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Intra-host p–p interactions in crown ether
complexes revealed by cryogenic
ion mobility-mass spectrometry†

Ryosuke Ito, Keijiro Ohshimo * and Fuminori Misaizu *

Cryogenic ion mobility-mass spectrometry was performed to investigate the relative abundance of

conformers of dinaphtho-24-crown-8 (DN24C8) complexes with alkali metal cations M+ (M = Li, Na, K,

Rb, and Cs). The ‘‘closed’’ conformers of M+(DN24C8) with short distances between two naphthalene

rings in the crown ethers were predominantly observed for all complexes at 86 K. The two noncovalent

interactions, host–guest and intra-host interactions, were analyzed separately by density functional

theory calculations to reveal the origin of the stability of the closed conformers. As a result, it was

revealed that the intra-host p–p interactions have a more critical role in determining the stability of the

conformers than the host–guest interactions. The closed conformers of M+(DN24C8) also have wider

regions of the p–p interactions than those of the M+(dibenzo-24-crown-8) complexes.

1. Introduction

Noncovalent interactions (NCIs) influence the conformation of
a variety of molecules and the formation of supramolecular
systems.1–4 For example, p–p interactions play an important
role in stabilizing the higher-order structure of DNA double
strands in addition to hydrogen bonding between nucleobases.
Biomolecules are designed to exhibit a variety of functionalities
through a skillful combination of weak interactions. The in-
depth understanding of NCIs such as p–p interactions could
therefore provide guidelines for designing molecules with
biomolecular-like functionalities. The key to the functional
expression of soft molecules composed of weak NCIs is their
flexibility. The structures of the soft molecules fluctuate among
several conformers using thermal energy. This flexibility in
structures makes detailed analysis of their conformation diffi-
cult. Therefore, supramolecular structures are mainly studied
by X-ray crystallography in the solid phase without structural
fluctuations.5

In recent years, gas-phase laser photodissociation spectro-
scopy has been actively performed to study the structures of
cold supramolecular ions.6 In particular, the vibrational tem-
perature of an isolated ion is lowered to B10 K by employing
a cryogenic ion trap. This cryogenic technique allows us to

observe vibrationally resolved sharp absorption spectra of supra-
molecules. However, complicated spectra are often obtained also at
low temperatures due to the coexistence of multiple conformers of
the flexible supramolecular ions. Therefore, it is still difficult to
determine the structures and the abundance ratio of the conformers
even from the cryogenic spectra in which the bands of the con-
formers are overlapped.

Host–guest complex is one of the simple models for a flexible
supramolecule. Ion mobility-mass spectrometry (IM–MS) has been
used to study conformers of host–guest complexes in the gas
phase at room temperature.7–9 IM–MS is a powerful technique to
separate conformers in the gas phase.7,10,11 Size- and conformer-
selected absorption spectra of supramolecular ions can be
obtained by the coupling of IM–MS with photodissociation
spectroscopy.12–14 In the conventional drift-tube IM–MS, we
measured the time distribution of the ions to pass through the
drift tube (several milliseconds) and determined collision cross
sections (CCSs) of the ions with a buffer gas. Conformations of
the complex ions can be determined from the comparison
between experimental and theoretical CCSs of the ions. Cryo-
genic IM–MS has also been performed using a drift tube cooled
by liquid nitrogen.15–32

Crown ether complexes with metal ions are one of the most
common host–guest compounds. The encapsulation structures
of crown ether complexes in crystal forms were studied by X-ray
diffraction.33–36 Nuclear magnetic resonance studies of
structures of the conformations of the dibenzo-30-crown-10
(DB30C10) complexes with alkali metal ions, M (M = Na and
K), M+(DB30C10), in solution also showed the same configu-
ration of DB30C10 as that reported for the crystal.37,38
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The conformation of the crown ether complexes in the gas
phase was studied by ultraviolet photodissociation (UVPD)26,39–46

and IM–MS.8–10,26–30 Previously, we studied the conformations
of M+(DB24C8) (M = Na, K, Rb, and Cs) using cryogenic IM–MS.
The coexistence of two conformers, open and closed conformers,
were confirmed in the study, which have long and short distances
between the two benzene rings in a molecule, respectively.30

