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In an effort to build towards quantitative models of alcohol:water microaggregation in liquid mixtures,
the present works characterizes the energy landscape and structures of pure ethanol and mixed
ethanol:water tetramers using Chirped Pulse Fourier-transform Microwave spectroscopy. Many
conformers of each type of tetramer are available, and those with sufficiently strong dipole moments
are experimentally examined. This analysis considers, but does not explicitly fit, the splitting of rotational
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states due to internal rotation of the methyl groups present, as well as utilizes isotopic substitution
experiments to verify the conformer variations observed. Implications of the listed results include a
suggestion of the stability of micro-aggregated structures as opposed to homogeneously mixed
clusters, informing future work on characterization of larger clusters and any potential modeling of the
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1 Introduction

From protein solvation to aqueous geochemistry, a vast array of
modeling relies on accurately constraining the interactions of
few water molecules at a time.'” This few-atom computational
problem is non-trivial however, as the network of hydrogen
bonding defining the intermolecular potential energy surface
of water is complex, and traditionally difficult to study.

Recent advances in coherent, broadband microwave and
terahertz generation and spectroscopic technologies have
opened the door for more detailed studies of water on micro-
scale.%” As these questions begin to be answered, more arise as to
how this hydrogen bond network of water aggregation is dis-
rupted by other small molecule hydrogen bond donors and
acceptors, such as low molecular weight alcohols. Understanding
alcohol:water mixing at a few-molecule scale carries weight for
understanding the bulk properties, and the anomalous negative
entropy of mixing characteristic of these substances,® ' for under-
standing solvation effects for reactions conducted in alcohol:water
solvents,"'* and even for the physicochemical and antiviral/
antibacterial properties of hand sanitizer,">'* particularly relevant
during this period of heightened demand.

To begin building an understanding of the local environ-
ment of water:alcohol mixing, a precise potential energy surface
of few molecule interactions is required. The best tool to start
mapping this small cluster energy landscape is Chirped Pulse
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Fourier-transform MicroWave spectroscopy, or CPETMW."> ™8
By yielding experimentally determined rotational constants, this
technique provides an atomically-accurate geometry of small
molecule clusters of interest, showing the bonding pattern and
determining which out of multiple minima on the potential
energy surface for a potential cluster are physically observed. In
addition, the high spectral resolution of this technique allows for
fitting of split rotational states due to internal rotation or tunnel-
ing, not just the vibrationally averaged minimum geometry.

In the present work, pure ethanol and water:ethanol tetra-
mers are targeted, in an effort to understand the asymmetric
geometry that allows for a net dipole in these clusters, and to
elucidate the patterns of micro-aggregation of water and ethanol
vs. the homogeneous distribution of these species throughout
the tetramer. Multiple conformers of most tetramers are
observed, and confirmed through isotopic substitution. In addi-
tion, splitting and line center displacements in the rotational
spectra due to internal rotation of the methyl groups in ethanol
are investigated,'®° and estimated computationally.

2 Experimental

Following the work of Mejia et al.,>* the lowest energy struc-
tures of the pure ethanol and mixed water:ethanol tetramers
were optimized with Gaussian 16.>> Local minima were identi-
fied, and anharmonic corrections to rotational constants were
retrieved using the DFT method at the B3LYP level of theory
and the 6311g++G(d,p) basis set. Previous work had shown that
this level of theory and basis set were sufficient for calculating
approximate rotational constants.'®?"** Relative energies of all
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the calculated conformers of ethanol:water tetramers are
shown in the ESI,f where a trend of increasing energy with
increased water content in the tetramers is evident.

As expected from the cyclic water tetramer, all cluster con-
formers are based on a motif where the ethanol and water
monomers act as both a hydrogen bond donor and acceptor. To
further refine the cluster geometries, experimental spectra were
collected using the Blake Group high throughput CPFTMW
apparatus described previously.”® Clusters were formed by
bubbling argon through solely ethanol or separate flasks of
ethanol and water at a backing pressure of 1.5 atm, with the
water flask heated to approximately 60 C to form clusters with
higher water content. The gas stream was expanded continu-
ously through a 10 cm x 25 pm slit nozzle into the vacuum
chamber, and the background pressure was kept below 4 x
10~* torr during the continuous expansion. After each excita-
tion pulse, free induction decays (FIDs) of 18 microseconds
were collected, and 200 million were averaged together at a
time for each local oscillator (LO) setting. This corresponded to
a wall clock experiment time of just over 2 hours for each LO
setting. The signal-to-noise ratio for the monomer lines
observed was on the order of 3000:1, and for the tetramer
lines detected, it was on the order of 10:1. A sample of the
experimental spectra collected, with assigned lines, is shown in
Fig. 1.

