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Summary
Crude oil has become the core resource, irreplaceable for many industries and areas of

life. For the longest foreseeable future, most areas will not see a completely fulfilling sustain-
able replacement for this finite natural resource, particularly as a source of various precursor
molecules for medicinal chemistry and advanced functional materials. In the events of rais-
ing climate concerns and ever increasing challenges associated with recovering oil from the
subsurface, it is necessary to develop novel advanced methods to achieve the best possible oil
recovery at minimal cost and environmental impact. Oil is deposited at elevated temperatures
and pressures, often deep in geologically challenging conditions. Crude oil of the North Sea
is located in tight chalk reservoirs, characterized by high porosity and low permeability and
sweep efficiency associated with strong surface adhesion of the oil. Extraction of this organic
material requires very accurate understanding and maintaining tight control of the complex
phase behavior of the gas/oil mixture, as it passes through the porous material.

Oil recovery and refining is a large and complex set of processes, where the most advanced
knowledge from multiple fields of engineering and natural sciences has to be utilized. Chal-
lenges with recovery, reservoir souring, scale and corrosion, formation of clathrates etc., are
all of critical importance due to sheer scale of production, making even minor effects clearly
impactful. Crude oil found in different places around the world is not the same. It exhibits
unique combinations of physical properties and complex chemical composition giving each
crude oil a specific chemical fingerprint. These differences result in vastly different phase be-
havior in the subsurface, warranting case specific approaches to be designed for the extraction.

The goal of this PhD dissertation is to investigate mechanisms governing phase behavior
and surface interactions of crude oil in the tight chalk reservoir of the Danish North Sea from
the perspective of intermolecular forces. Geographical variations of chemical composition of
the crude oil in the North Sea are investigated, as this work is part of the effort to develop
custom tailored solutions to be applied for the enhanced oil recovery in the North Sea.

Infrared spectroscopy is a powerful method targeting functional groups of molecules, and
is therefore used to study polar constituents of the oil. Polar chemical groups have an impact
on the physical properties of the fluid. The chemical compositions of several crude oils from
the North Sea have been studied alongside chalk samples containing reservoir oil, to compare
composition of material at the surface against that in bulk fluids. Residue extracted from the
chalk surface is much more rich in polar compounds than bulk oil and even it’s respective
heavy fraction from vacuum distillation separations.
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A method was developed to analyze the crude oil contained in the original drill core
samples, sourced in the various geographic locations across the oil fields in the North Sea. The
solid phase extraction (SPE) procedure yields separation of a sample of the solvent-extracted
crude oil from the core into four fraction, based on the presence of polar functional groups
in the molecules. Infrared spectroscopy allows direct access to the characteristic vibrational
features of these functional groups, and allows quantify their abundance.

Statistical analysis was used to uncover the most important differences in chemistry and
find correlations among samples from various geographical locations. The distributions re-
vealed from the principal component analysis (PCA) plots demonstrate that there are distinc-
tive variations in the composition of polar functional groups attributed to specific classes of
chemical compounds and that wells can be grouped based on these chemical properties to
optimize the conditions of oil production for the specific case.

In order to aid the development of enhanced oil recovery processes, various models simu-
lating fluid behavior in the reservoir are used. The most common approach is to use the pres-
sure/volume/temperature (PVT) phase diagrams obtained in a laboratory for a model fluid
composition. The diversity of fluid chemistry in a real reservoir and the complex interaction
with the surfaces shows how very limited this approach is in it’s applicability. Therefore one
of the objectives of this thesis is to investigate the molecular association mechanisms of mi-
crosolvation relevant to molecules found in the oil and associated industrial processes. Again,
as crude oil chemistry is infinitely diverse, instead of taking a case approach, it was decided to
develop a broadly applicable model based that would take into account the immediate chemi-
cal surrounding of the functional groups to exactly describe their local effect on the molecular
association in the condensed phase.

Infrared (IR) and terahertz (THz) spectroscopy in cryogenic matrices allow access to large-
amplitude intermolecular vibrations, that characterize well the non-covalent interactions that
cause individual molecules to form clusters. This experimental approach was used to estimate
the strengths of hydrogen bonds formed with water of a systematic set of compounds to es-
tablish a widely applicable model for the prediction of hydrogen bond acceptor properties of
oxygen- and sulfur-based polar groups. We have determined the extent to which the induc-
tive effect influences acceptor properties of oxygen and sulfur atoms, and used the local pair
coupled cluster method to analyze the interaction energy of the non-covalent aggregates, pro-
viding deeper insight into the role of London dispersion forces on intermolecular interactions
in liquid phase. The resulting data array provides a useful experimental reference for the de-
velopment of advanced thermodynamic models for reservoir scale simulations of fluid-fluid
behavior.

The molecular associations of dimethyl ether with various classes of oxygen-containing
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polar compounds were investigated also. Dimethyl ether has received attention as a potentially
feasible agent for solvent based enhanced oil recovery, that could be applied in the North Sea.
It has the potential to efficiently elute heavier compounds, that tend to strongly adhere to
surfaces, and affect physical properties of the flooding fluid. However, a successful application
requires thermodynamic models to find the most economy-efficient use of the agent.

The investigation also includes light non-polar compounds, such as CO2, OCS and CS2,
that are of importance in gas injection production techniques and desulfurization processes.
These systems exhibit very weak interactions where dispersion forces are very important. Such
systems require particularly sensitive techniques with the spectral range extended into the
THz region. We have used para-hydrogen as an alternative to noble gases for cryogenic matrix
formation, as the former is transparent in the terahertz range. For this purpose, a cryogenic
conversion setup was designed to produce para-hydrogen in a fully automatic way from normal
hydrogen, without the need for valuable liquid helium.
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Resumé
Råolie er fortsat en af de vigtigste energikilder, uerstattelig for mange forskellige indus-

trier og aspekter af menneskers hverdag. Selvom oliereserverne ikke er uudtømmelige, vil der
i den overskuelige fremtid ikke være en fuldt ud bæredygtig erstatning for denne naturres-
source til rådighed. Især som en kilde til forskellige forstadiemolekyler til medicinsk kemi
og avancerede funktionelle materialer vil råolien forblive en nødvendig ressource i mange år
endnu. I forbindelse med klimaproblemerne og de stadigt stigende udfordringer forbundet
med udvinding af olie fra undergrunden er det nødvendigt at udvikle nye avancerede metoder
for at opnå den bedst mulige olieudvinding med minimale omkostninger og miljøpåvirkninger.
Olie aflejres i undergrunden ved høje temperaturer og tryk, under geologisk udfordrende
forhold. Råolie i Nordsøen er placeret i tætte kalkreservoirer, der er kendetegnet ved høj
porøsitet, lav permeabilitet og relativt lav indvindingsgrad som menes at være forbundet med
stærk vekselvirkninger af olien til klippeoverfladen. Ekstraktion af disse organiske materi-
aler kræver meget nøjagtig forståelse og kontrol af den komplekse faseopførsel af gas / olie-
blandingen, når den passerer gennem det porøse materiale.

Olieudvinding og raffinering komplekse processer, hvor den mest avancerede viden fra
flere tekniske- og naturvidenskabelige områder skal anvendes. Udfordringer med udvindelse,
forsuring af reservoiret, aflejringer og korrosion, dannelse af faste faser osv. er alle af kritisk
betydning. På grund af de store volumner af olie der produceres, bliver selv mindre effekter
klart indflydelsesrige når de opskaleres. Råolier fra forskellige steder i verden, er langt fra ens.
De udviser unikke kombinationer af fysiske egenskaber og kompleks kemisk sammensætning.
Disse forskelle resulterer i meget forskellig faseopførsel og kemiske egenskaber i undergrun-
den, hvilket nødvendiggør udvindingstrategier der tager oliens unikke kemi i betragtning.

Målet med denne ph.d.-afhandling er at undersøge mekanismer, der styrer faseopførsel
og overfladevekselvirkninger af råolie i det tætte kridtreservoir i den danske del af Nordsøen
på basis af intermolekylære kræfter. Geografiske variationer af den kemiske sammensætning
af råolien i Nordsøen undersøges, da dette arbejde er en del af bestræbelserne på at udvikle
tilpassede løsninger, der skal anvendes til den forbedrede olieudvinding i Nordsøen.

Infrarød spektroskopi er en fordelagtig metode, der er målrettet funktionelle grupper i
molekyler, og anvendes derfor til at studere de polære bestanddele af olien. Polære kemiske
grupper har indflydelse på væskens fysiske egenskaber. De kemiske sammensætninger af ad-
skillige råolier fra Nordsøen er undersøgt samtidig med studier af   kalkprøver, der indeholder
oprindelig reservoirolie, for at sammenligne materialesammensætning på overfladen med den
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i olien. Oliebestanddele, der ekstraheres fra kridtoverfladen, er meget mere rig på polære
forbindelser end den producerede olie og endda dets respektive tunge fraktion fra vakuumdes-
tillationsseparationer.

Der blev udviklet en metode til analyse af den råolie, der var indeholdt i de originale
borekerneprøver, hentet på de forskellige geografiske placeringer på tværs af oliefelterne i
Nordsøen. Proceduren med solid phase ekstraktion (SPE) giver separation af en prøve af
den opløsningsmiddelekstraherede råolie fra kernen i fire fraktioner. Separation er baseret
på tilstedeværelsen af   polære funktionelle grupper i molekylerne. Infrarød spektroskopi giver
direkte information om bindingerne i de funktionelle grupper og muliggør kvantificering af
disse stoffer

Statistisk analyse blev brugt til at afdække de vigtigste forskelle i kemien og finde korrela-
tioner mellem prøver fra forskellige geografiske placeringer. Fordelingerne fundet ved hjælp af
primær komponentanalyse (PCA) viser, at der er karakteristiske variationer i sammensætnin-
gen af   polære funktionelle grupper, der tilskrives specifikke klasser af kemiske forbindelser,
og at brønde kan grupperes baseret på disse kemiske egenskaber. Forståelse af forskellen i
kemisk sammensætning kan hjælpe med at optimere betingelserne for olieproduktion for det
konkrete tilfælde.

For at hjælpe med udviklingen af   forbedrede olieudvindingsprocesser anvendes forskellige
modeller, der simulerer væskeadfærd i reservoiret. Den mest almindelige fremgangsmåde
er at bruge tryk / volumen / temperatur (PVT) fasediagrammer opnået i et laboratorium
for en modelvæskesammensætning. Mangfoldigheden af   væskekemi i et reelt reservoir og
den komplekse interaktion med overfladerne viser, hvor begrænset denne tilgang er i dens
anvendelighed. Derfor er et af målene med denne afhandling at undersøge molekylære as-
socieringsmekanismer ved mikrosolvering, der er relevante for molekyler, der findes i olien
og tilknyttede industrielle processer. Da råoliekemien er uendeligt forskelligartet, blev det
besluttet at forsøge at udvikle en bredt anvendelig model der ville tage hensyn til den øjeb-
likkelige kemiske omgivelse af de funktionelle grupper for nøjagtigt at beskrive deres lokale
virkning på molekylvekselvirkningerne i den kondenserede fase.

Infrarøde (IR) og terahertz (THz) spektroskopistudier i kryogene matricer giver adgang
til intermolekylære vibrationer med stor amplitude, der kendetegner de ikke-kovalente inter-
aktioner der får individuelle molekyler til at danne aggregater. Denne eksperimentelle frem-
gangsmåde blev anvendt til at estimere styrkerne af hydrogen-bindinger dannet med vand
for et systematisk sæt af kemiske forbindelser for at etablere en bredt anvendelig model til
forudsigelse af ilt- og svovl-baserede polære gruppers evne som acceptor i intermolekylære
hydrogen-bindinger. Vi har bestemt, hvorvidt den induktive effekt påvirker acceptoregensk-
aber af ilt- og svovl-atomer og har anvendt “local pair coupled cluster” metoder til at analysere
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interaktionsenergier for de studerede aggregater, hvilket giver en dybere indsigt i London-
dispersionskræfternes rolle på intermolekylære interaktioner i væskefase. De resulterende data
giver en nyttig eksperimentel reference til udvikling af avancerede termodynamiske modeller
til reservoirskala-simuleringer af fluid-fluid opførsel.

De molekylære vekselvirkninger mellem dimethylæter og forskellige klasser af ilt-holdige
polære forbindelser blev også undersøgt. Dimethylæter har fået opmærksomhed som et mid-
del til opløsningsmiddelbaseret forbedret olieudvinding, der potentielt kan anvendes i Nord-
søen. Det har potentialet til effektivt at eluere tungere forbindelser, der har en tendens til at
vekselvirke stærkt med kalkoverflader og påvirke de fysiske egenskaber af de anvendte opløs-
ninger. En vellykket anvendelse kræver imidlertid termodynamiske modeller for at finde den
mest økonomiske effektiv anvendelse af stoffet.

Undersøgelsen vedrører også lette ikke-polære forbindelser, såsom CO2, OCS og CS2,
der er vigtige for produktion med gasinjektion og desulfuriseringsprocesser. Disse systemer
udviser meget svage vekselvirkninger, hvor dispersionskræfter er meget vigtige. Sådanne sys-
temer kræver særlig følsomme teknikker med det spektrale område udvidet til THz-regionen.
Vi har brugt para-hydrogen som et alternativ til ædelgasser til kryogen matrixdannelse, da
førstnævnte er gennemsigtig i terahertz-området. Til dette formål blev en fuldautomatis-
eret kryogen konverteringsopsætning designet til at fremstille para-hydrogen fra normal brint
uden behov for værdifuld flydende helium.
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CHAPTER I
Introduction

If all you have is a hammer, everything looks like a nail.
ABRAHAM MASLOW, The Psychology of Science, 1966

Since the discovery of oil, it has become a major part of contemporary industry. From it’s
first notable appearance in history, found in a coal mine in Scotland and distilled to be used
as lamp oil, to modern times, oil-based products have found their way into every aspect of our
lives1. Now, crude oil as a resource is of pivotal importance for international economics, pol-
itics and technology. From food packaging to combustion engine, society is now completely
reliant on crude oil resources.

The primary area of consumption of oil material is for production of refined gasoline.
While it is quite possible that in the future this type of consumption is going to decline with
development of renewable sources of energy and electrical transportation, it is unlikely that
the demand will cease to exist, with many commonly used materials using oil as a convenient
precursor.

The first oil well was drilled by Colonel Edwin L. Drake and was 21 m deep. This event
has kickstarted the Pennsylvania oil rush and is considered the first commercial-scale extrac-
tion of oil2. At the dawn of the petroleum industry extraction of oil was comparatively cheap,
as natural gas contained in the underground drove the oil to the surface. Decades later, pro-
duction of many fields is no longer profitable when using remaining natural pressure. Yet in
many cases, only a very small portion of original oil in place has been extracted, leading to
the development of technology to improve total recovery. The most simple solution, that in
the industry is called “secondary” recovery, is using water flood or gas injection to generate
pressure and drive oil to the surface at another well3. In many cases these days, wells even
start their production from the secondary recovery stage.

Eventually secondary recovery loses its profitability as oil is recovered, however significant
amounts of oil can still remain in the reservoir. Residual oil, depending on the type and
geology of the reservoir is immobilized in the porous media of the rock material or is too
heavy. Further recovery improvement requires more sophisticated methods, which in turn
rely on a deep understanding of the underlying processes and physical chemistry of the oil.
The latter is particularly challenging due to the complex and diverse composition of the crude
oil4.



2 I Introduction

Enhanced oil recovery (EOR), also generally known as tertiary recovery, is focused on
changing physical parameters that would significantly alter oil hydrodynamics in the reser-
voir. Examples are polymer flooding, miscible gas, solvent, steam and fire injection. These
techniques alter physical properties such as viscosity, density, or interfacial tension on the
oil/water surface. Most widely used is carbon dioxide gas injection, which strongly depends
on the reservoir temperature, pressure and oil composition.

A combination of effects comprising surface tension, physical and chemical adsorption
etc. that define the interaction of oil with the solid matrix of the reservoir in petroleum engi-
neering has traditionally been referred to as wettability5. Since the nature of the phenomena
is highly complex, for years it was primarily evaluated experimentally. With its mechanisms
poorly understood to this day, it is now a subject of many studies. Obviously, the adsorption
mechanism is strongly related to microscopic interactions in the oil bulk and on the surfaces
of the rock, oil and brine6. Careful investigation of these interactions is necessary to construct
accurate models of EOR.

Another component of a successful model, from a chemistry side of the problem, is a
detailed understanding of the oil composition. Having accurate models for all kinds of inter-
actions possible in the system, it is very important to know the composition of the crude oil
to properly build the model. It is well understood that polar compounds are a determining
factor in defining the properties of the liquid, and so are other properties, such as maturity
and aromatic content7.

Intermolecular interactions are at the core of the vast majority of known physicochemi-
cal processes. The combination of all specific and non-specific forces between the molecules
will determine phase behavior, chemical reaction pathways via mutual orientation of the frag-
ments, solubility etc. Hydrogen bonding is an all-important factor when it comes to interac-
tions involving polar molecules. As such, accurate simulation of the phenomena is pivotal for
solving practical issues all across the industries.

From the perspective of the petroleum industry, plenty of application cases can be found,
where hydrogen bonding in particular and intermolecular interactions in general are the driv-
ing mechanisms behind both up- and downstream processes - ranging from oil recovery, to
gas capture and desulfurization procedures8,9.

Solvent injection today is a mature enhanced oil recovery technique, involving, as name
suggests, introducing a solvent in the flooding stage of a well. The solvents could be hydro-
carbons, CO2, and others. Primary considerations in these techniques are usually focused on
how the introduced “solvent” would affect the physical properties of the fluid, impacting on
the flow. Proper economical analysis would require a model that is able to estimate solubility
and phase behavior at the given reservoir conditions and find the optimal EOR strategy. Such
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models are usually constructed based on limited PVT (pressure/volume/temperature) data of
mixtures consisting of several components of interest, to which polynomial equations are fit-
ted10. The parameters obtained are often not particularly accurate in the scope of the intended
application, while also very limited by the specific origin of the data. For example, a PVT
model of a DME/oil/brine mixture11,12 established with a specific oil may not be immediately
applicable if the crude oil composition is very different from the one that was used, and would
not provide much help in description of surface interactions, where the chemical composition
of phases and dominant factors in the interactions themselves strongly differ from that of the
bulk phase.

Considering how infinitely diverse the application cases could be, whether it is an EOR
scenario or green house gas capture process, it becomes clear that mathematical models re-
quire more robust thermodynamical basis, since empirical data cannot be collected for every
case. While a very fundamental approach, such as in-depth ab initio treatment is equally out
of reach, there are still possibilities to obtain a good understanding of intermolecular interac-
tions by taking a “molecular” approach and closing in on the individual components of the
intermolecular interactions.

The objective of this work is to investigate hydrogen bonding and non-specific interactions
on a set of oil recovery relevant model interactions and obtain better quantitative measures of
the bond energy at different levels of abstraction, so that the result could be applied to the
broadest possible number of tasks. This task is preceded by the importance of investigating
composition of crude oil, exemplified by studies of oil samples from the Danish North Sea.
Due to the fact that interactions in bulk are often defined by specific functional groups, in-
frared spectroscopy can serve as powerful tool for detecting and quantifying presence of this
key components. The contribution of this study is primarily in finding chemical correlations
in oil composition and linking it to the geographical distribution of extraction points in the
North Sea. Combining the knowledge of both directions should prove valuable in the de-
velopment of enhanced oil recovery techniques in the future, and in the improvement of our
understanding of complex fluid properties in general.
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I.1 Crude oil production and recovery methods
In the general case, an oil well produces only crude oil with natural gas dissolved in it.

Pressures in the underground is much higher, which result in crude oil degas when brought
to the surface. The liquid is comprised of a light oil fraction and heavy bitumens, with a ratio
varying strongly among different oil reservoirs. Crude oil mostly includes alkanes (paraffins),
cyclic alkanes (naphtenes), aromatic and various sulfur-, nitrogen- and oxygen- containing
compounds. Oil also contains trace amounts of metals such as iron, nickel, copper and vana-
dium13. Elemental compositions are comparatively stable from field to field, with a carbon
content ranging from 83% to 85%, and H from 10% to 14%. The largest variation in compo-
sition is observed for sulfur, with it’s content being anywhere from 0.05% to 6%.

The chemical and structural compositions, on the other hand, strongly depends on the oil
field14. Oil is usually found with “gas cap” of natural gas above it, and saline water that is
mixed with it or sunken below. Oil that can be extracted using conventional techniques and
oil wells is referred to and “conventional oil”. Oil can also be found in the form of heavy tar
that has to be heated up to flow. Mixed with sand it forms extra heavy bitumen. This form of
crude oil comprises around third of world oil resource, with another third being various heavy
oils. These two groups are referred to as “unconventional oil”.

Many aspects can govern oil-brine-solid interactions, but one of the pivotal ones is the
composition. It goes without saying that heavier and polar compounds contribute to increased
density and viscosity of oil. Some of the oil components are interfacially active and can alter
wetting, although whether this actually occurs depends on the total composition and the en-
vironment. The temperature is the dominant ambient parameter affecting wetting of the rock
surface, while pressure plays a minor role in the first approximation of the condensed phase,
as investigated by Hjemeland4.

It is important to mention, that when practical systems are considered, wetting is always
a competition between brine and oil. Increasing temperature from ambient to reservoir con-
ditions was found to alter wetting from oil-wet case to water-wet, with gradual transition
between those states at intermediate temperatures.

Precipitation of asphaltenes or heavy oil aggregation may occur when paraffin liquid are
introduced. This also depends on the type of oil, and has to be considered in practical appli-
cations, e.g. solvent flooding. Solvent or precipitant effects on the solvent-oil mixture can be
established from refractive index measurements15.
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I.2 The chemical composition and physical chemistry

of crude oil
Oil characterization is the representation of oil properties with a set of measurable param-

eters. Such parameters include specific and API (American Petroleum Institute) gravities,
PVT measurements, estimation of oil maturity, degree of substitution in aromatic systems,
presence of oxidized compounds, bacteria etc. Initially, detailed characterization of the crude
oil was mostly a concern for the design of refining processes and exploration, but more re-
cently it has become apparent that it is also necessary for exploration, recovery optimization
and to estimate the volume of the reservoir.

Oil maturity defines the state of oil in the generation process. Maturation occurs through
diagenesis and catagenesis processes in the oil’s source rock. The majority of crude oil is
formed by the catagenesis and metagenesis of biomaterial. Diagenesis is the chemical reactions
through which oxygen, nitrogen and sulfur are removed from the organic matter leading to an
increase in hydrogen ratio of the sedimentary organic material. This process occurs within the
first few thousand years with temperatures up to 50°C. The presence of iron during that process
also improves the quality of oil, as it strongly binds the sulfur away from organic compounds
in an inert FeS solid16. The substance formed at this stage is referred to as “kerogen”.

During catagenesis, kerogen is exposed to thermal degradation reactions, in which double
bonds are reduced, compounds are cracked or condensed. These reactions require temper-
atures in the range between 60-200°C. Metagenesis is the last step in the maturation of oil.
Occurring above 150°C, this process cracks the organic molecules into smaller fragments and
carbonizing matter, evolving methane, hydrogen sulfide, carbon dioxide and nitrogen. The
generated petroleum then migrates until it is trapped and accumulated in a reservoir.

The presence of bacteria alters and broadens the transformation pathways. Hydrocarbons
are oxidized and degraded by aerobic and, to a lesser extent, anaerobic bacteria often present in
oil. Additionally, surface active compounds, produced this way, cause emulsification of oil in
brine. Most strains target medium sized n-alkanes (C12-C18). The reason for this selectivity
is that small hydrocarbons are toxic to bacteria, dissolving their cellular membrane, while long
chained hydrocarbons are solid and insoluble for degradation in bacteria17,18. A certain type
of bacteria is capable of reducing sulphate ions at the expense of hydrocarbons (eq. I.1).

C10H22 + 7.75 SO4
2− + 5.5 H+ → 10 HCO3

− + 7.75 H2S + H2O (I.1)

Anaerobic oxidation of hydrocarbons results in generation of sulfide ions and acidifica-
tion of the reservoir. This becomes a major concern, when using sulphate-rich seawater for
injection19,20.
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The geological conditions of oil maturation lead to substances with very different com-
position and properties, quality and production considerations. Many methods have been
developed to efficiently gather sufficient data to describe the oil. After decades of production,
the world industry is now shifting towards heavier crude oil slates and deeper production wells
in more complicated matrices.

Likewise, the focus of the scientific advances has also been moved to heavy oil properties,
metal and trace compound identification. Advancements in gas chromatography and mass-
spectrometry has significantly enhanced the amount of molecular data received from a sample.
Petroleomics is becoming increasingly important to correlate obtained data, as the flow of data
has exceeded the level at which it can be utilized for concise decisions by an analyst. Now the
goal is to develop tools to correlate and use all the available data for applied modeling.

I.2.1 Characteristics of oil and analytical methods

The following is a brief overview of the most important parameters commonly used in
petroleum industry to describe a given oil, and the analytical techniques behind them.

API GRAVITY. The most basic of the parameters that could be attributed to the oil is the
specific gravity. Traditionally, the API (American Petroleum Institute) gravity scale was used
in the industry. It is a measure of how heavy the oil is compared to water, and is linked to the
inverse density of the liquid. an API value lower than 10° means that the oil is heavier than
water, and, conversely, API higher than 10° defines light oil that would float on water. The
numerical definition of the term is given by eq. I.2.

𝛾𝐴𝑃𝐼 = 141.5
𝑆𝐺 − 131.5 = 141.5 ⋅ 𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑜𝑖𝑙
− 131.5 (I.2)

where: 𝛾𝐴𝑃𝐼 − API gravity value,
𝑆𝐺 − specific gravity,
𝜌𝑤𝑎𝑡𝑒𝑟 − density of water,
𝜌𝑜𝑖𝑙 − density of the oil.

Generally, light crude oil with API gravity above 40° is the most preferable grade. Crude
oil with API gravity lower than 10° is considered bitumen, a heavy oil requiring further pro-
cessing. The standard method to estimate the density and the API gravity of the oil sample
is by using the oscillating U-tube method as described by the ASTM D1298 standard.
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TOTAL ACID/BASE NUMBER. Total acid number (TAN) is the measure of acidity of the sam-
ple and is defined as amount of potassium hydroxide (KOH), in milligrams, that is used to
neutralize the acids contained is one gram of oil. TAN is an important measure of oil qual-
ity and indicates possible challenges with corrosion, that may occur during transport and
refinement of the oil. ASTM D664 is an example of standard methods to measure TAN.
Potentiometric titration is done with a glass electrode for non-aqueous media referenced by
an Ag/AgCl electrode, with the titrant being an isopropanol solution of KOH, standardized
by the usual potassium hydrogen phtalate. Sample is dissolved in chloroform/isopropanol
mixture.

The total acid number can be also estimated by other techniques, e.g. infrared spec-
troscopy, by using statistical methods combined with a training set. Such approaches are
advantageous due to much faster measurement procedures, when compared to titration, once
the method is established in the lab for a particular sample type21.

The total base number is defined as the equivalent quantity of potassium hydroxide (in
milligrams) per gram of oil sample. Determination is carried out by forward potentiometric
titration with perchloric acid solution as the titrant. A quantitative method based on mid-
infrared spectroscopy is established, based on measurement of the carboxylate ions, which
are formed after neutralization of trifluoroacetic acid22. High TBN oil additives find applica-
tion in lubricants such as motor oil, as they help neutralize acids and prevent some corrosion
mechanisms.

SARAANALYSIS. Saturates, Aromatics, Resins and Asphaltenes (SARA) is an analysis that
involves separation of an oil sample into constituents based on their “polarity”, forming the
aforementioned fractions. The work on the approach dates back to 1972, and the methods
developed by Jewell and co-workers23. The SARA does not refer to a particular approach, but
rather the goal of the analysis. Hence, multiple standard techniques are certified by ASTM
and used in the industry, while in the research laboratories method are custom-tailored to be
performed in a specific way required by the study. So in general, results cannot be compared
across techniques directly and only broad conclusion could be drawn without using the exact
same method to characterize the oils.

The saturates fraction consists of nonpolar molecules of linear, branched and cyclic struc-
ture. Aromatics include one or more aromatic rings, and are more “polar” owing to higher
polarizability of the conjugated system of 𝜋-electrons. Resins and asphaltenes are polar frac-
tions with oxygen- and nitrogen-containing substituents, such as acids, amides, ketones, etc.
The difference between them is defined by the fact that the resins fraction is soluble in excess
of heptane, whereas asphaltenes are not.
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The most basic separation can be done by mixing an oil sample with n-heptane to sepa-
rate asphaltenes out as precipitate, that can be then measured by weight. The rest, maltene,
can then be loaded on a chromatographic activated silica column, preconditioned with hep-
tane, and then eluted sequentially with heptane (saturates), toluene (aromatics), followed by
variations on polar eluent mixtures, such as toluene/methanol, methanol/chloroform, or ace-
tonitrile (resins).

The classical ASTM procedure is a clay-gel adsorption chromatography method, forming
the basis of the D2007 standard. Other techniques generally can be divided into two cate-
gories. First, the high-performance liquid chromatography based procedures24 coupled with
modern columns employing an NH2-bonded solid phase makes it feasible to separate heavy
fractions of petroleum. The major advantage of this family of methods is that they could be
well automated and expanded for a large-throughput routine analysis, provided the asphaltene
fraction is removed beforehand, as these compounds strongly adsorb to the column material
or precipitate when the eluent for the lighter fractions is introduced25.

Second, thin-layer chromatography (TLC) based methods are the fastest way to perform
SARA analysis. Here, unlike in the HPLC based procedures, asphaltenes do not have to
removed prior to the analysis. Separation is performed on silica-coated quartz rods. A pop-
ular variant of the technique is to combine TLC separation with a flame ionization detector
(FID), developed into well-automated quantitative procedure by Suzuki26. TLC-FID has
since become very popular and has been implemented in a form of dedicated instruments
with minimal sample requirements, e.g. the Iatroscan instrument.

As mentioned above, results from different approaches are not directly comparable. More-
over, even when the measurement is done with the same method can produce results highly
dependent on the type of sample studied. As such TLC-FID suffers from discrepancies in-
volving volatility of the sample, and only for medium and heavier oils could the result be
compared to the ASTM number27. The way forward is clearly favoring HPLC approaches,
as the means to correct for the errors associated with the compounds boiling up to 250°C
counter the main advantage of the TLC method - the speed. HPLC can also easily improve
on some of the aspects over the ASTM method, e.g. losses of volatile fractions, albeit small
but still present and hard to control with the reference method. With the respect to timing,
both techniques require asphaltenes removed, which takes about two days by common prac-
tice. Beyond that a typical measurement time is estimated to be ca. 1 hour for the HPLC
method and 20 hours for the ASTM one, with the sample requirements of 1 gram for the
HPLC and 10 grams for the ASTM.

Infrared spectroscopy is sometimes applied for fast SARA analysis in an approximate
manner, employing statistical methods with a training set. A partial least squares (PLS) based
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method was applied in a attenuated total reflectance infrared (ATR-FTIR) spectroscopic
study of Colombian oil samples from various locations in the country28. The results were
cross-matched to the ATR-FTIR spectra of the oils. PCA allowed to identify correlations
across samples and define groups based on the indirect compositional information.

TPHANDPAHANALYSIS. The aromatic constituents of crude oil are important in determin-
ing the useful properties of the end petroleum products. Chemical analysis of polyaromatic
hydrocarbons (PAHs) is a focus of many research groups, in no small part due to environmen-
tal concerns associated with these compounds29–31, such as toxicity and carcinogenic proper-
ties. Analysis is usually carried out on a GC instrument with FID or MS detectors, although
many more methods are available. The former is used for the aliphatic components. A mass-
detector is particularly useful to detect compounds in the aromatic fraction, that help directly
identify specific types of petroleum products, e.g. the ratio of phenanthrenes to dibenzothio-
phenes32.

Apart from the GC-MS, the most frequently used methods are infrared (IR), Raman, and
fluorescence spectroscopies, immunoassays (IMA) and gravimetry. Most recent techniques
joining the lineup are the portable GC-MS and near-infrared spectroscopy based approaches,
sometimes coupled with visible range spectroscopy33–35, both advantageous in the field. In
the laboratory, standard GC-MS remains the preferred method.

Some time ago, the IR methods based on detection of the C-H stretching modes in mid-
infrared spectral region36, were the standard in determining total petroleum hydrocarbons
(TPH), and to an extent could be applied to the full SARA analysis when combined with
advanced spectral processing, like differential spectroscopy, PCA and PLS. In terms of the
procedure, technique is attractive due to low cost, speed, and fairly high sensitivity. For quanti-
tative analysis of PAH, the most popular solvent applied was 1,1,2-trichlorotrifluoroethane37.
However, following the ban of Freons, caused by the environmental concerns, the applicabil-
ity of the IR methods has gone down, eventually succeeded by the advent of GC-MS methods
as the recommended standard technique. IR spectroscopy is still actively used for fast in situ
screening of samples in environmental analysis, using modern sample probing techniques, e.g.
ATR and diffused reflectance (DRIFT)35. Owing to the broad response of these techniques,
application is often expanded to the determination of polar compounds, sulfur etc38.

In the standard GC-FID method, samples are kept at 4°C until solvent extraction is
carried out and then dried by sodium sulfate. Samples for the analysis are produced the same
way as for the SARA aliphatic fraction. GC-FID is the standard method to determine TPH
as recommended by the British Standard Institution, ISO and EPA.

A mass-spectrometer is an alternative detection method to the FID, providing capability
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for a more detailed analysis based on the molecular ion or fragmentation pattern produced
at the ionization stage39. MS can be coupled with both LC and GC for the determination
of the PAHs, depending on the goal of the measurement. As such, some procedures do
not resolve certain groups of compounds, e.g. anthracene and phenanthrene, while others
provide varying degrees of quantitative accuracy and other parameters to be adjusted. The
most important part is the selection of the stationary phase, usually carefully chosen for a
particular case40–42. Widely used for this purpose polysiloxane columns with phenyl and
methyl substitutions. Despite wide use of GC-MS, it is limited by the fact that it requires
samples that are volatile and thermally stable during the analysis, often requiring extensive
sample separation followed by derivatization of some fractions43.

Electrospray ionization approach to petroleum material developed by Fenn44, allowed
mass-spectrometry of polar crude oil components without any additional fractionation. This
approach has later been coupled with the Fourier-transform ion cyclotron resonance MS (FT-
ICR-MS) technique45. Over 3000 nitrogen-containing species were found by that method,
despite the fact that in general hydrocarbon matrix is not ionized very efficiently still. For the
analysis of saturated hydrocarbons desorption electrospray ionization (DESI) was pioneered
by Wu et al46. A more detailed description of modern FT-ICR-MS and GC-TOF type
techniques are given in the in-depth review by Ryan Rogers47.

BIOMARKERS. Biological markers are important compounds originating from living organ-
isms, primarily lipids preserved over ages in the underground. These molecules can be stable
for millions of years in an oxygen-free environment, with little change from the biogenic
precursor (like steroids, hopanoids).

Biomarkers are mostly carbohydrates containing oxygen, nitrogen, sulfur atoms, with oc-
casional heavy metal elements, such as Fe. Despite quite low abundance in crude, on the order
of hundreds ppm, they are often used as indicators of age and origin of the oil, e.g. bacteria,
algae, plants. Markers can be used to correlate oils to their source rock, estimate environmen-
tal conditions of the deposition (e.g. marine, terrestrial etc.), thermal history and maturity of
the oil. For example, presence of (18𝛼)-oleanane is evidence that deposition is from either
Tertiary or Cretaceous period48,49. A pristane to phytane ratio below one is an indicator of
the fact that the environment during the deposition was hypersaline50.

Biomarkers have become an important factor in oil exploration and have been extensively
researched by the oil companies.

TRUE BOILING POINT DISTILLATION. The method is used to determine boiling points and
phase behavior properties of crude oil and its constituents. Conceptually it is a standard
step-wise distillation procedure, which is run under gradually lowered pressure. The highest
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Figure I.1: Chemical structure of (18𝛼)-oleanane.

vacuum is usually close to 0.1 mbar, and the corresponding true boiling points are close too
600°C, or carbon-23 alkane equivalent. The last fraction is a tar-like non-distillable residue.
This method is superior to normal distillation, as it allows separation at lower temperatures,
preventing sample cracking and charring, while producing results very accurate results.

I.3 Molecular physics of condensed phases
Intermolecular interactions are at the core of condensed matter. The properties and struc-

ture of liquids and molecular crystal are heavily influenced by these non-covalent forces, if
not defined by them exclusively, like it is in the case of polymorphic crystal packing, where
a particular property, e.g. magnetism, is dependent on the orientation of molecules in the
lattice51,52.

There are various definitions of a bond, as not every interaction between particles qualifies
as one. According to Pauling’s definition, one of the key elements is the energetic stability, i.e.
bonds are exclusively attractive interactions53. A more exact definition varied over time, with
related properties being topology of electron density in the formed molecule. When looking
at molecular clusters and crystals, contacts, interactions and bonds are distinguished. Contact
refers to geometric positioning of atoms in a given interaction, interaction implies that the
given contact has a distinct measurable energy, and bond means that the interaction is strictly
attractive and is locally dominant in energy54.

Intermolecular bonds follow the same trend for the energy-distance relation, and have spe-
cific orientation in space as usual chemical bonds, but their energy is lower and corresponding
distances are larger55. The involved forces are attractive and repulsive. The attractive forces
could be classified as electrostatic, induction and dispersion. The repulsive term is represented by
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the Pauli exclusion principle56 - electrons from interacting fragments are unable to penetrate
each other’s occupied orbitals when electron spins are the same, giving rise to the exchange-
repulsion term:

𝐸𝑒𝑥𝑐ℎ = 𝐴 ⋅ 𝑒
2𝑟
𝑎0 (I.3)

where: 𝐴 − empirical constant,
𝑟 − intermolecular distance,
𝑎0 − Bohr radius of the atom.

This term is always repulsive, particularly at close range, creating characteristic energy well
that defines the closest range to which the fragments could approach each other. The inter-
action between permanent charges can be described by the Coulomb equation expanded into
multipole components (eq.I.4), and constitutes the electrostatic term of the interaction en-
ergy. Components in the presented partial equation below are charge-charge, charge-dipole
and dipole-dipole terms respectively.

𝐸𝑒𝑙.𝑠𝑡𝑎𝑡 = 1
4𝜋𝜀0

𝑞𝐴𝑞𝐵
𝑟 − 1

4𝜋𝜀0

𝑞𝐴𝜇𝐵
𝑟2 𝑐𝑜𝑠𝜃−

− 1
4𝜋𝜀0

𝜇𝐴𝜇𝐵
𝑟4 (2 𝑐𝑜𝑠 𝜃1 𝑐𝑜𝑠 𝜃2 − 𝑠𝑖𝑛 𝜃1 𝑠𝑖𝑛 𝜃2 𝑐𝑜𝑠 𝜙)... (I.4)

where: 𝑞𝑁 − charge of particle N,
𝜇𝑁 − dipole moment of particle N,
𝑟 − distance between particles,
𝜀0 − vacuum electric permittivity,
𝜃, 𝜙 − angles to distance vectors.

As seen from the equation, the strength of this interaction is dependent on both the
magnitude and orientation of the multipoles, and higher-order terms tend to decrease rapidly
with distance. Highly symmetric system often have near zero low-order components and
the interaction is then dominated by the high-order terms. Equation I.4 does not take into
account mutual polarization of the interacting fragments, however there are proper analytical
expressions to represent this term57.

The induction component (𝐸𝑖𝑛𝑑) is caused by the interaction of the permanent dipole
of one fragment with the induced dipole in the other one. The magnitude of the latter is
dependent on the polarizability of the fragment:
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𝐸𝑖𝑛𝑑 = −𝛼𝜇2

𝑟6
(3 𝑐𝑜𝑠2𝜃 + 1)

(4𝜋𝜖0)2 ) (I.5)

where: 𝜇 − permanent dipole moment,
𝑟 − interfragment distance,
𝛼 − polarizability.

The charge-transfer component (𝐸𝐶𝑇) is associated with difference in interaction caused
by charge transfer between fragments, when electronic distribution has relaxed. The last at-
tractive term, dispersion (𝐸𝑑𝑖𝑠𝑝), also known as London forces, is a nonclassical term that
originates from electronic correlation effects. It can be imagined as interaction between in-
stantaneous dipoles formed in the molecules. Energy of the dispersive interaction is given by
the following equation:

𝐸𝑑𝑖𝑠𝑝 = −𝐶6
r6

− 𝐶8
r8

− 𝐶10
r10 ... (I.6)

where: 𝐶6,8,10 − empirical constants,
r − the position vector.

The dispersion (𝐸𝑑𝑖𝑠𝑝) is generally the weakest term, yet it becomes very important for
non-polar molecules, where the other electrostatic components are non-existent. It is the
driving force behind heavy non-polar compounds existing as liquids at room temperature, e.g.
carbon disulfide.

The total electronic energy is then given by the sum:

𝐸𝑒𝑙 = 𝐸𝑒𝑥𝑐ℎ + 𝐸𝑒𝑙.𝑠𝑡𝑎𝑡 + 𝐸𝑖𝑛𝑑 + 𝐸𝐶𝑇 + 𝐸𝑑𝑖𝑠𝑝 (I.7)

The term “van der Waals complex” is used for molecular clusters that are formed almost
exclusively due to dispersion and induced dipole-dipole interactions. Rough estimate58 of an
average bond energy of such type is around 2-8 kJ⋅mol-1, whereas a typical covalent bond
is ca. 150-400 kJ⋅mol-1. However, as mentioned above, many contributing factors and the
isotropic nature of dispersive interaction make this class quite loosely defined.

Ionic bonds are interactions between particle with non-zero net charge. This class is domi-
nated by electrostatic component, namely it’s charge-charge, charge-dipole terms. Examples
of such are ions in solvent or ionic crystal lattice, part of a zwitter-ionic molecule with local-
ized charge interacting with a polar solvent, etc.

Hydrogen bonds are intermolecular bonds with a A-H···X topology, where A-H is a hy-
drogen bond donor (HBD), and X is the hydrogen bond acceptor (HBA). HBD points in
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the direction of increased electron density - lone pairs or the bonding 𝜋-electrons. A is usu-
ally an electronegative atom, such as oxygen, nitrogen, etc., with a strongly polarized A-H
covalent bond. To qualify for a hydrogen bond, interaction should fit several criteria59: the
forces involved in the bond should be electrostatic, primarily dipole-dipole in case of neutral
molecules, must include partial charge transfer from Y to H, and dispersion; the bond angle
should be close to 180°.

Formation of the hydrogen bond weakens the A-H covalent bond due to charge transfer.
This results in spectral red shifts of some vibrational bands, e.g. X-H stretching bands (see
fig. I.2). This spectral shift in used nowadays as a measure of the bond strength. In NMR
spectroscopy, one can observe 1H chemical shifts up to 20 ppm due to H-bonding. The energy
of a hydrogen bond ranges60 between 0.8 and 160 kJ⋅mol-1. The most common example of a
hydrogen bond is a O-H···O motif found in water clusters. Based on the energy of the bond,
they are loosely classified with respect to “normal” cases, basically those found in water. The
“moderate” bonds have energies from 16-60 kJ⋅mol-1, according to this classification61.

Figure I.2: OH-stretching vibrational mode in the water dimer molecular complex.

I.3.1 Molecular vibrational energies in thermodynamic models

Quantum systems fluctuate near their lowest energy point, as described by the Heisenberg
uncertainty principle62. Molecules are constantly in motion, which can be described by 3N
degrees of freedom in cartesian coordinates. These degrees of freedom include translation,
rotational and vibrational motions. Vibrational modes degrees of freedom constitute 3N -6
modes for a non-linear system.

On formation of a molecular cluster, new large-amplitude intermolecular modes are
formed from the translational and rotational degrees of freedom of the fragment. These
modes tend to have lower frequencies and larger vibrational amplitudes than those linked to
covalent bonds of the fragments, and are associated with the newly formed intermolecular
bond, e.g. the hydrogen bond in a water dimer. The contribution from the intermolecu-
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lar modes to the total change in zero-point energy (ZPE) tends to be larger than the spectral
shifts of the intramolecular modes, and the difference becomes more important for the weakly
bound systems.

Molecular vibrations contribute to the thermochemistry of the cluster formation process
as part of the internal energy (U ) of the system. The fundamental vibrational excitations
𝜈0→1 comprise ZPE (eq. I.8) of the system E0

63, and typically is the second largest contri-
bution to the thermodynamic properties of the process after the electronic energy. At finite
temperatures, a significant portion of the molecules are in vibrationally excited state and fur-
ther irradiation invokes transitions from these states as well (e.g. 𝜈1→2,3...), contributing to
the thermal component of the energy. These transitions are called “hot bands”, and their pres-
ence complicates the interpretation of experimental data where fundamental bands are sought.
In cryogenic conditions the majority of the molecules are in their vibrational ground state, in
which case only excitations from this state are observed (𝜈0→1,2,3...), and fundamentals could
be found easier.

𝐸𝑣𝑖𝑏 = ∑
𝑖

⎧{
⎨{⎩

ℎ𝜈𝑖
2 + ℎ𝜈𝑖 𝑒−ℎ𝜈𝑖/𝑘𝑇

1 − ℎ𝜈𝑖 𝑒−ℎ𝜈𝑖/𝑘𝑇

⎫}
⎬}⎭

= 𝑍𝑃𝐸 + ∑
𝑖

ℎ𝜈𝑖 𝑒−ℎ𝜈𝑖/𝑘𝑇

1 − ℎ𝜈𝑖 𝑒−ℎ𝜈𝑖/𝑘𝑇 (I.8)

where: ℎ − Planck constant,
𝜈𝑖 − the i-th normal vibration frequency,
𝑘 − Boltzmann constant,
𝑍𝑃𝐸 − zero-point energy.

The rotational and translational energy components are both 3
2𝑘𝑇 for a general non-linear

polyatomic molecule, and is close to zero in cryogenic matrix conditions. In case of a harmonic
oscillator, the zero-point energy can then be estimated as the half-sum of fundamental modes’
vibrational frequencies64.

𝑈 = 𝐸𝑒𝑙 + 𝐸𝑍𝑃𝐸⏟⏟⏟⏟⏟
E0

+ 𝐸𝑣𝑖𝑏,𝑇 + 𝐸𝑟𝑜𝑡 + 𝐸𝑡𝑟𝑎𝑛𝑠⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Thermal contribution

(I.9)

Internal energy is linked to the Gibbs free energy (𝐺) by the following relation:

𝐻 = 𝑈 + 𝑘𝑇 (I.10)

𝐺 = 𝐻 − 𝑇𝑆𝑡𝑜𝑡 (I.11)

The accurate estimation of the Gibbs free energy of a process is very important for the
industry. Depending on the scale, even small improvements could lead to crucial gains
in efficiency. The development of versatile simulation models requires a molecular route
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towards the solution. A proper understanding of all involved interactions in the system and
their strengths is critical, and is not limited to simple force fields. In the case of water, coined
“the universal solvent”, complex networks of hydrogen bonds are present in liquid phase, with
a strong cooperativity observed.

It has been shown that the two-body term, i.e. the interaction limited to formation of a
water dimer, accounts for about 80% of the cohesive energy of liquid water. Inclusion of the
three-body term brings that number up to 99%65. It is debatable whether this is enough for
a particular task, but it is clear that real-life macroscopic systems are very dependent on com-
plex many-body interactions, and as it is often in modern practice, fluid systems utilized in
the industry consist of multiple components, where one has to account for all molecular inter-
actions. Such diversity of possible systems encountered cannot be universally approached on
empirical level. It can be seen from the long history of many solvent scales created based ex-
perimental observables. In lieu of advanced experimental techniques allowing direct insights
into molecular, physical properties, e.g. dielectric constant, or more extensively - chemical
probes, have been used to establish dependencies between chemical composition of a liquid
and it’s solvating capabilities.

A notable chapter in that story would be the solvatochromic probes, particularly the family
of compounds specifically designed for that purpose and collectively known as “Reichardt’s
dyes”66. These dyes posses an electronic transition in the NIR-Vis range, associated with a
long-range charge transfer and resulting in a drastic change in dipole moment, in which case,
the exact energy of this transition is dependent on the solvent shell. An extensive amount
of data has been accumulated over the years with commonly used solvents. There is little
correlation with simple physical estimates of solvent polarity, and the vast majority of the
solvent mixtures exhibit preferential solvation and non-linear behavior with inflection point.
The latter can only be explained by interaction with the in-situ formed component, e.g. mixed
solvent complex67–69.

I.3.2 From molecules to building bricks of the condensed phase

Direct experimental measurements are only meaningful when small systems are concerned.
Most of the spectroscopic studies usually concern small isolated fragments or “pure” systems
that could be assumed to an extent being representative of the certain molecule that forms
it, e.g. solid powder of a pure chemical. Mixtures are often approached in a phenomenolog-
ical way, where physical observables are linked to properties indirectly, typically by means of
statistical correlations and chemometrics.
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Spectroscopic observables could provide the most accurate characterization of a given in-
teraction, but complete understanding is required to use them and thus the method is limited
to few molecules. When combined with theory, a reliable thermochemical picture of a small
building block can be obtained. These blocks are far less diverse than bulk phases that they
form. By examining a few of the blocks, general conclusions on the underlying mechanisms
can be made, that allow to predict properties of similar blocks. Forming a condensed phase
involves joining many blocks together, but the larger the block, the less important it is how
it’s joined to other blocks. The concept is similar to surface tension, where relative importance
of the surface diminishes as small droplets aggregate into a bulk liquid. It is our goal to ap-
proach bulk properties a through very detailed understanding of small molecular aggregates
- clusters, composed of two or three molecules, establishing the link between their structure
and role as a building block in the bulk, and use this knowledge to expand onto other possible
configurations that are present in real oil. From this point, feasible thermodynamic models
can be constructed to simulate the behavior of a liquid under given conditions.

Modern theoretical methods have reached formidable level of accuracy when it comes
to structures and electronic energies. Direct experimental data on vibrational transitions for
various combinations of dimers and trimers would allow to the establishment of accurate semi-
experimental estimates of interaction strengths, as well as detailed understanding of both hy-
drogen bonding and cooperative effects in complex systems, which can later be implemented
in more general thermodynamic models with inclusion of corrected many-body terms. A
detailed description of the theoretical approach used in this work is given in section II.4.

To demonstrate the experimental challenges in determining zero-point energies, the
hydrogen-bonded water dimer can be taken as an example. As illustrated in table I.1, the
spectral shifts in the intramolecular modes of the water molecule comprise a total change in
ZPE of -68.9 cm-1. At the same time, the newly formed six intermolecular modes contribute
a total of 795.6 cm-1. The calculated electronic dissociation energy (De) is -1716.6 cm-1.

In this particular example, the contribution from intermolecular modes is 11 times larger
than the perturbations in the original intramolecular modes. The total zero-point corrected
dissociation energy D0 is 989.9 cm-1 and the magnitude of ∆ZPE is 42% of the De value.
The deviation from harmonic calculations for the large-amplitude modes usually is around
12-20%, translating into ca. 10-15% error in estimation of the D0. This error is unacceptable
in the majority of models that deal with the chemical equilibria, since energy differences
are concerned and then relative error becomes even more critical. On top of that, errors
associated with the electronic structure method, various unaccounted vibrational couplings
and resonances, relativistic effects etc. add up70.

It appears from this (H2O)2 model system, that the most important contribution arises
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Table I.1: Harmonic vibrational frequencies (in cm-1) of the water dimer.
MP2/AVQZ level of theory, molar intensities are given in
parentheses (in km/mol).

Vibrational mode description H2O (H2O)2
Acceptor torsion 124.5 (86.52)
Acceptor twist 146.83 (82.33)
Acceptor wag 151.95 (163.82)

H-bond stretch 185.07 (117.65)
In-plane libration (donor) 354.84 (53.69)

Out-of-plane libration (donor) 628.01 (93.64)
Bending 1632.62 (72.92) 1633.04 (89.42)

1652.89 (36.80)
Symmetric stretch 3839.38 (6.16) 3831.19 (11.89)

3952.3 (100.48)
Asymmetric stretch 3964.36 (78.08) 3932.69 (115.89)

3732.72 (299.93)

* Libration modes correspond to the hindered rotational degrees of freedom.

from the large-amplitude intermolecular modes that are typically situated below 800 cm-1 for
the general case of medium and weak hydrogen bonds. From an experimental perspective,
this imposes a challenge. First, no efficient sources are available for that particular range, as
conventional Globar IR source starts to fall off in terms of emission, and is quite weak below
600 cm-1, where majority of modern systems of interest would have spectral bands. Second,
sensitivity of the detectors tends to be an issue as well, since amount of black body radiation
from instrument components at room temperature causes the detector to be background-
limited. This basically creates the need for additional cooling by liquid helium or closed-cycle
refrigeration.