These conformers were also assigned by a UVPD spectrum of
M+(DB24C8) at B10 K.46 For the closed conformer of
K+(DB24C8), the relative orientation of the two benzene rings
in the complex was found to be quite close to that of the
benzene dimer. Therefore, this closed conformer was con-
cluded to be highly stabilized by the strong p–p interaction
between the benzene rings due to its special benzene dimer-like
conformation.30

In the present study, we investigated the effect of enhance-
ment of p–p interaction by expanding the aromatic rings in the
complexes on the conformation and the stability of the com-
plexes. The conformation of the complexes of alkali metal
cations (Li+, Na+, K+, Rb+, and Cs+) with dinaphtho-24-crown-8
(DN24C8) shown in Fig. 1 was determined by combining
the results of cryogenic IM–MS experiments at 86 K in the
gas phase and quantum chemical calculations. The relative
abundance ratio of the closed conformer of the M+(DN24C8)
complexes was larger than that of the M+(DB24C8) complexes.
The extraordinary stability of the closed conformers of the
DN24C8 complexes was discussed based on a quantitative
evaluation of the strength of intra-host p–p interactions
between the two aromatic rings in the complexes.

2. Experimental and
theoretical methods
2.1. Experimental methods

Details of the experimental setup were given elsewhere.30,31

M+(DN24C8) complex ions were generated by electrospray
ionization. 0.1 mM alkali metal chlorides (LiCl, NaCl, KCl,
RbCl, or CsCl) and DN24C8 were dissolved in methanol. The
solution was delivered to a metal capillary at 2.0 mL min�1.
High voltage (+2.6 kV) was applied between the metal capillary
and a heated desolvation capillary (B350 K). The entrance of an
ion funnel was positioned close to the exit of the heated
capillary. After focusing the ions by the funnel, ions were intro-
duced into a quadrupole ion trap (QIT). Ions were accumulated
for 40 ms in the QIT. To trap ions efficiently, helium gas was
introduced to the QIT with 16 sccm. After accumulation, ions

were injected into the cryogenic ion drift tube by a pulsed
electric field at a given time (t = t0). The temperature and
pressure of helium buffer gas in the drift tube were 86 K and
0.600 torr, respectively. A static electric field (E = 6.1 V cm�1)
was applied in the drift tube for ion drifting. The E/N value
was 9.0 Td under the above conditions (N is the number density
of the buffer gas, 1 Td = 10�17 V cm2). Thus, the low-field
condition (ca. E/N o 10 Td) was achieved in our experiments.
After passing through the drift tube, the ions were transported
to the acceleration region of the time-of-flight mass spectro-
meter (TOF-MS). The ions were accelerated to B4 keV by pulsed
electric fields at a given time later from the pulse for the
injection into the drift tube: t = t0 + Dt. The ions were detected
by a microchannel plate of the TOF-MS. The delay time between
the two pulses, Dt, was defined as ‘‘arrival time’’. The drift
velocity of the ions in the drift tube, vd, was calculated numeri-
cally from the measured arrival time. It is known that vd is
proportional to E, and the proportional constant (K) is called
ion mobility.47,48 The mobility K depends on the number
density of the buffer gas N. To compare the mobility under
different experimental conditions, the reduced mobility K0 is
defined as K0 = K�(N/N0), where N0 is Loschmidt’s number.
From the Mason–Schamp equation, the reduced mobility K0 in
the drift tube was given as

K0 ¼
3q

16N0

2p
kBmTeff

� �1
2 1

O
(1)

where q is the charge of the ion, kB is the Boltzmann constant, m
is the reduced mass of the ion and the buffer gas atom, Teff is
the effective temperature of the ions, and O is a CCS.47,48 The
effective temperature is given by Teff = TBG + mBvd

2/3kB, where
TBG is the buffer gas temperature, and mB is the mass of buffer
gas. Therefore, the CCS of the ion is calculated from the
measured arrival time of the ion, Dt. In the IM–MS, we obtained
a set of TOF mass spectra sequentially by scanning the arrival
time. We obtained a plot of arrival time distribution (ATD), in
which the total ion intensity of a certain TOF peak was shown
as a function of the arrival time. We converted the ATDs to CCS
distributions and analyzed them by fitting Gaussian func-
tions with a width consistent with the CCS resolution of the
apparatus.