For the pure ethanol tetramer, there were three lowest
energy conformers identified in previous work, denoted
2g72g", 2¢7¢'t, and 2tg’'g”. Depictions of these conformers
and their relative energies are shown in Fig. 2. Of these
conformers, only the 2tg'g™ conformer had a dipole moment
of sufficient strength, that is, above 0.4 Debye, to be seen via
chirped pulse rotational spectra with the available microwave
peak power. This conformer was the highest in energy out of
the computed minima structures, however the difference in
energy between the conformers, around 0.1 kcal mol™*, was
small enough that we would expect to see all conformers
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forming in the supersonic expansion. Previous work studying
the dimerization of ethanol has shown a similar trend in the
supersonic expansion experimental signatures of conformers
with similar energy, in which all of these low-energy confor-
mers were identified.”> This work therefore supports the con-
clusion that all low-lying conformers with sufficiently large
dipole moments should be observable in the expansion.

Of the 30 conformers of (H,O)(CH;CH,OH); clusters
reported previously, the lowest nine in energy were minimized
in Gaussian. Of those, many are highly symmetric, leading to a
low dipole moment and therefore experimental challenges to
observe the structures in rotational spectra. Altogether, two of
these eight most stable conformers have net dipole moments
about 0.3 Debye, and were identified in experimental spectra.
These structures are denoted wttt and wg1g2t, according to the
relative conformation of the ethanol subunits; wttt has all trans
ethanol, wglg2t has two gauche ethanol molecules, on opposite
sides of the plane of hydrogen bonding, and one trans molecule.
Fig. 2 shows that while these two conformers are not the lowest
in energy of all the conformers with one water calculated, they
are the only conformers with a large enough dipole moments.
Thus, while other conformers of (H,O)(CH3;CH,OH); are lower in
energy, and likely formed during the expansion of water and
ethanol, they are not detectable in the spectra collected.

Similarly, two conformers of (H,0), (CH3;CH,OH), clusters
were observed in the spectra. Previous computational work has
not included a full survey of these clusters, so the cyclic forms
of these clusters were optimized by building on the work of
Mejia et al. and substituting an additional water molecule into
the cyclic mixed tetramer structures. Every variation of gauche
and trans geometry for the ethanol molecules was combined
with every variation of relative position around the ring of
hydrogen bonding. It was observed that these structures were
all very close in energy, spanning under 0.1 kcal mol " in total.
In addition, of these structures, few had dipole moments
sufficient to give an observed signal experimentally, similarly
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Fig. 1 Section of experimental spectrum with lines fit for various EtOH—-water tetramer species. Pictured are lines fit to the (H,0), (CoHsOH), wgltw
(green)/wttw (red) and (H,O)(C,HsOH)3 wglg2t (purple)/wttt (brown) tetramers.
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Fig. 2 Relative energies of the lowest three conformers of the pure ethanol tetramer and lowest nine conformers of (H,O)(CHsCH,OH)s. Dipole
moments (in Debyes) listed below the figure of each conformer. Jump in energy corresponds to difference in tetramerization energies of (CHzsCH,OH),4

and (H,0)(CHzCH,OH)s from the literature.?*

to the one water clusters. The two conformers with sufficiently
high dipoles were those denoted wgltw and wttw, one with
both ethanol groups in trans conformations, and another with
one trans ethanol and one gauche.

Finally, the (H,0);(CH3CH,OH) cluster was studied; two
conformations of the structure with circular hydrogen bonding
are present, corresponding to the two conformers of ethanol.
These two different conformers of the three-water cluster are
again close in energy, and each has a low net dipole. By
increasing backing pressure of the Argon carrier gas to 2 atm,
and increasing temperature of the water sample to approxi-
mately 60 C, production of these tetramers was optimized, and
both conformers were identified in the spectra. These are
referred to as twww and gwww, referring to the trans
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Fig. 3 Comparison of gauche and trans geometry between (H,O)s-
(CH3CH,OH) conformers.
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configuration of the ethanol sub-unit vs. the gauche, as can
be seen in Fig. 3.

3 Results

The implementation of CPFTMW used to target ethanol and
ethanol:water clusters described above yielded spectra span-
ning 10 to 18 GHz, with signal to noise ratios on the lines of
interest of >10:1. From these spectra, a, b and c type transi-
tions were fit for all observed conformers, with a-type transi-
tions most abundantly observed, consistent with this being the
strongest dipole moment component of the tetramers. These
transitions correspond to J values ranging from around 10 to 20
for higher ethanol content clusters, and 5 to 10 for higher water
content clusters.

