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Abstract

The thermodynamic properties of condensed phases, the functionality of many ma-
terials and the molecular organization in biological organisms are all governed by the
classes of non-covalent interactions that occur already on the microscopic scale be-
tween pairs of molecules. A detailed investigation of the intermolecular interactions
between prototypical molecular assemblies are valuable for accurate descriptions of
larger supramolecular systems such as materials, gas hydrates and biological macro-
molecules.

The aim of this PhD dissertation is to investigate intermolecular interactions for
a series of medium-sized molecular clusters with water by means of far-infrared and
terahertz neon matrix isolation spectroscopy. The embedding of non-covalent cluster
molecules in solid cryogenic neon matrices at 2.8 K ensures a high sensitivity for direct
spectroscopic observations of the large-amplitude intermolecular vibrational bands of
the cluster molecules in the challenging far-infrared and terahertz spectral regions.
A key parameter in the validation of the performance of theoretical predictions for
weak non-covalent intermolecular interactions is the dissociation energy D0 that de-
pends heavily on the class of large-amplitude intermolecular vibrational modes for an
accurate estimation of the zero-point vibrational energy.

The spectroscopic observation of intermolecular vibrational modes for the weak van
der Waals complex of carbon dioxide and water provides crucial observables for char-
acterization of the shallow potential energy surface spanned between the two molecu-
lar subunits. The combination of thick matrices and isotopic substitution of the water
subunit allows observation of three intermolecular vibrational modes corresponding to
75 % of the predicted intermolecular zero-point vibrational energy. The combination
with high-level electronic structure calculations has enabled a (semi)-empirical value
for the dissociation energy D0 of 738 ± 15 cm−1 for the weak van der Waals complex.

The weak intermolecular interactions between unsaturated hydrocarbons and water
are investigated by combined infrared and terahertz absorption spectroscopy studies.
The hydrogen bond interaction of either C-H · · · O or O-H · · · π character can be
revealed by the nature of the large-amplitude intermolecular vibrational modes. Two
high-frequency librational modes for the water/ethylene dimer reveal an intermolec-
ular O-H · · · π hydrogen bond, while the single intermolecular acceptor wagging
mode for the acetylene/water dimer reveals a C-H · · · O hydrogen bond. The spec-
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troscopic observations in combination with electronic structure calculations enable
(semi)-empirical dissociation energies D0 of 786 ± 25 cm−1 for the acetylene/water
dimer and 589 ± 25 cm−1 for the water/ethylene dimer.

For the �rst time the embedding of methanol in cryogenic neon matrices allow ob-
servation of the intermolecular hydrogen bond donor OH librational mode and the
perturbed OH torsional mode of the acceptor molecule for the methanol dimer by
far-infrared spectroscopy. The donor OH librational band is blue-shifted by more
than 300 cm−1 relative to the torsional mode of the methanol monomer. The far-
infrared spectroscopy study of mixed alcohol/water complexes embedded in cryogenic
neon matrices combined with partial isotopic substitution of individual subunits and
annealing of the neon matrix, for the �rst time allow an unambiguous assignment
of the intermolecular high-frequency out-of-plane donor OH librational modes and
low-frequency in-plane donor OH librational modes. The vibrational assignments
based on isotopic red-shifts directly con�rm that water is the hydrogen bond donor
in mixed binary complexes with methanol, ethanol, isopropanol and t-butanol with
dissociation energies D0 of 16.82 kJ·mol−1, 18.69 kJ·mol−1, 19.98 kJ·mol−1 and 20.89
kJ·mol−1, respectively, for the most stable conformation. The interaction between
ethanol and water represents one of the simplest cases of adaptive aggregation where
a subunit is forced into its less stable conformation upon complexation. Partial iso-
topic substitution of the ethanol subunit allows observation of the intermolecular
librational modes of two conformations of the ethanol/water dimer with water as the
hydrogen bond donor. The weaker cooperative secondary C-H · · · O hydrogen bond
causes a signi�cant blue-shift of the intermolecular low-frequency in-plane donor OH
librational mode, which has proven an excellent spectroscopic probe for this interac-
tion. The strength of the primary hydrogen bond manifests itself by the red-shift of
the intramolecular donor OH stretching mode and the absolute band origin of the
highly localized intermolecular out-of-plane donor OH librational mode. The latter
large-amplitude intermolecular out-of-plane donor OH librational mode turns out to
be a direct probe for the strength of the hydrogen bond interaction, similar to the
Badger-Bauer rule.

The hydrogen bond donor/acceptor properties of the alcohol/water interactions can
be reversed by substituting hydrogens with �uor, as shown for the interaction between
the most simple �uorinated alcohol 2,2,2-tri�uoroethanol and water. The nature of
the intermolecular interaction is characterized by observation of one high-frequency
donor OH librational mode and four intermolecular acceptor vibrational modes for
the hydrogen bonded complex of 2,2,2-tri�uoroethanol and water. The �high� inter-
action energy for the most stable geometry of the mixed complex allows this weakly
bound cluster to be isolated in supersonic jet expansions, revealing a small spectral
blue-shift from gas phase to the cryogenic neon matrix environment of less than 1%
for the donor OH librational band. Small spectral blue-shift from gas phase to the
cryogenic neon matrix environment are likewise observed for the donor OH libra-
tional mode of homodimers of methanol, ethanol, isopropanol and t-butanol isolated
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in supersonic jet expansions and embedded in cryogenic neon matrices. The exper-
imental observations demonstrate that neon matrix isolation spectroscopy at 2.8 K
can provide accurate spectroscopic observables for a series of weakly bound cluster
molecules, which allow for accurate assessment of the potential energy surfaces for
weakly bound cluster molecules.
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Resumé

De termodynamiske egenskaber af kondenserede faser, de mekaniske egenskaber af
mange materialer og den molekylære organisering af biologiske systemer er alle kon-
trolleret af de ikke-kovalente vekselvirkninger mellem molekyler, der allerede fore-
kommer ved den parvise interaktion mellem molekyler på det mikroskopiske niveau.
Detaljerede studier af de intermolekylære vekselvirkninger for prototypiske molekylæ-
re klynger er værdifulde for nøjagtige beskrivelser af større supramolekylære systemer
som materialer, gashydrater og biologiske makromolekyler.

Formålet med denne ph.d.-afhandling har været at studere intermolekylære vek-
selvirkninger for en serie af mellemstore molekylære klynger med vand ved brug
af fjern-infrarød og terahertz neon matrixisolationsspektroskopi. Fastfrysningen af
svagt bundne molekylære klynger i inerte matricer af neon ved 2.8 K medfører en
høj spektroskopisk følsomhed der muliggør direkte spektroskopiske observationer af
intermolekylære vibrationssvingninger med store amplituder i de udfordrende fjern-
infrarøde og terahertz spektralområder. En nøgleparameter for at kunne validere de
teoretiske forudsigelser for de svagt bundne molekylære klynger er dissociationsener-
gien D0, der afhænger kraftigt af klassen af intermolekylære vibrationssvingninger
for et nøjagtigt estimat af den vibrationelle nulpunktsenergi.

De spektroskopiske observationer af de intermolekylære vibrationssvingninger for det
svagt bundne van der Waals kompleks af kuldioxid og vand bidrager med essentielle
observable for karakteriseringen af den intermolekylære potentialeover�ade der ud-
spændes af de to molekyler. Kombinationen af høj optisk densitet, tykke matricer
og isotopsubstitution af vand muliggør observationen af tre intermolekylære vibra-
tionssvingninger, der tilsammen karakteriserer 75 % af den teoretiske vibrationelle
nulpunktsenergi. En (semi)-empirisk dissociationsenergi D0 på 738 ± 15 cm−1 for det
svage van der Waals kompleks er baseret på høj-niveau beregninger af elektronstruk-
turen og spektroskopiske observationer af de intermolekylære vibrationssvingninger.

De svage hydrogenbindinger mellem umættede kulbrinter og vand er undersøgt ved
kombineret infrarød og terahertz absorptionsspektroskopi. Hydrogenbindinger af en-
ten C-H · · · O eller O-H · · · π karakter kunne påvisesdirekte ved observation af de
intermolekylære vibrationssvingninger. To høj-frekvente librationssvingninger for det
binære kompleks af ethen og vand afspejler en O-H · · · π hydrogenbinding, mens en
enkelt intermolekylær acceptor vibrationssvinging afspejler en C-H ··· O hydrogenbin-
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ding for det binære kompleks af ethyn og vand. De spektroskopiske observationer kom-
bineret med højt-niveau elektronstrukturberegninger resulterer i en (semi)-empirisk
dissociationsenergi D0 på 786 ± 25 cm−1 for det binære kompleks af ethyn og vand
og 589 ± 25 cm−1 for det binære kompleks af ethen og vand.

Den intermolekylære donor OH librationssvinging og hindrede acceptor torsions-
svingning er for første gang blevet observeret for dimeren af methanol ved at fange
det hydrogen-bundne kompleks i inerte matricer af neon. Donor librationssvingin-
gen er blåforskudt med mere end 300 cm−1 i forhold til torsionssvingningen i det
isolerede methanolmolekyle. Det fjerninfrarøde spektroskopiske studie af blandede
alkohol/vand klynger fastfrosset i inerte neon matricer kombineret med delvis isotop-
substitution og kontrolleret opvarmining af matricen, har for første gang tilladt en
utvetydig tilordning af både den højfrekvente donor OH librationssvingning og lavfre-
kvente donor OH librationssvinging. De vibrationelle tilordninger baseret på isotopi-
ske rødforskydninger bekræfter direkte at vand er hydrogenbindingsdonor i blandede
binære molekylære klynger med methanol, ethanol, isopropanol og t-butanol med
estimerede bindingsenergier på henholdsvis 16.82 kJ·mol−1, 18.69 kJ·mol−1, 19.98
kJ·mol−1 og 20.89 kJ·mol−1 for det mest stabile kompleks. I den mest stabile konfor-
mation af det binære kompleks af ethanol og vand skifter konformationen af ethanol
fra trans til gauche under dannelsen af den intermolekylære hydrogenbinding. Delvis
isotopsubstitution af ethanol i ethanol/vand komplekset muliggør observation af to
forskellige konformerer af det svagt bundne kompleks med vand som hydrogenbin-
dingsdonor. Den svage kooperative sekundære hydrogenbinding forårsager en blåfor-
skydning af den lavfrekvente donor OH librationssvingning, som har vist sig at være
en fremragende spektroskopisk sensor for denne hydrogenbinding. Bindingsenergien
af den intermolekylære hydrogenbinding afspejles i en rødforskydning af den intra-
molekylære donor OH strækningsvibrationssvinging og ved en blåforskydning af den
intermolekylære isolerede højfrekvente donor OH librationssvingning. Den sidstnævn-
te intermolekylære donor OH librationssvingning har vist sig at være en direkte sensor
for bindingsenergien af den intermolekylære hydrogenbinding, svarende til Badger-
Bauer reglen.

Et modsat donor/acceptor hydrogenbindingsforhold kan opnås ved substitution af
hydrogen med �uor, illustreret ved det binære kompleks af den mest simple �oure-
rede alkohol, 2,2,2-tri�uoroethanol, og vand. Dette modsatte hydrogenbindings do-
nor/acceptor forhold er blevet observeret for en enkelt højfrekvent donor OH libra-
tionssvinging og �re intermolekylære acceptor vibrationssvingninger for det binære
kompleks af vand med 2,2,2-tri�uoroethanol. Den �stærke� bindingsenergi for den
mest stabile konformer af det blandede kompleks muliggør studier af dette kompleks
i adiabatiske ekspansioner, hvor en lille blåforskydning på mindre end 1% er observe-
ret fra gasfase til det inerte neon matrix miljø. Denne lille blåforskydning er ligeledes
blevet observeret for en række homodimerer af methanol, ethanol, isopropanol og t-
butanol isoleret i gas fase og i neon matricer. De eksperimentelle observationer demon-
strerer at neon matrixisolationsspektroskopi bidrager med nøjagtige spektroskopiske
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observable for en serie af svagt-bundne molekylære klynger, der muliggør validering
af teoretiske potentiale over�ader for svagt bundne molekylære klynger.
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Chapter 1

Introduction

The unlimited number of chemical and biological systems, their macroscopic prop-
erties and functionalities, the many natural phenomena people encounter on a daily
basis, are demonstrations of the collective behavior of atoms and molecules governed
by a subtle interplay between several di�erent types of intermolecular interactions on
the microscopic level. That is why, for a better understanding of the many physical,
chemical and biological processes, and optimization of various applications relevant
to biotechnological-, chemical-, pharmaceutical-, and petrochemical-industries it is
necessary to study the interactions between molecules.

Besides the well-established covalent bonding between atoms, another class of inter-
actions exists between atoms and molecules. These are known as non-covalent inter-
actions. Many chemical and biological processes occur in condensed phase where non-
covalent interactions play a signi�cant role in liquids, solvation phenomena, the sec-
ondary structure of biological macromolecules, molecular recognition, supramolecu-
lar chemistry and crystal packing. [1]. The molecular conformation, a result of the
weak intermolecular interaction with the environment and the weak intramolecular
interaction, determines the reactivity and functionality of biomolecules [2]. For a
large number of chemical and biological phenomena, such as molecular recognition,
molecular transport through biological membranes, drug-receptor matching, virus
detection and enzyme catalysis, not only the conformation of the involved molecules
are important but also the interactions with the surrounding environment. Thus, in
real chemical and biological systems, the conformational shape and reactivity proper-
ties are governed by a subtle balance between intra- and inter-molecular interactions.
The thermodynamic behavior of condensed bulk phases, described by phase diagrams,
di�usion rates, viscosities and �uid dynamics are mainly caused by the weak non-
covalent interactions.

Highly advanced quantum-chemical methodologies have been developed to describe
the non-covalent interactions with high accuracy. As the electronic structure calcula-
tions scale extremely fast with the number of electrons, highly accurate description of
the previously mentioned systems of relevance to the sciences of energy, materials and
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life is almost out of reach even with modern super computers. Spectroscopic stud-
ies of gas-phase isolated fundamental weakly bound �nite-sized molecular complexes
provide important observables that allow for robust assessment of the performance of
the developed quantum-chemical methodologies and provide valuable experimental
observables for many macroscopic systems.

1.1 Intermolecular Interactions

The formation of a chemical bond is a quantum chemical phenomenon of the interac-
tion between two atoms resulting in the formation of a molecule. The covalent bond
between atoms is formed by sharing an electron pair between two atoms leading to a
minimization of the total energy of this system and a covalent bond energy is in the
order of 400 kJ·mole−1 [3].

In isolated molecules the negatively charged electron shell shields o� the positively
charged molecular core, leading to a neutral system. When molecules are close to
each other, the electron shell experiences not only the in�uence from their own posi-
tively charged molecular core but also the presence of electron shells from surrounding
molecules. This presence leads to a deformation and redistribution of the electron
charge within the molecules, resulting in an incomplete shielding of the positively
charged molecular cores and the appearance of locally charged molecular species.
Molecules thus interact with each other by electrostatic forces acting between pos-
itively charged molecular cores and negatively charged electron shells. The non-
bonding interactions are referred to as non-covalent interactions to distinguish the
interaction from covalent chemical bonds, and can be either attractive or repulsive.
The attractive forces are classi�ed as electrostatic, induction and dispersion, while
the repulsive interactions are caused by the Pauli exclusion principle [4]. The repul-
sive intermolecular interaction arise when two molecules are close to each other. It
can be explained by the Pauli exclusion principle, which prohibit electrons from one
molecule to penetrate the occupied molecular orbitals of the other molecule. The
consequence is that electrons of the same spin are kept apart by a repulsive exchange
interaction. The exchange interaction, Eexch can be formulated as

Eexch = A · e−
2r
a0 (1.1)

where a0 is the Bohr radius of the hydrogen atom, A an empirical constant and r the
intermolecular distance.

Permanent charge distributions can be expanded as a series of multipole moments,
such as dipoles and quadrupoles. Two molecules interact with each other through the
interaction of the static multipole moments of their charge distribution. That is why
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this type of intermolecular interaction is referred to as electrostatic, and the resulting
energy term is denoted Eel and can be de�ned as:

Eel =
qAqB
|r|

+
qA|µB|
r2

+
qB|µA|
r2

+
µA · µB

|r|3
+

qAQB

|r|3

+
qBQA

|r|3
+

µA ·QB

r4
+

µB ·QA

r4
+

QAQB

|r|5
+ ...

(1.2)

where q, µ,Q and r stand for the electric charge, electric dipole moment, electric
quadropole moment and the position vector of the second molecule, B, relative to
the �rst molecule, A. The electrostatic energy thus depends both on the magnitude
and orientation of the multipoles, which causes the molecules to be oriented in a
way that minimizes the overall electrostatic interaction energy. The magnitude of
the higher-order terms in the multipole expansion decreases rapidly with the inter-
molecular distance, due to the inverse power law, and the interaction energy can be
described fairly accurate by including only the �rst terms in the multipole expan-
sion. However, some molecules do not have low-rank multipoles due to symmetry
and higher-order terms have to be included.

The induction interaction between two molecules originates from the interaction be-
tween a permanent dipole in one molecule with the induced dipole moment in the
other molecule. The magnitude of the induced dipole moment depends on the mag-
nitude of the permanent dipole moment, the distance between the two molecules and
the polarizability α of the molecule for which the dipole moment is induced. The
potential energy of the induction interaction, Eind, can be written as:

Eind = −1

2
αB

(
q2A
r4

+ f1(µA, µB)
µ2
A

r6
+ f2(µA, µB)

Q2
A

r8

)
(1.3)

The molecule with the permanent multipole is denoted A, and the molecule with
induced dipole moment is denoted B. The functions f1 and f2 depend on the relative
orientation of the two molecules.

The dispersion interactions constitute the last attractive intermolecular interaction.
The interaction arises from the mutual polarization of the constant �uctuating elec-
tron density distribution of the molecules A and B. They were �rst described by
London, and have since then also been known as London interactions. The potential
energy of dispersion interactions, Edisp can be written as

Edisp = −C6

r6
− C8

r8
− C10

r10
− ... (1.4)

C6, C8 and C10 are empirical constants and r is the position vector of molecule B rela-
tive to molecule A. The interaction is the weakest among the attractive interactions,
but gains signi�cant importance in nonpolar molecular complexes where it is the only
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attractive interaction of the three attractive interactions, e.g. in complexes of noble-
gas atoms or hydrocarbons. The importance of this class of non-covalent interactions
increases with the number of electrons for the molecular system. The dispersion
interaction can likewise be realized as an intramolecular force; linear unsaturated hy-
drocarbons of a moderate length prefer a fully extended all trans conformation, but
will fold at a certain length due to weak dispersion forces [5].

The net e�ect of the intermolecular interactions is co-operative subtle balance be-
tween the repulsive and attractive interactions, resulting in a weak intermolecular
interaction that di�ers from the strong covalent bonds between atoms. The total
intermolecular interaction can be described as:

Eint = Eel + Eind + Edisp + Eexch (1.5)

The balance between the attractive and repulsive potentials often leads to an equi-
librium con�guration at which net interaction energy has a minimum, as illustrated
in Figure 1.1.

Figure 1.1: A schematic representation of the repulsive, attractive and total intermolecular
interaction.

The combination of the di�erent weak intermolecular interactions leads to many dif-
ferent bonding patterns and it is di�cult to make a clear distinction between the
di�erent types of interactions. In general, the van der Waals interaction is used to
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describe intermolecular interactions such as dispersion interactions, dipole-dipole in-
teractions and induced dipole-dipole interactions. A �general� interaction energy of
8 kJ·mole−1 [3] has been reported for the class of intermolecular van der Waals in-
teractions, however, the many combinations of intermolecular interactions make this
a very crude generalization.

Another class of intermolecular interactions is the strong intermolecular hydrogen
bond. Hydrogen bonds are one of the most important types of weak non-covalent
interactions, and is responsible for many properties in liquids as well as chemical and
biological systems. A hydrogen bond has a general motif of X-H · · · Y , where the
X-H group is the proton donor and Y the acceptor. Usually, X is an electronegative
atom such as oxygen, nitrogen, chlorine or �uorine and Y is most typically an atom
possessing an available lone pair of electrons. The hydrogen acceptor can also be a
π-electron cloud, such as those in aromatic rings and between carbon atoms in carbon-
carbon double and triple bonds. This type of hydrogen bond interaction is highly
important in determination of the secondary structure of biological macromolecules.
IUPAC [6] has de�ned several criteria for a hydrogen bond, including:

� The forces involved in the formation of a hydrogen bond include those of an
electrostatic origin, those arising from charge transfer between the donor and
acceptor leading to partial covalent bond formation between H and Y , and those
originating from dispersion.

� The atoms X and H are covalently bonded to one another and the XH bond is
polarized, the H · · ·Y bond strength increasing with the increase in electronega-
tivity of X.

� The XH · · ·Y angle is usually linear (180◦) and the closer the angle is to 180◦,
the stronger is the hydrogen bond and the shorter is the H · · · Y distance.

� The length of the XH bond usually increases on hydrogen bond formation lead-
ing to a red shift in the infrared XH stretching frequency and an increase in the
infrared absorption cross-section for the X-H stretching vibration. The greater
the lengthening of the X-H bond in X-H · · · Y , the stronger is the H · · · Y
bond. Simultaneously, new vibrational modes associated with the formation of
the H · · · Y bond are generated.

Hydrogen bonds weaken the covalent bonding between X-H leading to an elongation
of the bond and a red-shift of the donor X-H stretching vibration. One can argue
that a charge transfer takes place from the electron lone pair or the π-electron cloud
from the proton acceptor to the antibonding orbitals of the proton donor. This causes
an increase in electron density of the antibonding orbitals and thus a weakening and
elongation of the X-H chemical bond [7]. The size of the red-shift is thus a direct
indication of the strength of the intermolecular interaction.
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The traditional strong hydrogen bonds, such as a N-H · · · O and O-H · · · O typically
have interactions energies of 20 - 40 kJ·mole−1 [3]. The class of weak hydrogen bond
including C-H · · · O and O-H · · · π interactions has smaller binding energies in the
range of 2 to 20 kJ·mole−1 [3].

The extended disordered intermolecular hydrogen bond networks found in strongly
associating liquids such as liquid water and liquid alcohols determine to a large extend
their unique physical and chemical properties. The low interaction energies for the
class of intermolecular hydrogen bonds allow the hydrogen bonds to freely associate
and dissociate under ambient conditions making it an important class of intermolecu-
lar interactions for the study of intermolecular energy transfer [8].

Water is of fundamental importance to life on Earth. The oceans cover about 70 %
of the Earth's surface and the abundance of water varies between 1 and 2% in the at-
mosphere. The remaining atmosphere consists of more than 99% non-polar molecules
such as N2 and O2. As diatomic linear molecules do not absorb infrared radiation,
water molecules and hydrated cluster molecules have a great e�ect on the green house
e�ect on Earth and the radiative transfer through planetary atmospheres [9]. Water
is not a simple liquid, it possesses strong intermolecular polar hydrogen bonds that
are responsible for the many unique macroscopic properties. The increased melting
and boiling points are higher than for comparable molecules, due to the unique dual
hydrogen bond donor/acceptor properties of the water molecule. In solid face a single
water molecule creates hydrogen bonds with four other water molecules, thus creat-
ing an extended crystal structure. The number of hydrogen bonds are slightly less in
liquid water due to the continuously association and dissociation of hydrogen bonds
between water molecules. Under the right conditions gas phase water molecules can
create cluster molecules such as dimers, trimers, etc.

The exploration of intermolecular interactions, the structure and the binding pref-
erences of small water clusters provide a key for understanding bulk water in solid
and liquid states. The combination of ab initio quantum chemical calculations and
high-resolution spectroscopy have been successful in describing such structures [10],
as illustrated by the determination of the prototypical O-H ··· O hydrogen bonding in
the water dimer. The structure of the water dimer has been determined by rotational
spectroscopy by Dyke and Muenter [11], revealing a hydrogen bonded cluster of Cs

symmetry, as illustrated in Figure 1.2a.

The formation of an intermolecular hydrogen bond results in a red-shift of the donor
O-H stretching mode as observed for the water dimer by Huang and Miller [12]
and by Page et al. [13]. Figure 1.2b illustrates the red-shifted donor OH stretching
mode for the water dimer that provides an indirect qualitative description of the
intermolecular binding energy [14]. The class of large-amplitude intermolecular vi-
brations has been characterized by vibration-rotation-tunneling spectroscopy by the
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(a) Minimum energy geometry of
the water dimer

(b) Normal mode illustration of the
red-shifted symmetric donor OH
stretching for the water dimer.

Figure 1.2: Minimum energy geometry of the water dimer (a) at the MP2/aug-cc-pVQZ
level of theory and a normal mode illustration of the red-shifted symmetric
donor OH stretching of the water dimer (b).

group of Saykally [15] and several far-infrared and terahertz absorption spectroscopy
studies of water embedded in cryogenic neon matrices by Ceponkus et al. [16�20]
and by Bouteiller and Perchard [21, 22]. A normal mode illustration of two of the
assigned intermolecular vibrations are illustrated in 1.3. The spectroscopic observ-
ables based on rotational microwave spectroscopy, mid-infrared spectroscopy for per-
turbed monomer fundamental vibrations and combined far-infrared and terahertz
spectroscopy for characterization of the class of large-amplitude intermolecular vi-
brations allow for validation of a high-level theoretical potential energy surface by
Shank et al. [23] and ultimately comparison with the experimentally determined dis-
sociation energy D0 of 1105 ± 10 cm−1 [24] for the hydrogen bonded water dimer.

(a) out-of-plane bending mode (b) in-plane bending mode

Figure 1.3: Normal mode illustrations of two intermolecular vibrations for the water dimer
following the notation by Ceponkus et al. [18]

The interaction energy in the water dimer, the so-called two-body term, has been
shown to account for approximate 80 % of the intermolecular interaction for the wa-
ter hexamer. An accurate description of the interaction energy of the water dimer is
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thus a very important step towards an accurate description of liquid water proper-
ties [25].

1.2 Weakly Bound Cluster Molecules

Weakly bound cluster molecules held together by non-covalent interactions can be
viewed as �nite-sized pieces of the condensed phases of matter. From both an ex-
perimental and theoretical perspective, the �nite-size of the molecular clusters are of
great advantage in simplifying the system, allowing accurate molecular level charac-
terization of intermolecular interactions. The ability to prepare molecular clusters
by adding one molecule at a time help to explore how the structures as well as the
dynamics change with the size, ranging from gas phase isolated small clusters towards
the bulk limit. The most detailed information can be gained for binary complexes,
dimers, where the intermolecular potential energy surfaces can be characterized ac-
curately by vibrational spectroscopy. Studies of larger molecular complexes beyond
dimers provide information about many-body interactions, which are essential for
describing bulk systems in more details.

Theoretical methodologies have been developed for accurate and quantitatively de-
scription of weak intermolecular interactions and can, in principle, provide all desired
properties of the investigated molecular clusters entirely from �rst principles. Thus
experimental observations of the weak non-covalent interactions are of paramount
importance to the validation of the theoretical methodologies.

The intermolecular potential energy surface is a function of the geometry of the
involved monomers and the intermolecular interactions. The �exibility of the inter-
molecular interaction may cause the potential energy surface to have several min-
ima, corresponding to local minimum energy conformations. A key parameter in
the validation of the theoretical predictions is the dissociation energy D0 of the non-
covalent interaction, which depends on the theoretical dissociation energy De and the
zero-point vibrational energy for the weakly bound molecular cluster that requires
accurate and reliable band origins, especially for the class of large-amplitude inter-
molecular vibrations that are di�cult to predict by theory due to their anharmonic
character. The dissociation energy De for the molecular complex can be expressed
by the "supermolecule" approach, in which the dissociation energy is the di�erence
between the energy of the molecular cluster (the "supermolecule") and the isolated
monomers. The experimental observation of the large-amplitude intermolecular vi-
brational bands in the challenging far-infrared and terahertz provides a direct probe
of the potential energy surface that can be used to validate the theoretical predictions.

The motions of a molecule of N atoms can be described by 3N degrees of freedom
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in relation to the cartesian coordinates (x, y, z). The degrees of freedom describe the
rotational, translational and vibrational motions of a molecule. Three degrees of free-
dom are necessary for describing translational motion and three degrees of freedom
for describing the rotational motion for non-linear molecules, leaving 3N − 6 degrees
of freedom for vibrational modes. For a linear molecule the number of vibrational
modes become 3N − 5 as only two cartesian axes are necessary for describing rota-
tional motion. Three translational and three rotational degrees of freedom of a sub-
unit in a molecular cluster are converted into a new class of intermolecular vibrational
degrees of freedom upon complexation. These intermolecular vibrations involve large-
amplitude motions of the subunits with respect to each other and the corresponding
vibrational transition will typically appear in the far-infrared and tera-hertz regions.
For a detailed description of vibrational spectroscopy readers are referred to leading
textbooks [26�29].

A simple potential energy landscape is shown Figure 1.4 for a case with two potential
energy minima. The potential energy landscape could correspond to the two con-
formations of the mixed methanol/water dimer, but could also represent a potential
energy surface for a biological macromolecule in its folded and unfolded conforma-
tion. The unfolded geometry corresponds to a local minima (to the left in Figure
1.4). In order for the molecule to be trapped in its global folded minima (to the right
in Figure 1.4) it must overcome the energy barrier between the minima.

Figure 1.4: The dissociation energy (De), the dissociation energy (D0) and the zero-point
vibrational energy (ZPE) illustrated for an anharmonic potential with two
potential energy minima.

Several challenges exist for experimental observations of weak intermolecular com-
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plexes. For instance, the structures of weakly bound molecular clusters are not di-
rectly observable and can only be determined by pure rotational spectroscopy and
high spectral resolution. Microwave [30] and vibration-rotation-tunneling [31] re-
solved terahertz laser spectroscopic studies of weakly bound cluster molecules isolated
in supersonic jet expansions have helped to determine many important molecular clus-
ters.

Spectroscopic studies of the vibrational energy levels are necessary for a quantita-
tive investigation of the intermolecular potential energy surface, either by indirect
observation of perturbed monomer vibrational fundamental transitions in the mid-
infrared region or by direct observation of the large-amplitude intermolecular vibra-
tional transitions in the far-infrared and terahertz regions. Fourier transform spec-
troscopy [32, 33] owing to the multiplex advantage complements the more selective
and restricted laser spectroscopy methods, e.g. cavity ring down laser spectroscopy
(CRDLAS) [34�36] and tunable diode laser spectroscopy (TD-LAS) [37].

The minima on the potential energy surface correspond to di�erent conformations
of the weakly bound molecular cluster. Each minima are characterized by a �local�
force �eld and a corresponding set of vibrational modes, which allow for experimen-
tal observation and characterization. The results obtained from vibrational spec-
troscopy, the band origins and intensity, thus allow for determination of the global
energy minimum and possible higher energy minima in combination with theoretical
�rst principles predictions. A particularly sensitive probe of intermolecular hydro-
gen bonding is the large-amplitude donor librational motions of the central hydrogen
atom in the hydrogen bond. The librational motion strongly depends on the cluster
size, symmetry and hydrogen bond strength [38�40]. These librational motions can
be observed in the region below 800 cm−1 [39]. The large-amplitude and thereby
highly anharmonic vibrational motion of the librational modes will therefore have a
signi�cant impact on both the intermolecular zero-point vibrational energy and the
vibrational spectra of a molecular complex [32].
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1.3 The Experimental Approach

Studying species that are unstable under ambient conditions, such as ions, radicals
and weakly bound clusters, one must attempt to trap them in conditions where the
species can be studied to gain insight into the electronic and molecular structure.
Conditions are sought after where the experimental results can be directly compared
with theoretical predictions, i.e. isolated molecules at low temperatures. Due to
the Boltzmann distribution of populated energy levels, only the ground state energy
level will be populated at low temperatures and favor the observation of fundamental
transitions, as illustrated in Figure 1.5, where the molecule is cooled to the absolute
minimum temperature to the right. The low temperature makes it easier to assign
precise fundamental vibrational band origins without overlapping hot bands. The
hot bands at increased temperatures shift the band origins of the vibrational bands
and thereby increase the uncertainty of the experimental assignments.

Figure 1.5: The vibrational transitions from populated energy levels and the correspond-
ing band pro�le at very low temperature (to the right) and at an increased
temperature (to the left).

Several experimental approaches based on complementary infrared and terahertz
spectroscopy can be used to reach those conditions. One technique that probes the
molecules in the vibrational and rotational ground state is the high-throughput super-
sonic jet expansions, where temperatures below 20 K can be reached. The technique
is e�cient when one wants to study monomers and molecular clusters in gas phase
by spectroscopy. The sample gas is diluted with an inert rare gas and adiabatically
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expanded through a nozzle into vacuum. The di�erence in pressures between the
sample region and the vacuum region causes an acceleration of the molecules when
they are expanded into vacuum. The �rst stage of the process is characterized by a
high number of collisions and high velocity of the gas in the direction of the expan-
sion. In the second stage, the molecules gain a narrow velocity distribution equal to
the velocity of the carrier gas due to the high number of collisions and "freeze" the
internal degrees of freedom. This leads to a signi�cant reduction of the population
in the rotational and vibrational excited levels and simpli�es the recorded spectrum.
As there are no collisions between the sample gas molecules after the �rst stage of the
expansion, given the very narrow velocity distribution, the weakly bound molecular
assemblies formed in the �rst stage will survive long enough to be observed [32]. The
�let experi-mental approach developed in Göttingen, used in this study, is described
in detail in the cited references [41, 42]. The vibrational transitions of the sample
molecules are probed by a single optical path of 60 cm of a gas mixture that consists
of 99 % helium carrier gas and approximately 1% sample. The spectroscopic sen-
sitivity of this Fourier transform infrared spectroscopy and supersonic jet approach
becomes smaller in the far-infrared and terahertz regions where the emission from
conventional blackbody radiation sources is drastically lowered.

An alternative and more sensitive approach to study weakly bound molecular as-
semblies is to trap the species in a cryogenic environment of solid inert noble gas.
This method ensures a higher optical density of the weakly bound molecular clusters
and allow for the samples to be probed over a longer period of time relative to the
many short pulses in the supersonic jet spectroscopy approach. The method is known
as �Matrix Isolation� and was �rst used by G. Pimentel [43�45], who together with
G. Porter [46] pioneered the matrix isolation �eld. The method refers to a technique
in which the sample gas is mixed with a large excess of a typically inert host gas
and condensed on a cold surface to ensure rapid phase transition from gas to solid.
Ideally, one ends up with each sample molecule immobilized and encapsuled by one
or more layers of the inert host material. The sample molecules are thus �isolated�
from other sample molecules in the �Matrix� of the host gas. One tries to create an
environment that provides a minimum of interaction with the investigated sample
and noble gases such as argon or neon are the best choices. In many cases heavier
noble gases such as krypton and xenon and even nitrogen, methane or oxygen have
been used as matrix gas. As all atomic and homonuclear diatomic gases except para-
hydrogen are transparent in the infrared and terahertz region they represent an ideal
matrix host material for matrices.

Mid-infrared absorption spectroscopy has been used for many decades to study in-
termolecular interactions. The intermolecular interactions are indirectly investigated
for the involved subunits and the perturbed force �elds are easily observable for
strongly bound cluster molecules. Far-infrared and terahertz spectroscopy below 600
cm−1 provides direct information on intermolecular interactions given that the large-
amplitude intermolecular vibrational modes of weakly bound clusters molecules are
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observed in this region. The combination of far-infrared spectroscopy for direct ob-
servations of the large-amplitude intermolecular vibrations and the matrix isolation
approach to compensate for the poor radiation sources by a higher optical density is
an attractive tool for studying weakly bound molecular complexes.

An essential factor in making cryogenic matrices of good optical property is the
packing of the matrix. The packing often depends on the temperature and the speed
of the deposition. The matrix must be rigid at all times during deposition to prevent
di�usion and change of the sample, which is the case if the temperature is below
one third of the melting temperature (Tm). The matrix becomes semi-rigid when
the temperature increases above 1/3 of Tm and reordering of the matrix takes place
including build up of larger molecular clusters, as small molecules such as water can
move inside the solid matrix [47].

A certain amount of di�usion is always present during deposition of the matrix.
As hot gas hits the surface of the cold matrix the temperature increases slightly and
di�usion occurs. Increased di�usion can be avoided if the temperature of the matrix
stays below 1/3 of Tm during deposition.

Several possibilities exist for the placement of a molecule in a matrix. One is the
placement of a molecule in an interstitial site, i.e. between close packed matrix
atoms in an inert lattice. This option is only possible for very small species such as
monoatomic ions and a more likely possibility is the substitutional site where one or
more matrix atoms are substituted with a sample molecule [48].

Another important point is the degree of isolation of the matrix isolated species,
where the probability of interaction depends among other things on the ratio be-
tween matrix and sample gas, the size of the substitutional site and the purity of the
matrix gas. For instance, a 1% impurity of nitrogen would result in 12 % of all sites
in the matrix having at least one nitrogen molecule in the surroundings [47].

The matrix material in�uences the observed vibrational transitions, depending on
the free volume of the substitutional site inside the matrix material and the disper-
sion interaction between the sample molecule and the matrix material. The size of the
cavity in the matrix even allows smaller molecules to rotate freely, with the spectral
shift from gas phase depending on the host matrix. Larger noble gases such as xenon
and krypton have a large e�ect on the vibrations, whereas helium, para-hydrogen and
neon perform much better [18].

Matrix isolation using para-hydrogen as host material should provide more free space
for guest molecules than noble gas matrices. Consequently, the perturbations caused
by the interactions with the para-hydrogen matrix are small and the isolated cluster
molecules should behave almost as in the gas phase. It remains to be seen whether
the larger cavity in the para-hydrogen crystal provides a better matrix material for
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studying the large-amplitude librational transitions in the far-infrared and terahertz
regions. The smallest band shifts are observed in Helium Nanodroplet Spectroscopy,
however, this action spectroscopy approach is restricted by the availability of lasers
at all wavelengths - especially in the challenging but highly rewarding far-infrared
and terahertz regions.

The rotational transitions are hindered for larger molecules, making it possible to ob-
serve the vibrational band centers directly. These band positions are slightly shifted
from gas phase values depending on how perturbing the matrix host environment is.

A highly unwanted feature for matrix environments such as argon and nitrogen is
the appearance of site e�ects, i.e. molecules are trapped in di�erent sites in the ma-
trix environment. The di�erent environment will result in several bands appearing
for the same intramolecular vibrational transition as the geometry is slightly per-
turbed depending on the site. Strongly perturbing matrix environments such as N2

will have site e�ects, but more importantly the matrix environment can change the
weak interactions between molecules, as seen for the methanol/water interaction in a
nitrogen matrix observed by Perchard [49] relative to the gas phase [50] and cryogenic
neon [51] observations.

The intermolecular vibrations can be regarded as hindered rotation of an entire sub-
unit. Deploying a matrix that is as non-perturbing as possible to allow for almost
free large-amplitude vibrations is important to observe the gas phase intermolecular
vibrations.

The ideal situation is to observe gas phase isolated clusters trapped in the vibrational
ground state. In supersonic jet expansions the weakly bound cluster molecules are re-
laxed into the vibrational ground state. However, when dealing with weak molecular
clusters, weak absorbers and a region with limited intensity of light, matrix isolation
spectroscopy seems an ideal compromise.

1.3.1 Fourier Transform Infrared Spectroscopy

Infrared spectroscopy studies the interaction between molecules and electromagnetic
radiation in the infrared region. The absorbance of energy can cause molecular vibra-
tional and rotational transitions that can be studied using spectrometers. Traditional
spectrometers used a dispersive element to select the wavelength of the ingoing beam
to sample. Modern spectrometers are based on the Michelson interferometer devel-
oped in the 1880's. Instead of a wavelength scan with the dispersive element which
was the case of the old traditional spectrometers, each interferometer scan generates
an interferogram that contains information for the entire spectrum acquired simulta-
neously. By Fourier transformation the interferogram is converted to the frequency
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domain for the recorded wavelengths, which combined with a suitable background
generates an absorbance spectrum. The Fourier transform infrared spectrometer
uses beamsplitters and mirrors to direct the light from the light source through the
sample to the detectors, as illustrated in Figure 1.6. The amount of light from the

Figure 1.6: The optical path of the Bruker IFS 120 at the MAX IV Laboratory modi�ed
for matrix isolation experiments.

light source is controlled by an aperture. The radiation from the infrared light source
is divided into two equal parts by the beamsplitters. One part of the beam is re-
�ected to the stationary mirror, while the other part of the beam is transferred to
the movable mirror. Ideally, the beamsplitter should divide the beam into two equal
parts. The divided beams recombine after re�ection from the mirrors back to the
beamsplitter. The beam is then split again with one part transferred back to the
light source and the other part transferred through the sample to the detector. The
arrangement of the movable and stationary mirrors results in a constructive or de-
constructive interference between the re�ected waves caused by the di�erence in the
travelled distance. The optical path retardation determined by the relative position
of the movable mirror is called the retardation δ. If two waves are in phase, where
δ = nλ, n = 0, 1, 2, ..., constructive interference occurs and a double amplitude of
the original split beam is observed, with λ being the wavelength of light. If the two
waves are a half-wavelength out of phase (δ = nλ/2, n = 1, 3, 5, ...,) deconstructive
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interference occurs and no intensity is observed. Phase di�erences between the two
extremes results in partial interference. A plot of the light output as a function of
the retardation is called an interferogram [26]. For a monochromatic light source the
interferogram can be represented by a cosine wave as

I(δ) = B(ν̃) cos

(
2πδ

λ

)
= B(ν̃) cos(2π(ν̃)δ) (1.6)

where I(δ) is the light that reaches the detector as a function of the retardation
and B(ν̃) a constant that corresponds to the light source, beamsplitter e�ciency and
detector response. It depends on the wavenumber (ν̃) of the light, corresponding to
1/λ. For a broad band light source, (1.6) can be extended to

I(δ) =

∫ +∞

−∞
B(ν̃) cos(2π(ν̃)δ)dν̃ (1.7)

At zero retardation, δ=0, all light frequencies interfere constructively. The interfero-
gram thus has maximum amplitude at this point and is denoted the centerburst. As
the mirror moves away from the centerburst the interferogram intensity decays. The
wider the bandwidth of the incident light, the faster the decay. Therefore an in�nitely
broadband lightsource, e.g. the white light generated from a synchrotron storage
ring, will generate an interferogram with only one centerburst. The interferogram
is converted from the time domain of the measured cosine signals to the frequency
domain by Fourier transformation. As the interferogram is symmetric around the
centerburst, the Fourier transformation can be written as

B(ν̃) = 2

∫ +∞

0

I(δ) cos(2π(ν̃)δ)dδ (1.8)

In practice the scanner mirror can only move a certain length, and the Fourier trans-
formation occurs from 0 to the maximum retardation. Thus the transformed single-
beam spectrum has a �nite resolution. The resolution, or the di�erence between two
neighbouring frequencies, is inversely proportional to the maximum scanner retarda-
tion ∆ν̃ = 1/δmax. To double the resolution the scanner thus has to move twice the
original distance. However, each point in the interferogram contains both signal and
noise, thus an increased resolution will result in increased noise in the spectra.

Fourier transform spectroscopy o�ers several advantages over the traditional dis-
persive instruments. The multiplex or Fellgett advantage arises from the fact that
each detector scan contains information from all wavelengths in the input light. For
a �xed number of scans of the detector the elements are sampled more often in the
Fourier Transformed (FT) instrument than in the dispersive instrument. This relates
to a better signal-to-noise ratio in the same scanning time or an equal signal-to-noise
ratio in less time. The fast-scanning possibility thus makes it possible to use signal
averaging to reduce the level of random noise in the spectrum. The Jacquinot ad-
vantage is related to the high light throughput in the FT instrument. No slits are
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used in the optical path, thus more light can reach the detector. If the experiment
is limited by the noise of the detector response, higher light throughput will lead
to a better signal-to-noise ratio. However, too much light can cause the detector
to become saturated and respond nonlinearly [26]. Another advantage, the Connes
advantage, is the highly repeatable spectral wavelengths. The internal He-Ne laser
provides the control of the sampling of the interferogram, and the spectral frequency
is thus directly related to the stability of the laser [52].

1.3.2 The Matrix Isolation Setup

The Matrix Isolation setup at the MAX IV Laboratory, University of Lund, consists
of a Bruker HR120 spectrometer, a small immersion helium cryostat and transfer op-
tics. The cryostat has been modi�ed for matrix isolation experiments by employing a
rotatable outer shroud, an oxygen free high conductivity copper mirror and resistive
heaters. The outer shroud is mounted with two optical windows, CsI and TPX, and
a valve for the matrix deposition system. TPX, polymethylpentene, windows are
optically transparent in UV, visible and terahertz regions with an optical cut-o� at
500 cm−1 and 80-90 % transmission and longer wavelengths. The CsI window has
an e�ective cut-o� at 160 cm−1, but is optically clear at higher wavenumbers. The
transfer optics consists of four re�ecting mirrors and two focusing mirrors that are
placed symmetrically around the center of the cold head. The mirrors project the
beam to a focus outside the spectrometer, with the focal point being the surface of
the mirror where the matrix is deposited. The mirrors closest to the light source are
left untouched, while the mirrors on the detector side are adjusted according to the
position and thickness of the matrix and the rotation of the cryostat.

The infrared absorption spectrum is recorded with the Bruker HR120 spectrome-
ter with an available spectral range from 5 cm−1 in the terahertz region to 50,000
cm−1 in the UV/visible region at a maximum resolution of 0.00125 cm−1. For matrix
isolation experiments up to four di�erent spectral regions are explored for the same
matrix. The mid-infrared region spectra are recorded from 4,500 cm−1 to 600 cm−1

at 0.1 cm−1 resolution using a globar lightsource, a Ge/KBr beamsplitter and a liq-
uid nitrogen cooled HgCdTe detector. The Ge/KBr beamsplitter has an optical band
pass from 7,800 cm−1 to 370 cm−1. Two di�erent HgCdTe detectors are employed in
the experiments, a liquid nitrogen cooled broadband HgCdTe detector with a spectral
range of 500 cm−1 to 5,000 cm−1 is used for experiments involving carbon dioxide,
acetylene and ethylene and a liquid nitrogen cooled narrowband HgCdTe with an
available spectral range from 600 cm−1 to 5,000 cm−1 for all other experiments.

Near-infrared spectra are recorded from 8,500 cm−1 to 1,850 cm−1 at 0.5 cm−1 reso-
lution using a tungsten lamp, a CaF2 beamsplitter and a liquid nitrogen cooled InSb
detector. The CaF2 beamsplitter is optical transparent from 1,200 cm−1 to 15,000
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cm−1 while the InSb detector operates in the spectral region from 10,000 cm−1 to
1,850 cm−1.

Far-infrared spectra are recorded from 600 cm−1 to 160 cm−1 using a globar light-
source, a 6µ multilayer mylar beamsplitter and a liquid helium cooled Si bolome-
ter employing an optical �lter from 650 cm−1 to 150 cm−1. Terahertz spectra are
recorded from 300 cm−1 (9 THz) to 30 cm−1 (0.9 THz) using a globar lightsource, a
6µ multilayer mylar beamsplitter and a liquid helium cooled Si bolometer employing
a low pass optical pass �lter at 370 cm−1. The liquid helium bolometer operates at
4.2 K in the spectral region from 650 cm−1 and below. The multilayer silver coated
6µ mylar beamsplitter is optical transparent in the region from 680 cm−1 to 30 cm−1.
An overview of the experimental properties are given in Table 1.1.

