
Published: June 15, 2011

r 2011 American Chemical Society 11136 dx.doi.org/10.1021/ja107383c | J. Am. Chem. Soc. 2011, 133, 11136–11146

ARTICLE

pubs.acs.org/JACS

Probing Ionophore Selectivity in Argon-Tagged Hydrated
Alkali Metal Ion�Crown Ether Systems
Jason D. Rodriguez and James M. Lisy*

Department of Chemistry, University of Illinois, Urbana—Champaign, 600 South Mathews Avenue, Urbana, Illinois 61801,
United States

bS Supporting Information

1. INTRODUCTION

Since their discovery by Pedersen1�3 in the 1960s, crown
ethers have become the most widely used model system in the
study of ionophore size-selectivity. One of the most common
crown ethers, 18-crown-6 ether (18c6) is known to be a K+-
selective ionophore4 in aqueous solution. Extensive condensed-
phase work5�7 suggested that this special affinity was due to a
“best-fit” match4 between the size of K+ and the 18c6 cavity.
While this was the prevailing reasoning for two decades, sub-
sequent gas-phase work by Dearden8,9 and Brodbelt10,11 seemed
to contradict the “best-fit”model and found that the smaller alkali
metal ions, Li+ and Na+, were bound to 18c6 more tightly than
K+ when studying the unsolvated M+(18c6) systems in the gas
phase. The initial discrepancy between condensed-phase and gas-
phase studies seemed to be due to the effect of hydration. Indeed,
later experimental12,13 work by Armentrout and co-workers as
well as theoretical14 efforts by Feller, revealed the crucial role that
hydration plays in these systems; as the solvation environment
evolves, the prevailing non-covalent interactions also evolve. Fur-
thermore, it is the competition and balance of these non-covalent
interactions that determine ionophore selectivity.13

The combination of spectroscopic and theoretical techniques
to probe crown ether systems has been an active topic by our
group15�18 and others19�25 over the past few years. The com-
plexes, M+(18c6)(H2O)1�4, previously reported by evaporative
cooling of water,17 contained broad, unresolved features with as
few as two waters present, precluding in-depth analysis of the
larger hydrated M+(18c6) systems. This report considers the
non-covalent interactions in M+(18c6)(H2O)1�4Ar systems as
a function of ion size and degree of hydration as determined
by infrared predissociation (IRPD) spectroscopy in the OH

stretching region and density functional theory (DFT) calcula-
tions. Since the species reported here are stabilized by evapora-
tive cooling and tagging with argon (Ar-tagging),26 they have low
internal energies (and corresponding effective temperatures of
∼100 K) which yield well-resolved spectra in most cases. This
allows us to track changes and interpret spectral trends more
easily than the analogous warm (untagged) clusters formed by
evaporative cooling of H2O.

17 In addition, the combination of
low internal energy and low binding energy of Ar facilitates the
trapping of higher energy structural conformers, a process that
we have documented in previous publications for several
systems.15,27�31

2. METHODS

2.1. Experimental Section. Since our experimental apparatus has
been described in detail elsewhere, only a brief overview is presented
here. Argon carrier gas seeded with a small amount of H2O (∼0.02%) is
passed trough a heated cell (80�100 �C) containing solid 18c6. The
resulting mixture is forced through a 180� conical nozzle with typical
backing pressures of∼500�600Torr. The gasmixture is allowed to fully
expand, forming Ar-rich clusters before being impacted at 90� by
ions ejected from a custom-made ion gun. The nascent cluster ions
stabilize primarily via the evaporation of Ar. The cluster ion beam is then
skimmed and guided through a differentially pumped intermediate
chamber by a combination of an octapole ion guide and electrostatic
lenses to the detector chamber, which contains the triple quadrupole
mass spectrometer portion of our apparatus. In the first quadrupole,
the parent cluster ions of interest are mass selected. While in the second
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(ion guiding) quadrupole, the parent cluster ions interact with the
output of a tunable laser (LaserVision OPO/A pumped by a 10 Hz
Continuum Surelite II Nd:YAG), which is scanned from 3100 to
3800 cm�1 to cover the entire OH stretching region. The third quadru-
pole is used to mass analyze fragments resulting from photodissociation
following single-photon absorption in the second quadrupole. The frag-
ments are then detected and an IRPD spectrum is acquired as a function
of laser frequency. Typically, the third quadrupole is set to a mass asso-
ciated with the loss of the most labile ligand after photoexcitation, which
usually corresponds to the loss of Ar. Absolute frequency calibration
((3 cm�1) is achieved by simultaneously acquiring the photoacoustic
spectrum of atmospheric H2O.
2.2. Calculations.We have performed DFT calculations to assist in

the characterization of our experimental results. Starting geometries
were generated in Spartan 0232 and then fully optimized using the tight-
convergence criteria (root-mean-square force threshold of 3 � 10�5