To confirm individual line assignments, dual resonance
experiments were conducted on the strongest lines observed
for each conformer. This allowed for definitive assessment of
how the rotational states observed related to each other, sup-
porting the correct assignment of quantum states. With these
appropriately assigned lines, experimental rotational constants
were retrieved using the program SPFIT.>® Comparisons of
calculated rotational constants and anharmonic correction
terms to experimentally determined values are shown in
Table 1 for the pure ethanol tetramer conformers, Table 2 for
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Table 1 Calculated and experimental rotational Constants of
(CHsCH,OH),4 conformers identified in spectra
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Table 3 Calculated and experimental rotational Constants of (H,O),-
(CH3CH,OH), conformers identified in spectra

2tg’'g” DFT Fitted 2tg'g™ wgltw DFT  Fitted wgltw  wttw DFT  Fitted wttw
Dipole 0.54 Dipole 0.48 0.52
la 0.44 Lia —0.47 —0.48
U —0.28 . —0.09 —0.17
Ue —0.15 ,uc —0.05 0.14
A (MHz) 550.2 550.83 (6) A (MHz) 1460.0 1458.78 (4) 1305.3 1305.26 (6)
B (MHz) 530.9 539.16 (22) B (MHz) 830.5 832.49 (24) 897.7 897.68 (8)
C (MHz) 464.6 464.68 (13) C (MHz) 586.7 587.02 (17) 552.9 552.91 (24)
Dy (kHz) 0.53 12.30 (23) Dy (kHz) 0.70 30.30 (21) 1.06 —
Dy (kHz) —0.32 —39.44 (5) Dik (kHz) 1.16 —88.40 (70)  —2.06 —
Dy (kHz) 0.11 27.74 (22) Dy (kHz) —0.30 57.00 (5) 1.11 —
d, (kHz) 0.09 9.69 (8) d, (kHz) 0.17 6.17 (12) 0.070 —
d, (kHz) —0.15 —26.68 (16) d, (kHz) 1.35 9.90 (13) —0.44 —
Error (kHz) 87 Error (kHz) 74 96
N 14 N 12 10

the (H,0)(CH;CH,OH); conformers, Table 3 for the (H,O),(CHs-
CH,OH), conformers, and Table 4 for the (H,O);(CH;CH,OH)
conformers. Distortion constants were fit with SPFIT, but omitted
from final fits with a low number of lines available in the spectra.
The robusticity of the fits for A, B, and C rotational constants is such
that geometry of the clusters can be predicted to high precision, and
are in good agreement with the calculated rotational constants.
Experimental line strengths indicate a rotational temperature
of ~10 K when compared with simulated spectra. Populations
among cluster types are less straightforward to estimate, given
weak lines and highly dense spectra observed, but from compar-
ing line strengths in fairly narrow spectral windows and transi-
tions with similar predicted intensities, we see that relative ratios
of conformers vary from 1: 1 to 5: 1. When these ratios are scaled
with respect to the predicted energy differences between
the conformers, there is no clear trend that could be used to
estimate a vibrational temperature that could explain the rela-
tives populations among cluster types. This may be due to the
fact that many conformers of each tetramer are undetectable
with the current instrument, given their low dipole moment
projections. What does seem to follow is that when there are
fewer available conformers in a certain cluster type, i.e. only
two available conformers (twww and gwww) for the three
water tetramer, the relative populations (when corrected for

Table 2 Calculated and experimental rotational constants of H,O-
(CHsCH,OH)s conformers identified in spectra

wttt DFT  Fitted wttt ~ wglg2t DFT  Fitted wglg2t
Dipole 0.34 0.39
L —0.25 —0.39
. 0.22 —0.05
L —0.07 —0.05
A (MHz) 981.9 982.11 (3)  1038.9 1036.86 (16)
B (MHz) 530.0 528.58 (17)  538.6 538.36 (5)
C (MHz) 355.1 355.20 (10)  382.4 381.67 (17)
Dy (kHz) 0.46 5.74 (5) 0.22 2.14 (8)
Dy (kHz) —0.84 —28.60 (5)  —0.30 —~190.4 (4)
Dy (kHz) 0.42 23.70 (4) 1.26 188.3 (3)
d, (kHz) 0.15 1.34 (17) 0.67 24.52 (24)
d, (kHz) —-0.17 12.63 (30)  1.78 98.23 (16)
Error (kHz) 33 25
N 13 10

Phys. Chem. Chem. Phys.

