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Abstract
Variable-temperature cryogenic ion mobility-mass spectrometry (VT-Cryo-IM-MS)
was developed to examine the conformations of host-guest complexes. The
VT-Cryo-IM-MS consists of an electrospray ionization source, a quadrupole ion trap, a
cryogenic ion drift tube, and a time-of-flight mass spectrometer. The ion drift tube
was cooled to 83 K with liquid nitrogen. Two sets of ion funnels are installed at the
source and the drift tube to focus the ion beam. We used Li+-encapsulated fullerene
(Li+@C60) as a reference ion to examine the ion-mobility resolution of the
VT-Cryo-IM-MS apparatus because this ion has a rigid structure with a single
conformer. The temperature dependence of collision cross section (CCS) of Li+@C60

and the resolution of the apparatus were determined at each temperature. We
examined the conformations of host-guest complexes of a series of metal ions (M =
Ca2+, Na+, Ag+, K+, Rb+, and Cs+) with dibenzo-24-crown-8 (DB24C8) by Cryo-IM-MS.
All CCS distributions were fitted with two Gaussian functions which are assigned to
closed and open conformers. These closed and open conformers have different
distances between the two benzene rings of DB24C8. The abundance ratio of closed
conformers for these M(DB24C8) complex ions depends on the guest M ion with an
order, Ca2+ < Na+ < Ag+ < Cs+ < Rb+ < K+. The stability of the closed conformer of
K+(DB24C8) originates from the benzene ring positional relationship which is quite
close to that of the free benzene dimer. This special benzene dimer-like conformation
produces the strong π -π interaction between the benzene rings of K+(DB24C8).

Keywords: Ion mobility-mass spectrometry; Host–guest complex; Crown ether;
Isomer separation; Conformation

1 Introduction
Supramolecules are formed by assembling multiple molecules through intermolecular in-
teractions and exhibit advanced functions that cannot be realized by a single molecule.
Structures of supramolecules can be revealed by X-ray crystal structure analysis when
the single crystal is obtained. Recently, gas-phase laser photodissociation spectroscopy
was actively performed to study structures of supramolecular ions [1]. In this technique,
a supramolecular ion in solution is isolated in the gas phase by electrospray ionization.
Especially in cryogenic laser spectroscopy, the vibrational temperature of the isolated ion
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is decreased to ∼10 K by using the cryogenic ion trap. This cryogenic technique enables
us to observe vibrationally resolved sharp absorption spectra of supramolecules. How-
ever, more than one conformer often coexists in the gas phase because the structures of
supramolecular ions are flexible. In this case, a complicated spectrum is observed since
the spectral bands of each conformer may overlap. A complicated spectrum prevents
the determination of structures and abundance ratio of conformers. The functions of the
supramolecules are closely related to conformations. Therefore, to elucidate the origin
of the functions it is important to separate and determine the geometrical structures of
conformers. Ion mobility-mass spectrometry (IM-MS) is known as a powerful technique
to separate conformers in the gas phase [2–4]. Size- and conformer-selected absorption
spectra of supramolecular ions can be obtained by the coupling of IM-MS with photodis-
sociation spectroscopy [5–7].

A host-guest complex is a simple molecule of flexible supramolecule. IM-MS has been
used to study conformers of host-guest complexes in the gas phase at room temperature
[3, 8, 9]. In IM-MS, we measured the time distribution of the ions to pass through the
drift tube (several milliseconds) and determined collision cross sections (CCSs) between
the ions with a buffer gas. Conformations of complex ions can be determined from the
comparison between experimental and theoretical CCSs of the ions. However, at room
temperature, the structure of a host-guest complex fluctuates among several conformers
with the use of thermal energy. Cryogenic IM-MS has also been performed using a drift
tube cooled by liquid nitrogen [10–25]. In some cases, the kinetics of isomerization of ions
can be studied by variable-temperature cryogenic IM-MS (VT-Cryo-IM-MS) [15–17, 19,
20, 24, 26, 27]. Because VT-Cryo-IM-MS is performed in the gas phase, the essence of the
structural change of ions can be elucidated without the influence of the solvent molecules.
Furthermore, as the isomerization rate decreases at low temperatures, it is possible to
elucidate the mechanism of the fast conformational exchange kinetics that are difficult to
study in the liquid phase at room temperature.

