DPM–DME �16.00 �12.25 �3.75
TMA–DME �10.50 �7.36 �3.14
B3LYP/6-311++G**
DPA–DME �2.56
DPM–DME �15.26
TMA–DME �9.24
BHandHLYP/6-311++G**
DPA–DME �2.77
DPM–DME �15.48
TMA–DME �9.21
HF/6-311++G**
DPA–DME �1.76
DPM–DME �13.74
TMA–DME �8.18
BHandHLYP/6-311++G**
DB24C8–DBM �41.2 (�30.21)a
DB24C8–DBA�1 11.86
DB24C8–DBA�2 11.78
MP2/6-311++G**//BHandHLYP/6-311++G**

MP2/6-311++G** HF/6-311++G** Ecorr

DB24C8–DBM �43.60 �33.96 �9.64
DB24C8–DBA�1 7.67 20.33 �12.66
DB24C8–DBA�2 7.92 21.15 �13.23

Table 2 The Kitaura–Morokuma Hartree–Fock interaction energy decomposition at HF/6-31G**//MP2//6-311++G** (m) and HF/
6-31G**//BHandHLYP/6-311++G** (t) level of theory (kcal mol�1)

Complex ESa EXb PLc CTd MIXe HFf

DPA–DME (m) �5.12 5.89 �0.48 �2.18 �0.25 �2.14
DPM–DME (m) �23.48 18.86 �5.96 �6.11 0.12 �16.58
DB24C8–DPM (t) �58.98 33.00 �14.07 �12.27 0.24 �52.09
DB24C8–DPA-1 (t) �8.25 24.13 �1.79 �7.92 �0.01 6.15
DB24C8–DPA-2 (t) �9.94 25.44 �1.90 �8.62 �0.23 4.74
TMA–DME (m) �11.35 5.92 �2.15 �2.60 �0.06 �10.23

aElectrostatic energy
bExchange repulsion energy
cPolarization energy

dCharge transfer energy
eHigh-order coupling energy
fHartree–Fock energy
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DPM–DME and DPA–DME complexes. As seen, the
charge transfer, polarization and especially electrostatic
interactions contribute most to the stabilization of the
DPM–DME complex. The exchange repulsion origi-
nating from the electron repulsion on overlapped
molecular orbitals is the most important destabilizing
factor for the complexes. The strongest exchange
repulsion is observed for the tight DPM–DME complex.
Figure 2 shows selected geometrical parameters of the

optimized structures of the DPM–DME, DPA–DME
and TMA–DME complexes. It is noteworthy that the
B3LYP- and HF-optimized geometries differ signifi-
cantly from the MP2 and BHandHLYP geometries.
Thus, the O–H distance in the DPA–DME complex
optimized at the B3LYP and HF levels differs by 0.15
and 0.31 Å from those optimized at the MP2 level of
theory. Such a big difference is due to the fact that
DPA–DME complex stability is mostly related to the

Fig. 2 Optimized structures of
model complexes at different
theoretical levels
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correlation term, which is missing in HF theory. The
B3LYP functional is known to be unreliable for systems
where dispersion energy is important, which is the main
part of correlation stabilization [30]. In the case of the
charged DPM–DME and TMA–DME complexes,
where electrostatic interactions contribute most to the
binding energy, the HF and B3LYP models perform
better, as seen from Table 1. The difference between
MP2 and HF and B3LYP optimized geometries is less:
0.18 and 0.06 Å, respectively, for the DPM-DME
complex (O–H distance). A similar situation is observed
for the TMA–DME complex, where the longest O–H
distances in MP2 and HF and B3LYP optimized
geometries differ by 0.27 and 0.32 Å, respectively. As
seen from Table 1, TMA–DME is stabilized mostly by
electrostatic interactions and the correlation stabiliza-
tion represents about 30% of the total stabilization
energy at the MP2/6-311++G** level, similar to that in
the DPM–DME complex. As seen from Table 2, the
most important contribution to the stabilization of the
TMA–DME complex is the electrostatic interaction.

As seen from Table 1 and Fig. 2, the BHandHLYP
functional reproduces the MP2 interaction energies of
charged and neutral complexes well. Moreover, the
BHandHLYP optimized geometries of the neutral and
charged complexes are very close to the MP2 optimized
ones. It has been shown earlier that the BHandHLYP
functional reproduces MP2 geometries and binding
energies of weakly bounded complexes well [31, 32].

