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We have developed an electrosonic spray ionization source to successfully generate divalent Mn2+(18-crown-
6)(CH3OH)1-3 complexes in the gas phase. These complexes have been investigated using infrared
predissociation spectroscopy in both the CH and OH stretching regions and with density functional theory
calculations. To resolve complications from overlapping bands in the CH stretching region due to CH3OH
and 18-crown-6 CH stretching modes along with strongly perturbed OH stretching modes, we have used d1

and d4 methanol substitution. For n ) 1, the Mn2+ · · ·18-crown-6 geometry is highly distorted from its gas-
phase neutral configuration in order to maximize favorable electrostatic interactions between the 18-crown-6
macrocyclic oxygens and Mn2+. For n ) 2 and 3, CH3OH · · ·CH3OH and CH3OH · · ·18-crown-6 interactions
compete with the Mn2+ · · ·18-crown-6 interaction, as evidenced by intense hydrogen-bonded OH stretching
modes shifted over 500 cm-1 to lower frequency.

Introduction

Chemical phenomena such as dissociative charge transfer1

have made the generation of gas-phase multivalent solvated
metal ions challenging. While great advances have been made
in the production and subsequent spectroscopic investigation
of multiply charged species2,3 only a few vibrational/infrared
spectroscopic studies have been reported.4-9 Two successful
methods for generation have been the “pick up” technique10 and
electrospray ionization (ESI).11 The latter method, first used by
Kebarle to conduct mass spectrometric studies on divalent
alkaline earth metal ions,12 has often been a more attractive
option due to its “soft” nature and ease of use. We have
developed a modified electrosonic spray ionization13 (ESSI)
source to generate methanol-solvated Mn2+ complexes with 18-
crown-6 ether (18c6). Crown ethers, an important class of
molecules, have been shown to selectively bind to alkali metal
ions in solution.14 This selectivity has been theorized to be due
to a strong correlation between the size of the metal ion and
the crown ether cavity.15 However the selectivity trends observed
in the condensed phase do not transfer to the gas phase. This
suggests that condensed phase binding affinities of metal
ion-crown ether complexes may not be due to simple host-guest
best-fit matching but rather to a balance of all noncovalent
interactions.16 Insight into these interactions may lead to the
design and development of new, highly selective crown ethers
that can be used in such applications as drug delivery17 and
nuclear waste management.18 We report our effort to broaden
the study of solvated metal ion-crown ether systems to
multivalent transition metal ions, with their rich and often unique
chemistry. Complexation with 18c6 preserves the charge19 of
Mn2+. Unlike other systems where charge reduction/transfer has
restricted experiments to a minimum cluster size,20 the stabiliza-
tion by 18c6 allows us to start from the monosolvated cluster.
We have characterized the infrared predissociation (IRPD)
spectra of Mn2+(18c6)(CH3OH)n, n ) 1-3, in both the CH and
OH stretching regions.

Experimental and Computational Methods

Experimental Methods. A custom-built ESSI source, shown
in Figure 1, was used to transfer Mn2+(18c6)(CH3OH)n com-
plexes in the gas phase. Our ESSI is similar to a source reported
by Cooks and co-workers13 with a few key differences. First,
our ESSI source is more consistent with a traditional electrospray
source11 inasmuch as it uses an electrospray needle biased at
high voltage (+4-5 kV) to achieve charge separation and
produce the fine spray of ions at the tip of an electrospray needle.
The source reported by Cooks13 biases the syringe needle to
achieve charge separation and relies on fused silica capillary
tubing to deliver the spray to atmospheric conditions. Second,
the pressure of the sheath gas used in our source (50-120 psi)
is lower than the pressures (116-362 psi) reported by Cooks.13

High sheath gas flow rates are commonly used in sonic spray
ionization21 but not in traditional electrospray. In our ESSI
source, this high-pressure sheath gas has provided a 5-fold
improvement in our ion beam intensity over a traditional
electrospray source, which was also tested.