Table 1.1: Experimental properties for the near-infrared (NIR), mid-infrared (MIR), far-
infrared (FIR) and terahertz (THz) regions.

Spectral region (cm−1) Lightsource Beamsplitter Detector Resolution (cm−1)
NIR 8,500 - 1,850 W lamp CaF2 InSb 0.5
MIR 4,500 - 600 globar Ge/KBr HgCdTe 0.1
FIR 600 - 160 globar 6µ mylar Si bol.a 1
THz 300 - 30 globar 6µ mylar Si bol.a 1
a Si bolometer

The high conductivity oxygen free copper mirror has been gold plated for better re-
�ection of the light beam. A 3 mm deep cavity with a diameter of 10 mm has been
drilled into the mirror to support the thick matrices. Without this cavity in the gold
plated copper mirror, the matrices would fall o� once a certain thickness is reached.
The temperature of the mirror is measured with a Lake Shore silicon diode, and the
temperature of the mirror is kept stable within 0.1 K by feedback electronics and
resistive heaters.

The matrix deposition system is attached to the cryostat by the valve on the ro-
tatable shroud. The deposition system consists of three separate inlet tubes, two
sample gas inlets and a matrix gas inlet. The matrix gas inlet is precooled with
liquid nitrogen before the matrix gas is deposited on the mirror, this procedure mini-
mizes the heat load on the cryostat and makes it possible to deposit thicker matrices
faster. The deposition speed is kept constant by keeping the temperature of the mir-
ror constant and varying the matrix gas �ow by adjusting the needle valve to the
matrix gas volume. The sample gases are introduced via separate inlets, which allow
partial isotopic substitution of individual subunits. The sample gas �ow is adjusted
by a needle valve for each sample volume and is left untouched during deposition.
The entire deposition system is attached to the cryostat and pumped until the pres-
sure is 5.0 · 10−7 mbar. At this point the deposition is precooled with liquid nitrogen
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and the pressure drops to ≃ 1.0 · 10−7 mbar. The valve on the rotatable shroud can
now be opened to the 2.8 K cold cryostat and the matrix deposition system placed at
a �xed position 10 mm from the cavity in the gold plated copper mirror. 0.008 mole
neon is deposited before 0.02 mole neon is deposited with open needle valves to the
sample volumes. An extra 0.008 mole neon is deposited before the matrix deposition
system can be withdrawn and the valve closed. The deposition of 0.02 at 3.5 K mole
neon takes about an hour. The entire cryostat is lowered into the spectrometer and
put under vacuum to remove gas phase transitions from water, carbon dioxide etc.,
which is highly crucial for obtaining high quality spectra.

The temperature of the mirror is kept stable at 2.8 K before and after deposition
of the matrix by pumping on the liquid helium reservoir in the cryostat. The resis-
tive heaters attached to the mirror makes it possible to adjust the temperature of the
mirror and the matrix. By increasing the temperature the matrix becomes softer,
which allow small molecules to move around inside the matrix and build up larger
clusters. Such annealing experiments are a method to build up larger cluster enti-
ties and determine whether the observed band belongs to a monomer or a molecular
cluster. By changing the temperature one varies the Boltzmann distribution which
makes it possible to study hot bands, ground state splittings etc.

In the study of weak absorbers in a part of the electromagnetic radiation spectrum
with no high-intensity lightsources, one needs to utilize the maximum amount of
light. The spectrometer at the MAX IV Laboratory is attached to the storage ring,
but since it is not possible to resolve the rotational �ne structure of the molecular
complexes one can compromise with the resolution of the recorded spectrum and
instead increase the aperture and use the internal globar light source to allow more
light to hit the sample. Optimizing the experimental conditions is thus a �ne balance
between the thickness of the cryogenic matrix due to the type of absorber and the
investigated spectral region.

1.4 Water Embedded in Cryogenic Noble Gas Ma-

trices

The importance of the non-covalent intermolecular interaction with the Earth's uni-
versal solvent, water, can be revealed by the many theoretical and experimental
studies of both the water monomer and the water dimer. The theoretical studies
have investigated the intermolecular potential energy surface by Density Functional
Theory, ab initio calculations and Symmetry Adapted Perturbation Theory [53�63].
The water monomer and dimer have been investigated experimentally in cryogenic
matrices of argon [64�69], krypton [68, 69], xenon [68], nitrogen [70, 71], oxygen and
nitrogen [72], neon [16, 18�22, 67, 73�75], para-hydrogen [16, 76], helium [77�80] and
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in gas phase [12,13,15,81�91].

Discrete rotation-vibration transitions for the three fundamental vibrations appear
as water rotates almost freely inside the con�nement of a matrix [16, 67]. The mid-
infrared absorption spectrum of water embedded in a cryogenic neon matrix is shown
in Figure 1.7, the spectrum reveals a series of rovibrational transitions for which
the fundamental vibrational band origins can be estimated. The band origin for the
asymmetric stretching fundamental, ν3, is estimated at 3759.5 cm−1, the symmet-
ric stretching fundamental, ν1, at 3665.4 cm−1 and the bending fundamental, ν2,
at 1595.4 cm−1. The spectrum likewise reveals a red-shifted symmetric donor OH
stretching vibrational mode at 3590.5 cm−1 for the water dimer.
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Figure 1.7: Mid-infrared absorption spectrum of 0.1 cm−1 resolution of water (Ne:H2O)
= (1740:1) embedded cryogenic neon matrices at 2.8 K.

Vibrational spectroscopy studies of water embedded in di�erent cryogenic matrix en-
vironments [16,67,68,77,82] reveal di�erent band origins for the water fundamentals.
The di�erence in band origins can be ascribed as interactions of the water monomer
with the matrix environment. The estimated band origins for the three vibrational
fundamentals of the water monomer are listed in Table 1.2. The spectroscopic obser-
vations indicate larger perturbations of the water vibrational fundamentals in argon,
krypton and xenon matrices while smaller perturbations are observed in cryogenic
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matrices of para-hydrogen, neon and helium relative to the gas phase observations.

Table 1.2: Estimated fundamental vibration band origins (units of cm−1) for the three
water fundamentals in di�erent cryogenic matrices.

Ar [67] Kr [68] Xe [68] p-H2 [16] Ne He [77] Gas phase [82]
ν1 3638.4 3627.0 a 3646.0 3665.4 3655.8 3657.1
ν2 1588.7 1588.3 1586.1 1592.9 1595.4 a 1594.6
ν3 3734.1 3724.3 3717.4 3742.8 3759.5 3755.1 3755.8
a Not observed

The water monomer, dimer and trimer have been extensively studied from the tera-
hertz region to the near-infrared region in one of the least perturbing cryogenic matri-
ces of neon by Ceponkus et al. [16�20,67,73,74] and Bouteiller and Perchard [21,22].
The far-infrared and terahertz regions below 600 cm−1 is almost completely trans-
parent for cryogenic neon matrices containing water monomers. Below 100 cm−1 the
terahertz spectra contains both pure rotational transitions for the water monomer
and a very intense and broad spectral feature that can be observed at 79.5 cm−1.
The strong band is assigned to a rotation-translation coupling (RTC) of the water
monomer with the matrix environment [67]. The band appears as the water molecule
rotates about a center of interaction caused by the interaction with the matrix envi-
ronment and not the center of mass [92]. The pure rotational transitions are assigned
at 51.0 cm−1, 32.6 cm−1 and 15.9 cm−1 to the 212 ← 101, 111 ← 000 and 110 ← 101
rotational transitions. Six large-amplitude intermolecular vibrations are introduced
upon complexation of the water dimer. Following the notation of Ceponkus et al. [19]
a high frequency out-of-plane bending mode is observed at 522.4 cm−1, an in-plane
bending mode at 309.5 cm−1, an intermolecular stretching mode at 173 cm−1, an
acceptor twisting mode at 150.6 cm−1, an acceptor wagging mode at 122.2 cm−1 and
a donor torsional mode at 92 cm−1 are observed in cryogenic neon matrices at 2.8
K [19]. A combined far-infrared and terahertz spectrum of cryogenic neon matrices
doped with water is shown in Figure 1.8, showing the assigned transitions for the
water monomer [67], dimer [19] and trimer [17]. The spectroscopic observations and
assignments of the large-amplitude intermolecular vibrations for clusters of water iso-
topologues are essential for the study of mixed non-covalent molecular clusters with
water in the far-infrared and terahertz regions.
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Figure 1.8: Combined far-infrared and terahertz absorption spectra of 1.0 cm−1 resolution
of water embedded in a cryogenic neon matrix at 2.8 K. The RTC band for
the water monomer is denoted w(RTC), ww for intermolecular water dimer
vibrational bands and www for the water trimer vibrational bands.

1.5 Exploratory Quantum Chemical Predictions

Quantum chemical predictions are a highly valuable tool for investigating and prob-
ing the intermolecular potential energy surfaces for weakly bound cluster molecules.
The accuracy of the calculations depends both on the selected method and the size
of the basis set. The B3LYP [93�95] method is based on Becke´s functional from
1988 that is combined with a correlation functional of Lee, Yang, Parr. It is di�cult
to accurately describe dispersion forces with the B3LYP functional [96�98], but the
description can be improved by adding Grimme's D3 dispersion correction (B3LYP-
D3) [99]. A higher-level of electron correlation is achieved with the ab initio second
order Møller-Plesset Perturbation theory [100]. The root-mean-square force conver-
gence criteria has been set to 10−6 (atomic units) for all geometry optimizations at
the B3LYP, B3LYP-D3 and MP2 levels of theory. The calculations have applied
the augmented correlation consistent polarized basis sets of the form aug-cc-pVnZ
(n=D,T,Q,5) developed by Dunning and coworkers [101, 102]. The basis sets are
augmented with di�use functions for a better description of long range interactions.
They are designed to converge systematically towards the complete basis limit (CBS)
by using empirical extrapolation techniques [103].
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To account for shortening of intermolecular distances and thus a strengthening of
the intermolecular interaction caused by basis set superposition errors (BSSE) [104],
geometry optimizations have included the counterpoise corrections scheme developed
by Boys and Bernardi [105].

The electronic energy for the optimized geometries at the B3LYP, B3LYP-D3 and
MP2 levels of theory have been further re�ned by the coupled cluster singles, doubles
and perturbative triples method (CCSD(T)) [106, 107] and the explicitly-correlated
CCSD(T)-F12 method [108] to further account for electron correlation e�ects. The
CCSD(T)-F12 method is designed to convergence faster towards the limit of a com-
plete basis set.

Harmonic frequency predicted band origins and zero-point vibrational energies have
been calculated in the �double-harmonic approximation�. The vibrational second
order perturbation theory (VPT2) [109�111] has been used to predict anharmonic vi-
brational frequencies. The VPT2 method is implemented in several quantum chemical
software packages, including Gaussian [112,113].

B3LYP, B3LYP-D3, MP2 and CCSD(T) calculations are performed using the Gaus-
sian suite of programs [114], while CCSD(T)-F12 calculations have been performed
using Turbomole [115�117].
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Chapter 2

Experimental Results and

Discussion

Experimental far-infrared and terahertz results are presented in this section for the
study of weakly bound hydrated cluster molecules. The observations and assignments
are supported by mid-infrared absorption spectra and theoretical quantum chemical
explorations using Density Functional Theory and ab initio methods with extensive
basis sets. The investigated intermolecular interactions range from weak van der
Waals interactions as illustrated by carbon dioxide and water to strong hydrogen
bonding as illustrated by the interaction between various alcohols and water. The
weak van der Waals interaction between carbon dioxide and water has been published
as a communication in Journal of Chemical Physics with the title "THz absorption
spectrum of the CO2-H2O complex: Observation and assignment of intermolecular
van der Waals vibrations". The previously determined dissociation energy D0 have
been updated by including the contribution from observed band origins of perturbed
monomer fundamentals in the mid-infrared region.

Hydrophobic interactions are illustrated by the weak hydrogen bond interaction be-
tween hydrocarbons and water. The experimental �ndings of the intermolecular
interaction of the water/acetylene complex and the water/ethylene complex have yet
to be submitted for publication. The experimental �ndings show how direct obser-
vations of the intermolecular vibrational transitions can determine the nature of the
intermolecular hydrogen bond of either a C-H ··· O or a O-H ··· π character. A (semi)-
empirical dissociation energy D0 is estimated for the weakly bonded water/ethylene
complex by assigning the two observable intermolecular vibrational modes in the chal-
lenging terahertz region. Together the two intermolecular vibrational modes account
for approximate 70 % of the intermolecular zero-point vibrational energy.

Traditional O-H · · · O hydrogen bond interactions between water and alcohol are
presented in the remaining subsections. Methanol, the simplest alcohol, and the
simplest alcohol hydrogen bond in the methanol dimer have been investigated by
far-infrared spectroscopy. The results have been published in the Journal of Chemi-
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cal Physics with the title "The e�ect of hydrogen bonding on torsional dynamics: A
combined far-infrared jet and matrix isolation study of methanol dimer".

A thorough understanding of the properties for the methanol monomer and the
methanol dimer is essential for studying the intermolecular vibrational modes of
the mixed methanol/water complex. The large-amplitude intermolecular vibrational
modes have likewise been studied for the most simple tertiary alcohol (t-butanol) and
the �ndings of both investigated systems published in Physical Chemistry Chemical
Physics with the title "The in�uence of large-amplitude librational motion on the
hydrogen bond energy for alcohol-water complexes". The theoretical results have
been updated to include larger basis sets for both MP2 and CCSD(T) calculations
for methanol/water interaction. The results highlight one of the advantages of the
matrix isolation setup, where experiments can be performed with a deuterated sub-
unit without H/D substitution between samples.

The subtle balance between a strong primary O-H · · · O hydrogen bond and a weaker
secondary C-H ··· O hydrogen bond is investigated by the interaction between ethanol
and water. The system is complicated due to two conformers of the ethanol monomer
and is a great example of adaptive aggregation where the ethanol subunit change
conformation upon complexation. The experimental �ndings have been accepted for
publication in the Journal of Chemical Physics with the title "Spectroscopic iden-
ti�cation of ethanol-water conformers by large-amplitude hydrogen bond librational
modes".

Far-infrared and terahertz spectroscopic observations are presented for the inter-
action between water and the most simple secondary alcohol, isopropanol, and the
most simple �uorinated alcohol 2,2,2-tri�uoroethanol. The latter, represents a case
with reversed donor/acceptor relationship as compared to non-�uorinated alcohols
caused by the inductive e�ect of �uor.

Finally, experimental results are presented for alcohol dimers embedded in cryogenic
neon matrices and isolated in supersonic jet expansions for the purpose of compar-
ing intermolecular vibrational transitions in gas phase and in cryogenic neon matrices.

The notation on molecular clusters interacting by intermolecular hydrogen bonds
mentions the hydrogen bond donor �rst and the acceptor second. The methanol/water
dimer will thus be the dimer with methanol as the hydrogen bond donor and water
as the hydrogen bond acceptor.
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Figure 2.1: The �ve intermolecular coordinates (r,α,β,γ,Θ) specifying the con�guration of
the CO2-water van der Waals complex and the rotational axes (a,b,c) illus-
trated for a water molecule.

2.1 Weak van der Waals Interaction between Car-

bon Dioxide and Water

The intermolecular interaction between carbon dioxide and water represents a case
with weak van der Waals interaction. The interaction between carbon dioxide and
water is responsible for many phenomena in biology, physics and chemistry, including
the formation of carbonic acid from carbon dioxide and water [118], transportation of
dissolved carbon dioxide in biological tissues and the radiative transfer through the
Earth's and other planetary atmospheres [119]. The weak van der Waals heterodimer
of carbon dioxide and water have been studied extensively by both experiment and
theory. Several studies of the intermolecular potential energy surface have been re-
ported for the weak complex [120�130]. A high level of electron correlation, extensive
basis sets and inclusion of basis set superposition errors are necessary to describe
the very �at global potential energy minimum. A �ve dimensional ab initio inter-
molecular potential energy surface reveals a global energy minimum of a planar and
T-shaped geometry of C 2v symmetry with the oxygen atom from water interacting
with the carbon atom from carbon dioxide [131], as illustrated in Figure 2.1. The
global intermolecular potential energy minimum of C 2v symmetry has been proposed
by spectroscopic studies [132�134], whereas a variety of matrix isolation spectroscopic
studies with the weakly bound complex embedded in cryogenic nitrogen matrices sug-
gests the existence of another less stable and slightly tilted T-shaped con�guration
having C s symmetry [135, 136]. A key parameter for validation of the potential en-
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ergy surface is an accurate value for the dissociation energy D0 which depend on
reliable band origins for intramolecular vibrational modes and more importantly for
the �ve intermolecular van der Waals vibrational modes that are introduced upon
formation of the complex.

The mid-infrared absorption spectra of several millimeter thick neon matrices doped
only with carbon dioxide (CO2:H2O:Ne)=(1:0:800) immediately reveal a very intense
band at 2347.8 cm−1 and a weaker band at 668.0 cm−1. The strong band at 2347.8
cm−1 is assigned to the asymmetric stretching mode, ν3, of carbon dioxide for the
regular isotope and at 2282.0 cm−1 for the 13C-enriched carbon dioxide sample. The
weaker band at 668.0 cm−1 is assigned to the degenerate carbon dioxide bending
mode, ν2, and at 649.0 cm−1 for 13C-carbon dioxide. The asymmetric stretching
modes have previously been observed in neon matrices by Wan et al. [137] at identi-
cal band positions.

The symmetric stretching mode, ν1, of carbon dioxide is infrared-forbidden and can
not be directly observed. However, the transition energy of ν1 is similar to the �rst
overtone of the bending mode (2ν2) and Fermi resonance takes place as the two transi-
tions transform according to the same irreducible representation of the corresponding
molecular point group. The ν1 band of carbon dioxide is observed experimentally at
1284.5 cm−1 and 2ν2 at 1387.9 cm−1. The Fermi resonance bands can likewise be
observed as combination bands with the strong asymmetric stretching (ν3) mode.
The combination bands ν3 + 2ν2 can be observed at 3713.4 cm−1 and ν3 + ν1 at
3611.1 cm−1. These combination bands have previously been observed for carbon
dioxide embedded in cryogenic argon matrices at 11 K by Schriver et al. [138] while
the Fermi resonance bands have been observed by Andrews et al. [139] in cryogenic
argon matrices and by Suzuki [140] in gas phase. The Fermi coupling between two
di�erent states make it di�cult to perform high level anharmonic predictions of the
vibrational transitions, as the VPT2 calculations require extra treatment for consid-
ering near-resonances [141].

The mid-infrared absorption spectra for cryogenic neon matrices containing both
water and carbon dioxide (3:1:4000) reveal small perturbations of intramolecular fun-
damental vibrational transitions upon formation of the weak carbon dioxide/water
complex. When carbon dioxide is added to a neon matrix containing water, new
bands appear at 3760.4, 3664.8 and 1595.2 cm−1. These bands correspond to the
perturbed asymmetric stretching, symmetric stretching and bending fundamentals
of the water subunit in the carbon dioxide/water complex and are observed in close
proximity of the estimated water fundamentals..

For carbon dioxide a small perturbation is expected for the antisymmetric stretching,
however the strong and highly saturated monomer band overlaps the weaker dimer
band making it impossible to observe the dimer transition. The natural abundance
of 13C of 1.1% make it possible to observe the blue-shift of an unsaturated band. A
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small and reproducible blue-shift of 2.2 cm−1 is observed of the asymmetric stretch-
ing 13CO2 fundamental. No new bands have been observed in the spectral region
associated with the symmetric stretching fundamental of carbon dioxide.

Stronger perturbation is expected for the degenerate bending mode of carbon diox-
ide. The D∞h symmetry of carbon dioxide is broken in the carbon dioxide/water
complex and a splitting of the degenerate bending fundamental into two modes is
expected. Two new bands that scale with the concentration of carbon dioxide and
water in a stoichiometric 1:1 relationship can be observed at 658.7 cm−1, red-shifted
by 9.3 cm−1 relative to the band origin of the monomer fundamental. Another band
can be observed at 672.2 cm−1, blue-shifted by 4.2 cm−1. The red- and blue-shift of
the carbon dioxide vibrational bending modes are almost una�ected by isotopic sub-
stitution of the hydrogens in the water subunit. The mid-infrared absorption spectra
of cryogenic matrices doped with 13CO2 and water are shown in Figure 2.2. Two
complex bands can be observed at 653.0 cm−1 and at 640.2 cm−1 for the interaction
between 13CO2 and water. Besides the dimer bands, several sharp bands are observed
in the mid-infrared spectra, these are addressed in section 2.1.1.

Figure 2.2: Mid-infrared absorption spectra of 0.01 cm−1 resolution of cryogenic neon ma-
trices containing 13CO2 and a mixture of 13CO2 and water. The perturbed
carbon dioxide bending fundamentals are indicated by normal mode illustra-
tions.
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Table 2.1: Harmonic frequency predictions at the MP2/aug-cc-pVQZ level of theory of
vibrational band origins (units of cm−1) and corresponding infrared band
strengths (units of km·mol−1, in parenthesis) for water, carbon dioxide and
the weakly bound carbon dioxide/water dimer, including the spectral from
monomer to dimer calculated as ω(monomer)-ω(dimer)

Mode ω(monomer) ω(dimer) ∆ω
H2O ω1(A1) 3839.7 (6.1) 3836.3 (9.9) 3.4

ω2(A1) 1632.4 (73) 1630.2 (76) 2.2
ω3(B2) 3965.5 (78) 3962.3 (87) 3.2

CO2 ω1(σ
+
g ) 1331.9 (0.0) 1334.7 (0.2) -2.8

ω2(πu) 663.3 (46) 667.2 (22) -3.9
653.2 (39) 10.1

ω3(σ
+
u ) 2412.2 (582) 2415.3 (564) -3.1

The mid-infrared experimental �ndings are supported by theoretical predictions.
MP2/aug-cc-pVTZ geometry optimizations without counterpoise corrections were
unable to capture a global energy minimum for the carbon dioxide/water complex as
the potential energy surface is very �at and shallow near the global minimum. Coun-
terpoise correction or a more extensive basis set is necessary to capture the global
energy minimum. Harmonic frequency predictions are carried out at the MP2/aug-
cc-pVQZ level of theory. The predicted band origin for the monomer fundamentals
are listed in Table 2.1, including the perturbed band origins for the carbon diox-
ide/water complex and the predicted spectral shift.

The harmonic frequency predictions and description of the class of intermolecular
vibrational modes for the carbon dioxide/water complex are listed in Table 2.2. Har-
monic frequency predictions for isotopologues of the water/carbon dioxide complex
are listed in Table 2.3. Small perturbations are predicted and observed in the mid-

Table 2.2: Harmonic frequency predictions at the MP2/aug-cc-pVQZ level of theory
(units of cm−1) and intensities in parenthesis (units of km·mol−1) for the class
of intermolecular vibrational modes for weakly bound carbon dioxide/water
van der Waals complex.

Mode Description Band Origin
ω5(A1) intermolecular O· · ·C stretching 111.2 (0)
ω6(A2) H2O torsion 151.2 (0)
ω8(B1) H2O wagging 101.7 (228)
ω11(B2) H2O rocking 167.6 (25)
ω12(B2) CO2 libration 16.8 (29)
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Table 2.3: MP2/aug-cc-pVQZ frequency predictions in the double harmonic approxima-
tion of vibrational band origins (units of cm−1) and corresponding infrared
band strengths (units of km·mol−1, in parenthesis) for isotopologues of the
weakly bound dioxide/water dimer.

Mode CO2/H2O CO2/H2
18O CO2/HDO CO2/D2O

13CO2/H2O

ν1 (A1) 3836.3 (10) 3828.3 (9.4) 2831.4(23) 2765.3(7.4) 3836.3 (10)
ν2 (A1) 1630.2 (76) 1623.3 (75) 1429.5 (63) 1193.9 (42) 1630.2 (76)
ν3 (A1) 1334.7 (0.2) 1334.7 (0.2) 1334.7 (0.2) 1334.7 (0.2) 1334.7 (0.2)
ν4 (A1) 653.2 (39) 653.2 (39) 653.2 (39) 653.2 (39) 634.8 (37)
ν5 (A1) 111.2 (0.4) 107.2 (0.4) 109.1 (0.4) 107.1 (0.4) 110.9 (0.4)
ν6 (A2) 151.2 (0.0) 151.2 (0.0) 135.9 (43) 108.3 (0.0) 151.2 (0.0)
ν7 (B1) 667.2 (22) 667.2 (22) 667.2 (22) 667.2 (22) 648.2 (21)
ν8 (B1) 101.7 (228) 100.8 (225) 83.6 (133) 77.4 (125) 101.7 (228)
ν9 (B2) 3962.3 (87) 3946.1 (86) 3902.3 (53) 2903.4 (50) 3962.3 (87)
ν10 (B2) 2415.3 (564) 2415.3 (564) 2415.2(563) 2415.2 (562) 2346.4 (533)
ν11 (B2) 167.6 (25) 165.4(25) 156.0 (14) 148.5 (9) 167.6 (25)
ν12 (B2) 16.8 (29) 16.8 (29) 15.0 (23) 13.7 (18) 16.8 (29)

infrared region, as revealed by the predicted spectral shifts for the perturbed monomer
fundamental vibrational modes in Table 2.1. Direct observation of the class of in-
termolecular vibrational modes is thus necessary for the characterization of the in-
termolecular potential energy surface and an accurate estimation of the dissociation
energy D0. Five intermolecular vibrational transitions are predicted for the carbon
dioxide/water complex in the challenging terahertz region. The carbon dioxide li-
brational mode(ω12) is predicted below the optical band gap of the experimental
setup, whereas the intermolecular O · · · C stretching mode(ω5) has a very low IR
intensity. The remaining three librational transitions primarily involve movement of
the water subunit; the out-of-plane wagging mode (ω8), the in-plane rocking(ω11)
and the torsional mode (ω6). The torsional mode of the water subunit is predicted
to have zero infrared intensity, however, the torsional mode gains infrared intensity
when water is substituted with HDO due to the change in amplitude caused by a
slower rotation of deuterium relative to hydrogen, as shown in Table 2.3. The tera-
hertz absorption spectra for several millimeter thick neon matrices containing carbon
dioxide, water and mixtures of carbon dioxide and water are shown in Figure 2.3.
The terahertz features of neon matrices containing water have been observed and
assigned by Ceponkus et al. [18�20,73, 74]. The most imminent features belong to a
rotation-translation coupling for water [18] at 79.5 cm−1 and water dimer modes at
116.0 cm−1 and 122.2 cm−1 [19, 20,73,74].

Terahertz spectra recorded for neon matrices doped solely with carbon dioxide showed
no signs of carbon dioxide-containing cluster entities. In support, high-level theoretic-
al studies of the weakly bound carbon dioxide dimer of C2h symmetry, predict that
both infrared active van der Waals vibrational modes, the out-of-plane and geared
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Figure 2.3: A series of terahertz absorption spectra of 1.0 cm1 resolution collected for
cryogenic neon matrices doped with carbon dioxide, water, and 3:1 mixtures
of carbon dioxide and isotopically enriched samples of water at 2.8 K. The car-
bon dioxide/water assignments are indicated by animated normal vibrational
mode illustrations. The �gure has been reproduced with permission from AIP
publishing [142].

intermonomer vibrational transitions, appear around 25 cm−1 [143].

Simultaneous doping of the thick neon matrices with both carbon dioxide and water
resulted in the appearance of two new bands at 101.6 cm−1 and 166.6 cm−1 with
the high-frequency band being much less intense. The intensity of these bands in-
creased similarly with the concentration of carbon dioxide and water suggesting that
the bands belong to a mixed carbon dioxide/water complex with a stoichiometric 1:1
relationship, con�rmed by a complementary infrared spectral series.

The observed frequency shifts for carbon dioxide/water-18O bands are very small,
however, a series of independent experiments reproduce a small isotopic red-shift of
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0.2 cm−1 for the low-frequency intermolecular mode observed at 101.4 cm−1. The
high-frequency intermolecular mode has an isotopic red-shift of 1.9 cm−1 and is ob-
served at 164.7 cm−1, the small reproducible isotopic red-shift is illustrated with an
arrow in Figure 2.3.

The intermolecular librational motions all involve movement of the water subunit,
as oxygen is placed on the axis of symmetry only the hydrogen atoms move. Deuter-
ation of the water subunit is expected to have a much larger impact on the recorded
terahertz spectra than isotopic substitution of oxygen from the water subunit. The
rotational motion of water-d2 is much slower than water, thus larger isotopic fre-
quency red-shifts are expected for both of the water-d2 modes. A series of terahertz
spectra recorded for neon matrices doped with carbon dioxide, water-d1 and water-d2
mixtures reproduce a medium strong band at 145.1 cm−1 which is assigned to the
high-frequency water-d2 mode for the carbon dioxide/water-d2 complex as indicated
in Figure 2.3. Water-d1 rotates faster than water-d2 but slower than water, thus
smaller isotopic red-shifts are expected. The water-d1 mode is observed and assigned
at 152.1 cm−1, indicated by arrows in Figure 2.3 for a neon matrix doped with a
composition of (CO2:D2O:HDO:H2O) of (18:6:6:1). The strong intermolecular wag-
ging modes for carbon dioxide/water-d1 and carbon dioxide/water-d2 are overlapped
by the strong rotation-translation coupling transitions for water, water-d1 and water-
d2 [67].

With di�erent masses for the hydrogen atoms in water-d1, the torsional motion of the
water subunit is predicted to be infrared active. The change of the dipole moment
emerges as vibrational motion of the hydrogen atom is much larger than the heavier
deuterium atom, supported by an infrared active torsional mode by the MP2/aug-cc-
pVQZ harmonic frequency predictions for the carbon dioxide/water-d1 complex. The
band origin for the infrared-forbidden torsional mode for the carbon dioxide/water
complex is predicted at 151.2 cm−1 and red-shifted to 135.9 cm−1 with an infrared
intensity of 43 km/mol. A series of independent experiments of cryogenic neon ma-
trices reproduce a weak band at 128.4 cm−1, belonging to the torsional mode of the
carbon dioxide/water-d1 complex. The torsional motion can be described as a hin-
dered rotation around the C 2 symmetry axis which also has the role of the principal
b-axis for an isolated water molecule, as illustrated in Figure 2.1. As the ratio of the
two harmonic torsional modes is proportional to the square root of the ratio of the
B rotational constants for the two isotopic water molecules the band center for the
carbon dioxide/water complex can be extrapolated at 140 cm−1 from �tted B -values
from high-resolution ro-vibrational studies [82].

Comparing the harmonic MP2 predictions and the assigned transitions an imme-
diate correlation appears between the high-frequency intermolecular water rocking
mode and the low-frequency intermolecular water wagging mode for the terahertz
spectra of cryogenic neon matrices containing both carbon dioxide and water. The
straightforward agreement between experiment and theory is most likely caused by a
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cancellation of small spectral errors in opposite directions that could originate from
anharmonicity e�ects, mode couplings and matrix perturbations. However, the har-
monic frequency predictions suggest straightforward assignments for the out-of-plane
water wagging mode ν8 (B1) at 101.6 cm−1 and the in-plane water rocking mode ν11
(B2) at 166.6 cm−1 for the regular carbon dioxide/water complex. The assignments
are listed in Table 2.4, and the three observed librational modes illustrated in 2.4.

Figure 2.4: The three observed librational modes of the carbon dioxide/water van der
Waals complex.

The experimental observations for the weak carbon dioxide/water van der Waals
complex make it possible to provide an almost completely empirical estimate of the
system's zero-point vibrational energy. Nine out of twelve vibrational modes have
been observed by complimentary mid-infrared and terahertz absorption spectra for
the weak van der Waals complex of carbon dioxide and water. The ω3 mode for the
carbon dioxide/water complex is infrared forbidden. The intensity of the intermolec-
ular O· · ·C stretching mode ω5 is below the detection limit, while the carbon dioxide
librational mode ω12 is non-observable as the band is close to the optical band gap
in the experimental setup. The intermolecular interaction energy is thus based on
the remaining nine vibrational modes, with theoretical contributions from the re-
maining three non-observed vibrational modes. The very weak interaction between
carbon dioxide and water causes small perturbations of intramolecular fundamen-
tal vibrations. A closer look at the water fundamentals reveals an almost negligible
contribution 0.05 cm−1 to the intermolecular zero-point vibrational energy. Pertur-
bation of the carbon dioxide fundamentals provide a contribution of -2.15 cm−1 to
the intermolecular zero-point vibrational energy, mainly caused by the splitting of
the degenerate carbon dioxide bending mode. A combined contribution of -2.1 cm−1

to the intermolecular zero-point vibrational energy is estimated from perturbed fun-
damentals.

According to the harmonic frequency predictions the assigned van der Waals vi-
brational transitions constitute roughly 75 % of the total intermolecular vibrational
zero-point energy contribution to D0. The contribution from the water wagging mode
at 101.6 cm−1 and the water rocking mode at 166.6 cm−1 are clear, while the band
center for torsional mode is extrapolated to 140 cm−1 based on the observation for
the carbon dioxide/water-d1 complex. The contributions for the O· · ·C stretching



2.1 Weak van der Waals Interaction between Carbon Dioxide and Water 35

mode and the carbon dioxide librational mode are based on the harmonic frequency
predictions, which are surprisingly close to the observed values. A total contribu-
tion to the intermolecular zero-point vibrational energy of 268.1 cm−1 is estimated
from the intermolecular van der Waals vibrational transitions, which yields a total
(semi)-empirical zero-point vibrational energy of 266 cm−1. The equilibrium dissoci-
ation energy De value of 1004 cm−1 estimated by Makarewicz [131] combined with
the experimental observations provides a value of 738 ± 15 cm−1 for the dissociation
energy D0 including uncertainties.

The excellent agreement between MP2/aug-cc-pVQZ harmonic predictions and the
observed band origins of the weak van der Waals carbon dioxide/water complex em-
bedded in solid neon matrices is rather surprising. The harmonic frequency predic-
tions are typically blue-shifted relative to the actual anharmonic bands. The present
experimental �ndings thus invite for future high-level anharmonic theoretical inves-
tigations of the large-amplitude intermolecular carbon dioxide/water vibrational mo-
tions, which may shed light on the subtle balance of potential neon matrix blue-shifts,
anharmonicity constants and mode couplings for this weakly bound system.
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Table 2.4: The assigned transitions (units of cm−1) for the combined infrared and terahertz absorption spectra for isotopologues of
the weak van der Waals complex of carbon dioxide and water embedded in cryogenic neon matrices at 2.8K.

Mode Mode Description CO2/H2O CO2/H2
18O CO2/HDO CO2/D2O

13CO2/H2O

CO2/H2O ν1 (A1) sym. H2O stretching 3664.8 3657.5 2726.4 2676.7 3664.8
ν2 (A1) in-plane H2O bending 1595.2 1588.7 1403.6 1178.2 1595.2
ν3 (A1) sym. CO2 stretching a a a a a

ν4 (A1) in-plane CO2 bending 658.7 658.6 658.5 658.2 640.2
ν5 (A1) int. O· · ·C stretching b b b b b

ν6 (A2) int. H2O torsion a a 128.4 a a

ν7 (B1) out-of-plane CO2 bending 672.2 672.2 672.2 672.2 653.0
ν8 (B1) int. H2O wagging 101.6 101.4 c c 101.6
ν9 (B2) asymmetric. H2O stretching 3760.4 3746.2 3714.2 2790.5 3760.4
ν10 (B2) asymmetric. CO2 stretching d d d d 2284.2
ν11 (B2) int. H2O rocking 166.6 164.7 152.1 145.1 166.6
ν12 (B2) int. CO2 libration b b b b b

H2O ν1 (A1) sym. H2O stretching 3665.4 3658.0 2727.0 2678.8 3665.4
ν2 (A1) in-plane H2O bending 1595.4 1588.9 1404.0 1178.9 1595.4
ν3 (B2) asymmetric. H2O stretching 3759.5 3745.7 3713.8 2790.0 3759.5

CO2 ν1 (σ+
g ) sym. CO2 stretchinge 1387.9 1387.9 1387.9 1387.9 b

1284.5 1284.5 1284.5 1284.5 b

ν2 (πu) CO2 bending 668.0 668.0 668.0 668.0 649.0
ν3 (σ+

u ) asymmetric. CO2 stretching 2347.8 2347.8 2347.8 2347.8 2282.0
a Infrared forbidden bNot observed cOverlapped by rotation-translation coupling transition
dOverlapped by monomer asymmetric carbon dioxide stretching e Fermi resonance band of ν1 and 2ν2
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2.1.1 The Carbon Dioxide Dimer

The bending region of carbon dioxide reveals beside information about the carbon
dioxide monomer and the weak mixed van der Waals dimer with water several extra
bands. The recorded mid-infrared spectra of 0.01 cm−1 resolution of carbon dioxide
(Ne:CO2:13CO2) = (800:1:0), 13-C carbon dioxide (800:0:1) and a mixture of the two
(1600:1:1) are shown in Figure 2.5.
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Figure 2.5: Mid-infrared absorption spectra of 0.01 cm−1 resolution of cryogenic neon
matrices containing pure and mixed carbon dioxide isotopologues in the carbon
dioxide bending region.

The mid-infrared spectra reveal a series of sharp bands. The most apparent feature is
a splitting of the previously saturated monomeric carbon dioxide degenerate bending
mode into a quartet of bands. The splitting of these bands is reproduced for a series
of carbon dioxide isotopologues due to the natural abundance of both 13C and 18O.
The high-resolution of 0.01 cm−1 can reveal possible band shifts during annealing
experiments. At 9 K the intensity and band positions of the carbon dioxide quartet
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is identical, indicating that no site splitting occurs for the carbon dioxide monomer
in cryogenic neon matrices. A physical explanation for the quartet splitting is still to
be addressed.

The band center for the carbon dioxide monomer has previously been assigned at
667.4 cm−1 in gas phase [140], which tentatively agrees with the center of the quartet
bands. A new quartet of bands appear with a band center at 663.1 cm−1, assigned to
the bending mode of 16O12C18O. A more abundant feature with band center of 649.0
cm−1 is assigned to 16O13C16O, veri�ed by designated experiments for isotopically
13C - enriched carbon dioxide. As the isotopically 13C - enriched carbon dioxide
also contains increased amounts of 18O it has been possible to assign a band center
at 644.0 cm−1 for the 16O13C18O monomer bending mode and at 638.8 cm−1 for
13C18O2.

At higher carbon dioxide concentrations several new bands appear in close proximity
of the monomer bending fundamental, suggesting the formation of carbon dioxide
clusters. The carbon dioxide dimer has previously been observed and assigned at
lower resolution studies in argon and nitrogen matrices by Fredin et al. [144]. How-
ever, both nitrogen and argon matrices contain site splittings, as indicated by the
study of Vigasin et al. [145]. The slipped parallel global minimum energy structure
of the carbon dioxide dimer has been proposed by Bukowski et al. [143] and the many
spectroscopic studies cited in this paper. The slipped parallel geometry of D2h sym-
metry, illustrated in Figure 2.6. Minor perturbations are predicted for the asymmetric

Figure 2.6: The slipped parallel geometry of the carbon dioxide dimer of D2h symmetry.

stretching region for the carbon dioxide dimer by MP2/aug-cc-pVQZ level of theory.
Due to the highly intense monomer stretching band, the bending region might serve
as a better region for observation of carbon dioxide dimers, especially as the four in-
termolecular vibrational transitions for the carbon dioxide dimer are predicted below
100 cm−1 [143]. The harmonic frequency calculations at the MP2/aug-cc-pVQZ for



2.1 Weak van der Waals Interaction between Carbon Dioxide and Water 39

the bending modes of the carbon dioxide monomer, the carbon dioxide/water van
der Waals complex and the carbon dioxide dimer are listed in Table 2.5.

Table 2.5: MP2/aug-cc-pVQZ predictions in the double har-
monic approximation of carbon dioxide bending
band origins (units of cm−1) and corresponding
infrared band strengths (units of km·mol−1, in
parenthesis) for carbon dioxide, the carbon diox-
ide/water complex and the carbon dioxide dimer.

CO2 CO2/H2O CO2/CO2

663.3 (46) 667.2 (22) 664.6 (42)
653.2 (39) 662.4 (0.0)

661.2 (0.0)
659.9 (60)

The two most dominant spectral features that appear in the regular carbon dioxide
spectrum is a blue-shifted band at 670.1 cm−1 and a red-shifted band at 665.9 cm−1.
Similar red- and blue-shifted bands are observed for the 13C16O2 dimer at 651.1
cm−1 and 645.7 cm−1. The predicted blue- and red-shifted bands and their relative
infrared band strengths qualitatively agree with the harmonic frequency predictions
allowing a tentatively assignment of the two infrared active bending modes at 670.1
cm−1 and 665.9 cm−1 for the regular carbon dioxide dimer. An unambiguous assign-
ment of even larger carbon dioxide clusters and the clusters of mixed isotopologues
are still to be addressed.

The dissociation energy De is predicted to be 484 cm−1 by Bukowski et al. [143]
which translates into a much smaller dissociation energy D0 when corrected for the
zero-point vibrational energy, thus the carbon dioxide dimer is the weakest molecular
complex to be observed in this study.



40 Experimental Results and Discussion

2.2 Weak O-H · · ·π and C-H · · · O Hydrogen Bond

Interactions between Hydrocarbons and Water

(a) Acetylene/water (b) Water/acetylene

Figure 2.7: Minimum geometries of the two conformations of the acetylene/water dimer
optimized at the MP2/aug-cc-pVQZ level of theory

Hydrophobic interactions play a highly important role in many chemical and bio-
chemical processes [146�148]. Hydrophobicity, i.e. the repulsion from water, can
to a large degree be associated with non-covalent interactions in terms of steric re-
pulsion, dispersion interactions, van der Waals interactions and hydrogen bonding
between polar and nonpolar systems. This includes conformations of large nonpolar
macromolecules such as polymers, peptides and proteins dispersed in a polar sol-
vent, for which the solvent interaction plays a key factor. The description of the
water/hydrocarbon phase equilibrium governed by weak non-covalent interactions is
a challenging problem for many re�ning and petrochemical processes as well as the
environmental sciences [149,150]. The many equations of states developed for the de-
scription of associating �uids include the e�ect of intermolecular hydrogen bonding
by adding the number of hydrogen bonding "sites" and the related interaction energy
per molecule [150]. A study of model systems involving interactions between hydro-
carbons and water can thus provide important insights into improving the equations
of states ability to describe hydrocarbon/water mixtures by adding the number of
"sites" and the related interaction energy.

It is evident that the strong hydrogen bonding that occurs between two electronega-
tive atoms is impossible for hydrocarbons, thus intermolecular hydrogen bond inter-
action is much weaker for hydrocarbons and water. The question arises whether the
hydrocarbon is the hydrogen bond acceptor or donor when interacting with water. For
the two most simple unsaturated hydrocarbons involving a multiple carbon-carbon
bond, ethylene and acetylene, one can envision an interaction with the delocalized π-
electron cloud between the two carbon atoms with the hydrocarbon as the hydrogen
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bond acceptor, resulting in a weak O-H · · · π hydrogen bond [151], as illustrated in
Figure 2.7b. For interactions involving the hydrocarbon as the hydrogen bond donor,
the weak interaction occurs by formation of an intermolecular C-H· · · O hydrogen
bond, as illustrated in Figure 2.7a. The hybridization of the carbon atom attached to
the hydrogen atom will signi�cantly determine the acidity of the hydrogen atom and
thus the ability to form hydrogen bonds. Delocalized π-electron clouds are clearly
not a prototypical hydrogen bond acceptor, but several studies have reported that
the hydrogen bond interaction involves this feature [152�159]. The π-electron cloud
associated with formation of a carbon-carbon double or triple bond is involved in the
mechanism of catalysts in organic chemistry [160] and in crystal packing by several
overlapping π-electron clouds [161].

The argon matrix isolation experiments by Engdahl and Nelander [152,162] on ethy-
lene/water and acetylene/water have been performed in the mid-infrared region with-
out observing the intermolecular large-amplitude vibrational modes with band centers
in the far-infrared and terahertz regions. A hydrogen bonded acetylene donor com-
plex was proposed for the acetylene/water interaction [162] while a water donor com-
plex was proposed for the ethylene/water interaction [152]. The interaction between
acetylene and water have further been studied experimentally by rotational [163] and
optothermal [164] spectroscopy and theory [165,166], while the dimer of ethylene and
water has been investigated by rotational spectroscopy [167,168] and theory [169�171].

In order to shed light on the hydrogen bond donor/acceptor properties of the in-
teraction between unsaturated hydrocarbons and water, the combined infrared and
terahertz absorption spectra have been studied for cryogenic neon matrices contain-
ing ethylene/water and acetylene/water mixtures. The mid-infrared absorption spec-
tra of acetylene (Ne:H2O:C2H2) = (1000:1:2) embedded in cryogenic neon matrices
immediately revealed strong absorption in the C-H stretching region around 3300
cm−1 and in the C-H bending region around 750 cm−1. The strong asymmetric C-H
stretching fundamental is observed at 3283.2 cm−1, while the strong acetylene bend-
ing mode is observed at 732.0 cm−1. For matrices containing both acetylene and
water, a new strong spectral feature can be observed in the C-H stretching region
at 3248.7 cm−1. This spectral feature is assigned to the red-shifted C-H stretching
fundamental of acetylene in the mixed complex with water. In the matrices embed-
ded with heavy water isotopologues this feature is red-shifted slightly to 3248.3 cm−1

indicating a C-H · · · O hydrogen bond. The symmetric C-H stretching fundamental
for the acetylene monomer is infrared forbidden, and non-observable in the infrared
absorption experiments. The infrared forbidden asymmetric acetylene bending mode
gains infrared intensity upon complexation with water resulting in a splitting of the
degenerate mode, with two bands observed at 626.4 cm−1 and 620.9 cm−1. A more
pronounced blue-shifting is observed for the degenerate symmetric bending mode of
acetylene, with two new bands appearing at 772.2 cm−1 and 778.1 cm−1 blue-shifted
by 40.2 and 46.1 cm−1, respectively.
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The O-H stretching region of matrices embedded with water show ro-vibrational
transitions for the water monomer. A band at 3662.6 cm−1 have been observed and
assigned to the symmetric OH stretching of the water subunit in the acetylene/water
complex. The band position is red-shifted by 2.8 cm−1 relative to the monomer fun-
damental estimated from ro-vibrational transitions. It was not possible to identify a
red-shifted asymmetric O-H stretching for the acetylene/water complex. The water
bending fundamental have been observed at 1602.4 cm−1 for the acetylene/water
complex, blue-shifted by 7.0 cm−1 relative to the vibrational band center for the wa-
ter monomer.