hartrees/bohr) in Gaussian 03.33 Harmonic vibrational frequency cal-
culations were then performed on the fully optimized geometries. All
reported geometries and frequency calculations were carried out at the
B3LYP/6-31+G** level of theory. The LANL2DZ ECP34�36 basis set
augmented by Glendening polarization functions37 was used for Rb and
Cs atoms. Starting geometries were initially generated by having the ion
approach the neutral (18c6)(H2O)1�4 complex from multiple trajec-
tories to ensure that all possible configurations were considered. When-
ever a unique configuration was found for one of the ions, we attempted
to find the same configuration for the others. In many cases, some
configurations that are observed for the larger ions were not observed for
the smaller, and vice versa. The main factor responsible for this behavior
was the size of the ion, which limited the types of conformers that were
observed for each ion. Although it is possible that some conformers were
missed, we believe that this approach has located the major conformers
as most of the spectral features observed experimentally can be found
among the computational conformers. All visual representations of opti-
mized geometries were acquired using Molden.38 The output of the
harmonic vibrational frequency calculations were transformed into
simulated IR spectra in SWizard39 with 15 cm�1 full-width-half-
maximumLorentzian line shapes. In the comparison between the experi-
mental and simulated IR spectra, two frequency scaling factors were
applied to the harmonic frequencies: 0.954 for non-hydrogen-bonded
OH vibrations and 0.966 for hydrogen-bonded OH vibrations. The use
of multiple scaling factors is becoming increasingly common in compar-
ing experimental and computational results, and the value used in this
study for the hydrogen-bonded vibrations is very consistent with previ-
ously reported values.40 Despite the use of scaling factors we estimate
typical errors in our simulated IR spectra to be∼10�30 cm�1. Thermo-
dynamic analysis was conducted using Thermo.pl41 based on the har-
monic vibrational frequency calculations and all energies reported have
been zero-point energy (ZPE) corrected (using the unscaled vibrational
frequencies). Calculations with andwithout Ar conducted on the smaller
systems indicated that Ar did not have a significant impact on the
optimized geometries or calculated vibrational frequencies ((2 cm�1)
and intensities ((10 km/mol) for these complexes, a result consistent
with previous studies.42 Including Ar in the calculations may, however,
slightly affect the relative energy ordering (∼1�5 kJ/mol) at the level of
theory used. In light of these findings, all comparative calculations
reported were performed without Ar. We include additional information
on this topic in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. M+(18c6)(H2O)1Ar Complexes. The IRPD spectra of
the M+(18c6)(H2O)1Ar complexes in the OH stretching region
are shown in Figure 1. The spectra were acquired by monitoring
the loss of Ar. The existence of a prominent OH feature near

3720 cm�1 for all the ions (except Li) and features below
3600 cm�1 indicate that H2O is significantly perturbed by the
presence of 18c6. For the sake of comparison we note that
the OH symmetric and asymmetric stretching frequencies of
M+(H2O)1Ar are above 3600 cm

�1 for all of the alkali ions.43�45

In the M+(18c6)(H2O)1Ar complexes, the 18c6 3 3 3H2O hydro-
gen-bonding interaction is significant even when only oneH2O is
present. As has been noted in earlier reports,46 OH stretches
below 3600 cm�1 are associated with hydrogen bond formation
between the OH group and a proton acceptor which, in the case
of the n = 1 complexes, is the 18c6 oxygen. The band at
3720 cm�1 is due to the other OH group, called the free OH,
which does not participate in hydrogen bonding. There is a
noticeable shift in the spectral trend that occurs from Na+ to K+.
The spectra of the smaller ions, Li+ and Na+, exhibit strong
hydrogen-bonding interactions that shift the OH stretching
vibrations to frequencies below 3500 cm�1. Strong hydrogen-
bonding interactions are possible since Li+ and Na+ are small
enough to fit inside the 18c6 cavity, while also binding the lone
H2O closely to 18c6. This is an excellent case where potentially
competing 18c6 3 3 3M

+ and 18c6 3 3 3H2O non-covalent interac-
tions work cooperatively to form stronger hydrogen bonds. A
new trend begins with K+ and continues to Cs+, where one OH
stretching feature for each of these ions occurs just below
3600 cm�1.
The fully optimized DFT geometries for n = 1 complexes are

shown in Figure 2. Since the effective temperature of cluster ions
formed by Ar evaporation in our apparatus was previously re-
ported27 to be in the range of∼50�150 K, we report relative free
energies at 0 and 100 K. In Figure 2 and throughout the study, the
conformers are ordered according to their energies at 100 K and
labeled alphabetically.Only one stable conformerwas found for Li+,
Li1A. This conformer features the H2O in a bidentate hydrogen-
bonding orientation with two 18c6 oxygen atoms while also in-
teracting with Li+. The top view is given in Figure 2 to emphasize
the differences in the location of the ion as ionic size increases
from Li+ to K+. This bidentate orientation of H2O gives rise
to the broad feature at ∼3450 cm�1 in the experimental spec-
trum shown in Figure 1. While there is the possibility that other
conformers not found in our analysis are also populated in the
experiment, the lack of a prominent freeOHstretch at∼3700 cm�1

provides further support for a bidentate configuration.
One of the two stable conformers shown in Figure 2 for the

Na+(18c6)(H2O)1 system also features a bidentate orientation
(Na1B). This conformer is 35.9 kJ/mol higher in energy at 100 K
than the lower-energy structure, Na1A. As shown in Table 1, the

Figure 1. Experimental IRPD spectral summary of M+(18c6)-
(H2O)1Ar complexes in the OH stretching region monitoring the
loss of Ar.
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predicted frequencies for Na1A are in strong agreement with the
peak positions observed in the experiment. Conformer Na1B does
not appear to be present based in Table 1. Conformer Na1A
features the H2O lying above the Na+(18c6) complex while inter-
acting with both the ion and 18c6. The sharp feature 3490 cm�1

is due to the 18c6 3 3 3H2O hydrogen-bonding interaction. The
Na1A conformer was also predicted for the untagged Na+(18c6)-
(H2O)1 complex.