A syringe pump (Harvard Apparatus model 22) is used to
pass solutions (0.1-1 mM) to our ESSI source. Solutions of
MnCl2 ·4H2O and 18-crown-6 (Aldrich) are prepared in spec-
troscopic grade methanol. The ions produced by the ESSI source
enter our source chamber via a 0.030 in. i.d. heated capillary
(80-120 °C). Upon exiting the capillary the ions are sampled
by a 0.50 mm diameter skimmer and are guided by a 25 cm
octapole ion guide (OPIG) (peak-to-peak voltage, 200-700 V;
rf frequency, 1.2 MHz) through the length of our source
chamber. Cluster ions enter an ion guiding chamber via a 2.0
mm diameter skimmer and are guided to the detector chamber
by a second OPIG (peak-to-peak voltage, 200-700 V; rf
frequency, 1.2 MHz) and a stack of electrostatic lenses. In the
detector chamber, the parent cluster ions of interest are mass
selected by the first quadrupole. These mass-selected clusters
then enter the second quadrupole (rf-only), which serves as an
ion guiding quadrupole. While in the second quadrupole, the
cluster ions interact with the output of a tunable infrared laser
(Laser Vision OPO/A) pumped by a 10 Hz Nd:YAG laser.
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Fragment ions resulting from single-photon photodissociation
are mass analyzed by the third quadrupole, and the action
spectrum is recorded as a function of laser frequency. Since
the binding energy of 18c6 in these systems is predicted to be
∼1200 kJ/mol at the B3LYP/6-31+G* level of theory (vide
infra), all of the spectra were acquired monitoring the loss of
CH3OH. The binding energy of CH3OH in these systems is
estimated to be ∼60-90 kJ/mol at the same level of theory.
Although this exceeds the available photon energy (∼31-45
kJ/mol) in the region studied, ESSI-generated complexes have
sufficient internal energy22 to facilitate the loss of CH3OH
following the absorption of a photon. A three-point averaging
procedure was applied to smooth the experimental spectra.
Further details of our apparatus and experimental methods have
been described elsewhere.23

Computational Methods. To assist in the interpretation of
our experimental results, we performed quantum chemical
calculations on the Mn2+(18c6)(CH3OH)n complexes. We
generated starting geometries of candidate structures using the
Spartan 0224 software package. Geometry optimizations and
harmonic vibrational frequency calculations were then carried
out using density functional theory (DFT) at the B3LYP/6-
31+G* level using Gaussian 03.25 The fully optimized structures
of the Mn2+(18c6)(CH3OH)n candidate conformers are shown
in Figure 2. The graphical representation of these structures were
generated using Molden26 and are based on the geometry
optimizations. Simulated IR spectra were generated using
SWizard.27 Gaussian line shapes (fwhm; free OH stretches, 15
cm-1; hydrogen-bonded OH stretches, 120 cm-1; CH stretches,
20 cm-1) were used to model the experimental features in the
simulated spectra. Calculated frequencies were scaled to facili-
tate comparison with experiments. Frequencies in the CH
stretching region were scaled by 0.953, while two scaling factors
were used in the OH stretching region, 0.971 for free OH
stretches and 0.962 for hydrogen-bonded OH stretches. Free
energies were calculated using the THERMO.PL28 script using
the output of the vibrational frequency calculations.

Results and Discussion

The IRPD spectra for Mn2+(18c6)(CH3OH)1-3 in the
2600-3700 cm-1 region are shown in Figure 3. There is an

obvious difference between the n ) 1 and n ) 2, 3 spectra.
The intense broad bands in the 2700-3300 cm-1 region
exhibited by Mn2+(18c6)(CH3OH)2,3 are due to methanol
hydrogen-bonded OH bands (vide infra). We will now consider
the experimental spectrum for each cluster with simulated
spectra derived from DFT calculated harmonic frequencies.