Another issue is that in many cases vibrational modes may not be IR active if there is no
permanent dipole moment change, or, in case of gas phase measurements of weakly bound
clusters, the equilibrium concentration of the complex is low, and it is impossible to detect
band positions for all of the intermolecular modes. In this regard, an important investiga-
tion has been made by Klemperer et al71. They have demonstrated on a series of complexes
with HF as the HBD, that position of the out-of-plane librational band found for these com-
plexes, is linearly correlated with square-root of D0, determined experimentally for the com-
plex. Provided this observation is valid for complexes of more complicated configuration, it is
one of the most convenient routes towards experimental estimation of the dissociation energy
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for hydrogen-bonded molecular complexes. The reason is that the librational band generally
tends to have the highest IR intensity among the intermolecular modes and is situated at the
highest wavenumber.

The question remains to which extent Klemperers’ observed correlation can be trusted for
large non-linear systems. Since HF complexes presented are mostly linear in structure and
represent interaction with a fairly small donor molecule, it can be assumed that the interaction
is heavily dominated by electrostatic components of the energy. Such assumption is clearly not
grounded even for the cases of hydrates of polar organic molecules. This particular question
will be investigated more deeply in chapter IV.1.

I.3.3 Spectroscopic methods to obtain thermodynamic data

As for the modern methods of obtaining experimental data, several approaches exist that
could be applied, depending on the difficulty of the case. Gas phase spectra, as the most
preferable, may be performed by passing the IR beam through a multi-pass gas cell. An ex-
ample of such a cell is installed at the AILES beamline of the Soleil synchrotron facility. The
cell is 2 m long and has a variable path length up to 140 m, employing an optical arrangement
design by Chernin and Barskaya72. The cell is equipped with a liquid nitrogen cooled jacket
and a set of resistive heaters for the mirrors and internal surface of the chamber allowing op-
eration between 80 K and 400 K. Due to the gas pressure affecting the width of the spectral
lines in the gas phase, the pressure of the sample should be minimal for high-resolution inves-
tigations, while the optical path should be maximized or optimized for particular absorption
range. Using the cooling jacket allows to operate in conditions where appropriate pressure of
the sample is present, with the minimal ambient temperature. The latter is important as lower
temperature shifts the equilibrium towards complex formation. At high resolution, a highly
collimated and bright probing beam is necessary, and for the far-infrared/THz applications
the best solution is synchrotron radiation source. We have performed a study on a HCN
hydrogen bonded dimer, where a complete experimental dissociation energy can be extracted
from the data70,73. The dimer can be used as prototypical system for development of accurate
computational method for treatment of medium strength hydrogen bonds which, this partic-
ular case, are almost entirely attributable to non-dispersive components of the non-covalent
interaction.

Naturally, the beam time at a synchrotron source is very limited and expensive. As this
gas-phase approach considers the rotational-vibrational structure of the bands, molecular sym-
metry plays an important role in how the overall intensity is distributed and how complex is
the assignment and the interpretation. In general, this approach is not sufficiently sensitive
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for asymmetric systems and weaker interactions.
Other techniques employed for spectroscopy of molecular complexes are matrix isolation

and supersonic jet expansions. The former involves embedding analyte in a inert gas matrix
and frozen solid at cryogenic temperatures. Molecular gas-phase spectra at elevated tempera-
tures exhibit broadened lines due to presence of hot bands and various temperature-dependent
line broadening effects, something that could be avoided in jet expansions and cryogenic ma-
trix conditions.

Figure I.3: Schematic depiction of the supersonic jet expansion process. Random motion in
a pressurized chamber is converted into a direct mass flow perpendicular to the
orifice.

In a supersonic jet expansion74 a gaseous sample is diluted with a buffer gas, such as he-
lium, argon, xenon etc., and stored under elevated pressure in a chamber with a small orifice,
through which it is expanded into a vacuum chamber. In the high pressure volume the molec-
ular motion is random. The pressure is selected so that mean free path of the gas molecules is
much smaller than the orifice. In this case only the gas molecules with that have high velocity
in the axial direction are able to escape the chamber. Transformation of the chaotic movement
into directed motion requires energy, which comes from the inner energy of the molecules,
causing the cooling of the expanded gas.

From that point, particles moving in the molecular beam have nearly the same direction
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and velocity. Since the amount of buffer is significantly exceeding that of the sample, collisions
between sample molecules are rare, thus avoiding condensation despite the low temperature.
Fine control over concentrations allows to vary content of molecular complexes in the free
flow region of the beam. In this way, many isolated exotic complexes can be formed and
measured, e.g. HeNO2 fluorescence spectra obtained by Smalley et al75.

Rotational temperatures around 0.1-10 K are typically achieved, while vibrational tem-
peratures are higher - 20-150 K. The difference is due to smaller collisional cross section for
vibrational motion. Large-amplitude modes though tend to have the larger cross section and
due to lower energy of these vibrations, are also more thermally populated at the equilibrium
temperature. For example, under identical conditions, stretching mode of I2 located at 250
cm-1 is cooled to 50 K, while bending mode of NO2 at 750 cm-1 is only cooled down to
150 K.

The cooling effect in the jet expansion is affected by the nature of the buffer gas. Despite
the process being purely kinetic, formation of complexes between the sample and carrier gas
molecules has effect on end translational temperature. Therefore, the best choice for the car-
rier are noble gases, particularly helium. In some cases using a heavier gas, argon or xenon,
can lead to lower vibrational temperatures. Fewer collisions are required to accelerate the
molecule to the velocity of the carrier gas, and thus more are available for the vibrational cool-
ing further in the stream. This additional cooling comes at the expense higher final rotational
temperatures though76.

Due to lower sample concentration in the free flow region, the technique is requiring more
sensitive detection methods than normal absorption spectroscopy, for the vast majority of
applications, especially analytical ones. Complex spectroscopy is one of the more demanding
applications, as it is hard to form complexes selectively, and so their signals are low. Especially
challenging are the studies of mixed complexes involving different molecules. At the same
time, jet expansion requires a continuous flow of the sample during the measurement, and
the sample consumption is extremely high for the technique, which excluded the possibility
to study of rare and expensive samples.

Helium nanodroplets technique involves formation of sub-micron droplets of liquid he-
lium in superfluid state near 0.4 K. The helium gas from which these droplets are formed can
be doped with molecules of interest to form complexes in the droplet. A laser beam is then
focused onto the droplet, where its energy is absorbed by the molecules of the dopant, caus-
ing partial evaporation of the droplet. This technique requires tunable laser sources of high
intensity77. For THz spectral range, such sources are not yet available. A study of the water
dimer far-infrared spectrum was carried out using the ultrabright free-electron laser source
FELIX78, although sensitivity was not very high, and such approach is not possible yet for
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hetero-complexes.
Due to the limitations of these techniques mentioned above, the optimal approach for

molecular association studies carried out in this work is matrix isolation spectroscopy. The
method allows measurements in the full terahertz range with conventional sources, high sen-
sitivity and better control over complex formation than most other methods.



CHAPTER II
Methods

II.1 Infrared Spectroscopy

Spectroscopy in the infrared range exploits the fact that molecules absorb light at the reso-
nant frequencies of their characteristic molecular vibrations. The requirement for a vibration
to be observed in the infrared spectrum, is that the vibration has to be associated with a change
in the permanent dipole moment of the molecule. Each combination of atoms and bonds has
unique set of vibrations, that can be used to recognize a particular structural fragment, such
as a functional group of an organic molecule. The vibrations are virtually linked to “bonds”
between atoms, fragment, or molecules, and infrared spectroscopy can viewed as a method to
directly probe the interactions, both intramolecular and intermolecular.

From this point, it is generally a matter of how the sample is presented. Solid or liquid
samples will exhibit all the features of many-body interactions in condensed phase, gas-phase
spectra will mostly show isolated molecules. More advanced approaches can lead to multitude
of systems to study. In this work, the matrix isolation method (see II.3) is used to generate
isolated molecular aggregates of two-three molecules (complexes), to directly investigate the
hydrogen bonding potential of certain classes of molecules of relevance for oil and gas produc-
tion.

II.1.1 Infrared spectrometers, optical design and instrumentation

A Bruker IFS 120 Fourier-Transform Infrared spectrometer is used for all experiments
with the immersion type cryostat discussed here. The optical design is shown in figure II.1. It
operates by passing light from the source through the Michelson type interferometer to the
sample, where light is partially absorbed and the rest of it is registered with a detector.

INTERFEROMETER. The heart of the spectrometer is the interferometer. It functions by
splitting the incoming beam into two equal parts on an optical element called “beam splitter”,
where one part is transmitted to a fixed mirror, while the other is reflected towards the moving
mirror - the scanner. Scanner creates a variable optical path difference between the beams
when they are recombined. The interference pattern thus obtained allows to reconstruct the
spectrum via Fourier transform.
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Figure II.1: The optical path of the Bruker IFS 120 spectrometer. The position of the cus-
tom cryostat chamber attachment is indicated. When the cryostat is inserted,
the beam path is aligned into it with a set of transfer optics79. Marked are the
following components:
A. Scanner with movable retroflecting mirror;
B. Beam splitter;
C. Fixed retroflecting mirror;
D. Folding mirror;
E. Input aperture;
F. Sources;
G. Spherical mirror;
H. Collimating parabolic mirror;
I. Focusing parabolic mirror;
J. Toroidal mirror;
K. Collimating parabolic mirror;
L. Focusing parabolic mirror.

The position of the scanner is determined by a red He-Ne laser. The laser beam is passed
through a collimating lens and a polarizer, and then is introduced into the spectrometer where
is passes the beam splitter through the designated openings in the beam splitter film, that are
away from the IR beam. The recombined light is then detected on two Si-diodes. When the
scanner operates, an interference pattern is observed on both detectors, which for monochro-
matic light of the laser a sine function.

With the exact wavelength of the laser known, the distance traveled by the scanner can
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be estimated with very high precision. At each zero-crossing, measurement from the IR
detector is taken and is assigned to the scanner position. When optical retardation is equal
to zero only constructive interference is observed. This point is called the centerburst of the
interferogram and is used as zero in the following processing. For broad band sources, the
intensity dependence on the retardation can be written as

𝐼(𝛿) =
∞
∫

−∞
𝐵( ̃𝜈) cos(2𝜋 ̃𝜈𝛿)𝑑 ̃𝜈 (II.1)

where 𝐼(𝛿) is the light intensity as a function of retardation, 𝐵( ̃𝜈) is the constant including
source intensity, beam splitter efficiency, detector response, optics throughput etc., and is
the value obtained from Fourier transformation for any given frequency. In practice, the
scanner can only move a certain length, so 𝛿𝑚𝑎𝑥 is a finite value and the resolution of such
transformation is inversely proportional to the interferogram length.

High resolution measurements require interferometers with extremely long scanner path.
The Bruker IFS 120 HR FTIR spectrometer in DTU Chemistry is assembled with an arm
length of approximately 1 m, resulting in base maximum resolution of 0.007 cm-1. This
value also is affected by other effects, such as apodization. This mathematical operation in-
volves multiplying interferogram by a certain decaying function. The result is suppression
of the signal in the far side of the interferogram that simulates its finiteness and dampens
spectral artifacts that arise from limited length of the scan. Naturally, the loss of signal at
high-retardation range of the scan appears as a reduction of effective resolution. Artificial
effects like that are referred to as “instrument lineshape”.

A necessary condition for the interferometry is coherence of the light. With conventional
sources this is achieved by limiting the light cone with an aperture to obtain a collimated
beam. Wavelength is the key factor here, as all geometrical tolerances are strictly tied to it.
This is a major limitation for high frequency radiation, as aperture size and, therefore, the light
throughput is very small when high resolution is desired, and also one of the main reasons
why general UV-Vis spectrometers have not adopted the FT operating principle.

The typical line width in FIR and THz spectrum in the matrix environment requires
fairly low resolution, such as ca. 0.1-1 cm-1, while long wavelength means that coherence is
achieved easier, which allows using open aperture setup and high light throughput.

The choice of the beam splitter also depends on the range. The standard coated Ge/KBr
beam splitter is used for the MIR range (8000–400 cm-1), and is the most commonly used.
For the FIR range, a variety of multi-layered Mylar beam splitters are designed. Beam splitter
are optimized to create beams as close in intensity as possible for the desired spectral range.
CaF2 and Quartz beam splitters are used for NIR and visible ranges, respectively.
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The interferogram is obtained by assigning measured detector response to the estimated
position of the mirror. The scanner mirror is set in motion by two motors - internal and
external. Internal motor (DC drive unit) facilitates smooth small scale oscillations, which is
used for low resolution scans (<2 cm-1) and to compensate for fluctuations in the outer scanner
movement. The outer scanner facilitates gliding movement along the scanner rails.

As light exits the interferometer, it is sent into one of the channels, depending on which
of the two sample compartments is used. A set of transfer optics consisting of spherical and
flat mirrors is used then to focus the beam on the cold mirror of the cryostat and deliver the
outgoing beam into the detector compartment.

LIGHT SOURCES. FT-IR instruments require stable broadband sources. The method is
based on detection of intensity difference, therefore variations in source emission is allowed as
long as its frequency is out of the studied range, e.g. external mechanical vibration are rarely
an issue for work in NIR with fast detectors, but are critical in the far-infrared region.

Conventional light sources for FT-IR spectroscopy used in the spectrometer are tungsten
halogen lamps for the near-infrared range (NIR), air- or water-cooled Globar lamps (silicon
carbide) for the mid-infrared (MIR) and far-infrared (FIR) ranges. Mercury arc lamp in
quartz casing is often used source for THz radiation. Additional specialized sources, such as
infrared lasers and synchrotron radiation can be also used for specific cases, primarily high-
resolution spectroscopy. Lasers have the disadvantage of having very limiting spectral ranges,
which requires shifting through several different lasers to even obtain relatively narrow region
of the spectrum. Highly brilliant synchrotron sources produce a very collimated beam, provid-
ing dramatic improvement over Globar source in high-resolution FIR and THz applications.
Recent advances in QCL technology has led to cryogen-free tunable THz lasers80, although
such source are less suitable for FT instruments.

DETECTORS. The detectors in IR spectroscopy are primarily of two types - quantum and
thermal. The former are based on semiconductors and register photons hitting the detector
element. These detectors are characterized by fast response and high sensitivity. The most
common of these are InSb and HgCdTe (MCT) detectors. Both types are operated at liquid
nitrogen temperature to reduce number of thermal transitions in the element. The InSb de-
tector has a typical cut-off at 1800 cm-1, and has higher sensitivity when compared to MCT
and other types detectors. Three common types of MCT devices are manufactured for FT-IR
spectroscopy - they are referred to as narrow-, mid-, and broadband models with 800, 600,
and 450 cm-1 cut-offs, respectively. They use CdTe or KRS-5 window material, depending on
the range. While wide spectral range can be covered with the broadband detector, its sensitiv-
ity is only marginally better than thermal detectors, and it is not suitable for high-resolution
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spectroscopy. A custom-built variant of the mid-band detector can be used, when exclusively
high-resolution measurements are sought, by eliminating some of the issues present in versa-
tile commercial detectors. An improved version of the MCT detector based on commercial
element was developed at the Soleil facility. By reducing the heat flux in the element through
limiting field of view of the detector, improving radiation shielding and bringing temperature
down to 4 K, a significant gain in S/N ratio as well as extension of the spectral range from
600 to 500 cm-1 was achieved81. This gain, of course, comes at cost of more expensive cryo-
gen, more strict alignment, additional equipment (e.g. turbopump), that can usually only be
justified when the data collection time is of particularly high cost, as is the case at synchrotron
facilities.

Other types of semiconductor detectors are InGaAs and Ge, used for the near-infrared
spectral range. InGaAs is used at room temperature or with thermoelectric cooling, that
makes it advantageous in cases where no liquid nitrogen supply is available in the lab. Ger-
manium detector is the high-sensitivity option, and is usually used for low-light application,
e.g. Raman spectroscopy, as it is easily saturated. One of the primary drawbacks of quantum
detectors is a strong deviation from linearity at high flux, particularly for those with higher
sensitivity.

Thermal detectors respond to heat load from the incoming beam, meaning that response
per fixed number of photons is linearly proportional to the frequency of light. It also means
that in principle the element picks up on any type of radiation that can be absorbed by its
material and does not have a fixed spectral range - it is defined by the window material, elec-
tronics bandwidth and absorption spectrum of the element coating. Thermal detectors have
higher dynamic range and linearity compared to semiconductor based ones. Depending on
how the heat load in converted to electrical signal, detectors are broken down in several cate-
gories, with most important of them being pyroelectric and bolometric detectors. The former
are based on temperature dependence of the element material polarization, the pyroelectric
effect. The most notable detector type in this category is deuterated triglycerine sulphate
(DTGS). It used as a standard option with KBr window in most FT-IR instruments. CsI
and Polyethylene windows allow to extend its spectral range, and it can be readily applied for
THz spectroscopy at low resolution.

The thermal nature of the response also changes its relationship with the scanner velocity
of the instrument. While quantum detectors usually have a sweet-spot determined by their
natural responsiveness, thermal detectors accumulate heat and therefore signal to a certain
extent, making it inversely proportional to the scanner velocity and the S/N is then inversely
proportional to the square-root of the velocity. As a result, DTGS detectors could be quite
sensitive at minimum scanning rates, even in THz range, potentially eliminating the need for
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expensive alternatives. The challenge, however, is that at low velocities (e.g. 1.6 kHz HeNe
laser modulation frequency) the corresponding modulation of the probing beam radiation
drops below 100 Hz. At these frequencies multiple sources of disturbances are present, such
as electrical interference from AC grid, laboratory vibrations, and, notably in the scope of this
thesis, compressor and expander vibrations in the closed-cycle Gifford-McMahon cryocooler.
For these reasons, it is often necessary to go up in the velocity to separate signal changes caused
by scanner operation from the external interferences. Obviously, the lower wavenumber is of
interest in the experiment, the more severe loss of performance will have to be taken.

Modern DTGS detectors are usually thermoelectrically cooled to slightly below room tem-
perature, for optimal performance, baseline stability, and the safety of the detector element.
The latter is due to low Curie point of the element material, around 62°C. Exceeding that
temperature could temporarily or permanently break the polarization of the element. Contin-
uous heat load from the light source in vacuum instruments, where limited heat dissipation
pathways exist for the element, cooling is necessary to prevent overheating and damaging it.

Bolometer type detectors use thermistors, temperature dependent resistors, as the sensing
element82. The most common detecting material used for laboratory detectors is amorphous
silicon83. This element requires liquid helium cooling to operate. The element is situated
inside of a light collection cone attached to the heat sink. High density polyethylene is used
as the external window, and a set of filters thermally anchored to the He reservoir follows.
The element must be fully surrounded by helium cold materials to achieve the necessary level
of thermal noise. Therefore a filter is always present in the optical path. A standard option is
the 650 cm-1 diamond-coated thin film low-pass filter.

The change in temperature of the element caused by the incident IR radiation results in
change of the resistance, which is measured as voltage and amplified. A variety of factors in the
design of the individual components can change characteristics of the detector significantly,
and the wide range of conditions in which they are used requires bolometers to be custom
tailored to these scenarios. Apart from a multitude of other element options available on the
market and being tested out by researchers, different geometry of the system, filter set and
thermal anchoring of the sensor, all contribute to specific working regime of the detector. As
an example, Infrared Laboratories produces four types of bolometers - two general purpose
systems, 4 and 1.6 K, where trade-off is the hold time for lower thermal noise level; and
two specialized systems. The high resolution bolometer at 4 K is optimized for use with
highly collimated and narrow incoming beam, that is usually obtained with small aperture or
produces by a synchrotron. In this case it is possible to further cut down the field of view of the
element and reduce parasitic heat load. The other change is the reduced thermal conductivity
compared to general purpose model. This allows for longer integration times, beneficial for
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experiments with lower heat load, as is also the case with their last model, the 1.6 K far-
infrared detector, designed to operate from 300 μm to 5 mm. Conversely, the general purpose
models would have higher light throughput and faster response in high energy low-resolution
experiments than the specialized models.

Due to the specific application needs, most modern developments of bolometers are fo-
cused in two directions: 1. Optimizing the performance at minimal temperature (4 K - 1.6 K);
2. Designing detectors for room-temperature or thermoelectrically cooled range.

As liquid helium cooling with time becomes a challenging issue, the closed-cycle cooling
has been in development for many years. This bolometer concept poses a particular set of
problems, so that despite 4 K coolers sufficient for normal Si-bolometers being commercially
available for over a decade at the time of writing, cryogen-free detectors remain quite exotic.
The reason for that is the sensitivity of the detection system to the disturbances caused by
motor operation. Apart from usual vibrations, electric impulses at each cycle and temperature
fluctuation, typical for Gifford-McMahon (GM) refrigerators84, are the critical problems for
differential measurements of resistance. The current approach to combat this is the use of
pulse-tube coolers or low-vibration versions of GM coolers, in which the primary cold head
is separated from the cooler mechanism and the heat conduction between them is carried out
by the helium gas interlayer. Although most of the aforementioned drawbacks are minimized
this way, noticeable cooling power degradation is present. Typically ultimate temperatures at
the cold head is ~2 K higher than with the same cryocooler used directly. Therefore, the more
expensive 1.6 K refrigerators are often required.

VERTEX SPECTROMETER. Measurements of crude oil samples have been performed on Ver-
tex 80V vacuum FT spectrometer (see fig. II.2). The operating principle is similar to that
of the IFS 120 spectrometer, with two internal air-cooled sources and an additional external
water-cooled Globar. In this instrument, the linear scanner is run on an air bearing, operated
on a continuous supply of dry nitrogen gas delivered from liquid nitrogen tank.

The spectrometer is capable of isolating sample compartment from the optics using flaps
with KBr windows mounted on each side of the compartment. This allows for fast sample
exchange with low atmospheric interference by selectively purging the sample compartment
with continuous stream of nitrogen.

II.1.2 Attenuated total reflectance (ATR) spectroscopy
The measurements on solid and liquid samples have been performed by an ATR (attenu-

ated total reflectance) accessory, to minimize the sample preparation routine in favor of high
reproducibility and throughput.
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Figure II.2: Vertex 80V optical path. ATR accessory is position in the sample compartment
with beam focal point on the diamond element.

SAMPLING. In ATR spectroscopy the sample is placed in contact with a crystal in which
the probing light beam undergoes total internal reflection. The amount of sample required
is usually 1 drop of liquid or on a milligram scale for solids. The goal is to produce a
layer of sample on top of the crystal with a few micron in thickness. In the simple-most
scenario, beam reflects once off the side of the crystal that is in contact with the sample at an
angle higher than critical. This results in an evanescent wave formed at the reflection point,
propagating into the sample.
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Figure II.3: Schematic diagram of the ATR working principle. An evanescent wave is formed
at the reflection point and propagates into the low refractive index environment
up to a distance 𝑑𝑝. The amplitude of the wave is decaying exponentially.
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The evanescent wave is an oscillating electromagnetic field that is spatially concentrated in
the vicinity of the source and decays exponentially with the distance85. The penetration depth
of the wave is dependent on refractive indexes of the media in contact and the wavelength of
the light (eq. II.2)86.

𝑑𝑝 = 𝜆

2𝜋𝑛𝑟 √𝑠𝑖𝑛2𝜃 − (𝑛2

𝑛2𝑟
)

(II.2)

where: 𝑑𝑝 − evanescent wave penetration depth,
𝜆 − vacuum wavelength of the light,
𝑛 − refractive index of the sample,
𝑛𝑟 − refractive index of the ATR crystal,
𝜃 − angle of incidence.

This equation is the basis for the ATR correction procedure for absorbance scale. Another
point to notice is that the refractive index of the sample changes sharply at the absorption
band, causing the ATR approach to introduce small wavenumber shifts of the absorption
bands relative to true absorbance measurements. Equation II.3 gives ATR intensity. As can
be seen from the equation, the anomalous dispersion of the refractive index around absorption
bands always introduces a band shift to lower frequency proportional to the strength of the
band.

𝐴 = (log10 𝑒) 𝑛
𝑛𝑟

𝐸2
0

cos 𝜃
𝑑𝑝
2 𝛼 (II.3)

where: 𝐸0 − electric field of the evanescent wave at the boundary,
𝛼 − absorption coefficient per unit thickness of the sample.

The ATR correction procedure thus requires as input the refractive indexes of the sample
(usually used as average over the studied wavelength range) and the ATR crystal, angle of
incidence 𝜃 and number of reflections87. It should be noted that due to difference in amount
of light reflected from the sample, which is linked to its refractive index, particular background
artifacts cannot be easily avoided in the experiment, and will be more apparent for samples
with high refractive index, such as heavy oil fractions. Fortunately, the part of the spectrum,
where diamond bands are located and cause the most disturbance (2000-2200 cm-1), is not
populated by any oil related signals and thus is unimportant.

Most common ATR crystal is the diamond, owing to high refractive index, robustness
and chemical inertness. Other options include ZnSe, KRS-5 an Ge crystals. For routine
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measurements diamond crystal has clear advantages, as its absorption bands are not interfering
strongly with IR bands of the samples, while using other crystals is very challenging due to
softness and limited pH range. The germanium crystal has niche application for strongly
absorbing samples, such as black rubber, as its refractive index is higher than that of the
diamond, which results in shallower penetration of the sample by the evanescent wave.

We have used a Bruker ATR accessory, which is a single reflection module with 45° angle
of incidence and uses 1 mm2 CVD diamond crystal. The spectra of liquid oil samples have
been recorded in vacuum with the sample protected with a o-ring sealed cap above the crystal
area. The spectra of solid samples were recorded with the samples exposed to spectrometer
vacuum (≈2 mbar) to eliminate traces of the solvents used to deposit the sample on the crystal.

The quality of ATR corrections for our purposes has been tested against transmission
spectra in a liquid cell equipped with KBr windows. The accuracy of the correction was found
to be acceptable within the experimental and statistical errors of the methods used when
appropriate sample refractive indexes have been applied.

II.1.3 FT-Raman Spectroscopy

Raman spectroscopy is a useful complementary technique to FT-IR. The method is based
on the inelastic scattering of monochromatic light by the matter. The beam of light, usually
a laser, interacts with the sample, causing the scattered light to be shifted with respect to the
original frequency. These shifts are related to vibrational levels of the probed matter. Some
vibrational transitions have higher intensity than others in Raman when compared to IR.

In our setup, a Bruker RAM II Fourier transform Raman module equipped with a
Nd:YAG 1064 nm laser was used for the measurements. The laser is focused onto the sample,
placed in a 10 mm optical glass cuvette with a mirror on the back side, or a polished steel dye
with a small cavity for the viscous or solid samples, in front of the lens. The light scattered
by the sample is then collected with the lens and sent into the spectrometer (IN1 port, see
fig. II.2), where it is passed through the interferometer with the CaF2 beam splitter installed.
The light that exits interferometer is then reflected back into the Raman module through
OUT1 port, and to the liquid nitrogen cooled Ge semiconductor NIR detector.

The important advantage of FT-Raman with a near-infrared laser excitation is the sig-
nificantly reduced fluorescence of the sample, that often makes it impossible to study oil
samples88,89.
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II.2 Preparative techniques and statistical analysis
The complex composition of oil calls for sophisticated techniques to separate the mixture

into components of interest. Different analytical methods have varying prerequisites when
it comes to sample composition. In case of chromatographic methods, the columns have
limited load capacity, as well as other restrictions, e.g. volatility of the compound. Infrared
spectroscopy detects multiple signals originating from several chromophores present in the
molecule, and even the most simple of oil components have multiple IR bands. When many
classes of compounds and species are present, the spectra quickly become cluttered and un-
interpretable. Moreover, in case of methods such ATR, an almost fixed quantity of sample
is actually probed by the instrument, namely a few micron layer directly in contact with ca.
1 mm2 area of the crystal. So when the target components in the sample are mixed with other
compounds, the effective signal of the target diminishes, being virtually “diluted” by those of
others.

For the FT-IR measurements, the samples were processed based on the volatility (TBP
distillation, see I.2.1) or chemical properties (solid phase extraction).

II.2.1 Solid phase extraction
Crude oil constitutes predominantly of hydrocarbon compounds such as aromatic hydro-

carbons, naphthenes, paraffins, and only a relatively small portions of polar compounds90.
For the analysis of the latter, it is crucial to separate and concentrate these polar compounds.
Solid phase extraction (SPE) was employed for the spectroscopic investigation of the residual
oil deposited in the core material, that was cut out during the well drilling. The residual mate-
rial is comprised of non-volatile organics, with higher content of polar compounds adsorbed
on the calcite surface. To analyze this matter, it is necessary to extract it from the rock and
separate it into fractions according to chemical properties.

SPE is a preparative chromatographic technique, that involves use of small disposable
columns. The procedure is usually custom tailored to the problem, starting with the recipe
provided by the manufacturer for each particular column type. The stationary phase is pre-
pared by passing a solvent, activating the adsorbing material, followed by equilibration with
the initial eluent composition. Speed with which solvent passes through the column can be
regulated by adjusting the air pressure at the outlet, although, depending on the procedure,
this could create practical issues, e.g. constant chamber venting for when multiple fractions
need to be collected.

The criteria of a successful procedure is an effective separation of fractions with minimal
overlap, fast elution, and column stability. One of the possible issues faced with the more
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specialized columns when applied to crude oil, is that effective elution of some compounds
would require aggressive eluents to completely wash out the deposited material, which can
lead to column bleed. Finally, the sample needs to be concentrated and prepared in a form,
suitable for the chosen analytical method. In our case, ATR requires a film deposited on a
1 mm2 diamond crystal with thicknesses exceeding ca. 100 μm. The samples have to be dried
to completely remove any traces of eluent, so the eluent is chosen to be composed of the most
volatile solvents applicable.

II.2.2 Data processing and statistical analysis

Infrared spectra of crude oil contains lot of chemical information, with each compound
having multiple signals across mid-IR and far-IR spectral ranges. As mixture contains thou-
sands of compounds with wildly varying structure, interpretation of the spectrum, alike with
many other analytical techniques, is very complicated. This issue coupled with large sample
throughput required in the study, is the reason chemometrical approaches as so prominent in
petroleum science91–93.

There are multiple statistical methods that could be used to isolate important features of
the data, categorize samples and quantify properties, and last but not the least, efficiently
present the result. FT-IR is extensively used in variety of ways to extract different data from
the sample. This method is so widely used since IR is linked to pretty much every significant
class of compounds94, is quite versatile regarding the sample form, and can facilitate compar-
atively high sample throughput. Though, due to signals being closely packed, quantitative
data is not directly available, so it helps to apply statistical techniques to correlate to physical
observables. The latter could be density, viscosity, or better yet, a chemical property, such as
TAN95 or wax precipitation conditions96.

Our goal, for the measured selection of samples, was to determine important chemical
differences between geographically distant points, both in recovered crude oil and residual
matter on the reservoir rock surface, and subsequently attempt to quantify these differences
and explain changes in production efficiency across different wells based on the chemistry.

As a first step, spectra were investigated by peak fitting in the 2000-1500 cm-1 region,
where carbonile and amide peaks are located. Peak fitting allows to determine primary con-
stituents of the spectral profile, with subsequent assignment to a particular vibration type,
and to understand the chemistry behind uncovered trends. The Voigt profile (eq. II.4, where
𝐺(𝑥; 𝜎) and 𝐿(𝑥; 𝛾) are centered Gaussian and Lorentzian profiles respectively) is generally
a good choice for fitting spectra of condensed phase samples97.
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𝑉(𝑥; 𝜎, 𝛾) ≡ ∫
∞

−∞
𝐺(𝑥′; 𝜎)𝐿(𝑥 − 𝑥′; 𝛾) 𝑑𝑥′ (II.4)

The fitting produces several parameters, which are areas, positions and bandwidth for
each fitted peak, that were later used as variables in the statistical analysis. Of course, the
area is the most important measure of the chemical content, and was later found to be the
best correlated variable, yet in some cases one should consider the peak position as well, since
slight variations in the surrounding of the probed functional group will affect the exact peak
position of the respective vibration, i.e. is a potentially valuable information. The fitting was
carried out using the FITYK program98 by the Levenberg–Marquardt algorithm99.

The variables were used with the PCA module implemented in the ORIGIN software100.
Principal component analysis (PCA) is a procedure to reduce a set of possibly correlated vari-
ables into smaller number of linearly uncorrelated principal components. The method is based
on orthogonal transformation and is carried out in such a way that the first component ac-
count for the most of the variance in the sample set, with each following describing less
information101. Variables were used as is, and the correlation matrix was analyzed.

As output, scores plot are obtained in 2D or 3D space based on the first 2-3 principal
components. Additionally, a bi-plot that describes the relation of PCs and the raw variables
is provided. The former describes the interrelation between the samples as found by combi-
nation of PC scores, while the latter provides information on the relations between the input
variables.

The ultimate goal is to develop a method to efficiently process the spectra on point-to-
point basis, retaining the same amount of information, and subsequently link the result to
chemical composition, as determined qualitatively by peak fitting.

II.3 Methodology of matrix isolation spectroscopy
Matrix isolation, first proposed by Pimentel102,103, is a spectroscopy technique where stud-

ied material is trapped in an inert cryogenic environment. In the scope of this work this term
will apply to cases where gas phase molecules of interest are mixed with a noble gas or hydro-
gen and cryogenically solidified on a substrate to be probed with a light beam. This method
is an alternative to other approaches of studying electromagnetic spectrum of substances are
their mixtures, such as direct gas-phase spectroscopy and supersonic jet expansion, in which a
mixture of sample with inert gas is adiabatically expanded through a nozzle into vacuum104.

The main advantage of the matrix isolation method is the ability to accumulate large den-
sity of analyte in a quasi-gaseous state and at relatively low material cost, whereas gas measure-
ments are limited by the abundance of the analyte in the gas phase, due to low vapor its vapor
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pressure or stability (e.g. weak complexes), and jet experiments consume large quantities of
material.

This advantage comes at the cost of minor spectroscopic shifts of the infrared bands, when
compared to the gas phase, caused by the interaction of the trapped system with the host
material. The severity of these shifts is determined by the host material, with heavy gases
such as argon causing stronger shifts than, for example, neon. A related unwanted effect
can be observed in argon and nitrogen matrices, called “site splitting”. This effect is due to
several types of crystal packing present or anisotropy of trapping sites, that causes the same
vibrational band being perturbed in different ways, resulting in extra signals present in the
spectrum or additional broadening105.

The choice of material for a matrix is then of the determining factors to the quality of the
end result. Through the history of the method, several materials have been used extensively,
but ultimately there is almost straightforward hierarchy for the preferred gas to use. Minimal
interactions of the host molecules among themselves and with the guest particles are sought,
and here the noble gases are generally the best. Among these, smaller molecules such as neon
are generally superior, and in most cases the choice comes down to economic considerations.
The most used matrix materials in literature over the years are argon and, predominantly in
older works, nitrogen. One of the reasons is that these gases are abundant and inexpensive in
the required high purity, though the primary one is that they have rather high melting points,
that were possible to achieve with quite simple closed-cycle cryocoolers106. Argon has the
added advantage that it can be used to perform experiments at higher temperatures, if that is
the goal. In other cases, neon is the better material, but temperatures below 8 K are necessary
to maintain the matrix, and even lower in a typical deposition scenario. Such temperatures
require either liquid helium cooling or helium-based closed-cycle cryostats.

Still, neon is not a perfect all-purpose host material. It has limited transparency in the
THz spectral range (<3 THz), caused by the strong rotation-translation coupling (RTC)
bands of the guest molecules. For example, RTC bands of water molecules obscure the range
below 100 cm-1. A novel material for matrix isolation – para-hydrogen, does not suffer from
this issue, and it requires coolers reaching below 4 K. We have applied this materials to study
the weakly bound complexes with water with non-polar molecules. The description of the
relevant equipment and methods is given in chapter V.

The goal of the matrix studies performed here is to determine the structure of relevant sys-
tems and quantify the vibrational anharmonicity of the large-amplitude modes along with pre-
cise estimation of vibrational contributions to the thermochemistry. The results are to be com-
bined with the high-level electronic energy calculations to obtain accurate semi-experimental
zero-point dissociation energies.
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Two setups for matrix isolation are constructed in the infrared spectroscopy laboratory
at DTU Chemistry. A liquid helium cooled cryostat connected to a Bruker IFS 120 FT-
IR spectrometer designed for low-vibration operation necessary to work in the THz spectral
range. The other one is based around the 4 K closed-cycle cryocooler (ARS Cryo.) operated
with a Bruker Vertex 80V spectrometer, suitable for work down to ca. 200 cm-1.

II.3.1 Liquid helium bath cryostat setup
The cryostat has a rotatable vacuum shroud with 3 positions giving access to the cold

sample mirror: CsI and polymethylpentene (TPX) windows and a gate valve type shield for
the inlet system. Internally, the cryostat consists of a liquid nitrogen cold radiation shield
that surrounds the liquid helium reservoir, to which the sample holder mirror is attached.
The sample is delivered onto a gold-plated oxygen free high conductivity copper mirror with
a cylindrical cavity for matrix retention. A Lake Shore 325 temperature controller monitored
the mirror temperature at 2.8±0.1 K during the experiment using silicon diode situated on
the mirror with indium thermal interface.

To prepare the cryostat for operation, the internal volume is evacuated to app. 5⋅10-6

mbar. The radiation shield reservoir is filled with liquid nitrogen, then the helium reservoir is
cooled to 77 K with LN2. Then the remains of nitrogen is removed and liquid helium is filled
through an insulated transfer tube.

Figure II.4: The transfer optics situated in the sample chamber of the spectrometer (left), the
sample deposition system (middle), and the rotatable optical vacuum shroud of
the cryostat (right).

Doped neon and para-hydrogen matrices are prepared by depositing approximately
20 mmol of host gas via a MKS multirange mass flow controller for neon or Swagelok small-
flow needle valve for para-hydrogen sample, passing through a LN2 cooled stainless steel
spiral with the tube end within around 10 mm from the cold sample mirror. The flow of the
host gas is selected based on the type of sample studied and ranges from 2.5 to 8.5 sccm. This
results in equilibrium temperature of the mirror around 3.2-3.6 K and deposition times from
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1 to 4 hours. The sample flow is delivered via separate tubes to the same spot where the host
gas tube end, resulting in gas mixing immediately before freezing on the mirror. The design
of the inlet system allows two different sample flows. This is most important for very reactive
species, deuterated species, and sample combinations of different states. The cryostat with
sample deposited is then moved to the dedicated chamber of the spectrometer.

The chemicals used are of spectroscopic or puriss p.a. grade purity and are prepared for
matrix deposition by degassing in vacuum in glass tubes with PTFE valves, unless stated
otherwise in text. The host materials are neon (99.999%, Air Liquide) or para-hydrogen (see
section V.1).

For our experiments, MIR spectra were recorded by a LN2 cooled MCT detector
equipped with a KRS-5 window, combined with Ge on a KBr beam splitter and a Globar
radiation source on IFS 120 and a broadband MCT on the Vertex 80V. FIR and THz single-
beam spectra were generated by a liquid helium cooled Si-bolometer on IFS 120 in combina-
tion with a 6 μm multilayer Mylar beam splitter and a Globar radiation source. NIR spectra
are obtained with InSb detector, tungsten halogen lamp and the CaF2 beam splitter. The
spectral resolution is chosen based on the type of sample and spectral range. The resolution
used was 0.1-1 cm-1. The filters and aperture size were selected accordingly.

Once cold spectra are obtained, it is possible to use integrated heater to stabilize matrix at
an elevated temperature. This procedure is called “annealing” and its purpose is to bring the
matrix to the highest temperature, at which it can still exist in vacuum, to soften the crystal
structure and allow diffusion of the guest molecules within it. In this way, one can form
additional complex species, increasing the signal and distinguishing between peaks originating
from complexes of varying composition. Additionally it is possible to determine presence of
“hot bands” and temperature dependent splittings. For neon, it could be possible to reach
temperatures as high as 9-10 K. Hydrogen, on the other hand, is quite challenging in this
regard, due to low boiling point and extremely high conductivity of the gas, with possible
temperatures being limited at around 5-5.5 K. Yet even this limit is very hard to reach on a
liquid helium cooled cryostat, since low temperature spots always exist and act as cryopumps,
and also sudden evaporation of helium critically affects its cooling capacity, triggering chain
reaction that leads to complete warm-up of the cryostat.

II.3.2 Closed-cycle cryostat setup

The closed-cycle matrix isolation setup employs a ARS Cryo DE-204 4 K expander with
a welded instrumentation skirt and shared the compressor with the para-H2 setup via an all-
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metal gas manifold. This closed-cycle cryostat is equipped for spectroscopy in transmission
mode. The temperature sensor is a curve-matched silicon diode Lake Shore DT-670, with
absolute accuracy of ±0.25 K below 100 K, that is anchored to the tip of the 4 K stage with
a thin indium gasket. The sample holder is attached to the cold head tip via a threaded
connection and is thermally anchored with an indium gasket on the contact plate and Apiezon
grease on the thread. The window holder is made out of nickel plated “oxygen free high
conductivity” grade copper and accommodates 1 in. flat round windows, that are sandwiched
between the holder rings with indium wire gaskets on each side. The sample windows are
either of KBr or CsI, with lower spectral limit of approximately 375 and 200 cm-1 respectively.
CsI has slightly lower light throughput due to reflectivity, is more hygroscopic, and has lower
heat conductivity compared to the KBr material.

The radiation shield is made of a nickel plated OFHC copper tube with threaded con-
nection to the 1st stage and 40 mm round light ports. It was found that the radiation shield
does not provide sufficient protection of the sample due to excessive field of view, while the
maximum beam profile in Vertex spectrometer is only around 8 mm. Thus, the openings were
reduced by attaching aluminium foil with ca. 15 mm light ports on each side, which resulted
in minimum temperature drop of about 0.5 K at the sample window.

The vacuum shroud is mounted on double Viton o-ring seal, facilitating rotation under
vacuum. The shroud is equipped with four flanges, two of which are used for 40 mm optical
windows, KBr of CsI, and the third has custom manufactured brass gate valve for the inlet
system attachment. The standard commercial model comes with two 1/16 in. inlet ports
welded in, but we have found that they are ineffective for matrix isolation, as these tubes
that are fed through get cooled slightly by the radiation shield, condensing the sample vapor,
whenever compounds with volatility comparable to that of water is used. The cryostat is
connected to a vacuum manifold equipped with solenoid actuated valves, that allows software
controlled operation.

The sample is delivered through a custom inlet system that is designed to combine three
sources (fig. II.5). A host gas line has a MFC installed for the neon supply and a needle-valve
regulated flow from a glass flask for the supply of para-hydrogen or argon. The sample is
delivered from a 2 L gas flask or a vial, when vapor pressure of a liquid or a solid is used,
passing Swagelok 0.004 Cv metering valve set at 0.5 turn. The sample exits tubes with 2 mm
inner diameter approximately 5 mm away from the cold window.

After the deposition procedure, the inlet system is retracted and the cryostat is positioned
into the sample chamber of the spectrometer. The measurements are done with the cryostat
lowered into the sample compartment isolated from the optical bench by motorized flaps
with KBr windows mounted. The sample compartment is continuously purged by dry nitro-
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Figure II.5: Custom manufactured inlet mechanism. Tubes are fed through the gate valve
close to the sample holder and retracted by rotation of the brass barrel.

gen during the measurement to eliminate atmospheric interference without establishing rigid
connection to the spectrometer.

The mechanical vibrations caused by the cryostat operation are potentially interfering with
measurements as well. Two principal vibrations are present - those originating from the ex-
pander operation, which has a base frequency of around 1 Hz, and those originating from
the operation of the compressor, supplying helium gas, with base frequency of 50 Hz. Even
micrometer scale displacement of the sample caused by these oscillations are picked up by the
detector, and their appearance depends on the velocity of the scanner. It appears that one
can operate MCT detectors at 40 kHz velocity without experiencing spikes resulting from
the vibrations, but for a DTGS detector, where minimum velocity is preferable, vibrations
appear strong throughout the FIR spectrum. With the current setup, it appears to be feasible
to reach range as low ca. 200 cm-1 at 10 kHz. A better performance might be possible with
additional anchoring of the gas supply lines, though THz spectroscopy is known to be chal-
lenging employing closed-cycle coolers and generally requires low-vibration models, where
the sample holder is decoupled from the motor.

As opposed to liquid helium cooled cryostats, annealing is quite straightforward here, and
is even possible for para-hydrogen matrices, when carried out in a slow and careful manner.

II.4 Supporting computational methods
Vibrational band assignments based exclusively on experimental data become increasingly

complex as the studied molecules grow in size. The primary approaches, such as concentration
dependence studies and isotopic substitutions sometimes cannot provide enough information.
Spectral signatures of asymmetric trimer species can congest the spectrum, while slight anhar-
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monic shifts that appear when different isotopes are used can introduce enough uncertainty
so that harmonic theoretical estimations of the isotopic shifts no longer unambiguously point
to the origin of band for the normal species.

This is where the necessity of supporting the experiments with theoretical calculations
comes. While the accuracy of these results alone does not allow to conclusively assign experi-
mental result right away, matching predicted spectral features provides an extra confirmation
of conclusion based on matrix measurements. It is important to have a preliminary under-
standing of the expected strength of the complex, the possibility and relative stability of mul-
tiple conformations, and have an idea of how strong is the intensity of the target band in the
IR spectrum. Despite the enormous complexity of the quantum effects involved, that might
produce unexpected shifts of band positions and intensities of the bands, as well as conditions
of the medium that are rarely included in the model, more often than not, calculation can
produce results of sufficient accuracy and consistency so that they can significantly help with
understanding the system. For predicted vibrational frequencies, scaling factors could work
well in compensating electronic structure method errors as well as anharmonicity, at least pro-
vided the scaling factors has been obtained on very similar systems107,108. When a large set
of molecular systems is available for reference, it is very convenient to apply this approach, as
it becomes rather insensitive to the multitude of quantum effects, such as the contribution
of core electron correlation, relativistic effects, adiabatic corrections, and lack of higher order
excitations.

With the fast rise of computational power over the last years, as well as the development
of theory, bringing classical methods down in cost and introducing new and more precise
ones, accurate treatment of systems substantially larger than before and inclusion of complex
effects such as vibrational anharmonicity is possible. All of the methods, though, have issues
when it comes to weakly bound molecular systems, and still have a long way to go to be
able to predict vibrational spectra reliably for industrially important chemicals and processes.
Another critical point is that these systems typically cannot be studied in the gas phase either,
due to low vapor pressure or, in case of weakly bound clusters, negligible amounts of complex
species to accumulate enough signal with current instrumentation. Some of these limitations
are being pushed with the development of spectroscopic equipment and powerful light sources
(e.g. synchrotrons), but the majority of those systems are still out of reach in the FIR and THz
range.
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II.4.1 Brief overview of quantum chemical methodologies
As this thesis is focused mostly on experimental work, only a short description of theoret-

ical methods will be given in order to familiarize the reader with the terminology and general
state-of-the-art of techniques that can be applied to practical cases as those featured in this
project.

The movement or distribution of electrons in a quantum mechanical system is described
by the wavefunction, presented mathematically by the Schrödinger equation.

− ℏ2

2𝑚∇2𝜓(𝑥) + 𝑉(𝑥)𝜓(𝑥) = 𝐸𝜓(𝑥) (II.5)

The exact solution of this equation is limited to the smallest of systems. Therefore, in
quantum chemistry a set of approximations is used. The Hartree-Fock (HF) method is used
to determine the wavefunction in a stationary state, assuming that it can be approximated by a
single Slater determinant109. It is also referred to as a self-consistent field (SCF), or as a single-
reference method, as opposed to more complex multi-reference methods. In the HF method,
the electronic correlation, i.e. interaction between electrons is not included. Methods dealing
with that part of the energy of a quantum system are called “post-HF” methods. The most
used of these methods today are Møller–Plesset perturbation theory110 (MP) and Coupled
Cluster (CC) theory. Here a special note should be given to an alternative approach - Density
Functional Theory (DFT). The DFT approach takes its roots in Kohn-Sham theory, focusing
on electron density, and as with wavefunction theory, exact treatment of all terms is out of
reach, forming an hierarchy of approximate methods (LDA, GGA, meta-GGA etc.) with
preset parameters that form “functionals”. Hundreds of these functionals have been developed
at different levels of the hierarchy, with the best functionals often including HF-exchange
(hybrid DFT).

The Møller–Plesset perturbation theory is usually truncated at second order, denoted as
MP2111. Higher order variants have been developed112, but their accuracy do not improve in a
systematic manner113, clearly hitting the ceiling with what purely pertubative approaches can
achieve, while the computational cost increases tremendously. Scaled variants of MP2114 tend
to perform better with no extra cost, and recently methods that use scaled MP2 correction
to the hybrid DFT-optimized orbitals (Double-hybrid DFT) were introduced. The latter is
considered to be the best115 way of computing energies at the DFT/MP2 cost level. However,
a sea of parameters and contribution scaling factors that could be set for them leads to a near
infinite number of functionals available in the literature. A general benchmark could be used
as a rough guideline to what accuracy can be expected from a functional and which one to pick
for a particular study, but it is impossible to cover all possible scenarios as well as to provide a
reliable reference where necessary.



II.4 Supporting computational methods 43

Coupled cluster116 is a numerical method for describing many-body-systems. It origi-
nates from nuclear physics and was adapted for the estimation of electronic correlation117. It
uses a reference wavefunction, which is typically based on HF orbitals, but can be applied
to other wavefunctions. The extent to which the method describes electronic correlation is
regulated by the order of excitations that are included in the calculation (single, double, triple,
etc.). CCSD stands for coupled cluster with single and double excitations. When the excita-
tion symbol is included in parentheses, it means that the respective contribution is calculated
perturbatively, rather than iteratively. At the moment of writing, CCSD(T) method is con-
sidered to as the gold standard118 of computational chemistry. While it doesn’t necessarily
mean that it is the best method available, but it has much better cost-to-performance ratio
and can be applied to small and medium molecular systems. Its particularly high accuracy
is actually a result of error cancellation, where lack of high-order excitations is compensated
by overestimation of triples contribution done perturbatively. Consequently, CCSD(T) of-
ten performs better than CCSDT, despite the latter having much higher computational cost,
and to improve on accuracy of CCSD(T) one has to go to CCSDT(Q). It is rarely feasible
to use this high level for systems containing more than a few heavy atoms, in particular when
spectroscopic properties are to be computed, and it should be noted that it only provides high
accuracy when all other links are just as rigorous. In this regard the reference wavefunction
should be mentioned. While one can be lucky and occasionally dynamic correlation treat-
ment in CC will partially compensate for deficiency of a single determinant reference, it is
still very important to ensure that the system studied can be reasonably approximated by the
HF method.

II.4.2 On approximations and reasonable expectations

Quantum chemical calculations are rather expensive in the broad sense, especially when
compared to molecular dynamics, semi-empirical approaches and other numerical techniques
used in science, if one considers systems that are usually treated in this way. With the ab ini-
tio methods one has to be aware of how cost scales with size and the underlying parameters
that contribute to the accuracy. DFT is usually the method of choice when it comes to large
systems, but it has a comparatively low accuracy, which might not be sufficient for some ap-
plications. Numerical integration in DFT is also worth mentioning. It could be that the
property to be determined in the end is not sensitive to the errors of the grid, yet numerical
noise introduced with small grids could hamper geometry optimization or lead to unphysi-
cal structures. Tightening the grid or tolerances to which SCF is converged might increase
computational cost so much, that the method is no longer optimal for the task.
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High-level methods, e.g. CCSD(T), are very memory and storage demanding, and have
scaling factors as high as O(N7) for the (T) component. For the medium sized systems dis-
cussed, example being the binary dimethyl ether - water cluster studied with triple-𝜁 , canon-
ical CCSD(T) would require around 4 GB of RAM per thread and up to 1 TB of storage
at any given time for a job running on a generic cluster node, and the run time ranges from
several days to a couple of weeks to obtain the vibrational frequencies. As all requirements
scale roughly the same way, it becomes impractical to run anything larger than systems of
similar size. Even this calculation by itself has quite a few details let out, e.g. core electrons
correlation, relativistic effects, and it is “only” triple-𝜁 basis. When comparing the result to
the experiment, one has to keep in mind all these factors, their effect on the target property,
try to account for them from other methods or via scaling. Thus, while anharmonicity is an
important energy component and is often the hardest to calculate, the quality of the reference
harmonic frequency is of even higher importance, since its magnitude is about 5 times larger.

