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Abstract
The H2O+ radical ion, produced in an electrospray ion source via charge
transfer from Eu3+, is encapsulated in benzo-15-crown-5 (B15C5) or benzo-18-crown-6
(B18C6).

We measure UV photodissociation (UVPD) spectra of the (H2O•B15C5)+

and (H2O•B18C6)+ complexes in a cold, 22-pole ion trap.

These complexes show

sharp vibronic bands in the 35700–37600 cm–1 region, similar to the case of neutral
B15C5 or B18C6.

These results indicate that the positive charge in the complexes is

localized on H2O, giving the forms H2O+•B15C5 and H2O+•B18C6, in spite of the fact
that the ionization energy of B15C5 and B18C6 is lower than that of H2O.

The

formation of the H2O+ complexes and the suppression of the H3O+ production through
the reaction of H2O+ and H2O can be attributed to the encapsulation of hydrated Eu3+
clusters by B15C5 and B18C6.

On the other hand, the main fragment ions subsequent

to the UV excitation of these complexes are B15C5+ and B18C6+ radical ions; the
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charge transfer occurs from H2O+ to B15C5 and B18C6 after the UV excitation.

The

position of the band origin for the H2O+•B18C6 complex (36323 cm–1) is almost the
same as that for Rb+•B18C6 (36315 cm–1); the strength of the intermolecular interaction
of H2O+ with B18C6 is similar to that of Rb+.

The spectral features of the

H2O+•B15C5 complex also resemble those of the Rb+•B15C5 ion.

We measure IR-UV

spectra of these complexes in the CH and OH stretching region.

Four conformers are

found for the H2O+•B15C5 complex, but there is one dominant form for the
H2O+•B18C6 ion.

This study demonstrates the production of radical ions by charge

transfer from multivalent metal ions, their encapsulation by host molecules, and
separate detection of their conformers by cold UV spectroscopy in the gas phase.

Keywords: lanthanide, europium, 18-crown-6, 15-crown-5, encapsulation, water, crown
ether, infrared, ion trap, electrospray, solvent effect

*To whom correspondence should be addressed.
‡

Hiroshima University

†

École Polytechnique Fédérale de Lausanne

2

1. Introduction
One of the advantages of electrospray in mass spectrometry is its ability to
introduce ions from solution directly into vacuum without destroying them, even if
molecules are large and non-volatile.1-2

However, the electrospray process sometimes

occurs under harsh conditions due to high electric fields, inducing a number of chemical
reactions. In addition, the reduction of the positive charge from multiply charged
metal ions often occurs in electrospray, which is due to their higher ionization energy
(IE) than that of solvent molecules.3

In our experimental efforts to produce host-guest

complexes of metal ions by electrospray, we found that when using solutions of
lanthanide salts and host molecules, radical ions of solvent are efficiently produced and
encapsulated in the host cavities. In this study, we report the production of the H2O+
radical ion and its encapsulation in the cavity of benzo-15-crown-5 (B15C5) or
benzo-18-crown-6

(B18C6)

(H2O•B18C6)+ complexes.

using

electrospray,

forming

(H2O•B15C5)+

and

In order to examine the electronic and geometric structures

of these complexes, we perform UV photodissociation (UVPD) and IR-UV
double-resonance spectroscopy in a cold, 22-pole ion trap.4

On the basis of the

spectroscopic results, we can determine the structure of these complexes and investigate
charge transfer (CT) processes that occur within them.
2. Experimental Method
The experiment is performed with a tandem mass spectrometer equipped with
a nanoelectrospray ion source.4-6

We inject a solution of EuCl3•6H2O and B15C5 or

B18C6 (~200 µM each) in methanol/water (~98:2 volume ratio) via the
nanoelectrospray source.

While (H2O•B15C5)+ and (H2O•B18C6)+ complexes are

produced in this source, we cannot find bare Eu3+ ion or complexes containing it.
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Mass spectra of the EuCl3•6H2O solutions with B15C5 and B18C6 are displayed in Fig.
1S of the Supporting Information.

These spectra clearly show that the (H2O•B15C5)+

and (H2O•B18C6)+ complexes are formed, and that the H3O+•B15C5 or H3O+•B18C6
complex is not seen in this experiment.

The signals m/Z = ~1.0 above the

(H2O•B15C5)+ and (H2O•B18C6)+ complexes (m/Z = 287 for B15C5 and 331 for
B18C6) can be assigned to the complexes having one 13C atom.