The spectrum of Mn2+(18c6)(CH3OH)1 has two sets of
features in regions nominally associated with the CH and OH
stretching regions. It is shown in Figure 4 along with the

Figure 1. Custom electrosonic spray ionization (ESSI) source. The source uses a needle (5) biased at high voltage to achieve charge separation.
The resulting spray is stabilized with the use of a nitrogen sheath gas.

Figure 2. Fully optimized geometries of candidate
Mn2+(18c6)(CH3OH)n conformers at the B3LYP/6-31+G* level of
theory. Structures corresponding to neutral 18c6 and the bare
Mn2+(18c6) are also given for reference. The relative Gibbs free
energies (∆G°) are also given at 298 K.
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calculated spectrum based on conformer 1-A in Figure 2. In
the OH stretching region, there is a single sharp peak at 3643
cm-1 in the experimental spectrum from an OH group that is
not involved in a hydrogen bond. This “free” OH stretch is
shifted to lower frequency by about 40 cm-1 compared to gas-
phase neutral methanol.29 The absence of any intense broad
features in the hydrogen bonding region, below 3600 cm-1,
indicates there is no interaction between the methanol and the
18c6 ether via the OH group. For n ) 1, there are two prominent
noncovalent interactions; the Mn2+ · · ·18c6 interaction that is
apparent from structure 1-A, where the 18c6 is distorted to wrap
around the dication, and the Mn2+ · · ·CH3OH interaction via the
oxygen on the methanol. The Mn2+ · · ·18c6 interaction seems
to be the more dominant interaction since it significantly distorts
the structure of 18c6 from its neutral gas phase geometry (shown
in Figure 2).

To gauge the effect of Mn2+ on the vibrational modes of 18c6,
we scanned the CH stretching region from 2600 to 3000 cm-1.
The simulated IR spectra for the unsolvated Mn2+(18c6)
complex (0-A) and neutral gas phase free 18c6 (structures shown
in Figure 2) are also shown in Figure 4. The series of simulated
spectra clearly show that the 18c6 vibrations are perturbed
significantly when the macrocycle binds Mn2+. However, only
slight differences in the CH stretching region are observed when
going from the unsolvated species (0-A) to the complex
containing one CH3OH (1-A). Since both 18c6 and methanol
have CH stretches, deuterated studies using both CD3OD (d4)
and CH3OD (d1) methanol were performed to eliminate the
ambiguity in the CH stretching region and are shown in Figure
5. Both sets of spectra in Figure 5 have three prominent features

located at 2908, 2970, and 2996 cm-1. Since only 18c6 has
CH modes in the methanol-d4 spectra, these transitions are due
to 18c6 CH stretch vibrations. On the basis of the DFT
calculations we can make general assignments of the features
at 2909 and 2970 cm-1 to the symmetric and asymmetric
stretches, respectively, of the 18c6 methylene groups. These
modes are shifted to higher frequency by about 40 and 50 cm-1,
respectively, compared to uncomplexed neutral 18c6.30 The
feature at 2996 cm-1 will be discussed later. All the spectra for
both CD3OD and CH3OD also have a feature at ∼2690 cm-1

which is the free OD stretch. This vibration is shifted ∼30 cm-1

to lower frequency from the gas-phase neutral value of 2720
cm-1 for the d1 species and 2725 cm-1 for the d4 species.31