For the acetylene monomer no vibrational transitions are observed in the far-infrared
and terahertz regions. For matrices doped with both water and acetylene a strong
and reproducible spectral feature appears at 145.5 cm−1. The intensity of this
band depends on the concentration of both water and acetylene, and can be as-
signed to an intermolecular vibrational for the mixed acetylene/water complex with
a 1:1 stoichiometric relationship by a concentration dependency series. The recorded
terahertz absorption spectra of cryogenic neon matrices doped only with acetylene
(Ne:H2O:C2H2) = (500:0:1), water (1740:1:0), heavy water isotopologues (1400:1:0)
and mixtures of acetylene and water isotopologues (1000:1:2) are shown in Figure
2.8. Upon H/D substitution of the water subunit a red-shift is predicted for the
intermolecular vibrational mode. The mixed acetylene/water-d1 intermolecular vi-
brational mode is observed at 127.8 cm−1 isotopically red-shifted by 17.7 cm−1 rela-
tive to the regular complex. An increased red-shift of 26.4 cm−1 is observed for the
acetylene/water-d2 complex with a band center of 119.1 cm−1. The observation of
the bands have been reproduced by several independent experiments with varying
concentrations.

The less acidic hydrogen atoms in the ethylene molecule might change the hydro-
gen bond donor/acceptor properties of the hydrocarbon/water interaction, possibly
preferring the weak intermolecular O-H · · ·π hydrogen bond [152].

The recorded mid-infrared spectra reveal strong monomer absorption in the C-H
stretching region at 3106.2 cm−1 and at 2990.1 cm−1 and a very strong band at
953.4 cm−1. The bands in the C-H stretching region correspond to two asymmet-
ric stretching fundamentals while the very strong band at 953.4 cm−1 is assigned
to the symmetric out-of-plane C-H bending fundamental. The asymmetric in-plane
C-H bending fundamental of ethylene can be observed at 1442.3 cm−1. The cryo-
genic neon matrix containing both ethylene and water reveals new bands at 3736.7
cm−1 and at 3628.2 cm−1 corresponding to perturbed fundamental asymmetric- and
symmetric- OH stretching bands of the water subunit in the water/ethylene complex.
These bands are red-shifted by 22.8 cm−1 and 37.2 cm−1 relative to the estimated
vibrational band origins of the water monomer. A new band is observed in close vicin-
ity of the strong out-of-plane C-H bending of ethylene at 961.2 cm−1 blue-shifted by
7.8 cm−1 from the monomer. The C-H stretching fundamentals of the ethylene sub-
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Figure 2.8: Terahertz absorption spectra of 1.0 cm−1 resolution for acetylene
(Ne:H2O:C2H2) = (500:0:1), water (1740:1:0) and mixtures of acetylene and
water including heavy water isotopologues (1000:1:2) in cryogenic neon matri-
ces at 2.8 K

unit are una�ected by the complexation and combined with the observation of the
red-shifts of the water fundamental spectral signatures, it indicates that water acts
as the hydrogen bond donor in the mixed ethylene/water complex.

The terahertz spectra, shown in Figure 2.9, for thick cryogenic neon matrices doped
with ethylene (Ne:H2O:C2H4) = (1100:0:1), water (1740:1:0) and mixtures of ethy-
lene and water with high concentration (1000:1:2) and low concentration (2700:1:2)
including heavy water isotopologues (900:1:2) are shown in Figure 2.9. The spectra
for cryogenic neon matrices doped with ethylene are completely transparent in the
terahertz region. The terahertz spectrum for a matrix doped with a low concentration
of ethylene and water immediately reveals a strong and broad band at 187.5 cm−1.
A very broad spectral feature with band center at 214.5 cm−1 and another very weak
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Figure 2.9: Terahertz absorption spectra of 1.0 cm−1 resolution of ethylene
(Ne:H2O:C2H4) = (1100:0:1), water (1740:1:0) and mixtures of ethy-
lene and water with high concentration (1000:1:2) and low concentration
(2700:1:2) including heavy water isotopologues (900:1:2) embedded in
cryogenic neon matrices at 2.8 K.

spectral feature at 255.0 cm−1 are likewise observed as new spectral features. The
latter is barely observable and on the detection limit. The intensity of the 187.5 cm−1

band scales with both the concentration of ethylene and water suggesting a stoichio-
metric 1:1 relationship. Isotopic substitution of the water subunit can be used to
further support the assignment of this band. Matrices embedded with ethylene, wa-
ter and water-d1 reveal a new band at 168.7 cm−1 isotopically red-shifted by 18.8
cm−1. This new feature is observable in matrices doped with both water/water-d1
and water-d1/water-d2 suggesting that this band belongs to the water-d1/ethylene
dimer. Matrices containing ethylene and water-d1/water-d2 reveal another strong
feature at 149.0 cm−1 with an isotopic red-shift of 38.5 cm−1 relative to the regular
complex. This new band is assigned to the dimer of ethylene and water-d2. At in-
creased concentrations of ethylene and water the absorption of the 255.0 cm−1 band
at the detection limit starts to increase, following the intensity of the 187.5 cm−1
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band. This observation suggests that this band is a higher frequency band for the
water/ethylene dimer. The lower infrared intensities for deuterated species make it
impossible to observe this band for heavy water isotopologues, as the band is on the
detection limit for the regular complex. This weak spectral feature becomes increas-
ingly blurred at higher concentrations, suggesting formation of overlapping larger
cluster entities.

Quantum chemical predictions have been used to further support the donor/acceptor
properties of the hydrogen bond interaction between hydrocarbons and water and
to shed light on the broad spectral feature in the ethylene/water experiments. The
interaction between acetylene and water occurs either by formation of an O-H · · ·π
hydrogen bond resulting in a T-shaped water/acetylene complex or by a C-H· · ·O
hydrogen bond that results in a Y-shaped acetylene/water complex, as illustrated in
Figure 2.7. The harmonic frequency predictions at the MP2/aug-cc-pVQZ level of
theory for the weak acetylene/water interacting by a C-H· · ·O hydrogen bond are
listed in Table 2.6 for monomer fundamentals and perturbed monomer fundamentals
in complex. All vibrational modes associated with the weak complex are listed in
Table 2.7.

Table 2.6: MP2/aug-cc-pVQZ predictions in the double harmonic approximation of
vibrational band origins (units of cm−1) and corresponding infrared band
strengths (units of km·mol−1, in parenthesis) for water with C2v symmetry,
acetylene with D∞h symmetry and the weakly C-H · · · O bound acety-
lene/water dimer as well as the calculated shift from monomer to dimer
(ω(dimer)-ω(monomer)).

Mode ω(monomer) ω(dimer) ∆ω
H2O ω1 (A1) 3965.5 (78) 3961.9 (92) -3.6

ω2 (A1) 1632.4 (73) 1633.4 (68) 2.0
ω3 (B2) 3839.7 (6.1) 3837.7 (12) -2.0

C2H2 ω1 (σ+
g ) 3530.2 (0.0) 3509.8 (0.1) -20.4

ω2 (σ+
g ) 1975.1 (0.0) 1965.7 (7.6) -9.4

ω3 (σ+
u ) 3442.6 (96) 3397.5 (250) -45.1

ω4 (πg) 613.6 (0.0) 635.6 (8.7) 22.0
630.1 (7.8) 16.5

ω5 (πu) 750.3 (198) 813.5 (78) 63.2
795.2 (75) 44.9

The harmonic frequency predictions suggest a straightforward assignment of the ob-
served band at 145.5 cm−1 for the weak C-H · · · O acetylene/water complex to
the predicted in-plane rocking mode at 182.3 cm−1, while the observed mid-infrared
monomer perturbations qualitatively agree with the determined geometry. The har-
monic frequency predictions for the T-shaped water hydrogen bond donor complex
with acetylene reveal red-shifted O-H stretching modes as well as the appearance of
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Table 2.7: MP2/aug-cc-pVQZ predictions for the large-amplitude intermolecular
vibrational band origins (in units of cm−1) and corresponding infrared
band strengths (in units of km·mol−1, in parenthesis) in the double har-
monic approximation for the vibrational spectrum for the C-H · · · O
conformation of the acetylene/water complex at the MP2/aug-cc-pVQZ
level.

Vibrational Mode Description Band Origin (cm−1)

ω11 in-plane H2O rocking 182.3 (35)
ω12 intermolecular stretching 118.3 (1.4)
ω13 C2H2 libration 97.6 (7.8)
ω14 H2O rocking 56.0 (28.8)
ω15 H2O wagging 29.4 (224)

two high frequency intermolecular vibrational transitions in the far-infrared and THz
region. The two transitions have been predicted at 374.8 cm−1 and 171.4 cm−1 with
intensities of 49 and 71 km·mol−1, respectively, at the MP2/aug-cc-pVQZ level of
theory. The observation of only one transition in far-infrared and terahertz regions
directly indicate that the C-H· · · O hydrogen bonded acetylene/water conformation
is the most stable. The vibrational motion of the observed intermolecular vibrational
mode can more or less be described as an in-plane rocking mode of the water acceptor
subunit in a similar fashion to the in-plane water rocking mode of the weak van der
Waals carbon dioxide and water dimer, illustrated in Figure 2.10.

Figure 2.10: Normal mode illustration of the observed intermolecular vibrational mode
for the weakly bound acetylene/water complex.

The observation of only one conformation for the hydrogen bond interaction between
acetylene and water is supported by calculation of a theoretical dissociation energy
D0. The dissociation energy (De) for the weak Y-shaped acetylene-water complex
is determined to be 12.5 kJ·mol−1 or 1043.6 cm−1 at the CCSD(T)/aug-cc-pVQZ
level of theory for MP2/aug-cc-pVQZ optimized geometries. Subtracting the pre-
dicted intermolecular zero-point vibrational energy of 276 cm−1 from the harmonic
frequency predictions at the MP2/aug-cc-pVQZ level of theory the theoretical disso-
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ciation energy (D0) is determined to be 768 cm−1 or 9.2 kJ·mol−1. Doing the same
set of calculations for the T-shaped water/acetylene complex, it results in a disso-
ciation energy De of 11.2 kJ·mol−1 or 934 cm−1, about 100 cm−1 smaller than the
dissociation energy for the acetylene-water conformation. The zero-point vibrational
energy is predicted at 398 cm−1, which translates into a dissociation energy D0 of
536 cm−1. The large di�erence in the dissociation energy D0 of 232 cm−1 between
the two di�erent conformers of the acetylene/water dimer emphasizes the preference
of acetylene as the hydrogen bond donor.

The dissociation energy, D0, of several isotopologues of acetylene and water have been
predicted to investigate whether or not the hydrogen bond donor/acceptor properties
for the most stable geometry could change upon deuteration. The results listed in
Table 2.8 indicate that acetylene always is the hydrogen bond donor when interacting
with water, even for fully deuterated water and regular acetylene where the acety-
lene/water complex is least stable.

Table 2.8: Dissociation energy D0 of isotopologues for the two conformations of
acetylene and water at the CCSD(T)/aug-cc-pVQZ level of theory using
MP2/aug-cc-pVQZ geometry optimizations and harmonic frequencies for
calculation of the intermolecular zero-point vibrational energy.

C2H2/H2O H2O/C2H2 C2D2/H2O H2O/C2D2

De 12.5 11.2 12.5 11.2
ZPE 3.3 4.8 3.0 4.7
D0 9.2 6.4 9.5 6.5

C2H2/D2O D2O/C2H2 C2D2/D2O D2O/C2D2

De 12.5 11.2 12.5 11.2
ZPE 3.0 3.7 2.7 3.6
D0 9.5 7.5 9.8 7.6

In a similar fashion the geometry optimization and subsequent harmonic frequency
calculation have been performed for the water monomer, the ethylene monomer and
the O-H · · ·π conformation of the water/ethylene dimer. The monomer fundamentals
and fundamental band origins for the mixed water/ethylene dimer are listed in Table
2.9 at the MP2/aug-cc-pVQZ level of theory. A conformational search for a C-H
· · · O hydrogen bonded ethylene/water dimer, similar to the acetylene/water dimer,
at the same level of theory was unsuccessful. For the ethylene dimer it has previ-
ously been shown that the minimum energy global con�guration is an �edge-on� D2d

structure with overlapping π-electron clouds by experiment [172] and theory [173] at
the CCSD(T)/CBS level of theory, suggesting that ethylene prefers to interact via
the delocalized π-electron cloud. The harmonic frequency calculations for the water/
ethylene dimer including librational transitions are listed in Table 2.10. The largest
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spectral shift of the intramolecular modes is observed for the water monomer, with
bathochromic shifts of -45.3 cm−1 and -63.8 cm−1 for the asymmetric and symmet-
ric water O-H stretching fundamental, which qualitatively supports the mid-infrared
experimental �ndings.

Table 2.9: MP2/aug-cc-pVQZ harmonic frequency predictions (units of cm−1)
and corresponding infrared band strengths (units of km·mol−1, in
parenthesis) for water, ethylene and perturbed intramolecular modes of
the water/ethylene dimer, including the calculated shift from monomer
to dimer as ω(dimer)-ω(monomer).

Mode ω(monomer) ω(dimer) ∆ω
H2O ω1 (A1) 3965.5 (78) 3937.2 (156) -28.3

ω2 (A1) 3839.7 (6.1) 3791.2 (126) -48.5
ω3 (B2) 1632.4 (73) 1637.2 (40) 4.8

C2H4 ω1 (Ag) 3193.4 (0.0) 3191.4 (0.2) -2.0
ω2 (Ag) 1680.3 (0.0) 1674.7 (0.3) -5.6
ω3 (Ag) 1381.3 (0.0) 1380.8 (0.0) -0.5
ω4 (Au) 1072.9 (0.0) 1078.0 (0.0) 5.1
ω5 (B1g) 3267.5 (0.0) 3268.2 (0.2) 0.7
ω6 (B1g) 1249.4 (0.0) 1250.7 (0.0) 1.3
ω7 (B1u) 979.9 (91) 993.5 (101) 13.5
ω8 (B2g) 963.9 (0.0) 974.0 (0.0) 10.1
ω9 (B2u) 3293.8 (12) 3293.9 (6.2) 0.1
ω10 (B2u) 823.3 (0.0) 824.2 (0.0) 0.9
ω11 (B3u) 3177.2 (9.2) 3176.6 (4.6) -0.4
ω12 (B3u) 1481.4 (9.2) 1482.7 (10.2) 1.3

The predicted class of intermolecular vibrational transitions, listed in Table 2.10 con-
sist of a high-frequency out-of-plane donor OH librational mode ω16 at 345.1 cm−1,
an in-plane water librational mode ω17 at 239.6 cm−1, an intermolecular stretching
mode ω18 at 109.0 cm−1, an out-of-plane water rocking mode ω19 at 79.3 cm−1, an
ethylene wagging mode ω20 at 67.4 cm−1 and �nally a water torsion mode ω21 at
42.7 cm−1. From these six intermolecular vibrational transitions two medium in-
frared active librational modes are predicted in the observable terahertz region, ω16

and ω17, while the infrared intensity of the intermolecular stretching mode, ω18, make
it unobservable. The remaining transitions fall in a region dominated by the rotation-
translation coupling band and pure rotational transitions for the water monomer [67].

The harmonic frequency predictions suggest assignments of the two observed bands
at 255.0 cm−1 and 187.5 cm−1 to the high-frequency donor OH librational mode
ν16 and the in-plane water librational mode ν17 for the O-H · · ·π hydrogen bonded
water/ethylene complex. These assignments suggest that both large-amplitude libra-
tional modes are highly anharmonic. The animated normal mode vibrational motions
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Table 2.10: Harmonic frequency predictions of the large-amplitude intermolecu-
lar vibrational band origins (units of cm−1) and corresponding in-
frared band strength (units of km·mol−1, in parenthesis) for the
weakly bound O-H · · ·π conformation of the water/ethylene dimer at
the MP2/aug-cc-pVQZ level of theory.

Mode Description Band Origin (cm−1)
ω16 out-of-plane donor OH libration 345.1 (37)
ω17 in-plane H2O libration 239.6 (84)
ω18 intermolecular H · · · π stretching 109.0 (1)
ω19 out-of-plane H2O rocking 79.3 (37)
ω20 C2H4 wagging 67.4 (17)
ω21 H2O torsion 42.7 (82)

for the observed bands are illustrated in Figure 2.11.

(a) The low-frequency in-plane
water librational mode

(b) The high-frequency out-of-plane
donor OH librational mode

Figure 2.11: Normal mode illustration of the two observed intermolecular librational
modes of the weak O-H · · ·π water/ethylene conformation of the wa-
ter/ethylene dimer.

To verify the assignment of the regular water/ethylene complex, harmonic frequency
predictions for ethylene interacting with heavy water isotopologues have been per-
formed and the harmonic frequency predictions of the intermolecular librational
band origins are listed in Table 2.11. The predicted isotopic red-shifts for the ω17
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are in qualitative agreement with the observed isotopic red-shifts of 18.8 cm−1 for
ethylene/water-d1 and 38.5 cm−1 for ethylene/water-d2 as illustrated by the insert
in Figure 2.9. The harmonic frequency predictions reveal a large di�erence for the
harmonic band origin for the high-frequency out-of-plane donor OH librational mode,
ω16 for the two conformations of ethylene and water-d1. This band has not been ob-
served in the terahertz region for heavy water isotopologues, making it impossible
to directly distinguish between a hydrogen- or deuterium bonded water-d1/ethylene
conformation. The mid-infrared observations reveal a perturbed O-D stretching in-
dicating that water-d1 and ethylene interacts by a deuterium bond.

Table 2.11: MP2/aug-cc-pVQZ quantum chemical predictions in the double harmonic
approximation for bands centers (units of cm−1) and corresponding in-
frared band strength (units of km·mol−1, in parenthesis) for the two ob-
served librational modes for isotopologues of the O-H· · ·π ethylene/water
dimer.

H2O/C2H4 DOH/C2H4 HOD/C2H4 D2O/C2H4

ω16 345.1 (37) 344.6 (42) 249.4 (16) 248.8 (21)
ω17 239.6 (84) 205.2 (50) 204.4 (52) 184.2 (35)

Investigations of larger molecular clusters can possibly shed light on the broad spec-
tral feature that appears at higher concentration of ethylene and water. The broad
spectral feature with a band center of 214.5 cm−1 grows in intensity when the concen-
tration of the dopants are increased in the matrix. At higher concentrations the broad
feature splits into two overlapping bands with band centers of 222.3 cm−1 and 213.6
cm−1. Harmonic frequency calculations of larger mixed ethylene/water cluster enti-
ties are consulted to investigate these new spectral features. The most likely situation
is the appearance of a mixed ternary complex. The minimum energy conformation
at the MP2/aug-cc-pVTZ level of theory for the ethylene/water/ethylene ternary
complex with two C-H · · ·π hydrogen bonds is predicted to have two very strong
intermolecular vibrational bands at 315.5 cm−1 and 320.8 cm−1 with intensities of
87 km·mol−1 and 111 km·mol−1 respectively. The water/water/ ethylene ternary
complex show strong absorptions at 301.0 cm−1 with intensity of 162 km·mol−1,
and another strong band at 250.1 cm−1 with intensity of 79 km·mol−1 as well as
two high frequency features predicted at 501.2 and 612.4 cm−1. The ternary wa-
ter/water/ethylene complex has been observed by Engdahl and Nelander [152] while
Thompson et al. [174] have observed the ethylene/water/ethylene ternary complex.
Both observations of the ternary complexes of ethylene and water were made in cryo-
genic argon matrices.

Both ternary complexes are predicted to be stronger than the water/ethylene dimer
with dissociation energiesD0 of 13.8 kJ·mol−1 for the ethylene/water/ethylene ternary
complex and 25.2 kJ·mol−1 for the ternary water/water/ethylene complex using coun-
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(a) The water/water/ethylene
ternary complex

(b) The ethylene/water/ethylene
ternary complex

Figure 2.12: Minimum geometries of the ternary complexes of water and ethylene opti-
mized at the MP2/aug-cc-pVTZ level of theory.

terpoise corrected geometry optimizations and harmonic frequency calculations at the
MP2/aug-cc-pVTZ level of theory and CCSD(T)/aug-cc-pVTZ for the calculation of
the dissociation energy De. By employing the scale factor determined from the as-
signments of the water/ethylene dimer and the harmonic frequency predicted band
origins to compensate for the anharmonicity, the two predicted bands for the ethy-
lene/water/ethylene trimer shift into the range of the two observed bands. A higher
concentration of ethylene than water is used in the experiments and it is highly un-
likely that the observed trimers include two water molecules, although this cluster
entity is predicted to be much stronger. The far-infrared region revealed no new
bands that could lead to an assignment of mixed water/water/ethylene trimer, thus
the two bands observed at 222.3 cm−1 and 213.6 cm−1 are tentatively assigned to
the ethylene/water/ethylene trimer.

The dissociation energy De at the CCSD(T)/aug-cc-pVQZ level of theory is deter-
mined to be 11.1 kJ·mol−1 or 935 cm−1 for the ethylene/water dimer. Combined
with MP2/aug-cc-pVQZ harmonic zero-point vibrational energies the theoretical dis-
sociation energy D0 is determined at 518 cm−1. A semi-empirical estimation of
the zero-point is made from the harmonic predictions of perturbed intramolecular
fundamental vibrational transitions that contribute -24 cm−1 to the intermolecular
zero-point vibrational energy. From the four intermolecular vibrational transitions
that have not been observed 149 cm−1 is added to the intermolecular zero-point
vibrational energy from the harmonic frequency predictions, while an empirical con-
tribution of 221 cm−1 is added from the two observed librational transitions resulting
in a total intermolecular zero-point vibrational energy of 347 cm−1. From the the-
oretical dissociation energy De a semi-empirical dissociation energy D0 of 589 ± 15
cm−1 is estimated including uncertainties. The experimental observations of the two
librational modes that correspond to approximately 70 % of the intermolecular zero-
point vibrational energy thus have a signi�cant impact on the determined dissociation
energy D0.
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The intermolecular zero-point vibrational energy is estimated to be the upper limit
based on the contribution from harmonic frequency shifts. The semi-empirical dis-
sociation energy is therefore estimated to be the lower limit for the true dissociation
energy D0.

The observations between water and unsaturated hydrocarbons in the form of ethy-
lene and acetylene provide direct observations of the intermolecular potential energy
surface of two weakly bound molecular clusters. The nature of the intermolecular
vibrational modes directly illustrates whether a hydrocarbon and water interact by
formation of a C-H · · · O hydrogen bond resulting in observation of a single inter-
molecular vibrational mode in the terahertz region or by formation of an O-H · · ·π
hydrogen bond in which two high-frequency librational transitions are observed. The
determined dissociation energies D0 reveal a hydrogen bond interaction energy for
the C-H · · · O hydrogen bonded acetylene/water complex of 768 ± 25 cm−1, similar
to the dissociation energy of the weak van der Waals complex of carbon dioxide and
water of 738 ± 25 cm−1, while the dissociation energy of the O-H · · ·π hydrogen
bonded water/ethylene dimer of 589 ± 15 cm−1 is smaller.

2.3 Semi-Empirical Vibrational Zero-Point Energies

The total zero-point vibrational energy has a signi�cant impact of the dissociation
energy D0 of weakly bound molecular clusters as evident by the investigated weakly
bonded clusters of acetylene, ethylene, carbon dioxide and water. The main con-
stituents of the zero-point vibrational energy are the red-shifted donor O-H or C-H
stretching for hydrogen-bond interactions and more importantly the appearance of
several large-amplitude intermolecular vibrational transitions for the interactions be-
tween hydrocarbons. The intermolecular zero-point vibrational energy for the carbon
dioxide/water dimer is almost completely characterized by intermolecular vibrational
transitions. The intermolecular vibrational modes often involve movement of both
subunits in large-amplitude and highly anharmonic motions that are notoriously dif-
�cult to predict by computational chemistry. The spectroscopic observations of the
intermolecular vibrational modes can be directly used to characterize the intermolec-
ular potential energy surface. The harmonic MP2 frequency band origin predictions
are often blue-shifted relative to the true anharmonic values, which result in a zero-
point vibrational energy that is overestimated and a dissociation energy D0 that is
underestimated. The dissociation energy De at the CCSD(T)/aug-cc-pVQZ level
of theory and the zero-point vibrational at the MP2/aug-cc-pVQZ level of theory
are listed in Table 2.12 for the weakest studied complexes of acetylene/water, carbon
dioxide/water and water/ethylene. The dissociation energies D0 are determined from
a theoretical dissociation energy De combined with a theoretical or experimentally
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corrected (semi-empirical) intermolecular zero-point vibrational energy for the three
di�erent mixed complexes.

Table 2.12: The electronic dissociation energy De and the dissociation energy
D0 at the CCSD(T)/aug-cc-pVTZ level of theory combined with
a theoretical or (semi)-empirical MP2/aug-cc-pVQZ zero-point vi-
brational energies for the most stable mixed complexes of water
with acetylene, ethylene and carbon dioxide (in units of cm−1).

De ZPEcalc
tot D0

calc
tot ZPEexp

tot D0
exp
tot

C2H2/H2O 1044 276 768 257 786 ± 15
CO2/H2Oa 1004 274 730 266 738 ± 15
H2O/C2H4 935 417 518 347 589 ± 15
a see ref. [131]

Three di�erent weak intermolecular interactions are represented by the mixed hy-
drated molecular clusters; a weak C-H · · · O hydrogen bond, a weak O-H · · ·π
hydrogen bond and a weak van der Waals interaction. Even though the intermolecu-
lar interactions are of a di�erent character and the resulting dissociation energies De

are of similar value, the dissociation energies D0 are very di�erent when corrected
for the zero-point vibrational energies.

For the weak van der Waals interaction between carbon dioxide an almost negligible
contribution from perturbed intramolecular vibrational modes accounts to approxi-
mate 2 cm−1, thus the intermolecular zero-point vibrational energy is almost solely
characterized by the �ve large-amplitude intermolecular vibrational modes. Direct
spectroscopic observations of the intermolecular vibrational modes is thus crucial for
an accurate determination of the interaction energy. Three out of �ve large-amplitude
intermolecular vibrational modes were observed and assigned, these three intermolec-
ular vibrational modes together correspond to roughly 75% of the intermolecular zero-
point vibrational energy. When combined with the theoretical dissociation energy De

by Makarewicz [131] a (semi)-empirical dissociation energy of 738 ± 15 cm−1 can be
estimated including experimental and theoretical uncertainties. The small di�erence
between the theoretical and experimental zero-point vibrational energies is rather
surprising. It can perhaps best be explained by a fortuitous cancellation of errors,
especially as the harmonic frequency band origins are blue-shifted and the zero-point
vibrational energies are overestimated for all other studied hydrated molecular clus-
ters.

For the interaction between acetylene and water a single intermolecular vibrational
mode has been observed for the C-H· · ·O hydrogen bond interaction, nevertheless
the zero-point vibrational energy contribution from that intermolecular vibrational
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mode alone increases the stability of weakly bound complex by 18 cm−1. Only a
single high-frequency intermolecular vibrational mode is predicted for the class of
intermolecular vibrational modes for the acetylene/water dimer, with the remaining
four intermolecular vibrational modes predicted below 100 cm−1. The net result is
a low intermolecular zero-point vibrational energy and in turn a higher dissociation
energy D0. That is, however, not the case for the interaction between ethylene and
water where two librational transitions are predicted at 345 cm−1 and 240 cm−1 for
the O-H · · ·π interaction, signi�cantly increasing the intermolecular zero-point vibra-
tional energy when compared to the to C-H · · · O interaction of acetylene and water.
The two observed large-amplitude intermolecular vibrational modes correspond to
70% of the total intermolecular zero-point vibrational energy. The terahertz absorp-
tion observations at 255 cm−1 and 188 cm−1 for the two intermolecular vibrational
modes signi�cantly a�ect the zero-point vibrational energy and in turn increase the
dissociation energy from a theoretical value of 518 cm−1 to a (semi)-empirical value
of 589 cm−1.

The highly anharmonic donor librational transition for water/ethylene involves move-
ment over the delocalized π-electron cloud. The motion highly resembles the out-of-
plane donor OH librational mode for the interaction between water/alcohols and
alcohol dimers, where it for the methanol dimer has been shown experimentally that
the anharmonic contribution accounts for 100 cm−1 [40]. For the shallow potential
energy surfaces for the mixed complexes of water with ethylene, acetylene and carbon
dioxide VPT2 calculations are unreliable and often fail. The harmonic frequency cal-
culations are thus the only option for non-specialists, and future work of anharmonic
predictions for weakly bonded molecular clusters are highly needed.
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2.4 Strong O-H · · · Hydrogen Bonding between Al-

cohol and Water

Intermolecular hydrogen bonding between alcohols and water is of general interest.
It ranges from fundamental microscopic aspects related to conformational isomerism,
hydrogen bond donor/acceptor preferences and the large-amplitude hydrogen bond
vibrational motion introduced upon complexation to more applied macroscopic as-
pects related to hydrophobic e�ects and the optimization of experimental separation
technologies of bulk alcohol/water mixtures and bio-fuels. The blue-shifted hydro-
gen bonded donor torsional mode can be described as an almost genuine localized
displacement of the hydrogen bonded hydrogen atom, and not as torsional or rota-
tional. The displacement of the hydrogen atom thus directly probes the anharmonic
hydrogen bond potential and may be regarded as one of the most sensitive markers
of hydrogen bonding [40].

The intermolecular interactions have previously been demonstrated to be respon-
sible for macroscopic thermodynamic anomalies [175] such as negative heats of mix-
ing [176, 177] and negative excess volumes [178, 179] of bulk alcohol/water mixtures.
The anomalies can be explained by combined infrared and Raman spectroscopy of
isolated clusters of alcohol and water [50, 180], and depend strongly on the relative
hydrogen bond energies of mixed alcohol/water complexes versus the pure complexes
of alcohols and water [181,182].

Internal rotation or torsional motion are present for alcohols due to the �exibility
of the alcohol group. A thorough study of the investigated alcohol monomer is neces-
sary for the understanding of the properties for the mixed alcohol/water clusters and
alcohol clusters. Methanol, the most simple alcohol, is one of the most important
molecules for studying torsional motion. The torsional vibration is a large-amplitude
motion that involves counter-rotation of two parts of the molecule with respect to
each other. For methanol the alcohol group will rotate with respect to the methyl
group. The coupling between the anharmonic torsional motion and other vibrational
modes is known to accelerate the intermolecular energy transfer [183, 184] and is
highly important for the general development of molecular force �elds for �exible
molecules [185].

The hydrogen bonded methanol dimer, which involves the most simple organic hy-
drogen bond, has been studied by spectroscopy [186�191], and by theory [192�196].
A sensitive probe for the hydrogen bond interaction is the red-shifted O-H stretch-
ing mode for hydrogen bond donor molecule. A large elongation of the O-H bond
distance and signi�cantly increased OH transition dipole moment results in a pro-
nounced red-shift and a large gain in infrared intensity, as described by Badger and
Bauer [14]. The intensity increase is related to the interaction energy as described
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by Iogansen [197]. The red-shifting and intensity gain combined are one of the key
parameters in the IUPAC de�nition of a hydrogen bond [6]. Several experimental
approaches have reported the donor OH stretching mode around 3575 cm−1 for the
methanol dimer with a spectral red-shift of 111 cm−1 from the monomer funda-
mental [41, 198�201]. A thorough VPT2 analysis by Heger et al. have decomposed
this band into a harmonic contribution of about 121 cm−1 [196] and a diagonal an-
harmonicity correction of 26 cm−1 [202] leaving about -36 cm−1 for the combined
coupling with other vibrational modes.

2.4.1 The Simplest Organic Hydrogen Bond

The large-amplitude torsional motion of methanol is investigated for the simplest or-
ganic hydrogen bond between two methanol molecules. Previous studies of methanol
embedded in cryogenic matrices of para-hydrogen [203] and neon [204,205] have shown
to completely forbid the overall rotational motion of methanol but still allow for the
anharmonic internal torsional motion, that is slightly hindered compared to gas phase
values. The torsion-vibration splittings caused by the torsional tunneling therefore
still exist in cryogenic matrices, however, the standard A-A and E-E selection rules
are no longer valid in the matrix environments [204]. The torsional fundamental of
methanol gives rise to four di�erent sub bands, as illustrated in Figure 2.13.

Figure 2.13: Far-infrared absorption spectra of 1.0 cm−1 resolution of methanol embedded
in cryogenic neon matrices at 2.8 K, 6 K, 9 K and subsequent 3 K after
annealing. The �gure is reprinted with permission from AIP publishing [40].

The ground state splitting caused by the torsional tunneling is reduced from gas
phase values of 9.1 cm−1 to 6.7 cm−1, whereas the splitting of the �rst excited tor-
sional state is reduced from 86.5 cm−1 to 56.2 cm−1 [204]. These splittings can be
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revealed in a neon matrix by varying the population of each energy state by annealing
experiments. The recorded far-infrared absorption spectrum of 1.0 cm−1 resolution
of methanol at 2.8 K, 6 K, 9 K and subsequent cooling to 3 K are shown in Figure
2.13. The temperature e�ect highlights the ground state and �rst excited state split-
tings. The transitions that originate from the A sub-level of the ground state to the
A and E sub-level of the �rst excited torsional state are observed at 212 cm−1 and
269 cm−1 respectively and are favored at cold temperatures. By annealing, the E-E
and E-A transitions gain intensity as the E -sub level of the ground state becomes
more populated at higher temperatures and can be observed at 206 cm−1 and 262
cm−1. These bands are red-shifted by 6.7 cm−1 compared to the cold transitions,
which is the vibrational ground state splitting. Another band is also present in the
record far-infrared absorption spectra for matrices containing methanol. The band
at 286 cm−1 is reproducible and depends more on the concentration than the four
monomer components, this points to a dimer origin as methanol trimers can be ruled
out in matrices containing methanol in the h region which is supported by the lack
of OH-stretching trimer bands, that previously have been observed in supersonic jet
expansions [201].

The entire far-infrared absorption spectrum of 1.0 cm−1 of methanol embedded in a
cryogenic neon matrix is shown in Figure 2.14. For the black methanol spectrum, a
strong band is observed at 446 cm−1 and a weaker band at 507 cm−1 in the upper
far-infrared region. The broad bands have previously been assigned by Perchard [204]
to the overtones of the torsional fundamental from the A-sub level. A small and vary-
ing band at approximate 525 cm−1 is assigned to a methanol-water complex, which
shall be discussed in detail in section 2.4.2. A strong band appears at 558 cm−1

for matrices with higher concentration of methanol. The concentration dependency
of this band matches the concentration dependency of the 286 cm−1 band and is
thus assigned to the donor OH librational band for the methanol dimer. The band
position of 558 cm−1 is slightly o� the values observed on supersonic jet expansions
at 551 cm−1 and 567 cm−1 [40]. The spectral resolution of 4 cm−1 and overlapping
vibrational transitions from larger methanol clusters make it di�cult to con�dently
assign the donor librational band for the methanol dimer, and the methanol dimer in
the supersonic jet expansions is thus assigned at 560 ± 10 cm−1. The normal mode
illustrations for the two observed librational motions are shown in Figure 2.15.

Isotopic substitution of methanol is used to support the proposed assignment of the
methanol dimers. The recorded far-infrared absorption spectra of 1.0 cm−1 resolu-
tion of methanol and methanol-d1 embedded in cryogenic neon matrices at 2.8 K are
shown together in Figure 2.14, including inserts for methanol-d3 and methanol-d4 in
the region of the donor OH/OD librational modes. The inevitable H/D exchange in
the inlet tubing during deposition makes it di�cult to study methanol-d1 without
regular methanol impurities.

The torsion-vibration splitting of methanol-d1 is smaller than for regular methanol
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Figure 2.14: Far-infrared absorption spectra of 1.0 cm−1 resolution of methanol and
methanol isotopologues embedded in cryogenic neon matrices at 2.8 K. The
label m, a and d refer to a monomer, dimer donor and dimer acceptor tran-
sition respectively, while the (OH)/(OD) refer to the alcohol group.

due to the slower tunneling of the heavier deuterium atom resulting in a much smaller
vibrational ground state splitting. The vibrational splitting of the �rst excited tor-
sional state must thus be very close to the di�erence between the two observed bands
at 187.5 and 205.5 cm−1. The small H/D exchange during deposition does not prevent
clear assignment of the donor OD librational band at 420.1 cm−1 and the acceptor
OD torsion at 234.3 cm−1 that appears as a shoulder on the torsional A-A transition
of methanol-d1. For methanol-d3 with a completely deuterated methyl group sev-
eral monomer bands are observed in the OH torsional region in accordance with the
observations by Perchard [204]. The strong monomer bands are slightly red-shifted
due to the heavier isotopes and can be observed at 196.8 cm−1, 202.7 cm−1, 251.5
cm−1 and 260 cm−1 for the E-E, A-E, E-A and A-A transitions. Two new repro-
ducible spectral features appear at higher methanol-d3 concentrations, a feature at
557.3 cm−1 and a feature at 285.8 cm−1. These two new bands are observed in close
vicinity of the regular dimer and can be assigned to the donor OH librational mode at
557.3 cm−1 and the acceptor OH torsional mode at 285.3 cm−1 for the methanol-d3
homodimer. A small but reproducible isotopic red-shift of 0.2 cm−1 is observed for
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(a) The high-frequency donor OH
librational mode

(b) The low-frequency acceptor OH
torsional mode

Figure 2.15: Normal mode illustrations of the high-frequency donor OH librational mode
and the low-frequency acceptor OH torsional mode for the methanol dimer.

the donor librational transition for methanol-d3 relative to regular methanol. For the
fully deuterated methanol-d4, the monomer transitions are in accordance with the
bands observed by Perchard [204]. A new reproducible feature is observed at 418.9
cm−1 and assigned to the donor OD librational mode of the methanol-d4 dimer. The
acceptor torsional mode is overlapped by a broad monomer transition with band
center of 220 cm−1 and is not assigned. The assignments for the acceptor OH/OD
torsional mode and donor OH/OD librational mode for the homodimers of regular
methanol and methanol isotopologues are listed in Table 2.13.

Table 2.13: The observed band origins (in units of cm−1) for the acceptor OH/OD
torsional mode and the donor OH/OD librational mode of homodimers
of methanol, methanol-d1, methanol-d3 and methanol-d4 embedded in
cryogenic neon matrices at 2.8 K.

(CH3OH)2 (CH3OD)2 (CD3OH)2 (CD3OD)2
acceptor torsion 285.8 234.3 285.8 a

donor libration 557.5 420.1 557.3 418.9
a Not assigned due to monomer overlap
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2.4.2 Hydrogen Bonding between Alcohols and Water

A very limited amount of experimental spectroscopic data are reported in the lit-
erature for mixed binary alcohol-water complexes. Rotational spectroscopic stud-
ies of adiabatically cooled mixed complexes of water with methanol [206] and t-
butanol [207] have unraveled the structure of the conformers where the water subunit
acts as the hydrogen bond donor. The conformations in which the alcohol subunit
acts as the hydrogen bond donor were not detected under the cold conditions of
the molecular beam studies. Recent combined infrared and Raman investigations
have observed red-shifted OH-stretching bands for mixed complexes of water with
methanol and ethanol observed in supersonic jet expansions [50, 180]. The observed
vibrational spectral signatures support the hydrogen bond donor/acceptor relation-
ships found in the previously mentioned rotational microwave studies [206,207]. A few
other experimental studies of this vibrational OH-stretching manifold have been re-
ported for mixed water complexes with methanol and ethanol embedded in cryogenic
matrices of nitrogen and argon [208,209]. In the most perturbing matrix environment
of nitrogen a reversed donor/acceptor relationship has been observed although severe
site e�ects blurred the OH-stretching signatures of the alcohol donor subunits. This
opposite donor/acceptor relationship observed in cryogenic nitrogen matrices has
been explained by weak cooperative attractive interactions between the OH groups
and the N2 host molecules [49]. The strength, directionality and anharmonicity of
the intermolecular interactions can be probed by the large-amplitude intermolecular
OH vibrational modes in the challenging far-infrared region of the electromagnetic
spectrum, as shown for the methanol dimer in the previous section. The mixed water
complexes with the simplest primary alcohol, methanol, and the simplest tertiary
alcohol, t-butanol, are the systems of choice as conformational isomerism is absent.
The minimum energy conformations of methanol interacting with water optimized
at the MP2/aug-cc-pVTZ level of theory is illustrated in Figure 2.16 while the t-
butanol/water conformations are shown in Figure 2.17 at the same level of theory.

The recorded far-infrared absorption spectra of 1.0 cm−1 resolution of several millime-

(a) Methanol/water (b) Water/methanol

Figure 2.16: Minimum energy geometries of the two conformations of the mixed
methanol/water dimer.
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(a) t-butanol/water (b) Water - t-butanol

Figure 2.17: Minimum energy geometries of the two conformations of the mixed t-
butanol/water dimer.

ter thick cryogenic neon matrices doped with pure water (H2O:Ne) = (1:2000), pure
methanol with traces of water (CH3OH:H2O:Ne) = (3:1:13000) and di�erent isotopic
water/methanol mixtures (CH3OH:H2O:Ne)=(3:2:6000) at 2.8 K are shown in Figure
2.18. The torsional coupling of the vibrational ground state and the corresponding
torsional vibrational transition of the methanol monomer results in transitions at
206 cm−1, 212 cm−1, 262 cm−1 and 269 cm−1, with overtones observed at 447 and
507 cm−1, as determined in the previous section. The methanol dimer donor OH
librational mode was observed at 558 cm−1 and the OH acceptor torsional transition
at 286 cm−1 [40]. Assignment of the librational features of methanol-water was at
�rst not possible with dedicated concentration dependency series. The band at 527.3
cm−1 is overlapped by the water dimer band at 522.4 cm−1. Upon annealing to 9 K
the intensity of this band increased signi�cantly without returning to the initial state
after subsequent cooling to 2.8 K. This points to a build up of molecular clusters in
the soft matrix driven by di�usion. As minor traces of water are always present in
the inlet system the appearance of this band with increased intensity after annealing
suggests a mixed methanol/water complex. The overlap between the out-of-plane
donor OH librational mode of the water dimer at 522.4 cm−1 suggests that water is
the hydrogen bond donor in the mixed methanol/water complex.

Partial H/D isotopic substitution, illustrated by the three inserts in Figure 2.18 of
the individual subunits, eased the assignment of the donor/acceptor relationship be-
tween alcohol and water. The isotopic substitution of water with water-d2 introduces
a signi�cant isotopic red-shift from 527.3 cm−1 to 397.6 cm−1, con�rming that wa-
ter acts as the hydrogen bond donor. The observed band origin for the water-d2 -
methanol band is close to the water-d2 dimer out-of-plane donor librational mode at
393.2 cm−1 [73]. Isotopic H/D substitution on the alcohol group of methanol intro-
duces a minor red-shift of 4 cm−1 for the out-of-plane donor OH librational mode
con�rming a hydrogen bond acceptor role of the methanol subunit. The red-shift of
the in-plane donor OH librational band is around 13 cm−1 and thus slightly larger
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Figure 2.18: Far-infrared absorption spectra of 1.0 cm−1 resolution of cryogenic neon ma-
trices doped with pure water (H2O:Ne) = (1:2000), pure methanol with
traces of water (CH3OH:H2O:Ne)=(3:1:13000) and di�erent isotopic wa-
ter/methanol mixtures (CH3OH:H2O:Ne)=(3:2:6000) at 2.8 K

than the out-of-plane mode. A closer look at the normal mode illustrations in Figure
2.19 reveal that the high-frequency out-of-plane donor OH librational mode is an al-
most localized and genuine motion of the hydrogen atom not involving the dangling
OH group on the water molecule. The low-frequency in-plane donor OH librational
mode can be pictured as a hindered overall c-axis rotation of the water subunit. The
large-amplitude motion of the in-plane OH librational motion of the whole water
molecule thus has a more signi�cant e�ect on the center of mass, and is thus more
a�ected by isotopic substitution of the methanol subunit. All observed out-of-plane
and in-plane OH librational modes for the water/methanol complexes including iso-
topic substitutions are listed in Table 2.14.

The far-infrared spectra of t-butanol embedded in cryogenic neon matrices is domi-
nated by complex alcohol and methyl torsional motions for the t-butanol monomer
below 300 cm−1. Initial strong features are observed at 208.5 cm−1 and 231.7 cm−1,
while minor features appear at 254.4 cm−1, 274.3 cm−1 and 277.1 cm−1. The simi-
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(a) The high-frequency out-of-plane
donor OH librational mode

(b) The low-frequency in-plane
donor OH librational mode

Figure 2.19: Normal mode illustrations of the high-frequency out-of-plane donor OH li-
brational mode and the low-frequency in-plane donor OH librational mode
for the water/methanol dimer.

larities between methanol and t-butanol suggests that the two strong low lying fea-
tures are OH torsional transitions while the bands appearing at higher frequencies
involve methyl torsion. A complete analysis of the torsional modes of the t-butanol
monomer is outside the scope of this study. In addition to the torsional transitions,
the monomer of regular t-butanol in contrast to methanol exhibits several intramolec-
ular skeletal fundamental transitions in the far-infrared spectral region [210]. The
far-infrared absorption spectra of 1.0 cm−1 resolution are shown in Figure 2.20 in
the region from 300 cm−1 to 600 cm−1 for several millimeter thick cryogenic neon
matrices doped with pure water (H2O:Ne) = (1:2000), t-butanol with small traces
of H2O (C(CH3)3OH:H2O:Ne) = (4:1:4000) and di�erent isotopic t-butanol/water
mixtures (C(CH3)3OH:H2O:Ne) = (5:2:3000) at 2.8 K. In the region from 300 cm−1

to 600 cm−1 the neon matrices doped solely with t-butanol reveal two CCC bending
fundamentals at 343.4 cm−1 and 356.0 cm−1. The symmetric CCO bending funda-
mental is assigned at 420.2 cm−1, while the two stronger asymmetric CCO bending
fundamentals are assigned between 450 cm−1 and 475 cm−1. A higher mixing ratio
was used to study the t-butanol/water complexes as compared to methanol. Infrared
spectra recorded in the mid-infrared region was used to eliminate any formation of
mixed trimers of water and t-butanol based on observations in the O-H stretching
region.

As for methanol, two new bands appear in close vicinity of the water OH librational
modes for matrices doped simultaneously with water and t-butanol. This observa-
tion again indicates that the water subunit acts as the hydrogen bond donor in the
mixed complexes with t-butanol and supports the �ndings of Evangelisti et al. by



64 Experimental Results and Discussion

Figure 2.20: Far-infrared absorption spectra of 1.0 cm−1 resolution of cryogenic neon ma-
trices doped with pure water (H2O:Ne) = (1:2000), pure t-butanol with traces
of H2O ((CH3)3CHOH:H2O:Ne) = (4:1:4000) and di�erent isotopic water/t-
butanol mixtures ((CH3)3CHOH:H2O:Ne) = (5:2:3000) at 2.8 K

rotational microwave spectroscopy [207]. A strong feature is observed at 556.6 cm−1,
blue-shifted approximately 35 cm−1 relative to the out-of-plane librational mode for
the water dimer. This feature is assigned to the out-of-plane librational mode of the
mixed t-butanol/water complex. A lower lying feature at 318.2 cm−1 is assigned
to the in-plane donor OH librational band for the mixed complex and this band
appears as a shoulder on the water dimer transition at 309.1 cm−1. Isotopic H/D
substitution con�rmed the donor/acceptor relationship between water and methanol.
Isotopic H/D substitution of the alcohol group (t-butanol-d1) and the entire alcohol
(t-butanol-d10) introduced a minor red-shift of 7.5 cm−1 for the donor OH libra-
tional band indicating that water is the hydrogen bond donor and that t-butanol is
the hydrogen bond acceptor. The high-frequency donor OH librational band for the
water-d2 complex with t-butanol is expected in the region of the strong CCO bending
fundamental around 420.2 cm−1, assuming the band origin ratio of 1.33 observed for
the methanol-water complex. The high-frequency out-of-plane OD librational transi-
tion is located at 393.2 cm−1 for the water-d2 dimer and the strong shear librational
band of water-d2 trimer is located around 428 cm−1 [17]. Nevertheless, independent
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Table 2.14: The observed high-frequency out-of-plane (νlib,1) and low-
frequency in-plane donor (νlib,2) OH (OD) librational band origins
(cm−1) for isotopic water complexes and isotopic mixed complexes
of water with methanol or t-butanol embedded in cryogenic neon
matrices at 2.8 K.