2.2. Computational methods

Density functional theory (DFT) calculations were performed to
determine the structures of the M+(DN24C8) complex ions. The
initial conformational search was performed by the CONFLEX 8
program with the MMFF94s force field.49,50 In total 20 con-
formers with relatively low steric energy on the CONFLEX were
further optimized at the M05-2X/6-311++G(d,p) level with the
Stuttgart RLC ECP for Rb and Cs atoms51–53 by the Gaussian 16
program.54 The vibrational analysis, zero-point energy correc-
tion, and natural population analysis were also performed at
the same level. The theoretical CCSs of candidate structures of
M+(DN24C8) obtained by DFT calculations were calculated by
the trajectory method in the MOBCAL program.55 In theFig. 1 Skeletal formulas of (a) DB24C8 and (b) DN24C8.
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trajectory method, the Lennard–Jones parameters between
constituent atoms of a complex ion and a He atom (eX–He and
sX–He) are needed. In the present study, we used the previously
reported eX–He and sX–He for X = C, H, and O.56 The values for
X = Li, Na, K, Rb, and Cs were determined from calculations of
X–He diatomic systems at the CCSD(T)/6-311+G(d,p) level
with the Stuttgart RLC ECP for Rb and Cs atoms (eLi–He =
0.80165 meV, sLi–He = 1.7610 Å, eNa–He = 0.7511 meV, sNa–He =
2.1925 Å, eK–He = 0.5151 meV, sK–He = 2.6368 Å, eRb–He = 0.3224 meV,
sRb–He = 2.9985 Å, eCs–He = 0.2982 meV, sCs–He = 3.1956 Å).30

Standard deviations of theoretical CCSs were less than �0.7%.
p–p interactions between the two aromatic rings in the

M+(DB24C8) and M+(DN24C8) complexes were visualized by
the NCI method57 in the Multiwfn program.58 The NCI method
can identify the region where noncovalent interactions are
working based on the values of the reduced density gradient
(RDG) and the product of the sign of the second largest
eigenvalue of electron density Hessian matrix and electron
density (sign(l2)�r). The extent of the p–p interactions can
be distinguished from the fact that the RDG value is small
(o0.5 in atomic units) and the sign(l2)�r value is about zero.
The strength of the p–p interactions was estimated by the
domain analysis implemented in the Multiwfn program.

3. Results and discussion
3.1. Structure assignments of M+(DN24C8) from IM–MS
measurements

Fig. 2 shows CCS distributions of M+(DN24C8) (M = Li, Na, K,
Rb, and Cs) complexes measured with He buffer gas at 86 K in
the drift tube. For Na+(DN24C8), three Gaussian functions were
necessary for the fittings (Fig. 2b). Therefore, at least three
conformers with different CCSs coexist for this complex. For
M+(DN24C8) (M = Li, K, Rb, and Cs), CCS distributions were
fitted well with one Gaussian function (Fig. 2a and c–e).
Structures of the most stable conformers are shown in Fig. 3.
Experimental CCSs (DTCCSHe,86), relative intensities deter-
mined from the CCS distributions, theoretical CCSs, and
relative Gibbs free energies (DG86) of the stable conformers
are summarized in Table 1. In the most stable conformers of
M+(DN24C8), the distance between the centers of the two
naphthalene rings in the complexes (rc) was short. These
conformers have the ‘‘closed’’ form of the DN24C8. For
Na+(DN24C8), conformers with the second and third lowest
relative Gibbs free energies have longer rc. Based on the
conformation of DN24C8, we hereafter call the second and
third stable conformers ‘‘closed0’’ and ‘‘open’’, respectively.

The theoretical CCS of the closed conformer of Na+(DN24C8)
(185.0 Å2) was close to the experimental CCS of the strong band
(186.4 � 0.3 Å2). The experimental CCS of the shoulder on the
strong band (191.7 � 0.3 Å2) was in good agreement with the
theoretical CCS of the closed0 conformer (191.1 Å2). The larger
CCS band had a relatively weak peak at 205.4 Å2. The theoretical
CCS of the open conformer (203.6 Å2) was close to this peak.
The closed0 and open conformers were less stable in Gibbs free

energy than the closed conformer by 2.5 and 4.0 kJ mol�1,
respectively. It is worth noting that the Gibbs free energies are
sensitive to the DFT functional. For example, the relative free
energy with respect to the most stable conformer at 86 K, DG86,
is 4.0 kJ mol�1 for the open conformer of Na+(DN24C8) in the
DFT calculations at the M05-2X/6-311++G(d,p) level as shown in

