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Summary
Fundamental understanding of molecular interactions, reaction pathways, and
kinetics is of crucial importance for the rational design of catalytic systems. In
situ spectroscopy is the method of choice to monitor the states of catalysts,
reactants, intermediates, and products during reactions, especially under
industrially relevant conditions such as high pressure and temperature. On the
other hand, theoretical approaches based on quantum mechanics can give
complementary insight and provide valuable information about intermediate
species and electronic structures. By proper combination of the two complementary approaches, a fundamental understanding of reactions can be gained.
In this doctoral thesis, two aims contributing to a better understanding of
reaction pathways were pursued, namely: (1) The development and application of sensitive and selective in situ method; and (2) the application of complementary experimental and theoretical methods for elucidating catalytic
reaction mechanisms and pathways.
One of the most challenging aspects of in situ spectroscopy in catalysis is
the selective detection of active chemical species which are responsible for the
reaction. Modulation excitation spectroscopy (MES) is the technique to significantly improve the sensitivity to only the active species by utilizing the
periodic perturbation of an external parameter, so-called stimulation. The type
of stimulation, such as concentration and temperature, is chosen to influence
the kinetics of our interests, e.g. kinetics of reaction intermediates. In particular, the advantages of MES become remarkable in complex heterogeneous
catalytic reactions when combined with interface-sensitive spectroscopic
techniques. The first part of the thesis (Chapter 2-4) deals with MES applications and developments beneficial to catalysis research.
In Chapter 2, MES was combined with a surface-sensitive infrared method,
polarization-modulation infrared reflection absorption spectroscopy (PM-
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IRRAS) in the investigation of CO oxidation over Pt. Also, the scope of
PM-IRRAS technique has been extended by explicitly utilizing different
polarizations to obtain information about gas species and surface properties as
well as surface species separately and simultaneously. A small-volume cell was
designed to achieve good gas mixing property and high sensitivity in the
detection of surface and gas phase species. The selective and simultaneous
monitoring of overall processes could provide new insight into a classical
oxidation reaction, the CO oxidation over platinum.
Attenuated total reflection IR spectroscopy (ATR-IRS), one of the few
techniques that allow the study of the chemical species residing at solid-liquid
interfaces, has been combined with MES and applied in various research fields
mostly using solution concentration as the stimulation by flowing solutions of
different concentrations alternatingly. In Chapter 3, the design of a new flowthough cell for ATR-IR MES is presented and evaluated by experimental and
theoretical investigations of the mass-transfer behavior within the cell. The
diffusion layer model allowed estimating an effective diffusion layer thickness
near the probing ATR crystal. On the other hand, the convection-diffusion
model could describe the flow and diffusion behavior of solute molecules with
high accuracy, forming a basis for the quantitative evaluation of surface processes using ATR-IR MES.
Square-wave stimulation is almost exclusively used for concentration MES
due to the simple generation compared with sinusoidal-wave stimulation. In
principle, the response to a square-wave stimulation contains richer information due to the different frequency components. In Chapter 4, the advantages
of a square-wave stimulation over a sinusoidal wave are shown using transfer-function of a general system, taking the mixing property of the ME
PM-IRRAS cell as the example. The quantitative relation between responses to
square-wave and sinusoidal-wave stimulations is derived. The relation allows
efficient screening of the frequency response of a chemical/physical system
applying square-wave stimulation, hence significantly speeding up the kinetic
study and suggesting a proper modulation frequency to differentiate reaction
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intermediates.
The second part of the thesis (Chapter 5-7) deals with the combined spectroscopic and theoretical investigation of homogeneous catalytic reactions. In
Chapter 5, an industrially very important epoxidation reaction of allylic alcohol was investigated using a homogeneous catalyst, TTMST [Ti(OSiMe3)4],
serving as a model for the heterogeneous Ti-Si catalysts. Interaction of water,
TBHP (tert-butyl hydroperoxide), cyclohexenol with TTMST were studied by
IR, NMR, and density functional theory (DFT). Water cleaves the Ti-O-Si
bond and deactivates completely, while TBHP very weakly interacts with the
bond via hydrogen-bonding. The activation mechanism by the hydrogen-bonding was clarified and the catalytic role of the Ti center due to the d
orbitals was verified by the comparison with a model catalyst TTMSS
[Si(OSiMe3)4].
In Chapter 6 and 7, CO2 hydrogenation by a homogeneous Ru catalyst
[Ru(dmpe)2H2] was investigated. The reaction is challenging due to the demanding activation of the rather inert CO2 molecule and the attractive opportunity of using CO2 as a chemical feedstock. In situ high-pressure spectroscopy (IR and NMR) allowed to clarify the various structures of Ru complexes under reaction conditions with the aid of DFT calculations. The uncovered structures are connected with the experimentally inaccessible intermediates and transition-state complexes elucidated by static DFT and also ab
initio metadynamics within the Car-Parrinello scheme. New CO2 and H2
insertion mechanisms are proposed based on the detailed analysis, and the
rate-limiting step of the reaction was firmly identified. The analysis of the
corresponding transition-state electronic structure resulted in a simple measure of the catalytic activity, clearly explaining the relation between different
ligands and the experimental catalytic activities. Furthermore, based on the
detailed reaction pathway investigations, important requirements for a highly
active catalytic system could be proposed.

Zusammenfassung
Grundlegende Kenntnisse der Wechselwirkungen, Reaktionswege und der
Kinetik sind eine wichtige Voraussetzung für ein rationales Design
katalytischer Systeme. In situ Spektroskopie ist die Methode der Wahl, um
den Zustand von Katalysator, Edukten, Zwischenprodukten und Produkten
während der Reaktion zu verfolgen - vor allem unter Bedingungen mit hohem
Druck und Temperatur, wie sie häufig in industriellen Prozessen anzutreffen
sind. Andererseits können auf Quantenmechanik basierende theoretische
Ansätze ergänzende Einblicke geben und wertvolle Informationen über
Zwischenstufen und elektronische Strukturen liefern. Bei geschickter Kombination

dieser

beiden

komplementären

Herangehensweisen

kann

ein

grundlegendes Verständnis von Reaktionen erlangt werden. In dieser Doktorarbeit wurden zwei Wege zu einem besseren Verständnis katalytischer Reaktionssysteme verfolgt: (1) die Entwicklung und Anwendung einer empfindlichen und selektiven vibrationsspektroskopischen in situ Methode; (2) die
Anwendung sich ergänzender experimenteller und theoretischer Methoden zur
Aufklärung katalytischer Mechanismen und Reaktionswege.
Eine der grössten Herausforderungen der in situ Spektroskopie in der
Katalyse ist die selektive Detektion aktiver chemischer Spezies, welche für die
Reaktion verantwortlich sind. Modulierte Anregungs-Spektroskopie (Modulation Excitation Spectroscopy, MES) ist eine Technik, mit welcher sich spezifisch die Empfindlichkeit gegenüber der aktiven Spezies signifikant erhöhen
lässt, indem die Wirkung von periodischer Störungen externer Parameter auf
das System untersucht wird. Die Art der Stimulation, wie periodische Konzentrations- oder Temperaturänderungen, wird so gewählt, dass der zu untersuchende dynamische Prozess (z. B. die Kinetik der Zwischenstufen von Reaktionen) dadurch beeinflusst wird. Besonders hervorzuheben sind die Vorteile
der MES bei komplexen heterogen katalysierten Reaktionen, wenn sie mit
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oberflächenempfindlichen spektroskopischen Techniken kombiniert wird. Der
erste Teil dieser Arbeit (Kapitel 2-4) befasst sich mit Aspekten der Entwicklung und Anwendung der MES in der Katalyseforschung.
In Kapitel 2 wurde MES bei der Untersuchung der CO-Oxidation über
Platin mit einer oberflächen-empfindlichen Infrarot-Technik kombiniert, der
Polarisations-Modulierten Infrarot-Reflexion-Absorption-Spektroskopie (PMIRRAS). Diese PM-IRRAS-Technik wurde zudem durch die explizite Nutzung
verschiedener Polarisationen erweitert, um sowohl Information über die Gaswie auch Oberflächenspezies, und Oberflächeneigenschaften unabhängig und
gleichzeitig voneinander zu erhalten. Dazu wurde eine kleinvolumige Zelle
entworfen, damit eine gute Gasdurchmischung und eine hohe Empfindlichkeit bei der Detektion von Oberflächen- und Gasphasen-Spezies erzielt werden konnte. Die selektive und gleichzeitige Beobachtung aller Prozesse erlaubt
neue Einblicke in klassische Oxidations-Reaktionen, wie am Beispiel der CO
Oxidation demonstriert wird.
Infrarot-Spektroskopie mittels abgeschwächter Totalreflexion (ATR-IRS) eine der wenigen Methoden, die die Untersuchung chemischer Spezies an
Fest/Flüssig-Grenzflächen erlauben - wurde mit MES kombiniert und in
verschiedenen
periodische

Forschungsfeldern

angewandt.

Konzentrationsänderungen

einer

Meist

wurden

hierbei

Schlüsselkomponente

zur

Stimulation benutzt, indem Lösungen unterschiedlicher Konzentrationen
periodisch zugeführt wurden. In Kapitel 3 wird das Design einer neuen
Durchflusszelle für ATR-IR MES vorgestellt und durch Untersuchungen des
Stoffübergangverhaltens sowohl experimentell als auch theoretisch evaluiert.
Das Diffusionsschicht-Modell erlaubte die Abschätzung der effektiven
Diffusionsschichtdicke

in

der

Umgebung

des

ATR-Kristalls.

Das

Konvektion-Diffusion-Modell konnte andererseits den Fluss und das
Diffusionsverhalten der

gelösten

Substanzen

mit

hoher

Genauigkeit

beschreiben; dies ist eine Grundlage für die quantitative Evaluation von
Oberflächenprozessen mittels ATR-IR MES.
Die Stimulation in Form einer periodischen rechteckigen Wellenfunktion

Zusammenfassung
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wird beinahe ausschliesslich für Konzentrations-MES benutzt vor allem wegen
der einfachen Erzeugung dieser Wellenfunktion verglichen mit einer sinusförmigen Stimulation. Im Prinzip enthält das Antwortsignal einer Stimulation
mit Rechteckfunktion wegen den Beiträgen verschiedener Frequenzen mehr
Informationen.
rechteckförmigen

In

Kapitel

4

Stimulation

werden
gegenüber

die

Vorteile

einer

einer

solchen

sinusförmigen

unter

Verwendung einer Transferfunktion eines allgemeinen Systems aufgezeigt. Als
Beispiel dient die Untersuchung des Verweilzeitverhaltens der ME PMIRRAS-Zelle. Dabei wird eine quantitative Beziehung zwischen den Antworten der rechteckförmigen und der sinusförmigen Stimulationen hergeleitet.
Diese Beziehung erlaubt ein effizientes Screening der Frequenz-Antwort eines
chemischen/physikalischen Systems mit Hilfe der rechteckförmigen Stimulation. Somit ist eine signifikante Verkürzung kinetischer Studien und eine
richtige Abschätzung der Modulationsfrequenz zur Unterscheidung verschiedener Reaktionszwischenstufen möglich.
Der zweite Teil der Arbeit (Kapitel 5-7) behandelt die Kombination von
spektroskopischen und theoretischen Betrachtungen homogen katalysierter
Reaktionen. In Kapitel 5 wurde die industriell wichtige Epoxidierung von
Allylalkohol untersucht, indem ein homogener Katalysator TTMST
[Ti(OSiMe3)4] als Modell für heterogene Ti-Si-Katalysatoren diente. Die
Wechselwirkung von Wasser, TBHP (tert-Butylhydroperoxid) und Cyclohexenol mit TTMST wurde mit IR, NMR und Dichtefunktionaltheorie (DFT)
untersucht. Wasser spaltet die aktiven Ti-O-Si-Bindung und führt zur vollständigen Desaktivierung, wohingegen TBHP nur schwach über Wasserstoffbindungen mit diesen aktiven Zentren wechselwirkt. Durch den Vergleich mit
einem