The pseudorotoxane-type complex between DB24C8
and n-butylammonium (DB24C8–DBM) was first syn-
thesized and characterized by Stoddart et al. [8]. The gas
phase optimized geometry at the BHandHLYP/
6-311++G** level is shown in Fig. 3. The optimized
geometry of the complex qualitatively reproduces the X-
ray structure of the DB24C8–DBM cation with a PF6

�

counterion, where NH-O hydrogen bonds are formed by
phenol and ether oxygens, respectively. Figure 3 shows
the overall optimized geometry and selected calculated
and experimental distances [8]. The differences observed
between the X-ray structure and the gas phase optimized
geometry could be related to the fact that the lowest
energy conformers are different in the solid and gas
phases. Thus, the geometry optimization of the con-
former corresponding to the X-ray structure [8] at
BHandHLYP/6-311++G** makes the structure
2 kcal mol�1 less stable than the lowest energy con-
former located with the conformational search program.
As seen from Fig. 3, the n-butylammonium cation is
bonded to the crown ether ring by two NH–O and one
NCH–O hydrogen bonds, similar to those found for the
solid state [8]. The hydrogen-bond lengths in the
DB24C8–DBM complex, both experimental and theo-
retical are significantly shorter than those of the model
complex DPM–DME, which might reflect steric hin-
drance in the pseudorotoxane compared to the model
complexes.

The binding energies of the DB24C8–DBM com-
plexes at the BHandHLYP/6-311+G** and MP2/

6-311+G**//BHandHLYP/6-311+G** levels are
shown in Table 1. Both methods give binding energies
in the range of �41 to �43 kcal mol�1. Similar to the
DPM–DME complex, the correlation stabilization
represents 20–25% of total binding energy. One can
estimate the contributions of different types of bonding
to the stabilization energy of the DB24C8–DBM
complex. Two NH–O hydrogen bonds in
DB24C8–DBM will contribute to the binding energy as
the double stabilization energy of the DPM–DME
complex giving a sum of �30.96 kcal mol�1. The total
binding energy of the DB24C8–DBM complex reaches
�41.1 kcal mol�1 at theBHandHLYP/6-311++G**
level. The rest of the binding energy can be attributed
to NCH–O hydrogen bonding. The model TMA–DME
complex has a binding energy of �9.21 kcal mol�1 at
the BHandHLYP/6-311++G** level giving a total
binding energy of �40.17 kcal mol�1, very close to the
binding energy of the DB24C8–DBM complexes.
Therefore, the calculations show that the DB24C8–
DBM complex is stabilized by two NH–O and one
NCH–O hydrogen bonds, in line with the X-ray dif-
fraction data of the DB24C8–DBM complex [8]. A
small difference of 1 kcal mol�1 can be attributed to
the additional weak NCH–O interactions. Thus, the
four NCH–O distances in the DB24C8–DBM complex
are 2.21, 2.39, 2.44 and 2.47 Å (Fig. 2). The shortest
bond contributes most to the additional stabilization,
while the longer ones contribute the rest. A similar
picture is observed for the MP2 model. Two NH–O
and one NCH–O bonds give �42.5 kcal mol�1, while
the total MP2/6-311++G** binding energy is
�43.1 kcal mol�1. The determination of the gas phase
binding energy in the c–C6H11NH3

+�18-crown-6 com-
plex using a proton-transfer experiment in a high
pressure mass-spectrometer gave �46±4 kcal mol�1

[14]. The complex is stabilized by three ionic hydrogen
bonds similar to those in DB24C8–DBM. A theoretical
estimation of the binding energy using the additivity
scheme gives �48.0 and �46.4 kcal mol�1 for the
MP2/6-311++G** and BHandHLYP/6-311++G**
levels of theory, respectively, which is in excellent
agreement with the experiment.