Fig. 2 CCS distributions of the M+(DN24C8) (M = (a) Li, (b) Na, (c) K, (d) Rb,
and (e) Cs) complexes obtained at 86 K. Curves are Gaussian functions for
fitting the experimental data points (circles). Vertical red, orange, and blue
bars indicate the theoretical CCSs of the closed, closed0, and open
conformers.
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Table 1, whereas it amounted to 15.3 kJ mol�1 at oB97X-D/
6-311++G(d,p). However, these energy differences were consis-
tent with the order of relative ion intensity in the IM–MS
regardless of the DFT functional.

For the M+(DN24C8) (M = Li, K, Rb, and Cs) complexes, only
one band was observed in each CCS distribution (Fig. 2a and c–e).
In the calculations, the most stable conformers of these complexes
were the closed ones similar to the most stable structure of the
Na+(DN24C8) complex. However, there are small differences in the

relative orientations of the two naphthalene rings in the closed
conformers of the complexes: the rings are slightly tilted outward in
Li+(DN24C8) and Na+(DN24C8), nearly parallel in K+(DN24C8), and
tilted inward in Rb+(DN24C8) and Cs+(DN24C8). The theoretical
CCSs of the closed conformers were in good agreement with the
experimental CCSs (B190 Å2). The theoretical CCSs of the open
conformers (B210 Å2) were found to be much larger than the
experimental CCS peaks. In addition, the open conformers were
less stable in Gibbs free energy than the closed conformers by more
than 6.2 kJ mol�1 at 86 K. This energy difference corresponded to
the thermal abundance ratio of the open conformer being less than
0.02%. Since the closed0 conformers were as unstable as the open
conformers in Gibbs free energy at 86 K, probably due to steric
hindrance, the thermal abundance ratio of the closed0 conformers
was lower than that of the open conformers. Thus, only the closed
conformers were observed for M+(DN24C8) (M = Li, K, Rb, and Cs)
unlike Na+(DN24C8).

3.2. Relative conformer stability analyzed by host–guest
interactions

In our previous study on the DB24C8 complexes, the open
conformers were strongly observed in M+(DB24C8) (M = Na, K,
Rb, and Cs) in addition to the closed conformers.30 In contrast,
the closed conformers were predominant for all five guest
ions of the DN24C8 complexes in the present study. The
M+(DB24C8) and M+(DN24C8) complexes are stabilized by
strong host–guest interactions and relatively weak intra-host
interactions. To show the differences in conformer stability
between the M+(DB24C8) and the M+(DN24C8) complexes,
host–guest and intra-host interactions were analyzed sepa-
rately. In this section, we first analyze the host–guest interac-
tions, which are governed by the positional relationships
between the eight oxygen atoms and the guest M+ ions in the
complexes. The lengths of the M+–O bonds, R(M+–O), in the
most stable closed, closed0, and open conformers are plotted in
Fig. 4. The R(M+–O) lengths showed surprisingly close trends in
the DB24C8 and DN24C8 complexes in the figure. The lengths
were hardly dependent on both the conformation (closed,
closed0, or open) and the host molecule (DB24C8 or DN24C8)
except for the Li+ complexes. For example, the average R(M+–O)
for the closed conformer of Na+(DB24C8) was 2.48 Å. This value
is very close to that of the open conformer of Na+(DB24C8)
(2.47 Å) and the closed (2.50 Å), closed0 (2.48 Å), and open
(2.47 Å) conformers of Na+(DN24C8). In contrast, the average
R(M+–O) depended sensitively on the guest ions. The average
R(M+–O) of the complexes have an order of Na+ (B2.5 Å) o K+

(B2.8 Å) o Rb+ (B3.0 Å) o Cs+ (B3.1 Å), which corresponds to
the order of the ionic radii of the guest ions.59 In summary, the
host–guest interactions are exerted to almost the same extent
for the complexes with the same guest ions. Therefore, the
differences in conformer stability between the DB24C8 and the
DN24C8 complexes could not be explained from the host–guest
interactions. In the next section, we analyze the intra-host
interactions, especially the p–p interactions between the two
aromatic rings.