Modellkatalysator

TTMSS

[Si(OSiMe3)4)]

wurde

der

Ak-

tivierungsmechanismus über die Wasserstoffbindungen aufgeklärt und die
katalytische Funktion des Ti-Zentrums infolge der d-Orbitale bestätigt.
In Kapitel 6 und 7 wurde die Hydrierung von CO2 mit einem homogenen
Ru-Katalysator [Ru(dmpe)2H2] untersucht. Aufgrund der anspruchsvollen
Aktivierung des ziemlich inerten CO2-Moleküls und der attraktiven Möglich-

xxii
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keit CO2 als Rohstoff in der Chemie zu nutzen, ist diese Reaktion eine
Herausforderung. In situ Spektroskopie (IR und NMR) bei hohen Drücken
erlaubte es, die vielen Strukturen der Ru-Komplexe unter Reaktionsbedingungen mit Hilfe von DFT-Berechnungen aufzuklären. Die aufgedeckten
Strukturen

werden

in

Beziehung

gestellt

mit

den

experimentell

unzugänglichen Zwischenprodukten und den Übergangskomplexen, die durch
statische DFT und auch ab initio Rechnungen nach dem Car-ParrinelloSchema aufgeklärt wurden. Neue CO2 und H2 Insertions-Mechanismen, die
auf einer detaillierten Analyse basieren, werden vorgeschlagen und der geschwindigkeitsbestimmende Schritt wurde identifiziert. Die Analyse der entsprechenden elektronischen Struktur der Übergangszustände resultierte aus einer
einfachen Messung der katalytischen Aktivität, die deutlich eine Verbindung
zwischen unterschiedlichen Liganden und den experimentell ermittelten
katalytischen Aktivitäten herstellte. Weiterhin konnten wichtige Voraussetzungen für ein hochaktives katalytisches System vorgeschlagen werden,
basierend auf den detaillierten Untersuchungen des Reaktionsweges.

1
Introduction

1.1

The Role of Spectroscopy and Theory in Catalysis

Catalysis is an indispensable process that plays a vital role in modern society.
About 90 percent of current chemical processes are operated with catalysts.1
The application of catalysis ranges in various fields, to name a few, oil refinery,
chemical synthesis, environmental protection, and alternative energy. Most of
the chemical processes are only realized in the presence of catalysts that allow
reactions to proceed to an appreciable extent within the time scale of our life
and that of the earth. Its economical and practical impact renders catalysis as
one of the key technologies in future chemical processes and human development.
Catalysis is the result of various complicated phenomena (Fig. 1-1). A
number of material and reaction parameters must be considered to maximize
catalytic activity. In the case of heterogeneous catalysis, catalyst composition
(active components, promoters, and support), chemical and structural properties (surface/bulk phase, particle size, pore size, and acidity/basicity, etc.),
reactor type (batch/continuous and mixed/plug-flow, etc.), and reaction conditions (solvent, temperature, pressure, residence time, etc.) must be thoroughly taken into account to fully extract the potential of a catalytic system.

2
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Fig. 1-1: A catalytic process from macroscopic to microscopic perspective.

This long yet not-at-all complete list clearly indicates the complex nature of
industrial catalytic processes. On the other hand, the complexity of catalysis
and its practical importance has made it a popular interdisciplinary research
field that has attracted researchers from various disciplines, e.g. organic/
inorganic chemists/material scientists to know what is happening at a molecular level and to develop new catalysts, physical chemists/surface scientists to
identify the origin of catalytic activity, chemical engineers to extract kinetic
parameters for the scale-up of processes, and even physicists to analyze complex fluid-dynamics through and within catalyst particles and to understand
electronic nature of surface/bulk phases.
The initial and the most decisive step in realizing a catalytic process is
finding an active and stable catalyst for a target reaction. Optimization and
proper choice of reactor and reaction conditions only follow after finding the
‘working’ catalyst. A conventional approach to finding a new catalyst and
improving its performance is the trial-and-error approach, e.g. screening
available transition metals and fine-tuning supports and promoters such as
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alkali/alkali-earth metals and halogen-containing organic compounds. This
empirical approach is still very popular simply due to the complexity, scaring
and preventing the workers in catalysis from looking into the details. Often a
catalytic process is treated as a magical working black-box.
We are now slowly approaching to another stage of catalyst development,
namely rational design, thanks to the recent instrumental and theoretical
developments. Rational design of catalysts is the dream of those working in
catalysis, although many may have given up this dream long ago.
What do we need to know in order to rationally design a catalyst? First, all
fundamental processes and involved chemical species must be monitored and
identified. The state of catalysts and chemical species are generally monitored
by spectroscopy2 through light-matter interactions; however, the obtained
results may not be practically relevant if the states are measured under ultra
high vacuum (UHV) conditions (< 10-7 Pa) or at a very low temperature,
where no reaction occurs and no active phase is formed. The proper evaluation
can only be accomplished under technologically-relevant conditions, i.e. in the
presence of reactants at a reaction temperature under a sufficient reactant
pressure, by in situ spectroscopy.3 Second, the effects of each fundamental
process and chemical species on the overall reaction must be clearly understood, like knowing the influence of adding salt and pepper to the final taste
of a dish during cooking. It is crucial for the rational design to know why a
catalyst can become active. In situ spectroscopy can answer when and, if lucky,
how catalysts become active, but it often fails to answer the why based on the
underlying fundamental physical origins. Theory, more exactly quantum
mechanics, can give insights into electronic structures and identification of
various intermediate species which are inaccessible by experimentation and
thus help to answer the why. The recent continuous increase of computational
power has promoted theoretical methods as a handy and very powerful tool in
the interpretation and also the prediction of experimental results.
Fig. 1-2 shows a survey of scientific publications over the last 25 years
containing terms related to ‘catalysis’, ‘spectroscopy’, and/or ‘theory’. The

4

Chapter 1

Number of Publications

1600

160

Catalysis + Spectroscopy
Catalysis + Theory

1200

120

Catalysis + Theory + Spectroscopy

800

80

400

40

x 0.2

0

0
1980

1985

1990

1995

2000

2005

Year
Fig. 1-2: A survey of the number of scientific publications containing catalysis
(‘catalysis’ or ‘catalyst(s)’), spectroscopy, and/or theory (not searched
by the keyword ‘theory’ but by ‘ab initio’, ‘first principle’, ‘density
functional theory’, or ‘DFT’ in the keywords, title, and abstract. The
number for ‘Catalysis + Spectroscopy’ is scaled by 1/5.

number of publications of ‘Catalysis + Spectroscopy’ clearly shows a steady
increase in interest regarding the application of spectroscopy for the investigation of what is happening to catalysts and how they look like. The number
exceeded 5500 in 2005 (the number is scaled by 1/5). On the other hand,
theoretical approaches applied in catalysis, ‘Catalysis + Theory’, have increased
tremendously over the last 10 years, mainly due to the advent of density
functional theory (DFT) and the implementation of the DFT method into
most quantum chemical packages. In 2005, the number exceeded 1100, and a
greater increase is expected because of the rapidly increasing computational
power every year. The combined spectroscopic and theoretical approach,
‘Catalysis + Theory + Spectroscopy’, shows a nearly identical trend as ‘Catalysis + Theory’, indicating more and more researchers incorporate theoretical
approaches to interpret spectroscopic data (more than 10 percent of spectroscopists working in catalysis in 2005). Overall, Fig. 1-2 evidently shows the
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trend of research in catalysis moving towards understanding catalysis at a
molecular level while utilizing both spectroscopic and theoretical means.
The combination of in situ spectroscopy and theoretical modeling can
greatly aid in understanding the nature of catalysis, but spectroscopic measurements alone do not always give useful information due to its complexity. In
practice, a technique or an experimental condition allowing selective detection
of the species of our interest is necessary. Also the theoretical modeling of a
full catalytic system is often not possible at all and proper methods and approximations must be chosen. Particular care must be taken to choose appropriate experimental conditions when we wish to compare the results obtained
by spectroscopy to those obtained by theory so that theoretical modeling
makes sense and, vice versa, to choose appropriate, i.e. accurate enough but
computationally feasible, theoretical methods so that the results are comparable with experiments.
In the following sections, the methods used in this thesis to achieve the
above mentioned objective are described. Modulation excitation spectroscopy
(MES), a very selective technique to enhance the sensitivity and extract kinetic
information of a system, is presented in Section 1.2. The ME technique has
been successfully combined with two very powerful reflection-based infrared
methods, namely polarization-modulation infrared reflection-absorption
spectroscopy (PM-IRRAS) and attenuated total reflection infrared spectroscopy (ATR-IRS) for the study of catalytic reactions at gas-solid interfaces and
solid-liquid interfaces, respectively. The two methods themselves are sensitive
in the detection of surface species in the presence of spectator molecules. The
measurement principles of the two methods are described in Section 1.3.
Furthermore, practically very powerful theoretical methods such as static DFT
methods and the DFT based molecular dynamics (MD) method, Car-Parrinello MD, are presented in Section 1.4. The very sensitive spectroscopic
technique at an atomic level used in this thesis, nuclear magnetic resonance
(NMR), is not described here due to the general versatility and vast amount of
excellent literature available.
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1.2

Modulation Excitation Spectroscopy

1.2.1 How Can We See Only Interesting Phenomena?
The detection of active sites and active species during a reaction is crucial for
the understanding of the reaction mechanisms and pathways. It is a difficult
and challenging task, and the difficulty is even more pronounced in catalysis,
in particular heterogeneous catalysis, where the reaction occurs at gas-solid or
solid-liquid interfaces in the presence of many species indirectly involved in a
reaction (e.g. solvent and support).
The general situation of the difficulty is illustrated in Fig. 1-3. The figure
shows a man playing golf in front of spectators. Now imagine that you are a
cameraman who wishes to take a picture of the player. However, you only have
a low-quality camera which needs at least 1 minute to take one picture and
can only focus into an area of 100 m2 from where you are. Finally, you will
obtain a picture of a big mess in which many people are moving around, and
the player and the spectators are indistinguishable. This is analogous to the
situation often encountered during spectroscopic measurements. Spectra are
usually measured in a non-selective manner; hence they contain active and
non-active spectator species. Is there a way to selectively detect only the interesting, that is, the active, species?

Fig. 1-3: The active species and spectators in our daily life situation.
(Picture source: www.golfika.com)

Introduction

7

1.2.2 The Machinery: Phase Sensitive Detection
Modulation excitation (ME) technique helps us selectively observe a chemical
or physical phenomenon by clearly distinguishing the active and spectator
species. This is achieved by periodically perturbing a system with an external
parameter, so-called stimulation. Stimulation is chosen so that it influences
the kinetics of the system (e.g. reaction), especially the kinetics of what we
wish to observe.
If a system is perturbed by a periodic stimulation (e.g. temperature, concentration, light flux, pH, and electric current), all the parameters in the
system, which are affected by this perturbation, will also change periodically at
the same frequency as the stimulation ( ω ) or harmonics thereof ( 2ω ,3ω ," ).
The

response

of

the

affected

parameters

typically

shows

a

fre-

quency-dependent amplitude and phase delay with respect to the stimulation.
During the first periodic perturbation cycles, the affected parameters relax to
new quasi steady-state values around which they oscillate. When the response
of the periodically oscillating parameter is denoted as A(t ) , the phase-domain
response at the fundamental ( k = 1 , k : demodulation index) and harmonic
( k = 2,3," ) frequencies are obtained by phase sensitive detection (PSD), or
so-called demodulation, according to eq. (1.1).4
Ak (φkPSD ) =

2 T
A(t )sin(kωt + φkPSD )dt
∫
T 0

(1.1)

PSD allows selective extraction of the kω component of the response,
thereby often used in noise reduction by removing noise at frequencies different from kω . The kω component amplitude of a response can be accurately
determined by PSD, and furthermore the in-phase angle value of φkPSD , at
which the amplitude is maximum, can be easily related to the phase lag of the
kω component of the response. The obtained amplitude and phase lag con-

tain kinetic information of the system, and the dynamic behavior can be
studied.
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Fig. 1-4: Phase sensitive detection principle. A(t): Stimulation function, B(t): response of ‘active’ species perturbed by the stimulation A(t) where ϕ is the
phase delay with respect to the stimulation, C(t): response of ‘spectator’ species which does not respond to the perturbation, D(t): Fourier-decomposed
noise. The sum of the response components, B(t) + C(t) + D(t), is the actual
experimental response.