The CH3OD spectra, shown in panel B, have an additional
feature at ∼2865 cm-1, which is not present in the CD3OD
spectra. This transition must be due to a methanol CH stretch
and, based on its frequency, is likely due to the ν3 mode29 (CH3

symmetric stretch). The other CH stretching modes of methanol
overlap 18c6 methylene vibrations and cannot be resolved or
identified. The deuterium studies confirm that the peaks at 2908
and 2970 cm-1 in the Mn2+(18c6)(CH3OH)1 system (shown in
Figure 4) are due to the symmetric and asymmetric methylene
stretches, respectively, of 18c6. The additional feature in
Mn2+(18c6)(CH3OH)1 at 2870 cm-1 can be assigned to the ν3

vibration of methanol.
The IRPD spectrum for Mn2+(18c6)(CH3OH)2 along with

simulated spectra obtained from the DFT harmonic vibrational
frequencies are shown in Figure 6. The IRPD spectrum for
n ) 2 is markedly different from n ) 1, with two broad peaks
centered at 2840 and 3150 cm-1. The intensity and breadth of
these peaks are consistent with those expected for hydrogen-
bonded OH stretches. The feature at 3150 cm-1 occurs in a
region where a strong hydrogen-bonded OH stretch may be
expected, but the 2840 cm-1 feature overlaps the CH stretching
region. However since both series of deuterated spectra in Figure

Figure 3. Experimental IRPD spectral summary of Mn2+(18c6)-
(CH3OH)n complexes. The experimental spectra for n ) 2 and 3 in the
free OH region, 3600-3700 cm-1, are enhanced by a factor (×3) to
emphasize the interesting singlet-doublet-singlet progression.

Figure 4. IRPD spectrum of Mn2+(18c6)(CH3OH)1 in the 2600-3800
cm-1 region. The simulated spectra for the Mn2+(18c6)(CH3OH)1

complex (1-A), the unsolvated Mn2+(18c6) complex (0-A), and gas
phase free 18c6 complex based on the B3LYP/6-31+G* harmonic
frequency calculations are also shown.

Figure 5. IRPD spectra of Mn2+(18c6)(methanol)n in the 2600-3100
cm-1 region. Panel A shows the spectra for CD3OD (d4) substituted
methanol and panel B shows the spectra for CH3OD (d1) substituted
methanol. The peak at ∼2865 cm-1 is likely due to a methanol CH
stretch.
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5 lack the 2840 cm-1 feature, we conclude that both broad
features present in n ) 2 are due to OH transitions.

Unlike n ) 1 where only one stable conformer was found,
five stable conformers were identified for n ) 2 and are also
shown in Figure 2 along with their relative free energies. The
three lowest energy conformers are 2-A, 2-B, and 2-C, which
all lie within 3.3 kJ mol-1 of each other. Conformers 2-A and
2-C are nearly identical, except for a slight difference in the
orientation of the methanols. These two conformers seem to
continue the trends observed in 1-A, where 18c6 is highly
distorted due to the Mn2+ · · ·18c6 interaction. In conformer 2-B
the Mn2+ · · ·18c6 interaction appears to be somewhat weakened
by the direct interaction of the Mn2+ with the methanols in a
sandwich-type orientation above and below the 18c6 plane. This
opening of the 18c6 ring allows for the onset of CH3OH · · ·18c6
interactions with the formation of both top and bottom hydrogen
bonds that allow the ring to assume a more open configuration.
The other two conformers, 2-D and 2-E are higher in relative
energy by 13.7 and 49.2 kJ mol-1, respectively. Conformer 2-D
is similar to 2-B except the top methanol orientation is rotated
so that a CH3OH · · ·18c6 hydrogen bond is not possible.

On the basis of the simulated spectra and the relative energy
ordering, the three lowest energy conformers are likely present
in our experiment. In the experimental spectrum for n ) 2, in
addition to the hydrogen-bonded feature at 3150 cm-1, there
appears to be an area of weaker intensity present in the
3200-3400 cm-1 region. The 3150 cm-1 feature likely arises
from conformers 2-A and 2-C and is due to the strong
CH3OH · · ·CH3OH hydrogen bond present in both conformers.
The area of weaker hydrogen-bonded intensity is due mostly
to population of conformer 2-B in the experiment as its
simulated spectrum readily reproduces the 3200-3400 cm-1