Fig. 3 The most stable closed, closed0, and open conformers of
M+(DN24C8) (M = Li, Na, K, Rb, and Cs) calculated at the M05-2X/6-
311++G(d,p) level with the Stuttgart RLC ECP for Rb and Cs atoms.
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For Li+(DB24C8) and Li+(DN24C8), the R(M+–O) lengths took
a wide range of values because the Li+ is too small to form an 8-
coordination structure with the crown ethers. In the closed
conformer of Li+(DN24C8), three oxygen atoms were located
within 2.1 Å of the guest ion. However, in the open conformer
there was only one oxygen atom within 2.1 Å of the guest ion,
and there was no oxygen atom within 2.1 Å of the guest ion in
the closed0 conformer. Only the closed conformer was observed
for Li+(DN24C8), in part because these oxygen positions highly
stabilize the closed conformer. Although the R(M+–O) (M = Na,
K, Rb, and Cs) lengths were similarly distributed for each
complex in Fig. 4, two oxygen atoms (overlapped) and one
oxygen atom were located more than 0.15 Å far from the guest
ion in the closed and closed0 conformers of Na+(DN24C8),

respectively. These oxygen positions should destabilize the
most stable closed and closed0 conformers, and consequently,
the relative energies of the three (closed, closed0, and
open) conformers become closer in this complex than in
other complexes. At present, the reason why the closed0 and
the open conformers of the Na+(DN24C8) were observed can
thus be explained from the consideration of the R(M+–O)
distributions.

3.3. Quantitative evaluation of intra-host p–p interactions

The intra-host p–p interactions between the two aromatic rings
of the most stable closed conformers of M+(DN24C8) are
evaluated in this section by extracting the relative orientations
and distances between the two naphthalene rings in the

Fig. 4 Lengths of bonds between an alkali metal ion and oxygen atoms, R(M+–O), in (a) M+(DB24C8) and (b) M+(DN24C8) complexes obtained by DFT
calculations. Red, orange, and blue markers are R(M+–O) in closed, closed0, and open conformers of the complexes, respectively. Some plots appear to
overlap due to the high symmetry of the conformation. The average R(M+–O) for each conformer is shown near the plot.

Table 1 Experimental CCSs (DTCCSHe,86) and relative intensities of bands in CCS distributions of the M+(DN24C8) complexes measured with He buffer
gas at 86 K, and CCSs and relative Gibbs free energies (DG86) of stable conformers at 86 K obtained by DFT calculations. Standard deviations of
DTCCSHe,86 were estimated from five independent measurements. Standard deviations of calculated CCSs were less than �0.7%

Complexes

Experiments Theory
DTCCSHe,86/Å2 Relative intensity CCS/Å2 Conformers DG86/kJ mol�1

Li+(DN24C8) 184.3 � 0.4 1 182.6 closed 0
189.0 closed0 13.9
197.7 open 12.3

Na+(DN24C8) 186.4 � 0.3 1 185.0 closed 0
191.7 � 0.3 0.42 � 0.08 191.1 closed0 2.5
205.4 � 0.6 0.28 � 0.14 203.6 open 4.0

K+(DN24C8) 191.2 � 0.3 1 188.0 closed 0
193.0 closed0 13.8
208.0 open 12.8

Rb+(DN24C8) 194.0 � 0.6 1 191.3 closed 0
194.5 closed0 9.9
208.9 open 8.0

Cs+(DN24C8) 193.7 � 0.3 1 191.6 closed 0
193.9 closed0 9.2
212.3 open 6.2
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complexes from the calculated structures. Three positional
relationship parameters (rc, y, j) were defined similarly to the
previous analysis of the DB24C8 complexes30 as shown in
Fig. 5. The rc is the distance between the naphthalene ring
centers, y is the angle formed by normal vectors of the two
naphthalene planes, and j is the angle between the naphtha-
lene plane and the central line. Table 2 summarizes the values
of these parameters in the M+(DN24C8) complexes. For com-
parison, the parameters of parallel-displaced conformer of a
naphthalene dimer (C10H8)2 obtained by ab initio calculation60

are also shown in Table 2. As a result, the relative positions of

the naphthalene rings in K+(DN24C8) were found to be
quite close to that of the naphthalene dimer. Therefore,
this closed conformer was concluded to show extraordinary
stability because of the strong p–p interaction between the
naphthalene rings due to its special naphthalene dimer-like
conformation. These results were nearly identical to those of
the closed conformer of K+(DB24C8) becoming particularly
stable due to the special orientation of benzene rings in the
complex.30