Fig. 1-4 illustrates the typical outputs of a MES experiment and the PSD
principle. When a system is periodically perturbed by a sinusoidal stimulation
A(t ) , e.g. by a periodic change of the concentration of one reactant, the

response of a system is measured over a number of periods and averaged into
one period. The response signal can be written as the sum of three components B(t ) + C (t ) + D(t ) , where B(t ) is active species response, C (t ) is
spectator species response, and D(t ) is noise. The active species, the species
whose concentration is influenced by the stimulation, responds also at the
same frequency ω (or in the way having large ω frequency component
after the Fourier decomposition) with a phase delay (or phase lag) ϕ with
respect to the stimulation. The amplitude B and the phase delay ϕ are
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generally modulation-frequency dependent, containing the kinetic information of the active species. On the other hand, spectator species, e.g. solvent
and catalyst support, do not respond to the stimulation and the response is
constant. The noise D(t ) can be decomposed into different frequency terms
by the Fourier decomposition.
After the PSD of the time-domain total response signal B(t ) + C (t ) + D(t )
using eq. (1.1) at k = 1, the corresponding phase-domain total response
signal B(φ PSD ) + C (φ PSD ) + D(φ PSD ) is obtained. The active species term
B(φ PSD ) is nearly identical to that in time-domain, B(t ) , keeping the kinetic

information, (amplitude and phase delay) inside. The spectator term C (φ PSD )
and the noise term D(φ PSD ) , on the other hand, are zero except the ω
frequency component of the noise, which is very minor. In other words, we
can remove the spectator and noise components from the signal after the PSD.
The two components are generally much larger than the signal of the active
species; the PSD greatly enhances the signal-to-noise ratio and allows selective
detection of the interesting active species by carefully choosing the type of
stimulation.
The ME technique becomes an extremely powerful tool when it is combined with a broadband analytical method, such as Fourier transform infrared
spectroscopy, although the technique can be combined with any analytical
technique. The combination allows the separation of overlapping bands of
different kinetic behavior5,6 utilizing the different phase delays of responses
originating from respective species, analogous to the 2D technique applying
correlation functions7. The practical advantages and power has led to a wide
range of applications of MES, for example in heterogeneous catalysis5,8,9,
biological systems6,10, chiral recognition11-17, and mass transfer18,19. The aspects
of the shape of stimulation function and the utilization of the function shape
is further developed and discussed in Chapter 4.
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Reflection Based IR Spectroscopy

Methods to monitor catalytic active sites and reactions under the realistic
working conditions, i.e. under high temperature and pressure, are indispensable for understanding the nature of the reaction as discussed in Section 1.1. In
heterogeneous catalysis, however, the task is extremely demanding due to the
very small portion of active species compared to spectators and the fact that
the reactions occur at gas-solid and solid-liquid interfaces. Vibrational spectroscopy can give detailed information about the adsorption of molecules, the
local orientations, and the intermolecular interactions on a solid surface. The
rich information has made vibrational, especially IR, spectroscopy very practical and powerful in the analysis of adsorbates and surface structures. Selective detection of species residing at the interfaces, especially on solid surfaces,
is challenging, and the aim is often achieved by utilizing light reflections. In
this section, the principles of external and internal reflection based IR techniques, PM-IRRAS and ATR-IRS, respectively, are shown. The combination
of the two techniques with the previously described MES can significantly
enhance the sensitivity, allowing the study of kinetic behavior of active species
at the interfaces and also in the bulk phase.

1.3.1 External Reflection IR Spectroscopy
1.3.1.1

IRRAS

After the pioneering experimental and theoretical works by researchers in the
1950s and the 1960s20,21, infrared reflection-absorption spectroscopy, often
noted as IRRAS, IRAS, or RAIRS, has been recognized as one of the most
sensitive methods in surface analysis, e.g. for the study of surface structures,
chemical states of adsorbates, and their interactions.22 The so-called, ‘surface
selection rule’, allows one to extract information about the orientation of
surface species.23
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The electric field in an unpolarized light beam can be mathematically
separated into two mutually orthogonal components, p and s polarizations.
For p polarization the electric field vector is oscillating parallel to the plane of
incidence as illustrated in Fig. 1-5. Similarly, the s polarized light has the
oscillation of its electric field perpendicular to the plane of incidence. When a
light is reflected from a surface, a phase shift occurs between the incident and
reflected light. According to the Fresnel’s equations24, for a metallic surface s
polarization undergoes a phase change of ca. 180° at all angles of incidence,
resulting in destructive interference and no net electric field near the surface
(Fig. 1-5). On the other hand, little phase change occurs for p polarization
except under extremely grazing conditions (angle of incidence (Fig. 1-5) θi >
80°) and the interference becomes constructive. Therefore, the z-component
of the electric field is enhanced (Fig. 1-5) and the enhancement is maximized
near a grazing angle due to the large z-component of the p polarization. In
infrared reflection-absorption spectroscopy (IRRAS) only the p polarization is
generally used to detect surface species, typically under UHV conditions.

Fig. 1-5: Definition of s and p polarization, angle of incidence θi, and schematic
drawing of IRRAS principle
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Fig. 1-6: Schematic drawing of PM-IRRAS principle.

1.3.1.2

PM-IRRAS

Polarization-modulation infrared reflection-absorption spectroscopy (PMIRRAS) uses both p and s polarizations. The two polarizations are alternatingly generated by a photoelastic modulator (PEM)25 operating at a high
frequency (~ 50-100 kHz) and the reflectivities of both polarizations, Rp and
Rs (Fig. 1-6), are detected. Fig. 1-6 shows the principle of PM-IRRAS. When
infrared light is reflected off a metallic surface in the presence of gas phase and
surface species, Rs contains only gas phase information due to the lack of
surface electric field of the s component (Fig. 1-6), while Rp contains both gas
phase and surface information. Clearly, the difference between s and p reflectivities, ∆R = Rp - Rs, yields surface species information and the ratio between
the difference and sum reflectivity ∆R/R (R = Rp + Rs) is used to compensate
the gas phase absorbance, hence yielding a PM-IRRA surface spectrum. Conventionally, Rs is only used to compensate the bulk phase contribution (gas or
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liquid phase above a surface), resulting in excellent signal-to-noise ratio26 thus
allowing fast time-resolved measurements (order of seconds). This allows the
investigation of surface structures and species residing at the gas-solid27-29,
gas-liquid30,31, and even liquid-solid interfaces32-34. In Chapter 2, Rs is utilized
to study the evolution of gas phase species in addition to the conventional use
of PM-IRRAS, i.e. the study of surface species. The technique has been combined with MES to further enhance the sensitivity and to accurately study the
dynamic behavior of surface processes with a good time resolution.

1.3.2 Internal Reflection IR Spectroscopy
The external reflection-absorption spectroscopy is a very surface-sensitive
technique especially for the analysis of gas-solid interfaces. However, the
external reflection technique generally requires relatively smooth surface to
minimize the light scattering and maximize the intensity of the reflected light.
Also, the bulk phase (gas or liquid above the surface) contribution in total
absorbance should be minimized to obtain high-quality spectra of surface
species. One of the few techniques which allows the study of more realistic
catalytic interfaces, especially for solid-liquid interfaces, is attenuated total
reflection infrared spectroscopy (ATR-IRS).35,36 The method is successfully
applied in various fields of study, such as model biomembranes,37,38 environmental chemistry,39 tribology,40 diffusion in porous materials,41 adsorption,42-44
electrochemistry,45 high-pressure fluids46,47, chiral recognition11-17, and homogeneous48 and heterogeneous catalysis5,44,49-52. In heterogeneous catalysis, the
method is suited for the analysis of not only model catalysts (e.g. thin metal
films) but also industrial catalysts (powders and pellets).
ATR, or alternatively called total internal reflection (TIR), is a widely encountered phenomenon in our daily life. One of the most common applications nowadays is optical fibers. Fig. 1-7 shows the principle of optical fiber.
The fiber consists of two parts, core and cladding with the refractive indices of
n1 and n2, respectively. In order to observe the total reflection phenomenon,
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Fig. 1-7: Optical fiber and its principle: Total Internal Reflection.
the materials of the core and cladding must satisfy n1 > n2.
When the material condition is satisfied and also the angle of incidence θ
is larger than the critical angle θc , the incident light is totally reflected (Fig.
1-7, bottom). The critical angle θc is easily determined by the relation,
sin θ c = n2 / n1 . When the core material, often some form of glass, does not

absorb the light, the internally reflecting light in the core can travel very far
and fast.
The light is totally reflected under the condition θ > θ c , but the electric
field at the reflection point leaches out to the other media (e.g. cladding). This
is the electric field utilized in ATR-IRS. This electric field is called evanescent
field or evanescent wave, expressed by the following simple form of an exponential decay (assuming the media where light penetrates is non-absorbing).
E = E0e

−

z
dp

(1.2)

E0 is the electric field amplitude at the interface, which depends on the angle

of incidence, the refractive indices, and the polarization of the field.35 The
evanescent field decreases exponentially with the distance z from the interface. d p is the penetration depth of the evanescent field, which is defined as
the distance from the interface at which the electric field amplitude E has
decayed to 1/ e of its value at the interface, E0 . The penetration depth d p
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is given by,
dp =

λ1
2
2π sin 2 θ − n21

(1.3)

where λ1 (= λ / n1 ) is the light wavelength in the optically denser medium and
n21 = n2 / n1 . Clearly from eq. (1.3), the penetration depth is strongly de-

pendent on experimental conditions, the angle of incidence, and the ratio of
the refractive indices, but also the wavelength. The wavelength dependency
needs to be carefully considered in quantitative analysis using the ATR technique.
In the ATR-IR measurements, an IR-transparent crystal, so called internal
reflection element (IRE), is used as the optically denser medium where an IR
light travels. ZnSe ( n1 = 2.4 ) and Ge ( n1 = 4.0 ) are commonly used as IRE.
The typical penetration depth is on the order of 0.1-1µm. This very short
probing distance makes the technique very surface sensitive when a sample is
placed close to the surface of IRE. In the actual measurements of heterogeneous catalytic reactions, a catalyst is deposited on the IRE in some form, for
example, as a film or powder, and reactants get in contact with the catalytic
surface. In such a complex system, the quantitative treatment described by the
equation above for a two-phase system35 is not valid, and a more sophisticated
model approach is necessary.36,53
In two chapters (Chapter 5 and 6), the ATR-IRS has been applied in homogeneous catalysis. The method is also very powerful in homogeneous reactions where surface is not involved. In typical transmission IR experiments,
special solvents are often used to avoid losing precious information of characteristic vibrational modes, or vibrational information of a certain frequency
region is forced to be ignored due to the strong light absorbance by solvents.
The very short effective-pathlength of the ATR technique is highly useful in
such a situation where the absorbance from solvent needs to be minimized. A
full spectrum range can be measured with ease by the ATR technique.
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Density Functional Theory

Density functional theory (DFT) now enjoys its remarkably superior position
among quantum mechanical based methods. The accuracy and computational
efficiency given by DFT methods have broadened the scope of theoretical
approaches in various practical applications. It is also widely applied in various
homogeneous and heterogeneous catalytic systems, e.g. reactions in gas phase,
in solution, and on surfaces. This thesis is not an exception; the method has
been chosen exclusively to model microscopic chemical phenomena (Chapter
4 to 6). This section very briefly describes the history in comparison with
wave function based approaches and the methods used in the thesis. Furthermore, a DFT based molecular dynamics method, Car-Parrinello molecular
dynamics (CPMD) applied in Chapter 6, is concisely described as a very
powerful approach for the inclusion of finite temperature effects, such as
entropic contributions, during chemical reactions and for its predictive power
in identifying reaction pathways without a priori knowledge about the
mechanisms. All the methods and approaches are described very briefly. Please
see references54-58 for more details and other aspects of computational chemistry such as basis sets and property calculations.