In this paper, we present recent developments in the conformation analysis of host-
guest complexes using our VT-Cryo-IM-MS spectrometer. We examined the informa-
tion on (1) what kinds of conformations exist, (2) how stable each conformation is en-
ergetically, and (3) how high the activation energy barrier is between the conformations.
We developed VT-Cryo-IM-MS which can freeze supramolecular structures and separate
conformers in the gas phase. Furthermore, we studied the kinetics and dynamics of con-
formational changes by VT-Cryo-IM-MS analysis combined with theoretical calculations
of isomerization pathways [24].

Section 2 of this paper describes the details of our VT-Cryo-IM-MS apparatus. In
Sect. 3, we discuss the resolving power of ion mobility in VT-Cryo-IM-MS which is neces-
sary to analyze the isomerization kinetics from IM-MS data. Finally, we show the results of
separation and isomerization analysis of conformers of dibenzo-crown-ether complexes
with metal ions which are known as fundamental host-guest complexes.

2 Design of the apparatus
2.1 Vacuum system
Details of the experimental apparatus were given elsewhere [25]. The VT-Cryo-IM-MS
apparatus developed in the present study is shown in Fig. 1. The vacuum apparatus con-
sists of four chambers (1)–(4), which are separated by conductance-limiting apertures.
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Figure 1 Schematic diagram of the cryogenic IM-MS apparatus. (1) Syringe pump, (2) metal capillary,
(3) heated desolvation capillary, (4) ion funnel, (5) quadrupole ion trap, (6) ion lens, (7) entrance aperture of a
drift tube, (8) ion drift tube, (9) liquid nitrogen jacket, (10) electrodes for ion-drifting, (11) ion funnel, (12) exit
aperture of the drift tube, (13) octopole ion guide, (14) acceleration electrodes of TOF-MS, (15) ion-beam
deflector, (16) einzel lens, (17) gate valve, (18) TOF-MS reflectron electrodes, and (19) dual microchannel plate
ion detector

Table 1 The vacuum pressure during measurement, pumping speed, and components in each
chambera

Chambers Pressure / Pa Pumping speed / L s–1 Components

1 25 86 ESI ion source
2 2.0 × 10–2 2000 QIT and drift tube
3 1.4 × 10–3 2000 Ion guide and acceleration electrodes
4 1.3 × 10–4 500 Reflectron electrodes and detector

aThe pressure and temperature of the He buffer gas inside the drift tube are 0.60 Torr and 85 K, respectively.

The following components were placed in each chamber of (1) to (4): (1) electrospray ion-
ization (ESI) ion source with ion funnel electrodes, (2) quadrupole ion trap (QIT) and
cryogenic ion drift tube with an ion funnel, (3) octopole ion guide and acceleration elec-
trodes of a time-of-flight mass spectrometer (TOF-MS), and (4) reflection electrodes of a
reflectron-type TOF-MS, and a microchannel plate for ion detection. The vacuum pres-
sure during measurement and pumping speed in each chamber are summarized in Table 1.

2.2 Ion source
A home-made electrospray unit was used for the ion source. Inorganic salt (CaCl2,
NaCl, AgNO3, KCl, RbCl, or CsCl) and dibenzo-24-crown-8 (DB24C8) were dissolved in
methanol to prepare the solution with a concentration of 0.1 mM. The solution was deliv-
ered to a metal capillary (Hamilton, 22033-01, capillary o.d. = 0.21 mm, i.d. = 0.108 mm) at
2.0 μl/min by a syringe pump (Harvard, Model 11 Elite). The exit of the capillary was po-
sitioned at ∼4 mm upstream from the entrance of a heated desolvation capillary (Thermo
Fisher, 97000-98002, capillary i.d. = 0.4 mm), which was attached at the inlet end of the
vacuum chamber (1). The temperature of the desolvation capillary was maintained at
∼350 K. High voltage (+2.8 kV) was applied between the metal capillary and the des-
olvation capillary to make electrospray. The desolvation capillary was floated at a voltage
of +350 V from the ground. The exit of the desolvation capillary was in the first vacuum
chamber pumped by a mechanical booster pump (Edwards, EH250) and a rotary pump
(Edwards, E2M40). The entrance of an ion funnel was positioned close to the end of the
desolvation capillary. The design of the ion funnel was based on the paper by Smith and
coworkers [28]. The ion funnel consists of 29 stainless-steel electrodes (1 mm thick) which
are separated by 1 mm thick PTFE washers and electrically connected by 500 k� resistors.
The aperture diameters of the electrodes decrease linearly from 29 mm to 1 mm. DC volt-
ages were applied to the first and the last electrodes of the ion funnel to make the static
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electric field (17.5 V/cm) to guide the ions downstream. In addition to the DC, opposite
phases of radio frequency (RF) voltages were applied to alternating electrodes of the fun-
nel to confine the ions radially. The RF voltage (Vp-p = 100 V, 800 kHz) for the funnel was
generated by the power supply based on the design of Jones and Anderson [29]. The first
chamber was separated from the next chamber with the last electrode of the ion funnel.