When analyzing the HF energy contributions to the
binding energy using the Kitaura–Morokuma energy-
decomposition scheme (Table 2) one can see that the
electrostatic interactions in the DB24C8–DBM com-
plex correspond to the sum of electrostatic interactions
in the TMA–DME complex and two DPM–DME
complexes with an error of 0.67 kcal mol�1. A similar
situation holds for the polarization and charge transfer
contributions. In the case of the exchange repulsion,
however, the sum of two exchange repulsions of
DPM–DME and TMA-DME (43.6 kcal mol�1) is
larger than the exchange repulsion in the
DB24C8–DBM complex (33.0 kcal mol�1), which can
be attributed to large H-O distances in DB24C8–DBM
compared to DPM–DME, causing less electron
repulsion in the former.
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The deprotonation of the DB24C8–DBM complex
results in the disassembling of pseudorotoxane
DB24C8–DBM [8]. The deprotonation gives two dif-

ferent conformers (Fig. 3) depending on the proton ab-
stracted. All levels of theory predict DB24C8–DBA-1
and DB24C8–DBA-2 complexes to be metastable after

Fig. 3 BHandHlyp/6-
311++G** optimized
structures of DB24C8–DBM,
DB24C8–DBA-1 and DB24C8–
DBA-2 complexes.
Experimental bond lengths are
in brackets [8]
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taking BSSE into account, with positive binding energies
and very similar stabilities. The only contribution to the
binding energy is an NH–O hydrogen bond. The binding
energies of DPA–DME at the MP2 and BHandHLYP
levels are of �2.76 and �2.77 kcal mol�1, although
small but negative. As mentioned above, correlation
stabilization represents the most important contribution
to their stability. As seen from Table 1, the correlation
stabilization of the DB24C8–DBA-1 and DB24C8–
DBA-2 complexes is significantly more negative than for
DPA–DME; �12.66 and �13.26 kcal mol�1 at the
MP2/6-311++G** level of theory. Therefore, the
destabilization of DB24C8–DBA-1 and DB24C8–DBA-
2 complexes is related to the HF energy contribution.
Table 2 shows the Kitaura–Morokuma energy decom-
position. The electrostatic interactions in DB24C8–DBA
complexes are almost twice as negative as in DPA–
DME, revealing additional interactions apart from NH–
O hydrogen bonding in the DB24C8–DBA complexes.
The same situation holds for the polarization and
especially charge transfer energies, which becomes as
important as electrostatic stabilization for DB24C8–
DBA complexes. According to the Kitaura–Morokuma
energy-decomposition analysis, exchange repulsion is
the main factor destabilizing the neutral complexes
DB24C8–DBA-1 and DB24C8–DBA-2. Although the
exchange repulsion is stronger for the charged DB24C8–
DBM complex because of their more compact structure,
the additional electrostatic stabilization overcompen-
sates the increase in exchange repulsion.

The association constant of the DB24C8–DBM
complex depends strongly on the polarity of the solvent
[8], decreasing with the solvent dielectric constant and
thus sustaining the hypothesis of the predominance of
electrostatic interactions in the stabilization of DB24C8–
DBM. Table 3 shows the calculated binding and the free
Gibbs binding energies of the DB24C8–DBM complex
in different solvents. As seen, the binding energies de-
crease with solvent polarity, in agreement with the
available experimental data. When comparing the
experimental and theoretical free Gibbs binding ener-
gies, one finds reasonable agreement between theory and
experiment (Table 3). Highly polar solvents impede
while those with low dielectric constant allow complex
formation. The observed agreement between the exper-

iment and theory validates the conclusions on the nature
of intermolecular interactions obtained using the present
theoretical model.

Conclusions

The most important contributions to the binding energy
of dibenzo-24-crown-8—secondary ammonium pseud-
orotoxanes are electrostatic interactions, polarization
energy and charge transfer. Correlation stabilization at
the MP2 level of theory represents 20–25% of the total
stabilization energy. The BHandHLYP functional pro-
duces geometries and interaction energies closest to the
MP2 model while the B3LYP and HF methods are less
satisfactory. According to our calculations, the pseud-
orotoxane is stabilized by two NH–O and one NCH–O
hydrogen bonds. The latter comprises about 25% of the
total interaction energy, giving a total binding energy of
�41.2 kcal mol�1 at the BHandHLYP/6-311++G**
level. Available experimental data on crown ether–
ammonium complex stability agree very well with the
theoretical calculations. Deprotonation reduces the
binding energy by some 50 kcal mol�1, giving the
metastable complexes DB24C8–DBA-1 or DB24C8–
DBA-2, which will dissociate to give free crown ether
and n-dibutylamine because of strong exchange repul-
sion.
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