With that said, it is clear from the benchmark studies, that direct estimations of ther-
mochemical properties from ab initio methods is still both very complicated and is limited
in accuracy and applicability119. From an experimental physical chemist perspective, higher
accuracy is not necessarily ensuring to better interpretability of data. In case of vibrational
spectroscopy, uncertainty associated with anharmonicity calculations and electronic struc-
ture method usually outweigh basis set errors and some minor approximations (e.g. frozen
core). The discrepancy between MP2 and CCSD(T) is typically around 20 cm-1 for the
case of out-of-plane libration of a medium-strength hydrogen-bonded complex, and varia-
tion through various DFT methods easily exceeds 80 cm-1. Such errors are too large to assist
spectral interpretation in ambiguous cases, especially considering that even the golden stan-
dard CCSD(T)/CBS grade calculation itself is not always accurate enough for some weakly
bound molecular complexes120,121.

Ultimately, the objective is to produce the most accurate result with the reasonable time
invested, that can be used to help understanding the system investigated. Obtaining reliable
differences between several related systems is often easier than predicting properties exactly
from scratch. Thus, it is necessary to capture the most dominant factors contributing to
change in the property and minimize all other errors in a balanced way. In this regard, several
significant advances in the field of computational chemistry have occurred in recent years with
widespread implementation of approximations, explicitly correlated and compound electronic
structure methods.

COMPOUND METHODS. Traditional compound methods are also referred to as “thermo-
chemical recipes”122. They combine several standard methods to estimate the best energies at
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the minimal cost. A classical example is the G2 scheme123: the molecular geometry and fre-
quencies are obtained at all-electron MP2/6-31G(d) basis, electronic energy is estimated at
QCISD(T)/6-311G(d) level, and the residual basis set deficiency is corrected by comparing
differences of several MP calculations with different basis sets. With the progress in method
development, several updates to the recipe has been issued, including the CCSD(T) approach
as the electronic energy method, different DFT functionals for geometry evaluation, etc.

At the time of writing, this sort of approach is rarely applied anymore. No small reason
for that is the advent of other approximate methods, that in general are more accurate and
have benefit of less variables that go under the hood. A normal approach that is still widely
used, is to use high-level methods (e.g. CCSD(T)/CBS, CCSDT(Q)) on a less accurate
potential energy minimum geometries. This is a very cost-effective method, and corrections
beyond this point are only done for small systems, and are rarely defined as a solid recipe.
The most rigorous type involves extrapolation of geometries, vibrational frequencies and elec-
tronic energies124 to CBS level at the CCSDT(Q) level of theory, with inclusion of core
and relativistic effects at the CCSD(T) level. Further improvements are done by including
anharmonic corrections to the zero-point vibrational energy (ZPE).

A more novel range of compound methods are focused on the highest effectiveness at
very low cost, and are primarily used as methods of preliminary geometry optimization, fast
screening, for work with very large systems or the quantum chemical method in ab initio or
mixed molecular dynamics. The common part in these methods is that they are based on a low
cost SCF level electronic structure method with modest basis sets, and corrected by a set of
empirical parameters. As an example, HF-3c125 approach utilizes the Hartree-Fock method
with the small MINIX basis. The obtained energy is then corrected by three terms:

𝐸𝐻𝐹−3𝑐
𝑡𝑜𝑡 = 𝐸𝐻𝐹/𝑀𝐼𝑁𝐼𝑋

𝑡𝑜𝑡 + 𝐸𝐷3(𝐵𝐽)
𝑑𝑖𝑠𝑝 + 𝐸𝑔𝐶𝑃

𝐵𝑆𝑆𝐸 + 𝐸𝑆𝑅𝐵 (II.6)

The first term is the atom-pair London dispersion D3-BJ126 correction. The second term
is the “geometric counterpoise correction” (gCP)127, a semi-empirical approach to remove
the basis set superposition error (BSSE), that for intermolecular interactions approximates
Boys and Bernardi counterpoise correction128 method. The last term corrects for the basis set
deficiency.

A more recent B97-3c method129 was used in this work for the initial geometry prepara-
tion steps and conformation search.

RESOLUTION OF THE IDENTITY APPROXIMATION. Density fitting, also referred to as “res-
olution of the identity” (RI) is a mathematical technique to approximate the two-electron
intergrals130–132. An integral, usually a four-index type, is replaced with a linear combination
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of auxiliary basis functions (eq. II.7). RI is available for Coulomb and exchange integrals for
SCF calculations and MP2 integrals.

𝜑𝑖 ( ⃗𝑟) 𝜑𝑗 ( ⃗𝑟) ≈ ∑
𝑘

𝑐𝑖𝑗
𝑘 𝜂𝑘(r) (II.7)

The error introduced by the approximation depends on the accompanying auxiliary basis
set, which is usually 2-4 times larger than the AO basis used. For most common basis set
families the corresponding fitting basis sets of appropriate size are available, that keep RI
error several times lower than the basis set error. The major advantage of switching to 3-index
integrals is the significantly reduced storage required. In many cases integrals can be kept
in memory or the disk I/O is significantly lower. This is very apparent in MP2 calculations,
where canonical method is very memory demanding, RI-MP2 energy is very fast and has
insignificant memory requirements for modern computers. The errors in the MP2 part are
negligible, and it has been shown that effect on geometries and vibrational frequencies are
basically zero. Therefore, considering accuracy of the MP2 method itself and the basis set
incompleteness error of realistic basis sets used in production calculations, RI is a must in
every scenario and has really opened up MP2 level calculations for medium-sized systems.

Unfortunately, analytical gradient with full RI are not available for MP2, so one has to
still calculate exchange integrals in some other way, either exactly, or via the numerical “chain
of spheres X” (COSX)133 approximation. The latter provides a large speedup to the gradient,
but it is slower at the SCF stage and introduces numerical noise associated with integration
on a grid. Nevertheless, we have found it absolutely necessary to work with the larger systems
studied in this project, and the errors are usually very small, only manifesting as noise in the
geometry convergence.

Coupled cluster methods usually don’t utilize RI as much. The complexity of CC integrals
means significant overhead from operations required for density fitting, so it is reserved only
for the most expensive sort, and only when more efficient in-memory algorithms are out of
reach. RI is routinely used in “local” approximations of CC, where all integrals have to be
written to disk anyway.

LOCAL AND EXPLICITLY CORRELATED METHODS. The high cost and poor basis set conver-
gence of wavefunction based correlation methods has caused efforts towards improving the
cost-efficiency of the theory. The importance of triples for CCSD calculations has been
known for a long time134, while the scaling for this component has limited its application
to only the smallest of molecular systems. A series of non-iterative approaches to triples have
been developed, culminating with the now widely used (T) method established by Pople and
co-workers135. Nevertheless, the CCSD(T) method is not applicable to many systems of
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interest, if a large basis set is concerned. That particularly relates to the need of additional
diffuse functions for non-covalent interactions.

Local correlation methods attempt to remove the major bottlenecks by discarding low-
importance pairs in the calculation. It is recognized, that dynamic correlation, is largely a
rather local effect, although to obtain chemical accuracy (<1 kcal/mol) one has to recover
more than 99.9% of the electronic correlation energy of the parent method. Local methods
are based on fragmenting the system based on some schemes136 (molecular orbitals, electron
pairs etc.), screen the fragments, discard them if found of minor importance, and then run
calculations on the rest of the fragments, ultimately estimating the result as a combination
of those calculation. While this also creates many additional procedures, these are easy to
implement in parallel.

In this work, the domain-based local pair natural orbital CCSD(T) (DLPNO-CCSD(T))
method137,138 was used. It is based on the pair natural orbital (PNO) approach developed by
Meyer and Ahlrichs in the early 70s139,140. The result is a near-linear scaling method that is
within chemical accuracy of the canonical CCSD(T), when used with appropriate cutoffs141.
The basis set scaling is also noticeably lower than that of the canonical method, estimating
roughly at 6 for each step, rather than 12-13 for the CCSD(T).

The method’s strong point is the reduced scaling, which makes it primarily beneficial when
applied to large systems. While a step above all the alternatives, it still has an error compared
to canonical calculations, roughly around (0.5 kcal/mol) for medium sized systems, as con-
firmed by us as well. Therefore, it is only applied here where canonical energy calculation
with a decent (T-, Q-𝜁 ) basis set are completely impossible. Smaller systems, particularly
those with symmetry elements, can be calculated using explicitly correlated methods imple-
mented in MOLPRO142 with support for abelian groups of symmetry. In our experience the
DLPNO approach is also rather ill-fitted for generation of derivatives, since the cost scaling
is quite poor for the small systems where one can hope to achieve that, and also appears to
have efficiency issues with the code. The latter is evident from the fact that MOLPRO, where
feasible, can produce harmonic vibrational frequencies much faster with canonical methods
than can be obtained with DLPNO. Local energy decomposition (LED)143,144 was devel-
oped to exploit the local nature of the method to analyze the calculated electronic energy and
extract physically meaningful components of the interaction between fragments. It is a useful
alternative to other interpretative methods, such as DFT-SAPT, as it is based on a scalable
coupled cluster electronic structure, and as such, can be expected to be both widely applicable
and affordable.

One of the reasons for the poor basis set convergence of the wavefunction based methods
is the fact that the wavefunction is poorly described by the basis set functions near Coulomb
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singularities, the electronic cusp145. Kato discovered that by using interelectronic distances,
a more efficient wavefunction could be constructed146. Explicitly correlated method append
extra terms to the canonical wavefunction that efficiently deal with the electronic cusp con-
dition. CCSD-F12147 is now available to accelerate basis set convergence over the classical
method by only adding minor overhead to the calculation. While the method was praised for
dramatic improvements in some cases, it is only marginally better by itself for other applica-
tions148. First of all, different methods have different manner of the complete basis set (CBS)
limit convergence, with many being quite erratic at smaller basis set sizes. For non-covalent
systems, user would only gain 1-2 “zetas” of basis set quality at best, as was also seen in this
work, when using standard Dunning’s basis set family. The basis used should be custom made
to take full advantage of the explicit correlation, and development of those is still nascent. The
cc-pVXZ-F12149 basis set family (X = D-Q,5148) was established recently and has shown to
have much better convergence.

The F12 correction is only applicable at this point to the CCSD wavefunction and the
underlying HF reference150, while (T) calculation is done canonically using the F12 ampli-
tudes. This means that the (T) components exhibits the same convergence as in the canonical
CCSD(T) method, still imposing demand for unfeasible basis set sizes to reach chemical
accuracy. A crude solution for this is to apply an empirical scaling to the (T), using the MP2-
F12/MP2 energy ratio151. While the idea is very simple and comes at no cost, it generally
provides a tremendous improvement in quality of energy, even at small basis sets. The one
downside is that basis set convergence becomes even more unstable, and any attempts at ex-
trapolation are pointless, so one has to treat the single point result as a CBS level, but with
higher uncertainty. Also using the MP2 wavefunction as a reference for the scaling has its
own obvious implications, and, alternatively, one can use the CCSD-F12/CCSD ratio. There
is no certain advantage of the latter, as generally it would underestimate the scaling, while the
former would overestimate it.

Apart from the general specifics of the method, it should be noted that it is also less
advantageous when it comes to non-covalently bound systems, due to limited inclusion of
diffuse functions in the basis set. I have observed that for several van der Waals type systems
discussed in this work, the dissociation energy would change linearly with the basis set in the
D-Q 𝜁-range. This issue has been addressed recently in the literature with the development
of the aug-cc-pVXZ-F12 basis set family152, although due to the fact that it is not natively
implemented in our quantum chemistry packages and has not been extensively tested, we have
not used it in this work. For comparison purposes, quadruple-𝜁 quality basis set with the F12
method, or the 5-𝜁 local CC result is perfectly fine as it is well within chemical accuracy.
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II.4.3 Computational approaches to simulation of vibrational

spectra

Vibrational frequencies are related to the curvature of the potential energy surface. Vibra-
tions are calculated at the stationary point and are related to the eigenvalues of the Hessian
matrix, which is constructed of the second derivatives of energy with respect to the Cartesian
nuclear coordinates. The calculation is only valid at the stationary point and will produce all
real frequencies if the system is at the minimum, or will contain one imaginary frequency
when the system is at a saddle point. Thus it is critical to optimize the geometry of the system
to the point where residual gradients are non-existent.

Any derivative calculation is more susceptible to noise, and for hessian construction, where
possible, analytical derivatives should be applied. Sadly, implementing such operations for
large number of methods and functionals out there has become a very daunting task, and the
majority of the software packages don’t invest in analytical Hessian programs. No analytical
derivatives are available at the moment for the high-level coupled cluster theories, and most
MP2 and SCF level methods have only gradients at their disposal. It is necessary then to
obtain vibrational frequencies by numerical differentiation of either the energy or gradient
with very high precision, while scaling of the technique is quite unfavorable. One has to ob-
tain 6N atoms gradient evaluations to construct the Hessian numerically. Luckily, these tasks
are completely independent and can be run in parallel across multiple computational nodes.
Another consequence is that the use of DFT is generally less advantageous for non-covalent
interactions, due to the inherent noise of numerical integration on the grid, and weakly bound
systems would make the use of rather fine grids mandatory, eliminating most of the perfor-
mance gain. A detailed description of how exactly the procedure is performed in GAUSSIAN
can be found in the paper by Ochterski153.

To obtain infrared spectra, it is also necessary to properly predict intensities of the vibra-
tional transitions. This can be done through the square of the second derivative of dipole
moment change. This is commonly available at the SCF and MP2 level, while only frequen-
cies can be found at CCSD(T) level.

Eventually the calculations yield vibrational frequencies in the harmonic approximation.
These do not account for the various couplings between vibrational modes and natural devi-
ations from the harmonic oscillator model. For intramolecular modes relative amplitude is
small and so are the anharmonicity contributions, since the curvature close to energy poten-
tial minimum is close to quadratic, and is in the order of 2-5%. But the low frequency inter-
molecular vibrations, abundant in non-covalent molecular complexes, have large amplitude
and significantly deviate from the harmonic oscillator description, with the scaling factors to
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calculated frequencies reaching 80-85%154.

Accurate prediction of anharmonicity remains a challenging task. Due to the uncertainty
associated with the existing methods, extremely high cost and too small of a selection of reli-
able reference systems among weakly bound complexes73. It has been shown that while state-
of-the-<art anharmonic calculations are by all means a huge improvement over the harmonic
approximation, often the cost that goes into them is not justified by the accuracy achieved,
when a simple alternative in the form of scaling is available. Thus, even though anharmonic
theory is an important milestone to be achieved for spectroscopic science, it is not yet mature
enough to be used routinely for spectral interpretation for the vast majority of the cases, and
should be used with caution. It has been speculated, that due to the much lower absolute
magnitude compared to the harmonic part, the anharmonic contribution can be estimated
using much cheaper method and, in particular, while coupled with a rather small basis set -
it has been practically demonstrated to be false, as for any situation and method the quality
quickly drops way below what could be achieved by crude scaling155.

Naturally, it is commonly the case that proper experimental data is not readily available
for the type of system one is investigating, and while it is convenient that scaling takes care of
many errors originating from the underlying approximations found in every quantum chemi-
cal method, the flip side is that the scaling factor is only valid for a “very” particular method
for which it was developed. This includes not only the global method/functional, but also the
basis set, additional approximations that introduce systematic error, fitting basis sets, localiza-
tion method, and, to a lesser extent, numerical precision factors (e.g. grids, integral threshold
etc.). On top of that, the scaling factor also depends on type of the vibration, as mentioned
above, with intramolecular modes being a lot closer to their harmonic estimate than the large
amplitude intermolecular modes. This fact greatly elevates the value of “pure” experimental
data that could be directly compared to theory - gas phase, jet expansion and inert matrix
isolation spectra, since these are able to isolate spectral signatures of selected complexes, free
(or almost free) of solvent effects.

Nevertheless, anharmonic quantum chemical calculations of vibrational spectra still have
place in experimental spectroscopy. Many systems could and will exhibit cmomplex behavior
due to couplings, resonances, specific structural features etc., and these will to varying extent
be lost in the harmonic oscillator model and scaled incorrectly. One should look no further
than the case of one of the simplest complexes, the water dimer, which exhibits significant
variation in the vibrational spectra across different matrix environments156. Many of these
issues could be detected in the proper anharmonic calculation, although such cases are far
from routine studies.

In brief, two families of methods exist for the calculation of the anharmonic vibrational
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frequencies - variational and perturbative. The former includes vibrational self-consistent
field157–159 with its correlated variants VMP (vibrational Møller-Plesset theory)160,161 and
VCI (vibrational configuration interaction)162. These methods require potential energy sur-
face generated for the system and are thus restricted to fairly small systems. Potentially, devel-
opment of more cost-effective quantum chemical methods in the future will allow for a more
wide spread application of these methods, which is of particular interest for less rigid systems
with large-amplitude modes.

The alternative approach involves vibrational second-order perturbation theory163 (de-
noted as VPT2) and is consequently a lot less expensive, albeit still costly. Starting from
analytical second derivatives, third and semidiagonal fourth derivatives are produced by nu-
merical differentiation. The method is relatively “black box”, and is implemented in a user
friendly manner164–166 in the GAUSSIAN167 package. The method suffers from classical prob-
lems of the perturbation approach, namely symmetry and degeneracy handling, and reso-
nances. Multiple parameters can be adjusted by the user, such as whether two or four points
are used for derivatives, affecting the cost and stability of result, and numerical step, that can
be set depending on the anticipated amplitude of the displacement in the vibrational mode.

One of the possible techniques to reduce computational cost involved is the use of reduced-
dimensionality scheme, where user would select only several modes to be included for differ-
entiation168. There is no clear recipe for this, and it is purely up to the user to decide which
vibrational modes are critical for the accurate determination of the anharmonic shifts in a
particular mode of interest. Generally, it is often the case that some isolated modes are barely
affected by other modes and therefore such approach could be an inexpensive trick to account
for higher-order terms of the potential along the mode, although, in our experience, this is
also the case where frequency scaling is at its best. Which modes to include and establishing
how isolated the mode of interest is could be tricky. Considerations that go into the decisions
are the geometrical confinement of the vibration, checking the harmonic normal modes for
vibrational motion bleed across modes, and evaluating the reduced mass of the vibration.

II.4.4 Procedures for data analysis

Based on the methods and features of available software packages at the time of this study,
a set of methodologies have been established to analyze spectroscopic data and calculate ther-
mochemical parameters. The optimum method combination designed for large systems was
obtaining energy derivatives using the RI-MP2 method with aug-cc-pVQZ (later in the text
this family of basis sets will be denoted as AVQZ) basis set, complemented by suitable /C169

and /J170–172 auxiliary basis sets (or generated automatically with AutoAux173 procedure) and
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using numerical COSX (GridX9 integration grid) method for K-integrals in ORCA174 (v. 4.2
and later) package. This approach allowed us to obtain potential energy minima structures and
harmonic vibrational frequencies for complexes as large as t-butanol dimer with a precision
appropriate for studies of both strong hydrogen bonds and weak van der Waals interactions
with wave function based methods. In this case, the first derivatives are produced analytically
with the RIJCOSX-RI-MP2175 method, while second derivatives were obtained numerically
with default step of 0.002 Bohr. This level of theory allows to reduce the basis set errors
enough to avoid expensive counterpoise128 correction for frequencies.

Where possible or deemed important, additional corrections, such as going to quintuple-𝜁
basis sets or introducing core electrons into the correlation treatment with corresponding aug-
cc-pCVXZ176 (ACVXZ) basis sets have been performed and will be specifically mentioned
in the text.

The electronic energy has been calculated using variations to the canonical CCSD(T)177

theory. DLPNO-CCSD(T) was used with cutoffs set with TightPNO setting. The com-
plete basis set limit energies were obtained from 3-point extrapolation to the basis set limit
with the conventional Dunning AVXZ basis178–180 fitted to an exponential decay function181,
separately for SCF and correlation energy, analogous to the method described by Řezáč118.

Alternatively, the explicitly correlated CCSD(T)-F12b method with cc-pVXZ-F12149

basis and scaling of triples (T) contribution using MP2-F12 correction as a reference was
used for small systems and the cases where symmetry could be exploited to reduce computa-
tional cost. In special cases, e.g. small and/or highly symmetrical molecules make the numer-
ical calculation of derivatives with CCSD(T)-F12 method, as implemented in MOLPRO142,
computationally feasible. Vibrational frequencies derived from this approach are found to
be within a few cm-1 of the basis set limit for coupled cluster method for typical hydrogen-
bonded complexes, making these a very reliable harmonic base force field for full anharmonic
calculations.

Anharmonic calculations are very expensive, therefore the choice of method was
fully dependent on the size and symmetry of the system and was restricted to B3LYP-
D3BJ/ATZ182–184 or MP2/ADZ185 levels for most systems, in particular due to absence of
RI methods for hybrid DFT and MP2 methods in the GAUSSIAN package. The general VPT2
formulation with two or four 0.025 Å step differentiation was selected. The anharmonic shifts
were used in conjunction with higher quality harmonic frequencies, MP2 or CCSD(T), to
produce the final results. Numerical precision in all tasks was set to significantly exceed usually
recommended thresholds, to reduce noise in the derivatives and thus ensure smooth geometry
convergence and accurate Hessians.

The DLPNO-based local energy decomposition method (LED) was applied to analyze



II.4 Supporting computational methods 53

the various contributions to the electronic dissociation energy of the molecular complexes and
provide a physical interpretation to the experimentally observed results and a deeper under-
standing of the different types of association mechanisms.
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CHAPTER III
From Chemistry to Flow

Properties
The PVT (pressure-volume-temperature) properties of a petroleum fluid govern how the

fluid behaves in the production well as it is produced. The fluid under high pressure and
high temperature reservoir condition will be subject to pressure and temperature changes as it
comes to the surface and the conditions necessary to prevent boil-off and three-phase flow (gas-
liquid-liquid), which can hinder efficient production186–188, need to be accurately determined
for a given crude oil composition and well. The phase diagram for the oil is calculated based
on the boiling points of the distillation fractions of the crude oil.

The distillation process is carried out at atmospheric pressure, until a certain temperature,
after which system is put under gradually increasing vacuum, down to 0.1 mbar in a typical
commercial instrument, lowering the boiling point of the chemicals and preventing cracking.
Commercial instruments provide separation of equivalent to ca. 100 theoretical plates and
typically produce distillate fractions from C6 to C24+, the latter being the residual that is left
and not distillable. The bulk of polar compounds and heavy resins and asphaltenes will be
found in the C24+ fraction.

The boiling points of individual oil constituents are determined by their fundamental
molecular properties, while the actual behavior in the TBP distillation system is affected by
the interactions between multiple different chemicals. As an example, a light molecule like
water forms condensed phase with characteristic boiling point of 100°C, which among simple
alkanes, that do not exhibit hydrogen bonding capabilities, is only matched by heptane, with
molecular mass almost 6 times that of water. In mixtures lots of possible molecular combi-
nations are possible, as well as presence of weakly interacting molecules in the mixture could
disrupt bonds formed in pure liquid, because of that physical properties become hard to pre-
dict, and they are not only characteristic of chemical composition, but is also dependent on
conditions to which matter is subjected to.

The following spectroscopic study of the C6-C24+ distillation cuts demonstrates the
spread in actual chemical composition in the individual cuts, and illustrates the risk of relying
uncritically on the results of the conventional TBP distillation to predict flow properties of the
fluid during production. Improved techniques include spinning band distillation with more
than 1000 theoretical plates which yields improved separation189 and simulated distillation
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on a GC-MS190 instrumentation. The use of GC approach allows reproducible boiling point
analysis up to C120 in crude oil191, making the method very useful to consider non-volatile
polar compounds.

In this chapter, the distillation cuts from the five crude oil samples from the North Sea
are investigated by infrared and Raman spectroscopy.

III.1 Geographic origins of the samples
The samples originate from the Dan, Halfdan, Kraka and Valdemar fields, displayed on

the Figures III.2 to III.4192. Kraka is the first of the fields discovered in the Danish North
Sea, and is located at the southernmost part of it. The produced oil is transported to the Dan
field for processing before it is transported ashore.

The samples for this characterization study are the original drill core samples and produced
oil samples from the Dan, Halfdan, Kraka and Valdemar fields. The Dan, Halfdan and Kraka
fields are located in the Southern part of the Danish North Sea and are related by geology and
fluid migration. The producing wells in Dan and Halfdan are located in the Maastrichtian
Chalk (Tor formation) and the Kraka wells in the Danian chalk (Ekofisk formation) both be-
ing in the upper cretaceous. The current reservoir conditions after 15-25 years of production
for these fields are in the range T=60-70°C and pressure 160-170 bar. The Valdemar field pro-
duces from wells in the lower cretaceous, mainly the Tuxen formation, with average reservoir
conditions of T= 90°C and the pressure of 300 bar. The drill core samples were selected on
the basis of geological position and availability of core material to get samples from as wide
a geological area within the four fields as possible. The core samples for chemical analysis
were taken as 20-40 gram miniplugs drilled from the center of the original drill cores to avoid
material that has been exposed directly to atmosphere, hydrocarbon-based drilling liquids
and mechanical influence. The influence of atmosphere is assumed to be limited due to the
low permeability of the rock material. The Tor chalk has permeabilities around K=0.5-2 mD
while the Valdemar chalk is extremely low permeability, K=0.08-0.12 mD.
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Figure III.1: Map of the Danish North Sea192.

Figure III.2: Maps of the well locations in the Kraka and Dan fields192.
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Figure III.3: Map of the Halfdan field indicating the horizontal well positions. The map was
provided by Total E&P Danmark (formerly Maersk Oil and Gas).
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Figure III.4: Map of the Valdemar field indicating the well positions. The field consists of a
Northern and a Southern zone192.

III.2 Chemical analysis of the produced oil samples

The oil samples were provided by Total E&P Danmark (formerly Maersk Oil and Gas)
as produced fluid samples from a number wells from the Dan, Halfdan, Kraka and Valdemar
fields. The oil samples were requested to represent as much geographical variation as possible
with the service schedule of the operator determining exactly which samples could be taken.
Some of the oil samples were sampled before the test separators, in which case the water has
to be pumped off the sample prior to analysis.

III.2.1 True boiling point distillation and sample measurement

Five crude oil samples: Dan DFF-22, Dan DFF-16, HBB-07,HBA-07 and Kraka, were
distilled using a FISCHER® LABODEST® HMS 500 AC distillation setup yielding cuts
from C6 to C24+, with the goal to demonstrate the distribution of individual components
within each boiling point class, and also allows more detailed analysis by IR spectroscopy,
allowing details to be observed that would generally be obscured by complexity in the original
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crude oil sample. The fraction weights, temperatures and physical properties for the samples
are given in the appendix B.

To perform a measurement, a droplet of the liquid is taken by a glass pipette and placed on
top of the ATR crystal, then immediately covered by the solvent cap with a fluoroelastomer
seal, that is pressed with the adjustable pressure clamp to prevent evaporation of the sample
to the spectrometer vacuum.

For the FT-Raman measurements, few milliliters of the sample were transferred into a
quartz cell with a mirror back surface. The sample was placed in the sample holder of the
Bruker RAM module, and the signal was then optimized by moving the motorized stage to
reach maximum signal output. The power of the laser was selected according to the sample,
choosing lower power for heavier samples exhibiting some fluorescence. Features of the C24+
fraction were obscured by combination of fluorescence and self-absorption of the scattered
light.

III.2.2 Compositional analysis of produced oil samples

Infrared spectra in the fingerprint region of the several representative distillation cuts are
given in figure III.5. The HBA-07 crude oil sample is taken as an example, but the general
conclusions are true for all the studied oils.

The C6 fraction has only the simple-most hydrocarbons, displaying the minimum amount
of features, characteristic of these systems. Due to the low boiling point of this fraction, the
composition of this sample may be inconsistent between measurements, so it is excluded
from the figure, with the C7 fraction being the lightest. The fraction is almost completely
devoid of aromatic compounds, as seen from the low intensity of the characteristic193,194

aromatic C=C vibrational band near 1600 cm-1. The rest of the spectrum is comprised of
comparatively narrow bands, further indicating fairly simple chemical composition of the
fraction, containing primarily various saturated hydrocarbons.

Already by the C10 fraction, the composition becomes much more complex. The most no-
table difference is in the abundance of aromatic compounds with a sharp peak at 1608 cm-1. In
the low frequency range, also intense peaks associated with aromatic compound near 800 cm-1

and 700 cm-1 appear.
The heavier fractions exhibit increasing broadening of the bands. In the spectrum of the

C16 fraction, a shoulder at 1634 cm-1 appears, which persists in all the heavier cuts. In the
same fraction, a peak at 1708 cm-1, corresponding to the carbonyl stretching mode in the
carboxylic group, which steadily increases with the carbon number of the distillation cuts.

The non-distillable C24+ fraction for all the studied oils are shown in figure III.6. The
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Figure III.5: The fingerprint infrared spectral range (600-1800 cm-1) of the TBP distillation
cuts representative set of the HBA-07 crude oil sample. The carbon number of
each fraction is indicated on the left side of the figure.
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most obvious difference between the oils are observed for the carbonyl stretching mode. The
DFF-16 and Kraka oil samples contain the highest acid content.
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Figure III.6: The full infrared spectra of the C24+ fractions from the TBP distillation of the
crude oil samples. The most of the difference is found in the 1500-1800 cm-1

range, displayed on the insert. Band near 1714 cm-1 corresponds to the carbonyl
stretching mode in the carboxylic group.

Side by side comparison of ATR spectra against FT-Raman measurements are presented
in figure III.7. There are multiple signals that have substantial Raman intensity, that are
not observed or have very weak infrared absorption. The primary benefit of the method
appears to be the access to the various characteristic vibration of the carbon skeleton. Even
the low carbon number cuts display spectra rich in information on both aliphatic and aromatic
carbon chain vibrations. The high carbon number cuts start to show some baseline tilt due to
fluorescence, which is still relatively weak compared to typical Raman measurements carried
out with a visible band laser. The Raman technique can be effectively applied to complement
infrared studies of oil maturity, which is estimated based on branching of the molecules.

The obtained data can be interpreted in more detail by extracting several spectroscopic pa-
rameters of interest for crude oil analysis. Figures III.8 and III.9 display calculated CH2/CH3
ratio and the degree of aromatic condensation is calculated for each distillation fraction.
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The former utilizes areas of the infrared peaks of the C-H stretching vibrational modes
located at 2925 and 2955 cm-1 for CH2 and CH3 respectively, and is a measure of branching
in the hydrocarbon skeleton.

The ratio of the ring hydrogen wagging modes with bands at 699 cm-1 (monosubstituted,
5-adjacent H) to the one at 810 cm-1 (multisubstituted, 5-adjacent H) may serve to represents
the degree of condensation195. The ratio addresses the presence of hydrogens at aromatic
carbons. The higher the ratio the more condensed is the average molecule, having more
aromatic rings fused together and more substituents on carbon atoms, which is in general a
characteristic of higher molecular weight compounds196.

The evolution of both parameters with the true boiling of a cut is investigated. The branch-
ing parameter changes quite linearly with the TBP, up until 500 K, and is roughly the same
for all the oils studied. Beyond that point is where the difference is clearly seen. The HBB,
HBA, and DFF samples exhibit significant increase in the ratio up to 600 K, while the curve
for Kraka and DFF-22 levels at 500 K. After 600 K all of five oils studied behave differently.
The HBB-07 and Kraka have the ratio suddenly plummet nearly to the number observed for
very light fractions. Overall at some point the parameter decreases for all oils but at different
temperature. The effect is consistent with the structures of known asphaltenes, that tend to
have long straight alkyl side chains197.

The measured 699/810 cm-1 of the distillation cuts overall follow a similar pattern. There
is linear progression of the parameter up to 525 K, followed by a dip at 600 K, with the
exception of the first few fractions, where the behavior can be explained by only a few possible
aromatic compounds present. The simplest fused ring aromatic compound, naphtalene, has
boiling point of 218°C, explaining the significant jump of the ratio for the C10 fraction. The
most prominent changes in the both parameters correlate, which signals critical changes in
sample chemistry and properties, despite closely spaced TBPs.

The acid content was measured for the last three fractions as the area of the carbonyl
stretch peak (see figure III.10). There is a noticeable increase in the polar compounds content
for the heaviest C23 fraction for all the oil samples. Lighter fractions have very small amount
of acids detected, and their amount if comparatively consistent across many fractions, as can
be seen in the HBA-07 example in figure III.5.

The relative volatility of the acid compounds is very low. For example, hexanoic acid
has boiling point of 206°C, as opposed to its C6 alkane equivalent boiling at 68°C. So it is
expected that these compounds do not show in distillation. Nevertheless, they are present in
the bulk liquid and interact strongly with other compounds, affecting their relative presence
in the vapor phase. TBP distillation bears very little information on these compounds.

Despite the complexity and diversity of the crude oil, its chemical composition does not
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Figure III.7: Side-by-side comparison of the TBP distillation cuts of the HBB-07 oil sample,
measured in the ATR-IR (red traces) and FT-Raman (blue traces) methods.
The carbon number of the fractions indicated on the left side of the respective
spectrum. Linear elevation of the baseline in the Raman spectra of the higher
fractions is caused by the fluorescence of the sample.
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Figure III.8: The calculated CH2/CH3 ratios, estimated from the infrared spectra of the C8-
C23 TBP distillation cuts. The parameter is an estimate of carbon chain branch-
ing in the sample.
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Figure III.9: The calculated 699/810 aromatic hydrogen wagging mode band area ratio for the
C8-C23 distillation cuts estimated from the ATR infrared absorption spectra.
The ratio is the measure of the mean aromatic condensation in the oil sample.
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Figure III.10: The total acid content of the fractions estimated from the carbonyl stretching
mode in the ATR infrared absorption spectra. The amount of acid in frac-
tions obtained at lower temperature is below the limit of quantification of the
method.

gradually change with the boiling point, but it clearly presents separation in compound classes
with different properties and effect on the bulk mixture. Finally, highly polar compounds
exhibit strong intermolecular forces, and as such, their boiling points are very high, and cannot
be reliably determined. The literature values for the boiling point of stearic acid varies from
360 to 385°C, depending on the conditions of measurement, as the compound decomposes
near it’s boiling point198.

III.3 Chemical fingerprinting of the wells

The modern water flooding EOR methods are used throughout the industry to maximize
performance of the wells and sweep efficiency. Seawater is used for the secondary production
step, after the initial pressure of the well has been depleted, but often new wells are seawater
flooded from the start. Tertiary recovery methods, such as modified salinity flooding, or EOR,
can then potentially be employed in order to achieve additional recovery. The mechanisms
behind the modified salinity effects have not been well understood, but what is certain is that
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one of the key to this phenomenon are the surface interactions.
In tight chalk reservoirs, the rock surface is of particular importance. The oil contains

polar compounds, capable of adhering to the surface of the reservoir rock in competition with
water molecules. Depending on the composition of the oil and reservoir conditions, the re-
sulting surface has different properties, denoted in petroleum engineering as oil- or water-wet.
Polar molecules contained in oil may form strong non-covalent bonds with the crystal surface
of calcite, leaving their hydrocarbon tail facing outwards, where they can interact with other
compounds in oil through hydrogen bonding or van der Waals forces, ultimately forming a
thick immobile layer of crude oil on the rock surface. The effective application of EOR re-
quires taking into account the interplay of brine, oil and surface, and be customized for a
particular reservoir. One of the approaches is to alter the wettability of the rock, for example
by changing the ionic composition of the brine or by introduction of surfactants in the flood-
ing fluid. In either case, there is very little information on physical and chemical processes
accompanying such experiments. Due to the nature of the process, accurate simulations are
computationally challenging, but it is irrefutable that chemical composition of the crude oil
has a pivotal impact199.

Infrared spectroscopy is a fast method to perform fingerprinting of the oil sampled in
different geographical locations and uncover the chemical differences between them and cor-
relate production parameters directly to the composition of the oil. This information can
then be applied to planning injection strategies, anticipate the reservoir response to produc-
tion chemicals etc. The ultimate goal is to better understand the composition of the organic
material that is adsorbed on the chalk surface and left behind during the initial sweep, and
how the rock/fluid interactions can be affected by altering the production process.

III.3.1 Overview of the sample sets
This study is composed of two parts. In the first part, the drill core samples from Dan,

Halfdan and Kraka fields are used. This set is used to setup the analysis method and focus
on pinpointing the chemical differences between the wells. In the second study, the drill core
sampled in different geographical locations in Valdemar field are used. This study is focused
on establishing a potential correlation between the chemical composition of the reservoir fluid
and the observed production of well. The complete list of samples is given in the appendix C.

III.3.2 Drill core sample preparation
The crude oil deposited in the drill core sample material was analyzed by means of solvent

extraction followed by the chromatographic separation of the extract by solid phase extraction



68 III From Chemistry to Flow Properties

method (SPE).
The middle part of a core that is less likely to exhibit any artifacts, that could be related

to drilling mud, or large heterogeneous sections, is cleaved out and ground in a mortar to
obtain a semi-fine uniform powder. The powder is collected in a 8 ml sample vial and is
stirred. Then, an approximately 1 g of the sample is transferred into a separate vial and 4 ml
of dichloromethane is added to it. The mixture is stirred on a shaker for an hour, after that it
is centrifuged and the supernatant is transferred into a different vial and another portion of
dichloromethane is added to the powder and shaken overnight. The two extracts are merged
and dried under a gentle stream of nitrogen to estimate the mass of the extracted oil. Based
on the measured mass, the sample is redissolved in an appropriate volume of dichloromethane
and a portion of that solution is transferred into an HPLC vial, while the rest of the extract
is used for complementary analysis, e.g. GC-MS. The exact amount transferred is selected to
obtain quantity of material suitable for loading a 500 mg SPE column, and is typically in the
range from 20 to 30 mg.

The sample is then dried and redissolved in 0.5 ml of n-heptane. Sonication is usually
necessary to achieve proper dissolution. At this point, the column is conditioned by adding
3 ml of dichloromethane and equilibrated with 6 ml of heptane. The sample is loaded onto the
column and the vial is then washed by another 0.5 ml of heptane. In some cases, the sample
is rich in heptane-insoluble material that might stick to the glass surface. In such case, the
residue was dissolved in the heptane-toluene mixture, used in the second round of elution, and
is loaded when the column wash is changed to that solvent. Two column volumes of eluent
are added at each stage, amounting to 4 ml, with four fractions produced (see table III.1).
Elution is performed by gravity, with the fractions collected in 8 ml glass vials. The fractions
are subsequently dried under the stream of nitrogen in a sample concentrator apparatus, where
vial is placed in a cast aluminum block heated to 35°C and the gas is delivered through the
needle placed about a centimeter above level of the liquid.

Table III.1: Description of the SPE fractions obtained from the silica columns.

Fraction Eluent mixture Chemical composition
A n-heptane Aliphatics, light aromatics
B 80% n-heptane / 20% toluene Polyaromatics
C toluene Asphaltenes, polar
D 80% toluene / 20% methanol Asphaltenes, polar, amides

The masses of each fractions are obtained. Then extracts are dissolved in small quantities
of solvent, to be transferred onto the ATR crystal. The amount is roughly one drop per 0.5 mg



III.3 Chemical fingerprinting of the wells 69

of matter. To ensure the best dissolution, the composition of the solvent for each fraction was
the same as of the respective eluent. Solution was collected with a glass pipette and carefully
placed in the center of the crystal. The spectrometer was then evacuated, drying the sample
of any traces of the solvent and moisture.

All spectra of the extracts and distillates were obtained on the Vertex spectrometer in
the range 400-4000 cm-1 using broadband MCT detector with 2 cm-1 resolution, collecting
300 scans per sample. Spectra were baselined using a single iteration of concave rubberband
correction method with 256 points.

III.3.3 Notes on method development

The purpose of chemical separation of the sample is to produce fractions defined by the
chemical properties of the components. This study is primarily focused on the polar com-
pounds adsorbed on the chalk surface. But the organic material extracted from the core con-
tains substantial amount of heavy non-polar compounds. After separation on the silica col-
umn as described in the previous section, the D-fraction constitutes anywhere from 15% to
42% of the total mass. The heptane-soluble components of the extract add up to ca. 50-60%
of the total mass of the extract. The ATR method probes a fixed “volume” of the sample, deter-
mined by the penetration depth of the evanescent wave, so presence of non-polar compounds
effectively dilutes the sample, reducing the signal from the polar compounds. Naturally, some
of the peaks overlap, so presence of unwanted compounds may also obscure some spectral fea-
tures.

The column and the elution procedure should provide the most effective separation of the
polar compounds, while not leaving any sample material behind. The three column types were
tested during the method development, namely the Discovery NH2, SCX, and Si columns.
The procedure for tests was as described above, but for columns other than silica an additional
elution step was necessary (see table III.2).

The benefit of the SCX and amine columns is the ability to additionally separate acidic
components from the basic. To elute the adsorbed material, an additional step after the D
fraction using formic acid or pyridine added to the eluent was used for the amine and SCX
columns respectively. The last fraction for each respective column for an example core extract
is presented on figure III.11. As can be seen, the last fraction of the NH2 column contains
mostly acidic components, identified by the carbonyl stretch near 1700 cm-1, while SCX col-
umn shows only small amounts of carbonyl-containing compounds, but yields all of the amide
signals. The silica column contains features of both in the proportions closer to which these
compounds are present in the sample. Since all of the important features are present in the



70 III From Chemistry to Flow Properties

Table III.2: Solvent elution scheme for the SPE procedure of core sample extracts on NH2,
strong cation exchange (SCX), and silica columns (Si).

Fraction NH2 SCX Si
A Heptane
B 20% Toluene / 80% Heptane
C Toluene
D 20% Methanol / 80% Toluene
E 15% Methanol / 80% Toluene / 15% Methanol / 80% Toluene / No Fraction

5% Formic Acid* 5% Pyridine* Collected
* Solution is prepared immediately before use

silica column, and sufficient separation is achieved, it was decided to use this column for the
routine measurements to form a large sample set. The reasoning is particularly reinforced by
the issues that appeared in some cases when more specialized columns were used, particu-
larly with the SCX solid phase. Since samples have different chemical composition and more
importantly, different distribution of the relative fraction masses, proper elution of the heav-
ier components from the column was often problematic. Interaction of the column material
with the sample and the eluent at the C, D, or E fractions caused noticeable column bleed and
clogging. The silica column does not have these issues and is generally more chemically stable.
The extracted material is quite heavy and viscous at room temperature, and the elution takes a
comparatively long time — 30-40 min for each fraction. Occasionally, the last fraction may
leave a visible residue after the defined volume of the eluent has been passed. In this case,
additional eluent or a stronger solvent can be introduced without the risk of damaging the
column or contaminating the sample if silica column is used.

Another issue with the eluent, primarily from the perspective of convenience, is that the
mixtures for the E fractions needs to be prepared as close to use as possible, for each analysis,
due to formation of emulsion after several hours.

The representative spectra of each fraction obtained on the silica column are shown on
figure III.12. The A fraction is primarily composed of aliphatic hydrocarbons with only a
trace of aromatics. The B fraction contains non-polar compounds with few fused aromatic
rings, and small amounts of carbonyl containing compounds, that likely do not form strong
hydrogen bonds to the silica surface, such as ketones. In the C fraction polar asphaltene
compounds elute, although amide-containing components only come in the D fraction. The
last fraction appears to contain components that have multiple carboxylic or amide groups,
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Figure III.11: The infrared spectra in the 1900-600 cm-1 range for the D fraction obtained
on a silica column, and E fractions NH2 and SCX columns for the Nana-1XP
drill core extract. The suggested important band assignments indicated in the
spectrum.

which is evident from the ratio of the respective signals to the CH-bending peak.
Samples are subject to the vacuum of the spectrometer, and do not exhibit any changes

over time, indicating that any moisture or solvent is effectively removed in the first minutes
of exposure. For the D fraction, when a thick film is obtained on top of the crystal, traces of
methanol are observed for ca. 10 minutes of exposure to vacuum. These signals are allowed
to completely vanish before spectrum is recorded.

III.3.4 Statistical analysis of the core extract data
Infrared spectra of crude oil even after chemical separation are very rich in information.

To extract the most out of the experimental data, and carry out this task for a large array of
samples to achieve statistically significant results, automated mathematical approach is desired.
The requirements for the method to be developed is that it is based on chemically meaningful
information found in the experimental data, i.e. presence and quantity of certain compounds
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Figure III.12: The infrared spectra in the 1900-600 cm-1 range for theA-D fractions obtained
on a silica column for the Nana-1XP drill core extract.

detected by their vibrational features.
Principal component analysis (PCA) is a conventional technique to analyze set of variables

extracted from the experimental results and detect correlations and anti-correlations between
them. This allows for minimization of the amount of information that needs to be used
to define a certain sample, and uncover the physical interpretation of statistical difference
between the samples91.

Two approaches can be taken here. The first, is to perform spectral peak fitting to use
the peak areas or other parameters as variables for the PCA analysis. Second, the data points
from the spectrum can be used directly as variables.

The former has the advantage of starting out with smaller amount of variables that have
more physical meaning, and it is less susceptible to the noise and spectral interference in the
data. The disadvantage is that it requires pre-established set of assigned peaks to be fitted
to each spectrum, regardless of chemical composition of the sample. This may become a
challenge as peaks often overlap, making properly distinguishing between them, and finding
exact peak positions and areas very hard without manually introducing fitting constraints.
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Most of the time to achieve satisfactory degree of consistency and reliability, peak fitting has
to be done manually or the result from automated fitting should be carefully reviewed. This
is time consuming and therefore restricts the number of samples that could be processed.

The second approach has the benefit of much shorter processing time and excludes human
error or bias from the analysis. On the other hand, the method has to deal with large number
of variables with multiple dependencies, of which one of the more challenging ones to elu-
cidate is the overlapping bands. As a consequence, the data may be affected by noise, small
baseline differences between the samples etc. The express nature of the method makes it the
preferred choice for studying large sample sets, but it requires a proper setup and validation.

The studies included in this work have the goal of establishing a statistical approach to
process spectroscopic data obtained from the drill core samples, elucidate the parameters that
best describe the chemical differences between the wells located in different geographical
points. The second objective is to validate the use of the express method to analyze the core
samples and apply it to understand the difference in chemistry in the wells of Valdemar field
and it’s link to crude oil production.

III.3.5 Samples from the South North Sea

Samples from Dan, Halfdan and Kraka were used to test and optimize both experimental
and statistical methods. In the figure III.13 the PCA analysis based on spectral fitting in the
fingerprint region (1800-600 cm-1) is shown. The variables were collected from all the three
column types. Replicates were used to assess the uncertainty of the analysis.

The samples form three distinctive groups based on the first two principal components
(PCs). The first principal component describes acid/amide mutual ratio, with samples on the
left containing mostly amides, while samples on the right are rich in carboxylic acids. The
second PC is primarily affected by the intensity of the aromatic C=C peak and the sub-band
with a maximum near 1680 cm-1, which can be attributed to the secondary amides.

The figure III.14 shows the second approach to the PCA with the same sample set. For
this case, data from the four fractions of each sample was used for the analysis, and the full
recorded spectral range was included. The groupings were chosen by the K-means cluster-
ing method. Overall, the distribution of samples qualitatively agrees with the results of the
first approach, although the indicated loadings suggest that C-H stretching and bending vi-
brations are contributing significantly to the variance of the sample set. Still, the carbonyl
stretching mode has the highest absolute contribution, and is the dominant component of
the first PC. The figure III.15 shows overlay of the two spectra on the opposite sides of both
principal components. The features contributing the most to the principal components are
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Figure III.13: Score plot of the principal component analysis of the drill core samples from
the Dan, Halfdan and Kraka fields by spectral peak fitting in the fingerprint
range. Colored circles indicate suggested grouping of the samples.

marked on the figure. Evidently, the most distinguishing features are related to the ratios
of the stretching modes, i.e. branching of the carbon skeleton, and comparative abundance
of the oxygen-containing compounds, presented by the carbonyl stretch at 1713 cm-1 with
respect to the CH bending mode. Surprisingly, the absorption of the amide compounds are
not among the first five major descriptors, even though the groupings are in good agreement
with the fitting-based method. The likely reason here is that in the abundance of primary
amides appears to be anti-correlated with the carboxylic acids.

The overall conclusion regarding this set, is that samples are sufficiently differentiated
based on the chromatographic separation on a silica column. The preliminary results from
the PCA carried out for this set shows that generally the same groupings can be obtained by
using either the full spectral range or just the fingerprint region of the infrared spectrum.

Apart from the benefit of being fast, analysis based on using the spectral data points di-
rectly has extra advantages. Using the C-H stretching bands can be quite challenging in
practice, as polar fractions contain carboxylic group, that in turn produce strong absorbance
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Figure III.14: The bi-plot of the principal component analysis of the drill core samples from
the Dan, Halfdan and Kraka fields performed directly on the infrared spectra
of the fractions obtained on the silica columns. The orange vectors on the plot
represent the dominant contributions to the principal components.

in the 2800-3600 cm-1 related to the O-H stretching mode of the strongly interacting acid
molecules, introducing baseline tilt under the C-H stretching peaks. This is a major prob-
lem when peak fitting in this range, but likely can be easily addressed with a point-by-point
approach, as it could take into account the intensity contribution from the O-H stretching
band.

III.3.6 Samples from the Valdemar field
The samples from the Valdemar field were analyzed using the finalized method employing

only the silica column with four fractions produced. Both methods of performing principal
component analysis were used. The fitting was performed on the D fraction only, in the
1800-1500 cm-1 spectral range, with the purpose of focusing on the differences in the polar
compounds. The direct PCA of the infrared spectra was performed on a combination of the
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C and D fractions, as this combination appeared to produce the most consistent grouping.
On the contrary, the A and B fraction did not show any clear correlation and the variance was
comparable to experimental noise.

Examples of the infrared spectra of the D fractions for the samples originating from the
Valdemar field are given in the figure III.16. Significant variance in the vibrational features
is observed for the samples studied. By observation, it appears that the acids, amides and the
aromatic peaks are presented in vastly varying proportions with respect to one another.

The examples of peak fitting used to produce PCA plots is given in the figure III.17. In
the most simple case, the spectrum in the desired range is presented by two strong peak,
corresponding to the carbonyl stretching mode and the aromatic C=C vibrations. Most of
the spectra also show a very clear “shoulder” feature on the carbonyl peak near 1760 cm-1,
most likely attributable to another carbonyl compound.

On the careful inspection of all the samples side-by-side, changes in peak intensity allows
us to uncover additional features. These are bands at 1683 cm-1, that appear as a shoulder
on the carbonyl peak, often almost entirely concealed by it, and a band with a center close
to 1580 cm-1. The latter is attributed to a aromatic vibration like the 1605 cm-1 band, or
potentially it could be associated with carboxylate ion vibration.

The band at 1683 cm-1 could be attributed to the C=O stretch in the secondary amide
group. Such a group would also have a weaker characteristic vibration below 1525 cm-1, at
least for the smaller model compounds. Lastly, a weak band near 1740 cm-1 is observer a
shoulder on the carbonyl peak. As this band is very weak, it only shows up clearly in a few
observed samples, where the stronger bands obscuring it are smaller. Unfortunately, there is
not clear information about the nature of this band, but due to the fact that it often appears
as a distinct shoulder, it is necessary to use to reduce the error associated with fitting other
bands. Naturally, extra care has been taken to produce meaningful peak fits for the bands that
are strongly overlapped in many samples, yet it should be noted that uncertainty associated
with exact peak positions and areas are somewhat larger from sample to sample. The most
important part of the method was to restrict the peak position to within 5 cm-1 of the average
value observed, and the fits were reiterated several times.

The second spectrum on that figure shows a case where a detectable amount of primary
amides is present in the sample. Two signals are characteristic of these compounds, assigned
at 1660 cm-1 and 1632 cm-1, for the C=O stretching and NH2 bending respectively.

The results of the PCA analysis on the fittings are shown in figure III.19. Loadings vectors
correspond to the assignments on figure III.17. Three groups can be obtained from the analy-
sis. The main principal component differentiates the samples based on the presence of primary
amides (negative vectors E, F), acids, aromatics or secondary amides (positive contributions).
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Figure III.16: The infrared spectra of the D fractions separated on a silica SPE column for
the samples extracted from the drill cores obtained in the Valdemar field.
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Figure III.17: Examples of spectral peak fitting performed as the basis for the principal com-
ponent analysis of the crude oil extracts from the drill cores. The average peak
positions and attributed notations for the following figure are indicated next
to the corresponding peaks.
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Figure III.18: The ab initio calculated infrared active molecular vibration of a model primary
amide compound. The carbonyl stretching (left) is located at higher wavenum-
bers than the NH2 bending mode (right).

