The structure of the Calix[4]arene-(H2O) cluster, world’s smallest cup of water
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Abstract
The structure of the calix[4]arene(C4A)-(H2O) cluster formed in a supersonic beam has
been investigated by mass-selected resonant two-photon ionization (R2PI) spectroscopy,
IR-UV double resonance spectroscopy, IR photodissociation (IRPD) spectroscopy and
by high level quantum chemical calculations. The IR-UV double resonance spectrum of
C4A-(H2O) exhibits a broad and strong hydrogen-bonded OH stretching band at 3160
cm-1 and a weak asymmetric OH stretching band at 3700 cm-1. The IRPD measurement
of the cluster produced a value of 3140 cm-1 for the C4A-(H2O) → C4A + H2O
dissociation energy. High level electronic structure calculations at the MP2 level of
theory with basis sets up to quadruple zeta quality suggest that the endo-isomer (water
inside the C4A cavity) is ~1100 cm-1 more stable than the exo-isomer (water hydrogen
bonded to the rim of C4A). The endo-isomer has a best-computed (at the
MP2/aug-cc-pVQZ level) value of 3127 cm-1 for the binding energy, just ~15 cm-1 shy
of the experimentally determined threshold and an IR spectrum in excellent agreement
with the experimentally observed one.

In contrast, the B3LYP density functional fails

to even predict a stable structure for the endo-isomer demonstrating the inability of that
level of theory to describe the delicate balance between structures exhibiting cumulative
OH-π H-bonding and dipole-dipole interactions (endo-isomer) when compared to the
ones emanating from maximizing the cooperative effects associated with the formation
of hydrogen bonded homodromic networks (exo-isomer).

The comparison of the

experimental results with the ones from high level electronic structure calculations
therefore unambiguously assign the endo-isomer as the global minimum of the
C4A-(H2O) cluster, world’s smallest cup of water.
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I. Introduction
Calixarenes (CAs) are cyclic oligomers built with phenol units. They are
recognized as molecular receptors and form a variety of complexes with metal ions,
anions and neutral molecules.1-3 CAs have a cavity defined by benzene rings and form
endo-complexes with hydrophobic molecules and cations through both CH-π and
charge-π interactions. In addition, CAs have hydroxyl groups at their lower rim. These
OH groups are strongly hydrogen (H)-bonded with each other, resulting in the
stabilization of the cone conformation. Although the hydroxyl groups behave as acids,
the strong intramolecular H-bonding leads to pKa values for CAs being different from
the monomeric units.4,5 The balance of the interaction between the guest molecule and
either the benzene or the hydroxyl group site is very subtle. For example, though it was
expected that Calixarenes (C4A) and aliphatic molecules form endo-complexes6 (i.e. the
aliphatic molecule lies inside the CA cavity), recent NMR studies revealed that the
complex exists as the exo-complex having the N+−H---O- form7,8 (i.e. the aliphatic
molecule is located outside the cavity and it is H-bonded to the OH groups).
The complexation structures of CAs are normally studied by NMR and X-ray
diffraction methods in the condensed phase,9-12 whereas mass spectrometric
characterization combined with electrospray ionization has been extensively used13,14 to
characterize the gas phase structures. These experimental studies have been carried out
at room temperature. Since the thermal energy at these temperatures is oftentimes
comparable with the host-guest interaction energy, one generally obtains the
information averaged over all possible conformers at a given temperature. In addition,
electrospray ionization mass spectrometry generates protonated species, a fact that
greatly affects the stabilization of these species. To study a specific complexation
3

structure of the neutral species controlled by the weak interaction it is essential to cool
the complex, and such a study can be performed by the combination of a supersonic jet
with laser based spectroscopy. In a previous paper15 we have reported the first laser
spectroscopic study of jet-cooled Calix[4]arene(C4A). We determined the band origin
of the S1-S0 transition and found that the S1(1A) state is strongly vibronically coupled to
the S2(1E) state. We also showed that C4A has a high ability of forming van der Waals
clusters with rare gas atoms.
In the present study we report a joint experimental spectroscopic and theoretical
ab-initio study of the structure of the C4A-(H2O) cluster formed in a supersonic beam.
Because of the high acidity of the OH groups of C4A, one may expect that water
molecule will be exclusively bound to the OH groups to form the exo-complex structure.
However, it is also quite possible that water is bound inside the C4A cavity by means of
OH-π Η−bonding interactions. We probe the cluster’s structure by measuring the
electronic and vibrational spectra and the dissociation energy. The relative energies of
the endo- and exo-conformers of C4A-(H2O) are estimated from high-level first
principles electronic structure calculations and the computed IR spectra for those
structures are compared to the experimentally observed one.