1.4.1 History
1.4.1.1

Wave Function Based Approaches

The goal of most quantum mechanical approaches in chemistry is an approximate solution of the time-independent, non-relativistic Schrödinger
equation59 within the Born-Oppenheimer approximation60 which assumes that
the motion of nuclei is very slow compared with that of electrons and therefore the nuclei are considered fixed in space,
Ĥψ = Eψ

(1.4)
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where ψ is the electronic wave function and Ĥ is the electronic Hamiltonian of the form,
Hˆ = Tˆ + VˆNe + Vˆee

(1.5)

where T̂ , VˆNe , and Vˆee are the kinetic energy operator of the electrons, the
potential energy operators for interactions between nuclei (N) and electrons
(e), and between electrons, respectively. When the number of electrons, the
nucleus charges, and the nucleus coordinates of a system, e.g. a molecule, are
known, through eq. (1.4), in principle, we obtain electronic wave function ψ
which contains all information that can be known about the system such as
the energy and the molecular properties.
The problem in real life is that eq. (1.4) can not be solved exactly and
some approximation must be used. One of the most successful and conceptually important approximations is the Hartree-Fock (HF) approximation.55 By
utilizing Slater determinant, it elegantly takes care of the antisymmetry of
wave functions imposed by Pauli’s exclusion principle. The atomic and molecular properties obtained by the HF scheme are qualitatively satisfactory.
However, the comparisons with experiments are very far from the target accuracy of theoretical methods, so-called chemical accuracy, of < 2.0 kcal/mol.
The approximation assumes an N-electron system as N non-interacting electrons moving in an effective potential. As a result, the electron motion is not
correlated with other electrons. In other words, electrons can come too close
although very large repulsive forces should prevent such a movement. This is
the main error source in the HF approximation (in addition to other sources).
This effect, which is not covered by the HF approximation is called Coulomb
correlation or simply electron correlation. On the other hand, the effect perfectly taken care of by the HF approximation (due to the antisymmetized wave
functions; no probability of finding two electrons with the same spin at the
same point in space) is called Fermi correlation or exchange correlation. The
electron correlation contribution can be accounted for by a number of meth-
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ods often in a systematic manner, for example, perturbation theory (MP2,
MP4), configuration interaction (CI) methods, and coupled cluster (CC)
methods.55

1.4.1.2

Density Based Approaches

The wave function based approaches above can lead, in principle, to the exact
solution of the eq. (1.4). However, obtaining the approximate solution within
the chemical accuracy is already very costly and often not realistic at all for
most molecular systems. This is mainly due to the N-electron wave function
approach, which depends on 3N spatial variables (spin is not considered).
DFT approaches the solution of eq. (1.4) via a different route, by simply
taking electron density as the central quantity using density functional approaches, which depends only on 3 spatial variables.
Attempts of density functional approaches can be already seen as early as
1927 by Thomas61 and Fermi62 and later in 1951 by Slater63. The results were
not satisfactory for chemical applications mainly due to the poor accuracy of
kinetic energy. However, the situation has dramatically changed by the
Hohenberg-Kohn (HK) theorems64 in 1964 and the Kohn-Sham (KS) formalism65 in 1965. The HK theorems state that we can rigorously and uniquely
determine the Hamiltonian and thus all the properties of a system using
electron density as the fundamental quantity. The problem of the two HK
theorems was that they state the existence of such density functional but do
not show how the functional can be obtained. One year later, Kohn and Sham
elegantly rearranged the equations obtained by HK based on the concept of
the HF scheme, solving the kinetic energy problem by an orbital approach. In
the KS formalism, the energy functional E[ ρ ] is written as,
E[ ρ ] = ENe [ ρ ] + TS [ ρ ] + J [ ρ ] + E XC [ ρ ]

(1.6)

where ENe [ ρ ] , TS [ ρ ] , and J [ ρ ] are the functionals for the external energy, the kinetic energy of the non-interacting reference system (similar to the
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HF scheme), and the classical Coulomb energy, respectively. The last term
E XC [ ρ ] is the only unknown term, so-called exchange-correlation (XC) energy

with the following components,
E XC [ ρ ] = TC [ ρ ] + Encl [ ρ ]

(1.7)

where TC [ ρ ](= T [ ρ ] − TS [ ρ ]) is the difference between the true kinetic energy of the fully interacting system T [ ρ ] and TS [ ρ ] , and Encl [ ρ ]
(= Eee [ ρ ] − J [ ρ ]) is the non-classical contribution of the electron-electron

interactions to the potential energy. In the KS formalism, the TS [ ρ ] is calculated using non-interacting reference orbitals, so-called KS orbitals, analogously to the HF scheme. The KS approach significantly improved the kinetic
energy to the exact value compared to the direct density functional approach
by Thomas and Fermi. Also, it should be reminded that the E XC [ ρ ] contains
all the unknowns; we know the exact solution of eq. (1.4), if we know a true
expression for the E XC [ ρ ] .

1.4.2 Exchange-Correlation Functionals
Obviously from the KS formalism, what we need to know is the expression for
the E XC [ ρ ] . Unfortunately, the exact form is not yet available, and some
approximated model functional must be used. The quality of the most current
DFT approaches solely depend on the accuracy of the E XC [ ρ ] . Here, some
important approximations of the E XC [ ρ ] related to this thesis are briefly
described.

1.4.2.1

Local Density Approximation

The local density approximation (LDA) is a simple but very important model
which almost all the exchange-correlation functionals are based on. The central idea of this model is to obtain the energy density ε XC [ ρ (r )] from the
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homogeneous electron gas of the local density ρ (r ) .
LDA
E XC
[ ρ (r )] = ∫ ρ (r )ε XC [ ρ (r )]dr

(1.8)

Furthermore, the ε XC [ ρ (r )] is treated separately by the exchange ε X [ ρ (r )]
and correlation ε C [ ρ (r )] contributions.

ε XC [ ρ (r )] = ε X [ ρ (r )] + ε C [ ρ (r )]

(1.9)

The exchange part can be written in the following simple form derived by
Dirac66 (or later by Slater)63,
1

3⎛ 3
⎞3
ε X [ ρ (r )] = − ⎜ ρ (r ) ⎟
4⎝π
⎠

(1.10)

The explicit expression for the correlation part is not known and the one
obtained by the highly accurate numerical quantum Monte Carlo simulations
of the homogeneous electron gas by Ceperley and Adler67 is generally used.
The LDA, in practice, delivers moderate but not sufficient accuracy in chemical applications.

1.4.2.2

Generalized Gradient Approximation

The simple approximation of LDA by the homogeneous electron gas model is
insufficient to describe the accurate chemistry due to the energy dependence
on the local density. The generalized gradient approximation (GGA) includes
also the local gradient of the density. In practice, the exchange-correlation
energy is split into exchange and correlation terms and each term is considered
separately.
GGA
E XC
= E XGGA + ECGGA

(1.11)

The currently widely used exchange functional is developed by Becke in
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1988, so-called, B88 (or simply B) of the following form,
4

E XB88 = E XLDA − ∫ FXB 88 ρ 3 dr

(1.12)

with
B 88
X

F

=

β s2
1 + 6 β s sinh ( s )
−1

, s=

∇ρ

ρ 4/3

(1.13)

where β is an empirical parameter that equals to 0.0042. The high quality of
the exchange energy by the B88 can be clearly seen from the error of ca. 0.1 %
compared with the exact exchange, while the LDA error is ca. 10 %.
The correlation functionals used together with the gradient-corrected exchange functional generally have a very lengthy form and the exact forms are
not shown here. Among many correlation functionals, three of them are often
used, namely P86 (or simply P), PW91, and LYP, developed by Perdew68,
Perdew-Wang69, and Lee-Yang-Parr70. The first two employ an empirical parameter, while the LYP functional has an analytical form without making any
reference to the uniform electron gas. The combination of exchange B88 and
correlation P86 functional, thus called BP functional, has been reported as
one of the best available functionals for systems containing transition metals.57
The BP functional has been applied in a homogeneous catalytic system
(Chapter 7).

1.4.2.3

Hybrid Functional

The success of the Hartree-Fock method was due to the exact account for the
exchange energy, although it completely neglects the correlation energy. Considering the much larger contribution of exchange component than the correlation component in the E XC [ ρ ] , it is a natural approach to include HF
exchange energy in the E XC [ ρ ] . The full inclusion of the exact exchange
E Xexact (= E XHF ) with available correlation functionals, however, does not give

22

Chapter 1

satisfactory results in chemical purposes. Becke in 1993 tackled this problem
using the E XHF , but only fractionally, with semiempirical coefficients.71 In the
approach, so-called hybrid functional, the B88 exchange and the PW91 correlation functionals are used in the following form.
B 3 PW 91
LDA
E XC
= E XC
+ a ( E XHF − E XLDA ) + bE XB 88 + cECPW 91

(1.14)

where a = 0.20 , b = 0.72 , c = 0.81 . The hybrid functional, called B3PW91,
is almost exclusively used in this thesis due to its very high accuracy, especially
in vibrational frequency calculations (not only generally, but also based on the
author’s experience) and interaction energies, e.g. by a hydrogen-bonding.
Another famous, probably currently the most used, hybrid functional is
B3LYP,
B 3 LYP
E XC
= (1 − a ) E XLDA + aE XHF + bE XB88 + cECLYP + (1 − c) ECLDA

(1.15)

where the coefficients are the same as above. The accuracy is known to be
currently one of the best and comparable with B3PW91. At this moment, the
both hybrid functionals are the method of choice for many chemical systems
considering the accuracy and computational efficiency.

1.4.3 Car-Parrinello Molecular Dynamics
Molecular dynamics (MD) is the method of choice to study dynamic behavior
of chemical systems. The method allows sampling of system configurations at
finite temperature under pressure, and dynamic changes, e.g. conformational
changes, and statistical properties can be studied. In the classical MD, however,
molecules move according to the potentials defined a priori, and hence many
chemical phenomena, such as reaction where bonds break and form, cannot be
studied. It is clear that MD methods can become very powerful if the potentials are defined based on electronic structures using ab initio methods such as
DFT.
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In 1985 Car and Parrinello showed a way to perform DFT-based MD,
so-called Car Parrinello MD (CPMD).72 The crucial idea of the CPMD approach is obtaining the electronic structure ‘on the fly’ as the MD trajectory is
generated for a set of classical nuclei using Newtonian mechanics. The orbitals,
KS orbitals, with a fictitious mass µ and temperature, are not optimized at
every time step but propagated classically with time. This is done by the
extended Lagrangian approach using the following form.
LCP =

1
 2 + 1 ∑ µ φ φ −E [φ , R ] + ∑ Λ ( φ φ − δ ) (1.16)
mI R
∑
I
i i
KS
i
I
ij
i
j
ij
2 I
2 i
ij

The first two terms describe the kinetic energies of the nuclei and fictitious
electrons, the third term is the KS energy, and the last term is the constraints
to enforce the orthonormality of the KS orbitals. The accuracy and the stability of the CPMD methods are confirmed by various studies.58
The ab initio MD approach is very promising in the study of reactions,
however, the total simulation time (currently ca. 10-100 ps), due to its high
accuracy and computational cost, is not-at-all enough to observe most of the
chemical transformations, and one needs to use a method to boost the configurational space sampling. One of the most promising methods is metadynamics within the CPMD framework. The method is used in Chapter 7 and
described therein.