17 The K+(18c6)(H2O)1Ar system has already
been reported,15 and the predicted vibrational frequencies of con-
former K1A match well with the experimental frequencies, as
shown in Table 1. The feature present at 3580 cm�1 is due to the
18c6 3 3 3H2O hydrogen-bonding interaction. While K1A and
Na1A are the same type of conformers, Na1A displays a more
linear O�H 3 3 3O bond angle (Na, 155�; K, 140�) and longer
O�Hbond length (Na, 0.982Å;K, 0.976Å)which both signal the
formation of a stronger hydrogen bond and a shift to lower
frequency of the OH stretch in the Na+ conformer compared to
the K+ conformer.
The spectra for both Rb+(18c6)(H2O)1Ar and Cs+(18c6)-

(H2O)1Ar continue the trends established with K+. The larger
ionic diameter47 of these ions, 2.94 and 3.34 Å for Rb+ and Cs+,
respectively, compared to that 18c6 cavity size of 2.6�3.2 Å
makes it energetically unfavorable for the ions to lie in the interior
of the 18c6 cavity. This impacts the way that theH2O binds in the
Rb+ and Cs+ complexes. In the case of Cs+, stable opposite-side
binding is predicted for some of the higher energy conformers.
As shown in Figure 3 and Table 1, there are multiple conformers

for both Rb+ and Cs+ that may give rise to the spectral signature
shown in Figure 1. It is interesting to note that the lowest energy
conformers (Rb1A and Cs1A) do not appear to be observed in
the experimental spectra, while some of the other conformers
lying higher in relative energy clearly are. This requires some
examination into the factors that may be at play in these systems.
First, the energy difference between the two lowest-lying confor-
mers for Rb+ and Cs+ is less than 3 kJ/mol. As noted earlier and
discussed in the Supporting Information, the effect of Ar on the
relative binding energies is in the 1�5 kJ/mol range. So the cor-
rect ordering of these conformers bearing Ar is somewhat un-
certain. Second, although the DFT calculations performed are
unable to pinpoint the location of the Ar (see Supporting Infor-
mation), the configurations most likely to bind Ar would max-
imize the interaction between Ar and the cluster ion. This would
likely involve direct Ar 3 3 3M

+ contact (∼5 kJ/mol) and thus
would favor geometries where the Ar has clear access to M+. As
can be seen in Figure 2, this can be easily done for conformers
Rb1B and Cs1B, which are within the uncertainty of the energy
ordering. In Figure 3 and Table 1, the computed spectra and fre-
quencies of these conformers are consistent with the experi-
mental results. The other conformers: Rb1C, Cs1C and Cs1D
are also possible, but are somewhat higher in relative energy and,
except for Cs1C, are outside the uncertainty in energy. It is also
noteworthy that the calculations for the M+(18c6)(H2O)1Ar
systems, as shown in Table 1, capture both the sharp change in
the frequency position of the 18c6 3 3 3H2O interaction in going

Figure 2. Fully optimized geometries of candidate M+(18c6)(H2O)1 conformers at the B3LYP/6-31+G** level of theory (Ar atoms not included). The
relativeGibbs free energies (ΔG in kJ/mol) are also given at 0K/100K.The conformers are ordered according to their 100K energies. For Li+, Na+, andK+

a top view is shown to illustrate the ion binding inside the 18c6 cavity. aThe K+(18c6)(H2O)1 conformers and energies were previously reported in ref 15.
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from Na+ to K+ as well as the gradual shift to lower frequency of
the 18c6 3 3 3H2O interaction from K+ f Cs+. The latter is
apparent by comparing conformers K1A, Rb1B, Rb1C, Cs1B,
and Cs1C.
As reported in a previous study15 of the of the K+(18c6)-

(H2O)1Ar system, we found that Ar-tagging can lead to the
trapping of substantially higher energy conformers in our experi-
ment that are not detected in the Ar loss channel. The Ar-rich
environment of the neutral clusters favors the formation of neu-
tral binary complexes, where H2O is bound to 18c6 in a bidentate
configuration with both OH groups involved in hydrogen bonds.
As the ion approaches the neutral complex, rapid Ar evap-
oration27 favors a minimum energy path. If the evaporative cool-
ing process produces a complex with insufficient internal energy
to overcome the barrier leading to a lower-energy configuration,
this higher energy conformer can then be kinetically trapped.
Upon irradiation by an IR photon, these barriers may be over-
come. The photon energy and additional energy gained by rear-
rangement can lead to more extensive fragmentation with the
loss of all ligands (Ar +H2O) to form the highly stableM+(18c6)
complex. For the M+(18c6)(H2O)1Ar systems, this corresponds
to monitoring the Ar + H2O loss channel. The spectra acquired
by monitoring this fragmentation channel are shown in Figure 4.
The Li+ spectrum is not included in the loss of Ar + H2O series
since the energy to dissociate Ar + H2O (∼110 kJ/mol) exceeds
the energy available from the photon and the cluster ion internal

energy. There is no loss-channel dependence noted for the Na+

spectrum, which has essentially the same spectrum as the one
acquired monitoring the Ar loss channel. This clearly indicates
that conformer Na1B is not likely to be present in our experiment
to an appreciable extent. The K+, Rb+, and Cs+ spectra acquired
monitoring the loss of Ar + H2O are very different than those
presented in Figure 1 and indicate the presence of the high-
energy conformers in the experiment. The high energy K+

