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Abstract

We measure UV photodissociation (UVPD) spectra of cold benzo-15-crown-5 (B15C5)
and benzo-18-crown-6 (B18C6) complexes with divalent ions (M** = Ca**, Sr**, Ba™,
and Mn®), solvated with an H,O or a CH,OH molecule: M**B15C5H,0,
M?**eB15C5+CH,OH, M***B18C6¢H,0, and M***B18C6*CH,OH. All the species show
a number of sharp vibronic bands in the 36600-37600 cm™ region, which can be
attributed to electronic transitions of the BI8C6 or BI15C5 component.
Conformer-specific IR spectra of these complexes are also obtained by IR-UV
double-resonance spectroscopy in the OH stretching region. All the IR-UV spectra of
the H,O complexes show IR bands at ~3610 and ~3690 cm™'; these bands can be
assigned to the symmetric and asymmetric OH stretching vibrations of the H,O
component. The CH;OH complexes also show the stretching vibration of the OH

group at ~3630 cm™'.  The H,0 and the CH;OH components are directly bonded to the



M** ion through the M**eeeO bond in all the complexes, but a small difference in the
conformation results in a noticeable difference in the OH stretching frequency, which
enables us to determine the number of conformers. For Ca®*, Sr**, and Mn*', the
number of conformers for the B18C6 complexes is in the range of 2-5, which is clearly
larger than complexes with B15C5 (1 or 2). However for Ba®, the number of
conformers with B18C6 (1 or 2) is almost the same as that with BI5SC5. This is
probably because the Ba®* ion is too large to be located in the cavity center of either
B15C5 and B18C6, which provides an open site at the Ba* ion suitable for solvation
with H,O or CH;OH. The more conformations a complex can take, the more
entropically favored it is at non-zero temperatures. Hence, the larger number of
conformations suggests higher stability of the complexes under solvated conditions,

leading to a higher degree of ion encapsulation in solution.
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1. Introduction

It is well known that crown ethers show ion selectivity in solution.'” This
has been explained mainly by the optimal matching in size between the crown cavity

and the ion."?

The crystal structure of host-guest complexes was extensively examined
by X-ray diffraction.'” However, it is not so obvious how the matching in size
controls the efficiency of the encapsulation in solution. Mass spectrometric and
theoretical studies of metal ion-crown ether complexes in the gas phase have
demonstrated that the binding energy between the crowns and the metal ions (for
example, 18-crown-6 and alkali metal ions) is larger for smaller ions,*?” and that solvent
effects play important roles for the ion selectivity of crown ethers in solution.'”'*?'
Lisy and co-workers measured IR photodissociation (IRPD) spectra of alkali metal ions
with 18-crown-6 and H,O molecules and determined the complex structure by

comparing the IRPD spectra with calculated spectra.”®?

They suggested that several
conformers coexist for each complex, but it was not easy to determine the number of
conformers and their structures definitely from the IRPD spectra. Martinez—Haya,
Oomens, and their coworkers reported IR multiple photon dissociation spectroscopy of
divalent metal ion-crown ether complexes.”” A remarkable shift of the C-O
stretching band is seen for 18-crown-6 complexes with alkaline earth metal cations in
comparison to alkali metal cation complexes. This shift is ascribed to stronger binding
of alkaline earth metal cations to the oxygen atoms and to the degree of folding of
18-crown-6.> Kim, Heo, and their coworkers studied ultraviolet photodepletion
spectroscopy of dibenzo-18-crown-6 complexes with alkaline earth metal divalent
cations.” More recently, we have applied UV photodissociation (UVPD) and IR-UV

double-resonance spectroscopy to cold dibenzo-18-crown-6 complexes (DB18C6) with

alkali metal ions and H,O molecules, M**DB18C6¢(H,0), ;.>* We determined the



structure and the number of conformers on the basis of the IR spectra and discussed the
selectivity of encapsulation of ions by the crown ethers in solution in terms of entropic

effects related to the number of conformers.