After passing through the ion funnel, ions were introduced to the QIT (Jordan TOF
Products, C-1251) in the second chamber. Ions were typically accumulated for 40 ms in
the QIT by a RF electric field (Vp-p = 700 V, 1 MHz) generated by the power supply (Jordan
TOF Products, D-1203). Helium gas was introduced to the QIT with 16 sccm for efficient
ion-trapping. After accumulation in the QIT, ions were next injected into the cryogenic
ion drift tube by a pulsed electric field with a kinetic energy of 30 eV in the laboratory
frame at a given time (t = t0). The repetition rate of the ion injection was 20 Hz.

2.3 Cryogenic ion drift tube
The cross-sectional view of the cryogenic ion drift tube is shown in Fig. 2. The ion drift
tube consists of a stainless-steel tube (84 mm i.d.), which was mounted in a vacuum cham-
ber with a PTFE plate in between for thermal insulation. The total drift length from the
entrance to the exit apertures of the drift tube was 327 mm. The hole diameters of these
entrance and exit molybdenum apertures were 1.5 mm and 2.0 mm, respectively. The
thicknesses of the apertures were both 0.5 mm. Stacked ring electrodes were placed in the
drift tube, followed by the ion funnel to collect the ions. The 26 aluminum ring electrodes
(44 mm o.d., 28 mm i.d., 6 mm thick) were electrically connected by 1 M� resistors. The
spacing between adjacent rings was fixed to 5 mm by inserting ceramic insulators between
them. A static electric field of E = 6.1 V/cm was applied to the rings for ion drifting. The
ion funnel consists of 16 stainless-steel electrodes (1 mm thick) which were separated by
PTFE washers of the same thickness. The aperture diameters of the electrodes decrease
linearly from 18 mm to 3 mm. The gradient of the static electric field (E = 6.1 V/cm) was

Figure 2 The cross-sectional view of the cryogenic ion drift tube. (1) ion lens, (2) entrance aperture of the
drift tube, (3) resistance temperature detector, (4) electrodes for ion drifting, (5) ceramic insulator, (6) ion
funnel, (7) exit aperture of the drift tube, (8) drift tube housing, (9) liquid nitrogen jacket, (10) PTFE plate,
(11) inlet of liquid nitrogen, (12) exit of liquid nitrogen, (13) 1/8-inch stainless-steel tubing for introducing He
buffer gas, (14) 1/4-inch tubing for connection with a capacitance manometer
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set to the funnel electrodes which was the same with the ion-drifting region. The RF volt-
age for the funnel was Vp-p = 100 V with 1 MHz.

Liquid nitrogen was introduced and filled in a cryogenic jacket surrounding the ion drift
tube. This design of the cryogenic jacket is similar to that reported by May and Russell
[15]. The 1/8-inch stainless-steel tubing for He buffer gas was spirally wound and attached
inside the cryogenic jacket. After cooling by liquid nitrogen, He buffer gas was introduced
into the ion drift tube. In the present experiments, the temperature of He buffer gas was
measured by a resistance temperature detector (OMEGA, 1PT100KN815) inserted into
the drift tube from the entrance side. The flow rate of the He buffer gas was maintained at
174 sccm using a mass flow controller (HORIBA STEC, SEC-N100). At 83 K the pressure
of He buffer gas was 0.600 Torr, which was measured by a capacitance manometer (Setra,
Model 730). The E/N value was 8.8 Td under the above condition at 83 K (N is the number
density of the buffer gas, 1 Td = 10–17 V cm2). The buffer gas was leaked to the second and
third chambers from the entrance and exit apertures of the drift tube. These chambers
were separately pumped by diffusion pumps (Edwards, Diffstak 250/2000M).

2.4 TOF-MS and analysis method
After passing through the cryogenic ion drift tube, the ions were transported by the oc-
topole ion guide to the acceleration region of the TOF-MS. The ions were accelerated to
∼4 keV by pulsed electric fields between the acceleration electrodes at a given time later
from the pulse for the injection into the drift tube, t = t0 +�t. The ions were introduced to
the reflectron TOF-MS (Jordan TOF Products, D-850). This delay time between the two
pulses, �t, was defined as “arrival time”, and was determined by digital delay/pulse gener-
ators (Stanford Research Systems, DG645) which were processed with LabVIEW program
of a PC. The timing sequence is summarized in Fig. 3.