Basically, without considering the second principal component, the PCA scores show gradual
distribution of samples from nitrogen-rich (amides) to oxygen-rich (acids/ethers). The sec-
ond principal component is responsible for establishing the third group alone, based on the
quantity of secondary amides (G). The G vector is anti-correlated with the D (acids), which
could be in part due overlap of these two peaks and the associated uncertainty in estimating
the area of the peaks, since they share the total model intensity to be reproduced. There ap-
pears to be general correlation between the D and I variables, and the B and H ones. The
former pair suggests that the 1580 cm-1 band (I) is caused by carboxylate vibrations. Perhaps a
more detailed investigation complemented by the GC-MS techniques might reveal structural
dependencies between those features.

The examples of spectra measured for the representative samples from each group are
shown on the figure III.20. The sample from the amide group has a comparatively small
amount of carboxylic acids and the aromatic peak is weaker. The samples from the other two
groups, on contrary, have strong acid peak and the aromatic peak at 1600 cm-1. Those two
spectra are mostly differentiated by the evident shoulder of the secondary amide and different
ratios of the CH-bending/acid peaks.

The results of the analysis should be compared against the second approach to the PCA.
The figure III.21 shows the bi-plot of the direct PCA on the combinedC andD fractions. The
comparison of the two plots indicates that the results are similar between the two methods.
The variables contributing to the principal components are also more consistent with the
fitting method, as both the acid and one of the amide peaks are present among the highest
contributors. Apart from those, the CH-bending mode and a peak in the fingerprint region
are important to the score distribution. Samples can be categorized into three to five groups
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Figure III.19: The bi-plot of the principal component analysis performed for the D fractions
of the drill core extracts from the Valdemar field. The blue vectors indicate con-
tribution of the variables, measured from the spectral fitting (see fig. III.17), to
the first two principal components. Based on the resulting scores, the samples
are grouped into the three groups indicated by the circles.
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Figure III.20: The infrared spectra of the example D fractions obtained from the samples
in the three groups, as attributed from the fitting-based PCA. The primary
differentiation features of the samples are indicated on the spectra as the cor-
responding peak assignments.

based on the K-means cluster analysis.
The acids and amides present in the studied samples are one of the most interesting de-

scriptors of the oil properties, as these are the particular compounds capable of forming strong
intermolecular bonds, which includes bonding to other acids/amides, different polar com-
pounds with, perhaps, will less pronounced ability to form hydrogen bonds (e.g. ketones), or,
of most importance, to the surface of the reservoir rock. The latter could be the defining factor
to the mobility of the oil. Overall, it seems that the difference in these compound classes is
the most clear chemical difference in the chemistry of the wells, that were investigated in this
study, that can be obtained by the infrared spectroscopy.

The figure III.22 shows results of quantification of the acid and amide content in the
extracted oil of the Valdemar drill core samples. The spectra were normalized by the CH-
bending peak, which should not have any overlap with the signals of the quantified groups, and
should also closely represent the reference for the “total organic content” measured in the ATR.
This step is necessary, as penetration depth of the infrared beam in the ATR measurements is
dependent on the refractive index of the sample, the wavelength of the light, and is ultimately
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Figure III.21: The bi-plot of the principal component analysis of the drill core samples from
the Dan, Halfdan and Kraka fields performed directly on the infrared spectra
of the fractions obtained on the silica columns. The red vectors on the plot
represent the dominant contributions to the principal components.
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limited by the thickness of the layer on the diamond crystal of the ATR module. For these
reasons, a reference peak located as close as possible to the quantified bands is necessary for
quantitative applications in our scenario.

The observation from these results is that the acids are present consistently in all of the
samples and in dramatically higher concentrations than found in any of the produced fluids
fractions. The concentration of amides varies a lot more across the sample set. The quantity
of amides in the Bo-2X wells is comparable to the uncertainty of fitting. It can be noticed,
that for most wells, the quantity of acids is inversely proportional to the quantity of amides.
As such, all of the N.Jens wells are amide-rich and do not show as much acid content as Bo
wells.

III.4 Concluding remarks

The infrared spectroscopy has proven to be a powerful tool to experimentally measure the
chemical differences between crude oil samples. The samples sourced from the different geo-
graphical locations within each oil field show substantial chemical differences in the quantities
of polar oxygen- and nitrogen-containing compounds, namely carboxylic acids, primary and
secondary amides. The data can be obtained with the ATR method with less sample prepa-
ration and average analysis time than is usually the case with high-resolution GC techniques
applied to heavy heteroatom compounds200, and as such constitutes an excellent complemen-
tary technique to the latter.

Samples show distinct intercorrelations, and can be grouped with the PCA based on the
observed chemical composition in polar compounds, oil maturity, alkyl chain branching, de-
gree of aromatic condensation, all accessible in an express manner from the IR spectrum. The
groups can then be used to explain specifics of phase and flow behavior, and allow to plan
better approaches to increase the oil recovery factor.

The principal component analysis is one of the more classic methods of statistical inter-
pretation of data, and for the coming project we plan to explore the modern and advanced
techniques to maximize the amount of information that can be extracted from the IR experi-
ment.

The IR spectroscopic method is not the most in-depth method, when it comes to extract-
ing information regarding saturates and polyaromatic hydrocarbons. While there are several
descriptive parameters that may be obtained in a fairly express way, the best result can be
achieved if the technique is supplemented by the GC-MS techniques that are dedicated to
this exact purpose201.
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Figure III.22: Quantification of acids (top) and primary amides (bottom) in the oil wells of
the Valdemar field based on their characteristic bands (indicated on the axes)
in the D fraction of the extract. Spectra were normalized by the CH2 bending
mode.
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The average composition of the drill core extracts is heavier and more rich in asphaltenes
and resins than was observed in the true boiling point distillates. Even the heaviest non-
distillable fraction of the produced oil sample contains small amount of acids compared to the
proportion of the latter in the drill core exracts. The mass of theD fraction of the extract ranges
from 15-45% across the samples from the Valdemar field. Carbonyl-containing compounds
are observed in lesser amounts in the C and B fractions as well. This suggests that the vast
majority of the acidic compounds and amides is retained on the rock surface after the oil has
been produced, and leaving this fraction behind has detrimental impact for the recovery factor,
as well as potentially has the determining impact on the flow of the fluid during production.

The carboxylic acids, amides, etc., observed in large quantities on the chalk surface, are
capable of forming strong hydrogen bonds. This causes association of molecules between
themselves via the functional groups, to other hydrocarbons through non-specific van der
Waals interactions, and through hydrogen bonding to the charged calcite surface, ultimately
immobilizing the oil on the rock. These three types of interactions deserve in-depth analysis
to be properly accounted for in the advanced thermodynamic models that aim to go beyond
the PVT basis.

The chapter IV is focused on obtaining the necessary thermodynamic data by directly ob-
serving isolated hydrogen-bonded molecular complexes, with the goal of developing a scalable
model that can be used to accurately predict hydrogen-bonding potential of a given molecule
from its structure. The modern theoretical methods are limited in that regard, as the errors of
estimating the vibrational contributions exceed 20% due to the vibrational anharmonicity, but
can potentially be corrected by combining supplementing high-level theoretical calculations
with the direct spectroscopic observables of associated with the intermolecular interaction.

The chapter V deals with finding similar corrections for the thermodynamics of van der
Waals interactions and weak interactions with sulfur-containing compounds. Van der Waals
interactions, albeit weak when considering a single contact, are present universally in the
condensed phases, and add up to become the determining factor in many processes, e.g. su-
percritical CO2 flooding, non-polar solvation of asphaltenes etc.

The interactions with the surface are unsuitable to study by conventional infrared spec-
troscopy. Recent studies in the literature apply a variety of techniques, such as constantly
advancing classical and quantum molecular dynamics simulations202. From the experimental
perspective, the recently developed nano-IR approach, combining infrared spectroscopic ca-
pabilities with the resolution of the atomic force microscope has a lot of promise to address
this topic203.



CHAPTER IV
Molecular Association

Mechanisms Involving Strong
Hydrogen Bonds

As mentioned in the introduction, there are several spectroscopic features that could be
used to characterize intermolecular interactions. Firstly, there is a general observation that the
spectral shifts in the fundamental vibrational modes of the interacting molecules are related
in magnitude to the strength of the interaction. In a large molecule, most of these are too
small and overlapping to be used as a sensitive probe of the interaction, with few exceptions,
most notable of which are the intramolecular stretching modes of bonds like O-H···O.

These modes have been used extensively throughout the history as means to estimate
the relative stability of hydrogen bonded complexes204. Due to the coupling between the
symmetric and asymmetric stretching modes of the hydrogen bond donor (HBD) in a water
molecule, calculating the spectral shift of the intramolecular stretching mode is challenging205.
Secondary interactions of the acceptor molecule with the oxygen atom might also affect the
spectral shift. The issue is well demonstrated on the basis of previous studies of the sulfur
complexes, where comparison of O-H···O and O-H···S related spectral shifts, at the time
without support of modern high-level calculations, led to erroneous conclusions that sulfur is
a better proton acceptor than oxygen, and for that reason molecular complexes of sulfides with
water would exhibit larger dissociation energies on the basis increased electrostatic interaction,
when compared to their oxygen counterparts (e.g. alcohols, ethers). The conclusion was
drawn from the fact that O-H stretching mode of water in sulfur complexes were found
below that of water dimer in matrix isolation studies206,207. Extensive computational works
have demonstrated that it is not the case208.

The intermolecular vibrational modes of a complex, originating from the rotational and
translational degrees of freedom, generally comprise a large portion of the total ∆ZPE. The
hydrogen bond is highly directional, so the strength of that bond could have a very strong
link to the angular rigidity of the donor, acceptor and the radial rigidity of the binding pair,
represented by the respective intermolecular hindered rotations, or librational modes. The
work of Saykally’s group demonstrated with the use terahertz VRT spectroscopy, that exci-
tations to the out-of-plane librational mode causes dramatic decrease of the lifetime of the



88 IV Molecular Association Mechanisms Involving Strong Hydrogen Bonds

water trimer, concluding that this angular motion is critical to formation of non-covalent in-
teractions209–211, in agreement with the molecular dynamics (MD) study of Luzar and Chan-
dler212. Yu and Klemperer have compared the experimental dissociation energies of a range of
HF molecular complexes against their respective donor out-of-plane bending frequencies71.
They have observed that there is a decent linear correlation between vibrational frequency of
the mode and the square root of the zero-point dissociation energy (D0) of the complex. The
choice of systems in that study was primarily governed by the fact that HF complexes gener-
ally have the librational band positions available in the literature for a wide range of complexes,
as it has a higher donor capability, compared to water. As a consequence, also many of the
systems have accurate dissociation energies found experimentally. The end sample set com-
prises a structurally and energetically diverse selection of complexes, with interaction energies
ranging from 400 to 2867 cm-1.

Nevertheless, the sample set consists of small systems, mostly of linear structure. Such
complexes are ideal, in terms of the vibrational mode utilized as a probe being highly isolated,
minimal secondary interactions, and, for the most part, negligible expected contribution from
the London dispersion forces. But, when considering different donor and acceptor moieties,
one cannot say from a single set of complexes, how would other systems with different chem-
ical structure compare, and what is the precision to which the dissociation energy could be
predicted from the librational band position. In practical applications, non-covalent inter-
actions are usually found involving large and complex systems of non-linear and often non-
rigid structure, having freely rotating methyl groups, multiple structural conformations, etc.
In such systems, one could readily expect secondary interactions competing with the main
hydrogen bond, as well as much higher overall contributions from dispersion forces.

The N-, S- and O-containing compounds are at the core of pharmaceutical and petroleum
industries, as well as multiple directions of the green chemistry developments. It would then
be useful to investigate the possibility of utilizing experimental observations of the librational
mode to accurately measure the interaction strengths involving these atoms and relevant func-
tional groups. We chose to approach this by investigating systematically a series of complexes
involving O-containing homologous compounds, with the aim to determine how differences
in the molecular structure of the individual substituents would affect the hydrogen bond ac-
ceptor (HBA) properties of the molecule. Systematic trends could then be extrapolated to
obtain values for a compound of interest. As the next step, investigating groups of analogues
with different acceptor atoms would shed the light on the specific change in behavior this
brings.
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IV.1 Microsolvation of oxygen-based compounds

As the target systems for the O-H···O bonding type investigation we have chosen to use
a set of ethers. These compounds have the R-O-R’ structure, and the benefit of it is that the
oxygen atom is in direct contact with the substituents, yielding the maximum effect of the
structure of the latter on the donor/acceptor properties of the molecule. Additionally, many
ethers are widely available commercially in high purity, and those that aren’t could easily be
prepared by Williamson method213 in laboratory conditions. Ethers themselves are widely
applied in industry214, synthesis215, extraction of natural compounds, EOR216,217, and other
fields, so data on microsolvation of these molecules is also of direct scientific application. From
the experimental standpoint, a big advantage is that ethers are the hydrogen bond acceptors
only, and form no homo-complexes.

IV.1.1 Experimental details

The diethyl (DEE), diisopropyl (DIPE), n-butyl methyl (BME), tert-butyl methyl
(TBME), tert-butyl ethyl (TBEE), cyclopentyl methyl (CPME) and propyl methyl (PME)
ethers were purchased from Sigma-Aldrich, were of the HPLC grade (>99.9%, inhibitor-
free), and were used without any further preparation. Anisole (phenyl methyl ether, PhME)
and phenyl ethyl (PhEE) ethers were additionally dried over molecular sieves 4A. Several
milliliters of the liquid were sampled into a glass vial fitted with a PTFE stopcock and de-
gassed under vacuum at about -50°C to remove the dissolved air and traces of CO2.

The dimethyl ether gas (99.9%) was transferred from a lecture bottle into a glass volume
through a cold trap and was further distilled from traces of nitrogen using a LN2 freeze-
pump-thaw cycle. Ethyl methyl ether was prepared according to Williamson method from
ethyl bromide and sodium methoxide solution in methanol, with the product then distilled
from moisture and air using a LN2 trap. Water was prepared by placing a few milliliters of
Milli-Q grade water in a glass vial fitted with a vacuum valve and degassing under vacuum.

For the matrix deposition, a 5 L glass volume was filled with 2 mbar of the respective ether
and 0.5 mbar of water pressure. In these conditions, we have found that almost no trimer
formation is observed in the matrix, while sufficient quantity of mixed dimer is produced for
the measurement. To check the assignments, complementary measurements were done with
a 3+1 mbar ether/water sample pressure. The matrix isolation experiments were then carried
out as described in the methods section (see II.3).
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IV.1.2 Results and analysis

The infrared spectra of the matrices have been obtained in the entirety of the region. The
O-H stretching region for all the ether systems studied is presented on figure IV.1. For all the
systems, the observed shifted stretching band of water bound in the complex is located below
the corresponding mode of the water dimer. Such behavior indicates that all the systems
exhibit stronger hydrogen bonds, compared to the one found in the water dimer. Structurally,
bands are quite broad and complex, comprised of multiple peaks. Particularly so for the cases
of aliphatic ether - DME, EME, PME and DEE.

As only minimal amounts of the trimer species are formed and detected at these con-
centrations, one of the explanations could be related to the axial rotations along C-C bonds.
Additional features could arise due to multiple possible conformations trapped in the matrix
environment - see figure IV.2. All of the systems having ether as a HBA, are capable of form-
ing these two types of conformers, although in case of the water complexes, not all quantum
chemical methods are reliably locate that minimum.

The fragments could be mutually oriented in two ways - in case of water complexes, it is
either the oxygen or hydrogen that are in the proximity of alkyl groups of the ether. When the
oxygen is closer to methyl groups, secondary electrostatic interaction as well as dispersion are
increased, which are in direct competition with the primary hydrogen bond, causing the strain
and deviation of the bond angle from the ideal 180 degrees, while the alternative structure
is dominated by the hydrogen bond itself. The global minimum corresponds to the former,
although exact difference could not be pinpointed for the case of water, as only the most stable
conformation is always obtained, with the exception of few DFT methods. For that reason,
the methanol complex is used as an example.

On figure IV.3, the O-H stretching spectral region for the matrices containing both DME
and water and the respective reference spectrum of pure DME are presented. The traces of
water, found in the matrix of the latter, produce small amounts of dimers, with the structure of
the band similar to that in the actual water experiment. Several distinct peaks can be observed
in both spectra. On annealing of the matrix, almost exclusively only one peak is growing. We
would assign it to the most stable conformation of the dimer. At the same time, a small growth
is observed in an originally stronger peak, which is in agreement with the suggested second
conformation. Exact positions of either are hard to explain without accurate theoretical model
for each structure. The faster growing peak is more red-shifted and, likewise, the calculations
suggest that the more strained structure is the most stable one.

When it comes to the larger complexes, the O-H stretching bands seem narrower and
yield more simple structures, although always represented by at least a two distinct peaks,
which can be clearly seen in the case of the TBME complex. In all cases, annealing has
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Figure IV.1: The OH-stretching region of the infrared spectra of the ether/water doped neon
matrices. Red traces indicate assigned shifted donor OH-stretching modes of
water. Blue trace indicates same mode in the water dimer.
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Figure IV.2: The calculated structures of DME - methanol molecular complexes. In these
possible conformations, donor can be attached in way that favors either the pri-
mary hydrogen bond (left) or secondary and dispersive interactions (right).
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Figure IV.3: The O-H stretching spectral range of the matrix isolated mixtures of DME and
water (black) and pure DME (blue). Post-annealing spectrum of the latter (red)
was collected after 10 minutes of heating to 10 K. The spectra of pure DME are
multiplied 10 times for comparison.
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demonstrated different growth rates, indicating multiple conformations of the complex.

Overall, the complexity of the bands and the observed spectral shifts lead to the conclusion
that, generally, the uncertainty of the analysis is comparable or exceeds the difference between
the complexes, when the stretching mode is used as an indicator of the hydrogen bond energy.
Classical theories would suggest that the inductive effect would yield a large change in the
charge and acceptor capabilities of the oxygen atom in these systems. A special interest could
be drawn to the cases of aromatic ethers - anisole and ethoxybenzene. In a Ph-O-R molecule,
oxygen is engaged in the aromatic system and is subject mesomeric effect (-M), withdrawing
electron density from the atom, which should significantly reduce the acceptor property of
the ether. Additionally, such electronic conjugation also restricts mutual orbital orientation
for the oxygen and the aromatic carbons, and as a consequence - the structure of molecule and
the respective complex in such a way, that significant effect of the London dispersion forces
is unlikely (see fig. IV.8). Still, the stretching mode of the complex is found below that of the
water dimer, suggesting that it is stronger.

IV.1.2.1 Computational analysis of structure

To interpret and analyze the experimental data, results were supported by ab initio calcula-
tions of the structures and vibrational spectra for all systems. For most systems, only one con-
formation was found. All the systems were found to be clearly hydrogen-bonded complexes
with water as the hydrogen bond donor in those clusters. From the structural perspective, the
bond lengths and H-O-H∙∙∙O angles were determined, as well as the partial charges located
on the oxygen atoms of the ethers, calculated by means of the CHELPG method of Bren-
eman and Wiberg218. In this approach, the charges are fitted to reproduce the electrostatic
potential calculated from the electronic structure, on a grid along an arbitrarily chosen surface.
For our case, the standard van der Waals radii used in COSMO219 were used to generate the
surfaces. Finally, the vibrational frequencies and spectra were calculated for the systems and
summarized along with the aforementioned parameters and the experimentally determined
band positions in table IV.1.

The further analysis involves obtaining highly accurate dissociation energies using the
DLPNO-CCSD(T) method sufficiently close to the basis set limit and then breaking down
the interaction energy between the fragments into physically meaningful components, by
exploiting the local pair nature of the method, and evaluate the relevance of using the libration
or the stretching mode as a gauge of the intermolecular bonding.
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Table IV.1: Summary of the structural parameters, partial atomic charges 𝛿-O on the oxy-
gen atom by the CHELPG method, the calculated and experimentally deter-
mined O-H stretching and out-of-plane librational band positions. The hydro-
gen bond lengths are given in angstrom, vibrational frequencies are in cm-1.

System 𝛿-O Length Angle 𝜈OH,exp 𝜈OH,calc 𝛿oop, exp 𝛿oop, calc 𝛿 𝑒𝑥𝑝
𝑐𝑎𝑙𝑐

H2O 0.728 1.9429 171.7 3590 3732 522.4 628.0 83.2
DME 0.194 1.8666 164.8 3543 3656 546.6 653.2 83.7
EME 0.297 1.8638 165.4 3526 3644 549.1 658.0 83.4
PME 0.327 1.8679 161.8 3522 3643 547.3 651.8 84.0
BME 0.352 1.8682 161.5 3523 3642 551.7 650.7 84.8
DEE 0.405 1.8656 168.6 3508 3639 560.1 669.2 83.7

DIPEa 0.592 1.8584 168.8 3505 3629 559.6 667.8 83.8
DIPEb 0.592 1.8600 167.9 3505 3631 559.6 666.9 83.9
TBME 0.453 1.8476 167.4 3486 3615 567.0 685.4 82.7
TBEE 0.536 1.8539 165.2 3484 3607 574.5 693.0 82.9

CPMEb 1.8543 173.0 3511 3644 561 670.9 83.6
CPMEa 0.320 1.8488 173.4 3511 3644 552.6 647.1 85.4
PhME 0.370 1.9138 174.4 3580 3729 488.0 589.6 82.8
PhEE 0.458 1.9332 172.9 3578 3727 477.3 582.8 81.9

IV.1.2.2 Aliphatic ethers as hydrogen bond acceptors

The simple-most type of ethers are aliphatic ethers, containing linear or branched satu-
rated hydrocarbon substituents. Alkyl groups are considered to provide +I (positive inductive)
effect, i.e. are the electron donating groups. However, when compared to water, due to the
fact that carbon is more electronegative than hydrogen, the partial charge on the oxygen atom
would be lower in a dimethyl ether molecule, which is confirmed by the CHELPG calculation.
The larger alkyl groups provide a higher +I effect, which quite rapidly drops off with distance.
Thus, a two ethyl groups result in a higher partial charge, than a straight-chain butyl group
and a methyl group. From a quick inspection of the table, it can be seen that in reality there
is little correlation between the calculated charges and the experimental or theoretical band
positions of either mode in question. Particularly so for the case of n-alkyl ethers, where the
charge is gradually increasing with the chain length, while the apparent bond strength does
not.

The structures of the complexes are presented on figure IV.5. In the case of dimethyl ether,
a broad band stretching from 550 to 515 cm-1 is observed with the peak near the known
water dimer band at 522 cm-1. On annealing of the matrix, a sharp peak with a maximum at
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Figure IV.4: The far-infrared spectral region of the ether/water doped neon matrices. The
blue traces correspond to spectra of the matrices as-deposited, red traces are the
spectra of the matrices after annealing at 10 K, and the black traces are their
difference. Black dashed lines indicate assigned out-of-plane librational modes
of water in the complexes and the water dimer.
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546.6 cm-1 is revealed. It is the only peak in the dimer range gaining intensity, which leads
to the conclusion that it corresponds to the most stable conformation of the complex.

Additionally, a band near 600 cm-1 is observed. It persists across the wide range of concen-
tration ratios, from 12:1 to 4:1 DME-water, and varying dilutions. Its intensity dependence
is hard to distinguish from that of 546.6 cm-1. For the moment, it is tentatively assigned to a
trimer complex of DME∙(H2O)2 composition. It is predicted to have a water-water libration
ca. 20-30 cm-1 above that of the dimer in the harmonic approximation, with an intensity
about 3 times higher of the respective dimer mode, which could explain its persistence in the
experiments at low concentrations.

At the same time, the band at 524 cm-1 shows a weak annealing effect at low concentra-
tions, making it unlikely to correspond to a stable dimer conformation, still it is also present
in all the experiments, and unlike the assigned band, is evident without annealing. Originally,
Nelander assigned the libration to this band220, although its position is significantly different
from the same assignment in the argon and krypton matrices. Unfortunately, the correlation
of intensity with the band in MIR was not clear for either of the bands, but a significant
annealing effect could be observed on some of the subpeaks of the main band, namely peak
at 3522 cm-1 (see fig. IV.3). The band at 546.6 cm-1 is the best candidate according to the
calculated shift from the water dimer and the absolute band position estimated by the combi-
nation of CCSD(T)-F12 and VPT2 anharmonic calculation. As this system is virtually the
starting point in the trend, we cannot conclude the assignment based on calculations alone,
and therefore the assignment is then reinforced based on the results from the homologous sys-
tems. Finally, it should be noted that adjacency to a two free rotors is present in the molecule.
It is entirely possible that the vibration is strongly affected by them, to the point where the
simple harmonic approximation used is not reliable. To address this issue, we could reference
a previous study of the methanol - water complex221, where the out-of-plane librational band
was assigned at 527.5 cm-1, supporting the current assignment, albeit indirectly.

Ethyl methyl ether (EME) continues the trend of having a broad initial structure of the
librational band. On annealing, the high-energy side of the band is lifted, producing a max-
imum corresponding to 549.1 cm-1, identified in the difference spectrum. The position of
the band correlates with theoretical predictions, although exact shift is substantially smaller
than estimated, 2.5 instead of 4.8 cm-1. The band near 520 cm-1 is below any signal found
in DME experiment and very accurately reproduces the water dimer band position. These
points reinforce the assignment for the DME-water complex.

Propyl methyl ether (PME), on the other hand, breaks the pattern, as it provides a very
clear-cut librational band assignment below that of the previous ether. Additionally, the
structure of the band gravitates more towards a single peak, rather than a broad peak with
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Figure IV.5: The calculated structures of the alkyl ether monohydrates. The dotted blue lines
indicate hydrogen bonds. For diisopropyl ether (DiPE), two distinct conforma-
tions of the complex were found.

an indication of substructure. The peak position correlates with the theoretical predictions,
indicating that the band position should indeed be expected 6 cm-1 lower than in the EME
complex, but still the magnitude of the shift is less in the experiment, only 1.8 cm-1 lower with
the band position at 547.3 cm-1. The structure of the EME and PME complexes starts to
show gradual twist of the water molecule with oxygen pointing towards the larger substituent,
likely caused by a dispersive interaction. The measured dihedral angles are 180.0, 177.0, 174.9,
174.4 degrees for DME, EME, PME and BME complexes, respectively. PME is also the
first ether in the trend to have shown a significant change in the hydrogen bond angle. These
facts signal that the secondary interactions strain the hydrogen bond.

The butyl methyl ether (BME) experiment shows a strong peak at 551.7 cm-1 followed
by a broad feature at the lower frequencies. In mid-infrared, annealing shows growth of the
stretching band of the dimer only, so all the changes occurring in the FIR range are also likely
related exclusively to the various configurations of the dimer. While there is no annealing
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effect directly on the primary band, small sub-bands increase around it, so the band provides
a good general estimate within a 2-3 cm-1 margin of error. According to the calculated vibra-
tional spectrum, the band position should be slightly lower than that in PME. The fact that it
is not, may be explained by the fact that as the ether molecule grows in size, the contribution
from secondary dispersive interaction also grows disproportionally to the electrostatic part.
The MP2 method, being a perturbative approach, is known to overestimate the electronic
correlation component, which is mainly the dispersion, and therefore overestimates the mag-
nitude of the secondary interaction. In the case of PME, the shift was expected to be larger,
but due to the change in electrostatic and dispersive components compensating each other,
the difference in the band positions was smaller in the experiment. Therefore, in the case of
BME, a small blue shift with respect to PME band position is justified.

Diethyl ether (DEE) represents a larger symmetric ether. The hydrogen bond length is
shorter than in the EME complex, and the bond angle is back to 169°. Naturally, water is
in the plane of symmetry of the complex as well. All the observables indicate a significant
increase in dissociation energy, compared to the asymmetric ethers mentioned above. In FIR
the librational band includes at least two peaks, but there is clear domination of the high-
frequency peak. In the post-annealing spectrum, also the same two peaks are observed, but
well isolated, and again clearly dominated by the assigned peak.

For the diisopropyl ether (DiPE), we have found two conformations of the complex.
While these are quite different in their structure, they are very close in all the tracked observ-
ables and the calculated dissociation energies. Interaction between substituents may cause
large conformational barriers, excluding internal rotations in the matrix experiment condi-
tions, and it is very unlikely that the complexes formed with this ether would change their
conformations on annealing as well. These factors result in the FIR band being rather sym-
metric and narrow, when compared to the other ethers. The annealing results in a small
overall shift of the band, with the end position chosen as the assignment. In agreement with
theory, the band position is slightly lower than found for the DEE complex, with roughly the
same bond lengths and angles. The dihedral angles, on the other hand, are very distorted, and
are 142° and 157° for the conformations A and B, respectively. Naturally, one could expect
a noticeable deviation from expected band position in that case, which would otherwise lie
higher, since it is reasonable to assume stronger inductive effect from two large branched alkyl
groups.

The ethers containing a tert-butyl substituent demonstrate two distinct peaks in MIR and
a comparatively complex case in far-infrared region. For the case of TBME, two broad peaks
are found for the libration, that show some difference in the annealing behavior. When de-
posited at minimum temperature, OH-stretching band has the maximum intensity difference
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Figure IV.6: The far-infrared spectral region of the neon matrices doped with
TBME/TBEE/CPME with water, indicating the bands assigned to dimers
(D) and trimers (T). Blue traces correspond to matrices as deposited, red traces
are post-anneling spectra, and green trace is reference spectrum of the ether,
that does not have water added during deposition. Black traces correspond to
annealing difference spectra.

between the two MIR bands (see fig. IV.1). On annealing, both peaks gain intensity, but at
different rates, with the less intense peak at 3504 cm-1 growing faster, finally stabilizing at a
point where the peak is only slightly lower than the 3485 cm-1. In the FIR range, annealing
also leads to the asymmetric difference, yet the exact position of the peak at the higher fre-
quency changes (fig. IV.6). The results are very closely reproduced with multiple experiments
in varying concentration conditions. It can be concluded that there is a correlation between
the bands in MIR and FIR by relative gains in matrix annealing. The high frequency band
near 587 cm-1 in FIR follows the 3485 cm-1, while 3504 cm-1 follows the peak at 567 cm-1.
For now, we tentatively conclude that the peak pairs correspond to the TBME-water com-
plexes, with the 567 cm-1 peak corresponding to the dimer, while the 587 cm-1 is a trimer
complex containing two water molecules. Computationally, we have only found one confor-
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mation of the complex for both TBME and TBEE with an alike structure. With the many
methyl groups adjacent to the bond, it is extremely challenging to have a more reliable expla-
nation based on theory, but the main conclusion at the moment is that the introduction of a
tert-butyl group significantly increases the ethers’ hydrogen bond acceptor properties.

The mid-infrared spectrum of the tert-butyl ethyl ether (TBEE) experiment shows the
same initial distribution of intensity among the two peaks, but both are broader, and located
several cm-1 lower than the corresponding signals of the TBME complex. On annealing
only minor changes are observed, with the main peak at 3484 cm-1 showing the most gain,
in contrast to the case of TBME. In FIR the band is broad and shows only minor signs of
structure before annealing. A broad symmetric peak at 582 cm-1 grows when the matrix is
annealed, which we tentatively assign to the trimer species containing two water molecule.
A peak fitting of the band uncovers that the second peak has a maximum around 574 cm-1,
which we assign to the dimer species.

Figure IV.7: Calculated structures of cyclopentyl methyl ether hydrates.

The cyclopentyl methyl ether experiment shows a very narrow stretching band compared
to other systems, yet it is still with distinct subpeaks. The annealing mostly affects the primary
peak at 3511 cm-1. In contrast, the far-infrared band is very broad and asymmetric. The band
at 567.5 cm-1 is a weak CPME ring vibration. A trace band is observed at 561.3 cm-1, which
demonstrates a small annealing effect. The band could be detected in a “dry” experiment
(green trace), and does not directly correlate to neither monomer bands nor the stretching
band of the complex. In the high concentration experiment, both “as-deposited” and annealed
spectra show that the 552.6 cm-1 is vastly exceeding other features.

Two structures were found for the complex. The energy difference between those struc-
tures is quite large, as well as structural differences, so it is reasonable to not expect rearrange-
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ments on annealing in cryogenic conditions, as rotation of the cyclopentyl ring is necessary.
The calculated librational band positions for the conformations differ by 23.8 cm-1, though in-
terestingly, the stretching mode frequency is exactly the same, within the error of calculation.
This explains the overall narrowness of the stretching band in the matrix and its annealing
behavior, which shows a set of resolved narrow bands growing. The total energy of the con-
formation A is significantly lower, and the calculated libration mode band origin explains the
experimental result quite well. The scaling factor to the harmonic frequency is quite close
to those observed for other systems, yet it is slightly higher, which is in agreement with the
other large systems, where dispersion plays a major role.

Due to the large size of the system, one could expect a multitude of conformations within
the crystal lattice of the matrix, which cannot be significantly changed once the crystal is fully
formed and cooled down during the deposition. Perhaps the particularly perturbed forms of
the complex exist in the matrix, and since we were able to find two minima structures with
very different estimated libration band positions, this would explain particular broadness of the
band, and its asymmetry, as it gravitates towards the more thermodynamically stable structure.
The latter could be due to the distribution of monomer conformations in the gas phase, or
the partial rearrangement of some complexes before the matrix is fully formed, or simply
distribution of complex conformations present in the gas phase. Since two conformations
were identified, we could tentatively assign the weak peak at 561.3 cm-1 to the less stable
conformation B.

IV.1.2.3 Phenyl ethers as hydrogen bond acceptors

In figure IV.8 the structures of the anisole (phenyl methyl ether, PhME) and ethoxyben-
zene (phenyl ethyl ether, PhEE) complexes with water are given. The OH stretching modes
for the two systems are found right below that of the water dimer, with PhEE band being
2 cm-1 more red-shifted with respect to the PhME one, in agreement with the ab initio calcu-
lations. The electronic dissociation energy of the anisole complex is slightly below that of the
water dimer, while zero-point corrected one is higher, but both are weaker than estimated for
the dimethyl ether complex.

The predicted positions of the librations are significantly lower than estimated for the
water dimer. In FIR, broad bands are observed for both complexes, close to the expected
positions. Based on the concentration dependence and the annealing effects correlated with
the MIR bands, it can be concluded that the maxima of these bands are corresponding to the
librational bands of the dimers, whereas the signals lower in frequency appear to originate
from trimer species, containing two water molecules (fig. IV.9). The high abundance of the
trimer species in the low concentration experiments in this case could be explained, first, by
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Figure IV.8: The calculated structures of anisole (left) and ethoxybenzene (right) complexes
with water.

the fact that the mixed dimer is only barely stronger that the water dimer, and second, the
mobility of the ether is non-existent compared to the water molecules and, to an extent, water
dimers, that are able to diffuse in the matrix.

The partial charges on the oxygen atoms in these ethers are higher than in most of the
aliphatic ethers studied here, despite the negative mesomeric effect. Still the bond lengths are
larger, suggesting lower binding energies for the complexes.

IV.1.2.4 Hydrogen bond energy decomposition

In order to perform a thorough analysis of the bonding nature of the complexes, the lo-
cal energy decomposition method (LED) was employed. The method is based on exploiting
the local pair nature of the underlying DLPNO-CCSD method, which is one the impor-
tant advantages over the commonly used DFT-SAPT method. The latter is quite challenged,
when it comes to studies of the weak interactions222. For the property calculations, a large
improvement has been achieved thanks to the D3-BJ correction, but that is not helpful when
understanding an interaction that is highly reliant on non-local correlation is the goal. The
LED method was tested out on a set of diverse systems displaying weak intermolecular inter-
actions223 and applied to analyze the possible conformations of water dimers and the types of
bonding involved143.

The calculations here were performed using the AV5Z basis set and the results are used
without extrapolation, as this operation is time consuming, while high accuracy is necessary
to capture fine differences between the complexes. The most common extrapolation schemes
are also not tested thoroughly for the application to the weak interactions, and usually cite
mean errors in the order of 0.1 kcal/mol, and that is not quite satisfactory for our use case.
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Figure IV.9: The far-infrared spectral region of the neon matrices doped with anisole
(PhME)/ethoxybenzene (PhEE) and water. The blue traces correspond to the
matrices as deposited, red traces are the corresponding post-anneling spectra,
green trace is the experiment with the reduced water content. The black traces
correspond to the annealing difference spectra.

Thus, the consistency of using the most accurate results we can afford “as is” is more valuable.
At the time of writing, the LED program has some limitations in terms of how many basis
functions it can handle, rather than in computational time, and because of that some larger
systems discussed in the later chapters would require use of smaller basis sets.

To perform a LED analysis for a given complex, five single point calculations were carried
out on MP2 optimized structures. The necessary points are the complex, on which full LED
calculation is performed with the defined fragments, the relaxed monomer molecules and,
finally, the fragments alone in the geometries corresponding to those found in the complex.

The total energy of an interaction (∆E), in our case equal to the net dissociation energy
of a complex (De). At first, the geometry preparation energy, i.e. the energy necessary to
bring the fragments from their minimum energy geometry to the geometries in the complex,
is evaluated. All the further energy components describe the interactions of these perturbed
fragments.
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𝐷𝑒 = 𝐸𝑒𝑙,𝐴𝐵 − 𝐸𝑒𝑙,𝐴 − 𝐸𝑒𝑙,𝐴 (IV.1)

𝐷𝑒 = Δ𝐸 = Δ𝐸𝑔𝑒𝑜−𝑝𝑟𝑒𝑝 + Δ𝐸𝑖𝑛𝑡 (IV.2)

Δ𝐸𝑖𝑛𝑡 = Δ𝐸𝐻𝐹
𝑖𝑛𝑡 + Δ𝐸𝐶𝐶

𝑖𝑛𝑡 (IV.3)

The HF component is then decomposed into the three contribution - electrostatic, ex-
change and electronic preparation. The first two are calculated directly from the LED of the
complex. The latter is estimated as the difference between the HF intra-fragment terms and
the HF energy of the relaxed fragments. In the table IV.2, the attractive terms are added up
(el.st.+XC), and the Int.ref refers to the net HF interaction energy between the fragments.

The CCSD contribution is separated into the “strong” and “weak” pairs based on the local
MP2 assessment. The pairs estimated to have “negligible” contributions to the interaction,
based on the predefined cut-offs, are referred to as “weak” and end up treated on the MP2
level of theory. Strong pairs are calculated at the CCSD level. The total CCSD(T) energy is
then obtained when combined with the triples contribution, which won’t be decomposed for
this study:

Δ𝐸𝐶
𝑖𝑛𝑡 = Δ𝐸𝑆𝑃

𝑖𝑛𝑡 + Δ𝐸𝑊𝑃
𝑖𝑛𝑡 + Δ𝐸(𝑇)

𝑖𝑛𝑡 (IV.4)

The strong pairs represent the dominant component, and so it makes sense to perform
decomposition for this part. This contribution can be separated into electronic preparation
energy, a charge-transfer/charge-polarization component and London dispersion. The elec-
tronic preparation originates from the excitations contained within the same fragment. The
charge-transfer component has the opposite sign and usually compensates the most of the
preparation energy, and so it makes sense to combine them144. Their sum provides the extent
of the non-dispersive contribution from strong pairs, denoted as ∆E𝑆𝑃

𝑟𝑒𝑠.

Δ𝐸𝑆𝑃
𝑖𝑛𝑡 = Δ𝐸𝑆𝑃

𝑒𝑙−𝑝𝑟𝑒𝑝 + Δ𝐸𝑆𝑃
𝐶𝑇 + Δ𝐸𝑆𝑃

𝑑𝑖𝑠𝑝 = Δ𝐸𝑆𝑃
𝑟𝑒𝑠 + Δ𝐸𝑆𝑃

𝑑𝑖𝑠𝑝 (IV.5)

In the recent implementation of the LED scheme, the genuine dispersion contribution
from weak pairs has been added. It is summed with the ∆E𝑆𝑃

𝑑𝑖𝑠𝑝 to give the dispersion contri-
bution in table IV.2. Finally, the perturbative triples contribution ∆E(𝑇) is calculated from
the complex and the perturbed fragments. Our goal is to estimate how much of the inter-
molecular interaction energy is comprised of the characteristic hydrogen bond components,
i.e. electrostatic and charge-transfer, versus non-specific contributions, which is mainly dis-
persion. For this purpose we combine the dispersion contribution from LED with the (T)
component, as the latter could be expected to be mostly of dispersive nature due to the high
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excitations level. The triples and, more so the quadruples, are usually most important for
systems that are very weak and characterized as van der Waals complexes124.

Considering all of the above, the final fragmentation of a complete zero-point corrected
dissociation energy for a given complex we select as:

𝐷0 = Δ𝐸𝑔𝑒𝑜 + Δ𝐸𝐻𝐹
𝑒𝑙.𝑝𝑟𝑒𝑝. + Δ𝐸𝐻𝐹

𝑒𝑙−𝑠𝑡+𝑋𝐶 + Δ𝐸𝑆𝑃𝑟𝑒𝑠⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Non-dispersive

+ Δ𝐸𝑆𝑃
𝑑𝑖𝑠𝑝 + Δ𝐸𝑊𝑃

𝑑𝑖𝑠𝑝 + Δ𝐸(𝑇)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Dispersive

+Δ𝑍𝑃𝐸

(IV.6)
The results of the analysis and the total dissociation energies for the complexes are summa-

rized in table IV.2. As expected, water is heavily dominated by the non-dispersive component,
comprising 71% of the total interaction energy. The systems containing ether as the accep-
tor show dramatically higher influence of the dispersion component, increasing from 29% in
water dimer to 41% in the DME complex. The highest ratios observed are for the PhEE
complex and the stable conformation of the CPME complex, 55.9% and 55.7% respectively.

The straight-chain alkyl ethers show higher dissociation energies than the water dimer,
with the energy gradually increasing with the size of the substituents. There is a significant
gain when the first two methyl groups are introduced, but then the change is small and fairly
consistent when increasing the chain length in asymmetric ethers, and the gain stays around
0.15 kJ∙mol-1 for every extra carbon atom in the EME<PME<BME sequence. The theoretical
librational band position progresses up to EME, and goes down onward.

The change in dispersion is fairly consistent in the larger ethers, which seems to suggest
that the increase of the librational band origin initially is associated with larger gain in binding
energy, which, while comes in no small part from dispersion, still results in a much smaller
loss in the non-dispersive interaction component. It seems that the exact mutual positions of
the librational band for this set of systems is critically dependent on a fine interplay of change
in electrostatic interactions and competing dispersive attractions to the large substituents.

Accurate predictions of the differences in librational band origins appear very problem-
atic, as the DFT functional PW6B95, commonly recognized as one of the best performing
functionals224,225, suggests that the band origin of the librational band should grow consis-
tently with size of the substituents. The error on the harmonic frequencies between our best
estimates at MP2 (RI, AVQZ) and coupled cluster (CCSD(T)-F12b,VTZ-F12, scaled) is
23 cm-1 for the DME-water complex with the CC result having the lower frequency, and
about another 25 cm-1 lower for the DFT result. Calculating vibrational frequencies for sys-
tems any larger than that at the coupled cluster level with a decent basis set was found not
feasible.

Since the changes in the geometry preparation energy between the complexes is small
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compared to change in dissociation energy, we can assume that the error to the trend intro-
duced by the use of MP2 geometries is negligible, and then highly accurate local coupled
cluster results should provide trustworthy electronic dissociation energies. In that case, the
calculated energies could be used for both intercomparison of complexes and as a part of the li-
bration band trend. The conclusion for this set of complexes is that the changes in dissociation
energy are rather small beyond the ethyl group, and that the competition with the secondary
dispersive interaction is present, which reduces both the actual electrostatic interaction and
the net non-dispersive component. In figure IV.10, the calculated zero-point corrected dis-
sociation energies are plotted against the experimentally determined librational band origins
of the respective molecular complexes.

When comparing the DME complex to the water dimer, the electrostatic interaction is
significantly increased in the former, but at the same time an even larger increase in disper-
sive interaction results in an uncompensated repulsion, that brings the total non-dispersive
component slightly below that of water dimer, while the total dissociation energy is much
higher. The diethyl ether complex has a higher total D0 and non-dispersive component than
BME, demonstrating the fall-off of the inductive effect of the substituent in the asymmetric
ethers. DEE has a higher electrostatic component, that roughly follows the partial charge on
oxygen, the net non-dispersive component is less than for the EME complex, owing to the
large gain in the dispersion interaction, and again, the higher repulsion in HF and strong pairs.
Interestingly, one could also note that the geometry preparation is slightly lower here than for
the BME and PME complexes, although trend was steadily following D0 in the asymmetric
ether set.

Moving on to the branched substituents, diisopropyl ether (DiPE) is a more potent hy-
drogen bond acceptor, both on the account of dispersion and the electrostatic interaction. The
distribution of components brings the system to BME range, with 52% dispersion calculated
for both conformations. While there is some difference in the dispersion/electrostatics com-
ponents between the conformations, with the accompanying effects on bond lengths, angles
and estimated libration frequencies, both end up very close in the total D0.

The tert-butyl methyl ether complex shows the highest non-dispersive interaction compo-
nent, almost on par with that of the water dimer, possibly explaining the low scaling factor for
the harmonic frequency of the libration. The D0 and the dispersion component of the com-
plex fall in between DiPE and DEE, while the observed librational band is somewhat higher.
Tert-butyl ethyl ether demonstrates the already established traits associated with growing a
substituent by one carbon atom — a decrease in non-dispersive component compensated by
the additional dispersion gain, that results in a net gain in D0. The geometry preparation
energy for the complex of TBEE is lower than for the DiPE one, like was observed for the
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Figure IV.10: The position of the out-of-plane librational mode (in cm-1) versus the square
root of the zero-point corrected dissociation energies of the hydrogen-bonded
molecular complexes of ethers.

DEE/PME case. The calculated parameters so far suggest that the structure discussed is in-
deed correlated with the signal observed at 574 cm-1, rather than the species assigned with
the help of annealing.

After inspecting the three branched systems, it can be concluded that the distribution of
the carbon atoms between the two substituents is not equivalent, since DiPE has the higher
D0, for the most part associated with the higher non-dispersive component and the higher
partial charge of the oxygen atom. Still, considering that the energy difference between TBEE
and DiPE is not very high, they could be considered close.

The two conformations calculated for the cyclopentyl methyl ether complex show a large
difference in the dispersion ratio (54.6% against 46.9%), while the structural parameters and
the calculated OH-stretching frequency are very close. The librational band on the other hand,
is a very good indicator of the difference in the nature of interaction, since the difference in D0
alone is too small to cause such a large shift in the band position. Compared to the complex
of TBEE, the most stable conformation of the CPME complex has the same D0. This comes
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from the fact that TBEE has almost 1 kJ higher ∆ZPE.
In the case of aromatic ethers, both the dispersion and electrostatic interactions are much

lower than for the water dimer. Due to the high non-dispersive component in (H2O)2, it
has a larger ∆ZPE that ultimately brings its D0-value below that of the anisole complex, in
spite of the fact that De of the latter is lower. Even though the charge on the oxygen atom
is larger than for the most of the ethers discussed, the actual electrostatic components are
the lowest for the aromatic ethers. Ethoxybenzene follows the observed trend, where the
extension of the alkyl group increases the dispersion component at the expense of the net
non-dispersive part, though in this case it is more pronounced. The gain in the electrostatic
interaction is marginal, possibly due to the fact that the mesomeric effect selectively affects
π-electrons, whereas inductive effect is distributed through the 𝜎-bonds, and these are of
different importance to the formation of a hydrogen bond. Water dimer is generally an outlier
due to it’s dramatically higher ratio of non-dispersive component in the dissociation energy,
which is why when its librational band position is compared to those of the aromatic ethers,
the water dimer appears to be stronger. When a comparison against DME and EME is
drawn for PhME and PhEE respectively, the change in the calculated energy components
follows the established concepts, although the experimental librational band origin is lower
for the PhEE complex. The OH-stretching mode, while happens to correctly indicate that
water dimer is a weaker complex that these two ethers would form, in no way responds to the
magnitude of the difference.

IV.2 Solvent based enhanced oil recovery: Dimethyl

Ether (DME)
Enhanced oil recovery methods designed around solvent injection have been an object

of multiple studies. Particular interest comes from the fact that the light organic solvents
have comparatively low viscosity and surface tension. Coming in contact with crude oil, these
solvents tend to mix with the oil, lowering its viscosity, which increases the mobility of the
fluid. This effect, as well as the ability to reduce the flow resistance caused by capillary forces,
has brought interest to search for the feasible solvent flooding approaches in heavy oil reser-
voirs226.

Various solvents and combinations have been tested, e.g n-hexane, n-heptane, solvent-
based surfactant emulsions and nano-particle stabilized emulsions to in situ generate emul-
sions without surfactant227 etc. Chemical EOR projects in the U.S. historically peaked in
1980s, with the majority applied to sandstone reservoirs. Ever since then chemical approaches
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have been in decline, largely due to the success of CO2 flooding, outcompeting many of the
selling points of solvent EOR228,229.

Dimethyl ether (DME) has received a lot of attention as an enhanced oil recovery
(EOR)11,216,217 agent thanks to its miscibility with the brines used in secondary water flood-
ing. This enables a possibility for a cost-efficient injection of the solution into the reservoir,
where DME would partition in the oil phase, reducing oil’s viscosity and improving its mo-
bility. Another feature that sets DME apart from other potential EOR agents, such as CO2,
is the ability to form hydrogen bonds with polar oil components. Carboxylic acids, primary,
secondary, tertiary and aromatic alcohols are commonly found in crude oils.

The polar components of the oil are known to strongly adsorb on the surface of the reser-
voir rock material. Many studies have been performed to design a brine composition that
would cause these compounds to be released from the surface, primarily by the changing
ionic composition of the solution to alter the wettability of the rock. But the mechanisms
involved in these processes are still uncertain.

DME on the other hand, has the potential to compete with the rock-fluid interaction, by
partitioning into the oil phase and forming hydrogen bonds. The challenge of the method so
far remains comparatively high cost of the solvent. Recently, a significant number of studies
has been devoted to optimizing the catalytic processes for the synthesis of DME in a cheap
one-stage approach. Another aspect that would improve the feasibility of the process, is an
accurate prediction of recovery, based on the available chemical and geological data. The
common approach is to perform a PVT230 simulation, often based on empirical partition
constants and involving approximations to the representation of the fluid chemistry that could
render the results unreliable.

An alternative approach would be to perform simulations on a molecular scale and to ex-
trapolate the results to bulk properties. This is often achieved by means of molecular dynamics
(MD)231 simulations, using Newtonian mechanics or Car-Parrinello MD (CPMD)232. New-
tonian method relies on the predefined force fields, that are obtained from costly potential
energy surfaces, the expense of assembling which increases exponentially with the number of
components in the system. The CPMD approach calculates forces by a plane wave DFT at
each numerical step, allowing to study systems of high complexity, but of very limited size
and in a small time window233.

Opposite of that family of methods are the statistical thermodynamical approaches. The
quantum cluster equilibrium theory (QCE)234 of liquids has been developed to provide bulk
properties based on ab initio thermochemical data of molecular clusters present in a system.
As input, the method requires energies, structures and harmonic force fields of the clusters.
The application of the method to the mixed methanol-water system, approaching the accuracy
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of MD simulations235 has demonstrated its potential for complex mixtures.
Recent advances in computational chemistry have also opened possibilities for fast and

accurate calculations of the required molecular properties, even for large systems, due to use
of efficient approximations. The major accuracy limitations of input cluster models can be
remediated by applying modern hybrid-DFT methods115, local and/or explicitly correlated
variations of CCSD(T)141 theory, resulting in reliable structures and energies.

However, predicting higher-order properties, namely the vibrational frequencies, remains
a formidable challenge. The large-amplitude intermolecular vibrational motions constitute
the major part of the zero-point vibrational energy (ΔZPE) component of the molecular
cluster dissociation energy (D0). Applying the harmonic oscillator approximation to estimate
vibrational frequencies of such modes may result in errors up to 20%.

Ab initio anharmonic treatment methods are still far from being applicable to most practi-
cal cases, and are primarily at the stage of early development, using experimental data on small
systems as the reference sets. It has been demonstrated that it is very convenient to estimate
the strength of intermolecular hydrogen bonds through the intermolecular librational modes
(see fig. IV.11). This mode usually contributes the most to the ΔZPE-value and is strongly
related to the D0-value of the hydrogen-bonded complex. The experimental investigation of
infrared spectra of the DME complexes with a series of alcohols will provide insight on the
expected structures of clusters, their relative stability in the liquid phase, and provide more
accurate tools for oil sweep simulations, where fluid-fluid-rock interactions play a crucial role.