(18c6)(H2O)1Ar bidentate structure, K1B, was reported and
assigned in an earlier study.15 The hydrogen-bonded features
belonging to the bidentate conformers (K1B and Rb1D) are
indicated for K+ and Rb+. The Cs+ spectrum is highly congested,
indicating there are many possible conformers that are probed
by monitoring the Ar + H2O loss channel. Additional IRPD
spectra acquired monitoring the Ar + H2O loss channel for the
M+(18c6)(H2O)2�4Ar systems are contained in the Supporting
Information.
3.2. M+(18c6)(H2O)2Ar Complexes.The IRPD spectra of the

M+(18c6)(H2O)2Ar complexes acquired monitoring the loss
of Ar are shown in Figure 5. With the addition of the second
H2O, there is a significant increase in the number of features in
the hydrogen-bonding region, below 3600 cm�1. Like in the
M+(18c6)(H2O)1Ar systems, there is a transition in the spectra
in going from Na+ to K+ for the M+(18c6)(H2O)2Ar complexes.
This again indicates that the 18c6 3 3 3M

+ interaction for the
smaller ions is clearly impacting the interactions involving H2O.

Table 1. Experimentally Observed and Calculated OH Stretching Frequencies (in cm�1) for M+(18c6)(H2O)1Ar Complexes
Along with Their Assignmentsa

exptl clusterb exptl frequencyc OH stretching assignment conformer calcd frequency OH stretching assignment

Na+(18c6)(H2O)1Ar 3732 free Na1A 3727 free

3490 18c6 3 3 3H2OH-bond 3484 18c6 3 3 3H2OH-bond

Na1B 3581 bidentate H-bond

3525 bidentate H-bond

K+(18c6)(H2O)1Ar 3727 free K1A 3720 free

3580 18c6 3 3 3H2OH-bond 3584 18c6 3 3 3H2O H-bond

K1Bd 3593 bidentate H-bond

3529 bidentate H-bond

Rb1A 3731 asymmetric

3632 symmetric

Rb+(18c6)(H2O)1Ar 3722 free Rb1B 3719 free

3574 18c6 3 3 3H2OH-bond 3565 18c6 3 3 3H2O H-bond

Rb1C 3719 free

3564 18c6 3 3 3H2O H-bond

Rb1 3619 bidentate H-bond

3554 bidentate H-bond

Cs1A 3730 asymmetric

3631 symmetric

Cs+(18c6)(H2O)1Ar 3720 free Cs1B 3716 free

3562 18c6 3 3 3H2OH-bond 3538 18c6 3 3 3H2O H-bond

Cs1C 3716 free

3539 18c6 3 3 3H2O H-bond

Cs1D 3720 free

3593 18c6 3 3 3H2O H-bond

Cs1E 3719 bidentate H-bond

3616 bidentate H-bond
a Italicized conformers are not believed to be present in the Ar loss experimental spectra. b Li+(18c6)(H2O)1Ar not included due to lack of clearly
resolved features in Figure 1A. c Peak centers ((3 cm�1) based on the experimental spectra shown in Figure 1A. d Frequencies based on ref 15.
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Both Li+ and Na+ spectra have hydrogen-bonding features that
are shifted to lower OH stretching frequencies than the larger
alkali metal ions. All of the spectra contain a free OH stretch
at ∼3720 cm�1. The Li+ spectrum contains a second, higher-
frequency feature just above 3750 cm�1 and a broad, weaker
feature at∼3630 cm�1 that indicate the presence of a conformer
with a H2O that is not a proton donor. These features likely
correspond to the asymmetric and symmetric stretching vibra-
tions, which appear48 at 3756 and 3657 cm�1, respectively in gas-
phase neutral H2O, and 3691 and 3631 cm

�1 in Li+(H2O)1Ar.
44

Since there is no clear evidence of these features for any of the
other ions, it appears that more extensive hydrogen-bonding is
present for the complexes involving the larger alkali metal ions.
To determine the type of hydrogen bonding, whether 18c6 3 3 3

H2O or H2O 3 3 3H2O, and to assist in the characterization of the

IRPD spectra in Figure 5, we carried out DFT calculations on the
M+(18c6)(H2O)2 systems. The optimized geometries for Li+,
Na+, and K+ are shown in Figure 6. Due to space considerations
we include the low energy conformations for each ion as well as
those believed to be present in the experiment. Additional
conformers not included in Figure 6 are contained in the Sup-
porting Information. It is interesting to note that both Li+ and
Na+ have a low-lying “sandwich”-type configuration where a
H2O is on either side of the 18c6-M+ complex (Li2A and Na2A).
This stable configuration is also observed for K+ but not for

Figure 3. Comparison of experimental IRPD spectra and simulated IR
spectra based on the harmonic vibrational frequency calculations for (A)
Rb+(18c6)(H2O)1 and (B) Cs+(18c6)(H2O)1 systems. All of the
spectra have been normalized to their maximum intensity and offset
for clarity.

Figure 4. Experimental IRPD spectral summary of M+(18c6)(H2O)1Ar
complexes in the OH stretching region monitoring the loss of Ar + H2O.
The signature of the bidentate conformation is noted with asterisks
for K+ and Rb+.

Figure 5. Experimental IRPD spectral summary of M+(18c6)-
(H2O)2Ar complexes in the OH stretching region monitoring the
loss of Ar.