The flight time of an ion that is accelerated at a given arrival time consists of TOFs in
three regions: (i) between the center of the QIT and the entrance of the drift tube, (ii) inside

Figure 3 Experimental timing sequence. (1) Starting pulse of an experimental cycle (repetition rate = 20 Hz),
(2) ion trapping period of the QIT (RF on, 40 ms), and ion unloading period (RF off ), (3) unloading pulse for the
QIT exit end cap, (4) ion acceleration pulse for TOF-MS (�t, delay relative to unloading pulse of the ion trap).
We defined �t as the arrival time
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of the drift tube, (iii) between the exit of the drift tube and the acceleration electrode of
TOF-MS. Therefore, the arrival time consists of the drift time in the drift tube (td, region ii)
and the time that the ion spends outside the drift tube (regions i and iii). The times in
regions i and iii were calculated from the mass of the ion and various electrical potentials.
The drift velocity of the ions in the drift tube, vd, was calculated numerically to satisfy the
measured arrival time. We obtained the time that an ion spends in the drift tube, td, from
the measured arrival time. For example, in the Cryo-IM-MS of Li+@C60, typical times that
the ion spends in regions i, ii, and iii were 0.030 ms, 2.369 ms, and 0.125 ms, respectively.
The drift velocity vd and the time td depend on the CCS between the ion and a He atom
as noted below. Therefore, ions with different CCSs reach the acceleration region of the
TOF-MS at different arrival times. Finally, the ions were mass-analyzed by the reflectron
TOF-MS.

In the IM-MS measurement, we obtained a series of TOF mass spectra sequentially by
scanning the arrival time. As a result, ions with different CCSs were separately detected at
different arrival times in a two-dimensional plot of TOF versus 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.

It is known that vd is proportional to E, and the proportional constant (K ) is called as ion
mobility [30, 31]. 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 the Loschmidt’s number. From the Mason-Schamp
equation, the reduced mobility K0 in the drift tube was given as:

K0 =
3q

16N0

(
2π

kBμTeff

) 1
2 1
�

, (1)

where q is the charge of the ion, kB is the Boltzmann constant, μ is the reduced mass of
the ion and the buffer gas atom, Teff is the effective temperature of the ions, and � is a
CCS [30, 31]. The effective temperature is given by Teff = TBG + mBv2

d/kB, 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, �t.

3 Results and discussion
3.1 CCS and resolving power of ion mobility in VT-Cryo-IM-MS
In IM-MS, buckminsterfullerene monocation, C+

60, is commonly used as a reference com-
pound, which can be formed by a MALDI source [31]. However, this ion is unfortu-
nately not suitable for efficient production, particularly in common ESI sources. In the
present IM-MS experiments, we used Li+-encapsulated fullerene (Li+@C60) [32, 33] as
a reference compound to determine the resolving power of the ion-mobility apparatus
because Li+@C60 is a structurally rigid ion composed of a single conformer. This ion
can be efficiently introduced to vacuum by ESI with a solution of [Li+@C60]TFSI– salt
(TFSI– = N(SO2CF3)–

2 ) in dichloromethane solvent [34]. This salt was synthesized by the
anion exchange reaction of [Li+@C60]PF–

6 salt (purchased from Idea International Co.)
and has a high solubility in dichloromethane. Figure 4 shows the ATD of Li+@C60 mea-
sured under the present typical experimental condition (potential difference of the ion
drift tube V = 200.0 V, temperature of He buffer gas TBG = 83.11 K). In this experimental



Ohshimo et al. EPJ Techniques and Instrumentation           (2023) 10:11 Page 7 of 16

Figure 4 ATD of Li+@C60 ions. Pressure and temperature
of He buffer gas in the ion drift tube were 0.6004± 0.0005
Torr and 83.11± 0.02 K, respectively. The curve is a
Gaussian function for fitting the experimental plots
(circles). DTCCSHe,86 denotes the CCS between the ion and
a He atom at Teff = 86 K measured with the ion drift tube

Figure 5 Temperature dependence of CCS of Li+@C60 with He buffer gas at 80–300 K which was obtained by
our measurements and calculations

condition, the effective temperature is Teff = 86.17 K. The ATD was fitted with a Gaussian
function, and the experimental CCS at 86 K (DTCCSHe,86) of Li+@C60 was determined to
be 170.5 ± 0.2 Å2 from the Gaussian peak. The error was estimated from the six inde-
pendent measurements. This experimental CCS is almost equal to the theoretical CCS of
Li+@C60 at Teff = 86.17 K, 169.6 ± 1.0 Å2, which was calculated by the trajectory method
in the MOBCAL program [35]. In this calculation, we used the optimized structure of
Li+@C60 calculated at the M06-2X/6-31+G(d) level with Gaussian 16 program [36].