In the present work, we investigate UV and IR spectroscopy of cold
complexes of benzo-15-crown-5 (B15C5) and benzo-18-crown-6 (B18C6) with divalent
ions, solvated by one H,0O or CH,OH molecule: M***B15C5eL and M***B18C6eL (M**
= Ca®, Sr**, Ba®, and Mn**, and L = H,0 and CH,OH). We employ UVPD and
IR-UV double resonance spectroscopy to measure UV spectra and conformer-selective
IR spectra of the cold species in the OH stretching (3200-3800 cm™) region and
determine the number of the conformers and their structure. We discuss the relation
between the number of the conformers and the matching in size between the crown

cavity and the metal ions.

2. Experimental and computational methods

The details of our experimental approach have been described previously.***°

Briefly, M?**B15C5°H,0, M?**eB15C5°CH;0OH, M?**sB18C6°H,0, and
M**B18C6*CH,OH (M** = Ca®, Sr**, Ba®*, and Mn®") complexes are produced
continuously at atmospheric pressure via nanoelectrospray of a solution containing
metal chloride and the crown ethers (~10 uM each) dissolved in methanol/water (~9:1
volume ratio). The parent ions of interest are selected in a quadrupole mass filter and
injected into a 22-pole RF ion trap, which is cooled by a closed cycle He refrigerator to
~6 K. The trapped ions are themselves cooled internally and translationally to ~10 K

35-38

through collisions with cold He buffer gas, which is pulsed into the trap. The



trapped ions are then irradiated with a UV laser pulse, which causes some fraction of
them to dissociate. The resulting charged photofragments, together with the remaining
parent ions, are released from the trap, analyzed by a second quadrupole mass filter, and
detected with a channeltron electron multiplier. Ultraviolet photodissociation (UVPD)
spectra of parent ions are obtained by plotting the yield of a particular photofragment as
a function of the wavenumber of the UV laser. For IR-UV double resonance
spectroscopy, the output pulse of an IR OPO precedes the UV pulse by ~100 ns and
counter-propagates through the 22-pole. Absorption of the IR light by ions in a
specific conformational state warms them up, reducing the net UV absorption by this
conformer.” The wavenumber of the UV laser is fixed to a vibronic transition of a
specific conformer, and the wavenumber of the OPO is scanned in the OH stretching
region (3200-3800 ¢cm™') while monitoring the number of fragment ions. IR-UV
depletion spectra are obtained by plotting the yield of a particular photofragment as a
function of the OPO wavenumber. In the experiments of the Ca®*, Sr**, and Ba®

complexes, we examine the most abundant isotopomers having “Ca, **Sr, and '*Ba.

We also perform quantum chemical calculations for all the complexes in this
study. For geometry optimization of the Ca®* complexes, we first use a classical force
field to find conformational minima. The initial conformational search is performed
by using the CONFLEX High Performance Conformation Analysis program with the
MMFF94s force field.**" The lowest energy conformers found with the force field
calculations are then optimized at the M05-2X/6-31+G(d) level with loose optimization
criteria using the GAUSSIANO9 program package.”” The unique minima obtained by
comparison of relative energies are further optimized using the M05-2X/6-31+G(d)
basis set. Vibrational analysis is carried out for the optimized structures at the same

computational level. In the CONFLEX software we cannot perform the



conformational search for the Sr** and Ba® complexes because the force field is not
available for these ions. We thus produce initial conformations for the geometry
optimization of the Sr** and Ba® complexes by replacing the Ca’ ion in the
geometry-optimized Ca®* complexes with Sr** or Ba**. In the geometry optimization
of the Sr** and Ba* complexes, we use the Stuttgart RLC ECP for Sr and Ba, and
6-31+G(d) for C, H, and O; functions of the ECPs are obtained from a database of basis
sets.”  For the Mn** complexes, we first use Ni** instead of Mn** to perform the initial
conformational search, since the force field in the CONFLEX does not include Mn?*.
We then carry out geometry optimization with the GAUSSIANO9 program package by
replacing the Ni** ion in the conformations with Mn**. The highest spin state (sextet)
is much more stable than other spin states for the Mn** complexes; all the quantum

chemical calculations are performed at the sextet spin state.