region in the experiment. Conformer 2-D, despite its higher
relative energy, is a bit harder to assign since it has does not
contain a unique spectral feature and contains hydrogen-bonded
features that have intermediate spectral properties between 2-B
and 2-C. Conformer 2-E is 49.2 kJ mol-1 higher in relative
energy, making its existence in our experiment unlikely. The
likely existence of the three lowest energy conformers in our
experiment gives us insight into nature of the Mn2+ · · ·18c6,
CH3OH · · ·CH3OH, and CH3OH · · ·18c6 interactions and their
interdependence on one another. The CH3OH · · ·CH3OH inter-
action is present only when the Mn2+ · · ·18c6 interaction
dominates. This is apparent in conformers 2-A and 2-C where
the 18c6 ring is wrapped around Mn2+. The second-shell
methanol simply has no other binding sites available and binds

to the first-shell methanol. Only when the Mn2+ · · ·18c6 interac-
tion is weakened and the 18c6 ring becomes less distorted does
the CH3OH · · ·18c6 interaction manifest itself.

In the CH stretching region the features attributed to the
symmetric and asymmetric stretches of 18c6 are nearly un-
changed from n ) 1(see Figure 3). However, none of the
conformers discussed thus far are able to satisfactorily replicate
the broad feature, at 2840 cm-1, which must be due to the OH
group, based on the d4 and d1 spectra in Figure 5. One possible
explanation for this is that the broad feature is due to anharmonic
coupling between the hydrogen-bonded OH stretch and OH in-
plane bend overtone (2ν6), which would not show up in
harmonic vibrational frequency calculations. Previous work done
by Johnson and co-workers on X-(H2O)1 complexes indicates
that OH bend overtones may “borrow” intensity via a Fermi
resonance from the hydrogen-bonded OH transition.32 The
calculated in-plane bend (ν6) is present between 1340 and 1476
cm-1 for all methanols in n ) 2 conformers. This would put
2ν6 in the ∼2680-2942 cm-1 region. The 2840 cm-1 broad
feature present in the experiment would fall within this region.
The splitting between 2ν6 and the position of the calculated
hydrogen bond frequencies is less than 200 cm-1 for 2-A and
2-C, indicating that for these conformers coupling between the
hydrogen-bonded OH transition and the 2ν6 mode of the
methanol OH vibration is possible and may manifest itself as
the broad feature at 2840 cm-1.

The free OH region is also intriguing in that for n ) 2, there
are two distinct free OH features, shown in Figure 3. The lower
frequency peak is located at 3645 cm-1, similar to n ) 1, and
the higher frequency peak is located just above 3660 cm-1. The
origin of this doublet is additional evidence of multiple
conformers present in the experiment. One possible explanation
for the doublet is that the higher frequency peak is due to a
second-shell methanol that is further away from the ion while
the lower frequency peak is due to a first-shell methanol closer
to the ion. On the basis of this reasoning, conformers 2-A and
2-C, which both contain second-shell methanols with a free OH
group, give rise to the higher-frequency free OH feature
observed experimentally, while conformer 2-D, with a first-
shell methanol, could be responsible for the lower-frequency
free OH feature.

The IRPD spectrum for Mn2+(18c6)(CH3OH)3 along with
simulated spectra obtained from the DFT harmonic vibrational
frequencies is shown in Figure 7. The general trends observed
in n ) 2 are replicated for n ) 3. Again, there are two broad
features that dominate the spectrum at 2865 and 3185 cm-1.

Figure 6. IRPD spectrum of Mn2+(18c6)(CH3OH)2 in the 2600-3700
cm-1 region. The calculated spectra based on the harmonic vibrational
frequencies of five possible conformers (B3LYP/6-31+G*) are shown.
None of the calculated spectra are able to model the lower frequency
region of the experimental spectrum.

