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Hydrogen bonding in the ethanol—water dimerf
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We report the first rotational spectrum of the ground state of the isolated ethanol-water dimer using

chirped-pulse Fourier transform microwave spectroscopy between 8-18 GHz. With the aid of isotopic
substitutions, and ab initio calculations, we identify the measured conformer as a water-donor/ethanol-acceptor
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structure. Ethanol is found to be in the gauche conformation, while the monomer distances and orientations
likely reflect a cooperation between the strong (O—H---O) and weak (C—-H---O) hydrogen bonds that stabilizes
the measured conformer. No other conformers were assigned in an argon expansion, confirming that this is the

ground-state structure. This result is consistent with previous vibrationally-resolved Raman and infrared work, but

www.rsc.org/pccp

1 Introduction

Hydrogen bonds play a critical role in many chemical and bio-
chemical processes. In the Earth’s atmosphere, hydrogen bonds
control cluster formation and influence reaction rates, while in the
condensed phase they guide protein folding and solvent-solute
interactions. Their importance to molecular processes on Earth is
due in part to their moderately low bond energies of 4-40 kcal
mol ™, which allow them to freely associate and dissociate under
ambient conditions, as well as their directional preferences, which
influence the structure of molecular assemblies."

Since the first descriptions of prototypical hydrogen bonds at the
beginning of the 20th century a second class of “weak” hydrogen
bonds has emerged. As the name suggests, weak hydrogen bonds
are generally defined by interactions of <4 kcal mol™*, which opens
the door for many new bonding partners.”> Structurally, all hydrogen
bonds are generally defined as interactions of X-H- - -A, where
H carries a partial positive charge, and A a partial negative
charge. Weak hydrogen bonds stretch this definition to include
C-H---O, O-H:--w, and C-H-- - interactions, among others.
Although they are similar in energy to van der Waals inter-
actions, weak hydrogen bonds retain a distinct directional
preference. In condensed phase chemistry, these weak inter-
actions have been shown to be both ubiquitous and influential
in drug-receptor recognition, molecular crystallization, and
macromolecular structure.’?

The ethanol-water dimer is a excellent model system for
hydrogen bonding, as it exhibits both a strong O-H- - -O hydrogen
bond, as well as a weak C-H---O hydrogen bond. The energy
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sheds additional light on the structure, due to the specificity of rotational spectroscopy.

landscape of the dimer is thus an interplay between the relative
donor/acceptor strengths of water and ethanol, as well as the gauche/
trans conformations of the ethanol monomer.* In the condensed
phase, ethanol-water mixtures have been studied extensively, due to
their broad applications as well as their abnormal behavior. They
exhibit many thermodynamic anomalies, such as a negative entropy
of mixing, for example, which are believed to originate from
incomplete mixing on the microscopic scale.” Elucidating the
structure and dynamics of hydrogen bonding of the ethanol-water
clusters, especially the dimer, may inform such studies.

The Raman and infrared spectrum of the ethanol-water
dimer were previously reported in the literature.” Two ethanol
acceptor conformers were identified, with the ground state
corresponding to a gauche-ethanol conformation. We report a
combined experimental and computational study of the ethanol-
water dimer using microwave rotational spectroscopy and ab initio
calculations. Microwave spectroscopy is unmatched for structure
determination of small hydrogen bonded clusters in the gas
phase, as spectra directly reveal the moments of inertia of various
species.®*'° Indeed, microwave spectroscopy provided some of the
first direct structural evidence for the O-H- - -n weak hydrogen bond
in the benzene-water dimer,® as well as unambiguous assignments
of the relative energies of the water hexamer conformers.’

In this work, we definitively assign the ground state structure of
the ethanol-water dimer to a water-donor structure, with ethanol in
the gauche conformation. With the use of three Kraitchman sub-
stitution coordinates and ab initio calculations, we find evidence of
cooperativity between both the strong and weak hydrogen bond
interactions in this structure.