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 cooled

internally and translationally to ~10 K through collisions with cold He buffer gas,4-5, 7-8
which is synchronously injected into the trap.

The trapped ions are then irradiated

with a tunable UV laser pulse, which causes some fraction of them to dissociate.

The

resulting charged photofragments, as well as the remaining parent ions, are released
from the trap, analyzed by a second quadrupole mass filter, and detected with a
channeltron electron multiplier.

The UVPD spectra of parent ions are obtained by

plotting the yield of a particular photofragment ion as a function of the wavenumber of
the UV laser.

We also measure conformer-specific infrared spectra using IR-UV

double-resonance spectroscopy.

In these experiments, the output pulse of an IR OPO

precedes the UV pulse by ~100 ns and counter-propagates collinearly with it through
the ion trap.

Absorption of the IR light by the ions in a specific conformer induces the

depopulation of the ground state, resulting in the reduction of the net UV absorption of
this conformer.9

The wavenumber of the UV laser is then fixed to a vibronic transition

of this conformer for monitoring the conformer-selective IR-induced depletion of the
UVPD yield, and the wavenumber of the OPO is scanned in the light-atom stretching
region (2600–3800 cm–1) while monitoring the number of fragment ions.
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IR-UV

depletion spectra are obtained by plotting the yield of a particular photofragment as a
function of the OPO wavenumber.
3. Results and Discussion
3.1 (H2O•B18C6)+ complex
Figures 1a and 1b display the UVPD spectra of the (H2O•B18C6)+ and
Rb+•B18C6 complexes, respectively; the latter spectrum was reported in our previous
study.10

The spectrum of the (H2O•B18C6)+ complex is measured by monitoring the

yield of B18C6+ photofragment.

Neutral B18C6 exhibits band origins at 35167 cm–1

and around 35650 cm–1 for four conformers.11

Hence, the vibronic bands in the

spectrum of the (H2O•B18C6)+ complex can be assigned to the absorption of the B18C6
component.

This suggests that B18C6 in the (H2O•B18C6)+ complex remains neutral,

and the complex has the structure H2O+•B18C6.

In the case of alkali metal ion–B18C6

complexes, M+•B18C6, the position of the band origin reflects the strength of the
intermolecular interaction between M+ and B18C6; being located at 36398, 36315, and
36234 cm–1 for the K+, Rb+, and Cs+ complexes, respectively.10

As shown in Fig. 1a,

the H2O+•B18C6 complex has its band origin at 36323 cm–1, closest to that of the
Rb+•B18C6 complex (36315 cm–1).

In addition, the vibronic structure is quite similar

between the spectra of H2O+•B18C6 and Rb+•B18C6. This suggests that the strength
of intermolecular interaction of H2O+ with B18C6 is comparable to that of Rb+.
In order to determine the structure and examine the coexistence of multiple
conformers, we measure IR spectra of the H2O+•B18C6 complex by IR-UV
double-resonance spectroscopy.

Figure 2a shows the IR-UV spectrum of the

H2O+•B18C6 complex along with that of the Rb+•B18C6 ion (Fig. 2b) from our previous
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study.10

These spectra are obtained by fixing the UV frequency at the respective band

origins (36323 and 36315 cm–1).

In the case of H2O+•B18C6, the frequency of the IR

OPO was scanned up to ~3700 cm–1, but no band was observed in the 3200–3700 cm–1
region (see Fig. 2S of the Supporting Information).

For the Rb+•B18C6 complex, all

the strong vibronic bands in the UVPD spectrum (Fig. 1b) show the same IR-UV
spectrum as that in Fig. 2b.10

Similarly, all the IR-UV spectra of the H2O+•B18C6

complex are identical for the strong vibronic bands in Fig. 1a, indicating that there is
only one dominant conformer.

Weak vibronic bands in the 36150–36300 cm–1 region

of Fig. 1a are attributed to a minor conformer because of their different vibronic
structure from that of the main conformer from 36323 cm–1.

In the IR-UV spectrum of

the Rb+•B18C6 ion (Fig. 2b), absorption of the CH stretching vibrations is observed
mainly around 2900 cm–1.

The IR spectrum of the H2O+•B18C6 complex measured at

36323 cm–1 shows strong absorption in the 3000–3200 cm–1 region in addition to weaker
bands due to the CH stretches at ~2900 cm–1.