II. Approach
Experimental details: In the present work we report the mass-resolved two-color
resonance two-photon ionization (2C-R2PI) and IR-UV double resonance spectra of
C4A and the C4A-(H2O) cluster. In addition, we measure the IR photo-dissociation
spectrum to obtain the C4A-(H2O) → C4A + H2O dissociation energy. Fig.1 recaps the
basic principles of IR-UV double resonance spectroscopy and IR photo-dissociation
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(IRPD) spectroscopy. Briefly, a tunable IR light, νIR, excites the C4A-(H2O) cluster in a
supersonic beam to the XH stretching vibration, where X refers to either C or O.

This

IR excitation depletes the population of the ground state. By scanning the IR laser
frequency while monitoring the ground state population by R2PI, we obtain the IR-UV
dip spectrum (Fig. 1(a)). If the IR photon energy is larger than the dissociation energy
of C4A-(H2O), the cluster dissociates to generate the C4A and H2O fragments; the C4A
fragment can subsequently be monitored by R2PI with the UV laser light, νUV.

By

scanning the IR frequency while monitoring the C4A fragment, we obtain the IR
photo-dissociation (IRPD) spectrum (Fig. 1(b)). By comparing the IR-UV dip spectrum
and the IRPD spectrum, we obtain the dissociation energy (DE) for the process
C4A-(H2O) → C4A + H2O.
Jet-cooled C4A is generated by an adiabatic expansion of the sample vapor
diluted with Ne carrier gas at a total pressure of 2 bars. Since C4A is a nonvolatile
molecule, a high temperature pulsed nozzle is used16.

Briefly, a sample housing made

of polyimide resin is attached to the commercially available pulsed nozzle (General
valve series 9), and the C4A in the housing is heated at 140 ℃ to obtain enough vapor
pressure. For generating the C4A-(H2O) cluster, a mixture of water vapor and Ne is
used as a carrier gas. The gas mixture is expanded into vacuum through the nozzle with
a 1mm orifice. The supersonic jet of C4A is then skimmed by a 2 mm aperture skimmer,
located at 50 mm downstream of the nozzle.
the UV laser and is ionized by R2PI.

The C4A in the supersonic beam crosses

The ions are extracted into the time-of-flight

(TOF) tube, and are detected by a Channeltron (Burle 4900). The TOF profile is
monitored by a digital oscilloscope and the ion signals are processed by a boxcar
integrator (Stanford research systems SR245) connected to a personal computer. The
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tunable UV laser is a second harmonic (Inrad Auto-tracker III/BBO crystal) of Nd:YAG
laser pumped dye laser (Continuum Surelite II/Lambda Physique Scanmate). For the
two-color R2PI (2C-R2PI) experiment, the third harmonic of another Nd:YAG laser is
used for the ionization step. The delay time between the first laser and the second laser
is fixed to a few nanoseconds. Details of the IR-UV dip spectroscopy were given in
previous papers. A UV probe laser is fixed to the 0-0 band of the monitored species and
a tunable IR laser (Laser Vision/Quanta-Ray, GCR250) light is introduced coaxially to
the UV probe laser 110 ns prior to the probe pulse. IRPD spectrum is obtained with the
same setup, except that the C4A fragment mass is monitored and the UV laser
frequency is fixed to its transition. C4A (98%) was purchased from Tokyo Chemical
Industry Co. and was used without further purification.

Theoretical calculations: The relative energies of the endo- and exo- isomers of the
C4A-(H2O) cluster are optimized at the second order Moller-Plesset (MP2) level of
theory17 with the family of augmented correlation consistent basis sets of Dunning and
co-workers18,19 up to quadruple-zeta quality, aug-cc-pVnZ (n = D, T, Q). The
MP2/aug-cc-pVDZ optimal geometries were used for single point calculations with the
larger basis sets of Dunning up to aug-cc-pVQZ.

These calculations were performed

with the NWChem suite of electronic structure codes20 at Pacific Northwest National
Laboratory.

The MP2 relative energetics are compared to the ones from density

functional theory (DFT) calculations with the B3LYP functional and the 6-31+G**
basis set21 with the GAUSSIAN 03 program package.22.