Donor-Acceptor νlib,1 νlib,2 Donor-Acceptor νlib,1 νlib,2
H2O-H2O 522.4a 309.1a D2O-D2O 393.2a 233.5a

H2O-CH3OH 527.3 b D2O-CH3OH 397.6 c

H2O-CH3OD 523.7 296.2 D2O-CH3OD 395.0 c

H2O-CD3OD 523.9 295.9 D2O-CD3OD c c

H2O-C(CH3)3OH 556.6 318.2 D2O-C(CH3)3OH 427.7 d

H2O-C(CH3)3OD 548.9 298.1 D2O-C(CH3)3OD e 242.4
H2O-C(CD3)3OD 549.0 f

a Ceponkus et al. [73] bOverlapped with (H2O)2
cOverlapped with (D2O)2 dOverlapped with C(CH3)3OH
eOverlapped with C(CH3)3OD fOverlapped with C(CD3)3OD

experiments reproduced a new distinct spectral feature at 427.7 cm−1 on the high-
frequency shoulder of the symmetric CCO bending fundamental band of t-butanol.
The intensity of this band clearly increases upon annealing to 9 K without subsequent
relaxation when the matrix is cooled to 2.8 K. The soft and �exible neon matrix at
9 K makes it possible for water molecules to move inside the matrix and will thus
trigger the formation of complexes. The higher concentration of t-butanol, combined
with a higher mass and almost no di�usion, make t-butanol a more likely collision
partner for water molecules that move around in the matrix, thus the formation of
mixed complexes are favoured. The signi�cant intensity gain of the 427.7 cm−1 band
relative to the water-d2 dimer band after annealing supports the assignment of the
high-frequency donor OD librational band for water-d2 with t-butanol.

The in-plane low-frequency OD librational transition at 242.4 cm−1 is proposed for
the mixed complex of water-d2 with t-butanol-d1. The out-of-plane donor OH libra-
tional mode is highly localized, whereas the low-frequency in-plane librational mode
might couple with the intramolecular skeletal motions of the t-butanol subunits.

The observed librational features indicate a stronger hydrogen bond interaction be-
tween water and t-butanol than between water and methanol. An inductive e�ect
of the bulky alkyl groups of t-butanol improves the acceptor quality of the oxygen
atom. A more sti� hydrogen bond and a more hindered internal rotational motion
increases the band origins for the donor OH librational modes when the hydrogen
bond acceptor changes from water to methanol to t-butanol. It has previously been
demonstrated by a far-infrared jet study that alkylation strengthens and sti�ens the
hydrogen bond interaction between alcohol molecules [39].
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Ab initio calculations with high degrees of electron-correlation of the electronic dis-
sociation energy have been used to study the dissociation energy of the molecu-
lar complexes. Molecular geometries were optimized at the MP2/aug-cc-pVTZ or
MP2/aug-cc-pVQZ level of theory including the counterpoise correction scheme of
Boys and Bernardi, with subsequent single point energies calculated using CCSD(T).
Harmonic frequency calculations were performed to determine the intermolecular
zero-point vibrational energy. The dissociation energy of the most stable methanol-
water conformer and the energy di�erence between methanol as hydrogen bond donor
or acceptor are listed in Table 2.15 for the combined ab initio quantum chemical
methodologies. Additional Density Functional Theory calculations are available in
the paper "The in�uence of large-amplitude librational motion on the hydrogen bond
energy for alcohol-water complexes", and are not included in Table 2.15. The bench-
mark level of theory available for both the methanol/water dimer and the larger
t-butanol/water dimer applies the MP2/aug-cc-pVTZ level of theory for geometry
optimizations and the CCSD(T)-F12/aug-cc-pVTZ level of theory for an improved
determination of the electronic dissociation energy De. The benchmark energy at
the MP2/aug-cc-pVTZ/CCSD(T)-F12/aug-cc-pVTZ level of theory for the most sta-
ble methanol-water conformer agrees with the highest level of theory MP2/aug-cc-
pVQZ/CCSD(T)/CBS within 1.02 and 0.01 kJ·mol−1 for the dissociation energy De

and the energy di�erence between the conformers. The benchmark level of theory
is thus expected to provide reliable results for the complexes between water and the
more bulky t-butanol for which the MP2/aug-cc-pVQZ level of theory is inaccessible.
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Table 2.15: The electronic dissociation energy De for the most stable hydrogen bonded complex of water
with methanol or t-butanol and the di�erence of electronic dissociation energy between the two
di�erent conformers ∆E e predicted from several combined quantum chemical methodologies
for geometry and electronic energy calculations.

Geometry Optimizationa Electronic Energy De/kJ·mol−1 ∆E e/kJ·mol−1

Water/Methanol
MP2/aug-cc-pVTZ MP2/aug-cc-pVTZ 25.06 3.10
MP2-CP/aug-cc-pVTZb MP2/aug-cc-pVTZ 22.71 2.88
MP2-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 25.01 2.82
MP2-CP/aug-cc-pVTZb CCSD(T)-F12/aug-cc-pVTZ 24.62 2.65
MP2/aug-cc-pVQZ MP2/aug-cc-pVQZ 24.54 3.06
MP2-CP/aug-cc-pVQZb MP2/aug-cc-pVQZ 23.36 2.91
MP2-CP/aug-cc-pVQZb CCSD(T)-F12/aug-cc-pVTZ 24.66 2.65
MP2-CP/aug-cc-pVQZb CCSD(T)-F12/aug-cc-pVQZ 24.20 2.68
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVDZ 25.67 2.90
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVTZ 24.74 2.82
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVQZ 24.29 2.75
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pV5Z 23.92 2.67
MP2-CP/aug-cc-pVQZb CCSD(T)/CBS 23.60 2.64

Water/t-butanol
MP2/aug-cc-pVTZ MP2/aug-cc-pVTZ 30.09 6.90
MP2-CP/aug-cc-pVTZb MP2/aug-cc-pVTZ 26.75 6.31
MP2-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 30.06 6.65
MP2-CP/aug-cc-pVTZb CCSD(T)-F12/aug-cc-pVTZ 29.29 6.52
a RMS force criterion set to 10−6 (atomic units) for all geometry optimizations
b CP = Counterpoise Correction applied
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The predictions at the benchmark level of theory CCSD(T)-F12/aug-cc-pVTZ, listed
in Table 2.15, con�rms that t-butanol is a superior hydrogen bond acceptor to
methanol. The electronic dissociation energy is predicted to be 4.67 kJ·mol−1 larger
than the corresponding mixed complex with methanol.

The related dissociation energy D0 and the zero-point vibrational energy must be
discussed before reaching further conclusions. The dissociation energy De obtained
at the benchmark level of theory is combined with the zero-point vibrational energy
obtained in the double harmonic approximation at the MP2/aug-cc-pVTZ level of
theory. The calculated dissociation energy D0 determined for the regular complex
and heavy isotopologues of water, methanol and t-butanol are listed in Table 2.16.
The change of vibrational zero-point energy upon intermolecular hydrogen bond for-
mation is di�cult to predict computationally. In particular, it is di�cult to estimate
the large-amplitude and highly anharmonic OH librational modes. For the methanol
dimer the anharmonic contribution of the donor OH librational transition is in the
order of 100 cm−1 [40]. The benchmark harmonic band origin of 660 cm−1 com-
bined with the anharmonic contribution provides a theoretical band center of 560
cm−1 in excellent agreement with both the observed out-of-plane donor OH libra-
tional mode at 557.5 cm−1 in cryogenic neon matrices and the 560 ± 10 cm−1 band
center in a supersonic jet expansion [40]. An anharmonic VPT2 analysis [112] for
the mixed complex of water with methanol at the MP2/aug-cc-pVTZ level predicts
an overall anharmonicity of 18% for the high-frequency donor OH librational tran-
sition, similar to the predicted anharmonicity e�ect in the order of 15-20 % for the
methanol dimer [40]. A complete anharmonic VPT2 analysis for the mixed complexes
of methanol/water and especially t-butanol/water would stretch the reliability of the
computational approach.

The vibrational zero-point energy contributions have a signi�cant e�ect on the result-
ing ground-state energies D0 of the mixed alcohol-water complexes, as listed in Table
2.16. The vibrational zero-point energy accounts for between 5.6 and 8.4 kJ·mol−1 for
the mixed complexes with t-butanol depending on the isotope of t-butanol and the
hydrogen bond donor/acceptor role. The sum of experimental anharmonic zero-point
energy accounts for up to 5.2 kJ·mol−1 or minimum 60 % of the total vibrational zero-
point energy when water is the hydrogen bond donor. The last major contribution
to the vibrational zero-point energy is the red-shifted donor OH-stretching mode.
When water is the hydrogen bond donor the zero-point energy is slightly larger due
to two OH donor librational modes, whereas a single donor OH librational mode is
present when water is the hydrogen bond acceptor. The benchmark energy di�erence
prediction ∆E e of 6.5 kJ·mol−1 for the two conformers of the water complex with
t-butanol is converted into a smaller 4.2 - 5.3 kJ·mol−1 di�erence between the re-
sulting D0-values depending on the isotopic variants when the zero-point vibrational
contributions are incorporated.

In terms of the more simple mixed complexes of water and methanol, the total har-
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Table 2.16: The electronic dissociation energy De for MP2/aug-cc-pVTZ optimized
geometries with CCSD(T)-F12/aug-cc-pVTZa single point energies, the
total change of harmonic vibrational zero-point energy upon complexa-
tion ∆ZPEcalc

tot at the MP2/aug-cc-pVTZ level of theory and the result-
ing absolute dissociation energy D0 for mixed isotopic hydrogen bonded
donor-acceptor complexes together with the observed (anharmonic) con-
tribution to the zero-point energy from the class of donor OH librational
modes ∆ZPEexp

lib (all values in units of kJ·mol−1).

H2O-CH3OH CH3OH-H2O H2O-CH3OD CH3OD-H2O

De 24.62a 21.98a 24.62a 21.98a

∆ZPEcalc
tot 7.80 6.59 7.40 5.65

∆ZPEexp
lib 5.0 4.9

D0 16.82 15.39 17.22 16.33

H2O-CD3OD CD3OD-H2O D2O-CH3OH CH3OH-D2O

De 24.62a 21.98a 24.62a 21.98a

∆ZPEcalc
tot 7.52 5.90 6.25 5.85

∆ZPEexp
lib 4.9 [3.8]b

D0 17.10 16.08 18.37 16.13

H2O- C(CH3)3OH- H2O- C(CH3)3OD-

C(CH3)3OH H2O C(CH3)3OD H2O

De 29.29a 22.77a 29.29a 22.77a

∆ZPEcalc
tot 8.40 6.34 8.29 5.94

∆ZPEexp
lib 5.2 5.1

D0 20.89 16.43 21.00 16.83

H2O- C(CD3)3OD- D2O- C(CH3)3OH-

C(CD3)3OD H2O C(CH3)3OH D2O

De 29.29a 22.77a 29.29a 22.77a

∆ZPEcalc
tot 8.06 5.74 6.77 5.57

∆ZPEexp
lib 5.1 [4.0]b

D0 21.23 17.04 22.52 17.20
a Electronic dissociation energies De calculated at the CCSD(T)-F12/aug-cc-
pVTZ level based on optimized geometries at the MP2/aug-cc-pVTZ level.

b Includes the observed band origin of the high-frequency donor OD librational
mode and an anharmonically predicted band origin for the low-frequency
donor OD librational mode.
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monic vibrational zero-point energy accounts for between 5.9 - 7.8 kJ·mol−1 for the
conformers of the mixed methanol/water complexes depending on the isotopologues.
The sum of the experimental zero-point energy contributions from the donor OH
librational motion alone accounts for up to 5.0 kJ·mol−1, i.e. minimum 65%, of
the total vibrational zero-point energy for the conformer where water is the hydro-
gen bond donor. The energy di�erence at CCSD(T)/CBS ∆E e of 2.64 kJ·mol−1

between the two methanol/water conformations translates into a smaller 1.0 to 2.2
kJ·mol−1 di�erence between the resulting D0-values depending on the isotopic sub-
stitutions. The quantum chemical predictions are supported by a di�usion Monte
Carlo study [211] of the two water/methanol conformers.

The e�ect of the large-amplitude and anharmonic intermolecular donor OH libra-
tional motion on the absolute intermolecular hydrogen bond energy D0 for mixed
alcohol-water complexes demonstrated by the present experimental �ndings has been
explored previously for the pure complexes of water [73, 212]. The far-infrared spec-
troscopy studies have shown that deuterium-bonded water complexes are more stable
than the hydrogen bonded counterparts due to the di�erence in the total vibrational
zero-point energies.

The large-amplitude donor librational modes of the partial isotopically substituted
mixed complexes of water and alcohols have been observed and assigned in the chal-
lenging far-infrared region. The experimental results are supported by quantum
chemical calculations at the benchmark level of theory. The results have shown that
water acts as hydrogen bond donor upon complexation with aliphatic alcohols. The
contributions from the donor OH librational modes alone, are estimated to be 5.0 -
5.2 kJ·mol−1. A stronger intermolecular hydrogen bond results in a more hindered
internal rotational motion and thus an increased band origin for the high-frequency
hydrogen bond donor OH librational mode. In the mixed complexes of water with
methanol and t-butanol this feature acts as a measure of the hydrogen bond acceptor
properties of the alcohol molecule. The isotopic substitution allows for manipula-
tion of the overall vibrational zero-point energy due to a signi�cant spectral isotopic
red-shift of the donor OH librational modes upon H/D substitution. Nevertheless,
the large di�erence in dissociation energies De cannot overcome the change in vi-
brational zero-point energies and thus change the donor/acceptor properties for the
mixed complexes of water with methanol or t-butanol.
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2.4.3 Adaptive Aggregation between Ethanol and Water

(a) The low-frequency in-plane
donor OH librational mode

(b) The high-frequency out-of-
plane donor OH librational
mode

Figure 2.21: Normal mode illustrations of the observed donor OH librational modes for the
hydrogen bonded complex of water and ethanol in the gauche+ conformation.

The ethanol/water interaction is an excellent model system for describing molecular
clusters that interact by both traditional O-H · · · O hydrogen bonding and weak
C-H · · · O hydrogen bonding. In condensed phase the water/ethanol system has
been studied extensively due to the abnormal macroscopic properties. Among these
abnormal thermodynamic properties is the release of heat upon mixing of ethanol
and water at the macroscopic scale that can be described in terms of microscopic
interactions [50]. The energy landscape of the mixed dimer is an equilibrium of the
donor/acceptor properties of water and ethanol, already established by the interac-
tion of water with methanol and t-butanol, and the trans/gauche conformations of
the ethanol monomer.

The water/ethanol complex represents one of the simplest mixed hydrogen bonded
molecular systems where internal conformational degrees of freedom in�uence the
hydrogen bond formation. The internal rotating moieties for ethanol consist both of
the alcohol group and the methyl group which will greatly a�ect both the rotational
and vibrational spectra. Cryogenic neon matrices have shown to quench the overall
rotation of molecules but still allow for the large-amplitude vibrational motions such
as torsional motion of an alcohol group. In the mixed ethanol/water complex, the
ethanol subunit prefers the gauche conformation although the trans conformation is
the most stable for an isolated ethanol molecule [50, 180]. This is considered one of
the most elementary cases of adaptive aggregation, where a �exible molecule is forced
into a less stable conformation upon non-covalent binding to optimize the mutual in-
teraction energy [50,180].



72 Experimental Results and Discussion

Very limited spectroscopic data is available for the ethanol/water system. The ethanol
monomer has previously been studied in cryogenic argon matrices by Barnes and
Hallam [213], while the hydrogen bonding interaction between ethanol and water has
been studied by rotational spectroscopy [214]. In the rotational spectroscopy study
water was determined to be the hydrogen bond donor and ethanol in the gauche
conformation to be the hydrogen bond acceptor. The results illustrate a coopera-
tive e�ect between the strong O-H · · · O hydrogen bond and the weaker C-H · · · O
hydrogen bond. The geometry optimizations of the water/ethanol complexes reveal
�ve local minima energy conformations at the MP2/aug-cc-pVQZ level of theory,
the structures are illustrated in Figure 2.22. As evident from the geometry opti-

(a) weg+ (b) wet (c) weg−

(d) etw (e) egw

Figure 2.22: Minimum energy geometries of the mixed ethanol/water dimers optimized at
the MP2/aug-cc-pVQZ level of theory. w denotes water, e ethanol and the
conformation of ethanol are denoted by the subscript of g+, g− or t, corre-
sponding to the gauche+, gauche− and the trans-conformation respectively.

mizations the choice of the conformation of the ethanol subunit and the oxygen lone
pair is important. In the gauche+ conformation the O-H bond is rotated clockwise
or counterclockwise by 120 degrees relative to the trans conformation when viewed
along the C-C-O axis. A new asymmetric center emerges at the oxygen atom of
ethanol caused by the two lone pairs. In one conformation (weg−) water interacts
with the lone pair from ethanol that points away from the carbon backbone, which
results in a more extended structure. When water interacts with the other lone pair
closest to the carbon backbone a more compact structure (weg+) is achieved and a
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weak secondary C-H · · · O hydrogen bond is formed between a terminal C-H group
from ethanol and one of the available lone pairs from the water oxygen atom. The
weak secondary C-H · · · O hydrogen bond can likewise be realized between ethanol
in the trans conformation and water as the hydrogen bond donor (wet). Due to
rotation of the alcohol group and the two available lone pairs of the oxygen atom
in ethanol wet, weg− and weg+ have enantiomeric conformations. These are, how-
ever, indistinguishable by vibrational spectroscopy . The intermolecular hydrogen
bond distances for MP2/aug-cc-pVQZ optimized geometries are listed in Table 2.17.
The far-infrared spectrum of the ethanol monomer has been widely studied due to

Table 2.17: Intermolecular hydrogen bond distances (Å) for minimum energy confor-
mations of the ethanol - water dimers optimized at the MP2/aug-cc-pVQZ
level of theory

weg+ wet weg− etw egw
Primary O-H · · · O hydrogen bond 1.901 1.909 1.905 1.955 1.962
Secondary O-H · · · O hydrogen bond 2.695 2.829

the trans-gauche isomerism and the large-amplitude torsional motions of the alco-
hol and methyl groups [182, 215�220]. The complex splitting of bands due to the
�exible ethanol monomer have been studied theoretically [220] and the paper cites
several microwave studies to characterize the vibrational ground state and the trans-
gauche isomerism. For a higher level of detail about the excited energy sub-levels of
the ethanol monomer reference is made to the paper by Senent et al. and references
therein [220]. In the present far-infrared absorption spectrum of ethanol embedded in
cryogenic neon matrices (Ne:CH3CH2OH) = (1200:1), shown in Figure 2.23, a series
of weak and medium-intensity bands are observed beside the strong CCO bending
fundamental transition at 419.9 cm−1. A strong and sharp transition arise at 208.9
cm−1 with two shoulders at 206.5 cm−1 and 202.4 cm−1. The spectra further reveal a
broad medium-intense band at 287.4 cm−1, a medium-intense band around 258 cm−1

and a weaker band at 243 cm−1. These bands are in agreement with the coupled
torsional bands of the alcohol and methyl group [220]. Isotopic H/D substitution of
the alcohol group, both in ethanol-d1 and ethanol-d6 red-shifts the 287.4 cm−1 band
to below 200 cm−1 thus clearing the important spectral region from 300 cm−1 to 600
cm−1.

The far-infrared spectra, shown in Figure 2.24, for cryogenic neon matrices doped
with ethanol (Ne:CH3CH2OH:H2O) = (1200:1:0), water (1740:0:1) and a mixture of
ethanol and water (7200:4:3) simultaneously reveal new distinct bands in close vicin-
ity of the high-frequency out-of-plane and low-frequency in-plane donor OH libration
bands of the water/methanol dimer, the water/t-butanol and the water dimer. A
weak band appears around 320 cm−1 on the shoulder of the low-frequency in-plane
water dimer donor OH librational band at 309.1 cm−1. A stronger and more distinct
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Figure 2.23: Far-infrared absorption spectrum of ethanol (Ne:EtOH:H2O) = (1200:1:0)
and water (1740:0:1) embedded in cryogenic neon matrices at 2.8 K.

feature appears at 551.6 cm−1 corresponding to the out-of-plane donor OH librational
mode. The size of the blue-shift follows the trend previously observed in the inter-
action between water and methanol or t-butanol. The band origin of 551.6 cm−1

suggests a stronger interaction for the water/ethanol interaction than for the wa-
ter/methanol interaction, but slightly weaker than the water/t-butanol interaction.
The dual inlet procedure allow for an unambiguous assignment of the donor/acceptor
relationship of the interaction between ethanol and water. Isotopic substitution of the
water subunit results in an isotopic red-shift from 551.6 cm−1 to 412.5 cm−1, con�rm-
ing the previous hydrogen bond donor/acceptor properties from the methanol and
t-butanol studies. The low-frequency donor OD in-plane librational mode is shifted
to the congested spectral region of monomer bands belonging to the complex methyl
and alcohol torsional motions, allowing only a tentative assignment at 239.6 cm−1

for this band.

Isotopic substitution of ethanol deposited with regular water can be used to further
support the assignment. A small isotopic red-shift of 6 cm−1 is observed for the out-
of-plane donor OH librational mode for complexes of water/ethanol-d1 (1630:2:1) and
water/ethanol-d6 (1630:2:1). Contrary to the far-infrared spectra of regular ethanol,
the spectra of deuterated ethanol and regular water contain two distinct bands at
545.6 cm−1 and 541.1 cm−1. The intensity increase of these bands after annealing
suggests that two conformations are present in the matrix. The relative pre- and
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Figure 2.24: Far-infrared absorption spectra of 1.0 cm−1 resolution of cryogenic neon
matrices doped with pure water (Ne:EtOH:H2O) = (1740:0:1), pure
ethanol(1200:1:0), ethanol - water (7200:4:3), ethanol-D1-water (1630:2:1),
ethanol-D6-water (1630:2:1) and ethanol-D2O(1600:2:1) at 2.8 K. Parenthe-
sis of (a) and (b) denote after and before annealing at 9 K.

post-annealing intensity of the two bands di�er, with the high-frequency band at
545.6 cm−1 being more intense than the low-frequency band at 541.1 cm−1. The
most stable conformation of the ethanol-water dimer must be preferred as the matrix
becomes softer and small molecules are allowed to move "freely" inside the con�ne-
ment of the matrix environment. The band at 545.6 cm−1 must thus be related to
the most stable conformation of the dimer. An identical e�ect is observed for the
low-frequency in-plane donor OH librational modes, where two bands are observed
at 320.9 cm−1 and 314.7 cm−1. The pre- and post-annealing spectra again reveal a
di�erence in intensity. A more signi�cant increase of the band intensity for the 320.9
cm−1 band, allows for an assignment of this band to the most stable conformation.
Complete deuteration of ethanol likewise enables observation of two di�erent confor-
mations of the water/ethanol complex. The assignments of the observed librational
modes for water/ethanol complexes are listed in Table 2.18. However, in order to
assign the observed librational modes for the two di�erent ethanol/water conformers,
quantum chemical predictions are consulted.
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Table 2.18: The observed high-frequency out-of-plane and low-frequency in-plane donor OH (OD) librational
band origins (cm−1) for isotopic water complexes and isotopic mixed complexes of water with
ethanol-trans (et) and ethanol-gauche+ (eg+) embedded in cryogenic neon matrices at 2.8 K.

Donor-Acceptor νlib,out-of-plane νlib,in-plane Donor-Acceptor νlib,out-of-plane νlib,in-plane
H2O-H2O 522.4a 309.1a D2O-D2O 393.2a 233.5a

H2O-CH3OH 527.3 b D2O-CH3OH 397.6 c

H2O-CH3OD 523.7 296.2 D2O-CH3OD 395.0 c

H2O-CD3OD 523.9 295.9 D2O-CD3OD c c

H2O-CH3CH2OHt 545.4 320.4 D2O-CH3CH2OHt
d d

H2O-CH3CH2OHg+ 551.6 324.7 D2O-CH3CH2OHg+ 412.5 239.6
H2O-CH3CH2ODt 541.1 314.7 D2O-CH3CH2ODt

e d

H2O-CH3CH2ODg+ 545.6 320.9 D2O-CH3CH2ODg+
d 238.2

H2O-CD3CD2ODt 540.1 313.9
H2O-CD3CD2ODg+ 545.6 320.9
a Ceponkus et al. [73]
b Overlapped with water dimer
c Overlapped with water-d2 dimer
d Not observed
e Overlapped with ethanol-d1 C-C-O bending
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The �ve di�erent conformers for the interaction between ethanol and water have
been investigated using B3LYP, B3LYP-D3, MP2 and subsequent CCSD(T) and
CCSD(T)-F12 calculations coupled with Dunning's augmented double, triple and
quadruple zeta basis sets. The relative dissociation energies D0 calculated at the
CCSD(T)-F12/aug-cc-pVQZ level of theory with MP2/aug-cc-pVTZ zero-point vi-
brational energies are illustrated in Figure 2.25.

The quantum chemical results for the two most stable conformers of the water/ethanol
dimers are listed in Table 2.19. The computational predictions show that the B3LYP
functional underestimates the dissociation energy De for the most stable mixed com-
plex of water and ethanol in the gauche+ (weg+) conformation by more than 20
% relative to the combined MP2/aug-cc-pVQZ/CCSD(T)-F12/aug-cc-pVQZ calcu-
lations. The dispersion corrected B3LYP-D3 method by Grimme et al. [99] slightly
overestimates the dissociation energy by 5 % (1.5 kJ·mol−1) relative to the benchmark
value of 26.50 at the MP2/aug-cc-pVTZ/CCSD(T)-F12/aug-cc-pVTZ level of theory.
The harmonic zero-point vibrational energy of 8.3 kJ·mol−1 results in a dissociation
energy D0 of 18.2 kJ·mol−1 for the most stable conformation. In the most stable
geometry of the mixed ethanol/water dimer, the ethanol subunit is forced from the
trans global energy minimum conformation of the monomer to the less stable gauche
conformation in the dimer. This is considered one of the most simple cases of adap-
tive aggregation where a non-rigid molecule is forced into a less stable conformation
upon non-covalent interactions to optimize the combined interaction energy. The sec-
ond most stable conformation of water with ethanol in trans conformation is likewise
further stabilized by a secondary and weaker C-H · · · O hydrogen bond interaction.
The di�erence in dissociation energy between the two most stable conformations de-
pends on both the size of the basis set and the computational method. The B3LYP
approach predicts an almost identical De, whereas the B3LYP-D3 method slightly
overestimates the di�erence when compared to the benchmark value of 0.6 kJ·mol−1.
The e�ect of zero-point vibrational energies is thus critical for further discussion.
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Figure 2.25: The energy landscape of ethanol/water dimers optimized at the MP2/aug-cc-
pVQZ level of theory and further re�ned by CCSD(T)-F12/aug-cc-pVQZ cal-
culations. The zero-point vibrational energy is determined at the MP2/aug-
cc-pVTZ level of theory.
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Table 2.19: The electronic dissociation energy De of the two most stable hydrogen bonded complex of water with ethanol in trans
and gauche+ conformations, and the di�erence of electronic dissociation energy between the two di�erent conformers
∆E e predicted from several combined quantum chemical methodologies for geometry and electronic energy calculations
using Dunnings augmented correlation consistent triple zeta (aug-cc-pVTZ) or quadruple zeta (aug-cc-pVQZ) basis sets.

Geometry Optimizationa Electronic Energy De(wet)/kJ·mol−1
De(weg+)/kJ·mol−1 ∆Ee/kJ·mol−1

B3LYP/aug-cc-pVTZ B3LYP/aug-cc-pVTZ 20.96 20.99 0.03
B3LYP-CP/aug-cc-pVTZb B3LYP/aug-cc-pVTZ 20.66 20.69 0.04
B3LYP-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 26.30 26.33 0.03
B3LYP-D3/aug-cc-pVTZ B3LYP-D3/aug-cc-pVTZ 27.40 28.02 0.61
B3LYP-D3-CP/aug-cc-pVTZb B3LYP-D3/aug-cc-pVTZ 27.06 27.68 0.62
B3LYP-D3-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 27.48 27.96 0.48
MP2/aug-cc-pVTZ MP2/aug-cc-pVTZ 26.91 27.27 0.36
MP2-CP/aug-cc-pVTZb MP2/aug-cc-pVTZ 24.16 24.52 0.37
MP2-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 26.92 27.46 0.54
MP2-CP/aug-cc-pVTZb CCSD(T)-F12/aug-cc-pVTZ 26.43 27.01 0.58
MP2/aug-cc-pVQZ MP2/aug-cc-pVQZ 26.20 26.61 0.41
MP2-CP/aug-cc-pVQZb MP2/aug-cc-pVQZ 24.84 25.24 0.40
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVDZ 28.03 28.48 0.45
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVTZ 26.97 27.50 0.53
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVQZ 26.05 26.63 0.58
MP2-CP/aug-cc-pVQZb CCSD(T)-F12/aug-cc-pVQZ 25.94 26.50 0.56
MP2-CP/aug-cc-pVQZb CCSD(T)/CBS 25.01 25.63 0.61
a RMS force criterion set to 10−6 (atomic units) for all geometry optimizations
b CP = Counterpoise Correction applied
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The change in zero-point vibrational energy upon weak intermolecular interaction is
highly complicated to predict by quantum chemical approaches. Especially the large-
amplitude and anharmonic intermolecular vibrational modes are di�cult to predict
as illustrated for the water/methanol dimer and the methanol homodimer [40]. Har-
monic and anharmonic (VPT2) predicted band origins for the two observed donor
OH librational modes for the two most stable conformations of the ethanol/water
complex are listed in Table 2.20.

Table 2.20: Harmonic and anharmonic VPT2 band origins (in units of cm−1)
for the two observed high-frequency out-of-plane and low-frequency
in-plane librational modes for the weg+ and wet conformers at the
MP2/aug-cc-pVTZ level of theory.

weg+ wet
νlib,high νlib,high νlib,high νlib,low

MP2/aug-cc-pVTZ 653.6 372.9 660.1 379.4
VPT/aug-cc-pVTZ 548.8 320.1 543.4 318.5

The VPT2 method has previously shown to be able to predict excellent anharmonic
band origins for both the methanol dimer and mixed complexes of methanol and
water. The ordering of the harmonic band origins is in qualitative agreement with
the previous experimental �ndings of the interaction of water with methanol and
t-butanol. The ethanol/water interaction is stronger than the methanol/ water in-
teraction but weaker than the t-butanol/water interaction. However, the second
most stable dimer wet conformation is predicted to have a higher band origin at 660
cm−1 than the most stable weg+ conformation at 654 cm−1 which is contradictory
to the spectroscopic observables where the most stable conformation has the highest
band origin. The anharmonic VPT2 predictions, however, reverse the order of the
predicted band origins, and con�rm the anharmonic contribution of approximate 15-
20 % as previously observed for both the water/methanol dimer and the methanol
homodimer. A complete treatment of the large-amplitude motions predicted at the
VPT2 level of theory would stretch the reliability of this method and the zero-point
vibrational energy is thus determined from harmonic frequency predictions at the
MP2/aug-cc-pVTZ level of theory. The calculated dissociation energies D0 for the
two most stable conformers and isotopologues are listed in Table 2.21. The total
change of the vibrational zero-point energy upon complexation varies between 6.4
and 8.3 kJ·mol−1 in the harmonic approximation. The sum of the donor OH li-
brational modes account for as much as 5.2 kJ·mol−1 or roughly 60 % of the total
zero-point vibrational energy. The di�erence between the two most stable conform-
ers of ethanol and water translates into a smaller energy di�erence of 0.28 cm−1

kJ·mol−1 for the dissociation energy D0. It is noteworthy that the small energy dif-
ference for the complexes of regular isotopes translate into an even smaller di�erence
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Table 2.21: The electronic dissociation energy De (CCSD(T-F12/aug-cc-pVQZa), the
total change of harmonic vibrational zero-point energy upon complexation
∆ZPEcalc

tot (MP2/aug-cc-pVTZ) and the resulting absolute dissociation en-
ergy D0 for mixed isotopic hydrogen bonded donor-acceptor complexes to-
gether with the observed (anharmonic) contribution to the zero-point energy
from the class of donor OH librational modes ∆ZPEexp

lib (all values in units
of kJ·mol−1).

wet wet(d1) wet(d6) w(d2)et

De 25.94a 25.94a 25.94a 25.94a

∆ZPEcalc
tot 8.05 7.85 7.64 6.39

∆ZPEexp
lib 5.2 5.1 5.1 c

D0 17.89 18.09 18.30 19.55

weg+ weg+(d1) weg+(d1) w(d2)eg+

De 26.50a 26.50a 26.50a 26.50a

∆ZPEcalc
tot 8.33 8.21 7.96 6.68

∆ZPEexp
lib 5.2 5.2 5.2 3.9

D0 18.17 18.29 18.54 19.82
∆(D0) 0.28 0.20 0.24 0.27

a Electronic dissociation energies De calculated at the CCSD(T)/aug-cc-pVTZ
level based on optimized geometries at the MP2/aug-cc-pVTZ level.

b Includes the observed band origin of the high-frequency donor OD librational
mode and an anharmonically predicted band origin for the low-frequency donor
OD librational mode.

c Not observed

for water/ethanol-d1 of 0.20 kJ·mol−1 and 0.24 kJ·mol−1 for the water/ethanol-d6
complexes. The smaller di�erence between the molecular complexes help to explain
the fact that both conformations are observed in the recorded far-infrared absorption
spectra. The H/D substitution of the water subunit results in a slight di�erence of
0.27 kJ·mol−1 between the D0 values and possibly explains why only one conforma-
tion is observed.

The sharper bands for deuterated species in matrices help to explain the observa-
tion of both conformers for the water/ethanol-d1 and water/ethanol-d6 interactions.
However, it does not explain why the high-frequency bands are overlapped and the
low-frequency bands are separated. The normal mode pictures in Figure 2.21 re-
veal that the high-frequency out-of-plane donor OH librational mode is a localized
motion of the bound hydrogen atom, while the low-frequency in-plane donor libra-
tional mode can be viewed as a hindered c-axis rotation. The high-frequency in-plane
donor OH librational mode was previously determined to be an excellent probe for
the strength of the primary O-H · · · O hydrogen bond, in similar fashion to the
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Badger-Bauer relationship [14]. The low-frequency in-plane donor librational mode
must thus be more a�ected by the weak secondary hydrogen bond interaction than
the out-of-plane librational mode. In a series of quantum chemical calculations with
�xed intermolecular hydrogen bond interactions, the e�ect of the secondary hydro-
gen bond interaction was investigated. By shortening and varying the length of the
secondary hydrogen bond while keeping the primary hydrogen bond �xed, the e�ect
can be seen in the resulting harmonic frequency predictions of the forced geometries.
The change in predicted harmonic band origins of the in-plane donor OH librational
mode, the out-of-plane donor OH librational mode and the donor OH stretching as
a function of the displacement of the secondary hydrogen bond relative to the equi-
librium value can be seen in Figure 2.26. The change of the harmonic band origin

Figure 2.26: The predicted relative harmonic band origins at the MP2/aug-cc-pVTZ level
of theory for the intramolecular OH stretching (black squares), the high-
frequency out-of-plane (red circles) and the low-frequency in-plane (blue tri-
angles) donor OH librational modes as a function of the displacement R-Re

from the intermolecular equilibrium O · · ·HC hydrogen bond distance for the
most stable conformation of the water/ethanol dimer (weg+).

of the donor OH stretching mode and the high-frequency out-of-plane donor OH li-
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brational mode are predicted to be almost una�ected by a change in the secondary
hydrogen bond distance. A shortening of the bond distance of 0.075 Å corresponds
to a relative red-shift of less than 0.5 h for the red-shifted donor OH stretching. The
in-plane donor OH librational mode is more a�ected by the intermolecular O · · · HC
hydrogen bond distance and a blue-shift of approximate 7.5 cm−1 is observed for a
0.075 Å shortened intermolecular distance. The blue-shift of 7.5 cm−1 corresponds
to a change of 2.5 %. The relative blue-shift of the low-frequency in-plane donor
OH librational mode is thus one order of magnitude larger than the relative spectral
shifts for the red-shifted donor OH stretching fundamental. The signi�cant depen-
dence on the C-H · · · O hydrogen bond distance supports the assumption that the
low-frequency in-plane donor OH librational mode provides an excellent probe for
the weak secondary intermolecular interaction. The quantum chemical exploration
provides a qualitative explanation of the proposed assignment of the two separated
bands in the far-infrared spectrum for both ethanol-d1 and ethanol-d6 with water.
The proposed assignment of the band at 320.9 cm−1 to the weg+(d1) conformation
seems reasonable as the intermolecular O · · · HC bond distance of 2.695 Å is shorter
than the bond distance of 2.829 Å for the wet(d1) conformer, as listed in Table 2.17.

To summarize, the most stable geometry of the water/ethanol dimer has been as-
signed by dual inlet neon matrix isolation experiments. In the most stable weg+
geometry a second cooperative hydrogen bond is formed between a terminal C-H
group and an oxygen lone pair from water, forcing the ethanol into its less stable
gauche conformation. The low-frequency in-plane donor OH librational band pro-
vides an excellent spectroscopic probe for the secondary hydrogen bond interactions.
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2.4.4 Hydrogen Bonding between Isopropanol and Water

Figure 2.27: The MP2/aug-cc-pVTZ optimized geometry of the most stable hydrogen
bonded conformation of the isopropanol/water complex

Isopropanol, the most simple secondary alcohol, is a commonly used chemical in the
industry as a solvent. Despite the industrial importance very little attention has
been given to the infrared [221�227], Raman [228] or the rotational [229�234] spec-
trum of isopropanol. Isopropanol can theoretically appear in several conformations
as there is free rotation for the two methyl groups and the alcohol group, however,
only two conformations are reported in the literature; a gauche- and a trans confor-
mation [221, 227]. The hydrogen bond interaction between isopropanol and water is
thus a subtle balance between the monomer conformation and the donor/acceptor
relationship between alcohols and water, now well-established based on the observa-
tions between water and methanol, ethanol and t-butanol.

The far-infrared absorption spectrum of isopropanol reveals several strong transitions
that can be assigned to torsional motions of the alcohol and methyl groups. The re-
gion below 300 cm−1 is omitted in �gure 2.28 as this region is dominated by torsional
motions of both the alcohol and methyl groups, and couplings between the di�erent
modes [223, 224]. In the spectrum above 300 cm−1 a skeletal C-C-O bending mode
can be observed as a broad spectral feature with band center at 370.0 cm−1, while
the strong band at 416.6 cm−1 can be tentatively assigned to the �rst overtone tran-
sition of the alcohol torsion for which the fundamental is observed at 217.3 cm−1.
The broad feature at 485.2 cm−1 can be assigned to a skeletal C-C-C-O bending
motion. The two weak bands at 468.6 cm−1 and 440.6 cm−1 can possibly be assigned
to combination bands of the methyl and alcohol torsion modes. For matrices em-
bedded with both water and isopropanol new bands appear in close vicinity of the
spectral features observed for 1:1 hydrated molecular clusters of methanol, ethanol
and t-butanol. The high-frequency out-of-plane donor OH librational mode is ob-
served at 554.3 cm−1, while the in-plane donor OH librational mode is observed at
317.3 cm−1. The complete deuteration of the alcohol subunit results in a small and
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Figure 2.28: Far-infrared absorption spectra of 1.0 cm−1 resolution of cryogenic neon
matrices doped with pure water (H2O:Ne) = (1:2000), pure isopropanol
with traces of H2O (CH3OH:H2O:Ne)=(3:1:13000) and di�erent isotopic wa-
ter/isopropanol mixtures ((CH3)2CHOH:H2O:Ne) = (3:2:6000) at 2.8 K

reproducible isotopic red-shift of 1.6 cm−1 for the high-frequency out-of-plane donor
OH librational mode observed at 552.7 cm−1 for the water/isopropanol-d8 complex.
The low frequency in-plane donor librational mode for the water/isopropanol-d8 com-
plex cannot be assigned due to overlapping isopropanol-d8 monomer fundamentals
and combination bands. For experiments with isopropanol-d8 and water-d2 the high-
frequency out-of-plane donor OD librational band can be observed at 412.7 cm−1,
while the in-plane donor OD librational band can be tentatively assigned at 244.9
cm−1, with both bands reproduced by a concentration dependency series.

The quantum chemical predictions at the MP2/aug-cc-pVTZ level of theory for the
isopropanol/water system are considered to assign the observed librational modes. A
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Table 2.22: The electronic dissociation energy De of the most stable hydrogen bonded
complex of water with isopropanol and the di�erence of electronic dissocia-
tion energy between the two di�erent conformers ∆E e predicted from several
combined quantum chemical methodologies for geometry and electronic en-
ergy calculations using Dunnings augmented correlation consistent triple zeta
(aug-cc-pVTZ) basis set.

Geometry Optimizationa Electronic Energy De/kJ·mol−1 ∆Ee/kJ·mol−1

B3LYP B3LYP 21.37 4.19
B3LYP-CPb B3LYP 21.02 4.17
B3LYP-CPb CCSD(T) 29.20 6.32
B3LYP-D3 B3LYP-D3 29.56 7.60
B3LYP-D3-CPb B3LYP-D3 29.15 7.54
B3LYP-D3-CPb CCSD(T) 29.14 6.32
MP2 MP2 29.16 6.62
MP2-CPb MP2 25.99 5.95
MP2-CPb CCSD(T) 29.19 6.40
MP2-CPb CCSD(T)-F12 28.47 6.07
a RMS force criterion set to 10−6 (atomic units) for all geometry optimizations
b CP = Counterpoise Correction applied

Table 2.23: The electronic dissociation energy De (CCSD(T)-F12/aug-cc-pVTZa),
the total change of harmonic vibrational zero-point energy upon complex-
ation ∆ZPE(MP2/aug-cc-pVTZ) and the resulting absolute dissociation
energy D0 for mixed isotopic hydrogen bonded donor-acceptor complexes
(all values in units of kJ·mol−1) of isopropanol and water.

De ∆ZPE D0

H2O�(CH3)2CHOH 28.47a 8.49 19.98
CH3)2CHOH�H2O 22.40a 6.27 16.13
H2O�(CD3)2CDOD 28.47a 8.12 20.35
CD3)2CDOD�H2O 22.40a 5.69 16.71

De ∆ZPEcalc
tot D0

D2O�(CH3)2CHOH 28.47a 6.86 21.61
(CH3)2CHOH�D2O 22.40a 5.51 16.89
D2O�(CD3)2CDOD 28.47a 6.48 21.99
(CD3)2CDOD�D2O 22.40a 4.91 17.49

a Electronic dissociation energies De calculated at the CCSD(T)/aug-cc-pVTZ
level based on optimized geometries at the MP2/aug-cc-pVTZ level.
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(a) The low-frequency in-plane donor
OH librational mode

(b) The high-frequency out-of-plane
donor OH librational mode

Figure 2.29: Normal mode illustrations of the two observed librational modes for the wa-
ter/isopropanol dimer

single conformation of the water donor complex and a single conformation of the water
acceptor complex were determined, both with isopropanol in gauche conformation.
Even though the isopropanol monomer can exist in two conformers, no change in con-
formation is observed for the mixed dimer with water. The interaction between iso-
propanol and water, like the interaction between t-butanol and water, illustrates some
of the challenges associated with the description of weak non-covalent intermolecular
interactions. The interaction energy listed in 2.23 determined by B3LYP/aug-cc-
pVTZ compared to the benchmark MP2/aug-cc-pVTZ/CCSD(T)-F12/aug-cc-pVTZ
level of theory signi�cantly underestimates the counterpoise corrected dissociation
energy De for the most stable conformation by 7.1 kJ·mol−1. MP2/aug-cc-pVTZ op-
timized geometry and the corresponding interaction energy is likewise underestimated
by 2.5 kJ·mol−1 when compared to the interaction energy determined by CCSD(T)-
F12/aug-cc-pVTZ for the MP2/aug-cc-pVTZ optimized geometry. The B3LYP-D3
functional with dispersion correction, however, overestimates the binding energy by
0.7 kJ·mol−1 relative to the benchmark level of theory.

The intermolecular hydrogen bond interaction between isopropanol and water fol-
low the trend observed for the previous alcohol/water complexes. The small energy
di�erence between the interaction of water with isopropanol or t-butanol and the re-
lated minor di�erence in the out-of-plane donor OH librational band origin indicates
that there is just a minor extra inductive e�ect associated with the third methyl group
of t-butanol. One might argue that the absolute value of the interaction between a
saturated monohydric alcohol and water is close to the value of the interaction energy
between t-butanol and water.
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2.4.5 Hydrogen Bond Donor/Acceptor Switching upon Fluo-
rination

Figure 2.30: Global energy minimum structure of the dimer of 2,2,2-tri�uoroethanol and
water optimized at the MP2/aug-cc-pVTZ level of theory

Alcohol based solvents have been used to stabilize secondary structures in peptides
and to denature proteins. Fluorinated alcohols such as 2,2,2-tri�uoroethanol or
1,1,1,3,3,3-hexa�uoroisopropanol have shown to be able to increase the population
of α-helices and β-sheets in the secondary structure of proteins when added as a
co-solvent at low concentrations, whereas higher concentrations of the �uorinated
alcohols can denature proteins [235�238]. The low polarity weakens hydrophobic in-
teractions that stabilize the compact native structure of proteins but simultaneously
increases hydrogen bonding which stabilizes secondary structures [239]. The alcohol
group of 2,2,2-tri�uoroethanol becomes a much weaker hydrogen bond acceptor as
the �uor atoms attract electron density.

Homodimers of the most simple �uorinated alcohol, 2,2,2-tri�uoroethanol, and het-
erodimers with water have been studied theoretically [240, 241] and experimentally
[218, 224, 242�250]. The geometry of the global energy minimum for the 2,2,2-
tri�uoroethanol monomer is a gauche-conformation in which an intramolecular hy-
drogen bond is formed between the alcohol group and one of the �uor atoms. This is
contrary to the conformation of regular ethanol in which the global energy minimum
is a trans-conformation.