PREPARATION OF CHEMICALS. Methanol (MeOH), ethanol (EtOH), tert-butanol
(t-BuOH) (Sigma-Aldrich, 99.9%), methanol-OD (Sigma-Aldrich, 99% atom D), ethanol-
OD (Sigma-Aldrich, 99% atom D), tert-butanol-OD (Sigma-Aldrich, 99% atom D) were
degassed and purified by multiple freeze-pump-thaw cycles. Phenol (PhOH) (Sigma-
Aldrich, 99.5%) and phenol-D6 (Sigma-Aldrich, 99% atom D) were stored in vacuum with
molecular sieves 3Å for several days to recrystallize prior to use.

For the systems of DME with water, methanol, ethanol, tert-butanol and their isotopi-
cally substituted analogues, the samples were prepared by mixing the gases in a 2000 ml glass
volume. The volumes used for the deuterated samples were thoroughly purged with the cor-
responding component prior to mixing with DME, to ensure minimal H/D exchange with
the glass surface. To prepare the matrices doped with DME and phenol, DME was delivered
from a 2000 ml volume, while phenol was deposited via separate inlet line from the solid
sample cooled with an ice bath.

The out-of-plane librational bands of the water subunit for the hydrogen bonded ether
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complexes are found in the lower part of mid- and the far-infrared spectral region. Owing to
the comparatively heavy substituents, this mode is fairly localized (fig. IV.11).

Figure IV.11: Visualization of the large-amplitude out-of-plane librational mode of the
DME-water complex. The large mass of the dimethyl ether fragment results in
very small amplitudes of the counter motion and a highly localized librational
motion.

The complex of DME with water was discussed in details in section IV.1.2.2. In brief,
we have observed a new peak for the DME hydrate at 546 cm-1, which is most clearly seen
after gentle annealing of the matrix. In agreement with calculations, this appears to be the
correct assignment of the most stable conformation of the system, although an extra band at
524 cm-1 is always present.

IV.2.1 Methanol/DME

Figure IV.12 shows infrared spectra of the cryogenic neon matrices doped with a mixture
of DME with MeOH (MeOH:DME:Ne = 1:1:3000) and a mixture of DME with methanol-
OD (MeOD:DME:Ne = 1:1:3000), with the reference spectra of the individual components.
In the mid-infrared spectral range, it can be seen that two distinct conformations of the
complex are formed. The suggested conformations are presented on figure IV.2.

In the far-infrared region, the observed librational band is very broad and shows multiple
distinct narrow peaks. Understanding the exact causes of this complex band pattern is quite
challenging for computational chemistry. The possible reasons for this behavior could be
ground-state splittings, torsional-vibrational couplings, in addition to high likelihood of mul-
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Figure IV.12: The experimental infrared absorption spectra of the mixtures of DME with
methanol premixed with 1:1 ratio, embedded in neon matrices at 2.8 K (red
trace), with reference spectra of DME (blue), methanol236 (green), and the
post-annealing difference spectrum. Indicated are the tentative assignments
of the librational band origins of the calculated conformations of the DME-
methanol complex; the librational band center (𝜈lib) attributed approximately
based on the most intense subpeak and the weighted average of the subpeak
positions. The insert shows infrared absorption spectrum of the mixture of
DME with methanol-OD at 1:1 ratio, where indicated are the bands assigned
to the mixed DME-methanol-OD complexes (*), methanol-OD dimer and
monomer.

tiple potential energy minima of the system present in the matrix. Annealing is very critical
for proper investigation of this band structure.

Out of all observed spectral features, unrelated to the known methanol dimer signals, four
main ones can be identified when the matrix is gently heated to 9 K. The intensity change of
these features correlate with the annealing effect observed for the OH-stretching bands. Two
of the peaks at lower frequencies correspond to intensity change after annealing in the less
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red-shifted stretching band. These peaks are therefore assigned to the conformation B of the
complex, which is estimated to be the less thermodynamically stable of the two. Likewise,
the other pair of peaks at higher frequencies correlates with the more red-shifted feature in
the stretching band.

Based on the calculated librational band origin differences from the DME-water complex
and between the two conformations of the methanol-DME complex, the assignments are
made, indicated on the figure IV.12. The left out peaks are likely unrelated to the calculated
structures. Still, the experiment indicates presence of at least two conformations of the binary
DME-methanol complex with comparable abundance.

The experiment with methanol-OD (see insert) shows only two peaks for the mixed com-
plex with large intensity difference, as expected. Lack of multiple peaks in these spectra may
indicate that hydrogen version of the system is subject to vibrational tunneling, causing the
complex librational band structure, which is then partly quenched for the methanol-OD vari-
ant of the complex. A similar behavior was observed for the methanol dimer complex221.
The OH-stretching region of spectra also shows the presence of ternary complexes, which
are likely the cause for some of the subbands in the FIR range. We have not investigated
ternary systems in detail, but according to theoretical calculations, the complexes contain-
ing two methanol molecules have several infrared-active vibrational bands close in calculated
band origin to that of the binary complex. This may explain the weak features observed above
the subpeaks assigned to the conformations of the DME-methanol complex.

Due to the complexity of the band structure, the conclusions on this system are tentative.
The purpose of the experiment is to estimate the relative strength of the DME complexes with
methanol, for which the crude assignment of the band center was made (see fig.IV.12). Ad-
ditionally, in order to be able to link the experimental findings to the calculated dissociation
energies, we have to tentatively assign a librational band origin for each calculated confor-
mation, based on the results of harmonic vibrational frequency calculations and the observed
annealing effects in the FIR and MIR spectral ranges.

IV.2.2 Ethanol/DME

Fig.IV.13 shows a far-infrared spectra of neon matrices doped with DME
(EtOH:H2O:Ne = 1:1:1000), ethanol (EtOH:Ne = 1:500), and the mixture with DME
(EtOH:DME:Ne = 1:3:2000). The spectra of DME mixtures show that the features of
ethanol homo-clusters and complexes with water are somewhat suppressed under experimen-
tal conditions. The features comprising the band structure are broader than observed for the
DME-methanol complex, but still multiple maxima are present.
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Figure IV.13: The experimental far-infrared absorption spectra of mixtures of DME with
ethanol premixed with 2:1 ratio, embedded in neon matrices at 2.8 K, before
(blue) and after (red) matrix annealing at 8.5 K, as well as their difference
(black). Reference spectra of ethanol (teal) and a mixture of ethanol with water
(dark blue) are shown. The dotted lined indicate the assigned librational mode
bands for the different predicted conformations.

With the extension of the alkyl chain to two carbon atoms on the donor molecule, the
structure of the DME-ethanol complexes becomes more complicated, as additional confor-
mations related to rotation of the alkyl chain with respect to the DME molecule are possible.
The conformations calculated with the MP2 method are given in figure IV.14. The identified
potential energy minima for this DME-ethanol complex system are the structures where the
alkyl chain is facing away from the DME molecule, as in methanol complex (anti), and where
the alkyl chain is turned to interact with the ether (gauche). For each of these cases, an A and
B options, similar to DME-methanol, exist.

Vibrational frequency calculations on these conformations do a fairly good job at explain-
ing the experimental findings. The bands showing the most significant annealing effects cor-
relate well with the estimated librational band frequencies. The librational band intensities
are predicted to increase slightly as the vibrational band origin decrease.



116 IV Molecular Association Mechanisms Involving Strong Hydrogen Bonds

VPT2 anharmonic calculations demonstrate that the anharmonic correction is mostly de-
pendent on the alcohol carbon chain orientation, with about 15% anharmonicity estimated
for the anti conformations and 20% for the gauche conformations. Moreover, when the deu-
terium substituted species are investigated, it appears that the librational modes for those are
somewhat coupled to alkyl chain vibrations and so the isotopic shifts cannot quantitatively
help with the band assignment of the normal species. The isotopic substitution, however,
confirms that under the condition of experiment, the matrix is largely free of ethanol homod-
imers.

Figure IV.14: Calculated structures of the different conformations of the DME-Ethanol
complex at RI-MP2/AVQZ level of theory, anti-A (top left), gauche-A (top
right), anti-B (bottom left), gauche-B (bottom right).

The distribution of species is generally in agreement with the calculated dissociation en-
ergies with exception of the anti-B complex. This conformation has the lowest energy of all
four, but in the experiment, the band attributed appears to have the same intensity as the
other two strongest forms. Partially it could be accounted for by a larger molar absorption
coefficient, but it is only estimated to be around 15% higher than for other structures. and
it is also the case for the conformation having the lowest band origin, yet it appears much
weaker in the spectrum despite higher dissociation energy than for anti-B.

The difference is larger than could be attributed to the errors associated with the elec-
tronic structure method, but it is possible that the difference in anharmonic contributions to
the zero-point energy is the deciding factor, at least in competition with the gauche-B confor-
mation, although such conclusions are too reliant on the results from the less reliable VPT2
method. Considering the above mentioned, and the fact that there are still more spectral
features present in the librational band, the actual conformations cannot be assigned unam-
biguously.
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IV.2.3 Tert-Butanol/DME

The spectral feature assigned to the librational mode of the tert-butanol-DME system
is the broad peak with maximum at 594.7 cm-1 (fig. IV.15). However, the band displays
shoulders with approximate positions around 590 cm-1 and 580 cm-1. The two possible con-
formations (see fig. IV.16) predicted for the complex are close in energies, and the shoulders
could be explained by the presence of both conformers in the matrix. The calculated confor-
mation of type A is more stable and has a higher librational band origin, to which we assign
the main maximum in the band, while one of the shoulders can then be tentatively attributed
to conformation B. Despite higher apparent stability of the tert-butyl alcohol dimer, it is al-
most entirely suppressed at the experimental conditions (3:1 DME-alcohol ratio), and only
small amounts are observed for the 3:2 mixture.
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Figure IV.15: The experimental far-infrared absorption spectra of cryogenic neon matrices
at 2.8 K doped with mixture of DME with t-BuOH (blue), the annealing
difference spectrum (black), and the reference spectrum of t-BuOH (black).

Anharmonic calculations for this system are challenging due to its size, and our attempts
employing the dispersion-corrected DFT and a small basis MP2 have led to a very unstable
and unphysical results for the intermolecular modes of the complex. The matrix annealing
results in the sharp 594.7 cm-1 feature growing exclusively, reinforcing the assignment for the
most stable conformation of the complex.

For the purpose of linking the theoretical structures to the experimental findings, the
broad shoulder with a maximum at 581.0 cm-1 was tentatively attributed to the less stable
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Figure IV.16: Calculated structures A (left) and B (right) of DME-t-BuOH conformations
at RI-MP2/AVQZ level of theory.

conformation B.
As expected, the complex with tert-butanol is stronger than with ethanol of methanol,

but the difference in the band position is fairly small, indicating that no significant change in
the hydrogen bond donor capability is achieved by extending the alkyl chain beyond the first
few carbons.

IV.2.4 Phenol/DME

Phenol is an aromatic alcohol and it stands out from the other alcohols due to the phenyl
group primarily acting as an electron withdrawing substituent. The origin of the effect is still
somewhat debated. On one hand, the oxygen attached to the aromatic ring is engaged in
the conjugated aromatic system, with its lone pair from the π-orbital delocalized towards the
ring. This is called the -M mesomeric effect, and it can be approximated by a set of resonance
structures. Consequently, the orbital is locked in the position perpendicular to plane of the
ring to participate in the aromatic conjugation, and therefore, the hydroxyl group also has to
remain in the plane of the ring.

Apart from that, the inductive effect is always present. Generally, the mesomeric effect
has a greater impact than the inductive one237, but it is considered that the contribution from
the latter could be even larger, associated with the presence of sp2 carbons, supported by
measurements of the pK a-value of propen-2-ol, suggesting a strong -I effect.

Ultimately, phenol exhibits a significantly higher acidity than aliphatic alcohols, clearly
indicating that the phenyl group is an electron withdrawing substituent, and thus would be
polarizing the OH bond leading to a stronger hydrogen bond donor property. The calculated
vibrational band origin of the librational mode is much higher than for the previously inves-
tigated systems. Unfortunately, the band origin is only 17 cm-1 away from the ring mode,
so the modes are no longer isolated from each other even in harmonic approximation, as ev-
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Figure IV.17: The normal modes 𝜈18 (out-of-plane libration) and 𝜈17 for the DME-phenol
complex, calculated at the RI-MP2/AVQZ level.

ident from the normal mode animations shown in figure IV.17, displaying the out-of-plane
librational mode and the aromatic ring CH-bending mode next to it.

In the calculated complex of phenol with DME the two modes are found close to the
calculated phenol monomer CH-bending mode (at 753 cm-1). The first one is 4.2 cm-1 lower
than the phenol monomer mode, and incorporates in-phase vibration of the ring hydrogens
with the OH hydrogen, with estimated intensity of 142.4 km/mol. This is the out-of-plane
librational mode. The second one is shifted by +9.0 cm-1 from the original mode and is
constituted of the anti-phase vibration of the ring hydrogens and the OH hydrogen, with
only 4.5 km/mol intensity in harmonic approximation (denoted as 𝜈18).

In that situation the libration is no longer truly localized, so it cannot be reliably considered
for a direct estimation of the total energy of the complex, yet it is still an important factor in
determining the zero-point energy contribution to the D0 of the system. The anharmonic
computational analysis would then also be doomed to fail, as most VPT2 flavors are highly
challenged with degeneracies and resonances.

The far-infrared spectra (fig. IV.18) of the mixture of DME with phenol shows no bands
that could be clearly attributed to the librational mode. In the OH-stretching region a strong
band clearly indicating formation of the mixed binary DME-phenol complex. The position
of the OH-stretching band, however, is in excellent agreement with the theoretical estimates.
This suggest that the predicted structure is also close to the actually formed in the matrix.

The overview of the mid-infrared spectra in the 500-1000 cm-1 shows no clear evidence
of the libration. The bands associated with complex formation appear next to each of the
monomer lines and their intensities are close enough to assume that only perturbed modes of
the phenol fragment are observed. For example, the band at 690 cm-1, assigned to a shifted
ring vibration, is rather intense and can be observed even at low concentrations of the complex.

Because no evidence of the librational band was observed in the range suggested by the
use of the harmonic scaling factor established for the aliphatic alcohols, the investigation of a
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Figure IV.18: The experimental far-infrared absorption spectra of cryogenic neon matrices at
2.8 K doped with mixtures of DME with phenol (PhOH:DME:Ne = 1:3:3000)
and reference spectra of PhOH (PhOH:Ne = 1:3000) and DME (DME:Ne =
1:800).

related system was necessary. The complex of phenol with water exhibits the same structure
and binding motif, in which water is the hydrogen bond acceptor. The experimental spectrum
for this system is given on figure IV.20. Since water is not as strong of an acceptor as dimethyl
ether, the libration can be expected at lower frequency, and therefore decoupled from the
ring modes. The assignment of the band was confirmed with a D2O experiment, and was
in full support of the calculated isotopic shift. The harmonic frequency difference between
the libration and the closest ring mode in phenol-water and phenol-DME complexes are 31
and 23 cm-1, respectively. The calculated shift in the libration band origin between the two
systems is 27 cm-1. The libration of the water-phenol complex is observed at 642 cm-1, so
the expected band position with this scaling factor would be around 662 cm-1 for the DME-
phenol complex.

To confirm presence of the resonances and evaluate, albeit in an approximate way, sever-



IV.2 Solvent based enhanced oil recovery: Dimethyl Ether (DME) 121

575600625650675700725750775
0,00

0,25

0,50

0,75

1,00

1,25

1,50

1,75

2,00

660670680690700

0,0

0,1

0,2

0,3

0,4

0,5

ln 
(I 0 /

 I)

Wavenumber, cm-1

n16

 Phenol  DME - Phenol  DME - Phenol post-annealing  DME excess + long deposition 

nlib

 

Figure IV.19: The experimental mid-infrared absorption spectra (580-780 cm-1) of cryo-
genic neon matrices at 2.8 K doped with mixtures of DME with phenol
(PhOH:DME:Ne = 1:3:3000) and reference spectra of PhOH (PhOH:Ne =
1:3000) and DME (DME:Ne = 1:1:3000).

ity of the intensity borrowing effect, a VPT2 calculation on the complex has been per-
formed using the dispersion-corrected B3LYP/Def2-TZVP method with differentiation step
of 0.015 Å and very tight numerical cutoffs. The calculation confirms a strong interaction of
the libration with the two phenol ring modes in the lower MIR range. The calculated intensity
of the libration goes from 103 to 0.07 km·mol-1, while the phenol modes increase from 10 to
760 and from 16 to 125 km·mol-1 for the higher and lower mode, respectively. These results
provide evidence of anharmonic coupling between the three modes and the likely intensity
borrowing effect from the librational band.

In the high concentration experiment (green trace in figure IV.19) with an excess of DME,
a weak band at 678 cm-1 is observed. As DME does not act as a donor, PhOH·(DME)2 type
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Figure IV.20: The experimental mid-infrared absorption spectra (600-775 cm-1) of cryo-
genic neon matrix at 2.8 K doped with mixtures of DME with water
(PhOH:H2O:Ne = 1:1:3000). The assignments for the phenol monomer and
the phenol complexes with water indicated.

ternary complexes are unlikely to form, as are clusters with multiple phenol molecules due to
excess of DME. Assuming that, we could tentatively attribute the observed 678 cm-1 band
to the libration of the DME-phenol complex.

Isotopic experiments were attempted but no clear result were obtained. The major issue
with phenol in that regard, is that the mesomeric effect also allows free migration of hydro-
gens along the ring, in addition to the generally higher acidity of the molecule. The result
is that phenol easily exchanges deuterium atoms for hydrogen from the surface water of the
laboratory vessels, which then migrate over the aromatic ring, producing a large variety of com-
pounds in the mixture with different isotopic compositions. At the same time, compounds
having the OD group are the least abundant. Therefore, isotopically pure phenol-OD virtu-
ally cannot be obtained, and only phenol-D6 is commercially available. Isotopic substitutions
on DME are costly and also inefficient, as DME has very little motion associated with the
vibrational modes of the donor.

In the light of these results, it has to be stated that the librational mode in phenol-DME
cannot be used as a direct probe of the hydrogen bond strength, and in this case using the red-
shifted OH-stretching mode, according to the conventional Iogansen relationship205, is just
as justified. Despite the fact that the trend in general is followed, the anharmonic coupling
with ring modes leads to a significant overestimation of the hydrogen bond contribution to
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the D0-value of the complex. As was discussed in the previous chapters, the OH-stretching
mode is likely to follow the binding energy reasonably well for such systems, as dispersion
plays an important role for complexes of this size. A high-level theoretical investigation is
not going to be feasible for quite some time, and results from DFT methods are sometimes
in conflict with that of MP2, as some functionals predict the structure with planar symmetry,
whereas MP2 results show significant tilting of the ether fragment. Such behavior is hinting
towards high importance of secondary interactions that would be of particular challenge for
this method.

IV.2.5 Formic acid/DME
The carboxylic group has the most polarized OH group and is the strongest hydrogen

bond donor of all discussed compound classes, making it the most important functional group
when it comes to specific interactions encountered during enhanced oil recovery processes.
The most simple carboxylic acid, formic acid (FA), was previously studied in the scope of the
interaction with DME by matrix isolation in argon238. The purpose of this work is to update
the theoretical results and obtain experimental data in a more inert matrix material - neon.

Formic acid forms two stable complexes with DME, defined by the relative rotation of
the acid molecule along the hydrogen bond, influencing secondary weak interactions with the
methyl groups of the ether (fig. IV.21).

Figure IV.21: Calculated conformations of the DME - formic acid molecular complex. The
conformation A (left) is the global minimum structure for the system. The
conformation B (right) is a local minimum structure.

The infrared spectra in the spectral range where the intermolecular modes for the DME-
FA complex can be observed, are given in figure IV.22. Compared to argon matrices, the
observed bands are generally much more narrow, and in some cases several features are ob-
served, that can only be assigned to a single vibration. Our results are qualitatively in agree-
ment with the literature. The conformation A has the librational motion coupled with the
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hydrogen atom attached to carbon. The result is that two modes containing out-of-plane
bending motion of the OH-group - symmetric and antisymmetric combinations of OH and
CH bending. The former has low IR activity due to the symmetric motion compensating
the net dipole moment change. With support from VPT2 calculations, the observed peak at
1053 cm-1 is assigned to this mode. The asymmetric mode is more anharmonic, and repre-
sents the larger portion of the zero-point energy. It is assigned to the strong peak observed at
948 cm-1. The band appears as a sharp doublet with a smaller peak located at 953 cm-1. In the
literature this band in argon was assigned at 962 cm-1. As a more stable conformation, this
forms exhibits a strong annealing effect, which can be clearly observed in the OH-stretching
range. The band for this conformation is located around 3025 cm-1 (fig. IV.23).
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Figure IV.22: The fingerprint spectral region of the matrix isolated mixture of formic acid
and DME before (blue) and after annealing (red), difference spectrum (black),
as well as pure formic acid (green) in neon matrices.

The second conformation has the libration located at lower frequencies, as expected due
to its lower dissociation energy. In the literature it is assigned to a band at 853 cm-1 in argon.
In our experiment we observe a band at this position for the pure formic acid experiment. It is
related to a homodimer of formic acid or the complex with water, but it can be safely excluded
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Figure IV.23: The OH-stretching spectral region of the matrix isolated mixture of formic acid
and DME before (blue) and after annealing (red), difference spectrum (black),
as well as pure formic acid (green).

as assignments for the DME complex. Next to this band, two strong bands are observed at
857 and 862 cm-1, where the former grows with annealing, while the latter has decreases, but
has a higher initial intensity. It is likely that both are related to the DME-FA complex, but
for different local conformations. In argon, this bands are represented by a single broad peak,
so the details are indistinguishable there. The 862 cm-1 band somewhat correlates with the
OH-stretching bands, of which there are three clear features. There is no information on this
in the related paper, but it is safe to assume that the 857 cm-1 band is the correct assignment
in this situation, as neither system can have any other IR active modes in this range.

In both systems a secondary hydrogen bond is present that adds to the total energy of
the complex, having low impact on the librational band positions. As a result, it is expected
that these points would deviate from the general D0∝𝜈lib dependence. Possibly, a cooperative
effect from the cyclic interaction would primarily impact electrostatics, and that would cause
an increase of the librational frequency compared to the expected value from the trend.
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IV.2.6 Non-specific bonding to oil constituents

Crude oil is largely containing non-polar components or large molecules with scarcely
placed polar functional groups. As such, the majority of actual intermolecular interactions,
albeit weak, are caused by London dispersion forces. For completeness of the reported system
set, we decided to include an alkane compound, that are generally used as “model oil” in
laboratory experiments by petroleum engineers. Decane is the most commonly used, but
hexane was chosen for this study, due to the limited size of the system that could be accurately
treated by theory.

Since there is no specific bonding, the van der Waals complex formed between the alkane
and DME does not produce any infrared active modes, and therefore cannot be experimen-
tally detected in the experiment and does not have the characteristic vibrations of a hydrogen-
bonded system. The study of this complex is then carried out computationally only. The
coupled cluster approach combined with a large basis set should provide decent energy for
this DME-hexane system.

IV.2.7 Data analysis

For the analysis of the dissociation energies of formed molecular complexes, DLPNO-
CCSD(T) single point calculations were done on the optimized MP2 geometries, followed
by a three-point extrapolation of the result to the complete basis set limit. The analysis of
the components using the local energy decomposition method is simplified to estimate of the
dispersion energies of the complexes. These energies are then directly compared to the total
dissociation energies without accounting for geometry preparation contributions, etc. The
results of these calculations and the vibrational assignments are summarized in table IV.3.

It is evident from the results that the more stable conformations of a given complexe
do not necessarily have the highest band origin of the librational mode. The difference is
most noticeable in the gauche conformations of ethanol, where strong secondary interactions
are present, while the total energies remain relatively constant. The linearity with respect
to predicted D0 results is maintained over few complex species, but when it comes to the
aromatic alcohol and acids, serious deviations are observed.

When comparing results from different complexes in the same or alike conformations (e.g.
methanol-A, ethanol-a-A, t-butanol-A) the trend and the span of hydrogen bond strengths
becomes apparent (fig. IV.24). The aliphatic alcohols form stronger complexes with DME
than water, and the stability of the complexes is almost independent of the carbon chain
length. The branching at the OH carbon results in an increased interaction strength, with
secondary and tertiary alcohols being stronger hydrogen bond donors, but the difference is
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Table IV.3: The calculated electronic (De) and zero-point corrected dissociation energies
(D0), intermolecular dispersion energy (∆Edisp), experimental assignments
𝜈exp and theoretical harmonic (𝜔) and anharmonic (VPT2) librational band
origins for the DME hydrogen-bonded complexes. The anharmonic correc-
tions are estimated at the B3LYP-D3BJ/TZVP level of theory. The units
are kJ∙mol-1 for the energies and cm-1 for the band origins.

System De D0 𝜔 VPT2 𝜈exp ∆Edisp D0-∆Edisp
Water 24.28 16.85 653.2 556.8 546.5 8.26 8.59
Methanol-A 24.81 20.05 702.4 596.8 582.7 9.64 10.41
Methanol-B 24.06 19.58 689.3 580.6 574.0 10.46 9.12
Ethanol (a-A) 24.73 20.42 707.3 591.4 589.6 9.34 11.07
Ethanol (a-B) 24.08 19.73 689.3 580.8 579.9 11.20 8.53
Ethanol (g-A) 25.53 20.66 694.6 561.5 563.5 11.84 8.82
Ethanol (g-B) 24.61 20.04 667.8 534.0 554.0 13.30 6.74
tert-Butanol-A 27.29 23.06 698.6 -𝑎 594.7 13.26 9.80
tert-Butanol-B 26.29 22.19 673.1 -𝑎 581.0 14.74 7.45
Phenol 34.79 29.32 756.9 709.3 678.1 14.47 14.84
Formic acid-A 42.87 36.92 1024.4 980.0𝑐 948.0 18.30 18.63
Formic acid-B 40.92 35.82 926.5 874.3𝑐 857.3 14.95 20.87
Hexane 8.05 7.20 - - - 13.68 -6.49
a Anharmonic calculation fails on large-amplitude modes.
c MP2/TZ method used for anharmonic shifts

not too significant, and appears to mostly come from increased London forces caused by the
fact that the substituents are larger and somewhat spatially closer to the acceptor molecule.

The aromatic alcohols show noticeable increase in donor property caused by the electron
withdrawing nature of the phenyl group. Already here it is evident that strong hydrogen bonds
are prone to coupling with the intramolecular modes of the fragments. It can be expected,
that in all cases the length of the carbon chain has a minimal effect on donor properties of the
alcohols, therefore the present results can be extrapolated to cases of large molecules present
in crude oil. The differences in the dispersion contribution for these systems can be accurately
accounted for with a variety of inexpensive methods, when implemented in thermodynamical
models.

The acids are the strongest hydrogen bond donors of the systems studied in this work. The
carboxylic functional group has both a donor moiety in the shape of an OH group, and an
acceptor-capable oxygen atom. As a consequence, this group is prone to forming double hy-
drogen bonds, which is the primary cause of increased stability of its complexes, particularly
facilitating self-association of the acid molecules239. For both aromatic alcohols and acids,
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Figure IV.24: The experimentally measured librational band positions (in cm-1) plotted
against the square root of the calculated total zero-point corrected dissociation
energies D0 of the DME complexes. The color coding for the points related
to the aliphatic alcohol complexes is given in the plot field: methanol (red),
ethanol (blue), tert-butanol (green).

the librational mode is no longer localized, so the vibrational features are unlikely to properly
describe the interaction on their own. Nevertheless, zero-point energy represents a large con-
tribution to the energy for all the systems regardless of binding strength. The scaling factor
for the harmonic vibrational frequencies gradually increases along with the dissociation ener-
gies, from about 83% to 92% from the aliphatic alcohol to acid species. While the relative
anharmonicity is decreasing, its effect in absolute values remains comparable, and is very sig-
nificant even for strongly bound acid complexes. Additionally, we observe that even though
these systems are better described with the harmonic approximation, the VPT2 approach
to compute anharmonic component still constitutes large error, at least with the electronic
structure methods feasible at the moment of writing.

Overall, the trend demonstrates that the type of functional group has the largest impact
on the strength of a hydrogen bond, while constitution of the organic alkyl has relatively
minor effect on the energy, mostly influencing the binding motif through the competition
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with secondary interactions, e.g. a strained hydrogen bond in the gauche conformations
of ethanol complexes with DME. The effect of chain length converges quite fast and can
be easily extrapolated for larger systems. For the discussed classes of compounds, the
approximate range of the dissociation energies are the following:

Water 17 kJ∙mol-1

Primary alcohols ≈20 kJ∙mol-1

Branched alcohols ≈23 kJ∙mol-1

Aromatic alcohols ≈29 kJ∙mol-1

Acid ≈36 kJ∙mol-1

The anharmonicity contribution in the ∆ZPE has been estimated across a wide range of
systems that could be encountered in chemical equilibria models used for reservoir flooding
simulations. These could be empirically accounted for in a simple way, while retaining a fairly
high degree of accuracy.
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CHAPTERV
Molecular Association

Mechanisms Governed by van
der Waals Forces

As evident from the previous chapter, specific intermolecular interactions such as hydro-
gen bonds are important for the understanding of the behavior of liquids containing polar
compounds and ultimately predicting its flow properties in the presence of solid surfaces. Nev-
ertheless, the dispersion constitutes a significant part of the non-covalent interactions even
for relatively small molecular systems presented in this work. For larger molecules, the non-
specific intermolecular forces are enough to create condensed phases at normal conditions.
Non-polar solvents, such as CS2, have commonly been used to dissolve and extract asphalts
and resins240, despite the fact that these latter compounds contain polar groups.

Non-covalent bonds with sulfur are more complex owing to the lower electrostatic interac-
tions, and might not comprise the largest contribution to the molecular association thermody-
namics, but unlike dispersion, these interactions are specific, and thus may have a determining
role in the structure of the formed aggregates and the association mechanism. Such interac-
tions have already been found to play a critical role in properties of sulfur-containing peptides,
for example241,242.

V.1 Method development: THz spectroscopy of

weakly bound van der Waals complexes
Molecular hydrogen naturally occurs in two spin isomeric forms. Its two nuclear spins

are either parallel (ortho-hydrogen, triplet state) or antiparallel (para-hydrogen, singlet state).
The resulting nuclear spin of the molecule is linked to the discrete rotational energy levels in-
dicated with a rotational quantum number J. Due to the nuclear spin statistics, para-hydrogen
can only have even energy levels occupied (J=0, 2...) while ortho-hydgogen only has odd J-
levels occupied. Para-hydrogen is the more thermodynamically stable form (J=0). At room
temperature, the equilibrium para-ortho ratio is 1:3 due to the Boltzmann distribution. How-
ever, the transition probability between ortho-para states is very low under normal conditions.
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V.1.1 Para-hydrogen as matrix host material
Solid enriched p-H2 has several advantages over conventional rare gas matrices243:

• Spherical symmetry of the rotational ground state, with all molecules in the J = 0 rota-
tional state

• The crystal structure is pure hexagonal-closed packed, while neon and argon also form
face-centered cubic packing

• Large-amplitude zero-point lattice vibration, which is expected to result in self-
repairing trapping sites, higher homogeneity, and larger space around solute

• Large lattice constant results in larger space for the guest molecule, lower interaction
with the host molecules and longer lifetime of excited states

For decades, para-hydrogen has been an object of studies, but quite recently its use has
become more common, as its fascinating properties unveil. Authors have been showing ex-
amples of near-gas-phase behavior of guest molecules, such as methane being able to freely
rotate in the solid para-hydrogen244,245, but also some valuable niche applications.

Our primary interest in para-hydrogen as a host material is due to the extended spectral
range offered in the THz region. Rare gas matrices suffer from the appearance of strong
bands associated with the rotational-translation-coupling (RTC) motions of H2O and other
molecules in the matrix cages. These signals obscure the lower part of the THz region
(<3 THz), which is where the most important bands for very weakly bound systems are ex-
pected. The large crystal lattice constant of p-H2 is the reason this effect is absent in this host
material, as illustrated in fig. V.1 for the weakly bound CO2··H2O van der Waals complex.

In the light of the fact that van der Waals interactions are very important in establishing
the fluid properties of oil and its chemistry, measuring fundamental thermodynamic proper-
ties of the underlying complex species is crucial. Obtaining spectroscopic data in the gas phase
is very hard for any of these systems. Reasons is that amount of complex formed in the gas is
negligible, while the vibrations dominating the ZPE contribution, such as the out-of-plane
libration of hydrogen-bonded systems, have low infrared intensity. All of that combined
with comparatively low sensitivity of currently available spectroscopic equipment in the THz
region makes matrix isolation the only option for these measurements.

Last but not the least, the large-amplitude vibrational motions, found in the THz spec-
trum for weakly bound complexes, are notoriously challenging to calculate theoretically. A
multitude of anharmonic treatment procedures are being developed to address this challenge,
and reliable experimental data is of paramount importance for the field.
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Figure V.1: THz spectrum of CO2/H2O mixture embedded in solid neon (black) and para-
hydrogen (red). The neon matrix displays RTC bands of H2O covering portion
of the spectrum below 100 cm-1.

V.1.2 Preparation of para-hydrogen

The techniques used for preparation of pure para-hydrogen fall into the two categories: 1)
the methods based on reformation of the hydrogen molecule and 2) the methods based on
spin conversion in the molecule catalyzed by the influence of an inhomogeneous magnetic
field. The first methods essentially involve breaking the H2 molecule and can be catalyzed by
anything that will split the molecular bond, such as electric discharge, nuclear bombardment
etc.

For the spin-conversion method, the H2 molecule must be influenced by a magnetic field
that is inhomogeneous on the molecular scale. A hydrogen molecule has to approach close
enough to the paramagnetic center to get converted, which in the case of a solid catalyst means
that it has to be adsorbed on the surface. At cryogenic temperatures the primary mechanism is
physical or van der Waals adsorption246, while chemisorption occurs above room temperature
and is therefore referred to as the “high temperature” mechanism. Taylor has demonstrated an
experiment, where hydrogen was converted on the surface of activated charcoal, due to trace
impurities. Oxygen adsorption on charcoal strongly promotes conversion247 when absorbed
on charcoal. It was also shown that molecular oxygen is a strong homogeneous catalyst for
spin-conversion at room temperature248, which poses a practical issue for storage of converted
para-hydrogen gas.

The thermodynamic properties of hydrogen have been summarized by Leachman249 in
a NIST publication. The triple point for para-hydrogen is at 13.8 K with a corresponding
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vapor pressure of 70.4 mbar. These phase transition data allows us to follow the apparent
temperature of the sample during the conversion procedure, assuming a high para ratio. The
theoretical purity is estimated using the Boltzmann distribution. For ortho-para equilibrium
the equation becomes as follows:

𝑛𝑜
𝑛𝑝

=
3 · ∑𝑗 𝑜𝑑𝑑

⎛⎜⎜
⎝

(2 · 𝐽 + 1) · 𝑒
−(𝐵0·𝐽·(𝐽+1)−𝐷𝐽·𝐽2·(𝐽+1)2)·ℎ·𝑐

𝑘𝐵·𝑇 ⎞⎟⎟
⎠

∑𝑗 𝑒𝑣𝑒𝑛
⎛⎜⎜
⎝

(2 · 𝐽 + 1) · 𝑒
−(𝐵0·𝐽·(𝐽+1)−𝐷𝐽·𝐽2·(𝐽+1)2)·ℎ·𝑐

𝑘𝐵·𝑇 ⎞⎟⎟
⎠

(V.1)

where: 𝑛𝑜 − quantity of ortho-hydrogen,
𝑛𝑝 − quantity of para-hydrogen,
𝑘𝐵 − Boltzmann constant,
𝐵0 − rotational constant of the ground state,
𝐷𝐽 − quartic centrifugal distortion constant of the ground state.

The Boltzmann distribution for the ortho-para system demonstrates that, to obtain an
enrichment better than 99.9%, it is necessary to extract the hydrogen from the catalyst at a
temperature no higher than 18 K (see table V.1). Additionally one has to account for the
practical specifics of the method and purity decay over time to choose appropriate extraction
procedure. It is best to collect the sample with a slow raise of the temperature, to allow
the pressure to equilibrate, with the purpose to minimize back conversion on the catalyst in
the beginning and/or stabilize the catalyst at the target temperature. This means that the
maximum pressure of the enriched sample is limited.

In our experiments, we have found that the minimum satisfactory pressure, when deliv-
ering the host gas from a 10 L volume and taking into account the minimum end backing
pressure, is around 120-150 mbar, corresponding to approximately 15 K equilibrium tem-
perature. We have determined that our enrichment procedure has consistent yields in the
99.90-99.96% range, as measured in the matrix.

V.1.3 Experimental measurement of conversion efficiency
Conversion efficiency strongly depends on a variety of experimental conditions that are

to be precisely controlled to achieve a high enrichment level. Hydrogen has to be in contact
with a catalyst at a certain temperature and removed without raising it. In practice it is hard to
control due to the inhomogeneous heat distribution along the catalyst height, even when the
vessel is in cold gas environment. Then to collect the gas, it has to pass through the apparatus,
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Table V.1: The temperature dependence of the para-hydrogen vapor pressure249 and the cor-
responding theoretical purity calculated from Boltzmann distribution, eq. V.1250.

T, K Purity, %para Pvap, kPa
13.8 99.996 7.041
14.0 99.995 7.884
15.0 99.990 13.434
16.0 99.979 21.548
17.0 99.960 32.886
18.0 99.931 48.148
19.0 99.886 68.071
20.0 99.821 93.414

encountering large surface area along the path. It is important to minimize the adsorption
of magnetic species along that path, e.g. oxygen, and in particular limit the contact with
stainless steel surfaces. Severity of this effect is hard to quantify, yet it is necessary to use
steel components, at the very least as the thermal insulator. Andrews251 and coworkers have
gold-plated the insulating steel segment of their apparatus for that purpose.

The actual spin conversion process is limited by diffusion in the liquid, therefore another
parameter is the conversion time or, in our case number of recondensation cycles used through-
out the procedure. Lastly, the time required to deliver hydrogen to the cryostat, where back
conversion to o-H2 is no longer occuring, is also contributing to the overall quality of the host
material.

Considering all these factors, it is important to be able to measure the resulting enrich-
ment to optimize to conversion procedure and evaluate the end product quality. Common
approaches for this are Raman and FT-IR spectroscopy. Raman spectroscopy with a 2 W
UV/Vis laser excitation source and diffraction grating can only measure purity up to 99.8 %para
(fig. V.2). The limitation in this Raman experiment is the measurement time that can be de-
voted to the sample, as eventually degradation will bring the o-H2 level up to the detection
limit.

More accurate measurements have been attempted with the FT-Raman module com-
bined with the Vertex 80V spectrometer, using 1 W Nd:YAG NIR laser. This NIR Raman
method allows to achieve a higher resolution, improving detection limit of the J 1�3 transition,
but overall no significant advantage was achieved.

A step up from this approach is to measure the near-infrared transitions in a solid state
hydrogen sample. The sensitivity of this method is higher and the sample thickness could be
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Figure V.2: Raman spectra of normal hydrogen (black trace) and converted para-hydrogen
(red trace), prepared using the dipstick design apparatus. The sensitivity of the
method allows to detect impurities of o-H2 down to app. 0.2%.

adjusted. The primary features in a solid hydrogen spectrum are the quadrupolar lines Q1(0)
at 4152.9 cm-1 and S1(0) at 4485.9 cm-1. The exact positions of these transitions depend
slightly on the enrichment level, but for very pure samples they can be used to determine
the thickness of the matrix and, most importantly, the ortho-para ratio252. Figure V.3 shows
the infrared spectrum of the solid enriched hydrogen crystal, with the transitions indicated.
The percentage of ortho-hydrogen is roughly ten times higher than the observed Q1(0)/S1(0)
ratio251.

Inherent absorption bands of hydrogen are also useful to accurately determine the matrix
thickness at the probed spot. The method has been developed by Fajardo253, and uses broad
bands in the NIR range. The bands used for this purpose are indicated on figure V.3 with
blue lines indicating the integration baselines and the peak at which absorbance is measured.
The paper establishes a set of parameters for the three approaches to determine the thickness
(𝑑𝑡𝑜𝑡𝑎𝑙):
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Figure V.3: The near-infrared spectrum of converted para-hydrogen. S1(0) / Q1(0) integrated
intensity ratio is used to determine purity.

𝑑𝑡𝑜𝑡𝑎𝑙 (𝑐𝑚) = ∫ 𝐴𝑄+𝑆 ( ̃𝜈) 𝑑 ̃𝜈 (𝑐𝑚−1) /90 (𝑐𝑚−2) (V.2)

𝑑𝑡𝑜𝑡𝑎𝑙 (𝑐𝑚) = ∫ 𝐴𝑆+𝑆 ( ̃𝜈) 𝑑 ̃𝜈 (𝑐𝑚−1) /7 (𝑐𝑚−2) (V.3)

𝑑𝑡𝑜𝑡𝑎𝑙 (𝑐𝑚) = Δ𝐴10[𝑄𝑅(0)] /0.90 (𝑐𝑚−1) (V.4)

As bands have very different absorption coefficients, one of the methods could always be
chosen for a given sample thickness, ensuring high sensitivity and precision. Also, since these
bands are broad in pure hydrogen, they could also be used for a rough estimate of the thickness
of doped matrices as well. In our typical experiments, matrix thicknesses in 0.5-1.0 mm range
are usually achieved.

V.1.4 Helium immersion based preparation setup
Our para-hydrogen conversion apparatus was designed based on the aforementioned con-

cept by Andrews. Approximately 5 g of hydrated iron(III) oxide (catalyst grade, 30–50 mesh,
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Sigma Aldrich) was deposited at the end of a 1.5 m copper dipstick tube. At the other end
of the tube, it was soldered with a brass KF-25 flange changing into a 6 mm fitting for the
hard nylon tubing, that connects to the gas handling system, sealed off by a PTFE valve in a
glass tube (see fig. V.4). The central part of the gas system is made of glass and together with
the disptick and 10 L gas flask constitute the space where the hydrogen is cycled, and is iso-
lated from the vacuum source by another PTFE valve. The pressure is measured by an active
strain gauge that provides reliable gas-independent measurements above 10 mbar. Hydrogen
(99.999%) is delivered from a standard 50 L gas flask. The system has been leak tested to
achieve vacuum better than 1⋅10-5 mbar, and was later controlled by a Pirani gauge.
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Figure V.4: Schematic diagram of the para-hydrogen conversion apparatus using the liquid
helium immersion approach. The color of the connecting lines represent follow-
ing materials: black) stainless steel, blue) glass, red) hard nylon tubing250.

Normal hydrogen was filled into an evacuated system up to 250 mbar of pressure. Then
the glass part was isolated and the dipstick was slowly inserted into a liquid helium dewar,
taking care not to freeze the hydrogen. When a pressure of 60 mbar was obtained, the stick
was lifted a few cm and allowed to warm up slowly up to 150 mbar on the pressure gauge.
This cycle was repeated fifteen to twenty times, and subsequently the stick was immersed in
the liquid helium and the conversion chamber was pumped down to 10-4 mbar.

At the final stage, the dipstick was slowly raised with the collection flask closer to find
thermal equilibrium around 15 K, indicated by approximately 150 mbar in pressure. The flask
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was opened and the first 150 mbar of enriched para-hydrogen was collected. The procedure
takes around 2 hours and consumes 1-2 L of liquid helium. The cost factor and considerable
time involving manual operation of the setup led to a necessitated construction of a more
automated setup. Considering that the concept allows a high degree of control over the quality
of conversion, it was decided to stay with small scale concept of Andrews, rather that opting
for a continuous flow design, such as published by Sundararajan243.

V.1.5 Closed-cycle cryocooler based preparation setup

This setup was based around a ARS DE-202 closed cycle cryostat coupled with a 4HW
compressor. This cold head operates on the principle of the Gifford-McMahon refrigeration
cycle and achieves temperatures down to 10 K. The temperature can be controlled by a resis-
tive heater attached around the cold head and the measurements are done with a Si-diode,
operated by a Lake Shore 335 controller. Using this setup allows to automate many stages of
the process by software-controlling the heaters and vacuum valves.

Let us first address the gas-handling system, as it has experienced less changes than other
parts. The vacuum source now is also shared with the cryostat insulating vacuum space via
an additional line and is sealed off by a KF-25 aluminium valve. Hydrogen is delivered via a
brass 3-way ¼ in. valve, that is shared with a N2 line sourced from 5.0 grade gas supply, and
is used for venting the system between the experiments, eliminating long evacuation times
caused by adsorbed water in the system.

The non-optical version of the cryostat was modified for the purpose of the experiment.
Schematics of the custom designed parts can be found in the appendix A. In this design,
hydrogen is condensed in a cylindrical copper vessel containing 5 g of the above mentioned
iron oxide catalyst. The vessel is equipped with a threaded stem on the bottom which is used
to connect it firmly to the cold head. The bottom of the vessel is fine-polished to improve the
thermal contact, which is interfaced by a 0.1 mm thick indium foil sandwiched between the
cold head and the vessel. On top of the vessel, a steel plate with a ½ inch tube was mounted
to connect the assembly to the system outside of the vacuum shroud and provide thermal
insulation. The parts of the vessel are silver soldered together.

The solid radiation shield and the vacuum shroud included in the shipment have been
modified to pass the tube through. A flexible stainless steel bellows with a KF-25 flange
have been welded on top of the vacuum shroud to allow for larger concentricity tolerance for
the tube weld. A custom made KF-25 to Swagelok ultra-torr type fitting was made for the
vacuum feed-through of the vessel tube, and was mounted on top of the bellows. The adapter
and the vessel were tested to achieve vacuum down to 3⋅10-7 mbar.



140 V Molecular Association Mechanisms Governed by van der Waals Forces

The vessel was connected to the gas-handling system via a 117 cm PTFE smooth core
Swagelok ½ in. hose, with ultra-torr adapter on the vessel side and a standard union, con-
necting to a custom made adapter to the glass tubing, on the other. The type of core was
chosen deliberately, to minimize the number of collisions of hydrogen molecules with the
steel surfaces at high temperature. In the final construction, the hydrogen only has to pass
the insulating section of the vessel made in stainless steel, and the fittings connecting the hose
to the glass section of the setup, thus providing minimal back conversion due to collisions with
the surfaces, with a small trade-off of minor air permeation through the hose’s PTFE border.
The latter has no tangible effect on the purity of the end product, as in the final step the
cryostat is brought to its minimal temperature and all of the impurities are condensed.

The procedure is analogous to that of the immersion setup. The 10 L sample flask is open
to the catalyst chamber and is filled with approximately 250 mbar of hydrogen gas. From
this point the process is largely controlled by the software. The compressor and the cold head
are started at the chosen time and the valve to the cryostat’s vacuum space is closed. An
independent program is monitoring and logging the temperature while also controlling the
setpoint of the Lake Shore temperature controller. The catalyst chamber is cooled down to
start condensing hydrogen over the catalyst. Once 60 mbar of vapor pressure is obtained, or
equivalent to ~12.5 K reading on the temperature diode, the heater is enabled to slowly ramp
up to just about 15 K to gradually heat up the catalyst. Once 150 mbar of vapor pressure
is reached, the heater is turned off until 40-50 mbar is observed. The software controls the
heater remotely based on temperature reading, although exact values and cycle lengths were
empirically established based on the pressure readings, as a more reliable measure of catalyst
temperature due to limited heat transfer between the cold finger and the catalyst particles.

The procedure can be set up the day before the experiment, so that the ~5 hour total
run time would be completed without user involvement. After filling the hydrogen gas, the
process is fully automated all the way up to the product collection. Unlike the manual method,
this approach is rather consistent with the timings at each step, so it is more convenient in the
scope of a matrix isolation experiment, as the setup can be prepared accordingly, minimizing
delay and ensuring the highest yield of p-H2.
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V.2 Carbon Dioxide – Water
Weak intermolecular interactions play an important role in the physical properties of ma-

terials. Van der Waals forces are comprising a large portion of the association energy for this
class of systems. The accurate description of such systems is important in many aspects of
practical engineering. An example of this could be the clathrate complexes - natural gas and
carbon dioxide tend to form solid clathrates254,255 under reservoir pressure, requiring special
treatment.

The weakly bound CO2··H2O complex provides direct insight on the thermochemical
properties of the respective clathrate and on the interactions occurring during the CO2 gas.
The important contributing modes to the ∆ZPE are situated in the THz spectral range
(fig. V.5), where they can’t be measured in the gas phase, due to low stability of the com-
plex (D0 = 8.7±0.2 kJ⋅mol-1)154.

Figure V.5: The weakly bound CO2 - H2O van der Waals complex with the large-amplitude
intermolecular wagging (left) and rocking (right) modes of the water molecule
depicted.

With the ∆ZPE magnitude amounting to around 40% of the final D0-value, the esti-
mation of the vibrational contribution to the energy of the system is very important, while
theoretical models for such modes are very challenged. The situation worsens as systems get
weaker and van der Waals forces start to completely dominate the potential energy surface,
for systems such as methane – water, OCS – water or hydrogen sulfide dimer.

CO2 – H2O has been previously investigated by matrix isolation in neon, with unam-
biguous assignments of two large-amplitude vibrational bands in the THz region154. Even
though these modes were observable for the normal complex, the isotopically substituted vari-
ants of the system with HDO and D2O had the wagging modes shifted into the range of the
spectrum covered with RTC bands.
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Figure V.6: THz spectra of neon (black traces) and para-hydrogen (red traces) matrices doped
with carbon dioxide with H2O (top) and a mixture of H2O with D2O (bottom).
The assigned band origins for the active large-amplitude intermolecular modes
indicated together with the respective isotopic shifts.

Table V.2: The calculated harmonic vibrational frequencies* and intensities for the CO2 –
H2O complex, and experimental assignments of the bands in para-hydrogen and
neon matrices. The assignments for the CO2 – D2O complex are given in brackets.

Mode description 𝜔, cm-1 I, km/mol Exp. (p-H2), cm-1 Exp. (Ne), cm-1

CO2 libration 18.5 29
H2O wagging 93.1 229 98.6 (71.1) 101.6

O··C stretching 108.8 0.5
H2O torsion 148.3 0
H2O rocking 165.9 25 164.0 (151.8) 166.6

* MP2/AVQZ/Counterpoise level of theory
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To complement the previously obtained data, the measurements in the para-hydrogen
environment have been made. For both assigned bands, slight red shifts are observed when
compared to neon. In both spectra, the RTC bands of water, previously observed in neon, are
completely absent. In the case of deuterated water, this opens up the portion of the THz spec-
tra where the corresponding wagging modes are situated at 71.0 and 78.6 cm-1 for D2O and
HDO, respectively. To estimate accurate semi-experimental dissociation energy for the bi-
nary complex, the CCSD(T)/ quality electronic dissociation energy in combination with the
zero-point energy calculated from the experimental band origins together with the theoreti-
cally predicted spectral shifts of the intramolecular modes and band origins of non-observed
intermolecular vibrations. The results are presented in table V.7 at the end of this chapter.
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V.3 Carbon Disulfide – Water

The presence of sulfur components in industrial feedstocks is both detrimental for the
environment, but also impacts economy of the petrochemical industry. Sulfur is well known to
be a strong ligand for many transition metals, which causes problems for catalytical industrial
processes256. The Claus process257,258 for hydrogen sulfide containing gases ends up with
about 90-93% efficiency and the residual sulfur is typically left in the form of carbonyl sulfide
(OCS) and carbon disulfide (CS2). The intermolecular processes, particularly the mechanism
of hydrolysis of CS2 is being investigated in the scope of catalytic sulfur removal259.

The current technology involves formation of H2S from the residual CS2 and OCS and
recycling it back to the Claus process. An expensive Co⋅Mo⋅Al2O3 catalyst is used for the
process combined with high temperatures necessary for full conversion, whereas hydrolysis
is an efficient alternative to contain sulfur compounds, but current catalysts and temperature
regimes of the process are still suboptimal. On the other hand, the same hydrolysis process
naturally occurring in the reservoir is in fact one of the pathways to generate hydrogen sulfide
and cause drastic scale problems in the oil production facilities.

With a composition resembling that of CO2⋅H2O, the carbon disulfide hydrate is a sub-
stantially weaker complex. It is then expected that the important vibrational modes, that
contribute the most to the change of the zero-point energy in complex formation, are situ-
ated very low in the THz spectrum, and the flat potential energy surface of the system would
make it challenging to predict the structures of the complexes, particularly so for the ternary
systems.