Table 4 Calculated and experimental rotational Constants of (H,O)s-
(CH3CH,OH) conformers identified in spectra

twww DFT  Fitted twww  gwww DFT  Fitted gwww
Dipole 0.29 0.39
Lia —0.23 —0.28
lis —0.16 0.26
uc 0.03 —0.07
A (MHz) 3094.8 3093.50 (4)  2780.2 2780.97 (15)
B (MHz) 1189.9 1190.43 (26) 1257.2 1259.23 (26))
C (MHz) 903.3 903.33 (17)  990.8 990.44 (6)
Dy (kHz) 0.79 —49.57 (25)  2.50 —
Dix (kHz) —3.11 122.8 (10) —9.31 —
Dx (kHz) 12.19 —72.0 (7) 20.35 —
d, (kHz) 0.18 33.91 (11) 0.20 —
d, (kHz) 1.14 —57.4 (3) —1.03 —
Error (kHz) 44 79
N 9 5

the different predicted dipole moments) are noticeably different,
close to a 5:1 ratio that favors the lower energy cluster. For the
cases where more cluster geometries are close in energy, such as
one water and two water tetramers, the relative populations are
more even, indicating a more stochastic distribution between
the accessible conformers. Taken together, the results do imply a
somewhat higher vibrational (or conformer) temperature than
rotational excitation temperature within a given cluster. This is
consistent with previous pinhole expansion experiments, but the
difference is perhaps smaller (as demonstrated by the three
water cluster populations), and likely due to the more extensive
soft collisional environment afforded by a slit nozzle.

To additionally confirm conformer assignment, isotopically
enriched samples were used to experimentally compare hydrogen
positions within the observed tetramer conformers. From these
deuterated sample experiments, isotopologues of each conformer
were observed in the spectra, confirming assignment of every
conformer reported herein. Fig. 4 shows the substituted geometry
compared to the assigned conformer hydrogen position for two
conformers as an example. In addition, hydrogen exchange dur-
ing sample preparation or data acquisition with D,O led to the
formation of HDO as well, thus allowing for tetramer clusters to
form with single isotopic substitution in the water subunits.

This journal is © the Owner Societies 2023
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Fig. 4 Comparison of isotopically labeled clusters and actual hydrogen
bond position for the wttw conformer of (D,0),(CH3sCH,OH), and the
gwww conformer of (D,0)3(CHzCH,OH).

These singly substituted species for each conformer were fit,
and Kraitchman analysis performed to calculate H position for
a donated H from a water molecule.”” Singly deuterated ethanol
was also formed during hydrogen exchanged, but these iso-
topologues were not fit due to low abundance. For further
details on experimentally fitting these isotopologues, see the
ESI.{ The results of the perdeutero fits provide additional data
as to the accuracy of modeled rotational constants with fit
rotational constants, in addition to qualitatively confirming the
correct conformer assignment of the observed tetramers. To
further confirm these conformer assignments and geometries,
the results from the singly deuterated isotologues allow us to
quantitatively calculate the hydrogen position via the Kraitch-
man equations.

When fitting some transitions for the tetramer species observed,
higher error than experimental precision was observed, especially
for transitions from high J states. This higher error can be
explained by the internal rotation of the methyl groups present
in these clusters, which splits the rotational transitions observed.
The magnitude of this splitting is directly proportional to the
height of the barrier to methyl group rotation. For the ethanol
monomer this barrier is ~1185 cm " for the trans conformer
~1250 cm ! for the gauche conformer.”® This high of a barrier
leads to a low magnitude of splitting of the rotational states, up to a
few tens of kilohertz.

To model the splitting of rotational states in mixed ethanol
and water tetramers due to internal rotation, the program
XIAM?® was used. This program works well to model splitting
from up to two internal rotors, thus tetramers with additional
rotors were simplified by assuming that rotors with similar
local environments and similar geometry within a conformer
could be approximated to be the same type of rotor. The output
of XIAM is therefore an approximation, as the geometry inputs
do not reflect all the internal rotation possible in some of the
tetramers. This is sufficient however, as we are more interested
in the magnitude of the splitting of rotational states than the
absolute line positions.

The magnitude of this splitting of rotational states due to
internal rotation was thus determined to be on the order of
10 kHz, which supports the increased error we see in line assign-
ment. This low-level splitting is too small for us to resolve with our
instrumentation however; higher resolution could be achieved
with the use of a large cavity, coaxial Flygare instrument.