Hence, the strong bands at 3026 and

3051 cm–1 can be assigned to the OH stretching vibrations of the H2O+ component.
The frequency of the symmetric (ν1) and asymmetric (ν3) OH stretching vibrations of
H2O+ in the gas phase was reported to be 3212.86 and 3259.04 cm–1, respectively.12

It

is thus likely that the OH groups of the H2O+ component in the H2O+•B18C6 complex
form hydrogen bonds with the B18C6 part.
We then examined theoretically the possibility that the complex in this study
was not the H2O+ cluster but the H3O+ one.

We performed the conformational search,

geometry optimization, and calculations of electronic transitions for the H3O+•B18C6
complex; the details of the calculations were explained in the Supporting Information.
As mentioned above, the position of the band origin reflects the strength of the
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intermolecular interaction between cations and B18C6, and calculated transition
energies by time-dependent density functional theory (TD-DFT) reproduce the observed
ones in the UVPD spectra very well, with an accuracy of ~20 cm–1.10

As seen in Fig.

3S of the Supporting Information, the most stable form of the H3O+•B18C6 complex is
predicted to have the transition to the first excited state at 36736 cm–1, much higher than
that observed in Fig. 1a (36323 cm–1).

Hence, it is probable that the complex formed

in this experiment is surely the H2O+•B18C6 ion.
3.2 (H2O•B15C5)+ complex
Figure 3a shows the UVPD spectrum of the (H2O•B15C5)+ complex.

The

band origin of neutral B15C5 is found at 35645, 35653, and 36217 cm–1 for three
conformers.13

The vibronic bands of the (H2O•B15C5)+ complex in Fig. 3a are thus

assignable to the absorption of the B15C5 part; the H2O part mainly carries the positive
charge in this complex, giving a structure of the form H2O+•B15C5.

As mentioned

above, the H2O+ radical ion interacts with the B18C6 component similarly to the Rb+ ion.
Figure 3b displays the UVPD spectrum of the Rb+•B15C5 complex.10

The vibronic

bands of the Rb+•B15C5 complex are attributed to three isomers (Rb-I, Rb-II, and
Rb-III).10
We apply IR-UV spectroscopy to the H2O+•B15C5 complex in the CH and
OH stretching regions.

Figure 4 shows the IR-UV spectra of the H2O+•B15C5 ion with

those of conformers Rb-II and Rb-III of Rb+•B15C5.10

The IR-UV spectra of the

H2O+•B15C5 complex are measured by monitoring the photofragment yield at the UV
positions (1–4) highlighted by arrows in Fig. 3a.

The four IR-UV spectra of the

H2O+•B15C5 complex show different spectral features.

Hence, there are at least four

isomers for the H2O+•B15C5 complex in our experiment.

In contrast to the case of the
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H2O+•B18C6 complex described above, it is not possible to identify clearly the OH
stretching bands of the H2O+ component in these congested IR spectra.

However,

since the Rb+ complex has strong CH stretching bands only in the 2870–2990 cm–1
region (Figs. 4e and 4f),10 the strong bands below 2800 cm–1 in the IR spectra of the
H2O+ complex can tentatively be assigned to the OH stretching vibration(s).
Zwier and coworkers and our group have reported that the vibronic structure
of B15C5 around the band origin is a good diagnosis of the conformation around the
phenyl ring; conformers in which the β carbon atoms (C4 and C14 atoms, see Scheme 1
of Ref. 10) are displaced largely from the plane of the phenyl ring show intense
Franck-Condon progressions.10,

13-14

The vibronic structure of the H2O+•B15C5

complex is quite similar to that of the Rb+•B15C5 ion in the 36300–36900 cm–1 region,
which corresponds to Rb-II and Rb-III.

In the isomers that show Rb-II and Rb-III

(isomers Rb-A and Rb-B, see Figs. 7 and 8 of Ref. 10), the β carbon atoms are located
largely out of the benzene plane.

This suggests that isomers 3 and 4 of H2O+•B15C5

have the β carbon atoms displaced largely from the phenyl plane, similar to Rb-A and
Rb-B of Rb+•B15C5.

In contrast, isomers 1 and 2 of H2O+•B15C5 show strong origin

bands, and their progressions are not so extensive.

This suggests that the β carbon

atoms of isomers 1 and 2 are located almost in the benzene plane.
We performed the conformational search, geometry optimization, and
calculations of electronic transitions also for the H3O+•B15C5 complex.
calculated results are shown in Fig. 4S of the Supporting Information.