Figure 6. Fully optimized geometries of candidate M+(18c6)(H2O)2
conformers at the B3LYP/6-31+G** level of theory (argon atoms not
included) for M = Li, Na, and K. The relative Gibbs free energies (ΔG in
kJ/mol) are also given at 0 K/100 K. The conformers are ordered
according to their 100 K energies.
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Rb+ and Cs+ at the level of theory used in this work (vide infra).
This again underscores the nature of binding for the smaller ions
to 18c6 in a way that impacts interactions with H2O.
The four lowest-energy conformations for the Li+(18c6)-

(H2O)2Ar system are extensions of the Li1A conformer shown
in Figure 2. Conformer Li2A features a sandwich-type orienta-
tion, with the ion nestled inside 18c6 and having a H2O on either
side. Conformers Li2C through Li2F have a same-side-type ori-
entation, referring to the ion and all waters lying on the same side
of 18c6. This type of configuration causes a sharp rise in the
relative energies, indicating that the Li+(18c6)(H2O)2 system is
most stable in the sandwich-type orientation. In comparing the
simulated IR spectra of the six possible conformers with the
experiment, shown in Figure 7, it is difficult to eliminate any of
the conformers from being present in the experiment based on
their simulated IR spectra. Indeed, the number of features in the
experimental spectrum strongly suggests multiple conformers
are present. Even the presence of higher energy conformers can-
not be discounted since trapping of high-energy conformers by
Ar-tagging has been well-established for Li+(H2O)4Ar.

27,31 One
thing that Figure 7 does establish, however, is that the second
H2O in conformer Li2C, which is coordinated to Li+ and is not
participating in a hydrogen bond, is likely responsible for the
aforementioned peak just above 3750 cm�1 and the area of
weaker intensity at∼3630 cm�1, which correspond to the asym-
metric and symmetric OH stretches, respectively, of H2O in the
experimental spectrum. The feature at ∼3630 cm�1 might also
have contributions from conformer Li2A and Li2B.
The Na+(18c6)(H2O)2Ar spectrum shown in Figure 5 is

much different than the Na+(18c6)(H2O)1Ar spectrum in
Figure 1, having a series of prominent hydrogen-bonded OH
stretches at 3378, 3422, and 3481 cm�1. There is also a broad
feature with weaker intensity at ∼3530 cm�1. For Na+, it is
possible for the second H2O to bind via a number of same-side-
and/or sandwich-type configurations as evidenced by the four
lowest-energy conformations (in Figure 6) all lying within
6.4 kJ/mol. The three lowest energy conformers are all different ver-
sions of the sandwich-type H2O configuration. While both Na2A
and Na2B are isoenergetic and have very similar structures, they
do have some differences in their simulated IR spectra, namely a
∼25 cm�1 shift in the hydrogen-bonded feature. This feature is
actually due to the 18c6 3 3 3H2O hydrogen-bonding interaction

for the waters located above and below 18c6. They appear as only
one feature in the simulated spectrum for both conformers
because they are nearly identical and their predicted splitting is
less than the convolution line width used. Both Na2A and Na2B
seem to replicate the weaker feature at 3530 cm�1 and the more
intense feature at 3481 cm�1, respectively, in the experimental
spectrum as seen in Figure 8A. The latter feature is noticeably
broader than the other features observed in the experiment and
may be due to other conformers also contributing to this feature
such as Na2D. The simulated spectrum of Na2C is different than
Na2A and Na2B due to the underside H2O, which gives rise to
two new bands predicted to be near 3584 and 3677 cm�1. Since
there is clearly no evidence of the latter feature, it is likely that this
conformer does not significantly contribute to the experiment.
The same-side conformers, Na2D, Na2E and Na2F, all have
hydrogen-bonded water networks that may give rise to the lower
frequency hydrogen-bonded bands in the 3350�3450 cm�1

region. The 3422 and 3378 cm�1 features present in the experi-
mental spectrum correlate well withNa2E andNa2F, respectively.
The Na+(18c6)(H2O)2Ar experimental spectrum also pro-

vides an excellent opportunity to gauge the temperature depen-
dence on the conformations populated in the experiment.
Figure 8B shows the comparison between the spectrum of un-
tagged17 Na+(18c6)(H2O)2, with an effective temperature of
about ∼298 K, and Ar-tagged Na+(18c6)(H2O)2Ar, with an
effective temperature of about ∼100 K. The two lowest energy
conformers, Na2A and Na2B, with sandwich-type structures,
accurately reproduce the two experimental features, a hydrogen-
bonded OH stretch at 3520 cm�1, and the free OH stretch
at 3730 cm�1 in the spectrum of the untagged species. The
Ar-tagging method has clearly generated additional conformers
with more extensive H2O 3 3 3H2O hydrogen-bonding interac-
tions from same-side configurations. This underscores the two
(seemingly contradictory) effects of using Ar-tagging: lowering
the internal energies and trapping of higher energy conformers
when the energy barrier to rearrangement exceeds the Ar-binding
energy.15,27�31

The six candidate conformations found for the K+(18c6)-
(H2O)2 system are shown in Figure 6. The experimental IRPD
spectrum for K+(18c6)(H2O)2Ar along with the simulated IR
spectra for each of the candidate conformers are shown in
Figure 9A. The most intense hydrogen-bonded OH stretches
at 3480 and 3525 cm�1 appear to be associated with these three
lowest-lying same-side configurations (K2A, K2B, and K2C).
These bands arise from the H2O 3 3 3H2O hydrogen-bonding
interactions in these configurations. Among these, the presence
of K2C in the experiment seems unlikely since there is no appre-
ciable intensity in the 3635 cm�1 region. The highest-frequency
hydrogen-bonded OH stretch in the experiment at 3576 cm�1 is
likely due to one or more of the conformers K2D, K2E, and K2F,
arising from the 18c6 3 3 3H2O hydrogen-bonding interaction.
While not in exact quantitative agreement with the experimental
frequencies, these calculated bands are adequate to qualitatively
explain the hydrogen-bonding region in the experimental spec-
trum. When we consider the possible influence of Ar, as done for
the Rb+ and Cs+ systems containing a lone H2O, K2B, K2D and
K2E conformers have configurations which give the Ar access to
K+. This should favor the presence of these conformers in the
K+(18c6)(H2O)2Ar spectrum. If one were to construct a com-
posite spectrum from the K2B and K2D (or K2E) spectra, one
would have an adequate qualitative representation of the experi-
mental spectrum.