As shown in the previous studies, the CCS of C+
60 with He buffer gas increases with

decreasing Teff below 300 K (122.6 Å2 at 300 K [37] to 180 Å2 at 80 K [18]). Figure 5 shows
the temperature dependence of CCS of Li+@C60 with He buffer gas at 80-300 K which was
obtained by our measurements and calculations. Experimental CCS of Li+@C60 increases
with decreasing Teff (121.6 Å2 at 303 K to 170.5 Å2 at 86 K) as same as C+

60. Theoretical
CCSs of Li+@C60 reproduce experimental CCSs quantitatively. At lower temperatures,
the amount of change in CCS with respect to temperature change is greater. As shown in
Fig. 5, the theoretical CCS changes with 0.08 Å2/K at Teff = 300 K. On the other hand, CCS
changes with 0.59 Å2/K at Teff = 80 K. Therefore, it is important to measure precisely and
keep constant the temperature of He buffer gas to obtain the accurate experimental CCSs
by Cryo-IM-MS.
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Figure 6 Temperature dependence of the resolving power
Rmeasured by the VT-Cryo-IM-MS of Li+@C60 ions at
83–210 K. Solid line is theoretical R calculated by using
Eq. (2)

From the Gaussian function in the ATD of Li+@C60, the experimental resolving power
of the ion mobility, R, of the apparatus at TBG = 83 K was given by R = td/tw = 45.0 ± 1.5,
where tw is the full width at half maximum of the Gaussian function. In the drift-tube type
IMS (DT-IMS), a pulsed ion packet is injected into the drift tube filled with the buffer gas.
The ion packet is accelerated by the static electric field in the drift tube, and at the same
time, it is decelerated by collisions with the buffer gas. During the acceleration and decel-
eration, the ion packet diffuses thermally in the drift tube. The resolution is lowered due to
the diffusion because of the spatial broadening of the ion packet. The diffusion coefficient
is known to be proportional to the temperature from the Einstein relation. Therefore, the
resolving power is expected to be improved at cryogenic temperature because the diffu-
sion becomes slower than that at room temperature. It is known that the R of DT-IMS is
inversely proportional to the temperature of the buffer gas TBG as shown in Eq. (2) [30].

R =
1
4

√
Vq

kBTBG ln 2
(2)

From this equation, the theoretical R of our apparatus was calculated to be Rtheo = 50.2
(TBG = 83 K, V = 200 V). Therefore, the experimental resolving power is 10% lower than
the theoretical one. This decrease is probably caused by the spatial broadening of the ion
packet at the entrance of the drift tube.

We measured the resolving power at each temperature between TBG = 83–210 K. The
TBG was gradually raised by stopping the supply of liquid nitrogen after TBG reached 83 K.
The flow rate of He buffer gas was maintained at 174 sccm by using a mass flow controller.
Figure 6 shows the temperature dependence of the resolving power R measured by VT-
Cryo-IM-MS of Li+@C60. The R decreases with increasing TBG and is nearly proportional
to T–1/2

BG , although the experimental error might have been large. This relationship between
R and TBG was used in the analysis of isomerization reactions of host-guest complexes by
VT-Cryo-IM-MS [22].

3.2 Rapid isomerization reactions in host-guest complexes
We investigated the conformation of K+ complexes with dibenzo-24-crown-8 (DB24C8)
by IM-MS. Inokuchi and coworkers recently found the two different types of conformers of
K+(DB24C8) by ultraviolet photodissociation spectroscopy under cold (<10 K) gas-phase
conditions [38]. The two types of conformers are closed and open conformers which have
different distances between the two benzene rings of the crown ether. Figure 7a shows the
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Figure 7 (a) The observed ATD of K+(DB24C8) at 300 K
(open circles) and a fitted Gaussian function (black curve).
(b) The simulated ATD of K+(DB24C8) by using relative
abundances and CCSs of closed and open conformers at
300 K without isomerization. The ATD (black curve) is a sum
of Gaussian functions (red and blue curves) whose areas
depend on the abundances of the conformers. (c) The
simulated ATD of K+(DB24C8) with the averaged CCS
(135.1 Å2) for the expected conformers in the Boltzmann
distribution at 300 K, under the assumption of the rapid
isomerization reactions. The width of the ATD is determined
from the mobility resolution of the apparatus at 300 K
(R = 24)