The hydrogen bonding between 2,2,2-tri�uoroethanol and water has previously been
studied by rotational spectroscopy by Thomas and Xu [249] and a single potential en-
ergy minimum conformation with 2,2,2-tri�uoroethanol as the hydrogen bond donor
and water as the hydrogen bond acceptor has been reported. The experimental ob-
servations are supported by theoretical predictions by Senent et al. [241].
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The far-infrared and terahertz spectrum of the 2,2,2-tri�uoroethanol is dominated
by skeletal motions, torsional motion of the alcohol group and torsional motion of
the CF3 group. The previous far-infrared and terahertz observations of Barnes et
al. [224], of Durig and Larsen [218] and of Kollipost [251], eased the assignments of the
fundamental vibrational modes associated with the 2,2,2-tri�uoroethanol monomer in
the global gauche energy minimum in cryogenic neon matrices at 2.8 K. The present
combined far-infrared and terahertz absorption spectra of 2,2,2-tri�uoroethanol em-
bedded in several millimeter thick neon matrices (Ne:CF3CH2OH:H2O) (4460:1:0)
reveal a weak band at 129.8 cm−1 that is assigned to the CF3 torsional mode. A
medium strong band is observed at 225.2 cm−1 and assigned to the rocking mode of
the CF3 group. A very weak band with a band center of 257.8 cm−1 is assigned to the
�rst overtone of CF3 torsional band. Two very strong transitions at 280.6 cm−1 and
278.9 cm−1 are assigned to the OH torsional mode of the alcohol group. A medium
band at 365.7 cm−1 is assigned to another CF3 rocking mode. A medium strong
band at 417.0 cm−1 is assigned to a C-C-O bending mode. Four bands at 472.0
cm−1, 485.8 cm−1, 491.8 cm−1 and 496.6 cm−1 cannot easily be assigned. These
bands seem to be associated with the 2,2,2-tri�uoroethanol monomer as no change in
intensity is observed between pre- and post-annealing experiments which is expected
for molecular cluster bands. Two bands are observed at 532.7 cm−1 and 546.7 cm−1

and are assigned to a deformation of the CF3 group. A very distinct doublet feature
at 666.7 cm−1 and 658.5 cm−1 is assigned to two CF3 deformations.

The simultaneous deposition of 2,2,2-tri�uoroethanol and water (Ne:CF3CH2OH:
H2O) = (2700:1:1) in several millimeter thick cryogenic neon matrices at 2.8 K reveals
three new distinct bands in the terahertz region as shown in Figure 2.31. The bands
observed at 111.6 cm−1, 174.7 cm−1 and 211.5 cm−1, are not associated with water
clusters and depend on the concentration of both 2,2,2-tri�uoroethanol and water
in a stoichiometric 1:1 relationship. The intensity of all three bands scale together
pre- and post-annealing, indicating that they belong to the same complex. In the
far-infrared region, shown as an insert in Figure 2.31, a very broad feature is observed
at 597.7 cm−1 with two shoulder bands at 611.2 cm−1 and 618.8 cm−1. The relative
intensity between the bands is constant and even appears at very low concentrations
of water and 2,2,2-tri�uoroethanol. The identical relative intensity of the bands are
likewise reproduced pre- and post-annealing and can con�dently be assigned to the
2,2,2-tri�uoroethanol/water complex.

The intensity ratio between the three bands are likewise reproduced in the corre-
sponding O-H stretching region of the same neon matrices where a triplet of bands
are observed at 3519.7 cm−1, 3508.1 cm−1 and 3493.8 cm−1. The intensity of the
triplet scales with the triplet of bands in the far-infrared region at 597.7 cm−1, 611.2
and 618.8 cm−1, with no relative intensity changes observed pre- and post-annealing.
If the bands are related to a site splitting in the matrix they would disappear at higher
temperatures due to a more �exible matrix, but the same intensity ratio before and af-
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Figure 2.31: Terahertz absorption spectrum of 1.0 cm−1 resolution of 2,2,2-
tri�uoroethanol (Ne:CF3CH2OH:H2O) (4460:1:0), water (1740:0:1) and
2,2,2-tri�uoroethanol/water (2700:1:1) embedded in a cryogenic neon
matrices at 2.8 K before (b) and after (a) annealing at 9 K. T denotes
transitions of 2,2,2-tri�uoroethanol, w of water, ww of the water dimer and
Tw of 2,2,2-tri�uoroethanol/water dimer.

ter annealing indicates that there are no site splittings in the matrix. The three bands
could belong to three di�erent conformations of the 2,2,2-tri�uoroethanol/water inter-
action, which is a little surprising as only a single conformation has been observed in
the combined theoretical and rotational spectroscopic study by Thomas and Xu [249]
and in the supersonic jet expansions by Heger et al. [250]. The interaction energy can
be directly correlated to the strength of the hydrogen bond interaction [6,14], and it
is thus surprising that the most intense OH-stretching band is the least red-shifted.
The size of the blue-shift of the high-frequency out-of-plane donor OH librational
mode can likewise be correlated to a stronger interaction as shown for the mixed al-
cohol/water complexes, but the most intense band is the least blue-shifted. It is thus
a little contradictory that the most pronounced complex band is the least red-shifted
in the OH-stretching region and the least blue-shifted donor librational mode, which
makes it possible to con�dently exclude the possibility of three di�erent conformers.
The bands could belong to larger mixed clusters, but that can be ruled out by the
embedding of water and 2,2,2-tri�uoroethanol in cryogenic neon matrices with larger
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dopant concentrations.

The combined far-infrared and terahertz spectra of several millimeter thick cryo-
genic neon matrices embedded simultaneously with 2,2,2-tri�uoroethanol and water-
d2 (Ne:CF3CH2OH:D2O) = (2700:1:1) shown in Figure 2.32, likewise reveal three
high-frequency out-of-plane OH donor librational bands at 585.3 cm−1, 599.0 cm−1

and 609.6 cm−1. The bands are red-shifted slightly relative to the regular 2,2,2-
tri�uoroethanol/water complex due to the higher reduced mass of water-d2. A small
red-shift of 12.4 cm−1 in the mixed complex with fully deuterated water con�rms
that 2,2,2-tri�uoroethanol is the hydrogen bond donor. If water was the hydrogen
bond donor, a much larger red-shift would have taken place as previously shown for
the interaction between non-�uorinated alcohols and water. Again a constant rela-
tive concentration relationship between the three bands in the high-frequency out-
of-plane donor OH librational region for the 2,2,2-tri�uoroethanol/water-d2 complex
is observed pre- and post annealing, con�rming that no site splittings occur in the
neon matrix.

In the terahertz region a new complex band appears at 233.1 cm−1. Pre- and
post-annealing observations and a concentration dependency series show that this
band should be assigned to the 2,2,2-tri�uoroethanol/water-d2 complex. Isotopic
red-shifting is expected for H/D substitution of the water subunit, thus this band
must belong to an intermolecular vibrational mode that has not been observed for
the regu-lar complex. The three observed intermolecular vibrational acceptor modes
for the regular complex are all expected to be red-shifted due to the higher reduced
mass. The observed band at 211.5 cm−1 for the regular complex can be assigned at
168.6 cm−1 for the 2,2,2-tri�uoroethanol/water-d2 dimer, with an isotopic red-shift of
42.9 cm−1. The band overlaps with a water-d2 dimer band with a band center of 166
cm−1. In the same region a new sharp spectral feature appears at 195.4 cm−1 belong-
ing to the OD torsion for 2,2,2-tri�uoroethanol-d1 due to a small H/D exchange of the
alcohol group with water-d2. The OD torsion of 2,2,2-tri�uoroethanol has previously
been assigned by Durig and Larsen [218]. Another dimer band is observed at 132.3
cm−1 by pre- and post-annealing on the shoulder of the CF3 torsional mode at 129.8
cm−1, red-shifted by 42.4 cm−1 relative to the regular complex. A similar red-shift in
the order of approximate 25 % for the observed isotopic red-shifts of the two observed
bands of 2,2,2-tri�uoroethanol/water and 2,2,2-tri�uoroethanol/water-d2 should be
expected for the last acceptor mode, which would shift this band to approximate 80
cm−1 to a region that is dominated by strong rotation-translation coupling transi-
tions for water-d2 and water-d1. The weaker secondary hydrogen bond interaction
between water and �uor from the CF3 group can be characterized for the inter-
molecular interactions between water-d1 and 2,2,2-tri�uoroethanol. The recorded
far-infrared and terahertz spectra for several millimeter thick cryogenic neon ma-
trices doped simultaneously with 2,2,2-tri�uoroethanol, water, water-d1 and water-
d2 (Ne:CF3CH2OH:H2O:HDO:D2O) = (4000:2:1:2:1) reveal a combination of mixed
complexes between 2,2,2-tri�uoroethanol and water, water-d1 and water-d2, and wa-
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Figure 2.32: Terahertz absorption spectrum of 1.0 cm−1 resolution of water-d2(Ne:D2O)
= (1500:1), 2,2,2-tri�uoroethanol with water-d2 (Ne:CF3CH2OH:D2O)
= (2700:1:1) and a mixture of water, water-d1 and water-d2

(Ne:CF3CH2OH:H2O:HDO:D2O) = (4000:2:1:2:1) embedded in cryo-
genic neon matrices at 2.8 K. T denotes transitions of 2,2,2-tri�uoroethanol,
T(OD) impurity of 2,2,2-tri�uoroethanol-d1, w of water, ww of the water
dimer and Tw of 2,2,2-tri�uoroethanol/water dimer.

ter complexes of the previously mentioned water isotopologues. A smaller red-shift is
expected for the mixed dimer with water-d1 than for 2,2,2-tri�uoroethanol/water-d2.

The far-infrared and terahertz regions of the several millimeter thick cryogenic neon
matrices doped simultaneously with 2,2,2-tri�uoroethanol and a mixture of water and
water-d2 reveals new bands belonging to the interaction of 2,2,2-tri�uoroethanol and
water-d1. In the high-frequency out-of-plane donor OH librational region two possi-
ble bands can be tentatively assigned at 587.6 cm−1 and 601.1 cm−1, as they appear
as shoulders on previously assigned 2,2,2-tri�uoroethanol and water/water-d2 bands.
The mid-infrared region of the same neon matrices reveal no new bands in the donor
OH stretching region. The terahertz region reveals several new bands due to water
complexes of mixed water isotopologues. An isotopic blue-shift is expected for the
233.1 cm−1 band observed for 2,2,2-tri�uoroethanol and water-d2, but no new bands
could be assigned by a concentration dependency series and pre- and post-annealing
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Table 2.24: Observed vibrational band origins (units of cm−1 for the
mixed complexes of 2,2,2-tri�uoroethanol (TFE) and wa-
ter isotopologues embedded in cryogenic neon matrices at
2.8 K

TFE�H2O TFE�HDO TFE�D2O

ν(OH) 3519.7 a 3516.7
3508.1 a 3505.3
3493.8 a 3488.5

ν(donor OH) 597.7 a 585.3
611.2 a 599.0
618.8 a 609.6

ν(acceptor 1) b b 233.1
ν(acceptor 2) 211.5 187.9 168.6
ν(acceptor 3) 174.7 138.3 132.3
ν(acceptor 4) 111.6 c c

aOverlapped by 2,2,2-tri�uoroethanol/water/water-d2
bOverlapped by 2,2,2-tri�uoroethanol
c Possible overlap with RTC transition for water monomer [67]

observations. Assuming that the intermolecular vibrational acceptor modes involve
rotation of the water subunit, a new band should be expected in the region between
the intermolecular vibrational modes with band center at 211.5 cm−1 for the regu-
lar complex and at 168.6 cm−1 for the water-d2 complex as water-d1 rotates faster
than water-d2 but slower than regular water. A new sharp band can be observed
at 187.9 cm−1, supported by pre- and post-annealing observations. Similarly, a new
2,2,2-tri�uoroethanol/water-d1 complex band can be observed at 138.3 cm−1 by pre-
and post-annealing observation. A predicted red-shift in the order of 20% based on
experi-mental red-shifts from the regular complex, is expected for the last intermolec-
ular vibrational mode. The band observed at 111.6 cm−1 for the regular complex will
thus be shifted to the region dominated by the rotation-translation coupling transi-
tions of water. The observed intermolecular vibrational transitions are listed in Table
2.24 for the 2,2,2-tri�uoroethanol/water dimer.

Harmonic frequency calculations are consulted to assign the observed vibrational
transitions and to determine whether 2,2,2-tri�uoroethanol interacts by a secondary
O-H · · · F or O-D · · · F hydrogen bond. The harmonic frequency predictions at the
MP2/aug-cc-pVTZ level of theory reveal a red-shifted donor OH stretching mode,
a strong high-frequency out-of-plane donor OH librational mode, an acceptor mode
that involves a hindered donor torsion and large-amplitude movement of the acceptor
which is denoted acceptor mode1, and three intermolecular acceptor modes denoted
acceptor mode2,3,4. Normal mode illustrations of the large-amplitude intermolecular
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vibrational motions are shown in Figure 2.33, except for the acceptor mode1.

(a) out-of-plane donor OH libra-
tional mode

(b) acceptor mode2

(c) acceptor mode3 (d) acceptor mode4

Figure 2.33: Normal mode illustrations of the observed librational modes for the 2,2,2-
tri�uoroethanol/water complex.

The harmonic frequency predicted band origins suggest straightforward assignment of
the 597.7 cm−1 band to the high-frequency out-of-plane donor OH librational mode.
The acceptor mode1 is predicted to be red-shifted by just 5 cm−1 relative to the
torsional mode of 2,2,2-tri�uoroethanol and the complex band is thus most likely
overlapped by the strong monomer transition, which explains this missing spectral
feature in the observed terahertz spectrum. The observations at 211.5 cm−1, 174.7
cm−1 and 111.6 cm−1 suggest straightforward assignments for the remaining three
intermolecular acceptor vibrational modes. The harmonic frequency predictions for
2,2,2-tri�uoroethanol with heavy water isotopologues are listed in Table 2.25. Small
blue-shifts are predicted for the donor OH stretching fundamental, but otherwise iso-
topic red-shifts are predicted for the class of intermolecular vibrational modes. For
the high-frequency out-of-plane donor OH librational mode a red-shift of 13.7 cm−1
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Table 2.25: Predicted vibrational transitions (units of cm−1) for the dimers of 2,2,2-
tri�uoroethanol with water isotopologues

TFE�H2O TFE�HDO(D· · ·F) TFE�HDO(H· · ·F) TFE�D2O

ω(OH) 3658.6 3659.6 3659.3 3659.9
ω(lib d1) 690.6 678.0 688.4 676.9
ω(lib a1) 303.9 264.8 293.3 240.8
ω(lib a2) 260.6 225.7 242.7 224.9
ω(lib a3) 202.0 190.9 184.0 174.5
ω(lib a4) 160.6 139.9 128.5 117.8

is predicted for the water-d2 complex, which qualitatively agrees with the experi-
mental isotopic red-shift of 12.4 cm−1. The predicted isotopic red-shift from 308
cm−1 for the alcohol monomer to the mixed 2,2,2-tri�uoroethanol/water-d2 complex
at 240.8 cm−1 of 67.2 cm−1 has experimentally been determined to be 46.9 cm−1.
The e�ect of isotopic substitution is thus overestimated slightly in the harmonic fre-
quency calculations. Nevertheless, the harmonic frequency calculations qualitatively
agree with the observed intermolecular vibrational band origins. The two observed
intermolecular acceptor modes for the mixed 2,2,2-tri�uoroethanol/water-d1 com-
plex are blue-shifted by 19.3 cm−1 for the second acceptor mode and 6.0 cm−1 for
the third acceptor mode relative to the 2,2,2-tri�uoroethanol/water-d2 complex. The
harmonic frequency prediction of the mixed 2,2,2-tri�uoroethanol with water isotopo-
logues indicates that the mixed complex of 2,2,2-tri�uoroethanol/water-d1 interacts
by formation of a secondary H· · ·F hydrogen bond. A complete unambiguous as-
signment based on the high-frequency out-of-plane donor OH librational mode and
the red-shifted donor OH stretching is unreliable due to overlapping bands of 2,2,2-
tri�uoroethanol with water/water-d2. Direct observation of the acceptor librational
modes in the terahertz region thus provides a better probe for determination of the
weaker, but important, secondary interaction and the conformation of the mixed
2,2,2-tri�uoroethanol/water dimer, with 2,2,2-tri�uoroethanol as the hydrogen bond
donor.

The relatively high dissociation energy D0 of 25.6 kJ·mol−1 compared to the al-
cohol/water complexes determined by harmonic frequency calculations at MP2/aug-
cc-pVTZ level of theory and CCSD(T)/aug-cc-pVTZ calculation of the dissociation
energy De, allows the high-frequency out-of-plane donor OH librational mode of the
mixed 1:1 complex to be studied by far-infrared spectroscopy of the high-throughput
supersonic jet expansions. The sensitivity of the supersonic jet spectrum is much
lower than the high optical density of the matrix isolation. The low sensitivity can
be explained by a single 60 cm optical path of gaseous sample that contains 1 %
sample and 99 % helium. The far-infrared supersonic jet spectrum of mixed 2,2,2-
tri�uoroethanol/water samples at 3 cm−1 resolution is illustrated in Figure 2.34 and
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compared to a matrix isolation spectrum.
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Figure 2.34: Far-infrared absorption spectrum of 2,2,2-tri�uoroethanol and water
(Ne:TFE:H2O) (2700:1:1) in a cryogenic neon matrix of 1.0 cm−1 resolution
at 2.8 K and in supersonic jet expansions of 3.0 cm−1 resolution.

Six bands are observed at 634 cm−1, 629 cm−1, 616 cm−1, 611 cm−1, 597 cm−1 and
586 cm−1 in the far-infrared jet spectrum. The three observed bands at 597 cm−1,
611 cm−1 and 616 cm−1 scale with the concentration of 2,2,2-tri�uoroethanol and
water in a 1:1 stoichiometric fashion. The remaining bands at 634 cm−1, 629 cm−1

and 586 cm−1 cannot be assigned the 2,2,2-tri�uoroethanol monomer or dimer libra-
tional modes [251]. The appearance of two blue-shifted shoulder bands on the strong
597 cm−1 band at 611 cm−1 and 616 cm−1 in the observed jet spectrum, similar to
the observed bands in the cryogenic neon matrix environments support the fact that
there are no site splittings in the cryogenic neon matrices. The observation of the
strong high-frequency out-of-plane donor OH librational band both in cryogenic neon
matrices and in supersonic jet expansions reveals a spectral blue-shift of ∼1 cm−1

or less than 2 h. The jet-spectra will contain just as much trimer as dimer and
it is reasonable to tentatively assign the doublet spectral feature at 634 cm−1 and
629 cm−1 to a mixed 2,2,2-tri�uoroethanol/water trimer. The combined far-infrared
observations do not provide an explanation for the triplet of bands for the donor OH
stretching mode nor for the high-frequency out-of-plane donor OH librational mode,
a physical explanation of the extra spectral features is thus still missing.
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The observation of the high-frequency out-of-plane donor OH librational mode in
both a cryogenic neon matrix environment and in supersonic jet expansions provide
the �rst direct comparison of the large-amplitude motion of mixed alcohol/water
complexes in the challenging far-infrared region. These observations are highly im-
portant for validating the e�ect of the matrix environment on observed band origins
for the large-amplitude librational motions.

Table 2.26: Observed vibrational transitions (in units of cm−1) for
the 2,2,2-tri�uoroethanol - water dimer embedded in
cryogenic neon matrices at 2.8 K and isolated in super-
sonic jet expansions.

TFE�H2Omatrix TFE�H2Ojet

ν(OH) 3519.7 3529±3 a

3508.1
3493.8

ν(lib d1) 597.7 597±3
611.2 611±3
618.8 616±3

aRef. [250]
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The combined mid- and far-infrared experimental observations indicates increasingly
larger red-shifts of the intramolecular donor OH stretching bands of the mixed alco-
hol/water complexes when the alcohol group becomes larger. The increased red-shift
of the donor OH stretching band indicate a stronger intermolecular interaction accord-
ing to the Badger-Bauer relationship [14]. Together with the increased red-shifting
bands of the donor OH stretching follow an increased blue-shifting of the intermolecu-
lar high-frequency out-of-plane donor OH librational bands. The increased absolute
values for the band origins can be explained by stronger intermolecular interactions
giving rise to higher barriers for the hindered internal rotational motion.

The spectroscopic observations of the hydrogen bond interaction of mixed alco-
hol/water complexes make it possible to compare the theoretical predictions with
spectroscopic observations. The dissociation energy De has been predicted for the
four di�erent investigated water/alcohol complexes of methanol, ethanol, isopropanol
and t-butanol for �ve di�erent theoretical methodologies. The dissociation energies,
De, for the most stable conformation of the mixed water/alcohol dimer have been cal-
culated using B3LYP, B3LYP-D3 and MP2 levels of theory including the counterpoise
correction scheme by Boys and Bernardi [105] and Dunnings aug-cc-pVTZ basis set.
Subsequent CCSD(T) and CCSD(T)-F12 single point energy calculations have been
performed for the MP2/aug-cc-pVTZ optimized geometries. The CCSD(T)/CBS
value for the water/methanol dimer has been reached by an exponential �t on the
basis of CCSD(T)/aug-cc-pVDZ, CCSD(T)/aug-cc-pVTZ, CCSD(T)/aug-cc-pVQZ
and CCSD(T)/aug-cc-pV5Z calculations for the counterpoise corrected MP2/aug-cc-
pVQZ optimized water/methanol geometries. The CCSD(T)/CBS value for the wa-
ter/ethanol dimer in the most stable geometry has been reached by an exponential �t
on the basis of CCSD(T)/aug-cc-pVDZ, CCSD(T)/aug-cc-pVTZ and CCSD(T)/aug-
cc-pVQZ electronic energies for the counterpoise corrected MP2/aug-cc-pVQZ opti-
mized geometry. The CCSD(T)/aug-cc-pV5Z level of theory is only accessible for the
methanol/water interaction and the highest accuracy is obtained for this interaction.
The predicted dissociation energies, De, are illustrated in Figure 2.35 for the most
stable conformations of the di�erent mixed alcohol/water complexes.

The predicted dissociation energy for the most stable geometry for all theoretical
methodologies reveal that the dissociation energy De is smallest for the methanol/wa-
ter dimer, and strongest for the water/t-butanol dimer. A di�erence of 3.31 kJ·mol−1

of De for the water/methanol dimer is evident for the B3LYP/aug-cc-pVTZ level of
theory relative to the CCSD(T)/CBS. For the interaction of water with the larger al-
cohols, water/ethanol, water/isopropanol and water/t-butanol, there is an even larger
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Figure 2.35: The electronic dissociation energy De for the most stable conformations of the
mixed complexes of water methanol (MeOH), ethanol (EtOH), isopropanol
(isoOH) and t-butanol (tBuOH) at di�erent theoretical methodologies as
described in the text.

di�erence between the B3LYP calculations and the MP2 calculations. This illustrates
the challenges of describing the larger contribution from dispersion interactions for
these systems relative to the smaller water/methanol dimer. One way to compensate
for the poor description of dispersion interactions by B3LYP is to apply the disper-
sion correction developed by Grimme et al. [99]. The dispersion corrected B3LYP
method (B3LYP-D3), however, overestimates the dissociation energies De for mixed
alcohol/water complexes. The di�erence of 1.28 kJ·mol−1 for the water/methanol
complex and 2.67 kJ·mol−1 of the water/ethanol complex for the B3LYP-D3 disso-
ciation energy De relative to dissociation energy De at the CCSD(T)/CBS level of
theory illustrates the increased overestimation. The dissociation energy di�erence
between MP2/aug-cc-pVTZ and CCSD(T)/CBS for the water/methanol complex is
0.89 kJ·mol−1 and 0.49 kJ·mol−1 for the water/ethanol complex. The higher level
of electron correlation with the ab initio MP2 method thus provide a more accurate
description of the dissociation energy when compared with the density functional
theory approach.
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The CCSD(T)/aug-cc-pVTZ calculations with the explicit correlated CCSD(T)-F12
method and the same basis set demonstrate that the explicit correlated method con-
verges faster towards the CCSD(T) method in the limit of a complete basis set.
The di�erence between the CCSD(T) and CCSD(T)-F12 values increases with an
increasing number of electrons as evident from a di�erence of 0.39 kJ·mol−1 for wa-
ter/methanol, 0.45 kJ·mol−1 for water/ethanol, 0.72 kJ·mol−1 for water/isopropanol
and 0.77 kJ·mol−1 for water/t-butanol. The dissociation energy De for the mixed wa-
ter/methanol and water/ethanol complexes at the CCSD(T)-F12/aug-cc-pVTZ level
of theory is overestimated by 1.02 kJ·mol−1 and 2.00 kJ·mol−1, respectively, relative
to the CCSD(T)/CBS value. The important di�erence between the dissociation en-
ergies of the investigated conformations of alcohol/water complexes are accurately
described by the benchmark level of theory (CCSD(T)-F12/aug-cc-pVTZ) as evident
from the calculations listed in Table 2.19 and Table 2.15.

The large increase in intensity [197] and spectral red-shift [14] for the intramolecular
donor OH stretching vibrational modes for hydrogen bonded systems is a signi�cant
part of the description of a hydrogen bond. A just as sensitive but more direct probe
for studying the hydrogen bond interaction is the highly localized large-amplitude
high-frequency out-of-plane donor OH librational mode. The spectral band origins
appear to be directly correlated with the dissociation energies of the alcohol/water
complexes as illustrated in Figure 2.36, where the absolute experimental values of the
high-frequency out-of-plane donor OH librational band and the experimental red-shift
of the donor OH stretching band are shown as a function of the predicted theoretical
dissociation energy, D0, at the benchmark level of theory. The results are listed in
Table 2.12. Raman spectroscopy of mixed water/ethanol clusters, isolated in super-
sonic jet expansions, has previously revealed that the donor OH stretching band for
the wet conformation of the ethanol/water complex is less red-shifted by 3 cm−1

rela-tive to the corresponding OH stretching band of the weg+ conformation [180].
The benchmark level of theory for D0 predictions combines the benchmark level of
theory for De predictions with harmonic MP2/aug-cc-pVTZ zero-point vibrational
energies.

A trend between the dissociation energies D0 at the benchmark level of theory and
the observed red-shift for the donor OH symmetric stretching bands is evident for
the most stable conformations of the mixed complexes of alcohol and water. The cor-
relation between the absolute large-amplitude high-frequency out-of-plane donor OH
librational bands and the dissociation energy D0 is less convincing, but still clearly
illustrates that the band origin of the librational mode correlates with the dissocia-
tion energy D0. The donor OH out-of-plane librational mode can be envisioned as
a very localized mode and should in principle be independent of the weak secondary
interaction, but it is evident from Figure 2.37 that the water/ethanol dimer with
ethanol in the gauche+-conformation is the outlier. The cooperative e�ect of the
stronger secondary C-H · · · O hydrogen bond in the weg+ conformation makes the
wet conformation a more suited candidate for this discussion of the empirical rela-
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Table 2.27: The dissociation energy D0 at the benchmark level of theory with MP2/aug-cc-
pVTZ zero-point vibrational energies for the most stable conformations of the
mixed complexes of water with methanol, ethanol, isopropanol or t-butanol (in
units of kJ·mol−1). Observed spectral red-shifts(∆νOH) and the absolute band
center for the out-of-plane donor OH librational mode origin(νlib)(in units of
cm−1).

D0 νlib ∆νOH
H2O - CH3OH 16.82 527.3 -109.1
H2O - CH3CH2OHg+ 18.69 551.6 -127.1
H2O - CH3CH2OHt 18.38 545.4 -124.1a

H2O - (CH3)2CHOH 19.98 554.3 -136.7
H2O - (CH3)3COH 20.89 556.6 -142.0

a Ref [180]

tionship of the primary O-H · · · O hydrogen bond with the dissociation energy D0.
The larger number of large-amplitude intermolecular vibrational modes for larger al-
cohol/water complexes introduce a larger error to the harmonic frequency predictions
of the zero-point vibrational energy that becomes larger for bigger alcohols, making
it increasingly more di�cult to obtain accurate dissociation energies D0.

The results in Figure 2.37 are completely based on experimental observations, and are
thus free of the errors in both the description of the dissociation energy De and the
intermolecular zero-point vibrational energy. It appears that there is a correlation be-
tween the intramolecular donor OH stretching band red-shift and the high-frequency
out-of-plane donor OH librational band. A theoretical physical model for the de-
scription of the empirical band center of the high-frequency out-of-plane donor OH
librational mode as a function of the hydrogen bond interaction energy still remains
to be addressed.

The inductive e�ect of an increasing number of methyl groups on the carbon atom
adjacent to the alcohol is illustrated by the larger alcohols being better hydrogen
bond acceptors, illustrated by a dissociation energy of 16.82 kJ·mol−1 for the wa-
ter/methanol dimer to 20.89 kJ·mol−1 for the water/t-butanol dimer at the bench-
mark level of theory. The energy landscape of the investigated mixed alcohol/water
dimers is illustrated in Figure 2.38, where the minimum energy structures and the dis-
sociation energies D0 of the di�erent mixed alcohol/water conformers are shown. The
mixed alcohol/water complexes, with alcohol as the hydrogen bond donor, likewise
increase in stability from 15.39 kJ·mol−1 in methanol/water dimer to 16.43 kJ·mol−1

in the t-butanol/water dimer. However, the di�erence between the alcohol donor
and alcohol acceptor dimers increase with the number of methyl groups illustrating
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Figure 2.36: The observed absolute out-of-plane OH donor librational band origins (black
dots) and donor OH symmetric stretching spectral red-shifts (red dots) (in
units of cm−1) compared to the dissociation energy D0 (in units of kJ·mol−1)
predicted at the benchmark level of theory for the most stable conformations
of the mixed complexes of water with methanol, ethanol, isopropanol and
t-butanol.

that the alcohol subunit always is the hydrogen bond acceptor. These microscopic
observations can be correlated with the macroscopic dissociation constant pKa. For
methanol, ethanol, isopropanol and t-butanol the pKa values are determined to be
15.21, 15.85, 16.48 and 16.54 respectively [252]. The relative acidities illustrate how
t-butanol is a much better acceptor given the lower preference for the donation of the
alcohol proton and the macroscopic properties are thus directly correlated with the
microscopic spectroscopic observables. In order to change the donor/acceptor prop-
erties of the alcohol/water interaction, the hydrogen bond acceptor character of the
alcohol unit needs to be weakened. Substitution of a hydrogen atom with �uor in the
methyl group leads to reversed hydrogen bond donor/acceptor properties [250], due
to the electronegativity of �uor that weakens the hydrogen bond acceptor property.
The mid-infrared spectroscopic study by Heger et al. revealed that a single substi-
tution of hydrogen with �uor changed the hydrogen bond donor/acceptor properties
for the mixed complexes of water and �uorinated alcohols. This reversed interaction
is illustrated by the interaction between 2,2,2-tri�uoroethanol and water, where the
combined terahertz and far-infrared spectra directly reveal reversed donor/acceptor



104 Experimental Results and Discussion

525 530 535 540 545 550 555 560 565
-105

-110

-115

-120

-125

-130

-135

-140

-145

CH3CH2OHt

(CH3)3COH

(CH3)2CHOH

CH3CH2OHg+

CH3OH

 

 
O

H
 / 

cm
-1

lib / cm-1

Figure 2.37: The observed out-of-plane OH donor librational band origin as a function of
the spectral red-shift of the intramolecular donor OH symmetric stretching
(in units of cm−1) for the most stable conformations of the mixed complexes
of water with methanol, ethanol, isopropanol and t-butanol.

roles relative to the regular alcohol/water interaction. The dissociation constant pKa

of 12.37 for 2,2,2-tri�uoroethanol [253] illustrates that 2,2,2-tri�uoroethanol is a worse
hydrogen bond acceptor than water. The error margin for the harmonic frequency
predictions increases as the alcohol subunit becomes bigger, which mainly is caused by
several low-frequency large-amplitude intermolecular vibrational modes. Anharmonic
treatment of the large-amplitude inter- and intramolecular vibrational mods can shed
light on this problem, but VPT2 calculations for mixed alcohol/water complexes of
isopropanol or t-butanol are not feasible and would de�nitely stretch the reliability
of this theoretical approach. The large contribution to the zero-point vibrational en-
ergy from the class of intermolecular librational transitions are overestimated in the
double harmonic approximation. From the out-of-plane donor OH librational mode
an anharmonic contribution of 15-20 % is estimated from spectroscopic observations,
contributing approximate 0.6 kJ·mol−1 to the intermolecular binding energy D0.

The signi�cant dataset of far-infrared and terahertz experimental band origins of
large-amplitude intermolecular vibrational modes for mixed alcohol/water complexes
as well as the weaker carbon dioxide, ethylene and acetylene interactions with water
allow for accurate determination of the potential energy surfaces for non-covalent
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weakly bound molecular clusters. The spectroscopic observations invite for valida-
tions of future high-level anharmonic predictions of vibrational band origins using ap-
proaches such vibrational coupled cluster theory for weakly bound cluster molecules.
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Figure 2.38: Potential energy landscape of the dissociation energy D0 for the most stable conformations of the water/alcohol
dimers at the benchmark level of theory (described in the text).
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Observations and assignments of mixed alcohol/water complexes in the less sensi-
tive supersonic jet approach are di�cult in the far-infrared region, except for the
strongly bound 2,2,2-tri�uoroethanol/water dimer. For the purpose of determining
the spectral shift from the matrix environment to the �real� gas phase, several more
strongly bound alcohol dimers have been studied both in the supersonic jet expan-
sion approach and in cryogenic neon matrix environments. The out-of-plane donor
OH librational mode for the methanol dimer has been observed and assigned both
in cryogenic neon matrices and in supersonic jet expansions, revealing a band origin
of 560 ± 10 cm−1 in the gas phase [40] and 558 cm−1 in the cryogenic neon matrix
environment. The far-infrared spectroscopic observations described here are tenta-
tive assignments of the high-frequency out-of-plane donor librational mode for the
most stable geometry of the homodimers of ethanol, isopropanol and t-butanol. A
complete study of the alcohol dimers, including many di�erent conformations of the
homodimers of ethanol and isopropanol are to be addressed at a later stage [254].

Theoretical studies of ethanol dimers [255�257] reveal that of nine di�erent com-
binations of the ethanol monomer the six most stable dimer conformations primarily
involve ethanol in the trans or gauche conformation. The global energy minimum
conformation involves two gauche ethanol subunits, as shown by supersonic jet ex-
pansions in the mid infrared region [217,256].

The far-infrared absorption spectrum of ethanol in supersonic jet expansions is shown
as the red curve in Figure 2.39 together with a far-infrared absorption spectrum of
ethanol embedded in a cryogenic neon matrices at 2.8 K as the pink curve. The jet
spectrum reveals a strong band at 588 cm−1 and several bands from 633 cm−1 to 614
cm−1. The bands increase in intensity at higher ethanol concentrations, supporting
the previous assignment of these bands to ethanol trimers [251], which makes it pos-
sible to assign the 588 cm−1 band to a conformation of the ethanol dimer. The matrix
isolation spectrum reveals a very broad feature with a band center of 589 cm−1 with
shoulders at lower wavenumbers. After annealing the intensity of the strong band and
the nearest shoulders increase, it is suggested that at least three conformations can
be observed for the ethanol dimer in cryogenic neon matrices. Nevertheless, the band
origin for the high-frequency donor OH librational mode for the most stable ethanol
dimer conformation can be observed and assigned at 589 cm−1, slightly blue-shifted
relative to the gas phase band origin.

Snow et al. [232] predicted the nine most stable conformations of the isopropanol
dimer at the MP2/6-311++G(d,p) level of theory. The counterpoise corrected disso-
ciation energy D0 revealed that the nine di�erent combinations of isopropanol in the
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Figure 2.39: Far-infrared absorption spectrum of ethanol, isopropanol and t-butanol in
supersonic jet expansions of 3.0 cm−1 resolution or embedded in cryogenic
neon matrices at 2.8 K of 1.0 cm−1 resolution. The ethanol homodimer is
denoted ee, while the assignment of the trimer is denoted (eee). Similar
notations are used for isopropanol ii and (iii) and for t-butanol tt and (ttt).

trans or gauche conformation are within 1.1 kJ·mol−1 from the most stable to the
least stable conformation. The three most stable conformations of the nine di�erent
predicted conformations are, however, within 0.2 kJ·mol−1 and several conformations
are thus expected to be observed in both supersonic jet expansions and in matrix
isolation experiments. This is further underlined by the observation of �ve di�erent
conformations of the homodimer of isopropanol by rotational spectroscopy [232]. The
far-infrared spectra of isopropanol isolated in supersonic jet expansions, blue curve,
and in cryogenic neon matrices can be seen in Figure 2.39. The far-infrared spectrum
of isopropanol embedded in cryogenic neon matrix reveals a strong band at 613 cm−1,
that grows in intensity after annealing and by increasing concentration of isopropanol
in matrix, which allows an assignment of this band to the high-frequency out-of-plane
donor OH librational mode of the isopropanol homodimer, which involves two iden-
tical gauche conformations of the isopropanol subunits [232]. For the jet spectrum
two bands are observed at 608 cm−1 and 626 cm−1, both are reproducible but scale
di�erently with the concentration of isopropanol in the jet. The lower lying band at
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608 cm−1 is possible to observe at the lowest concentrations of isopropanol in the
jet and can be assigned to the donor OH librational mode of the isopropanol dimer
in supersonic jet expansions. The 626 cm−1 band grows in intensity at higher iso-
propanol concentrations suggesting that the band belongs to a larger cluster, most
likely a trimer. Relative to the ethanol dimer observations the spectral shift is larger
for the homodimer of isopropanol embedded in cryogenic neon matrices relative to the
gas phase. The absolute spectral shift, although with an experimental uncertainty
of the lower resolution of the supersonic jet expansions, of 5 cm−1 is still less than 1 %.

Supersonic jet expansions of t-butanol [258] and microwave rotational studies reveal
that the homodimer of t-butanol only exists in one conformation [259]. The far-
infrared spectrum of t-butanol has been studied in detail by Kollipost [251], who also
provided the far-infrared jet spectrum [260].The far-infrared spectrum for t-butanol
in supersonic jet expansions reveals one isolated band at 614 cm−1 and three over-
lapping bands from 632 cm−1 to 642 cm−1. The isolated 614 cm−1 band has been
assigned to the t-butanol dimer, while the overlapping bands have been assigned
to a trimer of t-butanol [251]. The far-infrared spectrum of t-butanol embedded in
cryogenic neon matrices at 2.8 K reveals a single and very broad spectral feature at
614 cm−1. The concentration dependency series of t-butanol reveals that this band
can be assigned to the high-frequency donor OH librational mode of the t-butanol
homodimer embedded in cryogenic neon matrices.

The spectroscopic observations of homodimers of alcohols isolated in supersonic jet
expansions and in cryogenic neon matrix environments allow for an investigation of
the spectral shift between the matrix environment and the "real" gas phase value.
The results illustrate how di�cult it is to produce jet expansions with cluster sizes
that are limited to monomers and dimers, and likewise also illustrate the much lower
sensitivity in the supersonic jet expansions than in the cryogenic neon matrices that
have a high optical density. It is likewise much easier to control the concentra-
tion in cryogenic neon matrices, thus avoiding buildup of larger alcohol clusters. In
general, a small blue-shift of less than 1 % are estimated for the large-amplitude
high-frequency out-of-plane donor OH librational modes for the investigated alcohol
homodimers. A recent high-resolution study of the water dimer in gas phase reveals
the out-of-plane donor OH librational mode at approximate 522 cm−1 [15], while the
corresponding band is observed at 522.4 cm−1 in a cryogenic neon matrix [19]. The
combined results, including the small and reproducible blue-shift of 0.7 cm−1 for the
mixed complex of 2,2,2-tri�uoroethanol and water, further emphasize that the neon
matrix isolation technique can compete with the supersonic jet expansion approach
for accurate characterization of the weakly bound molecular clusters.
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Table 2.28: Observed donor OH librational bands (units of cm−1) of a series of
alcohol dimers isolated in supersonic jet expansions and embedded
in cryogenic neon matrices.

Jet Expansion Neon matrix
(CH3OH)2 560±10 a 558
(CH3CH2OH)2 588±3 589
((CH3)2CHOH)2 608±3 613
(C(CH3)3OH)2 614±3b 614

aRef. [40] bRef. [251]

2.7 The Cryogenic Matrix Environment

The method of trapping reactive species, ions, radicals and weakly bonded complexes
in inert cryogenic matrices have been known since the 1950's when the method �Ma-
trix Isolation� was coined by Pimentel and coworkers. The dilution of a sample with
an inert gas and a low temperature of the cryogenic environment ensures that the
sample molecules are isolated and relaxed into the vibrational ground state. The
trapping of molecules in some inert environments has shown to quench the overall
rotation of larger molecules, but still allows for rotational motion of small molecules
such as water, hydrogen halides etc. More importantly, the cryogenic matrix environ-
ments allow free vibrational motion of the large-amplitude librational motion such as
torsional motion of an alcohol or methyl group and large-amplitude intermolecular
vibrational motions, such as the high-frequency out-of-plane donor OH librational
mode of mixed alcohol/water complexes. The observed band positions can be sig-
ni�cantly shifted in matrix environments, as evident by the estimated vibrational
fundamentals of the water monomer in di�erent matrix environments listed in Table
1.2. The most perturbing matrix environments of noble gases, krypton and xenon,
introduce a signi�cant red-shift for the monomer fundamentals, while the still very
popular host material argon both introduces red-shifts and site splittings.

The more perturbing matrix environments of nitrogen have shown to quench the
overall rotational of the water monomer [261], suggesting a strong interaction be-
tween the matrix environment and the guest molecule as well as a small con�ned
space for the molecule to vibrate and rotate inside the matrix. The observed perturb-
ations are similar to those of argon matrices, including site splittings. This is evident
in the study by Zhang [136] where two conformations of the carbon dioxide/water
dimer is observed experimentally in the carbon dioxide bending region. More im-
portantly, nitrogen matrices signi�cantly in�uence the donor/acceptor properties of
weakly bound molecular complexes, as illustrated by the reversed donor/acceptor
property of the methanol/water complex [49]. The unambiguous assignment of the
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hydrogen bond donor/acceptor properties for the interaction between methanol and
water in cryogenic neon matrices, supported by spectroscopic observations of three
other alcohol/water complexes, clearly illustrate that nitrogen matrices have a sig-
ni�cant impact on the determined intermolecular interactions, resulting in the least
stable conformation being the most stable.

The less perturbing matrix environments of neon, helium and para-hydrogen di�er
in technique and the resulting spectral shifts. The best performing matrix environ-
ment is helium in the helium nanodroplet spectroscopy experiments. The embedding
of guest molecules in super�uid helium nanodroplets allows for almost free rotation
and vibration of molecules, although the rotational constants are smaller than the
gas phase constants. The smaller rotational constants arise as helium atoms have to
move in order for the guest molecule to rotate [262�265]. The vibrational resonance
is observed indirectly by detecting a change in mass by mass spectrometry, and the
available spectral region thus signi�cantly depends on available lasers. This excludes
direct observations of the large-amplitude intermolecular vibrational modes in the
challenging far-infrared and terahertz spectral regions.

The para-hydrogen matrix environment was initially thought to be less perturbing
than the best performing noble gas, neon, in matrix isolation experiments. However,
the estimated vibrational band origins for the water monomer fundamentals indicate
a slightly bigger interaction with the matrix environment for para-hydrogen experi-
ments than for neon experiments.

The performance of vibrational motions observed in neon and para-hydrogen ma-
trices are less clear when dealing with large-amplitude intermolecular vibrational
motions in the challenging far-infrared and terahertz regions. For neon matrices wa-
ter interacts with the matrix environment, which results in the appearance of the
broad and strong rotation-translation coupling at 79.5 cm−1 [67]. The band arises
as the molecule rotates around a center of interaction instead of the center of mass,
which introduces a coupling between translational oscillations and the rotation of
the molecule [92]. The coupling between rotation and translation does not appear in
para-hydrogen matrices which suggests a larger volume for the molecules to rotate
freely inside the con�nement of the matrix. The recorded far-infrared and terahertz
spectra of para-hydrogen matrices are disturbed by a very strong and sharp transi-
tion at 355.6 cm−1 [16, 20], caused by a forbidden S0(0) rotational transition of a
para-hydrogen molecule in the matrix [20]. The band further couples with a phonon
band for the quantum para-hydrogen crystal and disturbs the spectral region from 380
cm−1 to 500 cm−1. However, a high-quality background of a very pure para-hydrogen
sample should be able to compensate for this unwanted feature. The rotational band,
however, allowed determination of the thickness of the cryogenic para-hydrogen ma-
trix [20], which allowed an estimation of the thickness of the cryogenic neon matrices.

Comparison of the matrix materials are limited to the far-infrared and terahertz
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observations of the water dimer embedded in neon, in para-hydrogen and isolated
in gas phase. It is impossible to predict a trend from a single point, nevertheless,
it provides a qualitative indication of the performance of the di�erent matrix envi-
ronments for the intermolecular large-amplitude donor OH librational motion. The
far-infrared spectroscopic observations of the donor OH librational mode for the wa-
ter dimer in supersonic jet expansions was determined around 522 cm−1 [15]. The
far-infrared spectrum of water embedded in para-hydrogen reveals this band origin
at 485 cm−1 [16], red-shifted by ∼ 37 cm−1 relative to the gas phase value. The band
origin has been observed at 522.4 cm−1 [16,20] in cryogenic neon matrices, essentially
at the gas phase value.

Astounding small spectral blue-shifts of less than 1 % are observed for the large-
amplitude donor OH librational modes of alcohol homodimers embedded in cryogenic
neon matrix environments relative to the observed band positions of the homodimers
isolated in supersonic jet expansions. A small spectral blue-shift of less than 1% has
likewise been observed for the mixed complex of 2,2,2-tri�uoroethanol and water.
The observed spectral shifts between supersonic jet expansions and cryogenic neon
matrices are listed in Table 2.28. These combined results thus demonstrate that neon
matrix isolation at 2.8 K can compete with supersonic jet expansions for accurate
characterizations of weakly bound cluster molecules.



Chapter 3

Concluding Remarks

�If you want to �nd the secrets of the universe,
think in terms of energy, frequency and vibration.�

Nikola Tesla (1856-1943)

In conclusion, weak non-covalent intermolecular interactions of small mixed hydrated
molecular clusters have been investigated by combined infrared- and terahertz absorp-
tion spectroscopy by means of neon matrix isolation spectroscopy. The embedding of
molecular clusters in solid cryogenic neon matrices at 2.8 K ensured a high sensitivity
for direct observations of the large-amplitude intermolecular vibrational modes for a
series of weakly bound molecular clusters in the challenging far-infrared and terahertz
regions.

The spectroscopic detection of intermolecular vibrational modes for the weak van
der Waals complex of carbon dioxide and water provided crucial observables for a
characterization of the shallow intermolecular potential energy surface spanned by
the two subunits. The combination of thick neon matrices and isotopic substitutions
of the water subunit has proven crucial for observation of three large-amplitude inter-
molecular vibration modes; the in-plane rocking-, out-of-plane wagging- and torsional
motions of the water subunit. The combination of high-level theoretical structure
calculations and an almost empirical intermolecular zero-point vibrational energy en-
abled a semi-empirical dissociation energy D0 of 738 ± 15 cm−1 was found for the
weak van der Waals complex.