3. Results and Discussion

Figure 1 shows the UVPD spectra of (a) Ca*sB15C5¢H,0, (b)
Ca’**B15C5°CH;OH, (c) Ca’**B18C6¢H,0, and (d) Ca’**B18C6¢CH,OH in the
36600-37600 cm™ region. Similarly, the UVPD spectra of the Sr**, Ba®*, and Mn**
complexes are displayed in Figs. 2a—d, 3a—d, 4a—d, respectively. These spectra are
measured by monitoring the yield of the M***B15C5 or M***B18C6 photofragment. In
our ion source we cannot produce enough bare M***B15C5 or M***B18C6 complexes
for UVPD spectroscopy —at least one H,O or CH;0OH molecule is always attached.
The band origins of neutral B15CS5 is found at 35645, 35653, and 36217 cm™ for three
conformers.* Neutral B18C6 shows the band origins at 35167 cm™' and around 35650

cm' for four conformers.” Thus, all the UVPD spectra in Figs. 1-4 show blue-shifted



transitions compared to neutral B15C5 or B18C6; this is the same trend as that of
B15C5 and B18C6 complexes with alkali metal ions.** All the UVPD spectra in Figs.
1-4 show a number of vibronically resolved bands. In order to distinguish vibronic
bands due to different conformers and determine their structure, we measure the IR-UV
spectra of the complexes by fixing the UV wavenumber at one of the vibronic bands
and scanning the wavenumber of the IR OPO in the OH stretching region. In addition,
we measure conformer-specific UVPD spectra by fixing the IR frequency to one of the
vibrational bands of a particular conformer and scanning the UV frequency. By
examining the depletion yield of each vibronic band by the IR excitation we can
distinguish those bands in the UVPD spectra that belong to the same conformer. The
UVPD spectra measured with IR excitation are shown in the Supporting Information

(Figs. 1S-8S).

Figure 5a shows the IR-UV spectrum of the Ca**B15C5¢H,0 complex
measured by monitoring the intensity of the vibronic band at 37105 cm™ in Fig. la.
Vibrational bands are observed at 3610 and 3676 cm™'. Setting the UV laser on most
of the strong vibronic bands in the UVPD spectrum of Ca***B15C5¢H,O results in IR
bands at the same positions as those in Fig. 5a. The UVPD spectrum with the IR
excitation at 3610 cm™ (Fig. 1S of the Supporting Information) shows uniform
depletion for all the vibronic bands. These results indicate that there is only one
conformer for the Ca***B15C5¢H,0 complex in our experiment. The calculated IR
spectra and the optimized structures of the Ca***B15C5¢H,0 complex are displayed in
Figs. 9S and 25S in the Supporting Information. All the calculated spectra display the
symmetric and asymmetric OH stretching vibrations at similar positions (~3596 and
~3673 cm™', respectively); it is not possible to determine the structure of the

Ca’**B15C5°H,0 complex definitely from the observed and calculated vibrational



spectrum alone. In all the calculated conformers, the H,O molecule is directly attached
to the Ca® ion through a Ca**eeeQ intermolecular bond; the two OH groups of the H,O
molecule are almost free from an intermolecular bond. The observed IR-UV bands at
3610 and 3676 cm™' can be assigned to the symmetric and asymmetric OH stretching
vibrations of the H,O component. For the Ca***B15C5¢CH,OH complex, the IR-UV
measurement provides only one IR spectrum (Fig. 5b); there is also only one conformer
for Ca***B15C5¢CH,OH in our experiment. The IR band observed at 3641 cm™ is
assigned to the OH stretching vibration of CH;OH. The calculated IR spectra and the
optimized structures of Ca***B15C5¢CH;OH are shown in Figs. 10S and 26S. All the
conformers have CH;OH bound to the Ca** ion and an OH stretching band at almost the
same frequency (~3636 cm™). Again, it is difficult to determine the conformer
structure by comparison of the observed and calculated IR spectra, but it is likely that
CH,OH is directly bonded to the Ca® ion through a Ca**eseQ bond and that the OH

group is free from an intermolecular bond.