ATD of K+(DB24C8) obtained by IM-MS at room temperature. In this experiment, the
temperature of the He buffer gas was 300 K, and its pressure was maintained at 1.10 Torr
in the drift tube. The observed ATD (open circles) can be fitted with one Gaussian func-
tion (black curve), whose width coincides with the mobility resolution of the apparatus
at 300 K (R = 24) determined from the IM-MS of Li+@C60. The CCS value was deter-
mined to be 135.7 Å2 from the ATD peak of the fitted Gaussian function. To simulate
the observed ATD, we calculated relative Gibbs energies and theoretical CCSs of the op-
timized conformers of K+(DB24C8) at 300 K. In this calculation, a conformation search
was performed by the CONFLEX 8 program with the MMFF94s force field [39, 40]. The
conformers obtained by the search were further optimized using Gaussian 16 program
[36] at the M05-2X/6-311++G(d,p) level. The vibrational analysis was also performed at
the same level. The CCSs of the conformers with a He atom at 300 K were calculated by
the trajectory method in the MOBCAL program [35].

The two different simulations of the observed ATD were performed under the assump-
tions that the isomerization rate between conformers in the drift tube is (1) much slower
and (2) much faster than the drift time (∼2 ms). In the latter, multiple isomerization reac-
tions were assumed to occur in the drift tube. In the simulation (1), relative abundances
of the conformers were simply calculated from the Boltzmann distribution at 300 K based
on the relative Gibbs energies, because the isomerization does not occur in the drift tube.
Figure 7b shows the simulated ATD of K+(DB24C8) under the assumption (1) by using
relative abundances and CCSs at 300 K. The ATD (black curve) is a sum of Gaussian func-
tions (red and blue curves) whose areas depend on the abundances of the closed and open
conformers. As a result, a bimodal distribution was obtained which did not appear in the
observed ATD.

On the other hand, we cannot distinguish conformers in the simulation (2) because the
isomerization rapidly occurs in the drift tube. In this simulation, the ATD peak was ob-
served at the arrival time weighted by the relative abundance of the conformers. Figure 7c
shows the simulated ATD of K+(DB24C8) with the averaged CCS (135.1 Å2) for the ex-
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Figure 8 Isomerization reaction between closed and open conformers of K+(DB24C8) at 300 K

pected conformers under the Boltzmann distribution at 300 K. The width of the ATD was
determined from the experimental mobility resolution of the apparatus at 300 K (R = 24).
The ATD in the simulation (2) well reproduces the observed ATD. Hence, the isomeriza-
tion between the conformers occurs so rapidly in the drift tube at 300 K that the closed
and open conformers of K+(DB24C8) were not separately detected in IM-MS at room-
temperature (Fig. 8).

3.3 Conformations of host-guest complexes
As described in Sect. 3.2, K+(DB24C8) is a flexible host-guest complex that changes its
structures by isomerization rapidly between conformers at 300 K (Fig. 8). To reveal the
structural information of the complex, the rate of the isomerization needs to be slowed
down under cryogenic conditions. We recently applied Cryo-IM-MS to M(DB24C8) (M =
Na+, K+, and NH+

4 ) in order to separate conformers [21–23]. In the present study, we ex-
tended the previous study to other metal guest ions as shown in Table 2. Figure 9 shows
CCS distributions of the M(DB24C8) (M = Ca2+, Na+, Ag+, K+, Rb+, Cs+) complexes mea-
sured at the He buffer gas temperature (TBG) of 86 K, which were converted from ATDs.
All CCS distributions were fitted with two Gaussian functions with the width of the re-
solving power expected at TBG = 86 K (Fig. 6, R = 45). These two bands were assigned to
closed and open conformers by comparison between experimental and theoretical CCSs
(Table 3). Figure 10 shows the most stable closed and open conformers of these com-
plexes obtained by conformation search and quantum chemical calculations. As shown in
Table 3, the relative intensity of the conformers depends on the encapsulated guest ion.
In IM-MS, the relative intensity of the ion bands is directly related to the abundance ra-
tio of the conformers. Regarding the abundance ratio of the closed conformers for these
complexes, it is in such an order that Ca2+ < Na+ < Ag+ < Cs+ < Rb+ < K+. The results im-
ply that the ratio of the conformers is influenced by a combination of various factors, not
proportional to one specific factor (for example, ionic diameter). The abundance ratio of
the conformers is consistent with the relative Gibbs energies of conformers qualitatively.
However, it is worth noting that the Gibbs energy is sensitive to the DFT functional. For
example, the relative Gibbs energy at 86 K (�G86) of the open conformer of K+(DB24C8)
is 1.2 kJ/mol in the DFT calculations at the M05-2X/6-311++G(d,p) level as shown in Ta-
ble 3. However, at the ωB97X-D/6-311++G(d,p) level, the �G86 of the open conformer is
8.0 kJ/mol.