1.5

Aim of the Thesis

The aim of this thesis is to elucidate and understand catalytic reaction pathways by means of spectroscopy and theory, and to develop spectroscopic tools
for the selective detection of active species and the kinetic analysis. The approach consists of two parts: (1) MES application and development, and (2)
investigation of catalytic reaction mechanisms and pathways combining spectroscopic and theoretical tools.
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In the first approach, the MES technique is applied in the inter-

face-sensitive IR techniques (PM-IRRAS and ATR-IRS), and the solid understanding of the response characters are aimed. Furthermore, the MES technique using a practically important, square-wave, stimulation is further to be
developed and quantitatively understood.
In the second part, the elucidation of two homogeneous catalytic reaction
mechanisms and the nature of active sites is targeted. First, the epoxidation
mechanism using a homogeneous model of heterogeneous Ti-Si catalysts is
investigated using NMR, IR, and DFT. Then, the reaction pathways of CO2
hydrogenation by Ru homogeneous catalysts are studied using high-pressure
NMR, high-pressure IR, and CPMD based ab initio metadynamics in addition to static DFT.
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2
Simultaneous In situ Monitoring of
Surface and Gas Species and Surface
Properties by Modulation Excitation
PM-IRRAS: CO Oxidation over Pt Film

A method for in situ monitoring of surface and gas species utilizing separately the difference and sum reflectivity of two polarizations, normal and parallel to the surface, measured
by PM-IRRAS is presented. Surface and gas-phase spectra were separately but simultaneously obtained from the reflectivities. The technique is combined with modulation excitation spectroscopy to further enhance the sensitivity, and a small-volume cell was designed
for this purpose. CO oxidation over a 40 nm Pt film on aluminum was investigated under
moderate pressure (atmospheric pressure, 5% CO, and 5%–40% O2) at 373–433 K. The
surface species involved in the oxidation process and the gas-phase species, both reactant
(CO) and product (CO2), could be simultaneously monitored and analyzed quantitatively.
In addition, the reflectivity change of the sample during the reaction was assigned to a
near-surface bulk property change, that is, surface reconstruction to the oxide phase.
Under an O2-rich atmosphere, two reactive phases, denoted as low- and high-activity
phases, were identified. A large amount of atop CO was observed during the low-activity
phase, while the adsorbed CO completely disappeared during the high-activity phase. The
presence of an infrared-inactive CO2 precursor formed by the reaction between surface
oxide and gaseous CO during the high-activity phase was inferred. The desorption of the
CO2 precursor is facilitated under a CO-rich atmosphere, most likely, by surface reconstruction to metallic Pt and a competitive adsorption of CO on the surface.
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2.1

Introduction

Reflection-absorption IR techniques are highly sensitive and powerful in
elucidating chemical nature of species residing at gas-solid, gas-liquid, and
even liquid-solid interfaces (Section 1.3). In IRRAS and PM-IRRAS, the
surface spectra are obtained as a differential reflectivity, and in principle it is
possible to obtain the absorbance of species in a bulk phase from the reflectivities, being not only used for compensation of bulk phase absorbances in
surface spectrum calculation. To our knowledge, there is only one work reported in the literature where has been made use of the bulk absorbance
information obtained during IRRAS measurements.1 The PM-IRRAS method,
with its surface sensitivity, relatively high time resolution and the possibility to
follow simultaneously the time evolution of bulk species, will certainly enhance our knowledge on surface processes, as a rather complete picture (including surface species and bulk phase) can be obtained.
CO oxidation over platinum is one of the most intensively studied fields
in heterogeneous catalysis, initiated by the pioneering work of Langmuir2. The
apparent simplicity of the reaction, its relevance in combustion and automobile-exhaust catalysis, and phenomena of general interest such as oscillation in
reaction rate, render CO oxidation still an active research field.3 Recent research aiming at bridging the pressure gap revealed large differences in the
behavior under UHV and industrially relevant conditions, indicating the
absolute necessity of surface studies under high pressures.4-6 In particular for
CO oxidation over Pt, under a relatively high oxygen pressure (0.5 bar), very
active Pt-oxide islands are observed by scanning tunneling microscopy
(STM).7 The oscillatory behavior of the reaction is also explained by
metal-oxide islands formation8, which was never observed under UHV conditions9. Bridging the pressure gap by theoretical means was also attempted and
the higher reactivity of such an oxide phase compared with that of a Pt surface
was shown.10 Various surface sensitive techniques have been used under UHV
conditions11-17, but only a few techniques could be applied under relatively
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high pressures. Among surface-sensitive vibrational spectroscopies, IRRAS has
been used to study CO oxidation over Pt at low pressures18-21 except one study
under a high oxygen pressure (ca. 0.5 bar)1. Sum Frequency Generation (SFG)
has been applied to study the same reaction system under UHV as well as high
pressure. The nature of the active species and the effects of CO dissociation on
the activity under high pressure and temperature below and above ignition
temperature, at which the reaction becomes self-sustained, have been investigated.22-27 Through these studies many aspects concerning surface species and
properties under technically more relevant conditions became available, yet
obviously there is a need for further methods allowing detection of both
surface and bulk phase species with a high time resolution under realistic
conditions to gain new insights into the reaction system.
In this chapter, a method facilitating simultaneous monitoring of surface
and gas-phase species is presented, that utilizes the absorbances contained in
the two reflected beams of different polarization. Modulation excitation spectroscopy (MES)28,29 is combined with the method to further enhance signal-to-noise ratio and obtain kinetic information of surface species. A
small-volume cell was designed to allow fast exchange of the atmosphere above
the surface. The sensitivity and power of the technique, ME PM-IRRAS, is
demonstrated by CO oxidation over a 40 nm Pt film deposited on Al.

2.2

Experimental

2.2.1 Preparation of Pt Thin Film
Pt films were used to study CO oxidation. Although a Pt(111) crystal was
used to demonstrate the feasibility of the technique during CO adsorption/desorption, the application of a film allowed higher reproducibility by
simply exchanging the sample after surface contamination affected the measurements. A square aluminum plate (10 × 10 × 1 mm) was coated with 40 nm
Pt by physical vapour deposition with a Balzers BAE-370 vacuum coating
system at room temperature, which ensures the complete covering of the
aluminum. Pt was heated in a graphite crucible by means of an electron beam
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at a pressure of about 1.5 × 10-5 mbar. A quartz crystal sensor was used to
measure the mass thickness of the films. The deposition rate was 0.05 nm s-1.
The distance between the evaporation source and the Al plate was about 33
cm, yielding even films over the entire plate.

2.2.2 Design of ME PM-IRRAS Cell
A small-volume cell for ME PM-IRRAS with a short light path length was
designed and built (Fig. 2-1 and 2-2). A small volume is necessary for fast
exchange of gases, and a short path length is desirable to achieve excellent
compensation of gas-phase in the PM-IRRA surface spectrum by minimizing
absorption due to gas-phase species against surface ones. The inner cell volume was estimated to be ca. 6.9 ml (the number can differ slightly due to the
volume of screws of the sample holder). The path length (window-sample-window) is 25.9 mm and the distance between the gas inlet and
the sample surface is 7 mm. In order to enhance the homogeneity of the gas
supply over a sample surface and a better gas exchange within the cell, the gas
inlet consists of 5 holes (each 0.7 mm in diameter) targeting the four edges of
the sample and the center. Samples can be heated to 623 K, and the temperature is measured by means of a thermocouple inside of the sample holder. The
gas mixing behavior of the cell under various flow rates and modulation frequencies was studied by the gas-phase information contained in the ME
PM-IRRA spectra and is described in detail in Chapter 4.
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Fig. 2-1: (left) View of the entire ME PM-IRRAS cell. (right, opaque region of the
left) Sample holder attachment with heating system. (1) BaF2 window, (2)
gas inlet, (3) gas outlet, (4) sample, (5) thermocouple, and (6) heating element.

Fig. 2-2: Cross-section of the ME PM-IRRAS cell viewed from the horizontal plane
A-A of Fig. 2-1. The light path is shown as red line with arrow.
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2.2.3 ME PM-IRRAS and Data Acquisition
The details of MES theory are described in Section 1.2.
The sample was mounted in the cell located within the compartment of a
Bruker PMA 37 connected to the external beam port of a Bruker vector 33
Fourier transform infrared spectrometer. The angle of incidence was 80° and
the light was focused on a liquid nitrogen-cooled MCT detector. Polarization
was modulated at a frequency of 50 kHz with a PEM (photoelastic modulator,
HINDS INSTRUMENTS, PEM-90, ZnSe modulator optical head) set for
half-wave retardation at 1800 cm-1. Demodulation was performed with a
lock-in amplifier (Stanford Research Systems, SR830 DSP). In order to enhance signal to noise ratio, an optical low-pass filter (< 4000 cm-1) was put
before the PEM. All spectra were recorded at 4 cm-1 resolution. 60 ml/min of
5 % CO (4.7, Messer Griesheim GmbH) in the first half period and 5 - 40 %
O2 (5.0, PanGas) in the second half period, both balanced with He (5.0,
PanGas), were alternatingly flowed into the cell. 60 spectra were recorded per
modulation period T. Signal averaging was performed over 3, 5, 10, 20 periods after 1, 1, 2, 4 initial periods to reach quasi-steady-states, and each of the
60 spectra in a period was obtained from 16, 8, 4, 2 scans at the modulation
frequency of 0.97, 1.94, 3.88, 7.76 mHz (T = 1032.7, 516.1, 257.9, 128.8 s),
respectively. Prior to the experiments, samples were heated to the measurement temperature and kept under 40 % O2 in He until adsorbed CO from
previous experiments was completely removed.
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2.2.4 Data Processing and Analysis
A PM-IRRA spectrum is, in principle, measured taking the ratio of + R
[ R p − Rs , the reflectance difference of p (parallel to the plane of incident
light) and s (perpendicular to the plane of incident light) component] and R
( R p + Rs , the sum of the reflectances).
+ R R p − Rs
=
R
R p + Rs

(2.1)

In reality, the differential and the sum spectra are more complicated due to
the PEM used to modulate the polarization, optical components located in the
setup, and sensitivity enhancement by the lock-in amplifier. The more precise
expression of the experimental PM-IRRA spectrum is given by30,31,
g ⋅ (γ R p − Rs ) ⋅ J 2 (ϕ0 )
+R
=
R (γ R p + Rs ) ± (γ R p − Rs ) ⋅ J 0 (ϕ0 )

(2.2)