In contrast to the case of the Ca***B15C5¢H,0 and Ca***B15C5CH,OH
complexes, the B18C6 complexes of Ca®* ion show multiple conformations. Figure 5c
displays the IR-UV spectra of the Ca***B18C6¢H,0O complex. All the IR-UV spectra
show the bands at similar positions (~3615 and ~3695 cm™), but noticeable differences
in the frequencies can be seen among the three spectra. The IR-UV spectrum
measured at 36951 cm™ (the upper spectrum in Fig. 5¢) has both gain and depletion
signals around 3615 and 3695 cm™'. The UV band at 36951 cm™ (band (3) in Fig. 1¢)
is relatively weaker than the other bands. In the IR-UV measurement at 36951 cm™,
electronic transitions from vibrationally excited states of main conformers also occur
and provide the same photofragment Ca’***B18C6 ion. This excitation process gives

gain signals in the IR-UV spectrum of the minor conformer measured at 36951 cm™ .



From the IR-UV results in Fig. 5c, we conclude that the Ca**sB18C6°H,O complex has
at least three conformers in our experiment. The IR bands around 3615 and 3695 cm™
can be assigned to the symmetric and asymmetric OH stretching vibrations of H,O.
The calculated IR spectra and the optimized structures are shown in Figs. 11S and 27S
in the Supporting Information. Because all the calculated isomers have IR bands close
to each other, it is difficult to determine the conformer structure from the IR spectra.
However, it is likely that H,O is directly attached to Ca* in all the three conformers in
the experiment. In the case of the Ca***B18C6°CH,OH complex, three types of IR-UV
spectra are also observed in the OH stretching region (Fig. 5d). The IR bands of the
Ca’**B18C6°CH,OH ion in Fig. 5d are assigned to the OH stretching vibration. The
position of the IR bands of the three conformers is close to each other, indicating the

similarity of their structures.

Figures 6a—d, 7a—d, and 8a—d show the IR-UV spectra of the Sr**, Ba**, and
Mn** complexes, respectively. All the complexes show OH stretching vibrations in the
3550-3700 cm ™' region. The IR bands of the H,0 complexes at ~3600 and ~3680 cm™
are attributed to the symmetric and asymmetric OH stretching vibrations of the H,O
component, respectively. The band in the IR spectra of the methanol complexes is due
to the OH stretching vibration of methanol. Based on their stretching frequencies, the
OH groups are free from a strong intermolecular bond, and the H,O or CH,OH is bound
to the M® ion through an MO bond. The IR-UV spectrum of the
Sr**sB15C5¢CH,OH complex is expanded around 3640 cm™ (Fig. 6b). Though the
difference in the OH frequency is quite small (~1.1 ¢cm™), they are reproducibly
different; there are at least two conformers for Sr2+°B15C5°CH3OH. Similar to the
case of the Ca***B18C6¢H,0 complex (Fig. 5c), the Ba***B18C6*CH,OH ion also shows

a gain-dip feature around 3644 cm™' (Fig. 7d). The gain and depletion signals are



attributed to a main and a minor conformer, respectively. For the B15C5 complexes,
the OH bands appear at ~3610 and ~3677 cm™ for the H,O complexes and at ~3640
cm™' for the CH;OH complexes, except for band (1) of Ba***B15C5+H,0O (Fig. 7a).
This conformer shows OH bands at 3587 and 3670 cm™', which are smaller than those
of the other B15C5°H,0 complexes; it is probable that the OH groups are bonded to the
benzene ring of B15C5 through the O—Heeet hydrogen bonds. The Mn***B15C5+H,0
and Mn**B15C5¢CH,OH complexes have only one isomer each (Figs. 8a and 8b). In
contrast to the B15C5 complexes, those containing B18C6 show a wider range of OH
frequencies for Ca®, Sr**, Ba®, and Mn*. The symmetric and asymmetric OH
stretching frequencies of the H,O component are in the range of 3583-3616 and
3674-3699 cm™', respectively. The OH bands of the CH;OH complexes are located in
the 3598-3646 cm™' range. The difference in the OH frequencies reflects the
orientation of the H,O or CH;OH component against the metal ion-crown ether
complexes. The B18C6 complexes can have more different types of solvation

geometries than those with B15CS.