Figure 9d shows a CCS distribution of the K+(DB24C8) complex at TBG = 86 K. In the
CCS distribution, two peaks were observed at 167.5 and 177.5 Å2. In our previous study
[22, 23], we computed the CCS distribution of K+(DB24C8) based on the relative abun-
dances and theoretical CCSs of the independent stable conformers without considering
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Table 2 Ionic diameters of metal guest ions studied in the present study. Coordination number is 6
[41]

Ions Ionic diameter / Å2

Ca2+ 2.00
Na+ 2.04
Ag+ 2.30
K+ 2.76
Rb+ 3.04
Cs+ 3.34

Figure 9 Observed CCS distribution of M(DB24C8) (M =
Ca2+, Na+, Ag+, K+, Rb+, Cs+) by Cryo-IM-MS at 86 K

Table 3 Experimental CCSs and relative intensities of two bands in CCS distributions of M(DB24C8)
(M = Ca2+, Na+, Ag+, K+, Rb+, Cs+) at TBG = 86 K, and theoretical CCSs and relative Gibbs energies at
TBG = 86 K (�G86) of the most stable closed and open conformers

Complex Experiment Theory

CCS / Å2 Relative intensity CCS / Å2 Conformer �G86 / kJ mol–1

Ca2+(DB24C8) 176.4 ± 0.7 0.12 ± 0.06 179.4 ± 1.1 Closed 10.6
183.0 ± 0.2 1.0 183.9 ± 1.2 Open 0.0

Na+(DB24C8) 164.4 ± 0.3 0.25 ± 0.06 161.0 ± 0.8 Closed 6.2
172.0 ± 0.5 1.0 169.4 ± 0.7 Open 0.0

Ag+(DB24C8) 165.2 ± 0.5 0.46 ± 0.08 162.8 ± 0.7 Closed 2.9
172.9 ± 0.7 1.0 171.8 ± 0.9 Open 0.0

K+(DB24C8) 167.5 ± 0.6 1.0 164.0 ± 0.7 Closed 0.0
177.5 ± 0.7 0.70 ± 0.07 174.3 ± 1.0 Open 1.2

Rb+(DB24C8) 167.8 ± 0.5 0.84 ± 0.10 165.7 ± 0.8 Closed 1.9
177.0 ± 0.6 1.0 176.9 ± 0.9 Open 0.0

Cs+(DB24C8) 169.6 ± 0.3 0.68 ± 0.16 166.5 ± 0.8 Closed 5.3
181.9 ± 0.2 1.0 180.2 ± 0.9 Open 0.0
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Figure 10 Most stable open and closed conformers of
(a) Na+(DB24C8), (b) Ca2+(DB24C8), (c) Ag+(DB24C8),
(d) K+(DB24C8), and (e) Cs+(DB24C8). Relative Gibbs
energies between the two conformers at TBG = 86 K are
also shown. Calculations were performed at the
M05-2X/6-311++G(d,p) level with the modified effective
core potential LanL2DZ for Ag atom, and Stuttgart RLC ECP
for Cs atom

the isomerization of ions in the drift tube [simulation (1)]. By comparing experimental
and computed CCS distributions, conformers with small and large CCSs were assigned
to closed and open, respectively [21, 22]. In addition, the ion intensity between the closed
and open bands was observed around 172 Å2, while no ions appeared in the intermediate
region in the computed CCS distribution. We concluded that the ion intensity around 172
Å2 is caused by the isomerization reaction between the closed and open conformers in
the drift tube which was also discussed in IM-MS at 300 K. In our previous paper [23],
the activation energy of the isomerization reaction of K+(DB24C8) was determined to be
5.9 ± 0.5 kJ mol–1 from the analysis of ATDs obtained by VT-Cryo-IM-MS. Details of
the reaction mechanism were also discussed in our previous paper [23]. Similar isomer-
ization reactions between the closed and open conformers were found to occur also for
M(DB24C8) (M = Ag+, Na+, NH+