V.3.1 Semi-experimental dissociation energy of CS2··H2O

Carbon disulfide has a small partial positive charge on sulfur atoms, approximately 0.044
as estimated by the CHELPG218 method. The calculated structures of the two conformations
of the monohydrate are given in fig. V.7.

The structures of water hydrates of CS2 with varying compositions have been studied the-
oretically by Shields previously260. Some of our results, particularly for the dimer species, are
in qualitative agreement with their predicted structures, but for many of the trimer confor-
mations, it appears that the level of theory applied in that study was too low and some of the
minima found are not present in our RI-MP2/ACVQZ optimizations. This is likely due to
the large impact of the basis set superposition error, present in the old composite ab initio
thermochemistry procedures, in conjunction with the very flat potential energy surface of the
complex.



V.3 Carbon Disulfide – Water 145

C2v (0) Cs (+2.3 kJ⋅mol-1 )

Figure V.7: The predicted conformations of the carbonyl disulfide – water complex (RI-
MP2/ACV5Z). The relative ZPE corrected dissociation energies (D0) are given
in parentheses.

A microwave study by Lovas et al.261 has confirmed the C2v structure experimentally.
Theoretical calculations of the harmonic vibrational frequencies showed that the global mini-
mum C2v conformation of the dimer has two IR active vibrations in the THz region at 91 and
96 cm-1, the wagging and the rocking motion of the water subunit, respectively (see fig. V.8).

A. H2O wagging mode 𝜈wag

B. H2O rocking mode 𝜈rock

Figure V.8: The infrared active large-amplitude intermolecular vibrational modes of the
global energy minimum conformation (C2v) of the CS2⋅H2O complex.

The experimental spectra recorded in neon show extra features related to the mixed com-
plex, yet spectral overlaps with the RTC band of water and the fundamentals of the water
dimer make it very problematic to properly estimate the band origins (fig. V.9). The mea-
surements in para-hydrogen reveal several clear groups of signals in the THz spectrum (see
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fig. V.10). The intense peaks at 91.4 and 106.0 cm-1 apparently correspond to the wagging
and rocking mode of the mixed complex, respectively.
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Figure V.9: THz spectrum of a neon matrix doped with mixture of CS2 with water. The
region below 85 cm-1 is completely obscured by the RTC band of water, while rest
of the signals overlap with possible water cluster bands. Apparent peak positions
for the mixed dimer band are 96 and 116 cm-1, yet th peaks are not isolated with
several sub bands present.

The isotopic shifts for the wagging and rocking mode agree very well with the ab initio
calculations. The D2O species of the complex have their bands at 66.2 and 72.9 cm-1. The
wagging mode of the CS2⋅HDO is positioned at 78.4 cm-1, with a weak shoulder at 82.6 cm-1

most likely representing the corresponding rocking mode. By comparison with the calculated
vibrational spectrum of the less stable Cs conformation of the dimer, which has three infrared
active modes (see fig. V.11), we conclude that only the most stable C2v conformation of the
binary complex is present in the p-H2 matrix.

Apart from the signals discussed above, a series of bands in the range 170-200 cm-1 and
below that of the dimer are present. To confirm the assignments, a concentration dependence
study was carried out, and the spectra are displayed in figure V.12. All of the extra signals
appear to be independent of the dimer bands and do not belong to any known water cluster
bands262. The dependence on the component ratio is not as clear as would be expected, prob-
ably due to the low mobility of the CS2 fragment in the matrix. We have to conclude that
both of the band groups are related to CS2⋅(H2O)2 trimer species.

The calculated harmonic vibrational frequencies of the binary complexes and the dissoci-
ation energies are summarized in table V.3. It is evident from the result, that the classical
harmonic approximation of the force fields completely breaks down for these type of systems,
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Figure V.10: THz spectra of para-hydrogen matrices doped with mixtures of CS2 with H2O,
HDO, and D2O with 3.5:1 concentration ratio. The arrows indicate the isotopic
shifts of the assigned bands. The band at 76.7 cm-1 is assigned to the C2v trimer
conformation (marked with *), though it is overlapped with the water dimer
band (75.7 cm-1).

as the harmonic values for the two intermolecular modes of water (wagging and rocking) are
actually 11% lower than the experimental result, substantially exceeding the expected exper-
imental error margins introduced by the matrix environment. Furthermore, the application
of coupled cluster theory CCSD(T)-F12b/VQZ-F12 to the same problem makes this dif-
ference even more drastic for the wagging mode with the calculated harmonic band position
at 56.8 cm-1. This behavior has also been observed by Soulard for the wagging mode in
the OCS⋅H2O system, when similarly comparing the MP2 result to the CCSD(T) family of
methods. Meanwhile, the in-plane H2O rocking band position of CS2⋅H2O, is still predicted
0.4 cm-1 higher by the CCSD(T)-F12b/VQZ-F12 approach.

Apparently, the wagging mode represents a particular challenge for the harmonic oscilla-
tor model, which may be due to differences in the description of the involved lone pairs on the
oxygen atom in the course of the librational motion. During the in-plane H2O rocking mo-
tion both lone pairs of O atom remain interacting with the S-site on the CS2 fragment, likely
resulting in a continuous potential energy surface. On the other hand, the wagging motion
effectively breaks the interaction of one of the pairs, creating an inflection or turning point on



148 V Molecular Association Mechanisms Governed by van der Waals Forces

Free H libration H2O rocking Bound H libration

Figure V.11: The infrared active large-amplitude intermolecular vibrational modes of the lo-
cal energy minimum conformation (Cs) of the CS2⋅H2O complex.

the potential energy curve, which cannot be described with the standard harmonic oscillator
approach. As a result, not only is the harmonic prediction of the ZPE of the system highly
unreliable, but also any anharmonic corrections are impossible. These findings suggest that
a highly accurate potential energy surface has to be developed for the system to gain further
insights on the nature of the motions in question.

Consequentially, the most accurate estimation of the ∆ZPE and dissociation energy D0 of
the binary CS2⋅H2O complex involves combining the current experimental findings of band
origins of IR active intermolecular modes with theoretical harmonic results of the non-active
ones. The observed bands represent about 61% of the total ∆ZPE, when compared to the
estimated contributions for the rest of the modes, which means that the total error contri-
bution from the harmonic results is not very large. The contribution of the intramolecular
modes is rather small, in particular due to sign difference of several shifts. The resulting total
semi-experimental value of ∆ZPE for the C2v complex, consisting of theoretical harmonic
intramolecular spectral shifts (∆ZPEintra,teo) and ∆ZPEinter,semi-exp (estimated as the sum of
experimentally determined modes and harmonic values of the three lowest-most predicted
modes), adds up to 1.88±0.10 kJ⋅mol-1. The error bar here includes both minor matrix pertur-
bations of the band origins and the errors of theoretical predictions of the non-active modes,
accounting both for anharmonicity and the errors of the model.

The calculated change of the zero-point energy is then coupled with the CCSD(T) elec-
tronic dissociation energy, obtained by a (Q, 5, 6) extrapolation to the basis set limit on the
all-electron RI-MP2/ACV5Z optimized geometries. The local minimum Cs conformation
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Figure V.12: THz spectra of para-hydrogen matrices doped with mixtures of CS2 with H2O
with varying ratios and the spectrum of water in para-hydrogen for reference.
The color of the dashed lines indicate the assignments of the bands: water ho-
mocomplexes (black), CS2⋅H2O dimer (red), CS2⋅(H2O)2 D2h trimer (orange).

of the binary complex is processed in a similar way, however, based on entirely theoretical
values for ∆ZPE. The result demonstrates that the energy difference between the two con-
formations comes mainly from the difference in vibrational force fields contributions, and
the magnitude of the difference supports the experimental evidence indicating that the most
stable conformer is formed. Finally, the zero-point corrected dissociation energy D0 for the
CS2⋅H2O van der Waals system is calculated to be 5.08±0.15 kJ⋅mol-1.

V.3.2 CS2·(H2O)2 Ternary Complexes

By the combination of concentration dependence measurement of the band intensities
and comparison to the spectra of the pure components, the remaining observed signals could
be assigned to mixed ternary species. Multiple conformations of such systems were predicted
by Shields and in the present study, and they can be categorized into two groups.
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Table V.3: The calculated vibrational frequencies (cm-1) and intensities (km⋅mol-1) for CS2,
H2O, and the two conformations of the binary CS2··H2O complex. Included are
the calculated electronic (De) and the semi-experimental zero-point dissociation
energies D0 of both conformations (kJ⋅mol-1).

Mode 𝜔(H2O) 𝜔(CS2) 𝜔 C2v 𝜔 Cs
Intra-molecular

Asym OH Stretch 3976.4 (81.2) 3968.7 (86.1) 3952.3 (143.1)
Sym OH Stretch 3849.3 (6.6) 3842.6 (12.3) 3821.1 (25.1)
HOH Bend 1630.8 (74.8) 1631.8 (23.4) 1633.2 (165.6)
Asym CS Stretch 1631.1 (561.3) 1623.4 (629.4) 1627.6 (422.9)
Sym CS Stretch 683.4 (0.0) 680.4 (1.2) 683.1 (0.4)
SCS Bend 403.0 (5.0) 411.4 (6.1) 407.0 (8.1)

403.0 (5.0) 410.2 (5.1) 401.1 (5.1)
Inter-molecular

H2O Rocking 95.8 (56.6) 187.2 (49.8)
H2O Wagging 90.8 (223.2) 152.2 (115.3)

78.2 (1.0) 75.2 (9.2)
27.0 (3.0) 74.3 (134.0)
19.0 (8.1) 37.5 (4.0)

Energies
De

b 6.96 5.66
∆ZPEintra,teo -0.05 -0.31
∆ZPEinter,semi-exp

c 1.93±0.10 3.15
D0 5.08±0.15 2.82
a Geometries and harmonic frequencies calculated at the RI-MP2/ACV5Z level of theory
b De is calculated at the CCSD(T)/CBS level
c Includes experimental intermolecular fundamental transition energies for observed bands

In the first group, the ternary complex can be viewed as a combination of (H2O)2 and CS2.
In the matrix environment, it is most likely formed by the addition of a free water molecule
to the one bound in the CS2··H2O complex, whenever the new molecule approaches the
complex from the water side. Considering the weak interaction with the CS2 fragment, it is
effectively a perturbed water dimer system, with vibrational bands expected to be traceable to
that of the free (H2O)2 system. The RI-MP2/ACVQZ geometries are shown in figure V.13
along with their corresponding relative D0-value.

In the second group, the ternary complex is formed by a water molecule approaching the
CS2··H2O at the “unbound” S-site of the CS2 fragment. In this case the resulting interaction
is analogous to that in the primary mixed dimer conformation, offset by the inductive contri-
bution of the added fragment. The water molecules in this system are almost independent of
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each other, with an extremely small rotational barrier, therefore establishing the H-O-O-H
dihedral angle between them is challenging for standard computational methods. Converging
the geometry with high accuracy and free of symmetry constraints in at the RI-MP2/ACVQZ
level resulted in water molecules being in-plane, although the result seems to be very basis set
and method dependent. As this difference barely affects the predicted infrared spectrum of
the complex, only the in-plane D2h conformation is considered.

The harmonic vibrational predictions for the D2h conformer of the ternary CS2⋅(H2O)2
complex demonstrate, as expected, the same rocking and wagging modes as found in the
CS2⋅H2O dimer, with both bands red-shifted by about 20 cm-1. The intensity of these modes
comes from both water fragments, therefore the total intensity is almost double of that in the
dimer. In figure V.10 an intense band is observed at 72.1 cm-1, which is assigned to the
wagging mode of the D2h trimer. The rocking mode is less intense in this configuration and is

A (0.0 kJ⋅mol-1) B (0.1 kJ⋅mol-1)

C (0.5 kJ⋅mol-1) D (4.9 kJ⋅mol-1)

D2h (6.5 kJ⋅mol-1)

Figure V.13: Optimized structures (RI-MP2/ACVQZ) of the CS2⋅(H2O)2 trimer confor-
mations. Relative energies (D0) are given in parentheses. The D2h conformer is
the least stable of all calculated CS2⋅(H2O)2 ternary species.
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estimated to fit the 76.7 cm-1 feature. Isotopically substituted variants of the ternary complex
are estimated to have these modes below 65 cm-1. In the D2O spectrum, the two bands
observed at 44.7 and 47.7 cm-1 fit perfectly in terms of frequency shifts and intensity ratio to
the theoretical estimates for the wagging and rocking modes of the substituted complex.

The same assignments cannot be made for the HDO version of the complex. The region
below the dimer’s H2O wagging band is very crowded. Apart from several water cluster
bands that occur in this region, an explanation to the spectral appearance of the respective D2h
cluster is that, in stoichiometric HDO mixture, the distribution of isotopic species is 1:2:1
for H2O:HDO:D2O respectively, and then the cluster can be formed as any combination of
these (CS2⋅(H2O)2, CS2⋅(H2O)(HDO) and CS2⋅(D2O)2), generating two bands per each
isotopic species.

T1-A. Wag + rock T1-B. Free H lib. + wag T1-C. Rock + wag

T2-A. Wagging T2-B. Rocking

Figure V.14: The infrared active intermolecular vibrational modes of the ternary CS2⋅(H2O)2
complexes. T1 are the type of vibrations that appear in the A-D conformations
(conformer D used as the example). T2 vibrations correspond to the D2h con-
formation of the complex.

The calculated D0 of the complex is about 7 kJ⋅mol-1 higher than that of the most stable
conformation of the water dimer based group, as the hydrogen bond between water frag-
ments in the latter provides dramatic reduction in energy. The appearance of the unstable
D2h conformer in the spectrum can be explained by the kinetics in the matrix environment.
With significant excess of CS2 in the sample gas, the molecules are predominantly trapped
as mixed dimers and monomers. Due to the large size of the CS2 fragment, its diffusion is
very restricted in the matrix environment, especially considering the very limited annealing
possibility for the p-H2 matrices in our experimental setup. This effectively excludes ternary
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complexes with two CS2 parts, since the abundance of these complexes in the gas phase in
non-existent. Free water molecules can travel between the trapping sites, where it is almost
equally likely to approach the existing CS2⋅(H2O) complexes from the water fragment side or
the unbound S-site. Rearrangement of the D2h conformation of the ternary complex might
not occur in the matrix due to the size restriction, preventing any sort of rotation, while the
water subunit is bound strong enough to retain the bond at low temperatures.

Table V.4: The predicted harmonic vibrational frequencies (cm-1) and transi-
tion intensities (km⋅mol-1, given in brackets) for the five different
conformations of the ternary CS2⋅(H2O)2 complex, calculated at
the RI-MP2/ACVQZ level of theory.

Conf. A Conf. B Conf. C Conf. D D2h
16.28 (2) 16.15 (2) 21.42 (1) 16.68 (1) —*
39.37 (1) 39.54 (1) 28.97 (0) 17.36 (3) 3.09
74.74 (14) 72.30 (17) 74.18 (25) 52.86 (2) 16.24 (7)
98.74 (5) 98.98 (5) 83.82 (0) 65.00 (0) 33.45
114.59 (46) 117.19 (48) 109.91 (47) 100.45 (2) 65.01
150.72 (98) 151.41 (95) 140.92 (95) 126.52 (0) 67.67
184.69 (17) 185.02 (20) 180.15 (64) 157.82 (72) 69.96 (110)
200.98 (56) 207.07 (53) 181.21 (3) 163.76 (124) 72.07 (443)
292.61 (133) 296.10 (129) 227.98 (217) 188.63 (183) 77.81
391.93 (61) 393.63 (50) 401.93 (40) 354.30 (50) 79.95 (2)
* Imaginary frequency

The limited mobility also could explain why the distribution of ternary complexes doesn’t
follow the calculated dissociation energies (given in fig. V.13). For the conformations of the
trimer including a water dimer fragment, harmonic vibrational frequencies of the infrared
active modes fall in the range from 150-200 cm-1, with three bands found for each struc-
ture, depicted in figure V.14 (T1 modes). Likewise, three distinct bands are observed in the
spectrum, with a concentration dependence indicating relation to the mixed trimer. The as-
signed modes are comprised of water wagging + in-plane libration motions (T1-A,C), and
rocking + out-of-plane libration motions (T1-B). The band assignments are made tentatively,
with T1-A, T1-B and T1-C corresponding to 171.5, 178.8 and 196.1 cm-1 respectively, with
corresponding calculated harmonic band origins at 157.8, 163.8 and 188.6 cm-1 of the D
conformation of the complex. This assignment is confirmed by experiments isotopically sub-
stituted water. In D2O experiment, two bands are observed close to expected isotopic shifts,
with T1-A and T1-B likely to overlap.

In the HDO/CS2 spectrum only one broad peak is observed around 155 cm-1. Con-
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sidering the distribution of species having isotopic combinations in the mixture of HDO as
1:2:1 and the estimated intensities, it can be concluded that the observed band is an overlap
between T1-A and T1-B of the HDO species and T1-C of the D2O species, accumulating
enough intensity to be detectable in the spectrum.
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V.4 Carbonyl Sulfide – Water
Carbonyl sulfide (OCS) structurally is in between carbon dioxide and carbon disulfide.

The case of CS2⋅H2O has demonstrated that the charge distribution is one of the key factors
in determining the binding motif of the system. The charges on both sulfur atoms are around
0.05, favoring the discovered complex geometry. Carbonyl sulfide has an oxygen atom that
can be expected to draw charge away from the C=S bond. The calculated charge on the sulfur
atom in this complex is -0.05 with DFT electrostatic potential surface or -0.08 with the MP2
surface. The charge is slightly negative, while the carbon atom has a large positive charge,
which implies that another conformation than what was found for CS2 might be possible for
this OCS⋅⋅H2O system. At the same time, the negative charge on the sulfur atom is not large
enough to completely bar the bonding observed for carbon disulfide, in which case, it could
be considered an example of chalcogen bond facilitated by a strongly polarized 𝜎-bond.

Figure V.15: The calculated conformations of the binary and ternary carbonyl sulfide – water
complexes. The relative ZPE corrected energies are given in parentheses.
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As with the other weakly bound systems, most bands of interest for the OCS⋅⋅H2O sys-
tem are in the THz range that require the use of para-hydrogen (see table V.5). A study in
neon, assigning some of the features, was performed by Soulard et al120. The experimental
spectra of the mixtures of OCS with water, D2O, H18

2 O and HDO embedded in solid p-H2
are given figure V.16. The minimum structure and experimental findings confirm that the in-
teraction occurs similar to the CS2⋅H2O complex, with the sulfur atom acting as the electron
acceptor. As observed in the figure, all of the assigned band origins for the binary species are
located below 120 cm-1. For this reason, experimental observations of these system in neon
are limited.

Two bands are observed in para-hydrogen matrices, with larger band origin difference
than observed in the carbon disulfide system. Vibrational assignments of the infrared active
large-amplitude modes for the OCS⋅⋅H2O system for all the studied isotopic forms are given
in table V.6. Owing to the extended spectroscopic window, we are able to assign band origins
for the binary complexes of OCS with water even for the D2O variant. The lowest band
origin is observed for the wagging mode of the latter at 47.5 cm-1. Observation of a band at
this vibrational frequency is an important result, that cannot be achieved in any other matrix
host material, and is notoriously hard to analyze by theoretical methods. Modes in this range
often require specialized treatment when included in the thermodynamical models, e.g. the

Table V.5: The calculated theoretical vibrational frequencies (in cm-1) for the two conforma-
tions of the OCS⋅H2O weakly bound van der Waals complex, and its constitut-
ing fragments at the MP2/AVQZ level of theory. The predicted intensities are
indicated in brackets (in km/mol). The CCSD(T)-F12/VQZ-F12 vibrational fre-
quencies of the intermolecular modes are given in squared brackets.

Mode 𝜔(H2O) 𝜔(OCS) 𝜔(OCS⋅⋅H2O) 𝐶2𝑣 𝜔(OCS⋅⋅H2O) 𝐶𝑠
Intra-molecular Intra-molecular

Asym OH stretch 3968.7 (79.5) 3961.7 (85.9) 3958.8 (84.8)
Sym OH stretch 3842.2 (6.3) 3836.2 (11.2) 3831.0 (3.8)
HOH bend 1632.0 (73.8) 1633.0 (74.4) 1625.6 (151.7)
Asym CS stretch 2093.6 (649.9) 2082.5 (688.9) 2091.6 (657.7)
Sym CS stretch 894.7 (7.2) 889.7 (3.0) 900.8 (4.7)
SCS bend 525.1 (0.8) 534.8 (0.5) 526.5 (1.1)

525.1 (0.8) 533.7 (0.8) 524.7 (1.3)

Inter-molecular Inter-molecular
110.2 (58.9) [109.9] 202.6 (35.9) [194.5]
87.5 (223.4) [81.9] 151.9 (94.5) [148.4]
83.8 (1.3) [54.2] 112.3 (1.8) [112.9]
37.0 (2.1) [35.0] 93.8 (176.9) [74.2]
27.7 (7.0) [27.1] 35.7 (13.1) [37.4]
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quasi-rigid rotor harmonic oscillator approach263. The calculated dissociation energy for the
three systems discussed in this chapter is given in table V.7.

240 220 200 180 160 140 120 100 80 60
0,0

0,3

0,6

0,9

1,2

1,5

1,8
 OCS/H2O
 OCS/H2

18O
 OCS/HDO
 OCS/D2O

 

 

 

C2

C2/C1/B2
B1

C2
D1 (H2O)2

C2D1C2/C1

Wavenumber, cm-1

ln 
(I 0

 / 
I)

(H2O)2
C2

B1

Figure V.16: The terahertz spectra of OCS with water, D2O, H18
2 O and HDO isolated in

solid para-hydrogen at 2.8 K. The arrows indicate isotopic shifts of the assigned
bands. The indicated assignments correspond to the structures presented on
figure V.15. The assignments for the ternary complexes are tentative.

Table V.6: The assigned band origins (in cm-1) for the large-amplitude intermolecular modes
of the OCS complex with H2O and its isotopic species in p-H2 matrices.

Mode H16
2 O··OCS H18

2 O··OCS HD18O··OCS D16
2 O··OCS

Wag 78.2 77.3 60.1 47.5
Rock 112.8 112.1 84.9 71.6
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V.5 Hydrogen Sulfide – Water

Hydrogen sulfide, like water, is a special case as it can fill roles of both donor and acceptor
fragment in a molecular cluster. The self-association tendency of the sulfide is calculated to
be fairly low. The interaction with water, however, is non-negligible and complex. Due to
its amphoteric nature and relatively small size, hydrogen sulfide is capable of forming two
conformations of the dimer, that in turn cause existence of large number of possible trimer
conformations in aqueous mixture phase. As such, phase behavior of this system is enor-
mously complex, particularly so when concentration of H2S is high.
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Figure V.17: Far-infrared spectra of hydrogen sulfide – water mixtures isolated in neon matri-
ces at 2.8 K. Position of the assigned out-of-plane librational mode is indicated
by the dashed line.

The focus of this work is to establish place of hydrogen sulfide among other non-covalent
bond acceptors and to acquire basic estimate of the microsolvation properties of the molecule,
specifically in the cases encountered in petroleum industry, where self-association of sulfide
units is unlikely. A more in-depth analysis of the experiment and of the complementary mea-
surements of low-frequency modes in para-hydrogen is planned. In this section, far-infrared
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spectra of neon matrices with assigned librational mode of the dimer is given (fig. V.17). Con-
centration dependence of the band indicates that it is of 1:1 composition. The conformation
where water is the bond donor appears to be more stable from electronic energies, although
it has been reported that contribution from zero-point vibrational energy brings the reverse
conformation close264. We have calculated possible structures of dimers and larger clusters
that could be formed in the matrix, visualized on figure V.18. It is evident from mid-infrared
range and high concentration matrices in FIR, that it is rather hard to isolate the system to
formation of dimers exclusively, but the trimers form excessively and have varying composi-
tion.

Overall, the hydrogen sulfide – water complex is much weaker than other systems studied
here. The calculated dispersion contribution to the electronic dissociation energy is 50%,
opposed to that of water estimated at 29%. The angle of the hydrogen bond is 163°, which
is significantly lower that observed for conventional hydrogen bonded complexes. The total
dissociation energy of the complex is 6.2 kJ⋅mol-1, with the corresponding librational band
frequency we have found to be at 324 cm-1 in neon265. The majority of the IR intensive
bands are located at much lower frequencies, particularly for the sulfide dimer species. A
more detailed investigation of the larger cluster in para-hydrogen is intended.

Figure V.18: Calculated minimum structures of dimer and trimer molecular complexes con-
taining hydrogen sulfide.
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V.6 Concluding remarks
For all four systems, the zero-point energy presents a large portion of the total value, and

most importantly, the vast majority of it is located in the intermolecular modes found in the
THz spectral range. The spectroscopic results obtained for these systems have allowed the
unambiguous determinations of the global minimum conformation for each of the systems.
The carbonyl sulfide and carbon disulfide complexes with water provide a direct insight into
the nature of an unconventional O···S donor-acceptor bond, which in itself is too weak to
be observed by gas-phase spectroscopy. The extended spectral window of p-H2 opens the
possibility to investigate quite exotic species, such as the potential D2h conformation of the
ternary CS2⋅(H2O)2 complex.

Table V.7: The calculated electronic energies of the weakly bound clusters and semi-
experimental zero-point energy corrections (in kJ∙mol-1). Local energy decom-
position was carried out for CO2 and CS2 to estimate the dispersive and non-
dispersive components of the De. Semi-experimental energies are calculated by
replacing harmonic mode frequencies by the respective experimentally determined
values.

Model CO2··H2O OCS··H2O CS2··H2O
De -12.01 -7.70 -6.96
∆ZPEintra, teo -0.05 -0.06 -0.05
∆ZPEinter, semi-exp 3.20 ± 0.15 2.03 ± 0.20 1.93 ± 0.15
∆ZPEtotal 3.15 ± 0.15 1.97 ± 0.20 1.88 ± 0.15
D0 -8.86 ± 0.20 -5.73 ± 0.30 -5.08 ± 0.20
De,non-dispersive -4.56 -0.77
De,dispersive -7.56 -5.87

Dissociation energy of the OCS⋅⋅H2O complex is much closer to CS2⋅H2O than it is to
CO2⋅H2O. An overview of the calculated dissociation energies corrected for the vibrational
contributions accounting for anharmonic vibrations measured by experiment are given in ta-
ble V.7. There are no significant shifts in the intramolecular modes, and those that are present
counteract each other, resulting in an almost non-existent contributions from ∆ZPEintra. For
that reason, the total change in ZPE was estimated by combining experimental band origins
for the wagging and rocking modes of the water fragment with the theoretically estimated
harmonic band origins for all the other vibrational modes.

A local energy decomposition analysis, carried out on the CO2 and CS2 binary com-
plexes with water, indicates that the sulfur-containing complex has a very small non-dispersive
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contribution. The second conformation of that complex even has a strong repulsive electro-
static component at the equilibrium geometry (3.16 kJ∙mol-1) that is partially compensated
by strong dispersion (-9.05 kJ∙mol-1). It appears from the analysis that, while electrostatic
interactions have very small effect on the formation of these complexes, it is, nevertheless, a
defining factor of the mutual molecular orientation, as it is without a doubt responsible for
the specific energy wells of these systems. Evident from the calculated vibrational band ori-
gins, the coupled cluster approach fails to properly describe these van der Waals complexes,
but MP2 values appear somewhat better on average. This may indicate that there is a severe
lack of proper correlation treatment. As demonstrated recently for the case of the weakly
bound methane – water molecular complex, the calculated vibrational band origins for the in-
termolecular modes are critically dependent on the inclusion of higher (Q) excitations in the
coupled cluster treatment124. The majority of the intermolecular modes have not been found
experimentally yet, but it is very likely that matrix isolation in the para-hydrogen environment
would allow to obtain experimental data for the this weakly bound molecular system in the
future.
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CHAPTERVI
Conclusions

Infrared spectroscopy approach has been demonstrated to be a powerful tool that can be
applied to solve many challenges related to oil production. The currently applied methods to
evaluate phase behavior of the reservoir fluids during production rely on indirect conclusions,
based on the PVT properties of model mixtures. The true boiling point curve of a substance
in a mixture is the result of intermolecular interactions occurring in the condensed phase, and
for this reason, properties of a fluid are uniquely affected by its chemical composition.

The analysis of the produced oil samples from several wells located in different geograph-
ical locations in the South North Sea has demonstrated that polar oxygen-containing com-
pounds are present in quantifiable amounts in the crude oil fractions as low as C16 and gradu-
ally increases with the carbon number of the fraction. Such compounds are particularly apt to
form non-covalent intermolecular bonds to other molecules, forming large and heavy molec-
ular clusters, and also to the surface of the reservoir rock, ultimately hindering the flow. For
many heavy polar compounds, determination of the boiling point is associated with an uncer-
tainty of several tens of degrees, or cannot be determined altogether without destroying the
sample.

The extracted spectroscopic parameters, describing certain aspects of chemical composi-
tion of the analyzed sample, such as alkyl chain branching and maturity, indicate that there
is a non-linear change of the distribution of compound classes with the true boiling points,
which would suggest that the compositional effect on the behavior of the fluid in the produc-
tion scenarios is as unsteady.

The evidence of strong adsorption of polar compounds can be found by investigating the
original drill core samples. The spectroscopic analysis of extracted oil residue deposited in
these chalk samples has shown that a very high concentration of polar asphaltene/resin com-
pounds, containing carboxylic and amide functional groups, is left on the surfaces. The heavy
fraction containing asphaltene and resin compounds can constitute more than 50% of the
total organic matter adsorbed, but it also limits the mobility of the non-polar grease-like hy-
drocarbons, that are linked to them by means of van der Waals forces.

The polar fraction of the organic residue on the rock surface also bears characteristic chem-
ical signatures. The information on the chemical functional groups present in the molecules
of these fractions can be easily assessed by infrared spectroscopy. We have found evidence
that the production wells in the North Sea can be grouped based on their chemistry, and
the dominant features that define the groups are signals of carboxylic acids and amides. We
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have tested out an express method to perform statistical analysis of the spectroscopic data
and compared it to a PCA done with manually fitted spectra. The results are in agreement,
so ATR-FTIR spectroscopy can be used to extract a valuable overview of the chemical com-
position, and serve as a supplement to methods that provide more detail, but are orders of
magnitude slower to use and analyze, such as high resolution mass spectroscopy.

The adsorbed material poses a challenge for oil recovery process design. The case of tight
chalk reservoirs, that is widely represented in the Danish North Sea area, requires advanced
approaches to improve sweep efficiency and other economic aspects of the production process.
“Wettability” has been a key concept for engineering the flooding solutions, but the science
behind the phenomenon is poorly understood. This means that the development of more
efficient bespoke approaches to flooding can still be improved on several levels, and most
modern research in this area is more reliant on empirical observations than could be desired.
As a step towards thermodynamic models capable of accurately simulating phase and flow
behavior of the reservoir fluid rooted in actual chemical composition and the related properties,
a better understanding of the physics involved in molecular association is necessary.

Spectroscopic measurements of vibrational spectra of small molecular clusters, formed
from two-three individual molecules trapped in solid inert gas material, is a powerful tool that
allows direct studies of non-covalent intermolecular forces. This systematic study of prototyp-
ical clusters of small oxygen-containing compounds sheds light on the nature of hydrogen
bonds. It is observed that the inductive and mesomeric effects have a strong effect on the
donor-acceptor properties of the molecule, and the decay with distance across bonds limits
the extent of its effect in large systems. These facts provide the possibility of using the ex-
perimental data to estimate the thermodynamic stability of a given hydrogen bond, formed
between the molecules in a condensed phase, provided the structural information on just the
nearest surroundings of a functional group is available. This limits the possible number of the
most primitive building blocks of the condensed phase and has the potential of constructing
the scalable model of hydrogen-bonded interactions.

The hydrogen bonding to the dimethyl ether molecule (DME) was also studied in the
context of solvent-based enhanced oil recovery. DME is uniquely suited for this purpose
owing to its ability to dissolve in water, but partition into the organic phase on contact. We
have determined that the interactions with a series of model hydrogen bond donor compounds
are significantly stronger than non-specific London forces that may form with non-polar oil
constituents. In that regard, DME may be perfectly suited to recover strongly adsorbed polar
compounds from the rock surface. Now to assess the potential recovery benefit of using this
agent, a thermodynamic model can be used, for which purpose we have determined the semi-
experimental dissociation energies by IR spectroscopy.
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The dissociation energies of the hydrogen bonded complexes with water that were studied
range from 17.0 to 21.3 kJ∙mol-1. Dispersion interactions contribute significantly to forma-
tion of these complexes, unlike observed for the water dimer. For this reason, theoretical
description of such systems requires high-level electronic structure method to account for the
electronic correlation effects, yet these methods are out of reach for most systems of that size.
The spectroscopic observables, that are directly linked to the interaction energy of the systems
and serve as reference experimental data for development of novel approaches to treatment of
anharmonicity of vibrations, were obtained, and are also of value on their own.

While each hydrogen bond can be considered much stronger than van der Waals forces,
the latter are always present and also contribute significantly to the dissociation energy of a
system. These forces can only be assessed by means of computational quantum chemistry,
and for clusters of medium-sized polar molecules may contribute nearly half of the total dis-
sociation energy. The particular interest arises when trying to estimate the thermodynamical
properties associated with non-polar solvation, as in many cases acquiring experimental data
is notoriously challenging. We have investigated molecular complexes of CO2, OCS, CS2
and H2S. These systems are model compounds for donor-acceptor interactions, where van
der Waals forces play the key role, and are applied in some fields of the industry, e.g. CO2
gas injection. Even though these compounds do not possess a substantial permanent dipole
moment, electrostatic forces are intricately woven into the forces binding the clusters, and the
case was found to be unique to each molecule.

Intermolecular vibrations constitute almost the entirety of the vibrational energy for these
systems, and all of them are located in the terahertz spectral range. To access this range, we
have constructed an automated setup to routinely produce >99.96% spin-isomer pure para-
hydrogen. It can be used as a matrix material and we have found it to be completely trans-
parent in THz range, thus allowing experimental determination of the zero-point energy
changes of the complexes. In such interactions, while they are facilitated mostly by London
dispersion forces, the structure is defined by the weak electrostatic interactions. Since the
latter is strongly linked to the molecular vibrations, IR spectroscopy in solid para-hydrogen
is a unique approach to extract this information for the weakly bound complexes that cannot
be observed in any other way.

The conclusion from these results is that dispersion interactions are just as important for
the proper understanding of the molecular association mechanisms as hydrogen bonds, and
both can be potentially leveraged to design better engineering solutions for crude oil pro-
duction and processing. The necessary requirement to apply this knowledge is to have an
in-depth information on the chemical composition of the actual fluid in the process. Infrared
spectroscopy in all of its flavors has the tools to contribute to the solutions for both of these
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problems. The next step in the development of thermodynamic models, fluid-rock interac-
tions should be considered more explicitly. In this regard, the novel approach combining
the nanometer-scale resolving power of an AFM instrument with direct sensitivity to specific
chemical signatures of infrared spectroscopy - AFM-IR, is a promising tool to observe in situ
the behavior and distribution patterns of heavy polar compound adsorbed on the surface of
the rock, and, perhaps, the direct effect of the interaction on the functional groups contained
in the molecules of crude oil.



APPENDIXA
Closed cycle p-H2 converter

blueprints
Below are schematics for the custom made components of the closed-cycle parahydrogen

setup described, kindly provided by A. Voute.
Following part drawings are attached:

• Swagelok-to-glass fitting — ½ in. tube fitting to 8 mm I.D. glass tube with double
o-ring seals. The material used for the setup is brass.

• Vacuum feedthrough for the vessel tube — ½ in. tube feedthrough from the cryostat
vacuum space to the hydrogen handling system with a KF-25 flange. Welded KF blank
with Swagelok ½ in. ultra-torr bore-through fitting. The material is stainless steel.

• Vessel base — copper base plate for the catalyst vessel with a threaded stem on the
thermal interface side for the attachment to the cryostat.

• Vessel tube interface — interface is welded to the ½ in. tube and soldered as the top
plate on the vessel cylinder.

• Vessel body — copper cylinder serving as the body of the vessel.

• Vessel assembly — drawing for the fully assembled tube-vessel part.

• Radiation shield — commercial aluminium radiation shield with a bore to pass the
tube.

• Vacuum shroud — stainless steel vacuum shroud for the cryostat with an interface to
the weld on a KF-25 flexible bellows.
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APPENDIXB
True Boiling Point Distillates
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APPENDIXC
List of Drill Core Samples

The following is the list of drill core samples analyzed in both studied in section III.3.



188 C List of Drill Core Samples

Table C.1: List of drill core samples included in the chemical extract
composition study with infrared spectroscopy.

Well name Depth, ft Sample comment Method
North Jens 7453 ATR

7462 ATR
7479 ATR
7487 ATR
7499 ATR
7525 ATR

Valdemar 2H 9975-78 ATR
9978-81 ATR
9981-84 ATR
9981-84 MidB ATR
9999-10021 M ATR
9999-10021 B ATR

Valdemar 2P 7525 ATR
7688 ATR
7579 ATR
7713 ATR

BO2X 7063 ATR
7844 ATR
7857 ATR
7868 ATR
7886 ATR
7901 ATR

Dan,Kraka, Halfdan

MFA14 7648 ATR
A6I 9527 ATR

9515 ATR
9530 ATR

MFB7 7373 ATR
7377 ATR
7560 ATR

Nana1XP 6990 ATR
7226 ATR
7006 ATR

MFA4 7788 ATR
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Highly localized H2O librational motion as a
far-infrared spectroscopic probe for
microsolvation of organic molecules

D. Mihrin, J. Andersen, P. W. Jakobsen and R. Wugt Larsen *

The most prominent spectroscopic observable for the hydrogen bonding between individual molecules

in liquid water is the broad absorption band detected in the spectral region between 300 and 900 cm�1.

The present work demonstrates how the associated large-amplitude out-of-plane OH librational motion

of H2O molecules also directly reflects the microsolvation of organic compounds. This highly localized

OH librational motion of the first solvating H2O molecule causes a significant change of dipole moment

and gives rise to a strong characteristic band in the far-infrared spectral region, which is correlated

quantitatively with the complexation energy. The out-of-plane OH librational band origins ranging from

324.5 to 658.9 cm�1 have been assigned experimentally for a series of four binary hydrogen-bonded

H2O complexes embedded in solid neon involving S-, O- and N-containing compounds with increasing

hydrogen bond acceptor capability. The hydrogen bond energies for altogether eight binary H2O

complexes relative to the experimental value of 13.2 � 0.12 kJ mol�1 for the prototypical (H2O)2 system

[Rocher-Casterline et al., J. Chem. Phys., 2011, 134, 211101] are revealed directly by these far-infrared

spectroscopic observables. The far-infrared spectral signatures are able to capture even minor

differences in the hydrogen bond acceptor capability of O atoms with slightly different alkyl substituents

in the order H–O–C(CH3)3 4 CH3–O–CH3 4 H–O–CH(CH3)2 4 H–O–CH2CH3.

1. Introduction

The out-of-plane hydrogen bond librational band is the most
prominent spectroscopic manifestation of bulk water and the
associated large-amplitude intermolecular vibrational motion
of H2O clusters is of enormous importance for the unique
hydrogen bond rearrangement dynamics in liquid water. The
excitation of these large-amplitude vibrational coordinates,
which occurs in the 300–900 cm�1 spectral region, has been
shown to comprise motions which are breaking and forming
intermolecular hydrogen bonds between individual molecules.
Saykally and co-workers have reported three orders of magnitude
shorter lifetimes of the intermolecular hydrogen bonds in (H2O)n

(n = 2–6) clusters upon single excitations of out-of-plane OH
librational modes, demonstrating the importance of this class of
large-amplitude hindered rotational motion.1–5 A molecular
dynamics simulation investigation by Chandler and co-workers
supportingly has demonstrated that these hindered rotational
motions play more significant roles than the hindered transla-
tional motions in the hydrogen bond breaking processes of bulk
water.6

The two-body interactions represented by the prototypical
hydrogen-bonded (H2O)2 system account for 90% of the total
cohesive energy of both solid and liquid water.7–9 The large-
amplitude intermolecular librational motion of (H2O)2 has
both been extensively investigated by high-resolution vibra-
tion–rotation-tunneling laser spectroscopy of seeded supersonic
molecular beams10 and complementary low-resolution Fourier
transform spectroscopy of doped cryogenic neon matrices at 3 K.11–14

The complexation of two H2O molecules reveals two infrared
active large-amplitude intermolecular librational modes asso-
ciated with the hydrogen bond donor subunit; a highly localized
out-of-plane OH librational mode observed at 522.4 cm�1 in
cryogenic neon matrices13 and 523.7 cm�1 (Ka = 1) in supersonic
molecular beams1 together with an in-plane c-axis librational
mode involving the entire donor H2O molecule observed at
309.1 cm�1 in cryogenic neon matrices13 but yet unobserved in
molecular beams. The vibration–rotation-tunneling THz laser
approach has provided a wealth of information about the
complete 12-D intermolecular potential energy surface of the
prototypical (H2O)2 system and the three existing low-energy
barrier tunneling pathways.15–17

The highly localized nature of out-of-plane hydrogen bond
donor librational motion has previously proven much useful as
an indicator for the hydrogen bond energy for a series of binary
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hydrogen-bonded HF complexes.18 The observed out-of-plane
HF librational band origins nlib for these hydrogen-bonded HF
complexes in the far-infrared spectral region, ranging from
271 cm�1 for the weak HF� � �N2 complex19 to 694 cm�1 for the
strongly hydrogen-bonded HF� � �H2O complex,20 have been
demonstrated to be nearly linear proportional to the square root
of the respective experimental binding energies D0 ranging
from 4.7521 to 34.3022 kJ mol�1. This strong empirical D0 p nlib

2

correlation was rationalized by a one-dimensional potential energy
function involving the out-of-plane librational coordinate.18

The absolute band origins for the out-of-plane HF librational
modes were demonstrated to provide even more reliable mea-
sures of the hydrogen bond energies than the traditional and
frequently used complexation red-shifts of the intramolecular
HF stretching bands relative to the free HF molecule.10,18,23

The present work concerns the similar highly localized
out-of-plane OH librational motion for a variety of binary
hydrogen-bonded H2O complexes involving organic molecules
with various hydrogen bond acceptor capability. The traditional
relationship between the complexation spectral red-shifts
of intramolecular OH stretching bands relative to H2O
monomer10,23 is not well defined for these systems due to
the more effective decoupling of the two OH stretching modes
of the H2O subunits as the intermolecular hydrogen bonds
become stronger. The highly localized out-of-plane OH libra-
tional modes as illustrated in Fig. 1 are therefore much more
reliable spectroscopic observables for the corresponding
hydrogen bond binding energies of these microsolvated
systems.24–26 Recently, complementary far-infrared Fourier
transform jet and neon matrix isolation investigations have
revealed minor neon matrix spectral shifts in the sub-%
range for bands associated with highly localized out-of-plane
OH librational motion of several alcohol dimers.27–30 The
far-infrared neon matrix isolation approach, however, is
significantly more sensitive and has been employed in the
present work for selected binary H2O complexes involving
S-, O- and N-containing compounds with increasing hydrogen
bond acceptor capability.

2. Experimental

The experimental far-infrared low-temperature setup has been
described in details previously.31,32 In brief, approximately
0.02 mol of liquid N2 pre-cooled (77 K) neon was deposited
via a MKS multi-range mass flow controller onto a gold-plated
oxygen-free high thermal conductivity (OFHC) copper mirror at
3.4 K in the cold head of a specially designed immersion helium
cryostat (IHC-3) customized for matrix isolation spectroscopy.
The pre-cooled neon host gas was doped simultaneously either
with the pure samples or mixtures of these with H2O (Milli-Q) or
D2O gas (Sigma-Aldrich, 99.5% atom D) via separate inlet tubing
systems resulting in mixing ratios in the order of (1 : 300 to
1 : 3000). A LakeShore temperature controller (Model 325) kept
the temperature of the copper mirror at 2.8 � 0.1 K employing
resistive heating and feedback electronics before and after the
deposition steps. A CsI window was mounted onto the vacuum
shroud surrounding the cold head and far-infrared (200–675 cm�1)
single-beam sample spectra were collected by a Bruker IFS 120
FTIR spectrometer equipped with a liquid helium cooled
Si-bolometer, a 6 mm multilayer Mylar beam splitter and a
conventional water-cooled globar radiation source. The sensi-
tivity was increased via a specially designed dual-pass optical
arrangement guiding the focused probe beam onto the cold
mirror in the cryostat. The single-beam background spectra
of the evacuated cryostat were all collected before and after
the sample measurements. A spectral resolution in the range
from 0.1 to 1.0 cm�1 was selected depending on the observed
band widths.

3. Results and discussion
3.1 Intermolecular O–H� � �O hydrogen bonds

In previous far-infrared investigations of hydrogen-bonded
H2O–alcohol complexes isolated in neon, the intermolecular
O–H� � �O hydrogen bond acceptor capability of both primary
and tertiary aliphatic alcohols has been investigated by spectro-
scopy and theory.33 The out-of-plane OH librational band origin
nlib for the prototypical hydrogen-bonded H2O� � �methanol
complex has been unambiguously assigned at 527.5 cm�1 33

and is thereby slightly larger than the corresponding band origin
of 522.4 cm�1 assigned for (H2O)2

33 listed in Table 1. The slightly
stronger O–H� � �O hydrogen bond in the H2O� � �methanol
complex relative to (H2O)2 revealed by these far-infrared spectro-
scopic observables has been attributed the extra electron density
at the O atom on methanol, meaning that methanol is a slightly
better hydrogen bond acceptor than H2O.33 In line with this
observation, the corresponding out-of-plane OH librational band
origin for the branched-chain hydrogen-bonded H2O� � �t-butanol
complex has previously been assigned at 556.4 cm�1 (see
Table 1) showing that the inductive donation of electron
density to the alcohol O atom from the bulky t-butyl group
improves the acceptor capability of this tertiary alcohol even
more significantly.33 The electronic interaction energies (De)
computed at the CCSD(T)-F12b/aug-cc-pVTZ level, corrected
for harmonic vibrational zero-point energies (DZPE) at the

Fig. 1 The animation of the highly localized large-amplitude intermole-
cular out-of-plane OH librational mode introduced by the complexation
between dimethyl-ether and H2O.
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MP2/aug-cc-pVTZ level, suggested that the resulting intermole-
cular O–H� � �O hydrogen bond energy (D0) is 17.5% higher for
the latter branched-chain complex.33 However, this maximum
affordable T-z computational level for the H2O� � �t-butanol
system has not reached the complete basis set limit and the
missing treatment of important mechanical anharmonicity
contributions including torsional–vibrational couplings34,35

altogether make reliable ab initio predictions of binding
energies notoriously challenging.36,37 The incomplete level of
theory may therefore not capture the entirety of differences in
the electrostatic interactions for these two molecular systems of
significantly different size. The simple empirical spectroscopic

correlation D0 p nlib
2, on the other hand, proposes a higher

binding energy of 11.5% for the H2O complex involving the
bulky tertiary alcohol as hydrogen bond acceptor. In a previous
work, the out-of-plane OH librational band origin for the
most stable gauche+ conformation of the significantly smaller
hydrogen-bonded H2O� � �ethanol complex embedded in neon
has been assigned at 551.6 cm�1 (see Table 1).38 In this case the
combined theoretical CCSD(T)-F12b/aug-cc-pVTZ (electronic
energies)//MP2/aug-cc-pVTZ (harmonic force field) approach
predicts a 11% higher hydrogen bond energy (D0) for the
H2O� � �ethanol complex relative to H2O� � �methanol.38 This is
in close agreement with the proposed empirical spectroscopic
correlation suggesting a 9.5% higher hydrogen bond binding
energy for the H2O� � �ethanol complex.

Fig. 2 illustrate the present far-infrared spectroscopic find-
ings obtained for the binary hydrogen-bonded complex
between H2O and the secondary alcohol, isopropanol, for which
the hydrogen bond acceptor capability is expected to be in
between ethanol and t-butanol rationalized from the relative
size of the alcohol alkyl groups. In the far-infrared absorption
spectrum of pure isopropanol embedded in neon (red trace)
several strong fundamental and weak overtone transitions for
monomers are observed in the spectral region above 350 cm�1.
A fundamental transition associated with the C–C–O bending
mode is observed at 416.6 cm�1 while the less intense transi-
tions observed at 485.2 cm�1 and 370.0 cm�1 are assigned to
the C–C–C–O umbrella and C–C–C bending fundamental
modes, respectively. The two weak bands at 468.6 cm�1 and

Table 1 The observed out-of-plane OH librational band origins nlib (cm�1)
for a variety of H2O complexes embedded in solid neon with the corres-
ponding hydrogen bond energy D0 relative to (H2O)2 based on Klemperer
et al.’s empirical spectroscopic correlation (D0 p nlib

2)18

System nlib/cm�1 Acceptor moiety Relative D0

H2O� � �methyl-amine 658.9 H2–N–CH3 159
H2O� � �t-butanol 556.4a H–O–C(CH3)3 113
H2O� � �dimethyl-ether 555.9b H3C–O–CH3 113
H2O� � �isopropanol 554.3 H–O–CH(CH3)2 113
H2O� � �ethanol (gauche+) 551.6c H–O–CH2CH3 111
H2O� � �ethanol (trans) 545.4c H–O–CH2CH3 109
H2O� � �methanol 527.5a H–O–CH3 102
(H2O)2 522.4d H–O–H 100
H2O� � �hydrogen sulfide 324.5 H–S–H 39

a Larsen et al.33 b Engdahl & Nelander39 and revisited in the present
work. c Larsen et al.38 d Ceponkus & Nelander.13

Fig. 2 The far-infrared absorption spectra for neon matrices doped with pure isopropanol (denoted ‘‘iso’’), pure H2O and two different H2O/isopropanol
mixtures (mixing ratios of 5 : 3 and 6 : 4) with proposed band assignments. The inset shows the assigned out-of-plane OH librational band for
H2O� � �isopropanol and the slightly red-shifted band for the corresponding H2O� � �isopropanol-d8 system.
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440.6 cm�1 can possibly be assigned to combination transitions
involving the highly active large-amplitude CH3 and OH torsional
fundamentals. The far-infrared spectrum of pure H2O embedded
in neon (black trace) in the same spectral region reveals
the known out-of-plane OH librational band of (H2O)2 at
522.4 cm�1 11 together with weaker transitions at 386.8 and
414.1 cm�1, which have previously been assigned to combination
bands involving large-amplitude fundamentals of (H2O)3.12 The
out-of-plane OH librational band origin nlib of the strongly
hydrogen-bonded H2O� � �isopropanol complex is unambiguously
assigned at 554.3 cm�1 from two independent experiments,
where neon matrices are doped simultaneously with H2O and
2-propanol with mixing ratios 5 : 3 and 6 : 4 (light blue and
dark blue traces). The almost unaffected band origin observed
at 552.7 cm�1 upon complete isotopic H/D substitution of all H
atoms on the isopropanol subunit shown in the inset (green trace)
demonstrates the highly localized angular motion of the inter-
molecular hydrogen bond associated with this strong transition.

The experimental findings for the H2O� � �isopropanol complex
strongly supports the trend concerned with the size of single alkyl
substituents on the hydrogen bond acceptor subunit as the observed
band origin of 554.3 cm�1 lies in between the respective band
origins for the H2O� � �ethanol (551.6 cm�1) and H2O� � �t-butanol
(556.4 cm�1) complexes as expected. These experimental findings
for hydrogen-bonded H2O� � �alcohol complexes with single alkyl
groups invite for investigations of closely related H2O� � �ether
complexes, where the hydrogen bond acceptors have two alkyl
groups substituted to the O atoms instead of one.

In a previous far-infrared investigation of the association
between H2O and dimethyl-ether embedded in cryogenic krypton,
argon and neon reported by Nelander and Engdahl,39 the out-of-
plane OH librational band was observed in the range of 547.5 to
555.9 cm�1 depending on the medium. The present work has
revisited the far-infrared spectrum of this hydrogen-bonded
H2O� � �dimethyl-ether complex embedded in the most inert neon
environment and unambiguously assigns the target OH libra-
tional band at 555.9 cm�1 (not shown). This value is extremely
close to the band origin observed for the H2O� � �t-butanol
complex and definitely further away from the band origin for
the H2O� � �ethanol complex. This observation suggests that the
inductive donation of electron density to the alcohol O atom
from two smaller methyl groups is more significant than the
donation from a single ethyl group with basically the same
number of electrons and that the two methyl groups together
almost induce the same effect as the much larger t-butyl group.
The present findings thus demonstrate that the far-infrared
spectroscopic observables alone are able to capture the marginal
difference in hydrogen bond acceptor capability of several
O-containing compounds even within a narrow 2 cm�1 spectral
window.