2 Experimental methods

The spectrum of the ethanol-water dimer was collected using the
Caltech chirped-pulse Fourier transform microwave (CP-FTMW)
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spectrometer between 8-18 GHz.'" The mixed dimer was pre-
pared by loading water into a reservoir pulsed valve, and
flowing a backing gas (argon) over a separate external reservoir
containing ethanol. The mixture of ethanol, water, and 2 atmo-
spheres of backing gas (typically Ar or He) was supersonically
expanded into a vacuum chamber at 10> Torr with a pulse
repetition rate of 5 Hz. The CP-FTMW spectrometer has been
described in a previous publication,'" so only a brief overview
will be given here. A 0.5-1 ps duration chirped pulse of 2 GHz
bandwidth was generated, heterodyned with the output of a
microwave synthesizer, amplified, and broadcast into the
vacuum chamber with a waveguide horn. The resulting mole-
cular free induction decay was amplified, heterodyned back
down with the same synthesizer and digitized on a high speed
4 Gs/s analog-to-digital converter. Double resonance measure-
ments were carried out using a chirped pulse followed by a
second single tone 0.5-1 ps sinc pulse. Samples of ethanol
(99.5% purity), ethan(ol-d) (99% purity) and D,O (99% purity)
were purchased from Sigma-Aldrich and used without further
purification.

The measured spectra from the instrument are dual side-
band, and so cover a total of 4 GHz for each local oscillator (LO)
setting (2 GHz each in the upper and lower sideband). Thus,
care must be taken in assigning molecular rest frequencies. We
use a python data acquisition script to cyclically shift the LO
every 3 minutes to cover 8-18 GHz and to discriminate upper
and lower sideband peaks. For every LO setting, we shift by
+10 MHz and deconvolve with a separate python script.

Spectral fitting was performed with the Watson-S Hamiltonian
in SPFIT/SPCAT"* and a newly written python graphical interface.
Due to the high line density of the spectra, we used AUTOFIT,
an automated broadband fitting program, to generate initial
quantum number assignments and fits to the various species."®
Kraitchman substitution coordinates were calculated with the
KRA program.™*

All ab initio calculations were performed using Gaussian
09." Geometry optimizations were carried out with second-
order Moller-Plesset (MP2) perturbation theory'® and the
augmented-correlation consistent polarized Valence-only
Triple-Zeta (aug-cc-pVTZ) basis set.'” All optimized structures
were confirmed to be true minima on the potential energy
surface via harmonic frequency calculations at the same level of
theory as the optimization. We subsequently performed single-
point coupled cluster energy calculations with singles, doubles,
and perturbative triples (CCSD(T))'® with the aug-cc-pVTZ basis
set on the MP2 optimized structures. The zero point vibrational
energy (ZPVE) contribution to the relative energies was evaluated
from the previous harmonic frequency calculation using MP2/
aug-cc-pVTZ. We computed equilibrium rotational constants
(Be) for all conformers using the molecular geometries from
the MP2/aug-cc-pVTZ optimization. Next, we calculated the
anharmonic cubic and semi-diagonal quartic force constants
in a normal mode representation at the MP2/aug-cc-pVTZ level,
and from this determined the ground state rotational constants
(By) of the WE-g+ conformer using second-order vibrational
perturbation theory." We did not perform anharmonic calculations
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of the other conformers due to the limited computational
resources available.

3 Results and discussion
3.1 Computational results

The ab initio energy landscape, including the zero point vibrational
energy (ZPVE), of the ethanol-water dimer is shown in Fig. 1, and the
associated equilibrium rotational constants (B.) of each conformer
are given in Table 1. We use nomenclature from the literature to
label the various structures; WE indicates a water-donor geometry,
EW a ethanol-donor motif, while-g and -t specify the hydroxyl
conformation of the ethanol subunit.” The two hydrogen bonding
sites of the WE-g conformer are further differentiated with + and —.

The strong hydrogen bond between ethanol and water
makes the largest contribution to the relative energies of the
structures. Since ethanol is a better hydrogen bond acceptor
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Fig.1 The ab initio relative energy landscape, including ZPVE, of the
ethanol-water dimer. Geometry optimizations and harmonic force field
calculations were performed at the MP2/aug-cc-pVTZ level of theory,
followed by single point energy calculations using CCSD(T)/aug-cc-pVTZ.

Table 1 The calculated equilibrium ab initio rotational constants, dipole
moments, and relative energies (including ZPVE) of the five possible
conformers of the ethanol-water dimer at the MP2/aug-cc-pVTZ level
of theory

WE-g+ WE-t WE-g— EW-t EW-g
A/MHz 8882 9163 22081 27305 9772
B/MHz 3676 3502 2309 2071 3062
C/MHz 2888 2799 2164 1991 2525
[ta/D 1.8 1.7 2.5 -2.8 —2.6
[ip/D 0.9 1.3 0.9 0.5 1.3
[ie/D 0.4 —0.2 -0.1 0 0.3
Energy/cm ' 0 22 200 279 291
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than donor, the water donor structures are lower in energy than
the water acceptor structures.” The ethanol molecule can exist
in the trans or gauche conformation, which dictates the position
of the strong hydrogen bond.