Figure 7. Comparison of experimental IRPD spectra and simulated IR
spectra based on the harmonic vibrational frequency calculations for the
Li+(18c6)(H2O)2 system. All of the spectra have been normalized to
their maximum intensity and offset for clarity. The symmetric OH
stretching feature in Li2C has also been enhanced (�5).
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Like theNa+(18c6)(H2O)2Ar system, the K+(18c6)(H2O)2Ar
system also offers the opportunity to gauge the temperature dep-
endence of the spectra when comparing Ar-tagged and untagged
species. As in the Na+ case shown in Figure 8B, the untagged and
Ar-tagged spectra of K+(18c6)(H2O)2 are shown in Figure 9B.

While the difference between the spectra of the tagged and un-
tagged species is not as pronounced in the K+(18c6)(H2O)2
system as it was for the Na+(18c6)(H2O)2 system, there are
differences in the relative intensity of the hydrogen-bonded OH
stretches. In particular, the middle feature at 3525 cm�1 is the

Figure 8. (A) Comparison between experiment and calculations for Na+(18c6)(H2O)2. (B) Temperature dependent spectra for Na+(18c6)(H2O)2.
aThe untagged spectra have been previously reported ref 17. All of the spectra have been normalized to their maximum intensity and offset for clarity.
The red-dotted line in (A) is used to guide the eye and facilitate comparison with the simulated spectra.

Figure 9. (A)Comparison between experiment and calculations for K+(18c6)(H2O)2. (B) Temperature dependent spectra for K+(18c6)(H2O)2.
aThe

untagged spectra have been previously reported in ref 17. All of the spectra have been normalized to their maximum intensity and offset for clarity. The
red-dotted line in (A) is used to guide the eye and facilitate comparison with the simulated spectra.
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dominant feature in the spectrum of the warm species. This is not
the case in the spectrum of the colder species and is likely due to
a clear energetic preference17 for conformer K2A over K2B by
10.3 kJ/mol at 298 K, and the absence of Ar from influencing the
relative stabilities.
For the Rb+ and Cs+ systems, we shall examine only the con-

formers that are most likely present in the experiment and
include all others in the Supporting Information. The candidate
conformers and their simulated IR spectra and relative energies
are shown along with the experimental spectra for Rb+(18c6)-
(H2O)2 and Cs+(18c6)(H2O)2 in Figure 10. The two lowest-
energy conformers shown for each ion feature the waters in
same-side binding configurations. This configuration allows both
the waters and 18c6 to interact with the ion. This is not too
surprising since Rb+ and Cs+ are too large to bind via sandwich-
type configurations without a large energetic cost. There is a
significant broadening in the Rb+(18c6)(H2O)2 experimental
spectrum compared to the K+(18c6)(H2O)2Ar spectrum,
although the overall profile is very similar. The broadening is
likely due to multiple conformers, with overlapping hydrogen-
bonded OH stretches, being sampled in the experiment. We
cannot rule out the presence of any of the conformers shown
for Rb+ based on their simulated IR spectra. Conformer
Rb2B replicates the region between∼3460 and 3520 cm�1 well,
while Rb2D is excellent at replicating the region just below
∼3600 cm�1 as well as the free OH region. The Cs+(18c6)-
(H2O)2Ar experimental spectrum is shownwith the simulated IR
spectrum for Cs2A and Cs2B in Figure 10B. Conformer Cs2B
does a remarkable job at replicating the overall profile of the
experimental spectrum. This conformer features both H2O 3 3 3
H2O and 18c6 3 3 3H2O hydrogen bonding, with the former type
giving rise to the lower frequency hydrogen-bonded OH stretch
in the experimental spectrum at∼3476 cm�1 and the latter type
of interaction responsible for the weaker hydrogen-bonded OH
stretch at ∼3534 cm�1. While Rb2A and Cs2A conformers are
slightly lower in energy (but within our uncertainty), conformers

Rb2B and Cs2B once again facilitate a direct Ar 3 3 3M
+ interac-

tion, which favors the latter two conformers.
3.3. M+(18c6)(H2O)3Ar Complexes. The experimental spec-

tra forM+(18c6)(H2O)3Ar systems monitoring the loss of Ar are
shown in Figure 11. Starting with n = 3, we were unable to make
Ar-tagged Li+ complexes in sufficient numbers for spectroscopic
experiments. However, as was the case for the smaller complexes,
there is still a distinction between the spectra for Na+ and the
larger ions, starting with K+ (vide infra). Among of the most
noticeable aspects of Figure 11 are the resolvable features present
in the hydrogen-bonded OH stretching region of the spectra even
with three waters present. This was not the case for the warm,
untagged species17 and illustrates the spectroscopic advantage of
using Ar-tagging. Since there are a large number of low-lying con-
formations found for all of the n = 3 complexes, we discuss only
the few in this section that are likely populated in our experiment.
The rest are contained in the Supporting Information.
The Na+(18c6)(H2O)3Ar spectrum shown in Figure 11 is

strikingly simple, and clearly distinguishable from the larger alkali
metal ions. As shown in Figure 12, this is because only the global-
minimum configuration, a 2/1 sandwich configuration featuring

Figure 10. Comparison of experimental IRPD spectra and simulated IR spectra for each candidate geometry shown for the (A) Rb+(18c6)(H2O)2 and
(B) Cs+(18c6)(H2O)2 systems. All of the spectra have been normalized to their maximum intensity and offset for clarity. The relative Gibbs free energies
(ΔG in kJ/mol) are also given at 0 K/100 K.