The

The electronic

transition energy of the most stable H3O+•B15C5 conformer is estimated as 36969 cm–1,
higher than those of the H2O+•B15C5 isomers in the UVPD spectrum (Fig. 3a).
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Therefore, the complex examined in this study is not H3O+•B15C5 but surely
H2O+•B15C5.
3.3 Energetics of the (H2O•B18C6)+ and (H2O•B15C5)+ complexes
Figure 5 shows schematic potential energy surfaces proposed for the
(H2O•B18C6)+ complex.

The right- and left-hand sides in Fig. 5 represent the

dissociation limit to (H2O + B18C6+) and (H2O+ + B18C6), respectively.

The energy

of these dissociation limits is obtained from the IEs of H2O (12.65 eV) and benzene
(9.24384 eV).15-16

We performed the geometry optimization of (H2O•B18C6)+ at the

M05-2X/6-31+G(d) level of theory using the GAUSSIAN 09 program package.17
However, all the optimized structures have the H2O•B18C6+ form; the stable structures
of the (H2O•B18C6)+ complex are shown in Fig. 6S of the Supporting Information.
Since the UVPD spectra in Fig. 1 demonstrate that the strength of the intermolecular
interaction of H2O+ with B18C6 is almost the same as that of Rb+, the binding energy
(BE) between H2O+ and B18C6 is estimated to be 2.02 eV, which is the calculated value
between Rb+ and B18C6 in our previous study10 and close to the experimental value
between Rb+ and 18-crown-6 (1.98 eV).18

The band origin of the H2O+•B18C6

complex is found at 4.50 eV (36323 cm–1) as shown in Fig. 1a.

The BE between H2O

and B18C6+ is estimated as 0.58 eV by our quantum chemical calculations described
above.

The energy of the H2O+•B18C6 complex is substantially (~1.97 eV) higher

than that of the H2O•B18C6+ ion due to higher IE of H2O than that of B18C6.

As

shown in Fig. 7S of the Supporting Information, the H2O•B18C6+ forms are calculated
to have at least one strong OH stretching vibration in the 3300–3700 cm–1 region, which
is not consistent with the measured IR-UV spectrum in Fig. 2S of the Supporting
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Information.

This confirms that the charge sits on the water and the complex that we

observe in our experiment exists as H2O+•B18C6.
The main photoproduct of H2O+•B18C6 is B18C6+, indicating that the CT
occurs from H2O+ to B18C6 after the UV excitation,
H2O+•B18C6 + hν

→ H2O+•B18C6*

→ H2O + B18C6+*

(1).

In the H2O+•B18C6 complex, the distribution of the positive charge will be similar to
the non-bonding orbital of the H2O moiety.

Therefore, in order for the H2O+•B18C6

complex to transfer an electron or the positive charge between B18C6 and H2O+, the
non-bonding orbital of H2O and π orbitals of the benzene ring should be fairly
overlapped.

Probably the overlap is not necessarily sufficient in the stable form of the

H2O+•B18C6 complex, providing a long lifetime to this complex.

After the UV

excitation of the H2O+•B18C6 complex, the internal conversion (IC) occurs to the
electronic ground state, providing enough internal energy for the structural change to
promote the sufficient overlap of the molecular orbitals between H2O and B18C6,
leading to the CT from H2O+ to B18C6.

Benzene radical cation has a (π, π) excited

state at ~2.8 eV above the electronic ground state.26-27

Therefore, the electronic state of

the fragment B18C6+ can be the ground state or the excited (π, π) state.

Since the IE

of B15C5 is similar to that of B18C6, the situation described above for H2O+•B18C6 is
applicable to H2O+•B15C5.
show quite sharp features.

The UV spectra of the H2O+•B18C6 and H2O+•B15C5
The width of the vibronic structures (~2.7 cm–1) imply that

the lifetime of the excited states is longer than ~2.0 ps.
usually occur with a timescale shorter than 1 ps.28

However, CT processes

Hence, the first step after the

photoexcitation is probably the IC from the first excited state to the ground state,
followed by the CT and dissociation.
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Another interesting finding in this study is that the positive charge is localized
not on the crown ethers but on H2O in the (H2O•B18C6)+ and (H2O•B15C5)+ complexes,
in spite of the fact that the IE of H2O is higher than that of the crown ethers.