Weaker interactions in the dimer lead to further energy
separations between conformers. The lowest three conforma-
tions all exhibit water donor structures, as expected, yet the WE-
g+ and WE-t conformers are significantly lower in energy than
the WE-g— structure. As Fig. 1 shows, however, the WE-g+ and
WE-t structures are both compact and exhibit a second weak
C-H- - -O hydrogen bond interaction, while the WE-g— structure
is elongated and contains no secondary interaction(s). We posit
that the weak hydrogen bond stabilizes these conformers by
~200 cm™" (0.5 keal mol ™), which is consistent with previous
estimates of C-H- - -O binding energies."

Interestingly, the predicted energies of the two water acceptor
conformers do not exhibit a clear preference for compact or
elongated structures. We attribute this to cooperativity between the
weak and strong hydrogen bond interactions.”® In the WE-g+ and
WE-t structures, the hydrogen bonds are cooperative, as the water
acts as a donor in the strong hydrogen bond and acceptor in the
weak hydrogen bond. The EW-g structure shows an anti-cooperative
interaction, in which the water acts as an acceptor for both inter-
actions, increasing the energy of the structure relative to EW-t.

3.2 Experimental results

The microwave spectrum of ethanol and water with argon as
the backing gas is shown in Fig. 2. Peaks from the ethanol
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dimer, water dimer, and ethanol monomer are all present, as
can be seen by the predictions included from the literature.”' >
A series of unknown strong peaks were identified when ethanol
and water were present that disappeared in expansions of
ethanol/argon and water/argon. Accordingly, the peaks were
assumed to originate from a cluster containing both molecules.

Using AUTOFIT"® and SPFIT,'* we fit 21 a-type and b-type
transitions to a microwave rms of 14 kHz, commensurate with
the line center uncertainty of the instrument (Table 2). The
assignments were further confirmed with double resonance
measurements (Fig. 3). The rotational constants and dipole
components (u, > up) rule out all possible conformers except
WE-t and WE-g+. Both conformers have similar structures and
dipole moments; the main distinguishing feature is the orienta-
tion of the hydroxyl hydrogen of the ethanol, and the dihedral of
the water molecule along the strong hydrogen bond.

To differentiate the identity of the conformer, we measured
the spectra of several deuterated species of ethanol and water.
Again, double resonance measurements were performed on
each isotopomer to confirm assignments. The rotational con-
stants for four isotopomers are given in Table 2, and the singly-
substituted Kraitchman structure is shown in Fig. 4. The
position of the hydroxyl H atom of ethanol was calculated by
substitution of EtOD:H,0 into the normal species, the outer H
atom of water was calculated with substitution of EtOD:HOD
into EtOD:H,0O, while the hydrogen bonded H atom was
calculated with substitution of EtOD:D,O into EtOD:HOD. We
doubly confirmed the position of the ethanol hydroxyl H with
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Fig. 2 Top: The spectrum of ethanol and water in an argon expansion between 10-18 GHz (15 million averages, 40 hour acquisition at 4 LO settings).
A series of strong unassigned peaks have been fit and assigned to the WE-g+ conformer of the ethanol-water dimer (red). Bottom: A 3 GHz inset of the
ethanol + water expansion spectrum. Literature data for ethanol dimer,?! trans-ethanol,?? and water dimer?® have been plotted in various colors, along

with WE-g+, using a rotational temperature of 2 K.
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Table 2 The ab initio ground state rotational and quartic distortion constants (MP2/aug-cc-pVTZ), and experimental rotational and distortion constants
for the WE-g+ conformer of the ethanol-water dimer, including several deuterated species. Parameters with an asterisk (*) were fixed to the
corresponding constant of the normal species, while the standard errors of the last digits are given in parentheses

WE-g+ Ab initio EtOH:H,0 EtOD:D,0 EtOH:D,0 EtOD:HOD EtOD:H,0
A/MHz 8940 9089.862(10) 8610.610(20) 9046.626(36) 8614.300(39) 8648.244(40)
B/MHz 3485 3410.8841(35) 3163.8418(85) 3191.064(14) 3203.203(17) 3381.274(13)
C/MHz 2777 2737.9705(28) 2568.4509(73) 2593.615(15) 2594.324(18) 2710.510(10)
Dy/kHz 15.0 20.33(15) 14.94(19) 16.67(83) 15.88(94) *