To visualize the p–p interaction between the two aromatic
rings in the complexes, the NCI analysis was conducted. The
RDG isosurfaces of the closed conformers of K+(DB24C8) and
K+(DN24C8) are shown in Fig. 6. These surfaces were generated
by evaluating the electron density calculated by DFT calcula-
tions and RDGs on cuboid grids with a 0.1 au step size. The
green distribution indicates weak attractive interactions such
as p–p interaction. In the closed conformers, p–p interactions
work between the two aromatic rings as shown in Fig. 6.
K+(DN24C8) had wider regions of p–p interactions than
K+(DB24C8). Domain analysis was performed to confirm the
difference in the size of the p–p interaction regions. The volume
of the p–p interaction region between the two aromatic rings
determined by the domain analysis in the Multiwfn program
was 2.31 Å3 for K+(DN24C8), which was larger than that of
K+(DB24C8) (1.44 Å3). Furthermore, the volume of the p–p
interaction region for K+(DN24C8) was equivalent to 89% of
that for the parallel-displaced naphthalene dimer (2.59 Å3).
This large interaction volume means that the p–p interaction
between the two naphthalene rings of K+(DN24C8) is compar-
able to the p–p interaction energy of a naphthalene dimer.
These results suggest that the DN24C8 complexes are more
stabilized than the DB24C8 complexes due to the large p–p
interaction between the two aromatic rings in the complexes,
supporting the experimental results that the closed conformers
were predominantly observed in IM–MS.

4. Conclusions

We performed cryogenic ion mobility-mass spectrometry of the
dinaphtho-24-crown-8 (DN24C8) complexes with alkali metal
ions M+ (M = Li, Na, K, Rb, and Cs) to investigate the effect of
p–p interaction in the complex on the relative abundance of
the conformers. The ‘‘closed’’ conformer with short distance
between two naphthalene rings in the complex was predomi-
nant in the distributions of collision cross sections of
M+(DN24C8). For Na+(DN24C8), the ‘‘closed0’’ and the ‘‘open’’
conformers with longer naphthalene–naphthalene distance
were also observed. The order of conformer stability is
explained from the host–guest interactions and intra-host
interactions. The attraction between oxygen atoms of the crown
ether and the guest M+ ion was strongly dependent on the guest
M+ ion and less dependent on the host molecule or the
conformation. For the closed conformer of Na+(DN24C8), two
oxygen atoms were located far from the Na+ ion, which desta-
bilized the closed conformer and made the closed0 and the

Fig. 5 Parameters of naphthalene ring positional relationship (rc: distance
between naphthalene ring centers, y: angle formed by normal vectors of
two naphthalene planes, j: angle between the naphthalene plane and the
central line).

Table 2 Parameter values of naphthalene ring positional relationship in
stable closed conformers for M+(DN24C8) and naphthalene dimer. The
parameter values for naphthalene dimer were obtained from the parallel-
displaced structure calculated at MP2/6-31+G* level60

Complexes rc/Å y/deg. j/deg.

Li+(DN24C8) 3.82 11.4 57.7, 67.6
Na+(DN24C8) 4.01 1.8 55.3
K+(DN24C8) 3.86 0.1 61.2
Rb+(DN24C8) 4.30 16.2 44.2, 60.2
Cs+(DN24C8) 4.25 16.3 45.3, 61.7
Naphthalene dimer 3.87 0 64.9

Fig. 6 RDG isosurfaces (RDG = 0.5 au) showing the p–p interaction
between the two aromatic rings in closed conformers of (a) K+(DB24C8)
and (b) K+(DN24C8). The surfaces are colored on a blue-green-red scale
according to values of sign(l2)�r, ranging from –0.025 to 0.02 au. The
green distribution indicates weak attractive interactions such as p–p
interaction.
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open conformers relatively stable. The intra-host attractive p–p
interaction region between the two aromatic rings of the closed
conformer was wider in M+(DN24C8) than in M+(DB24C8). The
stability of the crown ether complex was revealed to be con-
trolled by a balance of noncovalent interactions.
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