In

addition, our experiment does not show the formation of the H3O+•B18C6 or
H3O+•B15C5 complex; the H2O+ radical cation undergoes ultrafast proton transfer
reactions with neutral H2O in neat liquid water and water clusters within a few hundreds
of fs, providing H3O+ and OH.19-24

These results in this study can be attributed to

encapsulation effects of B18C6 and B15C5. In the mass spectrum of B15C5 (Fig.
1S(a) of the Supporting Information), Eu2+•B15C5 and Eu2+•B15C5•H2O complexes are
also observed with H2O+•B15C5.
the H2O+ complexes.

This result implies following formation processes of

In solution, the Eu3+ ion is stabilized by solvation.

In the

(EuCl3•6H2O + B15C5) solution, the Eu3+ ion can be encapsulated inside the B15C5
cavity together with a few H2O molecules.

This may be possible, because the Eu3+ ion

has an ionic radius (0.95 Å for 6 coordination number) smaller than that of Na+ (1.02
Å).25

The H2O molecules may be bonded to the Eu3+ ion separately from each other

through Eu3+•••OH2 bonds. In the desolvation process, the Eu3+ ion undergoes the CT
from Eu3+ to water,3-4
Eu3+ + H2O

→ Eu2+ + H2O+

(2).

The third IE of Eu is 24.92 eV,25 which is substantially higher than the IE of H2O (12.65
eV).15

When the CT occurs from Eu3+ to H2O inside the cavity, the H2O+ cation does

not have a chance to react with other H2O molecules to form H3O+.

The Eu2+ and H2O+

ions produced in the B15C5 cavity separate from each other, providing the H2O+•B15C5,
Eu2+•B15C5, and Eu2+•B15C5•H2O complexes.

The mass spectrum of B15C5 shows

that the H2O+•B15C5 complex is much more abundant than Eu2+•B15C5 and
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Eu2+•B15C5•H2O (Fig. 1S(a)). This is probably because the H2O+ ion has a matching
in size with B15C5 much better than Eu2+ or Eu2+•H2O.
4. Summary
In our electrospray ion source, charge transfer from Eu3+ to water occurs and
produces the H2O+ radical cation in the cavity of B15C5 or B18C6, forming the
H2O+•B15C5 or H2O+•B18C6 complex.

We observed the UVPD spectra of the

H2O+•B15C5 and H2O+•B18C6 complexes in a cold, 22-pole ion trap.

These

complexes show sharp bands in the UV region similar to the S1–S0 transition of neutral
B15C5 and B18C6, suggesting that the positive charge in the complexes is localized on
H2O. On the other hand, the primary fragment ions subsequent to UV excitation of
these complexes are B15C5+ and B18C6+, which means that charge transfer occurs from
H2O+ to B15C5 and B18C6 subsequent to UV photoexcitation.

The vibronic structure

of the H2O+•B18C6 complex is quite similar to that of Rb+•B18C6, implying that the
strength of the intermolecular interaction of H2O+ with B18C6 is comparable to that of
Rb+.

The UV spectral features of the H2O+•B15C5 complex also resemble those of the

Rb+•B15C5 ion.

We measure IR-UV spectra of these complexes in the CH and OH

stretching region; four conformers are identified for the H2O+•B15C5 complex, but there
is only one for the H2O+•B18C6 ion.

In this study, we have demonstrated the

production of radical cations by charge transfer from multivalent metal ions, their
encapsulation by host molecules, and separate detection of their conformers by cold UV
spectroscopy in the gas phase.
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Figure 1.

The UVPD spectra of the (a) (H2O•B18C6)+ and (b) Rb+•B18C6 complexes (Ref. 10).
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Figure 2.

The IR-UV spectra of the (a) (H2O•B18C6)+ and (b) Rb+•B18C6 complexes (Ref. 10).
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Figure 3. (a) The UVPD spectrum of the (H2O•B15C5)+ complex. (b) The UVPD spectrum of the
Rb+•B15C5 complex (Ref. 10). Arrows indicate the position where the IR-UV spectra are measured for
the (H2O•B15C5)+ complex.
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Figure 4. The IR-UV spectra of the (a–d) (H2O•B15C5)+ and (e, f) Rb+•B15C5 complexes (Ref. 10).
The numbers 1–4 indicate the UV position where these IR-UV spectra are observed for the
(H2O•B15C5)+ complex (see Fig. 3a).
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Figure 5. Potential energy surfaces proposed for the (H2O•B18C6)+ complex.
energy with respect to the energy of H2O + B18C6.
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The vertical axis is the
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