The harmonic vibrational

frequencies were estimated at the MP2/aug-cc-pVDZ level of theory for both isomers
and they were scaled by 0.96 in order to produce the IR spectra that are compared to
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experiment.
The binding energy of the C4A-(H2O) cluster is computed as:
ΔE(C4 A − H 2O) = E CC 44AA−−HH OO (C4 A − H 2O) − E CC 44AA (C4 A) − E HH OO (H 2O)
2

2

2

2

(1)

, where superscripts denote basis sets and subscripts indicate the geometries of the
€ individual species identified in parentheses.

In this notation, for example,

A
E CC44A−
H O (C4 A) denotes the energy of C4A at the dimer (C4A-H2O) geometry with the
2

monomer (C4A) basis set.
€

The basis set superposition error (BSSE) correction was estimated via the
function counterpoise (fCP) method23 including the fragment relaxation terms24, which
arise from the change in the intramolecular geometry of the C4A and H2O fragments in
the cluster minimum. The BSSE-corrected dimer binding energies are:

ΔE BSSE (C4 A − H 2O) = E CC 44AA−−HH OO (C4 A − H 2O) − E CC 44AA−−HH OO (C4 A) − E CC 44AA−−HH OO (H 2O)
(2)
C4A
+
E rel
(C4 A) + E relH O (H 2O)
2

2

2

2

2

2

2

and

€

A
C4A
E relC4 A (C4 A) = E CC 44A−
H O (C4 A) − E C 4 A (C4 A)

(3a)

E relH O (H 2O) = E CH4 OA− H O (H 2O) − E HH OO (H 2O) .

(3b)

2

2

2

2

2

€
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A total of 4 additional calculations (C4A and H2O with the full cluster basis at the

€ cluster and isolated MP2/aug-cc-pVDZ geometries) are therefore required for each
BSSE calculation.

III. Results and discussion
S1-S0 electronic spectra
Figure 2 shows the 2C-R2PI spectra of (a) C4A, (b) C4A-Ar and (c) C4A-(H2O)
generated in a supersonic beam. The spectrum of bare C4A exhibits a band origin at
7

35357 cm-1 and sharp intense bands at ~ 170 cm-1 above the band origin. The electronic
spectrum of C4A-Ar is very similar to that of the bare C4A, except that all the bands are
red-shifted by 45 cm-1 with respect to those of C4A. The C4A-Ar cluster is an
endo-complex, in which the Ar atom is located inside the C4A cavity, retaining overall
C4 symmetry.25 In contrast, the spectrum of C4A-(H2O) is quite different from that of
either C4A or C4A-Ar. First, the band origin is red-shifted by ~200 cm-1 from that of
the bare C4A and the vibronic structure is quite complicated. A weak band at 35151
cm-1, located at the lowest frequency side, is thought to be the origin band and several
low frequency vibronic bands emerge. The strong vibronic bands at ~35340 cm-1 (0,0 +
190 cm-1) are broad, a fact that may be due to the overlap of several bands. The
complicated structure of the 0,0 band indicates that the cluster does not have C4
symmetry and the structure largely changes upon the electronic excitation.

IR-UV double resonance and IRPD spectra
Figures 3(a) and (b) show the IR-UV double resonance (DR) spectra of the bare
C4A and the C4A-(H2O) cluster, respectively. The IR-UV DR spectrum of C4A
exhibits a strong and broad OH stretching band centered at 3160 cm-1. This band is
red-shifted by as much as 500 cm-1 from the frequency of the free OH stretch of phenol
which is at 3657 cm-1. The weak band at 3040 cm-1 is assigned to the CH stretching
vibration of the aromatic ring. In the IR-UV DR spectrum of C4A-(H2O) a strong
H-bonded OH stretch band also emerges at 3160 cm-1. The position of this band is the
same with that of bare C4A (cf. Fig. 3(a)), but its bandwidth is wider and a few peaks
seem to be overlapped within this band. The fact that the OH stretching frequency of the
C4A-(H2O) cluster is the same with that of bare C4A, indicates that the OH groups of
8

the C4A moiety are not affected by the complexation with water, that is the water
molecule is not bound to the OH groups. In addition to the strong band at 3160 cm-1, the
IR-UV DR spectrum exhibits a weak band at 3700 cm-1, which is assigned to the
asymmetric (free) OH stretching vibration of H2O.
Figure 3 (e) shows the IRPD spectrum of the C4A-(H2O) cluster. The spectrum
is obtained by scanning the IR laser frequency while monitoring the C4A+ cation mass
with the UV frequency fixed near the band origin of C4A. When comparing the IRPD
with the IR-UV dip spectrum, we observe a sharp cutoff at 3140 + 20 cm-1 in the IRPD
spectrum and below this energy the C4A fragment is not detected even though the
C4A-(H2O) cluster has an IR absorption in that range. Thus, this threshold energy
(3140 + 20 cm-1) corresponds to the C4A-(H2O)1 → C4A + H2O dissociation energy.