ｗhere g is a constant accounting for the different gain and filtering occurring during the two-channel electronic processing, γ (= C p / Cs ) is a factor
taking the polarization effects by the optoelectronic components into account,
where C p and Cs are different overall responses of the optoelectronic setup
for the p and s polarization; and J 0 (ϕ0 ) and J 2 (ϕ0 ) are zero- and second-order Bessel functions of the maximum dephasing ϕ0 introduced by the
PEM. The plus and the minus sign in the equation correspond to the cases
where p or s polarization is used before the PEM, respectively (here s polarization was used).
The basic idea of the current work is taking advantage of the reflectance
difference (the numerator in eq. (2.2)), which contains surface information,
and the sum reflectance (the denominator in eq. (2.2)), which contains
gas-phase information, separately. They are obtained simultaneously through
different channels during measurements. The numerator can be written as
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( R p − Rs ) ⋅ J 2 (ϕ0 ) after the gain is properly taken into account and when

γ = 1. Clearly, the numerator is the difference in the reflectivity between the p
and s polarization of samples, and therefore it contains information about
surface species due to the surface selection rule. On the other hand, the denominator can be approximately written as R p + Rs when γ = 1 , if the
sample is highly reflective (such as for a metal, R p  Rs ). General PM-IRRAS
experiments utilize R p + Rs only to compensate gas-phase contributions in
the surface spectrum (i.e. ( R p − Rs ) ⋅ J 2 (ϕ0 ) ). R p + Rs contains enhanced
absorption of the surface species but also gas-phase information when
IR-absorbing gases are present inside and outside of the cell. The absorbance
of surface species are negligible in our setup (up to a few percent) compared
with one of gas-phase species, and therefore R p + Rs can approximately be
considered as a single beam spectrum of the gas-phase. When necessary, it is
possible to remove contributions of surface species by calibrating correctly the
setup and calculating the Bessel functions.30
In this work, PM-IRRA spectra are normalized by the last spectrum of the
60 spectra of a period, which yields excellent compensation of background
(e.g. the Bessel functions and the optoelectronic components). This was possible because the last spectrum during the CO/O2 modulation experiments
contained nearly no visible signals in the mid-IR under the conditions used in
this study.
Hence, the normalized PM-IRRA spectrum is obtained as,
⎛ +R ⎞
⎜
⎟
⎝ R ⎠norm

+R
R
=
−1
⎛ +R ⎞
⎜
⎟
⎝ R ⎠last

(2.3)
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Fig. 2-3: Normalized ME PM-IRRA surface spectra of adsorbed CO on Pt(111) at
423 K (top: 3D plot, bottom: top view of top figure). First-half period:
5 % CO in He, second-half period: He, both 60 ml/min, T = 1549.2 s.
The sampling (60 data points per period and 24 scans for each) and averaging was performed over 2 periods after 1 initial period. The spectra were
normalized by the spectra obtained after heating pretreatment at 573 K
under He prior to the ME experiment.

2.2.5 CO Adsorption on Pt(111)
In order to demonstrate the sensitivity of the method for both surface and
gas-phase spectra, CO adsorption on a Pt(111) single crystal was studied by
modulating 60 ml/min of 5 % CO in He and He at 423 K. The Pt(111) single
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Fig. 2-4: ME PM-IRRA gas-phase spectra of CO at 423 K. First-half period: 5 %
CO in He, second-half period: He, both 60 ml/min, T = 1549.2 s. The
sampling and averaging was performed over 2 periods after 1 initial period.
The last spectrum was used as the reference for the absorbance calculation.

crystal was cleaned by Ar+ sputtering, mounted in the setup, and annealed at
573 K. No signals were observed after that in the PM-IRRAS; however, the
pretreatment at the low temperature likely does not lead to the complete
annealing of the surface. Fig. 2-3 and 2-4 shows the PM-IRRA surface spectra
and the PM-IRRA gas-phase spectra, respectively. It should be emphasized
that the surface and gas-phase spectra were obtained simultaneously in a single
measurement. A clear adsorbed atop CO band at 2078 cm-1 and the slow
desorption of CO with a gradual red-shift to 2064 cm-1 was observed in the
surface spectra (Fig. 2-3). The compensation of the gas-phase contributions
was excellent. Experiments with longer periods (up to 2324 s) and at higher
temperatures (up to 453 K) showed no complete desorption of CO from the
Pt surface. No bridge-bonded CO near 1850 cm-1 was observed. The gas-phase
spectra were obtained with a better signal to noise ratio and it showed only
gaseous CO bands in the first-half period and no detectable species in the
second half period (Fig. 2-4).

Simultaneous monitoring of gas/surface species & properties by ME PM-IRRAS

2.3

37

Results

2.3.1 CO Oxidation over Pt Film
PM-IRRA surface and gas spectra of a CO/O2 modulation experiment (Firsthalf period: 5 % CO in He, second-half period: 40 % O2 in He, both 60
ml/min, modulation frequency: 7.76 mHz, at 433 K) is shown in Fig. 2-5. In
the surface spectra, an adsorbed atop CO band was clearly observed at 2100

Fig. 2-5: ME PM-IRRA surface (top) and gas-phase (bottom) spectra of CO and
CO2 stretching frequency region. First-half period: 5 % CO in He, second-half period: 40 % O2 in He, both 60 ml/min, T = 128.8 s at 433 K.
For normalization and absorbance calculation the last spectrum of the
time series was used.
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cm-1; however in contrast to the CO/He modulation experiment (Fig. 2-3) the
adsorbed CO band completely and sharply disappeared a while (ca. 20 s) after
the valve was switched to oxygen, accompanied by a homogeneous broadband
step increase of the baseline. In contrast, when the valve was switched to CO,
a sharp increase in the adsorbed CO band was observed, accompanying a step
decrease of the baseline. The same behavior was also observed for Pt(111) and
the baseline step change under different conditions (Pt(111) and Pt film at
different temperatures) was between 0.002 – 0.01 (in normalized IRRA units,
eq. (2.3)). Possible causes for the baseline change will be discussed later. The
CO adsorption was very fast compared to the stimulation, i.e. the concentration change of CO gas in the cell.
Furthermore, the oxidation product, CO2 gas, could be detected with this
setup (Fig. 2-5, bottom). CO2 was formed when the valve was switched to CO
and also when the adsorbed CO band disappeared under the O2 atmosphere.
The reasons for this behavior of CO2 formation was examined in detail with
experiments using various O2 concentrations, modulation periods, and temperatures, as will be discussed later.
Fig. 2-6 (A) and (B) show selected time-domain and phase-domain spectra
of a CO/O2 modulation experiment at 3.88 mHz (except the modulation
frequency the conditions are the same as above). Prior to demodulation, the
baseline of the time-domain spectra was corrected. As seen in Fig. 2-5 (top)
and also considering eq. (1.1), the amplitude step change of the baseline will
also appear in the phase-domain spectra, and the contribution should be
minimized in order to maximize the amplitudes of surface species bands. Here
the baseline was corrected by subtracting the average value between 1600 1700 cm-1 to minimize the effect. Fig. 2-6 (A) shows 3 time-domain spectra at
different times of a period. The spectra were noisy, which makes it difficult to
analyze surface species except for adsorbed CO. On the other hand, the
phase-domain spectra improved the signal-to-noise ratio significantly (Fig. 2-6
(B)) and allow confidently assigning the surface species dynamically formed by
the concentration modulation. In the phase-domain spectra, the adsorbed CO
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Fig. 2-6: (A) Selected time-domain spectra at different time during the modulation
PSD
PSD
period, (B) In-phase ( φ
= 349°) and out-of-phase ( φ
= 259°)
phase-domain spectra, and (C) In-phase angles of the phase-domain spectra.
First-half period: 5 % CO in He, second-half period: 40 % O2 in He, both
60 ml/min, T = 516.1 s at 433 K. For (C), the angles at which the in-phase
amplitude values are above a cutoff of 0.001 (normalized IRRA unit) are
shown.

band (2100 cm-1) and two other bands (1050 and 1230 cm-1) were observed.
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Fig. 2-7: PM-IRRA spectra of surface species formed during the experiments. (a)
after ca. 6 hours of CO/O2 modulation experiments at 403 K. (b) after in
total ca. 18 hours of CO/O2 modulation experiments at 373, 403, and 433 K

The out-of-phase spectrum is almost a straight line, except the small dispersive
band near 2100 cm-1. This is due to the small frequency shift of the adsorbed
CO band upon CO adsorption and disappearance by desorption or reaction.
The in-phase angles in Fig. 2-6 (C), containing information about the kinetics
of the process, are the same for all the bands at each frequency, implying the
same time-response behavior of the surface species causing the bands. Fig. 2-7
shows two PM-IRRA spectra recorded after the modulation experiments. The
surface species at 1050 cm-1 and 1230 cm-1, observed in the in-phase
phase-domain spectrum (Fig. 2-6 (B)) responding in the same manner as the
adsorbed CO, accumulated during the experiments. It should be noted that
periodically accumulating species (stair function) also appear in a
phase-domain spectrum. The broad band (950 – 1300 cm-1) gradually increased with the increase number of experiments (Fig. 2-7).
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2.3.2 Effects of Oxygen Concentration
The effect of oxygen concentration on CO oxidation over Pt film was studied
by modulating 5 % CO (the first-half period) and 5, 10, 20, and 40 % O2
(the second-half period) in He at the modulation frequency of 7.76 mHz (T =
128.8 s). The responses of the adsorbed CO and the formed CO2 gas are
shown in Fig. 2-8 (B, C) in comparison to the response of CO gas stimulation

Fig. 2-8: Concentration profiles of surface/gas species during CO/O2 modulation
experiments over Pt film with different O2 concentrations (5-40 %) at 433 K.
(A) CO gas, (B) adsorbed CO, (C) CO2 gas. First-half period: 5 % CO in He,
second-half period: 5-40 % O2 in He, both 60 ml/min, T = 128.8 s. The dotted line in the middle indicates the end of the first half period (the beginning
of the second half period).
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Fig. 2-9: Amount of CO2 formation during CO/O2 modulation experiments over Pt
film with different O2 concentrations (5% CO and 5-40% CO in He, T =
128.8 s at 433 K).

(Fig. 2-8 (A)). A similar CO adsorption level was found for all the conditions.
There were delays in the disappearance of the adsorbed CO (Fig. 2-8 (B)) as is
also evident from Fig. 2-5. The delay increased when the oxygen concentration decreased. In all experiments using the different oxygen concentrations,
similar baseline step changes were observed upon the adsorbed CO disappearance. CO2 gas was formed when the adsorbed CO band disappeared and
also when the gas was switched to CO as described previously. The amount of
CO2 formation expressed by the integrated area of CO2 gas signal at the different oxygen concentrations (Fig. 2-8 (C)) is shown in Fig. 2-9. A clear
monotonous-increase relation between the oxygen concentration and the
amount of CO2 gas formation was found.

2.3.3 Effects of Temperature
Furthermore, the effect of temperature on the CO2 gas formation was studied.
Fig. 2-10 shows the amount of CO2 gas formation at 3 different temperatures
(373, 403, and 433 K) and 4 different modulation frequencies. An increase in
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Fig. 2-10: Amount of CO2 formation during one modulation period over Pt film at
different temperatures (5% CO (First-half period) and 5-40% CO (Second-half period) in He, modulation periods: 128.8, 257.9, 516.1, and
1032.7 s, at 373, 403, and 433 K).

the CO2 gas formation at the longer modulation period was observed at 373
and 403 K; however, nearly constant CO2 gas formation was observed at 433
K. Fig. 2-11 shows the amounts of CO2 gas during a modulation period
measured using different modulation frequencies at 433 K. It should be noted
that the integrated areas measured at the different modulation frequencies are
nearly constant at 433 K (Fig. 2-10). When the modulation period is long, for
example at T = 1032.7 s, the second CO2 gas formation (when the adsorbed
CO disappears in O2 atmosphere) is significantly more prominent than the
first CO2 gas formation (when the gas is switched from O2 to CO). However,
as the period becomes shorter, for example at T = 128.8 s, the first and the
second CO2 formation are similar. A sharper formation peak was observed for
the first CO2 formation. Another interesting observation is the long tail of
CO2 in the O2 atmosphere. For instance, the CO2 formation level does not
reach zero during the second half period at T = 128.8 s. The time- and phasedomain PM-IRRA spectra measured at different temperatures showed similar
bands as in Fig. 2-6 (not shown here). Furthermore, the adsorbed CO bands
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Fig. 2-11: CO2 formation behavior at different modulation frequencies (T = 128.8,
257.9, 516.1, and 1032.7 s). Time is shown relative to the modulation periods.

were broader and slightly redshifted at lower temperatures (centered at 2108
cm-1 at 373 K and at 2100 cm-1 at 433 K), although the adsorption amounts
judged form the integrated area at different temperatures were nearly equal.