Figure 11. Experimental IRPD spectral summary of M+(18c6)-
(H2O)3Ar complexes in the OH stretching region monitoring the
loss of Ar.
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two waters above the 18c6 on the same side as Na+ and one
below 18c6, seems to be sampled in our experiment. This
conformer is favored by 4.1 kJ/mol at 100 K over the next lowest
conformer. The overall profile of the simulated IR spectrum
and the experiment correlate fairly well and the binding motif
is similar to several conformers shown in Figure 6, including
Na2A. There are two sharp hydrogen-bonded OH stretches in
the experimental spectrum at 3487 and 3525 cm�1. The
3487 cm�1 feature is due to the O�H 3 3 3O18c6 hydrogen bond
of the bottom H2O. This H2O also gives rise to the free OH
present at 3721 cm�1. The double-donor H2O on the top side
gives rise to two features in the experimental spectrum, a sym-
metric and asymmetric stretch. The symmetric stretch is located
at 3525 cm�1 and is shifted by 135 cm�1 to lower-frequency
relative to the symmetric stretch of gas-phase neutral48 H2O. The
asymmetric vibration is present at 3645 cm�1 in the experiment,
and is shifted by 111 cm�1 relative to gas-phase neutral48 H2O.
We are not adequately able to resolve the symmetric and

asymmetric vibrations of the top H2O, which is a single-accep-
tor-type H2O in the experimental spectrum.
The spectra involving the larger alkali ions in Figure 11 are

more complex than for Na+(18c6)(H2O)3Ar, reflecting the
presence of multiple conformers. With three waters present in
the cluster, there are only two different possibilities for H2O
configurations around the 18c6-M+ complex, which are three
waters in a same-side configuration or a 2/1 sandwich-type
configuration, with two waters on one side and one on the other
side. The same-side conformers that we include in Figure 13 for
K+, Rb+, and Cs+ are the linear trimer, cyclic trimer (not a stable
conformer for K+), 1+2 trimer, and 2+1 trimer. For the latter two
types, the first number refers to the number of waters directly
interacting with the ion (i.e., first-shell-type waters). In addition
to the 2/1 sandwich conformer we also consider a modified
sandwich conformer (H 2/1 sand), where the two waters on the
same side are forming H2O 3 3 3H2O and 18c6 3 3 3H2O hydrogen
bonds. The energies shown for each conformer are relative to the
lowest energy conformer at 100 K which is the linear trimer for
all cases.
In contrast to Na+, complexes with the larger ions have

additional features to both lower and higher frequency in the
hydrogen-bonded OH stretching region (3400 to 3600 cm�1) as
can be seen in Figure 11. From the calculated spectra in Figure 13,
the linear hydrogen-bonded H2O trimer chain (the global mini-
mum structure for K+, Rb+ and Cs+), specifically the hydrogen-
bonded OH on H2O bound to the ion, consistently provides a
strong IR feature near 3400 cm�1. This is in agreement with the
experimental spectra shown in Figures 11 and 13. To the high
frequency side, near 3560 cm�1, there is a persistent doublet for
all of the larger alkali metal ions. From the calculations, the 2 + 1
trimer appears to come closest to replicating the splitting in the
experimental spectra. This conformation has previously been
detected27 in the Cs+(H2O)nAr system. It is also interesting to
note that there is a connection between the Na+ and K+ spectra,

Figure 12. Despite its relatively large size, there appears to be a single
dominant conformer (2/1 sandwich-type) present in the experiment for
Na+(18c6)(H2O)3Ar. The peak assignments for the experimental (top)
spectrum are shown. Both of the spectra have been normalized to their
maximum intensity and offset for clarity.

Figure 13. Comparison of experiment with calculations for selected M+(18c6)(H2O)3 conformers, for M = (A) K, (B) Rb, and (C) Cs. The relative
Gibbs free energies (ΔG in kJ/mol) are given at 100 K. The conformers are ordered according to their 100 K energies. The geometries are based on the
B3LYP/6-31+G** level of theory. All of the spectra have been normalized to their maximum intensity and offset for clarity.
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as seen in Figure 11. The pronounced doublet at ∼3478 and
3519 cm�1 provides support for the presence of a common
sandwich-type conformer, possibly the 2/1 sandwich-type,
among those present for K+. The H 2/1 sandwich-type con-
former also cannot be ruled out for K+ since it is essentially
isoenergetic to the 2/1 sandwich-type conformer and may
actually give rise to some of the breadth to the bands between
∼3450�3550 cm�1 in the K+(18c6)(H2O)3Ar spectrum com-
pared to the Na+(18c6)(H2O)3Ar spectrum (Figure 11). The
existence of this conformer is not likely for Na+ since the 2/1
sandwich conformer is favored over the H 2/1 sandwich con-
former by 7.3 kJ/mol at 100 K and there is good agreement
between the experimental and the 2/1 sandwich configuration
simulated spectrum (Figure 12).
The M+(18c6)(H2O)3Ar cluster ions show an extremely