The structure of the C4A-(H2O) cluster
In order to determine the lowest energy structure of the C4A-(H2O) cluster we
performed initial optimizations at the B3LYP/6-31+G** level of theory. These
calculations yielded four exo-conformers (whose structures are shown in the Supporting
Information), but failed to yield a stable endo-isomer structure.

In contrast, the

MP2/aug-cc-pVDZ optimizations did produce a stable endo-isomer structure, which
was determined to be the global minimum (vide infra).

The minimum energy

structures of the most stable among the exo-conformers (Structure I) and the global
minimum endo-isomer (Structure II) of the C4A-(H2O) cluster obtained at the
MP2/aug-cc-pVDZ level of theory are shown in Figure 4.

The relative energies,

ΔEendo and ΔEexo, of the endo- and exo-isomers (in cm-1) and their relative separation,
ΔΔE=(ΔEendo-ΔEexo) are listed in Table 1 at the MP2 level of theory with the
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aug-cc-pVnZ, n=D. T, Q basis sets together with the relaxation energies for the C4A
and water (obtained from equations 3(a) and 3(b)). These are the energy penalties for
distorting the geometries of the two moieties (C4A and water) from their gas phase
structures to the ones they assume in the C4A-(H2O) cluster. The BSSE-corrected
isomer binding energies (calculated from equation (2)) are also shown in parentheses.
We note that the endo-isomer is always more stable (with any of the aug-cc-pVnZ, n=D,
T, Q basis sets) than the exo-isomer.

Furthermore, the energy separation between the

two isomers converges with basis set to about 1100 cm-1, the endo-isomer being more
stable. As expected from the observation of the optimal geometries shown in Fig. 4, the
C4A moiety is much more distorted in the exo- than in the endo-isomers, whereas the
distortion of the water molecule in both isomers is minimal, as indicated from the
magnitude of the relaxation energies for the two moieties listed in Table 1. Finally the
best computed (MP2/aug-cc-pVQZ) binding energy of 3127 cm-1 of the most stable
endo-isomer is in excellent agreement with the experimentally determined threshold of
3140 + 20 cm-1. The variation of the uncorrected and BSSE-corrected binding energies
listed in Table 1 suggests that the MP2/aug-cc-pVQZ energy is probably an upper limit
for the binding energy of the endo-isomer.
In the exo-isomer (Structure I) the water molecule is inserted into and enlarges
the ring homodromic network originally formed by the four OH groups of C4A.

The

resulting five OH homodromic ring is consistent with the network having the largest
cooperativity26.

In this structure, the H-bonding network of the OH groups in C4A is

largely distorted by the insertion of the water molecule by ca. 2000 cm-1 as reported in
Table 1. As a result, in the calculated IR spectrum of exo-isomer (Structure I), the
degenerated OH stretching bands in the C4A moiety are split in the wide energy region
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as indicated in Fig. 3(d).
In contrast, the IR spectrum of the most stable endo-isomer (Structure II) is
much more simpler, attesting to the minimal (~100 cm-1) distortion of the C4A moiety
in the C4A-(H2O) complex. In the observed IR spectrum of the endo-isomer (shown in
Fig. 3(b)), there is no band between 3250 and 3650 cm-1. This spectral pattern is
consistent with the theoretically calculated IR spectrum at the MP2/aug-cc-pVDZ level
of theory.

The calculated IR spectrum of “Structure II” (Fig. 3(c)) shows a perfect

agreement with the observed one (Fig. 3(b)). The degenerate OH stretching bands of
C4A at 3160 cm-1 are split into two due to the symmetry reduction since the
encapsulation of the water molecule lowers the symmetry of C4A. This is the reason
why the observed band at 3160 cm-1 is broader than that of bare C4A. The band at 3700
cm-1 is the asymetirc OH stretch of the encapsulated water, which also reproduces the
observed spectrum quite well. In the endo-isomer (Structure II) the two OH groups of
the water molecule are bound to two phenyl rings in a bidentate manner and the oxygen
atom of the water molecule is facing towards the rim of C4A. The reason for this
arrangement can be thought of originating from the dipole-dipole interactions between
C4A and the water molecule. The dipole moment of C4A is 2.37 Debye, oriented along
the C4 axis and pointing in a downward direction towards the rim. Thus, the oxygen
atom of the water molecule in the cavity prefers to be oriented towards the rim of C4A
in order to maximize the dipole-dipole interaction between the two fragments. The
synergy between the two OH-π H-bonding and dipole-dipole interactions results in the
large stabilization energy of “Structure II” with respect to the H-bonded homodromic
exo-isomer (Structure I).
The combination of the above findings, namely that (i) the endo-isomer is
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lower in energy at the MP2 level of theory, (ii) its best estimate for the binding energy
matches within 15 cm-1 the experimentally determined threshold for the dissociation
energy of the cluster into the C4A and water fragments and (iii) the computed IR
spectra of the endo-isomer shows a perfect agreement with the experimentally observed
ones makes the unambiguous assignment that the observed structure corresponds to the
endo-isomer of the C4A-(H2O) cluster, in which the water molecule resides within the
C4A cavity.