We collect the number of conformers determined by IR-UV double-resonance
spectroscopy in Table 1. The number of conformers of the BI8C6 complexes is
obviously larger than that of the B15C5 complexes for Ca**, Sr**, and Mn** ions. For
instance, the number of conformers of the Ca***B18C6°H,0O complex (3) is larger than
that of the Ca***B15C5+H,0 complex (1). In contrast, the Ba®* complexes do not show
such a clear trend—the Ba***B15C5CH,OH and Ba***B18C6°CH,OH complexes have
one and two conformation(s), respectively, whereas the Ba***B15C5¢H,0 and
Ba’**B18C6°H,0 complexes have two and one conformer(s). These results can be

attributed to the matching in size between the crown cavity and the metal ions, as seen
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in the case of the K**DB18C6¢(H,0);, Rb**DB18C6¢(H,0),, and Cs**DB18C6¢(H,0),
complexes.’** The cavity size of DB18C6 shows an optimum matching with K* ion
among alkali metal ions; the K* ion in the K**DB18C6 complex is located almost at the
center of the DB18C6 cavity. In this case, the H,O molecules can be bound to the K*
ion directly from both top and bottom of the DB18C6 cavity, providing multiple
hydration forms. In contrast, the Rb" or Cs" ion is located slightly out of the cavity in
the DB18C6 complexes, because these ions are too big to be located at the center.
Here the hydration to the metal ions is possible only from the top, giving only one
conformation. Coming back to the alkali earth metal ions, Figs. 9 and 10 show the
most stable structures of the B15CS and B18C6 complexes, respectively. In the bare
complexes of B15C5 with Ca*, Sr**, and Ba** (Fig. 9), the B15C5 cavity is too small to
encapsulate these ions completely; one side of the metal ions is open for direct solvation.
The H,O or CH;OH molecule is bound on the open side, opposite to the BISC5. This
situation is quite similar to the Rb**DB18C6 and Cs'*DB18C6 complexes.* In
contrast, the BI8C6 component in the bare complexes holds the Ca*, Sr**, and Ba** ions
more deeply than B15C5 (Fig. 10). In the solvated complexes, the H,O or CH,OH
molecule tends to extract the metal ions from the crown cavity by being attached
directly to the metal ions through the M**eeeQ bond. Figure 11 shows the distance
between the mean plane of the crown oxygen atoms and the metal ion in the complexes
as a function of the ionic radii of the M** ions. The ionic radii of Ca**, Sr**, Ba**, and
Mn** were reported to be 1.00, 1.18, 1.35, and 0.83 A, respectively, with a coordination
number of 6 in crystals.”’ In the case of the bare B15C5 complexes (Fig. 11a), the
distance increases from 0.77 to 1.37 A with increasing the ion size for Ca*, Sr**, and
Ba®*. Attachment of one H,O or CH;OH molecule does not elongate the distance so

much. As seen in Fig. 9, the top side of the bare M***B15C5 complexes is open for
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solvation. The solvent H,O or CH,;OH molecule is attached on that side, forming one
or a few stable conformer(s). For the bare M***B18C6 complexes, the distance of Ca**
and Sr** (0.11 and 0.15 A) is shorter than those of the B15C5 complexes as well as that
of K**B18C6 (~0.20 A), which is thought to have an optimum matching in size between
K*and B18C6.” However, attachment of only one solvent molecule extracts the metal
ion significantly, by ~0.3 A on average; the metal ion in the solvated Ca***B18C6 and
Sr**sB18C6 complexes can be located in a bigger space than the B15C5 complexes.
This results in the existence of multiple conformers for the Ca***B18C6 and Sr***B18C6
systems. In the bare Ba>**B18C6 complex, the distance (0.25 A) is larger than that of
the Ca®, Sr**, and K* complexes. The Ba®" ion is encapsulated by B18C6 less deeply
than Ca”*, Sr**, and K*, which results in a smaller number of conformers for the solvated
Ba’**B18C6 complexes, similar to the case of the M***B15C5 complexes described
above. In the case of the Mn®* complexes, the distance of the Mn***B15C5 ion (0.06
A) is almost the same as that of Mn***B18C6 (0.07 A). However, the attachment of
one H,0 or CH,OH molecule elongates the distance by ~0.41 A in the latter complex,
which is more than in the former (~0.27 A). Also for the Mn** ion, B18C6 allows
larger flexibility of the metal position in the solvated complexes than B15C5, which
provides more conformations for B18C6. From a thermochemical point of view, a
larger number of conformations can provide larger stability in solution. In the
encapsulation systems where an optimal matching in size occurs between host and guest
species, there can be some flexibility in the position of the guest against the host. As a
result, a larger number of solvation manners become possible for such systems when it

is dissolved, which enhances the capability of encapsulation in solution.
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4. Summary