insightful view to the competition between the various non-
covalent interactions. For Na+, with an ionic radius slightly too
small to sit optimally inside the cavity of 18c6, the 18c6 and H2O
oxygens strongly compete to coordinate with the Na+. This
results in the sandwich-type structure, with waters above and
below the plane of 18c6, being the favored configuration. With
K+, there is an optimal fit between the ion and the 18c6, sub-
stantially reducing the availability of the ion to H2O molecules.
As a result, themost energetically favored configurations have the
all the H2O molecules on one side of the crown ether (the linear
and 1+2 conformers in Figure 13A). Sandwich structures are now
higher in energy but appear to make contributions to the experi-
mental spectrum. For Rb+ and Cs+, the ions are too large for the
18c6 cavity and sit just above the plane of the crown ether. This
makes the ions more available for H2O 3 3 3M

+ interactions and
the four lowest energy conformers for each ion have the three
waters on the same side of the crown ether as the ion (linear,
cyclic, 1+2, and 2+1 as shown in Figure 13B and 13C). Water�
water interactions have reached the point where the cyclic water
trimer structure (the global minimum structure for neutral H2O
trimer) is the second lowest energy conformer. This indicates that
the H2O 3 3 3M

+ interaction (maximizing the number of ion�
water contacts), is again effectively competing against the inter-
action between the ion and the etheric oxygens. The sandwich
configurations are much higher in energy.
3.4. M+(18c6)(H2O)4Ar Complexes. The experimental spec-

tra forM+(18c6)(H2O)4Ar systems monitoring the loss of Ar are
shown in Figure 14. The spectra contain only broad features
which preclude comparison with our DFT calculations, although
we include the complete summary of our calculations for M+

(18c6)(H2O)4Ar systems in the Supporting Information. In
contrast to the n = 1�3 systems, there is no longer a clear

distinction between the spectra of the smaller (Na+) and larger
ions. This could be due to many reasons, perhaps the most likely
being the size and spectral breadth arising from multiple con-
formers. This indicates that at least for these systems, there is a
size limit to the use of Ar-tagging for generating resolvable
spectra. It is important to note that the binding energy of H2O
in these cluster ions has lowered to the point where the loss of Ar
+ H2O, (and not the loss of Ar) is the preferred loss channel in
terms of energy balance, i.e. the energy of the photon is best
matched by the energy loss associated with dissociation of both
H2O and Ar.We include the spectra acquiredmonitoring the loss
of Ar + H2O in the Supporting Information. Like the spectra
acquired monitoring the loss of Ar, the broad nature of the
features precludes individual conformer assignment.

4. CONCLUSIONS

In an earlier study18 dealing with the Ar-tagged dehydrated
M+(12c4) and M+(18c6) systems, we were unable to observe a
specific behavior that could be assigned to the Li+(12c4) or
K+(18c6) systems.While the negative finding suggested that there
might not be a spectroscopic signature for selectivity in the gas
phase, the findings of this study along with the complementary
warm17 M+(18c6)(H2O)1�4 study indicates that microhydra-
tion must be included to observe unique trends. In both the un-
tagged study17 and this Ar-tagged study the most important
finding is not a single spectroscopic signature of selectivity, but
rather the unique configurations by systems containing K+ in
contrast to both smaller and larger ions. Since K+ has the “best fit”
with 18c6, the 18c6 3 3 3K

+ interaction dominates, weakening the
ability of the ion to interact with H2O. This favors one point of
contact between the H2O and the ion. Unique binding for K+ has
also been noted in a previous gas-phase study by Bowers and co-
workers49 of the alkali metal ions with 18c6. In the present study,
there are a number of effects that are associated with the special
role of K+. Perhaps the most notable is a significant difference in
the spectra between the smaller ions, Li+ and Na+, and K+ for
M+(18c6)(H2O)1�3Ar. This is due to the smaller size of the ions
fostering strong 18c6 3 3 3M

+, H2O 3 3 3M
+, and 18c6 3 3 3H2O

interactions. Experimentally, the combination of these interac-
tions leads to lower frequency hydrogen-bonded OH stretching
modes for these two ions in comparison to K+. Our computa-
tional results also support this picture and indicate that the
smaller ions are not successfully sequestered by 18c6, and H2O
molecules readily interact both with the 18c6 and the ion on
either side of 18c6 via sandwich-type conformations. This is
likely due to the limited flexibility of the 18c6, preventing
maximal interaction between the smaller ions and the six etheric
oxygens.

The larger ions, Rb+ and Cs+, are positioned sufficiently above
the plane of 18c6, so that the H2O 3 3 3M

+ interaction becomes
very competitive, with multiple H2O molecules interacting with
the ion (as clearly seen in the cyclic and 2+1 trimer structures in
Figure 13). This reflects the freedom of H2O to migrate and
optimize its interactions with the larger alkali ions. All of these
trends are a result of the optimum relationship between the size
of K+ and the 18c6 cavity. This special relationship allows for the
unique balance of 18c6 3 3 3M

+, 18c6 3 3 3H2O, and M+
3 3 3H2O

interactions. In all cases, however this spectral distinction weak-
ens with increasing hydration as H2O 3 3 3H2O hydrogen-bond-
ing interactions become increasingly important. This limit is seen

Figure 14. Experimental IRPD spectral summary of M+(18c6)-
(H2O)4Ar complexes in the OH stretching region monitoring the
loss of Ar.
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in the n = 4 spectra, where there are only slight changes in the
spectra regardless of ion size.
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