The weak intermolecular interactions between unsaturated hydrocarbons and water
have been investigated by combined infrared and terahertz absorption spectroscopy
studies. The hydrogen bond interaction of either C-H · · · O character or O-H · · ·
π character can be determined by the nature of the large-amplitude intermolecu-
lar vibrational modes. Two high-frequency librational modes for the water/ethylene
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dimer reveal an O-H · · · π hydrogen bond, while the single intermolecular acceptor
wagging mode for the acetylene/water dimer reveals a C-H · · · O hydrogen bond. A
(semi)-empirical dissociation energy D0 of 786 ± 25 cm−1 for the acetylene/water
dimer and 589 ± 25 cm−1 for the water/ethylene dimer are obtained for these classes
of weak hydrogen bonds.

The collapse of the spectroscopic selection rules in the matrix environment allowed
con�rmation of the vibrational ground state splitting of the methanol monomer of 6.7
cm−1 by dedicated annealing experiments. The far-infrared spectrum of methanol in
neon matrices additionally allowed observation of the intermolecular hydrogen bond
donor OH librational mode of the methanol dimer for the �rst time. This donor OH
librational band is observed at 558 cm−1, blue-shifted by more than 300 cm−1 rela-
tive to the torsional mode of the methanol monomer, while the perturbed torsional
mode of the acceptor molecule is observed at 286 cm−1. The neon matrix isolation
experiments were supported by supersonic jet expansion approach, which con�rmed
a donor OH librational band origin of 560 ± 10 cm−1.

The far-infrared spectroscopy study of the hydrogen bond interactions between al-
cohols and water, a combination of partial isotopic substitution of individual sub-
units and annealing of the neon matrix, allowed for the �rst time an unambiguous
assignment of the intermolecular high-frequency out-of-plane donor OH librational
modes and the low-frequency in-plane donor OH librational modes for the mixed
hydrogen-bonded molecular complexes of water with methanol, ethanol, isopropanol
or t-butanol. The vibrational assignments based on isotopic red-shifts con�rm directly
that water always acts as the hydrogen bond donor in the hydrogen bond interactions
with aliphatic monohydric alcohols.

The study of ethanol and water represents one of the simplest cases of adaptive
aggregation in which the conformation of a subunit is changed upon complexation.
The partial H/D substitution of the ethanol subunit allowed the observation and
assignment of the high-frequency out-of-plane donor OH librational modes and the
low-frequency in-plane donor OH librational modes for two conformations of the wa-
ter/ethanol complex, with water as the hydrogen bond donor. In the most stable
conformation of the mixed ethanol/water dimer, water forces the ethanol subunit
into its less stable gauche+ conformation, due to a weak secondary C-H · · · O hy-
drogen bond between a terminal C-H group and a lone pair from the oxygen atom
in the water molecule. The weaker secondary hydrogen bond interaction causes a
signi�cant blue-shift of the low-frequency in-plane donor OH librational band, which
has proven an excellent spectroscopic probe for this interaction.

The experimental �ndings of the alcohol/water interactions are supported by MP2/aug-
cc-pVTZ calculations for geometry optimization and harmonic zero-point vibrational
energies and CCSD(T)-F12/aug-cc-pVTZ single point energies for determination of
the dissociation energy D0. The theoretical predictions allowed estimation of energy
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di�erences for the investigated conformers of the alcohol/water complexes. The disso-
ciation energies D0 for the most stable geometry of the weakly bound alcohol/water
complexes have been estimated at 16.8 kJ·mol−1 for water/methanol, 18.7 kJ·mol−1

for water/ethanolg+, 20.0 kJ·mol−1 for water/isopropanol and 20.9 kJ·mol−1 for wa-
ter/t-butanol. The inductive e�ect of substituting one hydrogen atom with a methyl
group results in the alcohol being both a signi�cantly better hydrogen bond acceptor
and a slightly better donor. The strength of the hydrogen bond interaction man-
ifests itself by the size of the red-shift of the intramolecular donor OH stretching
mode as evident by the Badger-Bauer rule but also by the absolute band origin of
the highly localized intermolecular high-frequency out-of-plane donor OH librational
mode. The latter large-amplitude intermolecular mode turns out to be a direct probe
for the strength of the hydrogen bond interaction.

The observed out-of-plane donor OH librational mode for the water/isopropanol
dimer is slightly red-shifted relative to the water/t-butanol dimer, which is con�rmed
by a slightly smaller dissociation energy D0 at the benchmark CCSD(T)-F12/aug-
cc-pVTZ level of theory. The experimental results indicate that there is a maximum
strength of the hydrogen bond interactions between water and aliphatic monohydric
alcohols close to the value of t-butanol and water, as there is just a minor increased
inductive e�ect of substituting a methyl group with an ethyl group. The harmonic
frequency predictions at the MP2/aug-cc-pVTZ level of theory overestimate the high-
frequency out-of-plane donor OH librational band origins by 15-20 % indicating an
anharmonic contribution of this magnitude as shown for the observations and calcu-
lations for both the water/methanol dimer and the methanol homodimer.

The hydrogen bond donor/acceptor relationship of the alcohol/water interactions can
be reversed by substituting hydrogens with �uorine atoms, as shown for the hydrogen
bond interaction between the simplest �uorinated alcohol, 2,2,2-tri�uoroethanol, and
water. The nature of the intermolecular interaction has been settled by observing a
high-frequency out-of-plane donor OH librational mode for 2,2,2-tri�uoroethanol in
the far-infrared region and four other intermolecular acceptor vibrational modes in
the terahertz region. The �high� interaction energy of 25.6 kJ·mol−1 at the combined
MP2/aug-cc-pVTZ/CCSD(T)/aug-cc-pVTZ level of theory for the most stable con-
formation of the mixed 2,2,2-tri�uoroethanol/water dimer allows this weakly bound
molecular cluster to be investigated by the less sensitive supersonic jet expansion
approach. The latter experiments reveal a small spectral blue-shift from gas phase to
the cryogenic neon matrix environment of less than 1 cm−1 for this large-amplitude
donor OH librational mode.

The spectral shift from gas phase to the cryogenic neon matrix environment has been
investigated by studying several alcohol homodimers embedded in cryogenic neon ma-
trices and isolated in supersonic jet expansions. The observed high-frequency donor
OH librational modes reveal small spectral blue-shifts of less than 1% from the gas
phase band origins to the band origins in the cryogenic neon matrix environment for
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homodimers of methanol, ethanol, isopropanol and t-butanol. Combined with the
observations of the mixed 2,2,2-tri�uoroethanol/water complex and a recently pub-
lished vibrational-rotational tunneling terahertz study of the water dimer in molecular
beams demonstrate that neon matrix isolation spectroscopy at 2.8 K can provide ac-
curate spectroscopic observables of a series of weakly bound cluster molecules. The
signi�cant dataset of experimentally observed band origins of large-amplitude in-
termolecular vibrational modes in the challenging far-infrared and terahertz regions
allow accurate determination of the potential energy surfaces for non-covalent weakly
bound molecular clusters. The observed intermolecular vibrational band origins like-
wise allow for future validations of anharmonic predictions of vibrational band origins
using approaches such as second order vibrational perturbation theory and vibrational
coupled cluster theory for weakly bound molecular clusters.
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Terahertz absorption spectra have been recorded for the weakly bound CO2–H2O complex embedded
in cryogenic neon matrices at 2.8 K. The three high-frequency van der Waals vibrational transitions
associated with out-of-plane wagging, in-plane rocking, and torsional motion of the isotopic H2O
subunit have been assigned and provide crucial observables for benchmark theoretical descriptions of
this systems’ flat intermolecular potential energy surface. A (semi)-empirical value for the zero-point
energy of 273 ± 15 cm−1 from the class of intermolecular van der Waals vibrations is proposed and
the combination with high-level quantum chemical calculations provides a value of 726 ± 15 cm−1

for the dissociation energy D0. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867901]

The intermolecular interaction between CO2 and H2O
plays a major role for a variety of phenomena in physics,
chemistry, and biology including the radiative transfer
through the Earth’s and other planetary atmospheres,1 the
early stages in carbonic acid formation2 and the transporta-
tion of dissolved CO2 in the tissues of biological organisms.
The prototypical binary mixed van der Waals complex of CO2

and H2O has been intensively investigated by both theory
and experiment. Numerous quantum-chemical studies of the
systems’ intermolecular potential energy surface (IPES) have
been reported.3–13 High level of electron correlation, exten-
sive basis sets, and inclusion of basis set superposition errors
prove mandatory as the IPES is extremely flat near the global
potential energy minimum. A recent comprehensive work re-
ports a complete 5D ab initio IPES composed of 23 000 high
level single-point energies in configuration space and settles
that the global potential energy minimum has a planar and
T-shaped geometry of C2v symmetry with the oxygen atom
of H2O bound to the C atom and the H atoms pointing away
from the CO2 molecule14 (Fig. 1). This global potential en-
ergy minimum geometry has independently been confirmed
experimentally by a variety of spectroscopic studies15–17, 27

whereas other works have suggested the existence of other
higher energy configurations.18, 19 The most important observ-
able is the dissociation energy D0 which requires reliable band
origins for the system’s complete set of fundamental vibra-
tional transitions and in particular for the class of five inter-
molecular van der Waals vibrational transitions addressed in
the present work.

Neon (L’Air Liquide, 99.5%) doped with CO2 (Mathe-
son, 99.9%) and degassed samples of H2O, H2

18O (Sigma
Aldrich, 99.0% 18O) and D2O (Sigma Aldrich, 99.5% D)
with mixing ratios of �0.5‰ to 5‰ were deposited with a
flow rate of 0.02 mol/h at 3.6 K on a gold-plated oxygen-free
high thermal conductivity (OFHC) copper mirror inside an

a)Author to whom correspondence should be addressed. Electronic mail:
rewl@kemi.dtu.dk

immersion helium cryostat (IHC-3) modified for matrix iso-
lation spectroscopy at MAX-lab.20 A 3-mm deep cavity with
10-mm diameter and a flat bottom has been drilled into the
mirror centre to allow deposition of several millimeter thick
matrices doped with weak absorbers. The mirror tempera-
ture was monitored by a Lake Shore silicon diode and main-
tained stable at 2.8 ± 0.1 K before and after deposition em-
ploying resistive heaters and feedback electronics. The sam-
ple mount was equipped with interchangeable CsI and poly-
methylpentene (TPX) windows and combined IR and THz
single-beam spectra were collected by a Bruker IFS 120 FTIR
spectrometer employing a globar lamp as radiation source.
A HgCdTe detector combined with a Ge/KBr beam split-
ter and a Si-bolometer operating at 4.2 K combined with a
6 μm multilayer Mylar beam splitter were employed for the
IR and THz spectral regions, respectively. Spectral resolu-
tions of 0.1–1 cm−1 were selected depending on the observed
bandwidths.

Figure 2 shows a series of THz absorption spectra col-
lected for several millimeter thick cryogenic neon matrices
doped with CO2 (CO2:H2O:Ne)=(1:0:800), H2O (0:1:4000),
and mixtures of CO2 and H2O (3:1:4000), respectively. A

FIG. 1. The five intermolecular coordinates (r,α,β,γ ,θ ) specifying the con-
figuration of the CO2–H2O van der Waals complex.

0021-9606/2014/140(9)/091103/5/$30.00 © 2014 AIP Publishing LLC140, 091103-1
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dominant spectral feature observed for the matrices doped
with regular H2O is observed at 79.5 cm−1. This band has
previously been assigned to a rotational-translation-coupling
(RTC) transition of H2O monomer in neon21 and helps to
monitor the H2O monomer concentration. At higher H2O
concentrations, signs of hydrogen-bonded dimers of water
started to show up. The strongest intermolecular hydrogen
bond vibrations of (H2O)2 observed in the THz region, the
acceptor torsional and acceptor wagging modes, have pre-
viously been observed and assigned in neon matrices at
116.0 cm−1 and 122.2 cm−1.20, 22–24 THz spectra recorded
for neon matrices doped solely with CO2 showed no signs of
CO2-containing cluster entities in agreement with high-level
theoretical studies of the weakly bound (CO2)2 system.25 As
shown in Fig. 2 the simultaneous use of CO2 and H2O as
dopants allowed the identification of two new distinct bands
located at 101.6 and 166.6 cm−1; the latter band being a
factor of 3–4 less intense. The intensity of these bands in-
creased similarly with the CO2 and H2O concentration sug-
gesting the assignments to a mixed (CO2)n–(H2O)n com-
plex. A stoichiometric 1:1 relationship could be confirmed
at the low sample concentrations and by the complemen-
tary IR spectral series. THz spectra collected for neon ma-
trices doped with CO2 and isotopically enriched samples of
H2

18O and D2O/HDO are useful to validate the proposed

assignments further. An illustrative spectrum obtained for
CO2/H2

18O doped neon matrices is shown in Fig. 2. The
small isotopic shifts upon 18O-substitution have been reported
previously both for the monomeric RTC transition21 and the
strongest dimeric hydrogen bond vibrations of water.20 The
observed spectral shifts caused by the 18O-substitution are
also very small for both the proposed CO2–H2O bands. The
band at 101.6 cm−1 seems to be rather unaffected by the
18O-substitution. The upper band has a small but significant
reproducible isotopic red-shift of 1.9 cm−1 as indicated by ar-
rows in Fig. 2. The effect of deuteration has a much larger im-
pact on the recorded THz spectra since both the monomeric
and dimeric water spectral features have significant isotope
shifts not to mention that mixed isotopic entities start to build
up. Both the D2O and HDO as well as the mixed deuterated
dimeric entities of water have been extensively studied previ-
ously and the complete list of spectral assignments is given
in Table I. In the further spectral analysis of the isotopically
enriched spectral signatures we consult quantum chemical
predictions.

As described and cited in the introduction, a variety
of high-level quantum chemical calculations have been per-
formed to describe the accurate IPES of the CO2–H2O com-
plex in great detail. In Table II, we have listed harmonic
MP2/aug-cc-pVQZ predictions for the global potential energy

FIG. 2. A series of THz absorption spectra of 1.0 cm−1 resolution collected for cryogenic neon matrices doped with CO2, H2O, and 3:1 mixtures of CO2 and
isotopically enriched samples of H2O at 2.8 K. The CO2–H2O assignments are indicated by animated normal vibrations.
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TABLE I. The assigned transitions (units of cm−1) for the recorded THz absorption spectra of CO2/H2
16O, CO2/H2

18O, CO2/HDO, and CO2/D2O embedded
in neon matrices at 2.8 K.

CO2/H2
16O CO2/H2

18O CO2/HDO CO2/D2O Assignment

79.5a 77.8a 73.1a H2O monomer, RTC transitiona

101.6b 101.4b CO2–H2O complex, H2O wagging
116.0c 116.0c (H2O)2 complex, acceptor torsion
122.2c 122.0c 106.0c 93.3c (H2O)2 complex, acceptor wagging

128.4b CO2–H2O complex, H2O torsion
150.6c 149.7c 135.0c 123.1c (H2O)2 complex, acceptor twist
166.6b 164.7b 152.1b 145.1b CO2–H2O complex, H2O rocking

aRotation-translation-coupling transition (see Ref. 21).
bPresent work.
cReference 20.

minimum with C2v symmetry. These predictions are in ac-
cordance with the study by Makarewicz14 and specify the
class of five intermolecular van der Waals vibrational tran-
sitions. The out-of-plane H2O wagging mode ν8 (B1) de-
scribed by the intermolecular coordinate β (Fig. 1) has a
high intensity whereas the in-plane rocking of H2O ν11 (B2)
described by α and the CO2 librational rocking mode of
ν12 (B2) described by θ both have medium intensity. The
H2O torsional mode ν6 (A2) described by γ is strictly IR-
forbidden for the regular CO2–H2O complex and the inter-
molecular O · · · C stretching mode ν5 (A1) described by r
has a very low intensity. A convincing correlation immedi-
ately appears between the harmonic predictions and the ob-
servation of the two distinct bands at 101.6 and 166.6 cm−1

for THz spectra of neon matrices doped simultaneously with
CO2 and H2O. This excellent agreement between experiment
and theory suggests straightforward assignments for the out-
of-plane H2O wagging mode ν8 at 101.6 cm−1 and the in-
plane H2O rocking mode ν11 at 166.6 cm−1 for the regular
CO2–H2O complex. This agreement could partly be due to
some kind of fortunate cancelation of smaller spectral shifts
in opposite directions originating from anharmonicity effects
and minor matrix perturbations which shall be discussed
below. Small isotopic red-shifts are expected upon 18O-
substitution on the water subunit since both these intermolec-
ular vibrational modes involve hindered rotational motion of
H2O. The harmonic calculations for the enriched CO2–H2

18O
system predict a very small red-shift of 0.9 cm−1 for the
H2O wagging mode ν8 and a more pronounced red-shift of
2.2 cm−1 for the H2O rocking mode ν11 (Table III). These red-
shift predictions are convincingly close to the observations
within the experimental reproducibility. The predicted relative

harmonic band intensity agrees qualitatively with the experi-
mental findings. The rotational motion of D2O is much slower
relative to H2O and rather large isotopic spectral red-shifts for
both the D2O wagging and rocking modes are expected. The
harmonic calculations for CO2–D2O accordingly predict red-
shifts of 24.3 and 19.1 cm−1 with factors of 2 and 3 smaller
harmonic band intensities, respectively, for these intermolec-
ular van der Waals modes (Table III). The band origin for the
strongest D2O wagging mode is expected at 77.4 cm−1 and
thereby unavoidably overlapped with the strong RTC tran-
sitions for H2O, HDO, and D2O (Table I). The band ori-
gin for the D2O rocking mode with medium intensity is pre-
dicted at 148.5 cm−1 but the threefold loss of band intensity
(8.5 km/mol) and the experimental challenge with isotopic
H/D exchange and formation of HDO in the matrix inlet sys-
tem was expected to blur this spectral signature. Nevertheless,
a series of THz spectra recorded for neon matrices doped with
CO2/HDO/D2O mixtures reproduces a medium strong band at
145.1 cm−1 which we assign to the D2O rocking transition of
the CO2–D2O complex as indicated in Fig. 2. The rotational
motion of HDO is slower relative to H2O but faster relative
to D2O and smaller predicted isotopic spectral red-shifts for
the H2O wagging and rocking modes of 18.1 and 11.6 cm−1,
respectively, for CO2–HDO relative to CO2–H2O are both ex-
pected. The harmonic band intensities are both predicted to be
a factor of 2 smaller for this isotopic variant of the complex.
The band origin for the stronger HDO wagging mode pre-
dicted at 83.6 cm−1 cannot be observed unambiguously due
to the overlapping RTC transitions of H2O, HDO, and D2O.
The red-shifted HDO rocking mode predicted at 156.0 cm−1

with 14.5 km/mol intensity is easily observed and assigned
at 152.1 cm−1 for the CO2/HDO/D2O doped neon matrices.

TABLE II. MP2/aug-cc-pVQZ predictions in the double harmonic approximation of vibrational band origins (units of cm−1) and corresponding infrared band
strengths (units of km/mol, in parenthesis) for the weakly bound CO2–H2O complex of C2v symmetry.

Mode Description Origin (Int.) Mode Description Origin (Int.)

ν1 (A1) Sym. H2O stretch 3836.3 (10) ν7 (B1) Out-of-plane CO2 bend 667.2 (22)
ν2 (A1) In-plane H2O bend 1630.2 (76) ν8 (B1) Intermol. H2O wagging 101.7 (228)
ν3 (A1) Sym. CO2 stretch 1334.7 (0.2) ν9 (B2) Antisym. H2O stretch 3962.3 (87)
ν4 (A1) In-plane CO2 bend 653.2 (39) ν10 (B2) Antisym. CO2 stretch 2415.3 (564)
ν5 (A1) Intermol. O · · · C stretch 111.2 (0.4) ν11 (B2) Intermol. H2O rocking 167.6 (25)
ν6 (A2) Intermol. H2O torsion 151.2 (0.0) ν12 (B2) Intermol. CO2 libration 16.8 (29)
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TABLE III. Harmonic MP2/aug-cc-pVQZ predictions of vibrational band origins (units of cm−1) and corresponding infrared band strengths (units of km/mol,
in parenthesis) for the H2O wagging, rocking, and torsional modes of different CO2–H2O isotopomers (the labeling refers to CO2–H2

16O).

Mode Description CO2–H2
16O CO2–H2

18O CO2/HDO CO2/D2O

ν6 (A2) Intermol. H2O torsion (γ ) 151.2 (0) 151.2 (0) 135.9 (43) 108.3 (0)
ν8 (B1) Intermol. H2O wagging (β) 101.7 (228) 100.8 (225) 83.6 (133) 77.4 (125)
ν11 (B2) Intermol. H2O rocking (α) 167.6 (25) 165.4 (25) 156.0 (14) 148.5 (9)

This assignment is indicated in Fig. 2 for an experiment with
a CO2:D2O:HDO:H2O composition of (18:6:6:1). The har-
monic calculations of CO2–HDO predict that the HDO tor-
sional mode becomes IR-active. A band origin for the IR-
forbidden H2O torsional mode is predicted at 151.2 cm−1 for
regular CO2–H2O and red-shifted to 135.9 cm−1 with signif-
icant intensity for the isotopic CO2–HDO variant of Cs sym-
metry. The spectral series of CO2/HDO/D2O doped neon ma-
trices confirms another weaker band at 128.4 cm−1 (Fig. 2)
which does not show up in neon matrices doped solely with
HDO/D2O. This indirect and so far tentative assignment for
the IR-forbidden H2O torsional mode ν6 for the regular CO2–
H2O complex requires extra attention in the discussion of this
transition’s contribution to the zero-point energy.

The present experimental findings for the weakly bound
CO2–H2O system enable us to provide a (semi)-empirical es-
timate of the system’s zero-point energy. The weakly bound
nature of the CO2–H2O system results in rather small per-
turbations of the intramolecular vibrational transitions. The
total shift of the zero-point energy contribution to D0 caused
by perturbations of intramolecular vibrational transitions is in
the order of 5 cm−1.14 A reliable determination of the sys-
tem’s zero-point energy thus relies completely on accurate
band origins for the set of five intermolecular van der Waals
vibrational transitions introduced by complex formation. Ac-
cording to our harmonic MP2 predictions, the three observed
transitions constitute about 75% of the total intermolecular
vibrational zero-point energy contribution to the dissociation
energy D0. The contributions from the H2O wagging mode ν8

observed at 101.6 cm−1 and the H2O rocking mode ν11 ob-
served at 166.6 cm−1 are clear. In order to establish the con-
tribution from the IR-forbidden H2O torsional mode ν6 we
consider the effect of H/D substitution on this kind of mo-
tion. The torsional mode can be described as a hindered ro-
tation of H2O around the C2 symmetry axis which also has
the role of the principal b-axis for an isolated H2O molecule.
The torsional mode can as such be described as an almost
genuine b-type rotation of H2O although this motion is hin-
dered in the complex. In the harmonic approximation the ra-
tio of the two harmonic torsional band origins is thus pro-
portional to the square root of the ratio of the B rotational
constants for the two isotopic water molecules in question.
In this way, the use of experimental B-values26 predicts an
isotopic harmonic red-shift of 21% for the band origin upon a
single H/D-substitution. The model predicts a blue-shift of the
proposed HDO torsional band origin at 128.4 cm−1 to 162.1
cm−1 for the corresponding IR-forbidden mode of the regu-
lar CO2–H2O system where our MP2 predictions provide a
band origin close of 151.2 cm−1. A complete unambiguous
assignment of the HDO torsional cannot be justified solely by

this crude model although the model provides a convincing
argument. In our estimate for the zero-point energy we add
a contribution of 75 ± 5 cm−1 from this IR-forbidden mode.
The band origin of the medium intense CO2 librational mode
ν12 predicted to 16.8 cm−1 is close to the optical bandpass
of our experimental setup and cannot be observed. In conse-
quence, the zero-point energy contributions from this transi-
tion and the weak intermolecular O · · · C stretching transition
ν5 are based on the theoretical values listed in Table II. We es-
timate a total (semi)-empirical contribution to the zero-point
energy from the class of intermolecular van der Waals transi-
tions to 273 ± 15 cm−1 based on the present findings. A total
zero-point energy contribution of 278 ± 15 cm−1 is achieved
by inclusion of the predicted contribution caused by perturba-
tions of the intramolecular vibrational transitions.14

The excellent agreement between our harmonic MP2 pre-
dictions and the observed band origins of CO2–H2O em-
bedded in solid neon matrices is rather surprising. Har-
monic predictions usually overshoot the actual (anharmonic)
band origins for large-amplitude vibrational modes associ-
ated with intermolecular van der Waals transitions of weakly
bound cluster molecules. A recent review addressing com-
plexes of H2O embedded in neon matrices reports that large-
amplitude intermolecular vibrational transitions tend to be
slightly blue-shifted relative to the gas phase although nu-
merous red-shifts have been reported as well.21 These small
blue-shifts of large-amplitude vibrations are ascribed as mi-
nor repulsive steric effects originating from the congested
neon host environment. These combined arguments could
suggest that both our harmonic predictions and observed neon
matrix band origins are slightly higher than expected gas-
phase values. The present experimental findings thus invite
for future high-level anharmonic theoretical investigations of
the large-amplitude vibrational CO2–H2O motion which may
shed light on the subtle balance of potential neon matrix
blue-shifts and anharmonicity effects for this weakly bound
system. We consider as such our current (semi)-empirical es-
timate of 273 ± 15 cm−1 as an upper limit for the intermolec-
ular part of the zero-point energy. In the recent comprehensive
theoretical study of the CO2–H2O system the highest level
of theory including the almost complete electron correlation
effects captured by the CCSD(T) approach and basis set su-
perposition errors predicts an equilibrium dissociation energy
De of 1004 cm−1.14 The combination with the present experi-
mental findings thus provides a lower limit of 726 ± 15 cm−1

for the dissociation energy D0 for this prototypical van der
Waals interaction.
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The effect of strong intermolecular hydrogen bonding on torsional degrees of freedom is investi-
gated by far-infrared absorption spectroscopy for different methanol dimer isotopologues isolated in
supersonic jet expansions or embedded in inert neon matrices at low temperatures. For the vacuum-
isolated and Ne-embedded methanol dimer, the hydrogen bond OH librational mode of the donor
subunit is finally observed at ∼560 cm−1, blue-shifted by more than 300 cm−1 relative to the OH
torsional fundamental of the free methanol monomer. The OH torsional mode of the acceptor em-
bedded in neon is observed at ∼286 cm−1. The experimental findings are held against harmonic
predictions from local coupled-cluster methods with single and double excitations and a pertur-
bative treatment of triple excitations [LCCSD(T)] and anharmonic. VPT2 corrections at canonical
MP2 and density functional theory (DFT) levels in order to quantify the contribution of vibra-
tional anharmonicity for this important class of intermolecular hydrogen bond vibrational motion.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900922]

I. INTRODUCTION

Methanol is one of the most important flexible molecules
for the study of internal rotation or torsional motion, a class
of large-amplitude vibrational motion in which two parts of
the same molecule rotate with respect to each other over dis-
tances comparable to chemical bond lengths. In the case of
methanol, the methyl group can counter-rotate with respect to
the hydroxy group around the C–O bond axis. The coupling
between large-amplitude torsional motion and other vibra-
tional motions of a molecule is known to accelerate the trans-
fer of energy internally among the vibrational modes via in-
tramolecular vibrational redistribution (IVR).1, 2 These energy
transfer processes are particularly important in order to un-
derstand the quantum control of chemical reactions via laser-
induced bond breaking by torsion-mediated IVR relaxation
in molecules containing a methyl rotor.3 More generally, the
torsional degrees of freedom are of critical importance in the
development of molecular force fields for flexible molecules.4

In cyclic methanol clusters, the torsional motion of all the
subunits is affected significantly by intermolecular hydrogen
bonding, and the resulting hydrogen bond librational motion
is effectively decoupled from the methyl group rotation.5, 6

The librational motion should not be described as torsional
or rotational, but more or less as a genuine localized displace-
ment of the hydrogen-bonded H atoms. As such, this displace-
ment probes a substantial range of the anharmonic hydrogen
bond potential and may be regarded as one of the most sensi-
tive markers of hydrogen bonding. The role of librational mo-
tion in intermolecular energy transfer processes of condensed

a)Author to whom correspondence should be addressed. Electronic mail:
rewl@kemi.dtu.dk

phases is currently being discussed.7 Recent quantum chemi-
cal studies of the methanol dimer (Fig. 1) show that the incor-
poration of the donor OH librational mode is essential in or-
der to capture the physics of the predissociation pathway that
follows OH stretching excitation8 since it has been shown to
effectively absorb the initially deposited energy. This fits the
results from ultra-fast pump-probe experiments of the hydro-
gen bond breaking dynamics.9

The spectroscopy of the hydrogen-bonded methanol
dimer has been studied intensely. The rotational spectrum
of several methanol dimer isotopologues isolated in molec-
ular beams has been obtained by Lovas et al. and its anal-
ysis showed that the methanol dimer exhibits a linear hydro-
gen bond.10, 11 The first experimental study of methanol dimer
was reported by Hoffbauer et al. who investigated the infrared
photodissociation spectrum in the CO stretching region.12

The observation and assignment of one single C–O stretch-
ing band was updated by Huisken and Stemmler who ob-
served two well-separated bands in this region at 1026.5 and
1051.6 cm−1.13 This observation has been confirmed by sub-
sequent experimental works and supported by theoretical
studies.14–16 The red-shifted dimer band has been assigned to
the free CO stretching mode of the acceptor subunit whereas
the latter more intense and blue-shifted band has been as-
signed to the CO stretching mode of the more perturbed H-
atom donor molecule. The red-shift originates from an elon-
gation of the acceptor C–O bond distance in the attractive hy-
drogen bond and the blue-shift results from a stronger force
constant and coupling to the OH stretching mode which com-
presses the C–O bond distance.17

A particularly sensitive probe for the hydrogen bond
interaction in methanol dimer is the OH stretching mode
of the donor subunit. A significant elongation of its O–H

0021-9606/2014/141(17)/174314/9/$30.00 © 2014 AIP Publishing LLC141, 174314-1
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FIG. 1. The normal mode description of the acceptor OH torsional mode and the hydrogen-bonded donor OH librational mode of the methanol dimer.

bond distance upon hydrogen bonding together with a signif-
icantly increased OH transition dipole moment provides both
a pronounced red-shift and infrared band intensity gain of
this chromophore. A variety of independent experimental ap-
proaches – infrared photodissociation,18 cavity ring-down,19

IR-UV photoionization,20 spontaneous Raman and direct ab-
sorption FTIR spectroscopies21, 22 in supersonic jet expan-
sions – have settled the band origin at around 3575 cm−1 with
a red-shift of ∼111 cm−1 from the monomer band origin, al-
though slight ambiguities exist in the interpretation of the ex-
act monomer reference due to its complicated band structure.
Recently, this red-shift has been decomposed into a harmonic
contribution23 of about 121 cm−1 and a diagonal anharmonic-
ity correction of 26 cm−1,24 leaving only about −36 cm−1 for
the combined coupling of all other modes to the hydrogen-
bonded OH stretching vibration. The free OH stretching mode
of the acceptor subunit has been located around 3684 cm−117

and also somewhat lower in wavenumber20 but in any case
close to the monomer band origin.

The most valuable among the technologically accessi-
ble spectroscopic observables for the intermolecular poten-
tial energy landscape spanned by two interacting methanol
molecules is the donor OH librational mode induced by the
hydrogen bond. The observation and assignment of this large-
amplitude mode provides direct benchmarks for theoretical
descriptions of anisotropy and anharmonicity for the hydro-
gen bond. To the best of our knowledge, the only attempts to
explore this crucial observable in the challenging far-infrared
region of the electromagnetic spectrum have employed the
medium of cryogenic matrices of nitrogen, argon, and carbon
monoxide.25–28 These matrix hosts are known to cause signifi-
cant matrix-induced perturbations and potential site effects. In
nitrogen matrices, up to four different isomers or differently
trapped species have been reported with donor OH librational
band origins between 572 and 624 cm−1 and perturbed ac-
ceptor OH torsional band origins between 325 and 386 cm−1

relative to the monomer OH torsional band at 304 cm−1.25

In the present work, we are revisiting these far-infrared spec-
tral signatures of methanol dimer by detecting them in super-
sonic jet expansions and in less perturbative cryogenic neon
matrices.

To discuss the anharmonicity of and the cross-talk be-
tween the different vibrational modes, we make use of the
simple second-order perturbation theory relationship29–31 be-
tween anharmonic fundamental transitions ν̃i and harmonic

normal modes ωi in the presence of all other modes j

ν̃i = ωi + 2xii + 1

2

∑
j

xij , (1)

where xii and xij are diagonal and off-diagonal anharmonic-
ity constants, respectively. While the former can be easily
extracted from overtone transitions, the latter are obtainable
from combination bands. Neither of these are accessible in
the present experimental work for the methanol dimer OH li-
brational modes, but we can still draw important conclusions
from benchmark calculations in the recent literature,23, 24

which have been made available to us by the authors
and are mostly contained in the corresponding electronic
supplements.

II. EXPERIMENTAL DETAILS

The infrared absorption spectra of jet-cooled methanol
clusters were obtained by the high-throughput FTIR jet appa-
ratus at Universität Göttingen described in detail elsewhere.32

Helium gas pulses on the order of 0.5 mol doped with traces
of CH3OH (99.9% atom, VWR) were expanded through a
600 mm long and 0.2 mm wide pulsed slit nozzle into a 23
m3 vacuum buffer dilution volume. The resulting supersonic
jet expansions were synchronously probed by single 2–4
cm−1 resolution scans of a rapid-scan Bruker IFS 66v/S FTIR
spectrometer. The buffer dilution volume was continuously
evacuated by a series of Roots blowers at a pump speed of
2500 m3 h−1 with time intervals of ∼50 s between the pulses
to prevent any Mach disk interference by shock waves. The
stagnation pressure in the gas reservoir from which the pulsed
expansions emerge was 0.8 bar with sample concentrations
in the range of 0.3%–0.8%. The mid-infrared spectra were
obtained employing a conventional globar radiation source
combined with CaF2 beamsplitter and optics and a liquid ni-
trogen cooled InSb detector. The far-infrared spectra (190–
650 cm−1) were recorded employing a 6 μm multilayer My-
lar beam splitter, CsI optics, and a liquid-helium cooled Si
bolometer from Infrared Labs, Inc. Scans of approximately
400 pulses were collected and averaged for each sample
concentration.

For the matrix isolation experiments, neon gas (L’Air
Liquide, 99.996%) was deposited via a liquid nitrogen pre-
cooled inlet tube with a flow rate of 0.02 mol/h at 3.6 K on a
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FIG. 2. The combined mid-infrared OH-stretching (upper left trace) and far-infrared (upper right trace) absorption spectrum recorded for supersonic jet
expansions of helium doped with methanol together with a simulated rovibrational far-infrared spectrum of methanol monomer based on observations reported
in Ref. 42 (lower trace, Trot= 25 K). The methanol cluster bands observed in the far-infrared region are marked with asterisks whereas the Q-branches of the
torsional fundamental of methanol monomer are labeled by the symmetry species.

gold-plated oxygen-free high thermal conductivity (OFHC)
copper mirror inside an immersion helium cryostat (IHC-
3) modified for matrix isolation spectroscopy33 at MAX-lab.
Degassed samples of CH3OH (Sigma-Aldrich, 99.9% atom)
or CH3OD (Sigma-Aldrich, 98%) were deposited simultane-
ously with the matrix gas by a separate inlet tube, giving mix-
ing ratios of �0.5–5 permille. The sample temperature at the
mirror was monitored by a Lake Shore silicon diode and was
kept stable at 2.8 ± 0.1 K before and after the matrix depo-
sition employing resistive heaters and feedback electronics.
In most cases, the doped neon matrices were afterwards an-
nealed up to 9 K for the study of temperature effects. The sam-
ple mount was equipped with interchangeable CsI and TPX
windows, and combined mid-infrared and THz single-beam
spectra were collected by a Bruker IFS 120 FTIR spectrom-
eter employing a globar lamp as radiation source. Broadband
HgCdTe and InSb detectors combined with a Ge/KBr beam
splitter and a Si-bolometer operating at 4.2 K combined with
a 6 μm multilayer Mylar beam splitter were employed for the
IR and THz spectral regions, respectively. A spectral resolu-
tion between 0.1 and 1 cm−1 was applied depending on the
observed band widths.

III. METHANOL ISOLATED IN SUPERSONIC JET
EXPANSIONS

The OH stretching region helps to monitor the size dis-
tribution of clusters in the supersonic jet expansions19, 21, 22

(see Fig. 2, upper left trace). A reported band origin of 3681.5
cm−1 for the monomer OH stretching band based on the
center of gas-phase Q-branches34, 35 has been employed in
a range of cluster studies.19, 21, 35–38 A band origin at 3686
cm−1 has subsequently been established by complementary
Raman and infrared studies of jet-cooled methanol.22, 39 This
value corresponds to the high-frequency component of the jet-
Raman spectrum39 and the absorption maximum in the jet-

FTIR spectrum22 and agrees well with the band origin of 3685
cm−1 obtained from a high-resolution rovibrational analysis
of this strongly coupled torsion-vibration system.40 In addi-
tion, the spacing of ∼2.6 cm−1 between the two observed Q-
branches in the jet-Raman spectrum39 agrees perfectly with
the difference in tunneling splitting between the vibrational
ground state and the excited OH stretching state.41 The red-
shifted donor OH stretching band origin of 3575 cm−1 for
the methanol dimer has been established by complemen-
tary jet-cooled Raman and FTIR observations whereas the
free acceptor OH stretching band overlaps with the rotational
structures and torsional tunneling splittings of the monomer
band.21, 22 The complicated OH stretching jet spectrum of
the cyclic methanol trimer has been shown to involve a vi-
brational Franck-Condon effect22 and consists of two near-
degenerate strong bands at 3469 cm−1 and 3474 cm−1. These
two strong bands are accompanied by five weaker sub-bands
and no hydrogen-bond isomerism of methanol trimer has to
be invoked to understand these jet spectral features.

The upper right trace in Fig. 2 shows the far-infrared ab-
sorption spectrum of jet-cooled methanol down to the CsI
cut-off close to 200 cm−1. In the region around 370 cm−1,
the 6 μm multilayer Mylar beam splitter has a strong dip
in the throughput and thereby causes an artifact in the gen-
erated absorption spectrum. In the lower far-infrared region,
the absorption spectrum reproduces a very rich structure
caused by multiple rovibrational sub-bands associated with
the torsional fundamental band of the methanol monomer.
The large-amplitude torsional motion of methanol is cou-
pled to the overall rotational motion and the other vibrational
modes of the molecule. The analysis of these couplings have
been described in detail elsewhere.43 The lower right trace of
Fig. 2 shows a rovibrational simulation based on previously
assigned Q-branch structures reported in the methanol atlas
of Moruzzi et al.42 The room temperature (T1) spectra were
converted to spectra at cold temperatures T2 by the following
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relationship:

Snm(T1)

Snm(T2)
=

e
− E

m
kT1

(
1 − e

− hcν̃
nm

kT1

)

e
− E

m
kT2

(
1 − e

− hcν̃
nm

kT2

) (2)

employing the line strength Snm and wavenumber ν̃nm of a
transition from a lower state m to an upper state n and the
energy Em of the m level. The simulated far-infrared spec-
trum in Fig. 2 is plotted as an overlay of Gaussian curves with
4 cm−1 full widths at half maximum matching the spectral
resolution of the jet experiment. It was found that a simulated
spectrum at T2 = 25 K yields the best match with the exper-
imental jet spectra. Non-equilibrium effects in the jet expan-
sion concerning the population of the A and E states44 were
ignored, because these are not significant at 25 K.

The most distinct spectral features observed in the
lower far-infrared absorption spectrum are located around
205 cm−1, 226 cm−1, 278 cm−1, and 284 cm−1 with de-
creasing intensity for the transitions at higher wavenumbers.
These have previously been attributed to Q-branches of dif-
ferent A–A (226 and 284 cm−1) and E–E (205 and 278 cm−1)
sub-bands with �K = ±1 and K′′ ≤ 1 associated with the
torsional fundamental.42 Another observed series of distinct
spectral features has previously been attributed to other, less
intense A–A (249 cm−1) and E–E (263 and 269 cm−1) tor-
sional sub-bands with �K = ±1 and K′′ ≤ 2.42 The con-
vincing agreement between the observed jet spectra and the
simulated rovibrational spectrum of the monomer in the low
far-infrared spectral region does not at first sight point at any
potential methanol dimer contributions.

In the upper far-infrared region above the beam split-
ter artifact, another three distinct spectral features are repro-
duced with band origins around 448 cm−1, 475 cm−1, and
507 cm−1. These spectral features can be assigned to three
different sub-bands or Q-branches associated with the first
torsional overtone of the methanol monomer which are in-
cluded in the simulated rovibrational spectrum shown in
Fig. 2. The Q-branches observed around 448 and 507 cm−1

have previously been assigned to the E–E transitions corre-
sponding to K = −1 → −2 and K = −1 → 0, respectively,
whereas the Q-branch observed around 475 cm−1 has previ-
ously been assigned to the A–A transition corresponding to K
= 0 → +1.42 The simulated rovibrational spectrum shown in
Fig. 2 includes a total of 17 previously assigned sub-bands
with K′′ ≤ 3 associated with the first torsional overtone of
methanol in the range from 343 cm−1 to 656 cm−1. None of
the 14 weaker torsional overtone Q-branches of the monomer
are observed clearly in the present far-infrared jet-spectra. The
strong spectral features observed in the range from 520 cm−1

to 650 cm−1 must therefore be assigned to jet-cooled clusters
of methanol.

The mid-infrared OH stretching spectral signatures have
previously guided the assignment of a number of hydrogen-
bonded OH librational modes of jet-cooled methanol trimers
and tetramers in the upper far-infrared region.6, 22 Assisted
by dedicated concentration-dependence spectral series, direct
comparisons with the corresponding OH stretching spectra

and quantum-chemical predictions, we have previously as-
signed the observed band at 613 cm−1 to the most IR-active
OH librational mode of the methanol trimer (see Fig. 2, up-
per right trace).5 In addition, two bands have been assigned
to the librational modes of the cyclic methanol tetramer: a
highly IR-active doubly degenerate mode at 760 cm−1, and
a lower-wavenumber mode at 695 cm−1 with lower infrared
activity (not shown).5 Subsequently, an upgraded configu-
ration of the experimental jet-FTIR apparatus including a
liquid helium cooled Si-bolometer detector revealed the ex-
istence of a band centered around 551 cm−1 which we ten-
tatively assigned to the lowest-wavenumber OH librational
mode of the cyclic trimer,6 although quantum-chemical cal-
culations have predicted an overlap with the donor OH
librational band of the methanol dimer5 and the relative inten-
sity is indeed higher than predicted. In the present work, fea-
turing an improved signal-to-noise performance in the lower
far-infrared region,45 the existence of the 551 cm−1 band
is easily confirmed with a reproducible high-wavenumber
shoulder at 567 cm−1 and an overall higher intensity than
the 613 cm−1 band as seen in Fig. 2. However, a completely
unambiguous size assignment of the 551 cm−1 band cannot
be obtained by dedicated jet experiments from the concen-
tration dependency alone. Trimer formation cannot be effec-
tively suppressed once dimer formation is favored in the ear-
lier stages of the expansions, and extreme dilutions are not
compatible with signal-to-noise limitations in this spectral re-
gion. A dimer OH librational fundamental below 551 cm−1

or above 567 cm−1 can be safely ruled out from the jet ex-
periments, but there could be one or more spectral features
attributed to this band in this interval. Therefore, we consult a
more sensitive matrix isolation approach where the discrimi-
nation between dimer and trimer spectral fingerprints is easier.

IV. METHANOL EMBEDDED IN NEON MATRICES

In previous studies of methanol embedded in solid ma-
trices of para-H2

46 and neon,47, 48 these inert matrix environ-
ments have been shown to completely forbid the overall rota-
tional motion of methanol but still allow for large-amplitude
internal torsional motion which is just slightly hindered rel-
ative to the gas phase. The torsion-vibration splittings into A
and E sub-levels by torsional tunneling therefore persist in the
inert neon matrix environment, but their standard A–A and E–
E selection rules have been shown not to apply anymore.47

The torsional fundamental of the methanol monomer accord-
ingly gives rise to four different sub-bands (see Fig. 3). In
cryogenic neon matrices, the splitting of the ground state of
the torsional vibration is reduced from the gas phase value
of 9.1 cm−1 to 6.7 cm−1, whereas the splitting of the first ex-
cited state is reduced from the gas phase value of 86.5 cm−1 to
56.2 cm−1.47 Both of these vibrational splittings can be re-
vealed by dedicated annealing experiments. Fig. 3 shows the
observed far-infrared absorption spectrum of methanol em-
bedded in neon at 2.8 K together with the corresponding spec-
tra after subsequent annealing the matrix to 6 K and 9 K
and relaxing it back to 3 K. It appears that the higher pop-
ulation of the A sub-level of the vibrational ground state at
2.8 K favors the two A–E and A–A transitions observed at
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FIG. 3. The temperature dependence of the observed far-infrared absorption spectrum of methanol embedded in neon annealed from 2.8 K to 6 K and 9 K
and relaxed back to 3 K (left). The assignments of the four different observed components I, II, III, and IV for the torsional fundamental (vtors = 0 → 1) of
methanol monomer are indicated together with a corresponding torsional energy diagram illustrating the different A/E transitions (right).

212 cm−1 (denoted II) and 269 cm−1 (denoted IV), respec-
tively. The slow, step-wise annealing reveals the emergence
of the two torsional E–E and E–A transitions originating from
the E sub-level of the vibrational ground state which grad-
ually becomes more populated with increasing temperature.
These bands, observed at 206 cm−1 (denoted I) and 262 cm−1

(denoted III), are red-shifted by the vibrational ground-state
splitting of 6.7 cm−1 relative to the “cold” transitions (II and
IV). In the matrix isolation spectra recorded at 2.8 K where
the “cold” sub-bands dominate, another band is reproduced
at 286 cm−1. The concentration dependency of this band, al-
though somewhat distorted by the overlap with the 269 cm−1

feature (IV), is steeper than observed for the four monomer
sub-bands, which points at a dimer origin. This is supported
by the blue-shifted position relative to the monomer band
system and the fact that it collapses into a single band. The
methanol:neon mixing ratios in the permille region rule out
any methanol trimer assignments which is also supported by
the lack of any corresponding trimer absorption in the OH
stretching region (not shown).