3.2 Intermolecular O–H� � �N hydrogen bonds and
intermolecular O–H� � �S ‘‘Contacts’’

The present work has also addressed somewhat stronger
O–H� � �N hydrogen bonds and much weaker and non-conventional
O–H� � �S ‘‘contacts’’ in an attempt to explore the far-infrared

spectroscopic observable over a more extended spectral range
beyond the conventional O–H� � �O hydrogen-bonded systems
described so far. S atoms are generally regarded as very poor
hydrogen bond acceptors in comparison with N and O atoms
owing to the significantly smaller electronegativity. However,
spectroscopic investigations have revealed O–H� � �S interactions
which are closely resembling conventional hydrogen bonds
although these interactions have more dispersive character
and significantly longer contacts. In one example, a microwave
study of thiodiglycol adiabatically cooled in a supersonic jet
expansion has demonstrated that an intramolecular O–H� � �S
interaction is partly responsible for a highly compact and
folded global potential energy minimum conformation.40 The
present work has addressed the weakly bound inorganic
H2O� � �hydrogen sulfide complex as the involved O–H� � �S ‘‘con-
tact’’ is still relevant for many important S-containing biological
molecules.

Fig. 3 shows the present far-infrared absorption spectra
above 300 cm�1 for pure hydrogen sulfide (black trace), pure
H2O (red trace) and two different hydrogen sulfide/H2O mixtures
with different mixing ratios (green and blue traces) embedded in
neon. The weakly bound nature of the H2O� � �hydrogen sulfide
system required high concentrations of both H2O and hydrogen
sulfide to build up observable number densities of the
H2O� � �hydrogen sulfide complex in the neon matrices. The
far-infrared spectra accordingly show many transitions associated
with both (H2O)2 and (H2O)3, which are much more easily formed
in significant number densities at these high concentrations of
H2O. THz absorption spectra of the hydrogen-bonded (H2O)2 and
(H2O)3 systems embedded in neon have been investigated pre-
viously by Ceponkus and Nelander41 and the series of distinct
reproducible bands observed at 310.8, 353.0, 386.8, 414.1 and
434.8 cm�1 (with an overlap by (H2O)2 at 309.1 cm�1 41) have all
previously been assigned to transitions associated with large-
amplitude intermolecular vibrational modes of (H2O)3.41 How-
ever, a new distinct band is clearly reproduced at 324.5 cm�1 in
all experiments involving H2O/hydrogen sulfide mixtures,
which grows linearly with the hydrogen sulfide concentration.
At higher sample concentrations, another weak spectral feature
seems to appear as a shoulder on the (H2O)3 band around
360 cm�1 (and potentially another band around 440 cm�1),
which may be attributed to a ternary (H2O)2� � �H2O complex.
However, the distinct band at 324.5 cm�1 is the first band to
appear even upon addition of smaller amounts of H2S and is
therefore unambiguously assigned to the localized out-of-plane
OH librational mode of the H2O� � �hydrogen sulfide complex.
This binary H2O� � �hydrogen sulfide complex forms long before
the ternary (H2O)2� � �H2O complex in the solid neon environ-
ment and the vibrational transition associated with the out-of-
plane OH librational mode is the most IR-active (with the
largest transition energy) of the predicted intermolecular vibra-
tional transitions of the H2O� � �hydrogen sulfide system. The
spectral red-shift of the OH stretching mode relative to isolated
H2O observed in the only previous mid-infrared matrix isola-
tion investigation of this binary system in argon matrices has
indirectly indicated that the most stable conformation involves
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H2O as the donor of a hydrogen atom to the S atom on hydrogen
sulfide.42 The out-of-plane SH librational mode of the 1 : 1
complex having hydrogen sulfide as hydrogen bond donor
would furthermore be expected to have much lower transition
energy (and a significantly low band intensity) according to a
previous quantum chemical investigation.43 This unambiguous
far-infrared observable alone thus suggests a O–H� � �S inter-
action energy of the H2O� � �hydrogen sulfide complex almost
three times smaller than the considered H2O� � �alcohol com-
plexes involving conventional O–H� � �O hydrogen bonds.

Fig. 4 shows the present far-infrared absorption spectra
obtained above 400 cm�1 for pure methyl-amine (black trace)
and mixtures of methyl-amine with H2O (green trace) and
D2O (red trace) embedded in neon to explore the binary
H2O� � �methylamine complex involving the somewhat stronger
O–H� � �N hydrogen bond. These experiments required a special-
ized dual-inlet deposition system in order to avoid isotopic H/D
exchange between the D2O and methyl-amine samples prior
deposition.29 The far-infrared spectrum of pure methyl-amine
in the region below 400 cm�1 (not shown) is rather complicated
owing to the CH3 torsional motion of methyl-amine and several
bands associated with large-amplitude modes of the methyl-
amine dimer, which shall not be described further. However, two
new distinct bands observed at 419.8 and 658.9 cm�1, the latter
very close to the Si-bolometer cut-off, are clearly reproduced
whenever H2O and methyl-amine are deposited in neon simulta-
neously. The intensities of both bands increase after annealing
of the doped neon matrix to 9 K for 5 min (blue trace).

This observation indicates that the two bands should both be
assigned to complexes involving H2O as the light H2O molecules
are able to diffuse in the ‘‘warmer’’ and thereby soft neon matrix
and interact with neighboring association partners. A somewhat
broad but still distinct band is reproduced at 508 cm�1 whenever
D2O and methyl-amine is deposited in neon simultaneously.
This band is probably overlapped with small traces of the
HDO� � �methyl-amine complex explaining the larger band width.
The ratio of the observed 658.9 and 508 cm�1 band origins of

ca. 1.3 is close to the harmonic value of
ffiffiffi

2
p

expected for the highly
localized OH (OD) librational motion and the two bands are
accordingly assigned to the large-amplitude out-of-plane OH/OD
librational modes of the H2O� � �methyl-amine and D2O� � �methyl-
amine complexes, respectively. The strong band reproduced at
419.8 cm�1 in the far-infrared spectra for the H2O/methyl-amine
mixtures, which is also observable in the far-infrared spectra for
methyl-amine due to small traces of H2O from the inlet system, is
assigned to the in-plane H2O librational mode (c-axis libration) of
this strongly hydrogen-bonded H2O� � �methyl-amine complex.
Based on these assignments, the empirical spectroscopic
correlation indicates that the O–H� � �N hydrogen bond of the
H2O� � �methyl-amine complex is 55% stronger than the corres-
ponding O–H� � �O hydrogen bond of the H2O� � �methanol
complex, where the hydrogen bond acceptor moiety contains
the same alkyl group substituent.

Table 1 reports the observed out-of-plane OH librational
band origins for the four systems investigated in the present
contribution together with our previous observations for a

Fig. 3 The far-infrared absorption spectra obtained for neon matrices doped with pure H2S, pure H2O and two different H2S/H2O mixtures with mixing
ratios of 1 : 1 and 2 : 1 and the proposed assignment for the out-of-plane OH librational band of the binary H2O� � �H2S complex. The spectra have been
normalized to the strong band observed at 310.8 cm�1 in the far-infrared spectrum obtained for pure H2O in neon.
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series of H2O� � �alcohol complexes. This series of far-infrared
investigations thus altogether provides observables for a variety
of microsolvated organic molecules involving both weak, medium-
strong and strong hydrogen bond interactions. Of these hydrogen-
bonded systems, a complete experimental binding energy D0 exists
solely for the prototypical (H2O)2 system based on state-to-state
vibrational pre-dissociation experiments by Reisler et al.44 An
accurate experimental binding energy of 1105 � 5 cm�1 (13.2 �
0.06 kJ mol�1) was established for this system, which is in excellent
agreement with the theoretical value of 1103� 4 cm�1 provided by
Shank et al.7 Accurate theoretical binding energies for the larger
molecular systems, in particular those systems containing one or
several methyl rotors, are notoriously difficult to predict as high
levels of electron correlation, extensive basis sets and the con-
sideration of basis set superposition errors have proven mandatory
not to mention the challenge to obtain reliable zero-point energy
contributions from the class of large-amplitude vibrational
motion.37 However, the accurate experimental binding energy for
(H2O)2 may be chosen as a reference (index of 100 in Table 1) and
thereby provide reliable hydrogen bond energies for the complete
series employing the empirical correlation D0 p nlib

2 established
by Klemperer et al.18 This strictly empirical approach thus suggests
absolute binding energies between 5.1 kJ mol�1 (H2O� � �hydrogen
sulfide) and 21.0 kJ mol�1 (H2O� � �methyl-amine) for this series of
microsolvated S-, O- and N-containing compounds.

4. Conclusions

In summary, the present experimental findings demonstrate that
far-infrared spectroscopic observables associated with highly

localized large-amplitude intermolecular out-of-plane OH libra-
tional modes are able to accurately rank the binding energy for
both the weak, medium-strong and strong hydrogen bond inter-
actions involved in a variety of microsolvated S-, O- and
N-containing compounds. This sensitive experimental far-infrared
neon matrix isolation approach proposes an increasing hydrogen
bond acceptor capability of O atoms with slightly different alkyl
substituents in the order H–O–C(CH3)3 4 CH3–O–CH3 4 H–O–
CH(CH3)2 corresponding to differences in hydrogen bond energies
in the order of 0.1 kJ mol�1 for the microsolvated systems. These
empirical hydrogen bond energies are both relevant for reliable
modeling studies of biological molecules in aqueous solutions and
invite for future high-level benchmark quantum chemical investiga-
tions of zero-point energy corrected binding energies (D0) for this
series of hydrogen-bonded systems. The future experimental
work will expand the current series of microsolvated S-, O- and
N-containing compounds with additional H2O� � �ether systems
having two different alkyl groups substituted to the O atom and
furthermore explore how different alkyl substituents will affect the
strength of the corresponding N–H� � �O and S–H� � �O interactions.
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THz spectroscopy of weakly bound cluster
molecules in solid para-hydrogen: a sensitive
probe of van der Waals interactions†

D. Mihrin and R. Wugt Larsen *

The present work demonstrates that 99.9% enriched solid para-H2 below 3 K provides an excellent inert

and transparent medium for the exploration of large-amplitude intermolecular vibrational motion of

weakly bound van der Waals cluster molecules in the THz spectral region. THz absorption spectra have

been generated for CO2/H2O and CS2/H2O mixtures embedded in enriched solid para-H2 and

numerous observed transitions associated with large-amplitude librational motion of the weakly bound

binary CO2� � �H2O and CS2� � �H2O van der Waals cluster molecules have been assigned together with

tentative assignments for the ternary CS2� � �(H2O)2 system. The interaction strength, directionality and

anharmonicity of the weak van der Waals ‘‘bonds’’ between the molecules can be characterized via

these THz spectral signatures and yield rigorous benchmarks for high-level ab initio methodologies.

It is suggested that even a less stable linear conformation of the ternary CS2� � �(H2O)2 system, where

one H2O molecule is linked to each S atom of the CS2 subunit, may be formed due to the kinetics

associated with the mobility of free H2O molecules in the soft para-H2 medium. In addition, the

spectroscopic observations confirm a linear and planar global intermolecular potential energy minimum

for the binary CS2� � �H2O system with C2v symmetry, where the O atom on the H2O molecule is linked

to one of the S atoms on the CS2 subunit. A semi-experimental value for the vibrational zero-

point energy contribution of 1.93 � 0.10 kJ mol�1 from the class of large-amplitude intermolecular

vibrational modes is proposed. The combination with CCSD(T)/CBS electronic energy predictions

provides a semi-experimental estimate of 5.08 � 0.15 kJ mol�1 for the binding energy D0 of the

CS2� � �H2O van der Waals system.

1. Introduction

One of the ultimate challenges for the physical sciences is to
explore and accurately describe how remarkable properties of
macroscopic phenomena known from the energy, materials
and life sciences emerge from the interplay between specific

non-covalent forces such as directional intermolecular hydro-
gen bonds, long-range London dispersion forces and short-
range Pauli repulsion between the involved molecules. These
weak non-covalent interactions between molecules are both
responsible for the thermodynamic properties of condensed
bulk matter, the mechanical properties of functional materials
and the complex 3-D folding dynamics of macromolecules
governing the molecular organization of biological systems.
The interplay between non-covalent intermolecular forces
emerges already at the level of the smallest isolated weakly
bound cluster molecules. If one is able to isolate and spectro-
scopically characterize these smallest relevant molecular building
blocks, molecule by molecule, it becomes possible to provide
accurate experimental observables and further develop reliable
theoretical models for the description of more complex supra-
molecular systems such as gas hydrates, functional polymers
and active drugs.

The vibrational motion involving the strong covalent bonds
of stable molecules, the intra-molecular vibrational transitions,
is detected in the infrared (IR) spectral region. The non-covalent
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forces involved in the formation of weakly bound cluster
molecules are 10 to 100 times weaker than covalent bonds.
The large-amplitude inter-molecular vibrational motion intro-
duced by the complexation between molecules is accordingly
probed in the terahertz (THz) spectral region. Both the inter-
action strength, directionality and anharmonicity of intermole-
cular hydrogen bonds and van der Waals interactions can be
probed via this class of large-amplitude modes arising from the
hindered rotational motion of the molecular subunits.1–3 The
associated THz spectral signatures help to characterize the inter-
molecular potential energy surfaces spanned by the involved
molecules and also capture the dominating parts of the highly
anharmonic vibrational zero-point energies, which are notori-
ously challenging to predict accurately by quantum chemical
methods. The combination of these experimental vibrational
zero-point energy contributions and high-level ab initio inter-
action energies De then enables the determination of accurate
semi-experimental binding energies D0.4,5

The THz spectral region, the region of the electromagnetic
spectrum with wavelengths between 3 mm and 30 mm, is often
called the ‘‘the gap of the electromagnetic spectrum’’ as it has
been extremely challenging to produce tunable radiation
sources covering this entire region. The development of tunable
THz laser technologies has enabled extensive investigations of
large-amplitude vibrational–rotational–tunneling motion for
isolated water clusters owing to the realization of high sensi-
tivity and high spectral resolution.6,7 The scanning bandwidths,
however, are limited for many of these laser-based THz spectro-
meters and solely minor fractions of the spectrum can be
sampled within a reasonable time period. Alternatively, highly
brilliant broadband synchrotron radiation sources coupled
with conventional Fourier transform interferometry8–11 as
well as far-infrared/ultraviolet ion-dip spectroscopy employing
broadband free-electron laser sources12,13 have provided com-
plementary broadband THz/far-infrared approaches to probe
large-amplitude hydrogen bond motion of cluster molecules in
the gas phase.

An alternative low-resolution experimental approach, which
is not relying on highly brilliant broadband free-electron lasers
or synchrotron radiation sources, is conventional matrix isola-
tion spectroscopy.14,15 In this complementary approach, com-
petitive spectroscopic sensitivities are achieved employing
conventional energy-limited thermal radiation sources owing
to the generation of large number densities of the unstable
molecular systems of interest in cryogenic rare gas environ-
ments. The major disadvantage is usually severe perturbations
of the resulting spectral signatures relative to those observed in
the gas phase and/or molecular beams. However, several inves-
tigations of small molecules as H2O,16–19 CH4

20–23 and CH3OH24

embedded in solid para-H2 have indicated minor dielectric
effects from this medium and revealed almost free overall rota-
tional (H2O and CH4) or large-amplitude internal rotational
(CH3OH) motion of these guest molecules.

In the present contribution, we demonstrate how enriched
solid para-H2 provides an excellent inert medium for the explora-
tion of large-amplitude librational motion of weakly bound

(CO2)n� � �(H2O)m and (CS2)n� � �(H2O)m van der Waals cluster
molecules in the THz region. The almost complete absence of
more ‘‘reactive’’ ortho-H2 molecules (I = 1) results in very weak
interactions between the cluster molecules and the freely rotat-
ing spherically symmetric para-H2 (I = 0) host molecules.25 In
addition, owing to the large-amplitude zero-point lattice vibra-
tions of the para-H2 crystal, the available matrix cages offer
substantially larger space (39 Å3) relative to solid neon (22 Å3)
for guest molecules helping to prevent the appearance of
disturbing rotational-translation-coupling transitions in the
relevant spectral region below 3 THz.15

2. Experimental section

Highly enriched para-H2 samples were prepared from regular
H2 (Air Liquide, 99.999%) employing a laboratory-built ortho–
para-H2 conversion dip-stick apparatus similar to the approach
described by Andrews and co-workers.26 Regular H2 gas was
initially transferred to a gas handling system including a dip-
stick tube containing ca. 5 grams of a paramagnetic hydrated
iron(III) oxide catalyst (Sigma Aldrich, catalyst grade, 30–50 mesh)
in a ‘‘conversion chamber’’ mounted at the end of the tube. This
chamber was then iteratively immersed into cold helium gas over
liquid helium to regulate the temperature of the H2 gas above
and below the H2 triple point at 13.6 K for around 1.5 hour. The
enriched para-H2 gas was subsequently transferred into a 10 L
Duran flask at 14 K to avoid significant conversion back to ortho-
H2 prior the matrix deposition procedure. The ortho/para-H2

conversion efficiency was quantified accurately by means of
mid-infrared absorption spectra recorded for solid films of the
converted samples at 3 K employing the low-temperature matrix
isolation apparatus described below. The relative integrated line
intensities of the solid state induced ro-vibrational S1(0) and Q1(0)
transitions have proven to provide accurate estimates of the para-
H2 enrichment.26,27 The average S1(0)/Q1(0) line intensity ratios
in the order of 50 indicates purities of para-H2 close to 99.9%
(see ESI†).

For the preparation of doped para-H2 matrices, approxi-
mately 0.02 mol of liquid nitrogen pre-cooled para-H2 sample
was deposited manually from the 10 L Duran sample flask via a
Swagelok low-flow metering valve onto a gold-plated oxygen-
free high thermal conductivity (OFHC) copper mirror at 3.4 K in
the cold head of a specially designed immersion helium cryo-
stat (IHC-3).3,28 The para-H2 matrices are soft even at this tem-
perature and the matrices are lost above 5 K. The para-H2 host
gas was doped with CO2 (Sigma-Aldrich, 99.999%), CS2 (Sigma-
Aldrich, 99.9%) and H2O (Milli-Q) and D2O gas (Sigma-Aldrich,
99.5% atom D) and mixtures of these gases via separate inlet
tubing systems resulting in mixing ratios in the order of (1 : 500
to 1 : 3000). A LakeShore temperature controller (Model 325)
kept the mirror temperature at 2.8� 0.1 K by the use of resistive
heating and feedback electronics before and after the deposi-
tion procedures. Interchangeable CsI and polymethylpentene
(TPX) windows were mounted onto the vacuum shroud sur-
rounding the cold head of the helium cryostat. THz single-beam
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sample spectra were recorded by a Bruker IFS 120 FTIR vacuum
spectrometer via a specially designed optical arrangement
guiding the focused probe beam onto the cold mirror in the
cryostat. The spectra between 50 and 370 cm�1 were all gene-
rated by a liquid helium cooled Si-bolometer in combination
with a 6 mm multilayer Mylar beam splitter and a conventional
water-cooled globar radiation source. The single-beam back-
ground spectra of the evacuated cryostat were all collected before
and after the sample measurements. A spectral resolution in the
range from 0.1 to 1.0 cm�1 was selected depending on the
observed band widths.

3. Exploratory quantum chemical
calculations

The ORCA (v. 4.0.1.2)29 quantum chemistry package has been
employed for ab initio electronic structure calculations. The
potential energy minima geometries and corresponding harmo-
nic intra- and inter-molecular force fields of both the monomers
and binary (m = n = 1) and selected ternary (m = 1, n = 2)
(CS2)m� � �(H2O)n van der Waals cluster molecules have been
predicted employing all-electron second-order Møller–Plesset
perturbation theory with resolution of the identity approxi-
mation (RI-MP2)30 combined with the aug-cc-pCVXZ31–33 basis
set family (with 5-z level for the binary systems and Q-z level for
the ternary systems). The RI-JK approximation was employed with
appropriate auxiliary basis sets.34,35 The Molpro (ver. 2012.1)36,37

quantum chemistry package was subsequently employed to com-
pute electronic interaction energies (De) at the frozen-core
coupled-cluster single and double with perturbative triple exci-
tations CCSD(T)38 level by (X = Q, 5, 6) three-point extrapolations
in the Dunning’s aug-cc-pVXZ basis set family as described by
Řezáč.39 In addition, the potential energy minima geometries
and corresponding harmonic intermolecular force fields and
electronic interaction energies De were calculated for the binary
CS2� � �H2O system with the explicitly correlated CCSD(T)-F12b/cc-
pVQZ-F1240,41 approach with scaling of (T)42,43 contributions as
implemented in Molpro.

4. THz absorption spectra of
(CO2)n� � �(H2O)m van der Waals systems

THz absorption spectra have recently been obtained for
several weakly bound (CO2)m� � �(H2O)n (m = n = 1 and m + n = 3)
van der Waals systems embedded in solid neon in two indepen-
dent investigations.28,44 A strongly IR-active large-amplitude
intermolecular out-of-plane H2O wagging mode (H2O a-axis
libration) observed at 101.6 cm�1 and a weaker in-plane H2O
rocking mode (H2O c-axis libration) observed at 166.6 cm�1

have both been assigned independently for the binary CO2� � �H2O
system as shown in Fig. 1. The assignment of the in-plane H2O
rocking mode in solid neon has been verified by the small
observed isotopic red-shift of 1.9 cm�1 upon 16O/18O substitution
(not shown) and the substantially larger observed isotopic red-
shifts of 12.6 cm�1 and 19.6 cm�1 upon single and double H/D

substitution of the H2O subunit. An otherwise forbidden transi-
tion associated with the large-amplitude intermolecular H2O
torsional mode (H2O b-axis libration) has also been observed at
128.4 cm�1 and assigned for the isotopic CO2� � �HDO variant of
the system with the lower Cs symmetry due to the uneven
vibrational displacements of the H and D atoms (Fig. 1). The
observation and unambiguous assignment of these three dif-
ferent intermolecular vibrational transitions in the spectral
region below 5 THz associated with large-amplitude librational
modes have confirmed the global potential energy minimum of
the CO2� � �H2O system predicted by the high-level 5D coupled-
cluster potential energy surface by Makarewicz.45 The minimum
structure has a planar and T-shaped geometry of C2v symmetry
with the oxygen atom of H2O connected to the C atom and the H
atoms pointing away from the CO2 molecule.45–56 Nevertheless,
the isotopic red-shifts of the out-of-plane H2O wagging mode
predicted below 3 THz could not be verified in the solid neon
environment due to the severe spectral overlap with the strong
band observed at 79.5 cm�1 associated with the rotational–
translation-coupling (RTC) motions of H2O (Fig. 1).

The red traces of Fig. 1 show the present THz absorption
spectra of CO2/H2O/D2O mixtures embedded in solid para-H2

and the absence of any strong RTC transitions in the spectral
region below 100 cm�1 owing to the larger matrix cages in solid
para-H2 relative to solid neon. In the solid para-H2 medium
doped with CO2/H2O with a mixing ratio of 4 : 1 to suppress the
formation of (H2O)2, a distinct band is revealed at 98.6 cm�1,
which can easily be assigned to the strong H2O out-of-plane
wagging band of the regular CO2� � �H2O system. The band origin
is shifted by 3 cm�1 to the red relative to the corresponding

Fig. 1 THz absorption spectra of H2O (trace a), CO2/H2O (trace b) and
CO2/D2O/H2O (trace c) embedded in solid neon (black traces, taking from
ref. 28) and para-H2 (red traces). The proposed band assignments for the
binary CO2� � �H2O system are indicated by animations of the associated
large-amplitude librational motion and isotopic spectral shifts indicated by
arrows. The vibrational–rotational-coupling transitions for H2O/HDO/D2O
in neon are denoted RTC.
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transition observed in solid neon (101.6 cm�1). This minor
spectral shift is ascribed to slightly more repulsive steric inter-
actions in the smaller matrix cages of the solid neon environ-
ment relative to the para-H2 medium.4,15 In the THz spectrum
obtained for a CO2/H2O/D2O mixture doped in para-H2 having a
(16 : 1 : 4) mixing ratio, two new distinct bands are identified at
78.4 and 71.0 cm�1. The two bands are easily assigned to the
red-shifted HDO and D2O out-of-plane wagging transitions for
the isotopic CO2� � �HDO and CO2� � �D2O systems, respectively.
The observed isotopic spectral red-shifts are in qualitative agree-
ment with the predictions reported in our previous investigation28

based on the A rotational constants of H2O/HDO/D2O.46 These
new observations perfectly demonstrate the extended spectro-
scopic window offered by para-H2 below 3 THz (B100 cm�1)
owing to the lack of disturbing rotational–translation-coupling
motions of the dopants.

5. THz absorption spectra of
(CS2)n� � �(H2O)m van der Waals systems

The more weakly bound binary van der Waals system formed
between CS2 and H2O has been predicted to have two inter-
molecular potential energy minima with almost equal energy; a
linear structure with the O atom on the H2O subunit linked to
one of the S atoms of the CS2 molecule of C2v symmetry and
another planar T-shaped structure with the H atom on the H2O
subunit pointing towards the C atom on the CS2 molecule as
shown in Fig. 2.57 A pulsed beam Fourier transform microwave
study by Lovas et al.,58 the only experimental investigation of
this system reported in the literature so far to our knowledge,
has solely identified the linear conformation with C2v sym-
metry. Both conformations of the binary CS2� � �H2O system are
predicted to have significantly lower binding energy than the
CO2� � �H2O system. The corresponding large-amplitude libra-
tional H2O band origins are therefore expected to be completely
overlapped by the strong RTC transition of H2O in the solid
neon environment. This binary weakly bound CS2� � �H2O van
der Waals system is thus an ideal candidate for the demonstra-
tion of the extended THz capability offered by the para-H2

medium.
Fig. 3 shows a series of THz absorption spectra obtained for

different CS2/H2O mixtures with varying mixing ratios embedded
in enriched solid para-H2. The THz spectrum obtained for a

CS2/H2O mixing ratio of 1 : 2 shows a wealth of distinct vibra-
tional bands in the entire THz region from 50 to 300 cm�1 range.
The excess of H2O relative to CS2 in this experiment favors the
formation of H2O clusters as these hydrogen-bonded molecular
systems are more strongly bound than the (CS2)n� � �(H2O)m

van der Waals systems. THz absorption spectra of the (H2O)2

and (H2O)3 systems embedded in para-H2 have been investi-
gated previously by Ceponkus et al.59 and extensive vibrational
assignments have been proposed. The distinct bands observed
at 156.3, 223.5, 270.3 and 299.1 cm�1 have all previously been
assigned to transitions associated with large-amplitude inter-
molecular vibrational modes of (H2O)3, whereas other distinct
bands observed at 75.7, 121.2, 145.8, 211.0 cm�1 previously
have been assigned to transitions of (H2O)2.

The THz spectrum of the H2O-rich para-H2 matrix shows
additional six distinct bands, which cannot be attributed to
(H2O)2 or (H2O)3 and suggest assignments to CS2-containing
cluster molecules. THz absorption spectra obtained for two
different CS2/H2O mixtures with excess of CS2 relative to H2O
in para-H2 shown in Fig. 3 reproduce these bands and the
CS2/H2O mixing ratio of (10 : 1) almost completely suppress the
formation of H2O aggregates. The six observed bands can be
divided into several different categories based on their relative
concentration dependencies, which are shown in more details in
the ESI.† The two strong reproduced bands at 91.5 and 106.1 cm�1

appear to have the same slower concentration dependency
suggesting at first sight assignments to the binary CS2� � �H2O
system. The three bands observed at 72.1, 172.0 and 178.6 cm�1

may all be attributed to larger ternary (CS2)m� � �(H2O)n (m + n = 3)
systems based on their significantly steeper concentration
dependencies (see ESI†). The concentration dependence of
the final band observed at 196.2 cm�1 seems slightly smaller

Fig. 2 The predicted intermolecular potential energy minima for the two
conformations of the binary CS2� � �H2O van der Waals system. (left) A linear
conformation with the O atom on the H2O subunit linked to one of the S
atoms of the CS2 molecule having C2v symmetry. (right) A planar T-shaped
structure with the H atom on the H2O subunit pointing towards the C atom
on the CS2 molecule.

Fig. 3 THz absorption spectra of CS2/H2O/para-H2 mixtures with varying
mixing ratios (10 : 1 : 2000 for trace a, 6 : 3 : 2000 for trace b and 3 : 6 : 2000
for trace c) embedded in solid para-H2 with proposed band assignments
for the (H2O)2, (H2O)3, CS2� � �H2O and CS2� � �(H2O)2 systems. The absor-
bance scale have been normalized relative to the two bands assigned for
the binary CS2� � �H2O system.
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but is hard to access. The low intensity of the band makes the
relative band intensity more influential of potential small base-
line drifts. Nevertheless, this weak 196.2 cm�1 band still seems
to have a consistent steeper concentration dependence in
three independent experiments than the two bands at 91.5 and
106.1 cm�1 (see ESI†) and may tentatively be assigned to larger
ternary (CS2)m� � �(H2O)n (m + n = 3) systems. In order to explore the
origin and the nature of the vibrational motion associated with
these observed THz spectral signatures further, the effects of
isotopic H/D substitutions on the H2O subunit have been inves-
tigated along with exploratory quantum chemical calculations.

Fig. 4 shows a series of THz absorption spectra obtained for
different isotopic CS2/H2O/D2O mixtures with varying relative
D2O content doped in para-H2. The THz spectrum obtained for
a mixture of equal amounts of H2O and D2O and a huge excess
of CS2 (mixing ratio of 1.5 : 1.5 : 9) still shows weak traces of the
proposed CS2� � �H2O dimer bands at 91.5 and 106.1 cm�1,
whereas there are no traces of the four proposed bands attri-
buted tentatively to ternary cluster molecules. Instead, a new
weak band appears at 157.6 cm�1 together with a strong distinct

band at 78.4 cm�1 having a weak shoulder at 81.1 cm�1. In the
THz spectrum obtained for a CS2/D2O mixture (mixing ratio of
9 : 2), where the combined gas handling and inlet tubing systems
have been purged intensively with D2O to promote H/D exchange
on all surfaces, there are no longer any traces of the six
bands observed for the CS2/H2O mixtures. However, the two
bands at 157.6 and 78.4 cm�1 observed in the spectrum for the
CS2/H2O/D2O mixture are still visible together with two new
bands at 131.1 cm�1 and 66.1 cm�1, where the latter band has a
shoulder at 72.9 cm�1.

The intermolecular harmonic force fields for the two differ-
ent potential energy minima for the binary CS2� � �H2O system
shown in Fig. 2 have been investigated by exploratory quantum
chemical calculations at the RI-MP2/aug-cc-pCV5Z level (see
ESI†). The important findings from these calculations relate to
the actual number of large-amplitude vibrational modes with
significant infrared activity. The planar T-shaped structure with
the O atom on the H2O subunit linked to the C atom on the CS2

molecule have three different transitions associated with large-
amplitude librational motion of H2O with significant band
intensity; one very localized out-of-plane librational mode
involving the ‘‘bound’’ H atom of H2O predicted at 187 cm�1,
a second in-plane H2O rocking mode (H2O c-axis libration)
predicted at 152 cm�1 and a third very localized out-of-plane
librational mode involving the ‘‘free’’ H atom of H2O predicted
at 74 cm�1. On the other hand, the linear conformation with
C2v symmetry is predicted to have only two strongly IR-active
large-amplitude librational modes: one in-plane H2O rocking
mode (H2O c-axis libration) predicted at 96 cm�1 and one out-
of-plane H2O wagging mode (H2O a-axis libration) predicted at
91 cm�1. The predicted harmonic fundamental band origins
for the two different conformations of the CS2� � �H2O system are
listed in Table 1 and animations of the highly infrared active
large-amplitude intermolecular vibrational modes are shown in
Fig. 5. The prediction of only two infrared active librational
transitions close in energy for the C2v symmetric CS2� � �H2O
conformation suggests the existence of this conformation in

Fig. 4 THz absorption spectra of CS2/H2O/para-H2 (6 : 2 : 2000, trace a),
CS2/H2O/D2O/para-H2 (9 : 1.5 : 1.5 : 2000, trace b) and CS2/D2O/para-H2

(9 : 2 : 2000, trace c) mixtures embedded in solid para-H2 with proposed
band assignments and isotopic spectral shifts indicated by arrows.

Table 1 Predicted vibrational fundamental band origins (units of cm�1) and corresponding IR band intensities (units of km mol�1) for CS2, H2O and the
two C2v and Cs conformations of the binary CS2� � �H2O system in the double harmonic approximation at the RI-MP2/aug-cc-pCV5Z level. In addition,
harmonic vibrational band origins (units of cm�1) at the CCSD(T)-F12b/cc-pVQZ-F12 level are given in square brackets for the most stable C2v

conformation

Mode o(H2O) o(CS2) o(CS2� � �H2O) C2v o(CS2� � �H2O) Cs

Intra-molecular Intra-molecular
Asym OH stretch 3976.4 (81.2) 3968.7 (86.1) [3941.1] 3952.3 (143.1)
Sym OH stretch 3849.3 (6.6) 3842.6 (12.3) [3831.2] 3821.1 (25.1)
HOH bend 1630.8 (74.8) 1631.8 (23.4) [1650.0] 1633.2 (165.6)
Asym CS stretch 1631.1 (561.3) 1623.4 (629.4) [1552.7] 1627.6 (422.9)
Sym CS stretch 683.4 (0.0) 680.4 (1.2) [669.3] 683.1 (0.4)
SCS bend 403.0 (5.0) 411.4 (6.1) [407.4] 407.0 (8.1)

403.0 (5.0) 410.2 (5.1) [406.1] 401.1 (5.1)

Inter-molecular Inter-molecular
95.8 (56.6) [96.2] 187.2 (49.8)
90.8 (223.2) [56.8] 152.2 (115.3)
78.2 (1.0) [75.9] 75.2 (9.2)
27.0 (3.0) [26.6] 74.3 (134.0)
19.0 (8.1) [24.8] 37.5 (4.0)
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the solid para-H2 environment, which is further supported by
the isotopic spectral shift predictions for these librational
degrees of freedom described below. In addition, the observed
strong band at 72.1 cm�1 in the THz spectra has a significantly
steeper concentration dependence than the two bands observed
at 91.5 and 106.1 cm�1 (see ESI†). This band therefore cannot
be assigned to the strongly IR-active out-of-plane librational
mode involving the ‘‘free’’ H atom of H2O predicted for the less
stable Cs conformation of the binary CS2� � �H2O system.

In the harmonic approximation, the band origin asso-
ciated with a specific large-amplitude H2O librational mode
of CS2� � �H2O is directly proportional to the square root of the
corresponding rotational constant for an isolated H2O mole-
cule. The inspection of known rotational constants C and A for
H2O, HDO and D2O thus suggests that the relative spectral red-
shift associated with a large-amplitude HDO rocking mode is
almost twice as large as the relative spectral red-shift associated
with a large-amplitude HDO wagging mode, whereas the corre-
sponding relative spectral red-shifts for the large-amplitude
D2O rocking and wagging modes (relative to H2O) are more
or less of the same size. Based on the varying degree of H/D
substitution in two independent experiments and the observed
isotopic spectral red-shifts, the bands observed at 106.5, 81.1
and 72.9 cm�1 are then unambiguously assigned to the large-
amplitude rocking modes and the bands observed at 91.5,
78.4 and 66.1 cm�1 are unambiguously assigned to the large-
amplitude wagging modes for the linear conformations of the
CS2� � �H2O, CS2� � �HDO and CS2� � �D2O systems, respectively, as
indicated in Fig. 4. The harmonic RI-MP2/aug-cc-pCV5Z pre-
dictions qualitatively support these isotopic spectral red-shifts
and also confirm qualitatively that the relative band intensity
between the rocking and wagging modes decreases with the
H/D substitution of the H2O subunit as observed experimentally
(see ESI†).

The remaining four distinct bands observed at 72.1, 172.0,
178.6 and 196.2 cm�1 are tentatively assigned to different con-
formations of the ternary CS2� � �(H2O)2 van der Waals system
based both on the steeper observed concentration dependen-
cies and the exploratory quantum chemical predictions given in
the ESI.† A single potential energy minimum has been found for
the ternary (CS2)2� � �H2O system and the corresponding harmonic
force field predictions indicate clearly that this ternary system is

not observed in the present experiments. However, multiple
intermolecular potential energy minima have previously been
suggested theoretically for the ternary CS2� � �(H2O)2 van der Waals
system,57 which can be divided into two different categories.
In the first category, three different conformations of the
ternary CS2� � �(H2O)2 system are basically composed of strongly
hydrogen-bonded (H2O)2 units interacting with single CS2

molecules (see ESI†). These three conformations may be
formed by the diffusion of free H2O molecules in close vicinity
of other H2O molecules already linked to CS2 molecules. The
heavy CS2 molecules are trapped in the matrix cages, whereas
the lighter H2O molecules can diffuse between the trapping
sites in the matrix environment. The free H2O molecules can
then either approach existing CS2� � �H2O dimers from the H2O
fragment side or the unbound S-site. In the latter scenario, a linear
and much less stable conformation of the ternary CS2� � �(H2O)2

system (conformation 4, see ESI†) may be formed entirely due
to kinetics, where both S atoms on a CS2 molecule are linked to
completely separated H2O molecules in a similar fashion as
observed for the binary CS2� � �H2O system.

The four different intermolecular potential energy minima
of the relevant ternary CS2� � �(H2O)2 system optimized by the
RI-MP2/aug-cc-pCVQZ methodology are shown in the ESI.† The
predicted harmonic band origins for the most infrared active
large-amplitude vibrational modes of the most stable of these
conformations (denoted Conformation 1) all fall in the range
from 150 to 200 cm�1, with three strongly active vibrational
fundamental transitions predicted for this optimized potential
energy minimum structure. These intermolecular force field pre-
dictions are thus in qualitative accordance with the 150–200 cm�1

region in the observed THz absorption spectra (Fig. 3). The three
distinct bands observed at 172.0, 178.6 and 196.2 cm�1 may
then tentatively be assigned to the predicted vibrational transitions
(the harmonic approximation) at 157.8, 163.8 and 188.6 cm�1,
respectively. As discussed for the binary CS2� � �H2O system,
the harmonic predictions of the fundamental transitions
anomalously seem to underestimate the observed (anharmonic)
transition energies. However, the three tentatively vibrational
assignments for this global intermolecular potential energy
minimum of the CS2� � �(H2O)2 system are qualitatively sup-
ported by the experiments done with isotopically substituted
samples. In the THz spectrum obtained for solid para-H2 doped
simultaneously with CS2 and D2O, only one distinct ‘‘ternary’’
band is observed at 130 cm�1 in qualitative agreement with the
predicted isotopic spectral shifts (Fig. 4). The harmonic calcula-
tions for the corresponding CS2� � �(D2O)2 conformation predict
only two significantly active overlapped fundamental transitions
associated with large-amplitude motion at 119.1 and 124.8 cm�1.
This THz spectrum also shows evidence of a another broad
‘‘ternary’’ band around 155 cm�1 (Fig. 4), which is observed more
clearly in the THz spectrum obtained for para-H2 doped simulta-
neously with CS2/H2O/D2O and may tentatively be assigned to
overlapped fundamental transitions for the corresponding
CS2� � �(HDO)2 conformation.

The fourth local intermolecular potential energy minimum
concerned with the linear conformation ternary CS2� � �(H2O)2

Fig. 5 Animations of the active large-amplitude librational modes of the
two different conformations of the binary CS2� � �H2O system: (top) the H2O
in-plane rocking (left) and out-of-plane wagging (right) modes for the linear
conformation of C2v symmetry. (bottom) The three H2O librational modes
for the planar T-shaped conformation of Cs symmetry (see text).
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system has also been optimized by the RI-MP2/aug-cc-pCVQZ
methodology as shown in the ESI† (denoted Conformation 4). This
linear conformation with the O atoms of two H2O molecules linked
to the two S atoms on the CS2 subunit has D2h symmetry and is
significantly less stable than the other three intermolecular
potential energy minima based on the (H2O)2 system. However,
due to the diffusion of the lighter H2O molecules in the soft para-
H2 medium, this less stable conformation may form due to kinetics
when free H2O molecules approach the S atoms on CS2 molecules,
which have already H2O molecules linked to the other S atoms in
the opposite end of the molecules. The harmonic intermolecular
force field calculations for this linear conformation supportingly
predict two highly infrared active transitions associated with large-
amplitude H2O rocking and wagging modes at 72.1 and 70.0 cm�1,
respectively, as observed also for the binary CS2� � �H2O system (see
ESI†). Both of these transitions gain enormous band intensity
relative to the binary CS2� � �H2O system (552.6 km mol�1 altogether
for these two overlapping H2O rocking and wagging modes). These
harmonic predictions tentatively support the origin of the fourth
distinct band at 72.1 cm�1 reproduced in the THz spectra with a
concentration dependency larger than the two bands assigned for
the binary CS2� � �H2O system. Both transitions are predicted to have
significant spectral red-shifts upon H/D substitution in agreement
with the observation that this 72.1 cm�1 band vanishes completely
in the THz spectra obtained for para-H2 doped simultaneously with
CS2/H2O/D2O (Fig. 4). In the only converged potential energy
minimum for the ternary (CS2)2� � �H2O system (see ESI†), the H2O
molecule is ‘‘sandwiched’’ in between the two CS2 subunits. The
formation of this ternary system in the matrices is probably
kinetically unfavored as only the lighter H2O molecules undergo
diffusion in the para-H2 medium.

As pointed out during the peer-review correspondence, it would
be desirable to support the proposed kinetic schemes involved in the
formation of the different conformations of the ternary CS2� � �(H2O)2

system by dedicated annealing experiments. However, several series
of THz spectra obtained during the entire hold time of our immer-
sion helium cryostat (8 hours) have not revealed significant changes
of relative band intensities. It appears that the para-H2 medium ‘‘self-
anneal’’ during the deposition procedure due to the heat load
coming from the ‘‘warm’’ para-H2 suggesting that the cluster forma-
tion steps due to diffusion of the light H2O molecules must take
place already during the deposition procedure. A similar behavior
has been observed for doped neon matrices, where only the first
annealing step (from 3 K to 10 K and back to 3 K) triggers the
formation of more cluster molecules. In subsequent annealing steps
of doped neon matrices, any spectral changes are rarely observed
suggesting that the vast majority of the free H2O molecules in the
close vicinity of neighboring sample molecules already combine with
the sample molecules during the first annealing step in solid neon.

6. A semi-experimental binding energy
for the CS2� � �H2O system

The observation of two large-amplitude librational modes (H2O
rocking and wagging) of the most stable C2v conformation of

the binary CS2� � �H2O system enables the determination of a
reliable semi-experimental value for the change of vibrational
zero-point energy DZPE upon complexation arising from the class
of large-amplitude vibrational motion. These two observed large-
amplitude H2O librational fundamental bands alone constitute
ca. 60% of the total vibrational zero-point energy of the complete
set of five intermolecular vibrational fundamental modes of the
most stable CS2� � �H2O conformation according to the harmonic
RI-MP2/aug-cc-pCV5Z predictions listed in Table 1. Besides the
observed transitions associated with the large-amplitude inter-
molecular H2O rocking and wagging modes, an almost forbidden
large-amplitude intermolecular stretching fundamental transi-
tion and two very weak and low-energy fundamental transitions
associated with large-amplitude in-plane and out-of-plane CS2

librational modes exist for this global potential energy minimum.
The harmonic RI-MP2/aug-cc-pCV5Z predictions of fundamental
energies provide a value of 1.86 kJ mol�1 in total for this change
of intermolecular vibrational zero-point energy. In addition, the
complexation between CS2 and H2O is predicted to result in
minor spectral shifts of the intramolecular vibrational modes
adding up to �0.05 kJ mol�1 for the change of zero-point energy
denoted DZPEintra. This very small value of DZPEintra relative to
DZPEinter (ca. 3%) is partly due to the opposite signs of the minor
complexation red-shifts associated with the intramolecular OH
stretching modes of the H2O subunit and the minor complexa-
tion blue-shifts associated with the intramolecular bending
modes of the CS2 subunit.

The highly anharmonic nature of the large-amplitude vibra-
tional motion for the CS2� � �H2O system challenges the employed
harmonic approximation severely. The shallow potential energy
surface of van der Waals cluster molecules furthermore prevents
standard anharmonic treatments such as the second-order
vibrational perturbational theory (VPT2) implementation by
Barone,60,61 making reliable theoretical predictions of the inter-
molecular vibrational band origins notoriously challenging. This
is clear from the comparison between theory and experiment in
relation to the two large-amplitude H2O librational modes (rock-
ing and wagging). The observed origin of the large-amplitude
rocking band is surprisingly 11% higher than the harmonic
prediction and the observed origin of the large-amplitude wag-
ging band is also slightly higher (1%) than the harmonic
prediction. Harmonic intermolecular force field predictions
usually overshoot the actual (anharmonic) intermolecular transi-
tion energies associated with large-amplitude vibrational modes
of hydrogen-bonded cluster molecules by 15–25%62–64 and point
at some severe cancellation of errors in the present harmonic
calculations. However, similar anomalous harmonic MP2 inter-
molecular force field predictions have been described for the
closely related CO2� � �H2O28,44 and OCS� � �H2O65 van der Waals
cluster molecules. In the latter investigation, even harmonic
predictions employing the benchmark CCSD(T)-F12 method-
ology fails to describe the large-amplitude out-of-plane wagging
mode (the H2O a-axis libration) of the weakly bound OCS� � �H2O
system. The out-of-plane wagging band origin for the OCS� � �H2O
system was calculated to 83 cm�1 by harmonic MP2/aug-cc-
pVTZ predictions, whereas harmonic CCSD(T)-F12a/aug-cc-pVTZ
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calculations predicted this band origin to 50 cm�1. Unfortu-
nately, an experimental verification of this large-amplitude H2O
wagging band origin was not possible in the latter neon matrix
isolation study due to the RTC motion of H2O in neon.65 The
same dependence on methodology is observed for the large-
amplitude H2O wagging mode of the CS2� � �H2O van der Waals
system. The complementary harmonic CCSD(T)-F12b/cc-pVQZ-
F12 calculations shown in Table 1 predict the H2O wagging band
origin at 56.8 cm�1, which is 34 cm�1 lower than the harmonic
RI-MP2/aug-cc-pCV5Z prediction. The large-amplitude in-plane
H2O rocking band origin of CS2� � �H2O, however, is predicted
only 0.4 cm�1 higher by the harmonic CCSD(T)-F12b/cc-pVQZ-
F12 calculations. This methodology-dependence on the inter-
molecular force field predictions for the OCS� � �H2O and
CS2� � �H2O van der Waals systems may be concerned with subtle
differences in the description of the involved lone pairs on the O
atom in the course of the large-amplitude librational motion.
The large-amplitude in-plane H2O rocking motion does not
rearrange the lone pairs of the O atom significantly in the vicinity
of the interacting S atom on the CS2 subunit, whereas both these
two lone pairs are rearranged significantly in the course of the
large-amplitude out-of-plane H2O wagging motion (Fig. 5). The
present experimental findings thus invite for the theoretical
development of high-level intermolecular potential energy sur-
faces for these weakly bound OCS� � �H2O and CS2� � �H2O van der
Waals systems, which may shed further light on the significant
methodology-dependence for the description of these in-plane
and out-of-plane librational coordinates. The most reliable
(semi-experimental) value for the intermolecular vibrational
zero-point energy for the CS2� � �H2O system thus involves the
present THz observations of the H2O wagging and rocking
fundamentals (contribution of 1.18 kJ mol�1) in combination
with the harmonic predictions for the three remaining low-
energy intermolecular vibrational fundamentals (contribu-
tion of 0.74 kJ mol�1 at the RI-MP2/aug-cc-pCV5Z level and
0.76 kJ mol�1 at the CCSD(T)-F12b/cc-pVQZ-F12 level) denoted
DZPEinter,semi-exp in Table 2. The resulting semi-experimental
value of 1.88 � 0.10 kJ mol�1 is then obtained for the total
change of vibrational zero-point energy (DZPEinter,semi-exp + DZPEintra

[RI-MP2/aug-cc-pCV5Z]), where the indicated error bar of �0.10
accounts both for potential minor matrix perturbations for the

two observed fundamental bands and mechanical anharmoni-
city of the three remaining unobserved low-energy intermolecular
vibrational fundamentals.

The electronic interaction energies De predicted at the
CCSD(T) level for the two conformations of the CS2� � �H2O
system as a function of basis set (aug-cc-pVXZ, X = T, Q, 5 and
6) complemented by De-values computed at the CCSD(T)-F12b/
aug-cc-pV5Z level are given in the ESI.† The three-point (Q, 5 and
6) extrapolation to the complete basis set (CBS) limits are given
in Table 2 and provide De-values close to the CCSD(T)-F12b/aug-
cc-pV5Z level. The difference in interaction energy between the
two different conformations are predicted to be in the order of
1.3 kJ mol�1 in the CCSD(T)/CBS limit. The incorporation of
harmonic vibrational zero-point energy corrections suggest a
difference between the resulting binding energies D0 in the
order of 2.3 kJ mol�1 emerging mainly from the differences in
the intermolecular force fields for the two conformations. These
theoretical predictions support the experimental evidence that
only the most stable C2v conformation of the CS2� � �H2O system
is formed in the cryogenic para-H2 environment. The benchmark
De-value of 6.96 kJ mol�1 predicted by the CCSD(T)/CBS meth-
odology combined with the semi-empirical change of vibrational
zero-point energy DZPEinter,semi-exp from the present work finally
provides an accurate semi-experimental value for the binding
energy D0 of 5.08 � 0.15 kJ mol�1 for the most stable conforma-
tion of the binary CS2� � �H2O van der Waals system.

7. Conclusions

In summary, the present work has demonstrated that close to
99.9% enriched samples of para-H2 provides an inert and
transparent matrix host below 3 K for the investigation of
large-amplitude hindered rotational motion for the subunits
of weakly bound van der Waals cluster molecules in the THz
spectral region. These advantages emerge from the absence of
‘‘reactive’’ ortho-H2 molecules (I = 1) and the large-amplitude
zero-point lattice vibrational motion of the para-H2 crystals.
The freely rotating spherically symmetric para-H2 (I = 0) mole-
cules of the matrix host interact weakly with the embedded
cluster molecules and the significantly larger matrix cages in
solid para-H2 relative to solid neon prevent the appearance of
disturbing rotational–translation-coupling motions of dopants
in the relevant spectral region below 3 THz. THz absorption
spectra have been generated for CO2/H2O and CS2/H2O mix-
tures embedded in enriched solid para-H2 and numerous new
observed transitions associated with large-amplitude librational
motion of weakly bound binary CO2� � �H2O and CS2� � �H2O and
ternary CS2� � �(H2O)2 van der Waals cluster molecules have been
assigned (tentative assignments for the ternary CS2� � �(H2O)2

system). The interaction strength, directionality and anharmo-
nicity of the weak van der Waals ‘‘bonds’’ between the molecules
can be characterized via these THz spectral signatures and yield
rigorous benchmarks for high-level electronic structure method-
ologies. The present experimental findings identify significant
error cancelation effects for harmonic RI-MP2/aug-cc-pCV5Z and

Table 2 Predicted electronic interaction energies De, change of vibra-
tional zero-point energies DZPE and resulting van der Waals binding
energies D0 for the two C2v and Cs conformations of the binary CS2� � �H2O
system (units of kJ mol�1)

Quantity CS2� � �H2O C2v CS2� � �H2O Cs

De [CCSD(T)/CBS]a 6.96 5.66
DZPEintra [RI-MP2/aug-cc-pCV5Z]b �0.05 �0.31
DZPEinter,semi-exp 1.93 � 0.10c 3.15d

D0 5.08 � 0.15e 2.82f

a Optimized geometries at RI-MP2/aug-cc-pCV5Z and electronic ener-
gies at CCSD(T)/CBS. b The harmonic approximation. c Based on semi-
experimental intermolecular fundamental transition energies (see text).
d Harmonic RI-MP2/aug-cc-pCV5Z predictions. e D0 = De [CCSD(T)/CBS]�
DZPEintra [RI-MP2/aug-cc-pCV5Z] � DZPEinter,semi-exp. f D0 = De [CCSD(T)/
CBS] � DZPE [RI-MP2/aug-cc-pCV5Z].