IV. Conclusions
The structure of the C4A-(H2O) cluster offers the possibility to probe the
delicate balance between the cumulative OH-π H-bonding and dipole-dipole
interactions on one hand and the maximization of the cooperative effects associated
with the formation of H-bonded homodromic networks on the other.

The structure of

this cluster has been probed by IR-UV double resonance spectroscopy, IRPD
spectroscopy and high level electronic structure calculations. The IR-UV spectrum
exhibits a broad and strong H-bonded OH stretch band at 3160 cm-1 and an asymmetric
OH stretch at 3700 cm-1, whereas the IRPD measurement yields the H-bond energy to
be 3140 cm-1. High level electronic structure calculations at the MP2 level of theory
with basis sets as large as aug-cc-pVQZ suggest that the minimum structure resembles
an endo-complex.

The best computed (MP2/aug-cc-pVQZ) binding energy for that

isomer is 3127 cm-1, in excellent agreement with the experimentally determined
threshold of 3140 cm-1. In addition, the MP2/aug-cc-pVDZ calculated IR spectrum of
the endo-isomer showed excellent agreement with the experimentally observed one. It is
interesting to note that the B3LYP functional with the 6-31+G** basis set fails to
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produce a stable minimum for that structure, incorrectly predicting the exo-isomer as the
most stable one; however, neither the binding energy (estimated at 1100 cm-1 higher
than that for the endo-isomer at the MP2 level of theory) nor the computed IR spectrum
for that structure matches the experiment.
In the most stable endo-isomer the two OH groups of the water molecule are
bound to the phenyl rings via OH—π bonding and the need to maximize the
dipole-dipole interactions orients the water molecule in such a way that its oxygen faces
towards the rim of the C4A, thus forming “the smallest cup of water in the world”.
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Table 1. Total binding (ΔEendo, ΔEexo) and relative (ΔΔE=ΔEendo-ΔEexo) energies (in
cm-1) of the global minimum endo- and the local minimum exo-isomers of the
C4A-(H2O) cluster. Numbers in parentheses indicate BSSE-corrected numbers. The
relaxation energies for C4A and water (distortion of the C4A and water moieties in the
cluster from their gas phase structures) are also denoted for the two isomers.

Level of theory

Endo-form

Erelax

Exo-form

Erelax

ΔΔE

ΔEendo, cm-1

cm-1

ΔEexo, cm-1

cm-1

cm-1

MP2/aug-cc-pVDZ

4312 (2455)

121 / 11

2561 (1349)

2009 / 57

1751 (1106)

MP2/aug-cc-pVTZ

3602 (2789)

81 / 34

2228 (1687)

2004 / 86

1374 (1102)

MP2/aug-cc-pVQZ 3127

1985

17

1142

Figure captions
Figure 1.

Left panel: Energy level diagram of C4A and C4A-(H2O) and IR-UV
excitation schemes. Right panel: (a) IR –UV dip spectrum and (b) IRPD
spectrum.

Figure 2.

2C-R2PI spectra of (a) C4A, (b) C4A-Ar and (c) C4A-(H2O).

Figure 3.

IR-UV dip spectra of (a) C4A and (b) C4A-(H2O). IR spectra of (c) endo(Structure II) and (d) exo-form of C4A-(H2O) (Structure I) obtained at the
MP2/aug-cc-pVDZ level of theory. The frequencies are multiplied by 0.96.
(e) IRPD spectrum of C4A-(H2O).

Figure 4.

(a) Minimum energy structures of the exo- (Structure I) and
endo-conformers (Structure II) of the C4A-(H2O) cluster obtained at the
MP2/aug-cc-pVDZ level of theory.
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Supporting information
Optimized structures and relative energies of the various exo-conformers of the
C4A-(H2O) cluster obtained at B3LYP/6-31+G** level of theory.
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