Fig. 4 shows the entire far-infrared absorption spectrum
of methanol embedded in neon at 2.8 K from 200 cm−1 up to
the high-wavenumber cut-off of the cold optical filter inside
the Si bolometer around 600 cm−1. In the upper far-infrared
region, a strong band is observed at 446 cm−1 even at the
smallest methanol:neon mixing ratios, pointing at a monomer
origin. This slightly broadened band has previously been ob-
served by Perchard for very diluted methanol doped neon
matrices.47 At higher methanol:neon mixing ratios, another
weak band appears at 507 cm−1 with the same concentra-
tion dependency. The intensity of these two bands also de-
creases by the same amount upon annealing of the neon ma-
trices. A detailed assignment of these monomer transitions is
difficult. However, we cannot reject Perchard’s tentative as-
signment of the strong 446 cm−1 band to a torsional over-
tone transition originating from the A sub-level of the vibra-
tional ground state.47 In some matrix experiments, another

weak band with varying intensity is observed at 527 cm−1 in
methanol-doped neon matrices. This band is attributed to wa-
ter/methanol dimers which shall not be discussed further in
the present contribution. At higher methanol:neon mixing ra-
tios, a sharp band with one or more high-wavenumber shoul-
ders appears at 558 cm−1. This band has a steep concentration
dependency which qualitatively matches the behavior of the
broader proposed acceptor OH torsional mode at 286 cm−1.
As mentioned above, the latter band overlaps with the neigh-
boring monomer feature which complicates a solid quantita-
tive intensity analysis. Nevertheless, the two dimer bands in
question appear to have almost the same integrated intensity at
low methanol concentrations. This is supported by harmonic
MP2 and B3LYP frequency calculations5 which predict an
almost 1:1 intensity ratio of these bands. These predictions

FIG. 4. The observed far-infrared absorption spectra of methanol embed-
ded in neon matrices at 2.8 K. The components of the torsional fundamental
(vtors = 0 → 1) and first torsional overtone (vtors = 0 → 2) transitions of the
monomer as well as of the acceptor OH torsional (“a”) and donor OH libra-
tional (“d”) transitions of the dimer are assigned by minimum structures.
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suggest a straightforward assignment of the 558 cm−1 band
to the missing donor OH librational band of methanol dimer.

The matrix band position lines up between the strong
551 cm−1 band and the weaker 567 cm−1 band observed in the
jet spectra. A recent review article addressing water clusters
embedded in neon matrices reports that large-amplitude inter-
molecular vibrational transitions tend to become slightly blue-
shifted relative to the gas phase.49 These small blue-shifts of
large-amplitude vibrational modes are ascribed as minor re-
pulsive steric effects originating from the neon host environ-
ment. This provides a qualitative argument in support for a
dimer assignment of the 551 cm−1 band in the far-infrared jet
spectrum. On the other hand, the predicted 1:1 intensity re-
lationship mentioned above together with the lack of strong
dimer absorptions at lower wavenumbers in the jet spectrum
provide a counter-argument for an assignment of the weaker
567 cm−1 band to the librational mode in question. In the jet
experiments, it is furthermore possible that the librational in-
tensity is distributed over several �K = ±1 sub-branches or
affected by rovibrational couplings, similar to but less pro-
nounced than in the case of the HF dimer.50 In addition, the
blue-shift observations cited above are not a strict indicator,
since numerous red-shifts have been observed under similar
conditions as well. Further, our previous quantum-chemical
predictions5 point at a possible overlap between the donor
OH librational mode of the dimer and the lowest-wavenumber
OH librational mode of the trimer. The far-infrared jet spec-
tral series is thus less conclusive than the neon matrix isola-
tion data, and we can only suggest a band origin interval of
560±10 cm−1 for the OH librational mode of the methanol
dimer when not affected by a neon matrix environment.

In order to verify the proposed methanol dimer assign-
ment further, we explore the isotopic spectral shifts associ-
ated with H/D substitution on the hydroxy group. Fig. 5 shows
the full far-infrared absorption spectrum of methanol-OD em-
bedded in neon at 2.8 K (red trace) together with the cor-

FIG. 5. The observed far-infrared absorption spectra of methanol (black
trace) and methanol-OD (∼80%, red trace) embedded in neon matrices at
2.8 K. The assignments for the torsional fundamental and the first torsional
overtone of the monomers (denoted “m(. . . )”) as well as the acceptor OH/OD
torsional (denoted “a”) and donor OH/OD librational modes of the hydrogen-
bonded methanol dimers (denoted “d”) are shown (see text).

responding far-infrared spectrum of regular methanol (black
trace) at a similar methanol:neon mixing ratio. H/D exchange
processes on the very large surface of the matrix inlet tubing
are inevitable, preventing higher purities than 80%–85% of
methanol-OD in the deposited neon matrices. The traces of
regular methanol can be monitored most clearly by the iso-
lated torsional overtone sub-band observed at 447 cm−1. The
torsion-vibration splittings of the ground and excited torsional
states are smaller for methanol-OD, owing to the slower tor-
sional tunneling of D relative to H. Two major bands are
reproduced at 187.5 cm−1 and 205.5 cm−1; the latter being
overlapped by the two torsional E–E and A–E sub-bands of
regular methanol. These two bands have previously been ob-
served by Perchard for very diluted methanol-OD doped neon
matrices and assigned to the “cold” torsional sub-bands orig-
inating from the A sub-level of the vibrational ground state.47

The two remaining torsional sub-bands originating from the
E sub-level could not be observed by dedicated annealing ex-
periments. The vibrational ground state splitting of methanol-
OD in the gas phase is 2.6 cm−1 and might be even smaller in
neon matrices.51 The splitting of the excited torsional state of
methanol-OD must therefore be very close to the wavenum-
ber difference of ∼18 cm−1 between the “cold” torsional sub-
bands.

In the regions of the proposed dimer assignments for
regular methanol, we also observe small traces of deuterated
dimeric species. A closer inspection of the region for the pro-
posed donor OH librational band reveals a rather small red
shift of ∼1–2 cm−1 relative to the band origin of 558 cm−1.
This small isotopic wavenumber shift points at a OH libra-
tional mode and could originate from mixed methanol dimers
where regular methanol acts as a donor and methanol-OD acts
as the acceptor. A red-shift of the same size is also observed
for the mixed water/methanol dimer band around 527 cm−1

which shall not be discussed further in the present contribu-
tion. A series of previous cluster studies have shown that D-
bonded complexes in general are more stable than the cor-
responding H-bonded complexes due to smaller zero-point
energies.52 Accordingly, the mixed methanol dimer where
methanol-OD acts as the donor should be more abundant. In
the region of the proposed acceptor OH torsional mode of the
methanol dimer, we observe a rather weak and very broad
spectral feature overlapped by the torsional E–A and A–A sub-
bands of regular methanol. This broad spectral feature must
have a contribution from mixed methanol dimers where reg-
ular methanol acts as acceptor instead of donor, but a quan-
titative analysis of the relative abundance of mixed methanol
dimers is not possible even at higher mixing ratios.

The inevitable H/D exchange does not prevent a large ex-
cess of methanol-OD and clear absorption by the methanol-
OD dimer. The donor OD librational mode is easily assigned
as a rather sharp band at 420 cm−1. The somewhat broad spec-
tral feature observed below the sharp donor OD-librational
band around 400 cm−1 appears to have a similar concen-
tration dependency as the torsional sub-bands of methanol-
OD and might originate from a monomeric torsional overtone
sub-band. The acceptor OD torsional mode appears clearly as
a high-wavenumber shoulder on the torsional A–A sub-band
of methanol-OD at 234 cm−1. This acceptor OD torsional
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TABLE I. The observed band origins (in cm−1) for the acceptor OH/OD
torsional mode and the donor OH/OD librational mode of different hydrogen-
bonded methanol dimer isotopologues isolated in supersonic jet expansions
and embedded in cryogenic neon matrices at 2.8 K.

Species Jet Neon matrix

(CH3OH)2 acceptor OH torsion Not assigned 286
(CH3OH)2 donor OH libration 560 ± 10 558
(CH3OD)2 acceptor OD torsion Not assigned 234
(CH3OD)2 donor OD libration Not assigned 420

band must be overlapped by mixed methanol dimers where
methanol-OD acts as the acceptor and regular methanol as
the donor which can explain the apparent larger band intensity
relative to the acceptor OH torsional band of regular methanol
dimer. The resulting OD/OH isotope ratios of 0.75–0.82 are
significantly larger than 1/

√
2 as expected for strongly anhar-

monic potential energy wells. The complete set of methanol
dimer assignments from the combined jet and neon matrix
isolation experiments is summarized in Table I.

V. HARMONIC LOCAL-CORRELATION COUPLED
CLUSTER AND ANHARMONIC PREDICTIONS

Harmonic predictions for the donor OH stretching red-
shift of the methanol dimer have been available for some
time from MP2 and Density Functional Theory (DFT)
calculations.22 These predictions demonstrate a red-shift on
the order of 150 cm−1, much more than the experimental an-
harmonic value of 111 cm−1. A recent study has now ap-
plied harmonic Coupled-Cluster methods in a local correla-
tion framework (prefix L) to the problem,23 providing a full
normal-mode analysis at the optimized structures while be-
ing essentially free of basis set superposition error (BSSE).
The exaggerated MP2 red-shifts were traced to an underes-
timation of the O–H bond strength of the donor molecule in
the dimer, which is only partially compensated by likewise
underestimated intermolecular electron correlation effects. A
combination of local and explicit electron correlation beyond
second-order perturbation theory placed the harmonic donor
OH stretching red-shift close to 121 cm−1.

Harmonic transition wavenumbers for the acceptor OH
torsional and the donor OH librational modes were obtained
at the same levels23 and are reproduced in Table II. We aug-
ment these data with MP2/cc-pVTZ, B2PLYP-D3/cc-pVTZ,
and B3LYP-D3BJ/6-311+G(2d,p) calculations making use of
Grimme’s empirical dispersion correction (D3)53 and Becke-
Johnson damping (BJ),54 both in the harmonic approxima-
tion (Table II) and applying a standard second-order pertur-
bational (VPT2) anharmonic treatment as implemented in the
Gaussian 09 program,29 carried out and reported in Ref. 24
and summarized in Table III. For brevity, we shorten the 6-
311+G(2d,p) basis set to “6311”and cc-pVTZ to “VTZ.” The
VPT2 calculations avoided diffuse functions on all hydrogen
atoms (6311) or even altogether (VTZ), improving numerical
stability in the finite-displacement steps of the VPT2 treat-
ment. The highest level of theory in Ref. 23 with an optimized
geometry and harmonic frequencies is explicitly correlated

TABLE II. Harmonic wavenumbers ω (units of cm−1) for the OH torsional
(“tors”) mode of the methanol monomer (“mon”) and corresponding donor
OH librational (“lib”) and acceptor torsional (“tors”) modes of the dimer
(“dim”), reproduced from Refs. 24 and 23.

ωmon
tors ωdim

lib ωdim
tors

MP2/VTZ 309 699 317
B3LYP-D3BJ/6311 294 708 355
B2PLYP-D3/VTZ 304 694 308
MP2/A′VTZa 294 695 331
LMP2/A′VTZ 293 660 319
LCCSD(T0)/A′VTZ(int) 294 647 320
Benchmarkb 294 660 322

aDiffuse functions omitted for CH3 hydrogens.
bLCCSD(T*)-F12a/VDZ-F12(int).

LCCSD(T)-F12/cc-pVDZ-F12(int), with the intermolecular
interactions (“int”) treated at the same high level of theory.
Comparison with larger basis sets showed that these results
were very close to the Complete Basis Set (CBS) limit. We
can therefore regard these data as the harmonic benchmark
for all other calculations henceforth.

The harmonic OH librational wavenumbers are overes-
timated in the canonical MP2 and DFT calculations by 30–
50 cm−1. This correlates with overestimated OH stretching
shifts, indicative of a too anisotropic hydrogen bond. The
good performance of LMP2 is a result of error compensation
and does not extend to the OH stretching shift.23

Advancing to the anharmonic VPT2 results which are
restricted to lower electronic structure levels (Table III), the
donor OH librational mode exhibits a pronounced negative
diagonal anharmonicity, red-shifting the fundamental transi-
tion by about 90 cm−1. This corresponds to a sub-linear in-
crease of the restoring force due to the directional hydrogen
bond. The off-diagonal couplings to all other modes are pre-
dicted to slightly increase this red-shift when taken together,
but a distinct positive coupling to the donor OH stretching
vibration can be identified. This coupling reflects the fact that

TABLE III. Calculated VPT2 spectroscopic constants (units of cm−1) for
the donor OH librational mode of methanol dimer (from Ref. 24 and by per-
sonal communication of the computer outputs through its authors). The 20
anharmonic coupling cross-terms not given in the table are somewhat smaller
and their overall sum is very close to 0.

MP2/VTZ B3LYP-D3BJ/6311 B2PLYP-D3/VTZ

ωlib
a 699 708 694

2xlib, lib
b − 92 − 91 − 85

1
2 xlib,ν(OH)b

c +30 +30 +30
1
2 xlib,δ(OH)b

d − 9 − 8 − 8
1
2 xlib,tors

e − 7 − 11 − 7

1
2

6∑
1

xlib,intermol
f − 31 − 31 − 21

ν̃lib
g 589 595 603

aThe harmonic wavenumber.
bThe anharmonic contribution from diagonal anharmonicity.
cThe anharmonic contribution from the coupling to the donor OH stretching mode.
dThe anharmonic contribution from the coupling to the donor OH bending mode.
eThe anharmonic contribution from the coupling to the acceptor OH torsional mode.
fThe anharmonic contribution from the coupling to the six intermolecular modes.
gThe anharmonic wavenumber.
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TABLE IV. Calculated VPT2 spectroscopic constants (units of cm−1) for
the acceptor OH torsional mode of methanol dimer (from Ref. 24 and by
personal communication of the computer outputs through its authors).

MP2/VTZ B3LYP-D3BJ/6311 B2PLYP-D3/VTZ

ωtors
a 317 355 308

2xtors, tors
b −66 −61 −73

1
2

29∑
j

xtors,j
c +31 −9 +11

ν̃tors
d 282 285 246

aThe harmonic wavenumber.
bThe anharmonic contribution from diagonal anharmonicity.
cThe anharmonic contribution from the sum of all coupling cross-terms to the other 29
vibrational modes.
dThe anharmonic wavenumber.

the OH librational mode is ultimately of dissociative nature,
and its excitation tends to restore the higher monomer value
for the OH stretching frequency. The magnitude of this cou-
pling is remarkably consistent among the calculations, in-
dependent of variations in the absolute harmonic wavenum-
bers for the OH librational and stretching modes. The posi-
tive xlib,ν(OH)b

coupling is key responsible for the fact that the
harmonic OH stretching red-shift of methanol dimer is larger
than the experimental one despite opposing diagonal anhar-
monic OH stretching effects. Indeed, from the experimental
constraints outlined in the Introduction,23, 24 one can estimate
the order of magnitude of 1

2xlib,ν(OH)b
around 36 cm−1, if all

other off-diagonal contributions to the OH stretching shift are
assumed to approximately cancel. All this lends some credi-
bility to the VPT2 corrections despite their limited electronic
structure level and the relatively large amplitude motion in the
OH librational mode, which probably challenges the applica-
bility of the VPT2 approximations.

The overall sum of anharmonic corrections to the libra-
tional fundamental transition is on the order of −(100 ± 10)
cm−1. Adding this to the benchmark harmonic wavenumber
of 660 cm−1, a prediction of 560 cm−1 is obtained which is
fully consistent with the present experimental value of (560
± 10) cm−1. A similar analysis of the acceptor OH torsional
mode of methanol dimer is likely to stretch the reliability of
VPT2 calculations, but we note that the best harmonic esti-
mate of 322 cm−1 (Table II) in combination with the aver-
age VPT2 correction of (50 ± 20) cm−1 (Table IV) is not too
far from the experimental value of 286 cm−1 obtained in this
work.

We finally note that the overtone of the hydrogen-bonded
librational mode is predicted remarkably close to the CO
stretching fundamentals of methanol dimer13 based on the re-
sults of the present work, potentially complicating their quan-
titative analysis.

VI. CONCLUSIONS

For the first time, the fundamental hydrogen bond libra-
tional mode of the smallest organic hydrogen-bonded dimer
has been confidently assigned experimentally near 560 cm−1

with an accuracy which allows for rigorous benchmarking of
theory. The remaining experimental uncertainty of at most

±10 cm−1 is due to spectral overlap with methanol trimer (in
the gas phase) or residual matrix influence (in the cryogenic
neon matrix). The 100 cm−1 or 15% gap to the benchmark
harmonic prediction can be rationalized mostly by anhar-
monicity along the librational coordinate. Off-diagonal cou-
pling terms are significant, in particular to the bound OH
stretching mode, but they are largely canceled by opposing
coupling cross-terms from the intermolecular modes. The ex-
perimental result is corroborated by results for O-deuterated
methanol dimer (420 cm−1) and the even larger amplitude ac-
ceptor OH (OD) torsional mode of the dimer is observed at
286 cm−1 (234 cm−1) in the neon matrices. Thus, two orthog-
onal degrees of freedom of the hydrogen bonded (and free)
OH groups in methanol dimer as well as their mutual cou-
pling are now rather well established by infrared vibrational
spectroscopy. Sensitivity limits of supersonic jet spectroscopy
in the far infrared and environmental effects in neon matrices
are seen to be surmountable by a combination of both tech-
niques. Quantitative studies of sub-picosecond intermolecu-
lar energy flow in organic hydrogen bonds can profit from
these reference values. It would be valuable to confirm some
of the conclusions on off-diagonal coupling cross-terms by di-
rect observation of weak OH stretching-libration combination
bands of methanol dimer.
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The influence of large-amplitude librational
motion on the hydrogen bond energy for
alcohol–water complexes†

J. Andersen,a J. Heimdalb and R. Wugt Larsen*a

The far-infrared absorption spectra have been recorded for hydrogen-bonded complexes of water with

methanol and t-butanol embedded in cryogenic neon matrices at 2.8 K. The partial isotopic substitution of

individual subunits enabled by a dual inlet deposition procedure provides for the first time unambiguous

assignments of the intermolecular high-frequency out-of-plane and low-frequency in-plane donor OH

librational modes for mixed alcohol–water complexes. The vibrational assignments confirm directly that water

acts as the hydrogen bond donor in the most stable mixed complexes and the tertiary alcohol is a superior

hydrogen bond acceptor. The class of large-amplitude donor OH librational motion is shown to account for

up to 5.1 kJ mol�1 of the destabilizing change of vibrational zero-point energy upon intermolecular OH� � �O
hydrogen bond formation. The experimental findings are supported by complementary electronic structure

calculations at the CCSD(T)-F12/aug-cc-pVTZ level of theory.

1. Introduction

Intermolecular hydrogen bonding between alcohols and water is
of general interest ranging from various fundamental microscopic
aspects related to conformational isomerism, hydrogen bond
donor/acceptor preferences and the large-amplitude and highly
anharmonic hydrogen bond vibrational motion introduced upon
complexation to more applied macroscopic aspects related to hydro-
phobic effects and the optimization of experimental separation
technologies of bulk alcohol/water mixtures and bio-fuels. It has
previously been demonstrated that the intermolecular interactions
responsible for thermodynamic anomalies1 such as negative heats of
mixing2,3 and negative excess volumes4,5 of bulk alcohol/water
mixtures can be addressed qualitatively by combined infrared and
Raman spectroscopic investigations of hydrogen-bonded jet-cooled
alcohol–water clusters.6,7 These thermodynamic anomalies depend
strongly on the relative hydrogen bond energies of mixed alcohol–
water complexes versus the pure complexes of alcohols and water.8

The amount of experimental spectroscopic data reported in
the literature for isolated mixed binary alcohol–water complexes
is surprisingly limited. One explanation for this sparsity of

spectroscopic data might be the absence of any suitable UV
chromophores in these systems which would otherwise enable
sensitive electronic double-resonance spectroscopy investigations.9

A series of pure rotational spectroscopic studies of adiabatically
cooled mixed complexes of water with methanol10 and t-butanol11

has unraveled the structure of the conformers where the water
subunit acts as the hydrogen bond donor. The other conformations
with the alcohol subunit acting as the hydrogen bond donor were
not detected under the cold conditions of the seeded molecular
beam studies. In terms of vibrational spectroscopy, a sensitive
probe for intermolecular hydrogen bond formation is the
OH-stretching manifold of the subunits12 and recent combined
infrared and Raman investigations have monitored bathochromic
OH-stretching spectral shifts for vacuum-isolated mixed complexes
of water with both methanol and ethanol.6,7 The observed
vibrational spectral signatures support the hydrogen bond
donor/acceptor relationships found in the cited microwave
studies. The ethanol–water complex furthermore represents
one of the simplest mixed hydrogen-bonded molecular systems
where internal conformational degrees of freedom influence the
hydrogen bond formation. In the mixed ethanol–water complex,
the ethanol subunit prefers the gauche conformation as the
hydrogen bond acceptor although the trans conformation is the
most stable for an isolated ethanol molecule. This is considered
as one of the most elementary cases of adaptive aggregation,
where a flexible molecule is forced into a less stable conformation
upon non-covalent binding to a hydrogen bond donor molecule to
optimize the mutual interaction energy.6,7 A few other experimental
studies of this vibrational OH-stretching manifold have been
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reported for mixed water complexes with methanol and ethanol
embedded in cryogenic matrices of nitrogen and argon.13,14 In
the most perturbing matrix environment of nitrogen a reversed
donor/acceptor relationship has been observed although severe
site effects blurred the OH-stretching signatures of the alcohol
donor subunits. This opposite donor/acceptor relationship observed
in cryogenic nitrogen matrices has been explained by weak
cooperative attractive interactions between the OH groups and
the N2 host molecules.15 In the mixed complexes where the
alcohol molecule acts as the hydrogen bond donor both dangling
OH groups of the water acceptor subunit might interact with
N2 host molecules and thereby increasing the acceptor character
of the O nuclei on the water molecule. This effect could
strengthen the intermolecular hydrogen bond to the alcohol
molecule and overcome the energy barrier between the water–
alcohol conformers.15

In the present work it is demonstrated how the strength,
directionality and anharmonicity of these important inter-
molecular hydrogen bonding motifs can be probed directly
via large-amplitude intermolecular OH librational modes of
mixed isotopically substituted alcohol–water complexes. These
direct spectroscopic observables detected in the challenging
far-infrared region of the electromagnetic spectrum have been
shown to enable an accurate characterization of the inter-
molecular potential energy landscape between identical hydrogen
bond partners.16–19 In a recent combined far-infrared super-
sonic jet and neon matrix isolation study of methanol dimer, the
large-amplitude intermolecular donor OH librational transition
was unambiguously assigned for the first time.18 This study
demonstrated that this large-amplitude OH librational motion
is basically unhindered in an inert neon matrix environment at
2.8 K and allowed for a rigorous benchmarking of theory. The
present work shows the potential to detect these important
spectroscopic observables in the far-infrared region for mixed
alcohol–water complexes embedded in neon by a dual inlet
deposition procedure. The mixed water complexes with the
simplest primary alcohol, methanol, and the simplest tertiary
alcohol, t-butanol, are the systems of choice since conformational
isomerism of the t-butanol monomer is absent.

2. Experimental

Several millimeter thick matrices of pre-cooled neon (L’Air
Liquide, 99.999%) doped with ‘‘freeze–pump–thaw’’ purified
CH3OH (Sigma Aldrich, 99.9%), C(CH3)3OH (Sigma Aldrich,
99.9%) and H2O (Milli-Q) samples and isotopically substituted
CH3OH-d1 (Sigma Aldrich, 99.0% D), CH3OH-d4 (Sigma
Aldrich, 99.0% D), C(CH3)3OH-d1 (Sigma Aldrich, 99.0% D),
C(CH3)3OH-d10 (Sigma Aldrich, 99.0% D) and D2O (Sigma
Aldrich, 99.5% D) samples with mixing ratios of C0.25 to 2.5
permille have been deposited with a flow rate of 0.02 mole on
a gold-plated oxygen-free high thermal conductivity (OFHC)
copper mirror at 3.6 K inside an immersion helium cryostat
(IHC-3) modified for matrix isolation spectroscopy.19,20 The
pre-cooling of neon significantly reduces the heat load on the

copper mirror and enables a total deposition time of less than
1 hour per experiment. A dual inlet deposition procedure
enabled studies of individual deuterium-enriched samples
without the risk of H/D exchange before deposition. The
combination of resistive heaters and feedback electronics has
been employed to maintain a stable mirror temperature at
2.8 � 0.1 K before and after the depositions. The cold head
was equipped with interchangeable CsI and polymethylpentene
(TPX) windows and the combined mid- and far-infrared single-
beam sample spectra have been collected by a Bruker IFS 120 FTIR
spectrometer employing tungsten and globar lamps as radiation
sources. Liquid nitrogen cooled HgCdTe and InSb detectors
combined with Ge/KBr and CaF2 beam splitters, respectively,
were employed for the spectral region above 600 cm�1. A
Si-bolometer operating at 4.2 K combined with a 6 mm multi-
layer Mylar beam splitter was employed for the 30–650 cm�1

spectral region. In most cases the doped neon matrices have
been annealed up to 9 K and relaxed back to 3 K for the study
of temperature effects. Single-beam background spectra were
subsequently collected of the evacuated warm cryostat. A spectral
resolution ranging from 0.1 to 1.0 cm�1 was selected depending on
observed band widths.

3. Vibrational assignments for the
mixed methanol/water complex

Fig. 1 shows a series of far-infrared absorption spectra (200–
600 cm�1) collected for several millimeter thick cryogenic neon
matrices doped with pure water (H2O : Ne) = (1 : 2000), pure
methanol with traces of H2O (CH3OH : H2O : Ne) = (3 : 1 : 13 000)
and different isotopic water/methanol mixtures (CH3OH : H2O :
Ne) = (3 : 2 : 6000) at 2.8 K. In previous studies of methanol
embedded in solid matrices of para-H2

21 and neon,18,22,23 the
torsional-vibrational splittings into A and E sub-levels by torsional
tunneling have been shown to persist although the standard
A–A and E–E selection rules do not apply in the inert matrix
environments. The torsional fundamental of methanol embedded
in cryogenic neon matrices thus gives rise to four different
sub-bands in the far-infrared region; the pair of ‘‘cold’’ A–E and
A–A transitions observed at 212 and 269 cm�1 and the pair
of ‘‘hot’’ E–E and E–A transitions observed at 206 and
262 cm�1.18,22 The sub-bands observed at 447 and 507 cm�1

have previously been assigned to components of the first
torsional overtone transition for methanol monomer.22 In terms
of pure methanol complexes, a combined far-infrared jet and
neon matrix isolation study has recently revealed the donor OH
librational transition at 557.7 cm�1 as well as the acceptor OH
torsional transition at 286 cm�1 of the methanol dimer for
the first time.18 In addition, the far-infrared absorption
from pure complexes of water embedded in neon matrices have
been explored previously.19,24–27 In the spectral region above
200 cm�1 the strong intermolecular high-frequency out-of-plane
and low-frequency in-plane donor OH librational bands of
the water dimer embedded in neon matrices have previously
been assigned at 522.4 cm�1 and 309.1 cm�1, respectively.24
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The broad band observed around 226 cm�1 has previously been
attributed dimeric water absorption although the nature of this
far-infrared transition is not yet understood in detail as the four
other intermolecular fundamental modes have all been assigned
at lower frequencies.24 The in-plane donor OH librational band is
slightly overlapped with the strong c-axis librational mode of cyclic
water trimer previously assigned at 310.8 cm�1. Five combination
bands have previously been assigned the cyclic water trimer where
the strongest are observed at 280.0, 386.8 and 414.1 cm�1.25

The assignment of the band observed at 527.3 cm�1 (Fig. 1) was
at first not possible even by dedicated methanol concentration
series. In some annealing experiments at 9 K the intensity of this
band increased significantly without any subsequent relaxation
upon repeated cooling to 3 K. This observation pointed at an
irreversible build-up of molecular complexes driven by diffusion in
the soft matrix. The combined findings suggested the assignment
to a mixed methanol–water complex as minor traces of water are
always present in various amounts in the inlet system. The severe

band overlap with the out-of-plane donor OH librational modes of
water dimer assigned at 522.4 cm�1 suggested that water takes the
role as the hydrogen bond donor in the most stable mixed complex
and possesses almost an identical donor OH librational motion as
for the lass stable water dimer. An unambiguous identification of
the hydrogen bond donor/acceptor relationship in the cryogenic
neon environment could be settled by partial isotopic H/D
substitution of the individual subunits enabled by the dual inlet
deposition procedure. The three inserts of Fig. 1 show the spectral
regions belonging to the donor OH (OD) librational modes. The
H/D substitution on the water subunit introduces a significant
red-shift from 527.3 cm�1 to 397.6 cm�1 confirming that water
acts as hydrogen bond donor. The observed band origin ratio of

1.33 is close to the theoretical value of
ffiffiffi

2
p

expected for a genuine
harmonic hydrogen motion and supports an assignment to the
out-of-plane donor OD librational mode for the complex of D2O
with methanol. The latter band origin is furthermore slightly
larger than the corresponding out-of-plane donor OD librational
band origin of (D2O)2 reported previously as expected.19 The H/D
substitution on the OH group of methanol introduces only a
minor red-shift of 4 cm�1 for the out-of-plane donor OH librational
mode confirming a hydrogen bond acceptor role of the methanol
subunit. In terms of the in-plane donor OH librational bands, the
isotopic H/D substitution on the OH group of methanol induces a
more pronounced red-shift of around 13 cm�1. A closer look at the
normal mode pictures reveals that whereas the out-of-plane OH
librational mode exhibits an almost localized genuine motion of
the bound hydrogen atom not involving the dangling OH group on
the water molecule, the in-plane OH librational mode can be
pictured as a hindered overall c-axis rotation of the water subunit.
The latter large-amplitude in-plane OH librational motion of the
whole water molecule thus has a more significant effect on the
center of mass and is more affected by isotopic substitution of
the methanol subunit as summarized in Table 1.

4. Vibrational assignments for the
mixed t-butanol/water complex

Fig. 2 shows far-infrared absorption spectra (300–600 cm�1)
collected for several millimeter thick cryogenic neon matrices
doped with pure water (H2O : Ne) = (1 : 2000), t-butanol with
small traces of H2O (C(CH3)3OH : H2O : Ne) = (4 : 1 : 4000) and

Fig. 1 The observed far-infrared absorption spectra of pure water (denoted w),
pure methanol (denoted m) and different isotopic methanol/water mixtures
embedded in neon matrices at 2.8 K with proposed vibrational assignments.
The inserts show close-ups of the spectral regions belonging to the out-of-
plane OH (left), out-of-plane OD (center) and in-plane OH (right) donor
librational modes of the hydrogen-bonded complexes (ww: water dimer,
wm: 1 : 1 methanol–water complex, mm: methanol dimer, etc.).

Table 1 The observed high-frequency out-of-plane and low-frequency in-plane donor OH (OD) librational band origins (cm�1) for isotopic water
complexes and isotopic mixed complexes of water with methanol/t-butanol embedded in neon matrices at 2.8 K

Donor–acceptor nlib,out-of-plane nlib,in-plane Donor–acceptor nlib,out-of-plane nlib,in-plane

H2O–H2O 522.4a 309.1a D2O–D2O 393.2a 233.5a

H2O–CH3OH 527.3 b D2O–CH3OH 397.6 c

H2O–CH3OD 523.7 296.2 D2O–CH3OD 395.0 c

H2O–CD3OD 523.9 295.9 D2O–CD3OD c c

H2O–C(CH3)3OH 556.6 318.2 D2O–C(CH3)3OH 427.7 d

H2O–C(CH3)3OD 548.9 298.1 D2O–C(CH3)3OD e 242.4
H2O–C(CD3)3OD 549.0 f

a Ceponkus et al.19 b Overlapped with (H2O)2. c Overlapped with (D2O)2. d Overlapped with C(CH3)3OH. e Overlapped with C(CH3)3OD. f Overlapped
with C(CD3)3OD.
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different isotopic t-butanol/water mixtures (C(CH3)3OH : H2O : Ne) =
(5 : 2 : 3000) at 2.8 K. The spectral region below 300 cm�1 (not
shown) is dominated by complex torsional–vibrational coupling
components of the monomer OH and methyl torsional motion
which shall be considered in details elsewhere. In addition, the
monomer of regular t-butanol in contrast to methanol exhibits
several intramolecular skeletal fundamental transitions in the
far-infrared spectral region.28 In the cryogenic neon matrices
doped solely with t-butanol the two overlapping CCC bending
fundamental bands are assigned at 343.4 cm�1 and 356.0 cm�1,
the symmetric CCO bending fundamental is assigned at 420.2 cm�1

and the two stronger asymmetric CCO bending fundamentals are
assigned between 450 and 475 cm�1. A higher (Ne : C(CH3)3OH)
mixing ratio relative to (Ne : CH3OH) was employed to study the
mixed t-butanol–water complexes but any formation of mixed
t-butanol–water trimers could be excluded by the inspection of
the corresponding mid-infrared absorption spectra recorded for
all neon matrices.

For the neon matrices doped simultaneously with small
concentrations of water and t-butanol, two new bands appear
in close vicinity to the donor OH librational modes of water
dimer. This observation indicates that the water subunit also
acts as the hydrogen bond donor in the mixed complex with
t-butanol and supports the findings of the previous microwave
molecular beam study where only this conformer was assigned.11

A band observed at 556.6 cm�1 is shifted by almost 35 cm�1

relative to the water dimer transition and is assigned to the out-of-
plane donor OH librational mode of the mixed complex. A lower
band appears as a shoulder on the corresponding water dimer
transition around 318.2 cm�1 and is assigned to the in-plane OH

librational band of the mixed complex. The unambiguous
assignments could again be supported by partial isotopic H/D
substitution of the individual subunits enabled by the dual inlet
deposition procedure. Both the isotopic H/D substitution on the
alcohol group alone and the full H/D substitution on t-butanol
introduce a minor red-shift of around 7.5 cm�1 for the 556.6 cm�1

band indicating the hydrogen bond acceptor role of t-butanol.
Unfortunately, the high-frequency donor OD librational band for
the complex of D2O with regular t-butanol accordingly is expected
in the region of the symmetric CCO bending fundamental band
around 420.2 cm�1 assuming the band origin ratio of 1.33
observed for the methanol–water complex. In this spectral
region the high-frequency out-of-plane OD libration of (D2O)2

is also located at 397.6 cm�1 19 and the shear librational band of
(D2O)3 is located around 428 cm�1.25 However, the far-infrared
spectrum of t-butanol/D2O doped matrices of neon nevertheless
reveals a new distinct spectral feature at 427.7 cm�1 on the high-
frequency shoulder of the symmetric CCO bending fundamental
band of t-butanol (see trace b) of Fig. 2. The intensity of this
spectral feature at 427.7 cm�1 clearly increases upon annealing of
the matrix to 9 K without any subsequent relaxation upon repeated
cooling to 3 K as witnessed by trace a of Fig. 2. The annealing is
expected to enable the diffusion of the D2O molecules in the
neon matrix and trigger the formation of mixed complexes of
D2O with t-butanol more than the formation of (D2O)2 as the
bulky t-butanol molecules are more likely collision partners in
the matrices. The significant intensity increase of the 427.7 cm�1

band relative to the (D2O)2 band at 397.6 cm�1 upon annealing to
9 K thus supports an assignment to the high-frequency donor OD
librational band for the mixed complex of D2O with t-butanol.
The observed band origin ratio of 1.3 for the proposed OH/OD
librational bands is furthermore rather close to the theoretical
value of

ffiffiffi

2
p

expected for a genuine harmonic hydrogen motion.
The two inserts of Fig. 2 show the spectral regions belonging to the
donor OH (OD) librational modes of the mixed isotopic complexes
of water with t-butanol. The proposed assignment of the low-
frequency in-plane OH librational mode is furthermore supported
by an isotopic red-shift of 20.1 cm�1 upon O-deuteration of
t-butanol. In addition, a tentatively assignment of the in-plane
low-frequency OD librational transition at is 242.4 cm�1 is proposed
for the mixed complex of D2O with t-butanol-d1 as summarized in
Table 1. Whereas the high-frequency out-of-plane donor OH/OD
librational modes are highly localized, the low-frequency in-plane
OH/OD librational motion might couple slightly to the intra-
molecular skeletal motion of the t-butanol subunits.

The observed donor OH librational spectral signatures point
at a stronger hydrogen bond interaction between water and
t-butanol than between water and methanol. An inductive effect
of the bulky alkyl groups of t-butanol improves the acceptor
quality of the oxygen atom in the tertiary alcohol group. This
inductive effect stiffens the intermolecular hydrogen bond and
the more hindered internal rotational motion raises the band
origins for the donor OH librational modes when the hydrogen
bond acceptor changes from water to methanol and finally
t-butanol. A far-infrared jet study has previously demonstrated
that alkylation strengthens and stiffens the intermolecular

Fig. 2 The observed far-infrared absorption spectra of water (denoted w),
t-butyl alcohol (denoted t) with small traces of water and different isotopic
t-butanol/water mixtures embedded in neon matrices at 2.8 K with
proposed vibrational assignments. The inserts show close-ups of the
spectral regions belonging to the out-of-plane OH (left) and OD (right)
donor librational modes of the hydrogen-bonded complexes (ww: water
dimer, www: water trimer, wt: 1 : 1 t-butanol–water complex, etc.). The
latter insert shows the far-infrared spectra recorded for t-butanol/D2O
doped matrices before (b) and after (a) annealing to 9 K.
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hydrogen bonding between alcohol molecules.17 This was also
reflected in increased average OH librational band origins for
the clusters of t-butanol relative to methanol although these
observations could not be captured by density functional
methods lacking electron correlation available for such bulky
alcohol clusters containing 30 to 60 atoms.17

5. Exploratory quantum chemical
calculations

The smaller size of the water complexes with methanol and
even t-butanol allows for rigorous ab initio computations
including high degrees of electron-correlation of the electronic
dissociation energy De which may be compared to results from
both canonical and dispersion-corrected density functional
theory. The quantum chemical software packages Gaussian09
(Rev. D.01)29 and Turbomole (ver. 6.6)30,31 have been employed
for the present ab initio molecular orbital and DFT calculations.
The geometries of the monomers and the mixed hydrogen-
bonded complexes were all optimized and the resulting electronic
energies calculated employing the canonical B3LYP level,32 the
dispersion-corrected B3LYP-D3 approach33 and the second-order
Möller–Plesset MP2 methodology34,35 coupled with Dunning’s
augmented correlation-consistent polarized triple-zeta (aug-cc-
pVTZ) and quadruple-zeta (aug-cc-pVQZ) basis sets.36 The root-
mean-square force criterion has been set to 10�6 (atomic units)
for all the geometry optimizations. The electronic energies for
these optimized geometries were subsequently furthermore
calculated employing both the coupled-cluster approach with
single and double excitations and perturbative treatment of triple
excitations CCSD(T)37 and the explicitly-correlated CCSD(T)-F12
methodology38 to optimize the level of electron correlation
combined with the same basis sets. In the electronic energy
calculations for the mixed alcohol–water complexes, the effects
of the basis set superposition errors39 have been accounted for
by the counterpoise method.40 The harmonic frequencies and

overall ZPE contributions of the monomers and hydrogen-
bonded complexes have been calculated in the doubly harmonic
approximation whereas the anharmonic frequencies have been
calculated employing the vibrational second-order perturbation
theory (VPT2) approach41 as implemented in Gaussian09
(Rev. D.01).29

6. Discussion

Table 2 shows the electronic dissociation energy De of the most
stable methanol–water conformer and the energy difference
DEe between the two different conformers predicted from
combined quantum chemical methodologies employed for
geometry optimization and subsequent single-point electronic
energy calculations. The potential energy minimum structures
for the different conformers of the alcohol–water complexes are
illustrated in Fig. 3. The benchmark level of theory available for
both alcohol–water complexes employs the MP2/aug-cc-pVTZ34–36

level for geometry optimization and the CCSD(T)-F12/aug-cc-pVTZ
level36,38 for the electronic dissociation energy De. The benchmark
De-value of 24.62 kJ mol�1 for the most stable methanol–water
conformer and the energy difference of 2.65 kJ mol�1 between the
two conformers agree with the highest level of methodology
employing a combined MP2/aug-cc-pVQZ/CCSD(T)-F12/aug-cc-
pVQZ approach within 0.42 and 0.03 kJ mol�1, respectively.
The benchmark approach is thus expected to provide reliable
dissociation energies for the two different conformers of the
more bulky water complexes with t-butanol as listed in Table 3.

The benchmark CCSD(T)-F12/aug-cc-pVTZ predictions confirm
that t-butyl alcohol is a superior hydrogen bond acceptor than
methanol. The electronic dissociation energy De of the most
stable mixed water complex with t-butanol is predicted to be
4.67 kJ mol�1 larger than for the corresponding mixed complex
with methanol. The predictions listed in Table 2 show that the
canonical B3LYP functional32 underestimate the binding energies
for the mixed complexes of water with methanol by more than
15% whereas the B3LYP-D3 approach including Grimme and

Table 2 The electronic dissociation energy De for the most stable hydrogen-bonded complex of water with methanol and the difference of electronic
dissociation energy between the two different conformers DEe predicted from several combined quantum chemical methodologies for geometry and
electronic energy calculations

Geometry optimizationa Electronic energy De/kJ mol�1 DEe/kJ mol�1

B3LYP/aug-cc-pVTZ B3LYP/aug-cc-pVTZ 20.58 2.18
B3LYP-CP/aug-cc-pVTZb B3LYP/aug-cc-pVTZ 20.29 2.16
B3LYP-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 24.64 2.53
B3LYP-D3/aug-cc-pVTZ B3LYP-D3/aug-cc-pVTZ 25.18 3.03
B3LYP-D3-CP/aug-cc-pVTZb B3LYP-D3/aug-cc-pVTZ 24.88 3.02
B3LYP-D3-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 24.92 2.74
MP2/aug-cc-pVTZ MP2/aug-cc-pVTZ 25.06 3.10
MP2-CP/aug-cc-pVTZb MP2/aug-cc-pVTZ 22.71 2.88
MP2-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 25.01 2.82
MP2-CP/aug-cc-pVTZb CCSD(T)-F12/aug-cc-pVTZ 24.62 2.65
MP2/aug-cc-pVQZ MP2/aug-cc-pVQZ 24.54 3.06
MP2-CP/aug-cc-pVQZb MP2/aug-cc-pVQZ 23.36 2.91
MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVTZ 24.74 2.82
MP2-CP/aug-cc-pVQZb CCSD(T)-F12/aug-cc-pVTZ 24.66 2.65
MP2-CP/aug-cc-pVQZb CCSD(T)-F12/aug-cc-pVQZ 24.20 2.68

a RMS force criterion set to 10�6 (atomic units) for all geometry optimizations. b CP = counterpoise correction applied.
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co-worker’s dispersion corrections33 reproduce the predictions
by the highest level of methodology within 0.25 kJ mol�1.
However, the dissociation energies for the more electron-rich
mixed complexes of water with t-butanol are strongly under-
estimated by 7.4 kJ mol�1 (ca. 25%) by the B3LYP functional and
slightly overestimated 1.3 kJ mol�1 (ca. 5%) by the dispersion-
corrected B3LYP-D3 predictions (Table 3). In the context of
relative hydrogen bond donor/acceptor capabilities we note that
the benchmark theoretical CCSD(T)-F12 predictions (in strong
contrast to the canonical B3LYP predictions) indicate that
t-butanol has a slightly higher interaction energy of 0.8 kJ mol�1

with water than methanol when the alcohols act as the hydrogen
bond donor. This increased interaction energy may be ascribed
to the increased dispersion forces between the water molecule
and the electron-rich t-butyl alcohol molecule. The effect of
the zero-point energy (ZPE) contributions and in particular
the influence of the donor OH librational motion on the
electronic dissociation energy must be considered before reaching
further conclusions.

The change of vibrational ZPE upon intermolecular hydrogen
bond formation is notoriously difficult to predict computationally,
in particular for the observed large-amplitude and highly
anharmonic intermolecular hydrogen bond librational motion.
In a recent combined jet and neon matrix isolation far-infrared
study of methanol dimer, the donor OH librational band was
observed and assigned for the first time at 560 cm�1.18 This
study predicted an overall sum of anharmonic contributions to
the OH donor librational fundamental transition of 100 cm�1 by
vibrational second-order perturbation theory.41 In combination
with a benchmark harmonic band origin of 660 cm�1 predicted
at the LCCSD(T)-F12 level, the anharmonic predicted band origin
of 560 cm�1 was in excellent agreement with the experimental
findings. A similar detailed analysis of the mixed water complexes
with methanol and t-butanol is beyond the scope of the present
predominantly experimental work. However, standard vibrational
frequency calculations at the MP2/aug-cc-pVTZ level in the doubly
harmonic approximation provide harmonic band origins of 630,
647 and 669 cm�1 for the high-frequency out-of-plane and 360, 375
and 388 cm�1 for the low-frequency in-plane donor OH librational
transitions for the pure water complex and the most stable mixed
complexes of water with methanol and t-butanol, respectively.
The ordering of these harmonic predictions is in qualitative
agreement with the present experimental findings and the
anharmonicity contributions seem to be in the order of 15–20%
as found for the recent methanol dimer study.18 An anharmonic
VPT2 analysis41 for the mixed complex of water with methanol at
the MP2/aug-cc-pVTZ level predicts an overall anharmonicity of
18% for the high-frequency donor OH librational transition. This
VPT2 calculation is not feasible for the multi-dimensional mixed
complex of water and t-butanol. A similar analysis of the low-
frequency in-plane donor OH librational transitions and the other
intermolecular large-amplitude vibrational transitions for these
non-rigid hydrogen-bonded complexes would be to stretch the
reliability of the VPT2 approach. Table 4 thus provides the change
of harmonic vibrational ZPE for the isotopic mixed complexes of
water with methanol and t-butanol predicted at the common
feasible MP2/aug-cc-pVTZ level.

The incorporation of the computed vibrational ZPE contributions
has an enormous impact as evidenced by the resulting absolute

Table 3 The electronic dissociation energy De of the most stable hydrogen-bonded complex of water with t-butanol and the difference of electronic
dissociation energy between the two different conformers DEe predicted from several combined quantum chemical methodologies for geometry and
electronic energy calculations

Geometry optimizationa Electronic energy De/kJ mol�1 DEe/kJ mol�1

B3LYP/aug-cc-pVTZ B3LYP/aug-cc-pVTZ 21.93 5.57
B3LYP-CP/aug-cc-pVTZb B3LYP/aug-cc-pVTZ 21.54 5.52
B3LYP-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 28.80 5.95
B3LYP-D3/aug-cc-pVTZ B3LYP-D3/aug-cc-pVTZ 30.59 8.41
B3LYP-D3-CP/aug-cc-pVTZb B3LYP-D3/aug-cc-pVTZ 30.15 8.34
B3LYP-D3-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 30.03 6.64
MP2/aug-cc-pVTZ MP2/aug-cc-pVTZ 30.09 6.90
MP2-CP/aug-cc-pVTZb MP2/aug-cc-pVTZ 26.75 6.31
MP2-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 30.06 6.65
MP2-CP/aug-cc-pVTZb CCSD(T)-F12/aug-cc-pVTZ 29.29 6.52

a RMS force criterion set to 10�6 (atomic units) for all geometry optimizations. b CP = counterpoise correction applied.