2.4

Discussion

2.4.1 Modulation Excitation PM-IRRAS
A technique to simultaneously monitor gas and surface species utilizing surface parallel and normal polarizations has been developed and combined with
ME technique to further enhance sensitivity and allow kinetic studies. The
capability has been demonstrated by a quantitative study of CO adsorption
and oxidation on Pt. It showed excellent sensitivity in detecting surface species
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at monolayer coverage under pressure. The simultaneous monitoring can gain
insight of phenomena occurring at gas-solid interface. Furthermore, baseline
move of ME PM-IRRA surface spectra contains the change of the surface
property as discussed later.

2.4.2 CO on Pt
CO vibrational frequency shifts were observed upon temperature and atmosphere changes, which indicate the influence of the surface and surrounding on
the adsorbed molecules. Fig. 2-3 shows the redshift during the atop CO desorption. This redshift agrees well with the previous SFG32,33 studies and also
with the IRRAS study of the CO coverage-dependent frequency shift34. The
origin of the higher frequency has been assigned to the enhancement of dipole
coupling between CO molecules at high coverage, i.e. at higher density, which
weakens the CO-Pt interaction34. Bridge-bonded CO was not found during
our measurements. This observation is supported by the fact that the
bridge-bonded CO is only observable at UHV conditions and only atop CO is
found at pressures above ca. 1.3 mbar32.
Furthermore, the atop CO stretching frequency was higher by 10 cm-1
during the CO/O2 experiments than during the CO/He experiments over Pt
film (and also the Pt(111) single crystal) at a same temperature (not shown
here). A similar frequency shift was observed by IRRAS for CO on oxygen-precovered Pt20, which proves the presence of oxygen on the Pt surface
near the adsorbed CO during the CO/O2 modulation experiments. There was
almost no CO frequency shift during the sudden disappearance of adsorbed
CO in the CO/O2 modulation experiment (Fig. 2-5). This indicates that the
movement of CO is more confined on the surface due to the presence of
oxygen; however, this disappearance of the adsorbed CO is most probably not
due to a simple desorption of CO from the Pt surface and must be carefully
examined. This point will be further discussed in the next section. Also, no
bridge-bonded CO was found during the CO/O2 modulation experiments.
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This may be related to the observations made by IRRAS20 and EELS (electron
energy loss spectroscopy)35 that there was no bridge-bonded CO on more than
a quarter monolayer oxygen-precovered Pt surface.

2.4.3 CO Oxidation over Pt
2.4.3.1

Reaction Mechanism and Possible Surface Species

a) CO2 formation mechanism under CO and O2 atmospheres
CO2 formation was observed twice during a CO/O2 modulation cycle. The
first CO2 formation peak under CO-rich atmosphere showed a very sharp
increase and a gradual decrease (Fig. 2-8 (B), (C)). The increase was observed
exactly at the same time as the amount of the adsorbed CO increased. The tail
of the CO2 peak showed similar behavior as the decrease of the CO gas concentration in the cell (Fig. 2-8 (A)). This indicates that the CO2 was formed at
once and the CO2 concentration decreased according to the mixing property
of the cell. The second peak under O2-rich atmosphere was initiated by a
relatively slow CO2 formation and followed by a sudden increase at the same
time as the adsorbed CO decreased. The second CO2 formation showed a
long-tail behavior, which was clearly different from the one observed for CO
gas (Fig. 2-8 (A)), thus indicating that a simple mixing in the cell can not be
responsible for it. The long-tail behavior can be due to continuously occurring
reaction or slow desorption of CO2 from the surface. The clear difference
between the two peaks indicates that the corresponding mechanisms of the
CO2 formations are different.

b) Past transient studies
CO oxidation over Pt has been widely studied by dosing or impinging CO
over the oxygen precovered surface mostly under UHV conditions to elucidate
transient species during the reaction.9,13-15,18-21,36 Some studies analyzed CO2
formation18,20 and others assumed fast formation and desorption of CO2 from
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Pt surfaces13,14,19. The assumption of fast CO2 desorption is reasonable when
dosing CO over an oxygen-covered Pt surface due to the stronger adsorption
of CO on Pt compared to CO2 and oxygen10,17. However, the first CO2 formation decreased significantly to nearly zero at the longer modulation period (Fig.
2-11), and the mechanisms proposed based on the studies using the order of
O2 adsorption followed by exposure to CO atmosphere are probably not
relevant here. A few studies of transient types have dealt with the reverse order,
i.e. change from CO to O2 atmosphere7,16. A fluorescence yield near edge
spectroscopy (FYNES) study reported also a sudden drop in the amount of the
adsorbed CO upon temperature increase and a mild drop with isothermal
oxidation experiments both starting from CO-covered Pt surface under O2
atmosphere16. The study showed that the onset temperature for oxidation
decreased with increasing oxygen pressure and that the desorption of CO is
necessary for the initiation of the oxidation reaction.
The need to initially remove (by desorption or reaction) a certain amount
of CO in order to promote fast reaction can be the reason for the observed
induction period and may play an important role in our study. Yet the assumption of prompt gaseous CO2 formation upon disappearance of adsorbed
CO as well as the fact that CO2 gas was not detected in the mentioned study
make further comparisons to our study difficult.
A recent STM study shed some light on the reaction mechanism and the
state of the Pt surface under high pressure by modulating CO and O2 pressure,
both 0.5 bar, at 425 K in a flow reactor similar to the one used in our study7,8.
Two active phases were observed in an O2-rich atmosphere; one phase where
reaction occurs on Pt terraces with a low activity, and the other phase with a
high activity where Pt oxide islands were formed on the Pt surface.

c) Origin of CO2 formation under O2-rich atmosphere
When the time scale of the STM study is compared with our study, the activity jump of the second CO2 formation falls into the low-activity phase. The
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CO2 production of the low-activity phase in the reactor-STM was ca. 0.5 mbar,
which is well within our detection limit. An estimate based on filling the cell
with air (0.360 mbar CO2 was assumed) and He (reference) gives an integrated signal of 1.0 abs·cm-1 (Fig. 2-8 (C)) for 0.368 mbar CO2 . However, the
great difference of the residence time in the reactors must be properly taken
into account. On the other hand, when CO concentration is compared with
our study, the activity jump falls into the high-activity phase. Under 0.5 bar
O2 at 425 K, the threshold CO concentration value, below which the active Pt
oxides are formed, was ca. 20 mbar, corresponding to 2.0 % CO in our study.
The CO concentration in our study was therefore below the threshold value
during the jump in the second CO2 formation. The O2 concentration dependence of the induction period (Fig. 2-8) supports the viewpoint based on
concentration. The 5 % O2 was high enough to produce the highly active
phase of the Pt with some delay (induction time). The delay may be related
more to the ratio between CO and O2 concentrations than the absolute concentration of CO and O2, thereby the dilution of CO is required to activate
the surface under low O2 pressure, resulting in the observed induction time. A
similar interpretation was given by the authors of the STM study7. Usage of
1.25 bar O2 lead to an increase of the CO threshold concentration to ca. 40
mbar, supporting that the CO/O2 ratio is important for the active phase
formation7.
Assuming the activity jump is the transition to the active Pt oxide phase,
the gradual CO2 formation before the jump (Fig. 2-8 (C)) is most probably in
the low-activity phase. The considerable amount of the adsorbed CO during
the gradual formation agrees well with the observation that the Pt surface was
not reconstructed in the low-activity phase and mainly covered by CO.7 The
dependence of the amount of the gaseous CO2 on the O2 concentration (Fig.
2-9) implies that more active oxide phase can be stabilized by the reaction
mixture, especially under high concentration of O2.
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d) Origin of CO2 formation under CO-rich atmosphere
The origin of the first CO2 formation is discussed next. One obvious possible
origin of the formation is the reaction of incoming CO with the active oxide.
However, the experiments with long modulation periods showed nearly no
first CO2 formation. This could imply that the oxide is actually not active
when the atmosphere is changed rapidly to CO and that the high concentration of CO reconstructs the oxide to a metallic Pt surface and immediately
covers it. This CO, most likely co-adsorbing with oxygen, was indicated by
the high CO stretching frequency (Fig. 2-6).
The second possible origin of the first CO2 formation is desorption of
CO2 precursor. The first scenario within this second possibility is that upon
entering the high-activity phase the adsorbed CO reacts with oxygen, forming
a CO2 precursor on the surface, and then the precursor slowly desorbs. In this
case, the amount of CO2 will be determined by the amount of adsorbed CO
in the metallic phase. This explains well the constant CO2 formation observed
at 433 K. A rough estimate of the amount of CO2 formation from the Pt film
(assuming all the CO2 molecules are formed from the adsorbed CO, CO is
adsorbed at atop position on all Pt atoms of Pt(111) surface, and the sample
surface area is 1 cm2) yields an instantaneous pressure of 8.8 µbar (6.9 ml of
the reactor volume) and 20.3 µbar (3.0 ml of the reactor volume, to account
only for the near-surface volume), which correspond to 0.024 and 0.055
abs·cm-1 of Fig. 2-8 (C), respectively. This is obviously far below the observed
CO2 amount, even when the surface roughness and a higher Pt surface area are
taken into consideration. This is a clear proof that more than one turnover
takes place during the first CO2 formation and that CO molecules present in
O2 atmosphere have reacted.
The second scenario of the second possibility is that CO adsorbs and reacts with oxygen to produce adsorbed CO2 precursor which desorbs slowly.
This possibility explains well all the observations of this study. When the gas is
switched from CO to O2, a small conversion of CO occurs during the
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low-activity phase and the conversion should be the same for all periods since
the induction times are the same. Upon entering the high-activity phase, CO
molecules present at low concentrations in the gas-phase react with oxygen of
the active surface, forming CO2 precursor without reconstructing back to
CO-adsorbed metallic Pt surface. Most likely, the CO2 precursor desorbs
slowly, causing the long-tail behavior of the second peak. The rates of the CO2
precursor desorption and the consequent turnover of the reaction are most
likely dependent on the CO concentration in the gas-phase. When the modulation period is long, most of the precursor desorbs since all CO molecules in
the gas-phase have left the cell or have reacted, and no CO2 precursor is produced on the surface. In contrast, when the period is short, the remaining
non-desorbed precursors desorb readily due to the surface reconstruction
induced by the concentrated CO atmosphere and due to displacement by the
strongly adsorbing CO. Within this possibility, a constant CO2 formation is
expected when the reactivity of the surface is high enough such that the absence of CO in the gas-phase is reached during the high-activity phase. The
increase in the CO2 formation towards the longer periods at 373 and 403 K
(Fig. 2-10) can be explained by the low activity of the surface and the smaller
amount of CO2 precursor formation at the shorter periods. Fig. 2-8 shows that
towards the end of the modulation period there is no CO, adsorbed and gas,
visible in the spectra, whereas CO2 is detected. An estimate was therefore
made to clarify whether this is compatible with instantaneous conversion of
CO to CO2. The intensity of 1 mbar CO and CO2 gives 0.12 and 2.72
abs·cm-1, respectively. This means more than 20 times higher sensitivity for
CO2 than for CO in the gas-phase. When (i) the confident detection limit for
CO2 is set to 0.05 abs·cm-1, (ii) 100 % instantaneous conversion from CO to
CO2 is assumed, and (iii) the sensitivity ratio between CO2 and CO is considered, a mixing tank model, which sufficiently describes the mixing behavior of
the gases in the cell37 (Chapter 4), predicts 58.7 s (most probably shorter due
to the CO consumption by the reaction) as the time required to reach the CO
concentration (0.38 µbar) that yields a CO2 signal of 0.05 abs·cm-1 at 60

Simultaneous monitoring of gas/surface species & properties by ME PM-IRRAS

51

ml/min flow rate after the atmosphere is switched from CO to O2. After 58.7 s
in the second half period (Fig. 2-8), CO2 formation is considerably higher
than the detection limit, disproving the instantaneous conversion from CO to
CO2 and supporting the presence of slowly desorbing CO2 precursors.
The infrared spectra (950 -4000 cm-1) do not give evidence for a precursor
with the expected behavior (i.e. increasing during the active phase and decreasing by the desorption), which indicates that the CO2 precursor is probably infrared-inactive. The presence of CO2 precursor has been reported by a
Cs+ reactive ion scattering study17, although a direct comparison with our
study is difficult due to the different conditions (order of atmosphere change
(from O2 to CO) and the pressure difference). The precursor can be simply
horizontally adsorbed CO2 on Pt oxide, thus being invisible in the infrared.