We have measured the UV photodissociation (UVPD) and IR-UV double
resonance spectra of the M***B15C5¢H,0, M***B15C5+CH,OH, M***B18C6H,0, and
M?*+B18C6+CH,OH (M** = Ca*, Sr**, Ba’, and Mn®*) complexes produced by
nanoelectrospray and cooled to ~10 K in a 22-pole ion trap. The results of the IR-UV
experiment suggest that the H,O or CH;OH molecule in these complexes is attached
directly to the metal ions through the M**seeO bond. We have determined the number
of conformers for these complexes on the basis of the IR-UV spectra. In the case of
Ca’*, Sr**, and Mn?*, the number of conformations for the B18C6 complexes is larger
than those with B15C5. In contrast, the Ba** ion has small number of conformers (one
or two) for both of B15C5 and B15C5. These results indicate that the complexes with
a good matching in size between the metal ion and the crown ether have a larger number
of conformations under solvated conditions, which results in a higher degree of ion
encapsulation in solution driven by entropic effects. The difference in the number of
conformations of the different ion complexes is thus at the root of the selectivity of ion

encapsulation.
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Figure 1. The UVPD spectra of the Ca® complexes. The arrows show the UV positions at which the
IR-UV spectra are measured. The intensity of each spectrum is normalized as having the same
maximum intensity for all the spectra.
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Figure 3. The UVPD spectra of the Ba** complexes. The arrows show the UV positions at which the
IR-UV spectra are measured. The intensity of each spectrum is normalized as having the same
maximum intensity for all the spectra.
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Ca**B18C6°H,0, and (d) Ca***B18C6°CH,OH. The numbers in parentheses show the UV position for
measuring each IR-UV spectrum (see Fig. 1).
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Figure 6. IR-UV double resonance spectra of (a) Sr***B15C5+H,0, (b) Sr**B15C5+CH;OH, (c) Sr
#*eB18C6°H,0, and (d) Sr***B18C6¢CH;OH. The numbers in parentheses show the UV position for
measuring each IR-UV spectrum (see Fig. 2).
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Figure 7. IR-UV double resonance spectra of (a) Ba**B15C5+H,0, (b) Ba?**B15C5*CH,0H, (c)
Ba’**B18C6°H,0, and (d) Ba>**B18C6¢CH;OH. The numbers in parentheses show the UV position for
measuring each IR-UV spectrum (see Fig. 3).
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Figure 8. IR-UV double resonance spectra of (a) Mn***B15C5¢H,0, (b) Mn***B15C5+CH;0OH, (c)
Mn?*B18C6°H,0, and (d) Mn***B18C6*CH,OH. The numbers in parentheses show the UV position for

measuring each IR-UV spectrum (see Fig. 4).
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Figure 9. The most stable structures of the B15C5 complexes. The geometry optimizations were
performed with the M05-2X/6-31+G(d) level of theory.
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Figure 10. The most stable structures of the B18C6 complexes. The geometry optimizations were
performed with the M05-2X/6-31+G(d) level of theory.
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Figure 11. Distance between the mean plane of the oxygen atoms in the ether ring and the M** ions.
These values are obtained for the conformers whose total energy is lower than 5 kJ/mol relative to that of
the most stable ones.
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Table 1. The number of isomers of M**B15C5eL and M***B18C6sL complexes with M** = Ca®*, Sr**,
Ba®*, and Mn**, and L = H,0 and CH,0H.

N L=H,0 L = CH,OH
B15C5 B18C6 B15C5 B18C6
Ca** 1 3 1 3
Sr** 1 3 2 5
Ba** 2 1 1 2
Mn? 1 2 1 3
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