4 ). The activation energies for these complexes were de-
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Figure 11 Parameters of benzene ring positional relationship (rc : distance between benzene ring centers, θ :
angle formed by normal vectors of two benzene planes, ϕ : angle between the benzene plane and the central
line)

Table 4 Parameter values of benzene ring positional relationship in stable closed conformers for
M(DB24C8) (M = Ca2+, Na+, Ag+, K+, Rb+, Cs+) and benzene dimer

Complex rc / Å θ / deg ϕ / deg

Ca2+(DB24C8) 5.22 33.9 19.5, 18.8
Na+(DB24C8) 4.88 15.3 33.2, 47.8
Ag+(DB24C8) 4.91 19.4 32.0, 51.3
K+(DB24C8) 3.83 0.1 63.2
Rb+(DB24C8) 3.89 1.85 63.9
Cs+(DB24C8) 4.15 13.8 64.6, 51.3
Benzene dimer [42] 3.85 0.0 65

termined to be 4.8–9.0 kJ mol–1 [23]. On the other hand, the ion intensity between closed
and open bands was not observed in the CCS distribution of Cs+(DB24C8) (Fig. 9f ). This
feature indicates the absence of isomerization reaction in Cs+(DB24C8) at 86 K due to the
high activation barrier between the two conformers.

To clarify the stability of the most stable closed conformer of K+(DB24C8), the posi-
tional relationship between the two benzene rings of the complexes were extracted from
the calculated structures. Three parameters (rc, θ , ϕ) of the positional relationship were
defined as shown in Fig. 11. The rc is the distance between the benzene ring centers, θ is
the angle formed by normal vectors of the two benzene planes, and ϕ is the angle between
the benzene plane and the central line. Table 4 summarizes the optimized values of these
parameters in M(DB24C8) (M = Ca2+, Na+, Ag+, K+, Rb+, Cs+) complexes. For compari-
son, the parameters of parallel-displaced conformers of a benzene dimer (C6H6)2 obtained
by ab initio calculation [42] are also shown in Table 4. As a result, the benzene ring po-
sitional relationship in K+(DB24C8) was found to be quite close to that of the benzene
dimer. Therefore, this closed conformer was concluded to show extraordinary stability
because of the strong π-π interaction between the benzene rings due to its special ben-
zene dimer-like conformation. For other complexes, the rc is more distant and the θ is far
from 0°, which may result in less contribution from the benzene-benzene π-π interaction.
Meanwhile, it was also found that the stability of the closed conformer and thus the rela-
tive abundance are still more likely to be high when the rc parameter of the two benzene
rings on the conformer decreases and becomes closer to the benzene dimer. For example,
after K+ ion complex, Rb+ ion complex is the second closest to the benzene dimer, and
its abundance ratio was found to be higher in the actual Cryo-IM-MS observations. As
mentioned above, the abundance ratio of the closed conformers to the open ones for six
complexes is in the order, Ca2+ < Na+ < Ag+ < Cs+ < Rb+ < K+. This order has a similar
tendency with the descending order of rc.
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4 Conclusion
We applied variable-temperature cryogenic ion mobility-mass spectrometry (VT-Cryo-
IM-MS) to the dibenzo-24-crown-8 (DB24C8) complexes with six metal ions (M = Ca2+,
Na+, Ag+, K+, Rb+, Cs+) which are known as fundamental host-guest complexes. The two
different types of conformers of K+(DB24C8) were previously found by ultraviolet pho-
todissociation spectroscopy under cold gas-phase conditions [38]. In the IM-MS at 300 K,
the separation of the conformers of K+(DB24C8) complex ions was impossible because the
isomerization rate is much faster than the drift time (∼2 ms). We separated two types of
conformers of M(DB24C8) complex ions by the Cryo-IM-MS at 86 K because the confor-
mational change of the complex ions is suppressed in the cryogenic ion drift tube. These
two conformers (closed and open) have different distances between two benzene rings
of the DB24C8. The activation energy barrier of the isomerization reaction between the
closed and open conformers of K+(DB24C8) is lower than that of Cs+(DB24C8). In the six
M(DB24C8) complexes examined in this study, K+(DB24C8) has the special stability of
the closed conformer. This stability originates from the strong π-π interaction between
two benzene rings of K+(DB24C8). The present study reveals that the structural stability
and flexibility of the host-guest complexes are dependent on the guest ion.
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