This journal is © the Owner Societies 2023
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The results of these isotopologue fits show good agreement
between calculated rotational constants and fitted rotational
constants, thus implying that the modeled geometries are good
approximations of the true vibrationally averaged structures.
From the conformers observed in experimental data, a trend
appears in calculated average O-O bond distance. This distance
increases for mixed tetramers, but as progressively more water
is incorporated into the ethanol tetramers, average O-O bond
distance decreases. For pure ethanol tetramers, this distance is
on average 2.71 to 2.72 Angstroms, depending on the confor-
mer. For (H,O)(CH3CH,OH); tetramers, this average distance is
around to 2.75 Angstroms, then is essentially the same at 2.74
for (H,0)3(CH3CH,OH) clusters. This same pattern is observed
for trimers; O-O distance is increased in mixed trimers. For full
details, see ESL.}

This trend in O-O distance speaks to the strength of hydro-
gen bonds in these pure and mixed clusters. The increase in
distance implies a weakening of interaction strength between
water and ethanol, then a successive increase in hydrogen
bonding strength as more water is substituted into the clusters.
This may be explained by the higher cooperativity available to
water, given the multiple hydrogen bond acceptor and donor
sites on water. This potential for higher cooperativity allows for
water to bond in more compact, three dimensional geometric
patterns as cluster size increases, as seen in previous work.>?
This cooperativity is limited in pure ethanol clusters, and in
addition, the steric hindrance of the carbon chain further
weakens the hydrogen bonding interaction in mixed water:-
ethanol tetramers. Of note, then, is the implied greater strength
of hydrogen bonding in pure ethanol tetramers from the
shorter O-O bond distance, which is also supported by the
lower energy of pure ethanol tetramers as shown in Fig. 2. In
comparing these O-O bond distances with previous work on
clusters with net cooperativity of 2, the conclusion of tighter
binding in these tetramers is supported; for example, in pure
water decamers with cooperativity = 2, the average O-O distance
is between 2.74 and 2.80,% and in pure water tetramers, this
average O-O distance ranges from 2.74%° to 2.85 Angstroms®’
depending on the conformer.

With this result, future work investigating the diverse range
of 3-dimensional structures in mixed alcohol-water clusters of
increasing size may further elucidate the pattern seen here in the
0-0 distance of mixed ethanol-water tetramers, in which each
monomer serves as both a hydrogen bond acceptor and donor.

4 Conclusions

This work has shown that tetramers of pure ethanol and mixed
ethanol and water are formed in an array of low-energy con-
formers, with structural variation arising from the accessible
gauche conformation states of ethanol sub-units. In the process
of identifying tetramer structures with microwave signals,
many potential minima were identified on the potential energy
surfaces of these structures, demonstrating the myriad
potential bonding patterns for these tetramers.
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In particular, we see in this work that tetramer conformers
that would otherwise be completely symmetric, i.e., one with all
trans ethanol sub-units, are made polar by mixing ethanol and
water in tetramer formation. These mixed clusters then both
provide insight into mixing behavior of ethanol and water as
well as rendering symmetric tetramer conformers polar, thus
accessible experimentally.

It was interesting to note that although many different
structures were computated as local energy minima for both
the pure ethanol tetramers and mixed ethanol-water tetramers,
only a few had sufficient dipole moments to be accessible
experimentally. This highlights the importance of comparing
experimental and computational studies of hydrogen bonding
in small molecule clusters, as the full suite of low-energy
conformations predicted by theoretical survey may not be
observable. Experimental detection of at least a few of the
conformational variations possible enriches our understanding
of the intermolecular dynamics of alcohol and water mixing at
the few molecule scale, as computational surveys allow us to
examine potential minima that we are blind to using rotational
spectroscopy.

Further, this work assists in building towards a robust
description of intermolecular dynamics and mixing of water
and ethanol. In particular, the (H,0),(CH;CH,OH), structures
identified in experimental spectra indicate that some tetramer
structures formed by water and ethanol already show signs of
micro-aggregation, with two water molecules on one side of the
ring of hydrogen bonding, and two ethanol molecules on the
other side. This is by no means the only available bonding
pattern, as it has been shown that all of the available cyclical
conformers of the (H,0),(CH;CH,OH), tetramer are close in
energy, but it still indicates that this type of separation on the
molecular scale is feasible for water and ethanol mixing. This
observation may then assist in modeling the complex details of
water and ethanol micro-aggregation that influence the
dynamics of the bulk system, furthering understanding of this
mixing and refining predictive models.
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