Figure 7. IRPD spectrum of Mn2+(18c6)(CH3OH)3 in the 2600-3700
cm-1 region. The calculated spectra based on the harmonic vibrational
frequencies of structures 3-A and 3-B (B3LYP/6-31+G*) are shown.
The A + B total spectrum shows that the calculations agree well with
the experiment.
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These are slightly shifted to higher frequency compared to n )
2. The two stable conformers found, 3-A and 3-B, lie within
3.3 kJ mol-1 of each other, making both conformers likely
contributors to the experimental spectrum. The total calculated
spectrum and the IRPD spectrum are in strong agreement,
replicating even the broad feature at 2865 cm-1. This feature
arises from the CH3OH · · ·CH3OH hydrogen bond in 3-B. In
light of this result, a similar structure was optimized for n ) 2
to try and replicate the broad transition at 2840 cm-1, but the
geometry quickly converged to a structure where the
CH3OH · · ·18c6 hydrogen bond is not present (like 2-A or 2-C).
In the free OH region, there is once again a singlet in the IRPD
spectrum. The frequency position is ∼3660 cm-1 which matches
the higher-frequency component in n ) 2. This would suggest
a free OH stretch of a second-shell methanol, consistent with
the structure of conformer 3-A, which is the only conformer
with a free OH stretch.

In the CH stretching region, the symmetric and asymmetric
features continue to be relatively stable. The diminished
distortion of the 18c6 macrocycle as a function of increasing
solvation is also apparent in both DFT conformers for n ) 3,
which clearly show that the 18c6 configuration now resembles
that of the gas-phase neutral configuration of 18c6. The
evolution of the 18c6 ring from highly distorted (0-A) to the
more neutral-like configuration for n ) 3 is easily followed in
the DFT structures shown in Figure 2. As the methanol network
is extended in these systems, the distortion due to the
Mn2+ · · ·18c6 interaction is weakened and the 18c6 ring opens
up as the other noncovalent interactions began to complete. The
experimental spectra also contain a feature at 2996 cm-1 which
serves as a signature of this distortion. This feature decreases
in relative intensity with increasing numbers of methanols (see
Figures 3 and 5). This observation suggests that this band is
due to a subset of methylene groups whose relationship to the
Mn2+ changes with increasing methanol solvation numbers.

Conclusions

A custom ESSI source has allowed us to acquire high-quality
experimental spectra of Mn2+(18c6)(CH3OH)1-3 complexes, and
it provides an avenue to study a wide variety of multiply charged
metal ion systems. We have shown that 18c6 mitigates the
unwanted effects of charge reduction/transfer and allows for
stepwise solvation from the singly solvated state for the
M2+-18c6 complexes. Experiments in the CH stretching region
and DFT calculations show that 18c6 stabilizes the charge of
the dication by distorting the gas-phase neutral 18c6 geometry
to maximize the favorable interactions of the macrocyclic
oxygens with Mn2+. With each stepwise addition of methanol
this distortion is lessened, and by n ) 3, 18c6 begins to assume
a geometry close to its gas-phase neutral conformation. Experi-
mental results in the OH stretching region reveal significant
competition between the various noncovalent interactions present
in these systems. These competing forces are first apparent in
Mn2+(18c6)(CH3OH)2 where the IRPD spectrum becomes
complex in large part because both CH3OH · · · 18c6 and
CH3OH · · ·CH3OH interactions are possible and compete with
the Mn2+ · · ·18c6 interaction that was dominant in n ) 1. The
DFT harmonic vibrational frequency calculations hint that
various different conformers are present in the experiment for
n ) 2. However, these calculations lack the ability to replicate
a broad OH transition 2840 cm-1, which may be due to
anharmonic coupling between the in-plane bend overtone and
a hydrogen-bonded OH transition. Future studies will aim at
exploiting the stabilizing nature of the crown ether moiety to

study other multivalent metal ions complexed with 18c6 and
other polycylic ethers in solvated systems.
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