Dyx/kHz —13.8 —31.35(19) —18.50(62) —26.9(17) * *

Dy/kHz 48.5 137.4(25) 96.2(39) * * *

d,/kHz —4.2 —5.957(16) —4.03(12) * * *

dy/kHz —0.40 —0.6016(46) * * * *

N 21 15 12 9 8

rms/kHz 14 15 37 11 41

111.000

2171y > 343-2y,

212‘101' > 20y1g +— 3037202

211-110 312_211

Fig. 3 The transition connectivities confirmed with double resonance
measurements (a-types in black, and b-types in red).

substitution of EtOD:D,O into EtOH:D,O. For each substitution,
the H-atom coordinate in the principal axis system was converted
to internal coordinates and plotted on the normal species result.
The deuterated spectra have lower signal-to-noise and higher
spectral density than the non-deuterated spectra so definitive
assignments of EtOH:HOD, EtOH:DOH, and EtOD:DOH were not
possible. Finally, we have recently identified the spectrum of WE-¢
in a helium expansion (not present in argon), and will report a
structural analysis of this conformer in a forthcoming publication.

The measured geometry of the dimer observed in the argon
expansion is clearly consistent with WE-g+, confirming its identity as
the lowest energy conformer. This is in contrast to the ethanol
monomer, which has a trans-hydroxyl ground state structure. Thus,
the hydrogen bond interaction between water and ethanol stabilizes
the gauche structure, an example of adaptive aggregation. This is

" ,
ﬂ
W WE-g+ .bd o WE-tb)m

Fig. 4 Kraitchman substitution positions of three hydrogens in the ethanol
water dimer are shown as blue spheres, superimposed on the ab initio
structures of WE-g+ (left) and WE-t (right). Based on the substitution
positions, it is clear that WE-g+ is the measured conformer.

This journal is © the Owner Societies 2015

consistent with previous infrared and Raman work.*” Further-
more, the measured rotational constants are in good agreement
with the ground state rotational constants (B,) determined in
the ab initio anharmonic calculation. The large difference
between the calculated B, and B, constants indicates significant
vibrational averaging of the dimer geometry even in the ground
state. Large vibrational corrections to rotational constants have
been reported in other hydrogen bonded clusters.’

We hypothesize that the stabilization of the gauche confor-
mation comes from the weak hydrogen bond of the dimer, as
the strength of a C-H- - -O interaction is dependent on the bond
angle and C-H: - -O distance. The Kraitchman structure in Fig. 4
indicates that the outer hydrogen of the water is collinear with
the weak hydrogen bond, which may enable a larger overlap of the
oxygen lone pair with the C-H, rather than the perpendicular
H-O- - -C angle of the +WE structure. Furthermore, in the ab initio
structures the WE-g+ conformer has a C-H- - -O distance of 2.66 A,
while the length is 2.79 A in WE-t. Additional microwave measure-
ments of isotopically substituted dimers are needed to confirm the
length of the weak hydrogen bond in WE-g+.

4 Conclusions

We have measured the pure rotational spectrum of the ethanol-
water dimer in supersonic expansions with argon. Transitions
from three isotopomers of one conformer were identified and
assigned to a compact water-donor structure with ethanol in
the gauche configuration. These first fully rotationally resolved
measurements confirm that ethanol is a better hydrogen-bond
donor than acceptor, and adaptive aggregation of ethanol, as the
interaction with water stabilizes the gauche conformer relative to
the trans geometry. Weak hydrogen bond interactions likely play
a role in this process, as the overlap between the oxygen of the
water with the C-H is more optimal in the WE-g+ conformer
than the WE-t conformer.

To date, ethanol-water dimer is the second alcohol-water cluster
for which rotationally resolved spectra have been reported, the first
being the methanol-water dimer in 1997.>* It is clear that while both
alcohols act as better hydrogen bond acceptors than donors, weak
hydrogen bond interactions seem to play a larger role in the ethanol-
water structure. Further studies of mixed water-alcohol clusters in
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the gas phase will shed additional light on the fascinating
influence of both strong and weak hydrogen bonds in these
mixtures.
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