Paper PCCP

Pu
bl

is
he

d 
on

 0
7 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 1
/2

1/
20

20
 1

0:
06

:4
0 

A
M

. 

View Article Online



This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 349--358 | 357

CCSD(T)-F12b/cc-pVQZ-F12 vibrational frequency predictions,
where the latter approach severely fails to describe large-
amplitude H2O wagging motion. The spectroscopic observa-
tions confirm unambiguously a planar global potential energy
minimum for the binary CS2� � �H2O system with C2v symmetry,
where the O atom on the H2O molecule is linked to one of the S
atoms on the CS2 subunit. A semi-experimental value for the
change of vibrational zero-point energy of 1.93 � 0.10 kJ mol�1

from the class of large-amplitude intermolecular vibrational
modes is proposed. The combination with CCSD(T)/CBS electro-
nic energy predictions provides a semi-experimental estimate
of 5.08 � 0.15 kJ mol�1 for the dissociation energy D0 of the
CS2� � �H2O van der Waals system.
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mination of the Dissociation Energy D0.
ChemPhysChem, 20(23), 3238-3244.



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

High-Resolution Infrared Synchrotron Investigation of
(HCN)2 and a Semi-Experimental Determination of the
Dissociation Energy D0

D. Mihrin,[a] P. W. Jakobsen,[a] A. Voute,[a] L. Manceron,[b, c] and R. Wugt Larsen*[a]

The high-resolution infrared absorption spectrum of the donor
bending fundamental band ν1

6 of the homodimer (HCN)2 has
been collected by long-path static gas-phase Fourier transform
spectroscopy at 207 K employing the highly brilliant 2.75 GeV
electron storage ring source at Synchrotron SOLEIL. The rovibra-
tional structure of the ν1

6 transition has the typical appearance
of a perpendicular type band associated with a Σ–Π transition
for a linear polyatomic molecule. The total number of 100
assigned transitions are fitted employing a standard semi-rigid
linear molecule Hamiltonian, providing the band origin ν0 of
779.05182(50) cm� 1 together with spectroscopic parameters for
the degenerate excited state. This band origin, blue-shifted by
67.15 cm� 1 relative to the HCN monomer, provides the final

significant contribution to the change of intra-molecular vibra-
tional zero-point energy upon HCN dimerization. The combina-
tion with the vibrational zero-point energy contribution
determined recently for the class of large-amplitude inter-
molecular fundamental transitions then enables a complete
determination of the total change of vibrational zero-point
energy of 3.35�0.30 kJ mol� 1. The new spectroscopic findings
together with previously reported benchmark CCSDT(Q)/CBS
electronic energies [Hoobler et al. ChemPhysChem. 19, 3257–
3265 (2018)] provide the best semi-experimental estimate of
16.48�0.30 kJ mol� 1 for the dissociation energy D0 of this
prototypical homodimer.

1. Introduction

A highly accurate experimental determination of the dissocia-
tion energy D0 for a binary non-covalent weakly bound cluster
molecule is notoriously challenging and has solely been
demonstrated for a small number of molecular systems. In the
elementary case of the simple hydrogen-bonded (HF)2 homo-
dimer, direct measurements of unparalleled accuracy based on
state-to-state vibrational pre-dissociation dynamics by Miller
et al.[1] provided a D0-value of 1062�1 cm� 1. In a fully non-
empirical quantum chemical computational work, Hobza et al.[2]

employed large basis set CCSD(T) calculations including con-
tributions of higher excitations up to the full CCSDTQ level and
relativistic and diagonal Born-Oppenheimer corrections togeth-
er with anharmonic vibrational zero-point energies in order to
reproduce the dissociation energy. This demanding computa-
tional approach solely available for molecular systems of a very

limited size, however, still underestimated the experimental
dissociation energy by 25 cm� 1 owing to the inaccuracy of the
second order vibrational perturbation theory approach em-
ployed to predict the vibrational zero-point energy of the (HF)2

system. In a similar direct fragment analysis based on velocity
map imaging and resonance-enhanced multiphoton ionization,
Rocher-Casterline et al. provided an accurate experimental
dissociation energy of 1105�10 cm� 1 for the slightly larger
prototypical hydrogen-bonded (H2O)2 homodimer.[3] This exper-
imental determination helped to validate the accuracy of
different theoretical methodologies and most notably the
comprehensive work by Shank et al. who constructed an
intermolecular potential energy surface (IPES) based on 30 000
ab initio CCSD(T) grid points.[4] This full-dimensional IPES was
fitted to reproduce available benchmark calculations of the
interaction energy De

[5] and employed for diffusion Monte Carlo
calculations of the vibrational zero-point energy of (H2O)2 to
predict a dissociation energy D0 of 1103 cm� 1. An alternative
indirect approach was demonstrated by Kollipost et al.[6] for an
even larger system, the doubly hydrogen-bonded dimer of
formic acid (HCOOH)2, based on the macroscopic dissociation
equilibrium constant and the rich rovibrational spectroscopic
datasets available for this strongly bound system. After an
extensive far-infrared jet spectroscopic characterization of large-
amplitude hydrogen bond vibrational modes,[6,7] the combina-
tion of room temperature dissociation equilibrium constants
and statistical treatments of the rovibrational partition function
involving the complete set of altogether 24 vibrational
fundamental transitions enabled the determination of an
experimental D0-value of 59.5(5) kJ mol� 1. The present work
demonstrates an indirect semi-experimental strategy for the
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homodimer of HCN, where an extensive rovibrational dataset
for the basically complete set of thirteen fundamental tran-
sitions is now available.

The initial spectroscopic investigations of (HCN)2 by micro-
wave molecular beam spectroscopy established the linear CH··N
hydrogen bond configuration in the vibrational ground
state.[8,9,11–17] Subsequently, complementary high-resolution
infrared[18–24] and Raman[25,26] spectroscopic studies employing a
combination of static cryogenic long-path absorption cells and
supersonic jet expansions have provided accurate hydrogen
bond induced spectral shifts and (partly) resolved the rovibra-
tional structures of the more or less perturbed intramolecular
CH (ν1 and ν2) and CN (ν3 and ν4) stretching bands of both the
hydrogen bond donor and acceptor moieties. The dedicated
line shape analysis and extracted line width parameters from
the high-resolution infrared spectra of the hydrogen bond
acceptor and donor CH stretching bands have provided crucial
information about pre-dissociation lifetimes and indirectly the
coupling between these intramolecular vibrational modes and
the large-amplitude intermolecular hydrogen bond modes of
(HCN)2.

[18,19,23] Miller et al.[20] generated optothermal sub-Doppler
resolution (near)-infrared spectra of the ν1 + n1

9� n1
9 hot band

and the ν1 +n1
9 sum band providing indirect information about

the doubly degenerate n1
9 fundamental transition associated

with the intermolecular large-amplitude hydrogen bond accept-
or librational motion. This n1

9 band origin was subsequently
detected directly at 40.7518711(67) cm� 1 by a tunable far-
infrared Stark spectroscopy investigation.[27] The observed
reduction of the electric dipole moment of 0.54(5) D in the
excited state relative to the ground-state value of 6.023(31) D
demonstrated a highly anharmonic nature of this vibrational
normal coordinate. The large-amplitude vibrational motion
involving intermolecular hydrogen bonds is in general found to
be highly anharmonic in nature and challenging for ab initio
methodologies.[28–32] The second fundamental transition associ-
ated with the class of large-amplitude anharmonic intermolecu-
lar vibrational modes, the hindered translational motion
involving both HCN subunits or intermolecular stretching ν5,
has been observed indirectly at ca. 101 cm� 1 from vibrational
satellites in the microwave region[8]. Recently, the final
fundamental transition associated with this class of motion, the
doubly degenerate intermolecular large-amplitude hydrogen
bond donor librational mode n1

8 has been observed at
119.11526(60) cm� 1 by the present authors[33] employing a high-
resolution long-path Fourier transform THz spectroscopy ap-
proach involving highly brilliant synchrotron radiation.[34–37]

These experimental rovibrational observations would help to
validate or even construct a future (semi-experimental) full-
dimensional IPES for this prototypical (HCN)2 system. In the
present work we extend this long-path synchrotron spectro-
scopy approach to explore the region above 700 cm� 1, where
the two until now non-observed vibrational fundamental
transitions for (HCN)2 associated with the doubly degenerate
donor (ν1

6) and acceptor (ν1
7) bending modes were expected. In

contrast to the acceptor bending fundamental, the donor
bending fundamental has been predicted to be significantly
blue-shifted relative to the HCN monomer fundamental at

711.90 cm� 1 in the order of 55 to 85 cm� 1 by harmonic[33] and
anharmonic force field calculations[38], respectively. This doubly
degenerate ν1

6 transition then alone contribute with ~ 0.65–
1.0 kJ mol� 1 to the total change of vibrational zero-point energy.
A recent fully non-empirical quantum chemical computational
work by Hoobler et al.[38] has provided an AE-CCSDT(Q)/CBS
benchmark value including relativistic and diagonal Born-
Oppenheimer corrections for the interaction energy De of
19.83 kJ mol� 1. Instead of employing Hoobler et al.’s theoretical
anharmonic vibrational zero-point energy for (HCN)2 based on
second order vibrational perturbation theory, we are now able
to estimate a semi-experimental value of this important
quantity and reach an accurate dissociation energy D0.

Experimental
HCN was synthesized by dropwise addition of concentrated H2SO4

(99.999 %, Sigma Aldrich) onto KCN (�98.0 %, Sigma Aldrich) in
vacuo with immediate condensation of the evolved gas. Minor
impurities of CO, CO2 and (CN)2 were subsequently removed by
several freeze-pump-thaw cycling procedures. A sublimation pres-
sure of 1.7 hPa HCN resided in a static long-path cryogenic
absorption cell at a PID regulated cell body temperature of 207�
0.2 K.[39] The multipass arrangement of the long-path absorption
cell is based on the optical design by Chernin and Barskaya[40] and
provided a total optical path length of 105 m. A specialized transfer
optics design is employed to extract and refocus the probe beam
onto the sample compartment of a Bruker IFS 125 HR Fourier
transform spectrometer (FTS) located at the far-infrared AILES
beam-line at Synchrotron SOLEIL as described elsewhere.[39] High
brightness broadband synchrotron radiation from the third gen-
eration 2.75 GeV electron storage ring providing a ring current of
450 mA was focused onto the aperture of the FTS, providing a
signal-to-noise gain at high spectral resolution relative to a conven-
tional thermal radiation source.[41] A total number of 1408 sample
single-beam interferograms, corresponding to a total scan time of
34 hours, was collected employing a Ge on KBr beam splitter and a
highly sensitive home-built liquid helium cooled HgCdTe detector
mounted with a cold 940 cm� 1 low-pass filter.[42] The recorded
sample interferograms were Fourier transformed employing Mertz
phase correction and boxcar apodization. A sample spectral
resolution of 0.004 cm� 1 was selected as the best compromise
between the resulting signal-to-noise and the separation of
observed spectral features. The background single-beam spectra
were collected at a lower but still sufficient spectral resolution to
capture the dominant interference fringes. The absolute wave-
number scale of the resulting infrared absorption spectra was
calibrated against the accurate CO2 line positions reported by
Horneman.[43] The precision of the observed line positions is
estimated to be better than 0.002 cm� 1.

2. Rovibrational Spectral Analysis

The collected infrared average absorbance spectrum is domi-
nated by the strong degenerate bending fundamental of the
HCN monomer in the entire range from 525 cm� 1 to 835 cm� 1.
The R-branch of this band therefore gives rise to a series of
strong rovibrational lines with a spacing around 2.9 cm� 1 in the
spectral window above the HCN monomer band origin of
711.9 cm� 1, where both the acceptor bending transition n1

7 and
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the donor bending transition n1
6 of (HCN)2 are expected. The

collected absorbance spectrum does not show any sign of the
slightly perturbed n1

7 transition of (HCN)2 due to the very
saturated HCN monomer absorptions in the vicinity of the band
origin. However, a distinct Q-branch structure is clearly
observed around 779.05 cm� 1 in the gap between two strong
HCN monomer lines. The Q-branch degrades towards lower
energies indicating a negative value of ΔB= (B’� B’’) and is
accompanied by weaker R- and P-branches. An extensive series
of more than 35 lines with a spacing around 0.10 cm� 1 in the
range between 781.4 cm� 1 and 785.4 cm� 1 belonging to the R-
branch is readily observable, whereas the corresponding P-
branch is severely overlapped by a second weaker Q-branch at
777.2 cm� 1 (not shown), which we tentatively assign to a hot
band transition originating from the populated n1

9 level. The
observed rovibrational structure thus has the typical appear-
ance of a perpendicular type band of a Σ–Π transition for a
linear polyatomic molecule. Figure 1 shows the observed
spectrum in the narrow region of this Q-branch, blue-shifted by
67.15 cm� 1 relative to the HCN monomer fundamental, which is
consequently assigned to the significantly perturbed n1

6

transition.

The observed rotational structure of the band was analyzed
employing a standard semi-rigid polyatomic linear molecule
Hamiltonian as implemented in the PGOPHER software package
developed by Western[44]. This semi-rigid linear molecule
Hamiltonian is based on the rovibrational energy expressions
for the vibrational ground state E’’ and the vibrational excited
state E’ given in eqs. (1) and (2) including the rotational
constants B’’ and B’, the quartic centrifugal distortion constants
D’’J and D’J together with the l-type doubling constant q for the
degenerate level associated with the n1

6 transition.

E00 ¼ B00JðJ þ 1Þ � D00J J2ðJþ 1Þ2 (1)

E0 ¼ B0JðJ þ 1Þ � D0J J
2ðJþ 1Þ2 �

1
2
qJðJ þ 1Þ (2)

The P- and R-branch transitions occur to the lower
components of the doublets with an effective rotational
constant (B’� 1

2q) according to the general symmetry selection
rule, whereas the Q-branch transitions occur to the upper
components of the doublets with an effective rotational
constant (B’+ 1

2q). Separate rovibrational analyses of the Q-
branch and the P-, R-branch system are therefore required for
the determination of B’ and q. The values of the ground-state
constants B” and D”J were constrained to the values reported by
Larsen et al.[24], based on the most comprehensive rovibrational
analysis available in the literature for (HCN)2.

Several J-assignments of the Q-branch transitions were
tested both with and without the incorporation of the l-type
doubling parameter. The specific assignment of the Q-branch
transitions shown in Figure 1 resulted in a significantly smaller
fitting residual relative to other proposed assignments. The
correct J-assignments of the R-branch transitions were rather
straightforward as the unresolved beginning of the strong Q-
branch clearly indicates the origin of the band (Figure 1). A total
number of 100 observed P- (34� J’’�45), Q- (13� J’’�63) and
R-transitions (20� J’’�63) were subsequently fitted simultane-
ously employing the Hamiltonian including the l-type doubling
constant and the resulting spectroscopic constants are given in
Table 1. The obtained fitting residual of 0.00154 cm� 1 is more
than three times smaller than the spectral resolution as
expected[10] and the observed and calculated rovibrational
transition energies are provided in the electronic supporting
information.

3. A Semi-Experimental Vibrational Zero-Point
Energy and Dissociation Energy D0

The present observed ν1
6 fundamental band origin provides the

final significant contribution to the change of intra-molecular
vibrational zero-point energy upon HCN dimerization denoted
ΔZPEintra as the only non-observed intra-molecular vibrational
fundamental transition missing is associated with the acceptor

Figure 1. Portion of the infrared absorbance spectrum of the homodimer
(HCN)2 showing the ν1

6 band in the spectral region of the central Q-branch.
The numbered lines above the trace indicate the assigned J-values for the
individual rovibrational transitions (see the electronic supplemental materi-
al).

Table 1. The spectroscopic constants (cm� 1) and resulting fitting parame-
ters obtained from the rovibrational analysis of the observed donor
bending fundamental band ν1

6 of (HCN)2.
[a]

ν0 779.05182(50)
B’ 0.05803055(58)

D
0

J
8.151(14)·10� 8

q 1.424(50)·10� 5

N[b] 100
σ[c] 0.00154

[a] The ground-state constants were constrained to B”= 0.0582570 cm� 1

and D”J= 7.745 · 10� 8 cm� 1.[23] [b] Number of observations. [c] Residual of fit.
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bending mode n1
7, which according to quantum chemical

predictions is just slightly perturbed relative to the isolated
HCN monomer bending band origin.[33,38] In the discussion of
how to make a reliable estimate of the total change of
vibrational zero-point energy upon dimerization ΔZPEtotal =

ΔZPEintra +ΔZPEinter, where the term ΔZPEinter denotes the
contribution from the class of large-amplitude inter-molecular
vibrational modes, we will first address the usual vibrational
term values G(v) given by the second order perturbation theory
expression below. For simplificity, we consider the standard
vibrational term expression formulated for an asymmetric top
molecule although some of these terms will be identical for a
polyatomic linear molecular system as (HCN)2:

GðvÞ ¼
X

r

wr vr þ
1
2

� �

þ
X

r>s

xrs vr þ
1
2

� �

vs þ
1
2

� �

(3)

including the r-th harmonic vibrational energy ωr, the vibra-
tional anharmonicity constants xrs and the vibrational quantum
number vr for the normal coordinate r. The “true” vibrational
zero-point energy G(0) for the molecule is then given by the
following expression:

ZPE00true00 ¼ Gð0Þ ¼
1
2

X

r

wr þ
1
4

X

r>s

xrs

¼
1
2

X

r

wr þ
1
4

X

r

xrr þ
1
4

X

r>s

xrs

(4)

The complete set of anharmonicity constants including the
diagonal terms xrr and cross-coupling terms xrs is, however,
rarely known for most molecular systems and in particular not
for transient species as (HCN)2. We can therefore compare the
expression for the “true” vibrational zero-point energy given
above with approximate expressions based solely on the sets of
either harmonic vibrational energies ωr or anharmonic vibra-
tional energies νr, which are often more accessible. The simplest
approximate expression for the vibrational zero-point energy is
found when considering solely theoretical harmonic vibrational
fundamental energies:

ZPEteo
harm ¼

1
2

X

r

wr (5)

This simple harmonic sum based on the harmonic vibra-
tional energies shown in Table 2 clearly overestimates the
“true” vibrational zero-point energy as the difference
ZPEtrue � ZPEteo

harm is easily seen to be 1
4

P
r xrr +

1
4

P
r>s xrs, which

in general has a negative value. Alternatively, an approximate
expression for the vibrational zero-point energy based on
observed (anharmonic) fundamental vibrational band origins
can be considered whenever a complete set of fundamental
band origins has been explored experimentally. The anhar-
monic vibrational energy νr for the fundamental transition
associated with the normal coordinate r is given by:

nr ¼ Gðvr ¼ 1Þ � Gðvr ¼ 0Þ ¼ wr þ 2xrr þ
1
2

X

r6¼s

xrs (6)

The approximate expression for the vibrational zero-point
energy based solely on experimental (anharmonic) fundamental
band origins will therefore be given by:

ZPEobs
anh ¼

1
2

X

r

nr ¼
1
2

X

r

wr þ
X

r

xrr þ
1
2

X

r>s

xrs (7)

This anharmonic sum based on the observed vibrational
band origins shown in Table 2 on the other hand under-
estimates the “true” vibrational zero-point energy as the differ-
ence ZPEtrue� ZPEobs

anh is calculated to be � 3
4

P
r xrr�

1
4

P
r>s xrs,

which in general has a positive value. A robust but very simple
solution to obtain a much more reliable approximation of the
vibrational zero-point energy has been demonstrated by
Schaefer III et al.[45] for several simple molecules as H2O and CH4,
where the complete sets of anharmonicity constants are known
experimentally. Schaefer III et al. showed that the average value
of ZPEobs

anh and ZPEteo
harm comes very close to the “true” vibrational

zero-point energy ZPEtrue and only slightly underestimate this
value with a minor deviation of � 1

4

P
r xrr .

The present spectroscopic findings now enable the determi-
nation of the total change of vibrational zero-point energy
upon dimerization ΔZPEtotal =ΔZPEintra +ΔZPEinter. However, we

Table 2. The observed (anharmonic) and harmonic CCSD(T)-F12b/aug-cc-pVQZ vibrational fundamental energies (cm� 1) for the linear (HCN)2 homodimer
classified according to the irreducible representations of the point group C1v with corresponding vibrational normal mode descriptions.

νobs wCCSDðTÞ� F12b
[f] Symmetry Species Mode Description

ν1 3308.3175(5)[a] 3435.0 Σg Acceptor CH Stretch
ν2 3241.5588(30)[a] 3356.5 Σg Donor CH Stretch
ν3 2104.6(3)[b] 2142.1 Σg Acceptor CN Stretch
ν4 2094.7(3)[b] 2120.8 Σg Donor CN Stretch
ν5 101[c] 118.8 Σg N� � �HC Stretch

n1
6

779.05182(50)[d] 814.2 Π Donor HCN Bend

n1
7

723(2)[e] 739.8 Π Acceptor HCN Bend

n1
8

119.11526(60)[f] 137.2 Π Donor Libration

n1
9

40.7518711(67)[g] 48.0 Π Acceptor Libration

[a] Jucks et al.[18] [b] Maroncelli et al.[24,25] [c] Georgiou et al.[13] [d] Present work. [e] Anharmonic prediction by Hoobler et al.[37] (see text). [f] Mihrin et al.[32] [g] Grushow
et al.[26]
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first consider the simple approximation based on theoretical
harmonic fundamental vibrational energies (eq. 5). The harmon-
ic vibrational zero-point energies of both (HCN)2 and HCN are
combined for the set of intramolecular vibrational fundamental
transitions including ν1, ν2, ν3, ν4, n1

6 and n1
7 (the mode

numbering for (HCN)2 given in Table 2) remembering that the
n1

6 and n1
7 fundamentals are both doubly degenerate:

D ZPEteo
harm;intra ¼

1
2

X

r

wdim
r � wmon

r

� �

(8)

The use of previously published harmonic CCSD(T)-F12b/
aug-cc-pVQZ intramolecular vibrational fundamental energies
for both (HCN)2 and HCN[33] then gives ΔZPEteo

harm;intra =

0.725 kJ mol� 1. A harmonic contribution to the vibrational zero-
point energy ΔZPEteo

harm;inter from the class of large-amplitude
vibrational fundamentals introduced by the complexation
including ν5, n1

8 and n1
9 (n1

8 and n1
9 doubly degenerate) of

2.926 kJ mol� 1 comes directly from eq. 5 and provides a total
change of vibrational zero-point energy in this simple harmonic
approximation ΔZPEteo

harm;total of 3.65 kJ mol� 1 as listed in Table 3.

This harmonic approximation for the total change of vibrational
zero-point energy upon dimerization clearly overestimates the
“true” value as evidenced by Hoobler et al.’s non-empirical
theoretical prediction of 3.35 kJ mol� 1 based on second order
vibrational perturbation theory at the AE-CCSD(T)/cc-pCVQZ
level of theory.[38]

In our similar approach to obtain the anharmonic change of
vibrational zero-point energy ΔZPEobs

anh;total based on the almost
complete set of observed fundamental band origins (eq. 7), we
first discuss shortly the expected minor contribution from the
intramolecular acceptor bending fundamental n1

7, which has not
been observed in the gas-phase. The present sensitive long-
path FTIR synchrotron spectroscopy approach does not reveal
any signs of this transition owing to severe spectral overlaps
with monomeric HCN absorption in the vicinity of the
degenerate bending fundamental band origin of 711.90 cm� 1

for HCN. This suggests that the n1
7 fundamental transition

indeed is only very slightly blue-shifted relative to the monomer
as predicted by both harmonic (dimerization shift of 12 cm� 1)[33]

and anharmonic (dimerization shift of 11 cm� 1)[38] vibrational
force field calculations. In general, Hoobler et al.’s recent
anharmonic predictions reproduce the observed intramolecular
complexation shifts rather well with the largest error of
9.15 cm� 1 for the donor bending fundamental n1

6 reported in
the present investigation (predicted blue-shift of 58 cm� 1 versus
observed blue-shift of 67.15 cm� 1). Assuming a similar max-
imum relative error for the predicted dimerization shift for the
intramolecular acceptor bending n1

7 fundamental, we can safely
estimate a dimerization blue-shift of 11(2) cm� 1 and thereby a
band origin of 723(2) cm� 1 as given in Table 2.

The approximate anharmonic change of vibrational zero-
point energy based on the set of observed fundamental
transition energies according to eq. 7 then gives ΔZPEobs

anh;intra =

0.535 kJ mol� 1 and ΔZPEobs
anh;inter = 2.515 kJ mol� 1 and a resulting

value for ΔZPEobs
anh;total of 3.05 kJ mol� 1 as listed in Table 3. This

approximate value is a lower limit for the “true” total change of
vibrational zero-point energy as argued for above and again
indicated by the 0.3 kJ mol� 1 higher value suggested by Hoobler
et al.[37] The best semi-experimental value for the “true” change
of vibrational zero-point energy is then achieved by computing
the average value of ΔZPEteo

harm;total and ΔZPEobs
anh;total although this

average value still underestimates the “true” value slightly. It
then appears that our best semi-experimental value matches
spot on Hoobler et al.’s non-empirical value of 3.35 kJ mol� 1

(Table 3).
The immediate remarkable correspondence between our

semi-experimental value and Hoobler et al.’s entirely theoretical
value is rather surprising as the application of second order
vibrational perturbation theory is known to be notoriously
challenging for weakly bound molecular systems. As with any
other perturbational approach, one should be careful if the
perturbations, the anharmonicity contributions, are of consid-
erable magnitude relative to the zeroth-order harmonic vibra-
tional energy references. The class of large-amplitude intermo-
lecular vibrational modes in particular may be problematic for
this kind of perturbational approach, where Hoobler et al.
reported anharmonicity contributions in the order of 12 % and
24 % for the n1

8 and n1
9 fundamentals, respectively. Hoobler

et al.’s anharmonic analysis showed no Fermi resonance type
terms based upon near degeneracy between fundamental
transitions and vibrational hot band transitions or strong
interactions observed as large cubic force constants. They
tested, however, extensively their results by the removal of one
or more of the large-amplitude vibrational modes ν5, n1

8 and n1
9

from the anharmonic perturbational treatment. The removal of
the n1

8 fundamental alone in the anharmonic analysis seemed to
produce the most significant effects in the predicted anhar-
monic band origins, as the n1

9 band origin shifts from 35 cm� 1 to
26 cm� 1 and the n1

8 band origin shifts from 120 cm� 1 to
136 cm� 1.

The complete sets of theoretical anharmonic fundamental
band origins for both HCN and (HCN)2 reported by Hoobler
et al. enables us to calculate the approximate (lower limit) of
the total change of vibrational zero-point energy based on eq. 7

Table 3. The total change of vibrational zero-point energy (kJ mol� 1) based
on theoretical (harmonic) vibrational fundamental energies ΔZPEteo

harm
(upper limit) and observed or theoretical anharmonic fundamental
energies ΔZPEanh (lower limit). The results are compared to the recent non-
empirical benchmark values of De and D0 by Hoobler et al.[38]

De ΔZPEteo
harm ΔZPEanh

ΔZPEbest D0

Present work
(semi-exp)

19.83[a] 3.65[b] 3.05[c] 3.35[d] 16.48

Hoobler
et al. (teo)

19.83[a] 3.03[e] 3.35[f] 16.48

[a] AE-CCSDT(Q)/CBS value including relativistic and diagonal Born-
Oppenheimer terms by Hoobler et al.[37] [b] Based on harmonic predictions
at the CCSD(T)-F12b/aug-cc-pVQZ level of theory by Mihrin et al.[32] [c] Based
on observed (anharmonic) fundamental band origins (see text). [d] The
average value of ΔZPEteo

harm and ΔZPEobs
anh (see text). [e] Based on theoretical

anharmonic fundamental band origins. [f] Second order vibrational
perturbation theory (VPT2) at the AE-CCSD(T)/cc-pCVQZ level of theory.
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ignoring all involved anharmonicity constants. The extracted
value of 3.03 kJ mol� 1 (Table 3) again is remarkable close to the
value based on the complete set of experimental (anharmonic)
fundamental band origins of 3.05 kJ mol� 1. A closer look at
Hoobler et al.’s reported non-empirical anharmonic band posi-
tions, however, reveals total numeric deviations

P
r jn

VPT2
r � nobs

r j

in the order of 10 cm� 1 for the HCN monomer and 44.7 cm� 1 for
the (HCN)2 system. These deviations would potentially introduce
an error of 0.4 kJ mol� 1 in this approximate value for the total
vibrational zero-point energy ΔZPEanh;total if the theoretical
anharmonic band origins systematically were predicted at
higher energies than the observed band origins. The excellent
agreement between the observed and theoretical values of
DZPEanh;total is partly due to cancellation of errors with opposite
signs, where overestimated fundamental band origins are
canceled out by underestimated fundamental band positions of
the same order of magnitude. Nevertheless, the present semi-
experimental approach for the determination of the total
change of vibrational zero-point energy upon (HCN)2 complex-
ation combined with the AE-CCSDT(Q)/CBS benchmark De-value
by Hoobler et al then reproduces the “best” value of
16.48 kJ mol� 1 for the dissociation energy D0 (Table 3). Based on
our estimated lower (anharmonic) and higher (harmonic) limits
for the “true” value of ΔZPEtotal, we bracket this final semi-
empirical dissociation energy with an error of �0.30 kJ mol� 1,
which should even include minor remaining errors of the
benchmark electronic energies (�0.05 kJ mol� 1) as suggested
by Hoobler et al. The present “best” semi-experimental estimate
of D0 is slightly lower than the value of 17.2 kJ mol� 1 estimated
previously by the same authors based on the observed change
of vibrational zero-point energy from the class of large-
amplitude vibrational modes alone.[33] The previous semi-
experimental estimate of D0 employed the harmonic prediction
of the intramolecular donor bending n1

6 fundamental band
origin now available by experiment. However, more importantly
the present work now employs Schaefer et al.’s accurate
approach to extract the “true” intermolecular vibrational zero-
point energy contribution by considering an average of the
theoretical harmonic and experimental (anharmonic) vibrational
fundamental energies.[45]

4. Conclusions

In summary, the generated high-resolution synchrotron infrared
absorption spectrum of (HCN)2 has enabled a detailed rovibra-
tional analysis of the missing n1

6 band associated with the
doubly degenerate donor bending mode. The observed rovibra-
tional structure has the characteristics of a perpendicular type
band of a Σ� Π transition for a linear polyatomic molecule and
in total 100 spectral lines belonging to the P-, Q-, and R-
branches have been assigned and fitted simultaneously to a
standard semi-rigid linear molecule Hamiltonian. The resulting
fit provides an accurate value for the missing band origin ν0 of
779.05182(50) cm� 1 together with the spectroscopic parameters
B’, D’J and q for the doubly degenerate excited state n1

6. This
accurate n1

6 fundamental band origin, blue-shifted by

67.15 cm� 1 relative to the degenerate HCN monomer bending
band origin, provides the final significant contribution of
0.8 kJ mol� 1 to the change of intra-molecular vibrational zero-
point energy upon complexation and the best semi-experimen-
tal estimate of 3.35�0.30 kJ mol� 1 for the total change of
vibrational zero-point energy. The combination with Hoobler
et al.’s[37] AE-CCSDT(Q)/CBS benchmark value for the interaction
energy De of 19.83 kJ mol� 1 including relativistic and diagonal
Born-Oppenheimer corrections then enables a reliable semi-
experimental value of 16.48�0.30 kJ mol� 1 for the intermolecu-
lar hydrogen bond energy D0.

Supporting Information

The observed and calculated line positions from the rovibra-
tional analysis of the n1

6 band are given as electronic supporting
information.
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High-resolution synchrotron terahertz
investigation of the large-amplitude hydrogen
bond librational band of (HCN)2†

D. Mihrin, a P. W. Jakobsen,a A. Voute, a L. Manceronbc and
R. Wugt Larsen *a

The high-resolution terahertz absorption spectrum of the large-amplitude intermolecular donor

librational band n1
8 of the homodimer (HCN)2 has been recorded by means of long-path static gas-phase

Fourier transform spectroscopy at 207 K employing a highly brilliant electron storage ring source. The

rovibrational structure of the n1
8 band has the typical appearance of a perpendicular type band of a S–P

transition for a linear polyatomic molecule. The generated terahertz spectrum is analyzed employing a

standard semi-rigid linear molecule Hamiltonian, yielding a band origin n0 of 119.11526(60) cm�1

together with values for the excited state rotational constant B0, the excited state quartic centrifugal

distortion constant DJ
0 and the l-type doubling constant q for the degenerate state associated with the

n1
8 mode. The until now missing donor librational band origin enables the determination of an accurate

experimental value for the vibrational zero-point energy of 2.50 � 0.05 kJ mol�1 arising from the entire

class of large-amplitude intermolecular modes. The spectroscopic findings are complemented by

CCSD(T)-F12b/aug-cc-pV5Z (electronic energies) and CCSD(T)-F12b/aug-cc-pVQZ (force fields) electronic

structure calculations, providing a (semi)-experimental value of 17.20 � 0.20 kJ mol�1 for the dissociation

energy D0 of this strictly linear weak intermolecular CH� � �N hydrogen bond.

1. Introduction

The terahertz (THz) spectral region, the region of the electro-
magnetic spectrum with wavelengths between 3 mm to 30 mm,
is referred to ‘‘the gap of the electromagnetic spectrum’’
because it historically has been extremely difficult to produce
tunable, coherent radiation throughout the entire region. The
technology of tunable THz laser sources has greatly expanded
the range of spectroscopic applications for studies of weakly
bound molecular complexes, owing to the realization of both high
sensitivity and ultrahigh resolution.1 The scanning bandwidths,
however, are limited for these laser-based THz spectrometers,

only minor fractions of the spectrum can be sampled within a
reasonable time period and solely a few laser technologies are
feasible above 3 THz.2 In the present contribution, it is demon-
strated how highly brilliant synchrotron radiation coupled to
Fourier transform spectrometers provides a complementary
broadband THz/far-infrared approach with sufficient sensitivity
and resolution to observe and resolve the rovibrational structure
of large-amplitude vibrational bands of weakly bound molecular
complexes down to 3 THz. The high-resolution absorption
spectrum for the donor librational band n1

8 of (HCN)2 reported
here resolves the lowest-energy intermolecular large-amplitude
vibrational band observed so far employing this implementation
of synchrotron point sources for Fourier transform THz spectro-
scopy (FTS).3–6

The first experimental investigations of (HCN)2 by micro-
wave molecular beam spectroscopy established a linear CH� � �N
hydrogen bond geometry in the vibrational ground state.7–15

Subsequently, a variety of infrared16–22 and Raman23,24 spectro-
scopic studies employing a combination of static equilibrium
absorption cells and supersonic jet expansions have provided
accurate dimerization spectral shifts and (partly) resolved the
rovibrational structures of the perturbed intramolecular CH
(n1 and n2) and CN (n3 and n4) stretching bands of both the
hydrogen bond acceptor and donor subunits. The dedicated

a Department of Chemistry, Technical University of Denmark, Kemitorvet 206,

2800 Kgs. Lyngby, Denmark. E-mail: rewl@kemi.dtu.dk
b Synchrotron SOLEIL, L’orme des Merisiers, Saint-Aubin-BP 48,
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France

† Electronic supplementary information (ESI) available: The observed and calcu-
lated line positions from the rovibrational analysis are given as electronic
supplemental material together with the calculated absolute electronic energies
employing the CCSD(T) and CCSD(T)-F12b methodologies with Dunning’s aug-
mented correlation-consistent aug-cc-pVXZ (X = D, T, Q, 5, 6) basis sets and the
calculated harmonic vibrational energies at the CCSD(T)-F12b/aug-cc-pVQZ level.
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analysis of the observed line width parameters in the high-
resolution infrared spectra of the free and bound CH stretching
bands have provided important information about pre-dissociation
lifetimes and indirectly the coupling between these intramolecular
vibrational modes and the large-amplitude intermolecular
hydrogen bond modes of (HCN)2.16,17,21 Miller et al.18 generated
optothermal sub-Doppler resolution spectra of the hot band
n1 + n1

9 � n1
9 and the sum band n1 + n1

9 providing indirect
information about the doubly degenerate intermolecular
large-amplitude hydrogen bond acceptor librational mode n1

9.
The n1

9 band origin was subsequently observed directly at
40.7518711(67) cm�1 by a tunable far-infrared Stark spectro-
scopy investigation.25 An observed reduction of the dipole
moment of 0.54(5) D in the excited state associated with the
n1

9 mode relative to the ground-state value of 6.023(31) D con-
firmed the highly anharmonic nature of this vibrational coor-
dinate. The excited state spectroscopic parameters associated
with large-amplitude librational motion of the HCN subunits
provide important information about the configuration space
away from the minimum of the intermolecular potential energy
surface.26–28 However, whereas also the intermolecular N� � �HC
stretching fundamental n5 has been observed indirectly at
ca. 101 cm�1 from vibrational satellites in the microwave
region,7 the intermolecular large-amplitude hydrogen bond
donor librational fundamental n1

8 has remained unobserved
in the gas phase.29

2. Experimental

A HCN sample was prepared by dropwise addition of concen-
trated H2SO4 (99.999%, Sigma Aldrich) onto KCN (Z98.0%,
Sigma Aldrich) in vacuo with simultaneous condensation of the
gas evolved. Impurities of CO, CO2 and (CN)2 were subsequently
removed from the HCN sample by freeze–pump–thaw cycling.
A sublimation pressure of 2.4 hPa HCN resided in a static long-
path cryogenic absorption cell at a PID regulated temperature
of 207.0 � 0.2 K.30 These static equilibrium conditions maxi-
mized the number density of formed (HCN)2 without severe
collisional line broadening by the dominant monomeric HCN
sample. The optical multipass arrangement of the long-path
absorption cell is based on the design by Chernin and Barskaya31

and provided a total optical path length of 105 m. A specialized
transfer optics design is employed to extract and refocus the
probe beam into the sample chamber of a Bruker IFS 125 HR
Fourier transform spectrometer located at the far-infrared
beam-line AILES at the SOLEIL French Synchrotron Facility as
described elsewhere.30 Highly brilliant broadband synchrotron
radiation from the third generation 2.75 GeV electron storage ring
with a ring current of 450 mA was focused onto the aperture of the
Fourier transform spectrometer, providing a signal-to-noise gain
in the order of 10 to 25 at high spectral resolution relative to a
conventional thermal radiation source.32,33 A total number of
570 sample single-beam interferograms, corresponding to a
total scan time of 14 hours, were collected employing a 6 mm
multilayer Mylar beam splitter and a liquid helium cooled

Si-bolometer installed with a cold 370 cm�1 low-pass filter.
The recorded sample interferograms were transformed employing
Mertz phase correction and boxcar apodization. A sample spectral
resolution of 0.004 cm�1 was selected as the best compromise
between the resulting signal-to-noise and the separation of
observed spectral features. The background single-beam spectra
were collected at lower spectral resolution, which was still suffi-
cient to capture the dominant interference fringes. The absolute
wavenumber scale of the resulting THz absorption spectra was
calibrated against the accurate H2O line positions reported by
Johns.34 The precision of the observed line positions is estimated
to be 0.001 cm�1.

3. Rovibrational analysis

Fig. 1 shows the observed THz absorbance spectrum of the
hydrogen bond donor librational band n1

8 of (HCN)2 in the spectral
region of the strong Q-branch around 119.11 cm�1. The central
Q-branch degrades towards higher wavenumbers in the same
manner as observed previously for the n1

9 band associated with
the large-amplitude hydrogen bond acceptor librational mode
and is accompanied by weaker R- and P-branches.25 The rovibra-
tional structure thus has the typical appearance of a perpendi-
cular type band of a S–P transition for a linear polyatomic
molecule. An extensive series of almost 30 lines belonging to the
R-branch in the 20 r J00 r 50 range is readily observable,
whereas the corresponding P-branch is severely overlapped by
a second weaker Q-branch at 116.1 cm�1 (not shown), which we
assign to the n1

8 + n1
9 � n1

9 hot band. The J-assignments of the
R-branch transitions are rather straightforward as the unresolved
beginning of the strong Q-branch clearly indicates the origin of
the band (Fig. 1). The observed rotational structure of the band
was analyzed employing a standard semi-rigid linear molecule
Hamiltonian as implemented in the PGOPHER software package
developed by Western.35 This semi-rigid linear molecule model

Fig. 1 Portion of the THz absorbance spectrum of the homodimer
(HCN)2 showing the n1

8 band in the spectral region of the strong central
Q-branch. The numbered lines above the trace indicate the assigned
Q-transitions of the band (see the ESI†).
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is based on the rovibrational energy expressions for the vibra-
tional ground state E00 and the vibrational excited state E0 given
in eqn (1) and (2) including the rotational constants B00 and B0 as
well as the quartic centrifugal distortion constants DJ

00 and DJ
0

together with the l-type doubling constant q for the degenerate
level associated with the n1

8 mode. The values of the ground-state
constants B00 and DJ

00 were constrained to the values reported by
Larsen et al.,22 based on the most comprehensive rovibrational
analysis available in the literature for (HCN)2.

E00 = B00J( J + 1) � DJ
00J2( J + 1)2 (1)

E0 = B0J( J + 1) � DJ
0J2( J + 1)2 � (1/2)q J( J + 1) (2)

A few different J-assignments of the Q-branch transitions
were tested with and without the incorporation of the l-type
doubling parameter. The specific assignment of the Q-branch
transitions for J = 14–40 shown in Fig. 1 resulted in a significant
smaller fitting residual compared to other assignments. A total
number of 66 observed P-, Q- and R-transitions were then
simultaneously fitted using the Hamiltonian including the
l-type doubling constant and the resulting spectroscopic con-
stants are given in Table 1. The obtained fitting residual of
0.00124 cm�1 is three times smaller than the spectral resolu-
tion and the observed and calculated rovibrational transitions
are provided in the ESI.†

The extracted value of the rotational constant in the excited
vibrational state B0 associated with n1

8 increases relative to the
vibrational ground-state value B00. The same sign of DB has
previously been observed for the doubly degenerate hydrogen
bond acceptor librational mode n1

9 of (HCN)2. However, in
several previous high-resolution far-infrared synchrotron studies
of linear molecular complexes involving the diatomic HCl mole-
cule as hydrogen bond donor,3,4 the rotational constant of the
excited vibrational states associated with large-amplitude donor
HCl librational modes had significantly lower values relative to
the vibrational ground state. This decrease of the excited-state
rotational constants upon hindered rotation of the HCl donor
subunit was ascribed to an increase of the intermolecular
hydrogen bond distance between the complexation partners
upon vibrational excitation. On the other hand, the similar
hindered rotational motion of the triatomic linear donor HCN
subunit affects the value of the rotational constant twofold.
Fig. 2 shows the animated displacements of the atoms asso-
ciated with the n1

8 mode in a molecule-fixed principal coordinate

system of the linear (HCN)2 system with origin at the center of
mass and the z-axis coinciding with the CN-axis. The hindered
rotational motion of the donor HCN subunit in the yz-plane
brings the heaviest donor atom (N) of this subunit closer to the
center of mass of (HCN)2. As a result the moment of inertia
about the principal axis perpendicular to the CN-axis slightly
decreases. This decrease of moment of inertia thus dominates
the opposite increase of moment of inertia expected from the
elongation of the intermolecular hydrogen bond in the excited
vibrational state.

On the other hand, the total destabilizing effect on the inter-
molecular hydrogen bond interaction from the class of large-
amplitude intermolecular vibrational motion can finally be
completely characterized with the present observation of the
until now missing n1

8 band origin. This accurate n1
8 band origin

enables the first reliable determination of a complete experi-
mental value for the intermolecular vibrational zero-point energy
change upon complexation of two HCN subunits denoted
DZPEinter,exp. An accurate value for this quantity, including the
significant anharmonic contributions from this class of large-
amplitude hydrogen bond vibrational motion, is namely notoriously
challenging to predict by quantum chemical methods. Table 2
provides the observed vibrational fundamental band origins
now available for (HCN)2. The n1

8 mode contributes with more

Table 1 The spectroscopic constants (cm�1) and fitting parameters
obtained from the rovibrational analysis of the observed large-amplitude
donor librational band n1

8 of (HCN)2
a

n0 119.11526(60)
B0 0.0584697(10)
DJ
0 7.663(38) � 10�8

q �1.429(32) � 10�5

Nb 66
sc 0.00124

a The ground-state constants were constrained to the following values:
B00 = 0.0582570 cm�1 and DJ

00 = 7.745 � 10�8 cm�1 from Larsen et al.22

b Number of observations. c Residual of fit.

Fig. 2 The animation of the large-amplitude intermolecular donor libra-
tional normal mode n1

8 mode of (HCN)2 showing the vibrational displace-
ments of atoms from equilibrium to the turning point of the hindered
rotation in the yz-plane.

Table 2 The observed and harmonic CCSD(T)-F12b/aug-cc-pVQZ
fundamental band origins (units of cm�1) for the linear (HCN)2 homodimer
classified according to the irreducible representations of the point group
CNv with corresponding vibrational normal mode descriptions

nobs oCCSD(T)-F12b

Symmetry
species Mode description

n1 3308.3175(5)a 3435.0 Sg Acceptor CH stretch
n2 3241.5588(30)a 3356.5 Sg Donor CH stretch
n3 2104.6(3)b 2142.1 Sg Acceptor CN stretch
n4 2094.7(3)b 2120.8 Sg Donor CN stretch
n5 101c 118.8 Sg N� � �HC stretch
n1

6 814.2 P Donor HCN bend
n1

7 739.8 P Acceptor HCN bend
n1

8 119.11526(60)d 137.2 P Donor libration
n1

9 40.7518711(67)e 48.02 P Acceptor libration

a Jucks et al.17 b Maroncelli et al.23,24 c Georgiou et al.12 d Present work.
e Grushow et al.25
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than 55% to the total experimental intermolecular vibrational
zero-point energy change having a value of DZPEinter,exp =
2.50 � 0.05 kJ mol�1. The error on this value estimated to be
�0.05 kJ mol�1 is dominated by the indirect microwave determina-
tion of the intermolecular stretching band origin n5 at 101 cm�1

assuming an estimated error of �5 cm�1.7 In order to relate this
accurate experimental value for the intermolecular vibrational zero-
point energy upon complexation to the experimental dissociation
energy D0 of (HCN)2, we consult benchmark ab initio methodologies
CCSD(T)36 and CCSD(T)/F-12b37 for accurate electronic structure
calculations of the hydrogen bond interaction energy De of (HCN)2.

4. A semi-experimental dissociation
energy D0 of (HCN)2
The MOLPRO (ver. 2012.1)38,39 quantum chemistry software pack-
age has been employed for the optimization of the potential energy
minima geometries of both HCN and (HCN)2. The geometry
optimizations have been computed employing the coupled-cluster
approach with single and double excitations and perturbative
treatment of triple excitations CCSD(T)36 and the explicitly-
correlated CCSD(T)-F12b methodology37 as implemented in
MOLPRO. The benchmark minimum geometry predictions given
in Table 3 involve the CCSD(T)-F12b methodology in combination
with Dunning’s augmented correlation-consistent quadruple-zeta
basis set (aug-cc-pVQZ)40 and the corresponding harmonic force
fields for both HCN and (HCN)2 have been predicted at these
optimized potential energy minimum structures (Table 2). The
single-point electronic energies for these optimized benchmark
minima structures were subsequently computed employing
Dunning’s family of augmented correlation-consistent basis sets
aug-cc-pVXZ (X = T, Q, 5 and 6)40 to follow the magnitude of the
electron correlation. The electronic hydrogen bond interaction
energies De as a function of basis set are given in Table 3 based
on the absolute CCSD(T) and CCSD(T)-F12b electronic energies pro-
vided in the ESI.† These calculations confirm that both method-
ologies converge to the same value of the electronic hydrogen bond
interaction energy De, however, as expected with a significantly
faster convergence for the explicitly-correlated CCSD(T)-F12b
methodology. The CCSD(T)-F12b/aug-cc-pV5Z calculation in the
present investigation provides a De-value of 19.85 kJ mol�1,
which is identical to the complete basis set limit for the
corresponding canonical CCSD(T) methodology.41

This high-level value of 19.85 kJ mol�1 for the interaction energy
De enables the determination of an accurate semi-experimental
binding energy D0 of (HCN)2 based on the almost complete

experimental vibrational zero-point energy corrections now avail-
able. The harmonic CCSD(T)-F12b/aug-cc-pVQZ predictions pro-
vides a value of 2.93 kJ mol�1 for the intermolecular vibrational
zero-point energy denoted DZPEinter,teo indicating average anhar-
monicity contributions in the order of 15% for the class of
large-amplitude vibrational modes in accordance with previous
observations of hydrogen-bonded molecular complexes.27 The
anharmonicity contributions are expected to be much smaller for
the perturbed intramolecular vibrational modes, where the harmo-
nic CCSD(T)-F12b/aug-cc-pVQZ predictions on average overestimate
the observed fundamental transitions by only 2.5% for the four
experimentally available CN and CH stretching band origins of
(HCN)2. The total harmonic value for the change of intramolecular
vibrational zero-point energy (DZPEintra,teo) is predicted to be just
0.15 kJ mol�1 (see Table 2 and the ESI†). This very small value of
DZPEintra relative to DZPEinter (ca. 5%) is partly due to the opposite
signs of the major complexation spectral shifts associated with the
bound intramolecular CH stretching mode n2 and the two experi-
mentally lacking intramolecular HCN bending modes n1

6 and n1
7.

The bound intramolecular CH stretching mode n2 is red-shifted by
70 cm�1 relative to the monomer fundamental band, whereas the
two missing intramolecular HCN bending bands n1

6 and n1
7 both are

predicted to be blue-shifted relative to the corresponding monomer
fundamental band. The experimental intramolecular complexation
red-shift of the bound CH stretching band n2 is somewhat captured
by the present scaled (0.975) harmonic CCSD(T)-F12b/aug-cc-pVQZ
predictions (79 cm�1). The discrepancy between experimental
findings and harmonic predictions for the bound CH stretching
mode n2 may arise from the anharmonic coupling to the donor
hydrogen bond librational mode n1

8 as observed and quantified
recently for the bound OH stretching mode of the hydrogen-
bonded methanol dimer.42 However, a similar overall error on
the harmonic CCSD(T)-F12b/aug-cc-pVQZ predictions for the
missing n1

6 and n1
7 fundamental band origins of (HCN)2 would

most likely still just affect the DZPEintra,teo-value in the order of
�0.10 kJ mol�1. The total change of vibrational zero-point
energy upon HCN dimerization (DZPE = DZPEinter,exp + DZPEintra,teo)
of 2.65 kJ mol�1 based largely on the experimental large-amplitude
vibrational contributions now available thus provides a reliable
semi-experimental value for the intermolecular CH� � �N hydrogen
bond energy D0 of 17.20 � 0.20 kJ mol�1.

5. Conclusions

In summary, the present high-resolution synchrotron THz
absorption investigation of (HCN)2 has detected and provided
a detailed rovibrational analysis of the missing large-amplitude

Table 3 The calculated electronic hydrogen bond interaction energy De (in units of kJ mol�1) employing the CCSD(T) and CCSD(T)-F12b methodologies
with the series of augmented correlation-consistent Dunning basis sets aug-cc-pVXZ (X = T, Q, 5, 6)a

Model aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z aug-cc-pV6Z CBSb

CCSD(T) 21.63 20.41 19.94 19.87 19.85
CCSD(T)-F12b 20.34 20.06 19.85

a All electronic energies are based on optimized monomer and dimer geometries at the CCSD(T)-F12b/aug-cc-pVQZ level. b The complete basis set
limit employing a three-point allometric fit.41
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hydrogen bond donor librational band n1
8 in the technological

challenging spectral region around 3.5 THz. The observed
rovibrational band system has the typical appearance of a
perpendicular type band of a S–P transition for a linear
polyatomic molecule and in total 66 observed lines from the
P-, Q-, and R-branches have been assigned and fitted simulta-
neously to a standard semi-rigid linear molecule Hamiltonian.
The resulting fit provides an accurate value for the important
missing band origin n0 of 119.11526(60) cm�1 together with the
spectroscopic constants B0, DJ

0 and q for the doubly degenerate
excited state. The accurate n1

8 fundamental band origin finally
provides a complete experimental value for the change of
intermolecular vibrational zero-point energy from the class of
large-amplitude motion of 2.50 � 0.05 kJ mol�1. The combi-
nation with CCSD(T)-F12b/aug-cc-pV5Z electronic structure
calculations of the electronic interaction energy De enables a
reliable semi-experimental value of 17.20 � 0.20 kJ mol�1 for
the intermolecular CH� � �N hydrogen bond energy D0 of (HCN)2.
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