Fig. 3 Illustration of the predicted potential energy minima structures of
the different alcohol–water conformers. The most stable conformers
(b and d) have water as the hydrogen bond donor whereas the less stable
conformers have the alcohol subunit as hydrogen bond donor (a and c).
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ground-state dissociation energies D0 of the mixed alcohol–
water complexes listed in Table 4. The total vibrational ZPE
account for between 5.6 and 8.4 kJ mol�1 for the mixed water
complexes with t-butanol in the harmonic approximation
depending on the isotopic variant and the hydrogen donor/
acceptor roles. The sum of the experimental anharmonic ZPE
contributions from the donor OH librational motion alone
accounts for up to 5.2 kJ mol�1 or minimum 60% of the total
anharmonic vibrational ZPE when water acts as hydrogen bond
donor. This conformer has a significantly higher vibrational ZPE
contribution owing to the two different donor OH librational
modes. The conformer with the alcohol as hydrogen bond donor
only has one single donor OH librational mode. The alcohol OH
librational mode of this latter conformer is significantly blue-
shifted relative to the free alcohol torsional mode but this blue-
shift still introduces a smaller vibrational ZPE introduced upon
intermolecular hydrogen bond formation. The benchmark energy
difference prediction DEe of 6.5 kJ mol�1 for the two conformers
of the water complex with t-butanol is accordingly translated into
a significantly smaller 4.2 to 5.3 kJ mol�1 difference between the
resulting D0-values depending on the isotopic variants when the
ZPE contributions are incorporated. In terms of the more simple
mixed complexes of water and methanol, the total harmonic
vibrational ZPE account for between 5.9 and 7.8 kJ mol�1 for the
conformers of the mixed water complexes with methanol
depending on the isotopic variant. For these simpler systems
the sum of the experimental anharmonic ZPE contributions
from the donor OH librational motion alone accounts for up to
5.0 kJ mol�1 i.e. minimum 65% of the total anharmonic vibrational
ZPE for the conformer where water acts as hydrogen bond
donor. The present benchmark energy difference prediction
DEe of 2.65 kJ mol�1 between the methanol–water conformers
also translates into a smaller 1.0 to 2.2 kJ mol�1 difference between
the resulting D0-values depending on the isotopic substitutions. A
diffusion quantum Monte Carlo study has previously predicted
a difference of these D0-values between 0.3 to 1.3 kJ mol�1 for
the regular isotopic methanol–water conformers depending on the
exact theoretical treatment of the large-amplitude intermolecular

vibrational motion.42 H/D isotopic substitutions on the methanol
subunit further translated the resulting difference between
D0-values into the 0.04 to 1.2 kJ mol�1 interval.

The effect of the large-amplitude intermolecular donor OH
librational motion on the absolute intermolecular hydrogen
bond energy D0 for mixed alcohol–water complexes demonstrated
by the present experimental findings has been explored previously
for the pure complexes of water.19,43 These far-infrared studies have
shown that D-bonded water complexes are more stable than the
H-bonded counterparts due to the difference in the total vibrational
ZPEs. In particular, the distinct observation and vibrational
assignments for the deuterium-bonded configuration of the
mixed isotopic (HDO)2 complex embedded at low temperatures
have verified the strong preference for intermolecular deuterium
bonds experimentally. Of the twelve possible H/D isotopologues of
the water dimer only six of these have been detected in observable
amounts in cryogenic neon matrices doped with H2O/HDO/D2O
mixtures.19 The major explanation for these experimental findings
could be found in the significant isotopic spectral red-shift of
129 m�1 for the high-frequency out-of-plane donor OH librational
mode of the pure water complex upon H/D substitution. This
mode alone thus provide a stabilizing decrease of the vibrational
ZPE upon complex formation by ca. 0.8 kJ mol�1 for the
D-bonded complexes.

7. Conclusions

To conclude is that the large-amplitude donor OH librational
modes of partial isotopically substituted mixed complexes of
water with aliphatic alcohols in the challenging far-infrared
region have now been observed and assigned enabled by a dual
inlet matrix deposition approach and supported by quantum
chemical calculations. The far-infrared spectroscopic findings
have demonstrated that water acts as the hydrogen bond donor
upon complexation with aliphatic alcohols as methanol and
t-butanol and the sum of the contributions from the class of
donor OH librational motion alone has been quantified to be

Table 4 The electronic dissociation energy De (CCSD(T)-F12/aug-cc-pVTZa), the total change of harmonic vibrational zero-point energy upon
complexation DZPEcalc

tot (MP2/aug-cc-pVTZ) and the resulting absolute dissociation energy D0 for mixed isotopic hydrogen-bonded donor–acceptor
complexes together with the observed (anharmonic) contribution to the zero-point energy from the class of donor OH librational modes DZPEexp

lib (all values
in units of kJ mol�1)

H2O–CH3OH CH3OH–H2O H2O–CD3OD CD3OD–H2O D2O–CH3OH CH3OH–D2O

De 24.62a 21.98a 24.62a 21.98a 24.62a 21.98a

DZPEcalc
tot 7.80 6.59 7.52 5.90 6.25 5.85

DZPEexp
lib 5.0 4.9 [3.8]b

D0 16.82 15.39 17.10 16.08 18.37 16.13

H2O–C(CH3)3OH C(CH3)3OH–H2O H2O–C(CD3)3OD C(CD3)3OD–H2O D2O–C(CH3)3OH C(CH3)3OH–D2O

De 29.29a 22.77a 29.29a 22.77a 29.29a 22.77a

DZPEcalc
tot 8.40 6.34 8.06 5.74 6.77 5.57

DZPEexp
lib 5.2 5.1 [4.0]b

D0 20.89 16.43 21.23 17.04 22.52 17.20

a Electronic dissociation energies De calculated at the CCSD(T)-F12/aug-cc-pVTZ level based on optimized geometries at the MP2/aug-cc-pVTZ level.
b Includes the observed band origin of the high-frequency donor OD librational mode and an anharmonically predicted band origin for the
low-frequency donor OD librational mode.
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5.0–5.2 kJ mol�1. It’s nature as a localized genuine motion of
the bound hydrogen atom makes the high-frequency out-of-
plane donor OH librational mode an excellent probe for the
intermolecular hydrogen bond strength in a similar fashion as
the often discussed Badger–Bauer relationship associated
with the bathochromic shift of the hydrogen-bonded intra-
molecular OH stretching band origin.44 A stronger inter-
molecular hydrogen bond results in a more hindered internal
rotational motion and the increase of the band origin for this
high-frequency hydrogen bond donor vibration. In the mixed
complexes of water with aliphatic alcohols the donor OH
librational spectral signatures thus act as a measure of the
hydrogen bond acceptor strength of the alcohol molecule.
The electron donating inductive effect of the alkyl groups of
t-butanol transforms the oxygen atom into a significant better
hydrogen bond acceptor than the oxygen atom on methanol
which can be qualitatively read from the relative band origins of
the donor OH librational modes. The isotopic H/D substitution
furthermore allows for a manipulation of the overall vibrational
ZPE due to significant spectral red-shift of these donor OH
librational modes upon H/D substitution. Quantum chemical
calculations predict that the full H/D isotopic substitution
of the alcohol subunit introduces the largest difference of
the vibrational ZPE between the two different alcohol–water
conformers. The present experimental findings show that even
this full H/D substitution of the methanol and t-butanol
subunits cannot overcome the differences of the electronic
dissociation energy D0 between the alcohol–water conformers.
It will be interesting to see how future anharmonic theoretical
methodologies will perform in the predictions of these inter-
molecular force fields spanned by water and the studied
prototypical alcohols of increasing structural complexity.
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The far-infrared absorption spectra have been recorded for hydrogen-bonded complexes

of water with ethanol embedded in cryogenic neon matrices at 2.8 K. The partial isotopic

H/D-substitution of the ethanol subunit enabled by a dual inlet deposition procedure en-

ables the observation and unambiguous assignment of the intermolecular high-frequency

out-of-plane and the low-frequency in-plane donor OH librational modes for two different

conformations of the mixed binary ethanol/water complex. The resolved donor OH li-

brational bands confirm directly previous experimental evidence that ethanol acts as the

O· · ·HO hydrogen bond acceptor in the two most stable conformations. In the most sta-

ble conformation the water subunit forces the ethanol molecule into its less stable gauche

configuration upon dimerization owing to a cooperative secondary weak O· · ·HC hydrogen

bond interaction evidenced by a significantly blue-shift of the low-frequency in-plane donor

OH librational band origin. The strong correlation between the low-frequency in-plane

donor OH librational motion and the secondary intermolecular O· · ·HC hydrogen bond is

demonstrated by electronic structure calculations. The experimental findings are further

supported by CCSD(T)-F12/aug-cc-pVQZ calculations of the conformational energy dif-

ferences together with second-order vibrational perturbation theory (VPT2) calculations

of the large-amplitude donor OH librational band origins.
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1. Introduction

A long-standing challenge for the physical sciences is to accurately describe how remarkable

macroscopic properties of condensed phases, biological systems and materials emerge from the

interplay between the different classes of non-covalent intermolecular interactions such as di-

rectional hydrogen bonding, long-range London dispersion interactions and short-range steric

repulsion between molecules. These different classes of non-covalent interactions are both re-

sponsible for the thermodynamic anomalies associated with bulk liquid mixtures, the three-

dimensional folding dynamics for biological macromolecules and the mechanical properties of

many functional materials.

In the context of biological systems the interplay between multiple intermolecular organic hy-

drogen bond interactions ranging from weak O· · ·HC and π· · ·HO (<5–20 kJ·mol−1) to stronger

classical O· · ·HO (∼20–60 kJ·mol−1) hydrogen bonds often governs the functionality of many

biological macromolecules as these directional intermolecular interactions are able to control

the formation of specific enzyme-substrate complexes. For this reason mixed hydrogen-bonded

molecular complexes involving the simplest flexible alcohols are particular interesting model

systems since both strong intermolecular O· · ·HO hydrogen bonds and weak secondary inter-

molecular O· · ·HC hydrogen bond interactions are realized simultaneously. The binary mixed

complex of the simplest flexible alcohol, ethanol, with water can be regarded as a prototypical

target system which is still amenable to high levels of theoretical ab initio methodologies. This

1:1 ethanol/water complex has turned out to represent one of the simplest mixed hydrogen-

bonded molecular complexes of a flexible subunit where the intermolecular hydrogen bond for-

mation affects the internal conformational degrees of freedom. The isolated ethanol molecule

exists both in a trans (denoted t) and in two enantiomeric gauche configurations (denoted g+

and g−) being ≈ 0.5 kJ·mol−1 higher in electronic energy.1–4 Upon complexation with water

several studies have suggested that the ethanol molecule is forced into the less stable gauche

configuration.

A sensitive and well-established spectroscopic probe for hydrogen-bonded molecular complexes

is the vibrational OH-stretching manifold of the donor subunits5,6 and a recent combined in-

frared and Raman investigation has monitored the donor OH-stretching spectral red-shifts for

mixed 1:1 complexes of water with methanol and ethanol adiabatically cooled in supersonic

jet expansions.7,8 The vibrational assignments confirmed microwave molecular beam studies9

that water acts as the hydrogen bond donor in the most stable conformations of both mixed

alcohol/water complexes.7 Based on the lower limit of the effective conformational temperature

in the supersonic jet expansions of 10 K, the energy difference between the two most stable

conformations of the mixed ethanol/water complex has been estimated to be higher than 0.2

kJ·mol−1 from dedicated collisional relaxation experiments.8 However, a recent microwave

molecular beam work9 has only identified the single conformation with ethanol as the hydrogen

bond acceptor in the g+ configuration and more experimental evidence has been welcomed to

shed more light on this internal conformational isomerism issue.
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In a recent work it was demonstrated how the strength, directionality and anharmonicity of

mixed alcohol/water complexes can be probed more directly via the large-amplitude inter-

molecular donor OH librational modes. These direct spectroscopic observables detected in the

challenging far-infrared spectral region between 300 and 600 cm−1 have been shown to enable an

accurate characterization of the intermolecular potential energy landscape between the hydro-

gen bond partners.10–13 Its nature as a localized motion of the donor hydrogen atom makes the

high-frequency out-of-plane donor OH librational mode an excellent probe for the intermolecu-

lar hydrogen bond interaction in a similar fashion as the Badger-Bauer relationship associated

with the bathochromic shift of the intramolecular donor vibrational OH-stretching mode.14 A

stronger intermolecular hydrogen bond results in a more hindered internal rotational motion

and an increase of the band origin for this high-frequency hydrogen bond donor mode. In the

mixed complexes of water with aliphatic alcohols these donor OH librational spectral signa-

tures thus act as a measure of the hydrogen bond acceptor strength of the alcohol molecule. In

the present work we demonstrate how the low-frequency in-plane donor OH librational mode

of mixed ethanol/water complexes, essentially a hindered overall c-axis rotation of the water

subunit, provides an excellent probe for the cooperative secondary O· · ·HC hydrogen bond

interactions, which allows for a rigorous benchmarking of theory.

2. Experimental

A pre-cooled (77 K) gas flow of neon (L’Air Liquide, 99.999%) was deposited with a flow

rate of 0.02 mol/h on a gold-plated oxygen-free high thermal conductivity (OFHC) copper

mirror at 3.6 K inside an immersion helium cryostat (IHC-3) modified for matrix isolation

spectroscopy.13,15 The pre-cooling of neon significantly reduces the heat load on the copper

mirror and enables a total deposition time of 1–2 hour per experiment. The pre-cooled neon

gas flow was subsequently doped with ”freeze-pump-thaw” purified C2H5OH (Sigma Aldrich,

99.9%) and H2O (Milli-Q) samples and isotopically substituted C2H5OH-d1 (Sigma Aldrich,

99.0% D), C2H5OH-d6 (Sigma Aldrich, 99.0% D) and D2O (Sigma Aldrich, 99.5% D) samples

via separate inlet tubes with mixing ratios of ≃0.5 to 5 permille. The combination of resistive

heaters and feedback electronics was employed to maintain a stable mirror temperature at

2.8±0.1 K before and after the neon matrix depositions. The cold head was mounted with

interchangeable CsI and polymethylpentene (TPX) windows and combined IR and THz single-

beam sample spectra were collected by a Bruker IFS 120 FTIR spectrometer employing tungsten

and globar lamps as the radiation sources. Liquid nitrogen cooled HgCdTe (broadband) and

InSb detectors combined with Ge/KBr and CaF2 beam splitters, respectively, were employed

for the spectral region above 600 cm−1. A Si-bolometer operating at 4.2 K combined with a 6

µm multilayer Mylar beam splitter was employed for the 30–650 cm−1 spectral region. In all

experiments the doped neon matrices were annealed up to 9 K for the study of temperature

effects. Single-beam background spectra were subsequently collected of the evacuated cryostat.

A spectral resolution in the range from 0.1 to 1.0 cm−1 was selected depending on the observed

band widths.
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3. Vibrational Assignments for the Mixed Ethanol/Water Complex

Fig. 1 and 2 show selected spectral regions from a series of far-infrared absorption spec-

tra (200–600 cm−1) collected for several millimeter thick cryogenic neon matrices doped with

pure water (H2O:Ne)=(1:1700), pure ethanol (C2H5OH:Ne)=(1:1200) and different isotopically

substituted ethanol/water mixtures (C2H5OH:H2O:Ne)=(2:1:1700) at 2.8 K. In previous far-

infrared matrix isolation studies of water embedded in neon the pure complexes of water have

been explored extensively.13,16–19 In the spectral region above 300 cm−1 the strong intermolec-

ular high-frequency out-of-plane and low-frequency in-plane donor OH librational bands of the

water dimer embedded in neon matrices have previously been assigned at 522.4 cm−1 and 309.1

cm−1 (Fig. 1), respectively.16 The low-frequency donor in-plane OH librational band is slightly

overlapped with the c-axis librational band of cyclic water trimer previously assigned at 310.8

cm−1. In addition, a number of five combination bands have previously been observed for the

cyclic water trimer where the strongest transitions have been assigned at 280.0, 386.8 and 414.1

cm−1.17

The absorption spectrum of ethanol below 300 cm−1 has been widely studied by both experiment

and theory owing to the trans-gauche isomerism and the proximity and the large vibrational

amplitudes for the OH and CH3 torsional motion of this molecule.1,2, 20–24 A previous work

has addressed the complex asymmetric top-asymmetric frame internal rotation spectrum of the

flexible ethanol monomer and cites the numerous previous microwave investigations employed

to characterize the vibrational ground state and the conformational trans-gauche isomerism

of ethanol.22 We also refer to this comprehensive work for further details about the excited

energy sub-levels of ethanol associated with the large-amplitude OH and CH3 torsional degrees

of freedom which has been complemented by far-infrared gas-phase absorption spectroscopy1,21

and more recently by Raman jet spectroscopy.23 The gas-phase absorption study assigned a

single band observed at 202.6 cm−1 to the fundamental OH torsional transition of the trans

conformation and two other bands observed at 195.8 and 243.1 cm−1 to the gauche conforma-

tion (g+ ← g− and g− ← g+ transitions, respectively). The Raman jet study assigned two

other bands observed at 199.1 cm−1 (g+ ← g+) and 240 cm−1 (g− ← g−).23 The far-infrared

absorption spectrum of ethanol embedded in cryogenic argon matrices has previously just re-

vealed two strong transitions observed at 211 and 264 cm−1 besides the strong CCO bending

fundamental transition at 416.5 cm−1.20 In the present far-infrared spectra of ethanol embed-

ded in more inert cryogenic neon matrices, a series of weak, medium-intensity and strong bands

are observed besides the strong CCO bending fundamental transition at 419.9 cm−1 (Fig. 1).

A strong sharp transition appears at 208.9 cm−1 with two less intense shoulders observed at

206.5 cm−1 and 202.4 cm−1. The spectra further reveal a broad medium-intense band at 287.4

cm−1, a medium-intense band structure around 258 cm−1 and a weaker band structure around

243 cm−1. These observed spectral features are in qualitative agreement with the coupled OH

and CH3 torsional sub-bands predicted previously from a two-dimensional ab initio Hamilto-

nian.24 A more detailed interpretation of the observed spectral features is beyond the scope of

the present work concerned with the donor OH librational modes of the mixed ethanol/water
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complex. Both the partial and complete H/D substitution of ethanol red-shifts the disturbing

torsional sub-band component at 287.4 cm−1 to below 200 cm−1 and thereby paves the way for

the spectral region between 300 and 600 cm−1.
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Figure 1: The observed far-infrared absorption spectra (200-550 cm−1) of pure water and pure

ethanol embedded in neon matrices at 2.8 K. The vibrational assignments for the ethanol

monomer is denoted e and the vibrational assignments for the water complexes are denoted ww

(dimer) and www (trimer), respectively.

The far-infrared spectra recorded for neon matrices doped with regular ethanol and regular

water simultaneously at moderate concentrations reveal new distinct bands in the close vicinity

to the high-frequency out-of-plane and low-frequency in-plane donor OH librational bands of

water dimer. A weak band seems to emerge around 320 cm−1 on the shoulder of the in-plane

donor OH librational band of water dimer at 309.1 cm−1 (Fig. 2, right insert). This spectral

region is still affected by the broad torsional sub-band component of ethanol observed in the

neon matrices at 287.4 cm−1. In addition, a stronger and more distinct but somewhat broader

band clearly emerges in the spectrum at 551.6 cm−1 for neon matrices doped with ethanol and

water (Fig. 2, left insert). Both observed bands and in particular the latter band at 551.6

cm−1 are thus blue-shifted relative to the established donor OH librational transitions of the

water dimer (Table 1). This observation supports the trend from the previous investigation

of mixed binary complexes of water with methanol and t-butanol embedded in cryogenic neon

matrices.25 This previous work has established that water acts as the hydrogen bond donor in

the most stable binary mixed complexes with methanol and t-butanol. This hydrogen bond
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donor/acceptor relationship gives rise to similar out-of-plane and in-plane donor OH librational

motions for the mixed alcohol/water complexes as observed for the donor subunit in the water

dimer. The animated donor OH librational normal mode pictures are shown for the mixed

ethanol/water complex in Fig. 3. The high-frequency out-of-plane donor OH libration can

be described as a localized motion of the ”bound” hydrogen atom. This localized mode turns

out to be an excellent probe for the intermolecular hydrogen bond interaction10,11,25 in the

same way as the pronounced red-shift of the intramolecular donor OH-stretching mode. The

observed high-frequency out-of-plane OH librational band origin of 551.6 cm−1 thus indicates

a significantly stronger intermolecular hydrogen bond for the mixed ethanol/water complex

than the corresponding mixed methanol/water complex having band origin of 527.5 cm−1 but

a slightly weaker hydrogen bond than for the mixed t-butanol/water complex having a band

origin of 556.6 cm−1.25 These preliminary and entirely spectroscopic interpretations about the

relative hydrogen bond energies shall be supported with predictions from exploratory quantum

chemical calculations in the theoretical section. A few other experimental studies for mixed

water complexes with methanol and ethanol embedded in cryogenic matrices of nitrogen and

argon have been reported in the literature.26,27 In the most perturbing matrix environment of

nitrogen a reversed hydrogen bond donor/acceptor relationship for the alcohol/water complexes

has been observed although severe site effects blurred the observed spectral signatures. This

has been explained by weak cooperative attractive interactions between the OH groups and the

N2 host molecules.28 In the mixed complexes where the alcohol molecule acts as the hydrogen

bond donor both dangling OH groups of the water acceptor subunit might interact with N2 host

molecules and thereby increasing the acceptor character of the O nuclei on the water molecule.

This effect might strengthen the intermolecular interaction to the alcohol subunit and overcome

the energy barrier between the different alcohol-water conformers.28

The dual inlet deposition procedure designed for partial isotopic H/D substitutions of the

individual subunits enables the unambiguous identification of the proposed hydrogen bond

donor/acceptor roles in the cryogenic neon environment. The H/D substitution on the water

subunit introduces a significant red-shift from 551.6 cm−1 to 412.5 cm−1 which further con-

firms that water acts as hydrogen bond donor (Fig. 2, central insert). The observed OH/OD

band origin ratio of 1.34 is rather close to the theoretical value of
√
2 expected for a genuine

harmonic hydrogen motion and supports an assignment to the out-of-plane donor OD libra-

tional mode for the complex of D2O with ethanol. This band origin is slightly larger than the

corresponding donor OD librational band origin assigned previously at 397.6 cm−1 for the less

stable mixed complex of methanol with D2O embedded in neon.25 The low-frequency in-plane

donor OD librational mode is shifted into the congested spectral region belonging to the cou-

pled OH and methyl torsional modes of ethanol making the assignment of this band difficult

although a tentative assignment can be proposed at 239.6 cm−1 (not shown). A similar partial

H/D substitution on ethanol deposited with regular water introduces solely a small red-shift of

6 cm−1 for the high-frequency donor OH librational band supporting the proposed hydrogen

bond acceptor role of the ethanol subunit (Fig. 2, left insert). The far-infrared spectra for
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Figure 2: The observed far-infrared absorption spectra of pure water, pure ethanol and different

isotopic ethanol/water mixtures embedded in neon matrices at 2.8 K before annealing b) and

after annealing a) to 9 K in the spectral regions belonging to the out-of-plane OH (left),

out-of-plane OD (center) and in-plane OH (right) donor librational modes. The proposed

vibrational assignments for the mixed isotopic complexes of water (w) and ethanol (e) in the

trans and gauche+ conformations are denoted wet and weg+, respectively (see text), whereas

the vibrational assignments for the water dimer is denoted ww. The asterisks denote traces of

ethanol-d1 impurities.

ethanol-d1/water mixtures doped in neon, however, all seem to contain two distinct bands at

545.6 cm−1 and 541.1 cm−1 in this spectral region. These observations are supported by subse-

quent annealing experiments where the mirror temperature is raised to 9 K to allow the guest

molecules to diffuse within the soft neon matrices. The annealing in particular favors the diffu-

sion of the smaller water molecules in the soft neon matrices and the excess of ethanol should

thereby trigger the formation of mixed ethanol/water complexes. The recorded post-annealing

spectrum recorded after subsequent cooling to 3 K reveals a significant increase of both band

intensities whereas the high-frequency out-of-plane donor OH librational band of water dimer

at 522.9 cm−1 is almost unaffected by annealing (Fig. 2, left insert). The post-annealing inten-

sity of the band observed at 545.6 cm−1 is significantly larger than the post-annealing intensity

of the other band observed at 541.1 cm−1. This observation suggests that these overlapped

bands originate from two conformations of the mixed ethanol-d1/water complex with the band

at 545.6 cm−1 assigned to the most stable conformation. The partial H/D substitution on

the ethanol sample turns out to have an even more pronounced effect on the low-frequency
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Figure 3: Normal mode pictures of the large-amplitude high-frequency out-of-plane (left) and

low-frequency in-plane (right) donor OH librational modes of the most stable conformation of

the mixed hydrogen-bonded ethanol/water complex (see text).

in-plane donor OH librational signature where two completely separated bands are observed

at 320.9 cm−1 and 314.7 cm−1, respectively (Fig. 2, right insert). The post-annealing spectra

again reveal a changed relative intensity compared to the pre-annealing spectra. The more

significant post-annealing intensity increase of the band observed at 320.9 cm−1 suggests an

assignment to the most stable conformation of the mixed ethanol-d1/water complex. In the

same fashion the complete H/D substitution on the ethanol sample enables the identification

of two conformations of the mixed ethanol-d6/water complex with band origins red-shifted by

less than 1 cm−1 relative to the ethanol-d1/water conformations (see Table 1). In order to shed

further light on the proposed assignments and clarify the observation of two conformations of

the ethanol-d1/water and ethanol-d6/water complexes, we consult exploratory electronic struc-

ture calculations.

5. Exploratory Quantum Chemical Calculations

The quantum chemical software packages Gaussian09 (Rev. D.01)29 and Turbomole (ver.

6.6)30,31 have both been employed for ab initio molecular orbital and supplementary density

functional theory (DFT) calculations. The equilibrium geometries of the water and ethanol

subunits and the different conformations of the mixed ethanol-water complexes were all op-

timized and the corresponding electronic energies calculated employing the canonical B3LYP

level,32 the dispersion-corrected B3LYP-D3 approach33 and the second order Möller-Plesset

MP2 methodology34,35 coupled with Dunning’s augmented correlation-consistent triple-zeta

(aug-cc-pVTZ) and quadruple-zeta (aug-cc-pVQZ) basis sets.36 The root-mean-square force
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Table 1: The observed high-frequency out-of-plane and low-frequency in-plane donor OH

(OD) librational band origins (cm−1) for the water dimer and the two most stable isotopic

complexes of water (w) and ethanol (e) in the trans (denoted wet) and gauche+ (denoted

weg+) conformations embedded in neon matrices at 2.8 K.

Donor-Acceptor νlib,out-of-plane νlib,in-plane Donor-Acceptor νlib,out-of-plane νlib,in-plane

ww 522.4a 309.1a w(d2)w(d2) 393.2a 233.5a

weg+ 551.6 324.7 w(d2)eg+ 412.5 239.6

wet (545.4)b (320.4)b w(d2)et
c c

weg+(d1) 545.6 320.9 w(d2)eg+(d1)
d 238.2

wet(d1) 541.1 314.7 w(d2)et(d1)
c c

weg+(d6) 545.6 320.9

wet(d6) 540.1 313.9

a Ceponkus et al.13

b Tentative assignments due to strong overlaps with weg+.
c Not observed.
d Overlap with the CCO bending mode of ethanol-d1.

criterion has been set to 10−6 (atomic units) for all the equilibrium geometry optimizations.

The electronic energies for these optimized equilibrium geometries were subsequently calculated

employing both the canonical and the explicitly-correlated coupled-cluster approaches with sin-

gle and double with perturbative triple excitations, CCSD(T)37 and CCSD(T)-F12,38 in order

to optimize the extent of electron correlation in combination with the same Dunning basis sets.

The basis set superposition errors39 have been accounted for by the counterpoise method of

Boys and Bernadi.40 The harmonic vibrational frequencies and overall vibrational zero-point

energy (ZPE) contributions for the monomers and ethanol-water complexes have been calcu-

lated employing the doubly harmonic approximation whereas the anharmonic frequencies have

been calculated using the vibrational second-order perturbation theory (VPT2) approach41 as

implemented in Gaussian09 (Rev. D.01).29 In a series of calculations the secondary CH· · ·O
hydrogen bond contact between the terminal CH on the ethanol subunit and the lone pair

of the water subunit was kept fixed (Keyword=ModRedundant) in the geometry optimization

in order to investigate the dependence of the donor OH-stretching and donor OH librational

frequencies on this intermolecular CH· · ·O contact strength.

6. Discussion

6.1. Hydrogen-Bonded Conformations of the Mixed Ethanol/Water Complex

In line with previous theoretical predictions of the intermolecular potential energy landscape

for the binary ethanol/water complex7,9 five distinguishable conformations have been inves-

tigated. Fig. 4 illustrates the relative electronic binding energy D0 calculated with the
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Figure 4: The intermolecular potential energy landscape including the most stable conforma-

tions of the mixed 1:1 complex of ethanol and water in terms electronic binding energy D0

calculated employing the CCSD(T)-F12/aug-cc-pVQZ approach for the five most stable con-

formations optimized at the MP2/aug-cc-pVQZ level of theory (see text).

CCSD(T)-F12/aug-cc-pVQZ approach for these five most stable conformations optimized at

the MP2/aug-cc-pVQZ level of theory. The changes of the harmonic vibrational zero-point

energy upon complexation (∆ZPE) have been calculated at the MP2/aug-cc-pVTZ level of

theory. This combined methodology is regarded as the benchmark level of theory as illus-

trated by the series of predictions of the electronic binding energy De for the most stable

mixed complex of water with ethanol listed in Table 2. The listed predictions provide the re-

sults from combined quantum chemical methodologies employed for the geometry optimizations

and subsequent single-point electronic energy calculations. These computations show that the

canonical B3LYP functional32 underestimates the binding energy De for the most stable mixed

complex of water with ethanol by ca. 20% (5.5 kJ·mol−1) whereas the B3LYP-D3 approach

including Grimme and co-worker’s dispersion corrections33 slightly overestimate this binding
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Table 2: The electronic dissociation energy De of the two most stable conformations of the ethanol/water

complex (denoted weg+ and wet) and the difference of electronic dissociation energy between the confor-

mations ∆E e = De(weg+)–De(wet) predicted from combined quantum chemical methodologies for the

geometry optimization and electronic energy calculations employing Dunning’s augmented correlation-

consistent triple zeta (aug-cc-pVTZ) and quadruple zeta (aug-cc-pVQZ) basis sets.

Optimizationa Electronic Energy De(weg+)/ kJ·mol−1 ∆E e/ kJ·mol−1

B3LYP/aug-cc-pVTZ B3LYP/aug-cc-pVTZ 20.99 0.03

B3LYP-CP/aug-cc-pVTZb B3LYP/aug-cc-pVTZ 20.69 0.04

B3LYP-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 26.33 0.03

B3LYP-D3/aug-cc-pVTZ B3LYP-D3/aug-cc-pVTZ 28.02 0.61

B3LYP-D3-CP/aug-cc-pVTZb B3LYP-D3/aug-cc-pVTZ 27.68 0.62

B3LYP-D3-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 27.96 0.48

MP2/aug-cc-pVTZ MP2/aug-cc-pVTZ 27.27 0.36

MP2-CP/aug-cc-pVTZb MP2/aug-cc-pVTZ 24.52 0.37

MP2-CP/aug-cc-pVTZb CCSD(T)/aug-cc-pVTZ 27.46 0.54

MP2-CP/aug-cc-pVTZb CCSD(T)-F12/aug-cc-pVTZ 27.01 0.58

MP2/aug-cc-pVQZ MP2/aug-cc-pVQZ 26.61 0.41

MP2-CP/aug-cc-pVQZb MP2/aug-cc-pVQZ 25.24 0.40

MP2-CP/aug-cc-pVQZb CCSD(T)/aug-cc-pVQZ 26.63 0.58

MP2-CP/aug-cc-pVQZb CCSD(T)-F12/aug-cc-pVQZ 26.50 0.56

a RMS force criterion set to 10−6 (atomic units) for all geometry optimizations
b CP = Counterpoise Correction applied

energy by ca. 5% (1.5 kJ·mol−1) relative to the benchmark De-value of 26.5 kJ·mol−1. This

predicted electronic binding energy is significantly larger than the predicted binding energy for

the mixed methanol/water complex but slightly smaller than the predicted binding energy for

the t-butanol/water complex as expected.25 The harmonic ∆ZPE-correction of 8.3 kJ·mol−1

then translates this value into an absolute electronic binding energy D0 of 18.2 kJ·mol−1 for

the most stable conformation of the ethanol/water complex as shown in Fig. 2.

In the three most stable conformations the water subunit acts as the hydrogen bond donor.

These three structures are denoted we whereas the remaining two structures having ethanol

as the hydrogen bond donor are denoted denoted ew. In the three most stable forms hav-

ing water as the hydrogen bond donor, not only the conformation (trans or gauche) of the

ethanol subunit is relevant, but also the choice of the acceptor lone pair on ethanol. In the

gauche+ conformation the O-H bond is rotated clockwise by 120 degrees relative to the trans

conformation in the perspective along the O-C bond employing a Newman projection. In the

conformations of the mixed complex of ethanol with water as the hydrogen bond donor, a

new asymmetric center emerges at the oxygen atom of the alcohol subunit due to the two
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potential acceptor oxygen lone pairs and two potential enantiomeric conformations. Looking

again along the O-C bond vector, the lone pair in a clockwise direction from the OH bond is

denoted the right lone pair as shown in Fig. 4 in line with previous works.7,9 In the case of two

non-distinguishable enantiomeric conformations, we discuss the conformation where this right

lone pair is engaged in the hydrogen bond. As illustrated in Fig. 4, the weg+ conformation

with a hydrogen bond to the right lone pair of ethanol is predicted to be the most stable and

compact conformation of the mixed ethanol/water complex at the benchmark level. In contrast

to the third most stable weg− conformation, the weg+ conformation is further stabilized by a

cooperative secondary hydrogen bond interaction between the terminal CH group on ethanol

and the oxygen lone pair on the water subunit with a contact distance predicted to 2.695 Å

at the MP2/aug-cc-pVQZ level (see Fig. 4), although this weaker secondary interaction bends

the primary O· · ·HO hydrogen bond slightly from a linear arrangement. In the most stable

conformation the water subunit thus forces the ethanol hydrogen bond partner into its less

stable gauche conformation upon complexation although the trans conformation is the most

stable for an isolated ethanol molecule. This is considered as one of the most elementary cases

together with hydroxyacetone42 of adaptive aggregation, where a non-rigid molecule is forced

into a less stable conformation upon non-covalent binding to a hydrogen bond donor molecule

to optimize the mutual interaction energy. The second most stable conformation of the mixed

complex having water as the hydrogen bond donor and the acceptor ethanol subunit in its trans

configuration is also further stabilized by a cooperative secondary O· · ·HC contact. However,

this secondary interaction is less strong with a contact distance predicted to 2.829 Å at the

MP2/aug-cc-pVQZ level (see Fig. 4). The small difference of electronic dissociation energy be-

tween these two most stable conformations ∆E e = De(weg+)–De(wet) listed in Table 2 seems

to depend on the computational methodology. The canonical B3LYP approach predicts almost

identical electronic dissociation energies whereas the dispersion-corrected B3LYP-D3 approach

slightly overestimate this difference in the electronic dissociation energy relative to the bench-

mark CCSD(T)-F12/aug-cc-pVQZ value of 0.56 kJ·mol−1 for ∆E e. The effect of the zero-point

energy (ZPE) contributions and in particular the influence of the donor OH librational motion

on the electronic dissociation energy must be considered before reaching any further conclusions.

6.2. Vibrational Zero-Point Energy Contributions

The change of vibrational ZPE upon intermolecular hydrogen bond formation is notoriously

complicated to predict by quantum chemical methods in particular for the large-amplitude and

highly anharmonic intermolecular hydrogen bond librational motions. In a previous combined

jet and neon matrix isolation far-infrared study of methanol dimer, the similar high-frequency

out-of-plane donor OH librational band was observed and assigned at 560 cm−1.12 This study

reported an overall sum of anharmonic contributions to this out-of-plane donor OH librational

fundamental transition in the order of 100 cm−1 by employing vibrational second-order per-

turbation theory (VPT2).41 In the combination with the benchmark harmonic band origin of

660 cm−1 predicted at the LCCSD(T)-F12 level, the anharmonic predicted band origin of 560
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Table 3: The electronic dissociation energy De (CCSD(T)-F12/aug-cc-pVQZa),

the total change of harmonic vibrational zero-point energy upon complexation

∆ZPE (MP2/aug-cc-pVTZ) and the resulting absolute dissociation energy D0

for the two most stable weg+ and wet conformations of the mixed isotopic

ethanol/water complex (units of kJ·mol−1).

weg+ weg+(d1) weg+(d6) w(d2)eg+

De 26.50 26.50 26.50 26.50

∆ZPE 8.33 8.21 7.96 6.68

D0 18.17 18.29 18.54 19.82

wet wet(d1) wet(d6) w(d2)et

De 25.94 25.94 25.94 25.94

∆ZPE 8.05 7.85 7.64 6.39

D0 17.89 18.09 18.30 19.55

a Electronic dissociation energies De calculated at the CCSD(T)-F12/aug-cc-

pVQZ level based on optimized geometries at the MP2/aug-cc-pVQZ level.

cm−1 turned out to be in excellent agreement with the experimental neon matrix findings. In a

previous investigation of the mixed methanol/water complex, a similar anharmonic VPT2 anal-

ysis41 at the MP2/aug-cc-pVTZ level also suggested anharmonicity contributions in the order

of 15-20% for the corresponding high-frequency out-of-plane donor OH librational transition.25

In this previous work standard vibrational frequency calculations at the MP2/aug-cc-pVTZ

level provided harmonic band origins of 647 and 669 cm−1 for the high-frequency out-of-plane

donor OH librational transitions for the mixed complexes of water with methanol and t-butanol,

respectively.25 The ordering of these harmonic values is in qualitative agreement with the pre-

vious experimental findings suggesting that similar harmonic predictions for the ethanol/water

complex should fit into this picture. The harmonic calculations for the out-of-plane donor

OH librational modes of the two most stable ethanol/water conformations at the MP2/aug-cc-

pVTZ level indeed predict these band origins between 647 and 669 cm−1 as expected. However,

the harmonic band origin for the most stable weg+ conformation is predicted at 654 cm−1 with

the harmonic band origin for the less stable wet conformation predicted at 660 cm−1 in con-

trast to our proposed experimental assignments based on evident annealing effects (see Table

1). An anharmonic VPT2 analysis at the MP2/aug-cc-pVTZ level, however, reverse the or-

der of predicted band origins (549 cm−1 for the weg+ conformation and 543 cm−1 for the wet

conformation) and confirm anharmonicity contributions of 15-20%. A similar analysis of the

low-frequency in-plane donor OH librational modes and the entire sets of large-amplitude in-

termolecular vibrational transitions for the non-rigid hydrogen-bonded ethanol/water complex

would be to stretch the reliability of the VPT2 approach. Table 3 thus provides the harmonic

vibrational ZPE contribution for mixed isotopic complexes of water with ethanol predicted at

the feasible MP2/aug-cc-pVTZ level of theory.
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The incorporation of the calculated vibrational ZPE contributions has a large impact as evi-

denced by the resulting absolute ground-state dissociation energies D0 of the different wet and

weg+ conformations listed in Table 3. The total change of vibrational ZPE upon complex-

ation accounts for between 6.4 and 8.3 kJ·mol−1 in the harmonic approximation depending

on the isotopic substitutions and the hydrogen donor/acceptor roles. In terms of the the two

most stable wet and weg+ conformations the benchmark dissociation energy difference predic-

tion De(weg+)–De(wet) of 0.56 kJ·mol−1 is translated into a smaller 0.28 kJ·mol−1 difference

between the resulting absolute D0-values. A smaller difference of 0.20 kJ·mol−1 between the

resulting absolute D0-values for the two most stable conformations of the ethanol-d1/water

complex is predicted. These predictions help to explain the fact that both conformations are

clearly observed in the far-infrared neon matrix isolation spectra recorded for ethanol-d1/water

mixtures.

6.3. The Effects of Weak Secondary CH· · ·O Hydrogen Bonding

A closer look at these two normal mode pictures reveals that whereas the out-of-plane donor

OH librational mode exhibits an almost localized motion of the bound hydrogen atom almost

independent of the dangling OH group on the water molecule, the in-plane mode donor OH

librational mode can essentially be pictured as a hindered overall c-axis rotation of the wa-

ter subunit. The latter large-amplitude in-plane OH librational motion of the entire water

molecule is therefore expected to be affected more by the weaker secondary O· · ·HC hydrogen

bond interaction between the terminal CH group on ethanol and the oxygen lone pair on the

water subunit. This has been observed previously for OH librational motion of hydroxy-group

containing molecules in crystalline phases.43 In a series of electronic structure calculations at

the MP2/aug-cc-pVTZ level, the secondary O· · ·HC hydrogen bond contact of the weg+ con-

formation has been kept as a fixed parameter in the geometry optimizations and subsequent

harmonic force field calculations. The predicted harmonic band origins for the intramolecular

donor OH-stretching band origin and the two intermolecular donor OH librational band origins

versus the displacement R–Re from the equilibrium value of the intermolecular CH· · ·O hydro-

gen bond distance are shown in Fig. 5.

The predicted harmonic band origin of the intramolecular donor OH-stretching mode is low-

ered by less than 1.5 cm−1 when the O· · ·HC hydrogen bond distance is shortened by 0.075 Å

relative to the equilibrium configuration. This small predicted red-shift of the intramolecular

OH-stretching band origin corresponds to a relative spectral shift of less than 0.05%. This al-

most non-existent dependence of O· · ·HC contact is expected as this vibrational mode is highly

localized into the intramolecular O-H bond of the water subunit involved in the primary OH···O
hydrogen bond. The absolute harmonic band origin of the intermolecular large-amplitude out-

of-plane donor OH librational mode, on the other hand, is predicted to increase by ca. 2 cm−1

when the secondary O· · ·HC hydrogen bond distance is shortened by 0.075 Å. The relative

blue-shift for this out-of-plane OH librational mode of 0.4 % confirms the nature of a highly lo-
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Figure 5: The predicted relative harmonic band origins (cm−1) of the intramolecular donor

OH-stretching mode (black squares) and the high-frequency out-of-plane (red circles) and low-

frequency in-plane (blue triangles) donor OH librational modes at the MP2/aug-cc-pVTZ level

as a function of the displacement R–Re (Å) away from the intermolecular equilibrium O· · ·HC
hydrogen bond distance for the most stable weg+ conformation.

calized vibrational mode associated mainly with the primary intermolecular OH· · ·O hydrogen

bond. The intermolecular large-amplitude in-plane donor OH librational band origin, how-

ever, is predicted to depend much more significantly with the intermolecular O· · ·HC hydrogen

bond distance. The harmonic band origin of this hindered overall c-axis rotation of the water

subunit is predicted to increase by ca. 7.5 cm−1 and thereby relatively blue-shifted by 2.5%

when the O· · ·HC interaction is shortened by 0.075 Å. This more significant dependence on the

O· · ·HC hydrogen bond distance supports the assumption that the large-amplitude in-plane

donor OH librational mode involving the entire water subunit provides an excellent far-infrared

spectroscopic probe for the secondary intermolecular hydrogen bond interaction. The proposed

assignments of the bands observed at 320.9 cm−1 and 314.7 cm−1 to the weg+-d1 and wet-d1

conformations of the ethanol-d1/water complex, respectively, thus seem reasonable in view of

the shorter secondary O· · ·HC hydrogen bond distance in the most stable conformation.
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7. Conclusions

The class of large-amplitude intermolecular donor OH librational modes for the mixed ethanol-

water complex has been observed and unambiguously assigned in the challenging far-infrared

spectral region enabled by a dual inlet neon matrix deposition approach and explorative elec-

tronic structure calculations. These far-infrared spectroscopic observables confirm directly elec-

tronic structure calculations showing that water acts as the hydrogen bond donor in the two

most stable conformations of the mixed complex with ethanol. In the most stable and most

compact weg+ conformation, electronic structure calculations predict that an intermolecular

primary O· · ·HO hydrogen bond is formed between the water subunit and a lone pair of the

oxygen atom on the ethanol subunit with a secondary cooperative hydrogen bond interaction

between the terminal CH group on ethanol and the oxygen lone pair on water. In this most

stable conformation the water subunit forces the ethanol hydrogen bond partner into its less

stable gauche conformation upon complexation although the trans conformation is the most

stable conformation for an isolated ethanol molecule. The second most stable wet conforma-

tion of the mixed complex having water as the hydrogen bond donor and the acceptor ethanol

subunit in its trans configuration is also further stabilized by a weaker intermolecular O· · ·HC
hydrogen bond. Its nature as a localized motion of the ”bound” hydrogen atom makes the

high-frequency out-of-plane donor OH librational mode an excellent spectroscopic probe for

the primary intermolecular O· · ·HO hydrogen bond energy in a similar fashion as the well-

known Badger-Bauer relationship associated with the bathochromic shift of the intramolecular

donor OH stretching band.14 The low-frequency in-plane donor OH librational mode of the

mixed ethanol/water complex, essentially a hindered overall c-axis rotation of the water sub-

unit, has proven a valuable spectroscopic probe for the secondary intermolecular hydrogen

bond interactions as supported by electronic structure calculations. The present findings thus

indicate that these large-amplitude donor OH librational motions in general may be helpful

for far-infrared spectroscopic detection of conformations for more complex biological systems

where the interplay between multiple intermolecular organic hydrogen bond interactions defines

the multidimensional conformational potential energy landscapes of the systems.

Supplemental Material

The calculated absolute electronic energies employing the B3LYP, B3LYP-D3, MP2, CCSD(T)

and CCSD(T)-F12 methodologies with the aug-cc-pVTZ and aug-cc-pVQZ basis sets and the

calculated harmonic vibrational zero-point energy corrections employing the MP2/aug-cc-pVTZ

method are given as electronic supplemental material.
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Appendix B

List of Chemicals

Table B.1: List of chemicals applied in this study

Chemical Supplier Purity
Neon L'Air Liquide 99.999 %
Water-d2 Sigma-Aldrich 99.5 %D
18O - water Sigma-Aldrich 99.0 % 18O
Carbon dioxide Matheson 99.9%
13C-carbon dioxide Sigma-Aldrich 99 % 13C, <3 % 18O
Ethylene Matheson 99.95 %
Acetylene Matheson 99.6 %
Methanol Sigma-Aldrich 99.9 %
Methanol-d1 Sigma-Aldrich 99.0 % D
Methanol-d3 Sigma-Aldrich 99.8 % D
Methanol-d4 Sigma-Aldrich 99.0 % D
t-butanol Sigma-Aldrich 99.9 %
t-butanol-d1 Sigma-Aldrich 99.0 % D
t-butanol-d10 Sigma-Aldrich 99.0 % D
Ethanol Sigma-Aldrich 99.9 %
Ethanol-d1 Sigma-Aldrich 99.0% D
Ethanol-d6 Sigma-Aldrich 99.0% D
Isopropanol Sigma-Aldrich 99.9 %
Isopropanol-d8 Sigma-Aldrich 99.0 %D
2,2,2-tri�uoroethanol Sigma-Aldrich 99.0 %



184 List of Chemicals



Appendix C

Non-Project Related

Publications

Non-Project Related Publications

1. Selective Synthesis of Clinoatacamite (Cu2(OH)3Cl and Tenorite CuO
Nanoparticles by pH control, C. Engelbrekt, P. Malcho, J. Andersen, L.
Zhang, K. Ståhl, B. Li, J. Hu and J. Zhang, Journal of Nanoparticle Research,
16:2562 (2014)

Patent Applications

1. A Method for E�ective Conversion of Saccharides to Furfural Com-
pounds, P. Malcho, J. Andersen, A. J. Kunov-Kruse, K. Ståhl, A. Riisager,
and R. Fehrmann, PCT/EP2014/064942
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