2.4.3.2

Baseline Change

Based on the previous discussion, it is speculated that the step change of the
baseline coinciding with the appearance and disappearance of the adsorbed
CO (Fig. 2-5) is also due to the oxide formation. Now the baseline change is
further discussed in terms of the reflectivity change caused by the refractive
index difference of the substrates, i.e. Pt and Pt oxide covered surface. The
reference of the normalized ME PM-IRRA spectra of the CO/O2 modulation
experiments was the last spectrum of the period and measured in the highactivity phase. When the surface is covered by CO and assumed as a metallic
Pt phase, the baseline is expressed in terms of the bare substrates.
⎛ +R ⎞
⎜
⎟
⎝ R ⎠norm, Pt

⎛ +R ⎞
⎜
⎟
R ⎠ Pt
-1
= ⎝
⎛ +R ⎞
⎜
⎟
⎝ R ⎠ A. P.

(2.4)

A.P. stands for the active phase. Obviously, the baseline of the active

phase is zero. The observed baseline change ∆b was between 0.002 – 0.01,
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Fig. 2-12: Range of possible effective refractive index of the high-activity phase.
Re and Im stand for the real and imaginary part of the refractive index,
respectively. The small window shows a zoomed view near the refractive
index of bulk at 1670 cm-1 (shown as a cross point)

and ∆b can be expressed as the negative value of eq. (2.4). By neglecting the
J 0 (ϕ0 ) term in eq. (2.2) (assuming R p  Rs ) and introducing the reflectance

ratio ( ρ = R p / Rs ), an experimental PM-IRRAS signal of a bare substrate can
be written as,
g ⋅ (γ R p − Rs ) ⋅ J 2 (ϕ0 ) g ⋅ (γρ − 1) ⋅ J 2 (ϕ0 )
⎛ +R ⎞
=
⎜
⎟ =
γ R p + Rs
γρ + 1
⎝ R ⎠ sub

(2.5)

The value of ρ is determined by experimental parameters such as the
angle of incidence and also by material parameters such as complex reflective
index n = n − ik , where n is the index of refraction and k is the extinction
coefficient. The Fresnel equation38 with assumptions (two phase system, the
gas-phase refractive index is 1, the index of the Pt film is equal to the one of
the bulk Pt nPt = 5.71 − 23.35i

(at 1670 cm-1)39) and the experimental angle

of incidence yield 0.8108 for ρ Pt ( ρ value of Pt). Then the range of the
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effective complex refractive index of the active phase n A.P. can be estimated
from ρ Pt , eq. (2.4) and (2.5), ∆b , the Fresnel equation upon calculating

ρ A.P. , and an assumption of γ =1. Fig. 2-12 shows the range of possible refractive indices of the active phase. The index change can be small or large in
both n and k , but the index is certainly changed. This indicates a phase
change, because such a baseline move during desorption of CO from the
surface was not observed. Furthermore, the baseline is constant during the
high-activity phase where surface species are changing dramatically by the
reaction, which shows that such a change can not be due to surface species.
It is apparently not sufficient to determine the complex refractive index
from the data applied in the analysis. A slight decrease in both real and
imaginary part of the refractive index can be anticipated as was seen in another
wavelength region40, but the exact determination of the index requires other
techniques, such as ellipsometry. Still, the determination is a big challenge
with an appropriate method due to the influence of surface roughness on
reflectivity41, and indeed a rougher surface is expected in the high-activity
phase7.

2.4.3.3

Surface Contamination

The presence and the accumulation of surface species (950 – 1300 cm-1)
during the experiments were observed (Fig. 2-6 and 2-7). Judging from the
absorbance in both figures, it is clear that the species at 1050 cm-1 and 1230
cm-1 are not just continuously accumulating during the modulation experiments. The amount of these surface species increased upon CO adsorption or
surface reconstruction to metallic Pt and decreased during the active phase. A
small difference between the amount of formation and removal of the surface
species probably resulted in the large accumulation during the numerous
repeated cycles. The dissociation of adsorbed CO can be at the origin of the
observed surface species. Although the dissociation of CO on Pt single crystals
is found at higher temperatures (> 500 K) than the ones of the current study,
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dissociation may be promoted due to the roughing of the surface by the oxide
formation. However, the kinetic behavior of the species was similar to that of
the adsorbed CO and therefore this species is not the surface CO2 precursor
and probably not playing an important role in the reaction.

2.5

Conclusion

A new technique based on PM-IRRAS utilizing reflectivity information,
generally needed to calculate the surface spectrum in conventional use, was
successfully applied to measure surface species, gas-phase species, and surface
properties simultaneously during CO oxidation over Pt film under
semi-realistic conditions (high temperatures and pressures). The simultaneous
measurement resulted in rich information and a rather complete picture on
the reaction. The combination of modulation excitation spectroscopy with
PM-IRRAS showed its potential for kinetic studies based on the analysis of
responses of surface species and gas-phase species present near the surface. In
addition, the technique leads to great enhancement of sensitivity due to averaging over several modulation periods and the phase-sensitive detection. The
baseline move during the reaction could be explained by the change in the
refractive index of near-surface bulk phase. Two reactive phases, low- and
high-activity phases, were observed under an O2-rich atmosphere. A large
amount of atop CO was observed during the low-activity phase. Upon transition from low- to high-activity phase, the adsorbed CO completely disappeared and surface reconstruction from Pt to Pt oxide was indicated by the
baseline step change. During the highly active phase in the O2-rich atmosphere, the residual gaseous CO present near the surface reacted with the
surface oxide to form a CO2 precursor. A slow desorption of the CO2 precursor in the O2-rich atmosphere was indicated, but it desorbed at once when the
gas-phase was changed to a CO-rich atmosphere accompanying the surface
reconstruction to the metallic Pt and a competitive adsorption of CO on the
surface. The CO2 precursor is most likely infrared inactive. In addition, ac-
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cumulation of surface species was observed, which did not play an important
role in the reaction. The results are in good agreement with recent
high-pressure STM studies. The main potential of the technique applied in
this study is that it provides information on adsorbed species, gas-phase species, and the near-surface solid phase simultaneously with good time resolution and high sensitivity. With these attractive features, it will be a valuable
tool for investigations of various phenomena occurring at gas-solid interfaces.
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3
ATR-IR Flow-Through Cell
for Concentration
Modulation Excitation Spectroscopy:
Diffusion Experiments and Simulations

A new ATR-IR cell was designed, and its performance was characterized by modulation
excitation spectroscopy (MES). The new cell allows concentration modulation at relatively
high frequency without unnecessary phase delay in the response. The response delay due to
convection and diffusion was studied at different flow rates and modulation frequencies by
experiments and simulations. The diffusion behavior of a small relatively fast-diffusing
molecule, acetonitrile, was compared with that of a large slow-diffusing molecule, hemoglobin, in water. Experimentally, significant differences in their diffusion behavior were
observed. The flow and diffusion behavior of the probe molecules was described using two
different models, the diffusion layer model and the convection-diffusion model, and the
theoretical results were compared with the experiments. The diffusion layer model allows
estimating an effective diffusion layer thickness near the surface of the internal reflection
element. However, the simulated response is significantly different from the experimental
one. On the other hand, the convection-diffusion model describes the flow and diffusion
behavior of the solute molecules with high accuracy. This work forms the basis for the
investigation of chemical and physical kinetics such as surface reaction and diffusion by
MES. It also suggests criteria for appropriate experimental conditions in ATR-IR MES
experiments.
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3.1

Introduction

Attenuated total reflection infrared (ATR-IR) spectroscopy1 is a powerful tool
for the investigation of solid-liquid interfaces (Section 1.3.2). With the progress in Fourier transform IR instrumentation, ATR spectroscopy has become
well suited to examine chemical kinetics. The step-scan technique allows
studying reversible processes with a time resolution on the nanosecond scale.
On the other hand, for considerably slower reversible processes (on the second
time scale), modulation excitation spectroscopy (MES) has been shown to
have significant advantages over the step-scan technique concerning signal-to-noise ratio.2 The MES technique takes advantage of a digital
phase-sensitive detection of the signals induced by a periodic stimulation. The
kinetic information of the investigated system is contained in the frequency
dependent amplitude of the response and the phase lag between stimulation
and response. The transformation from the time- to the phase-domain yields
much higher quality spectra and allows a more accurate determination of
amplitude and phase lag2-4 as described in Section 1.2.
Different types of stimulation can be applied to disturb the system by periodically changing an external parameter. Possible external parameters are for
example temperature,5,6 pressure, electric field, light flux,6 pH,4 absolute configuration of a probe molecule,

7,8

or concentration3 (Section 1.2). For the

investigation of chemical reactions at interfaces, reactant concentration
modulation seems particularly promising. However, for fast concentration
modulation at a solid-liquid interface, mass transport has to be considered.
This point becomes even more important when multiple internal reflection
elements with high geometrical surface area are used in the ATR experiments
in order to improve the signal-to-noise ratio. In this case the concentration
may vary significantly not only with time but also in space. To correctly extract the kinetics of the chemical step such as adsorption or surface reaction
from concentration modulation experiments, mass transport in the ATR cell
has to be accounted for.
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In this chapter, an ATR flow-through cell, which allows relatively fast
concentration modulation, is presented. The performance of the cell is characterized experimentally. Furthermore, the concentration modulation is simulated by applying diffusion layer and convection-diffusion models. This analysis of the transport of dissolved molecules within the ATR flow-through cell
forms the basis for the investigation of the kinetics of surface reactions by the
combination of ATR-IR and MES.

3.2

Experimental

3.2.1 Materials
A ZnSe internal reflection element (IRE, 50 × 20 × 2 mm3, 45°, Komlas) was
used for the ATR experiments. Hemoglobin (Fluka, puriss) and acetonitrile
(Fluka, puriss pa.) were used as received. As the solvent, filtered water
(Milli-Q) was used.

3.2.2 Experimental Setup
Infrared spectra were measured on a Bruker IFS 66/S FT-IR spectrometer
equipped with a dedicated ATR-IR attachment (Optispec) and a liquid nitrogen cooled MCT detector. All spectra were recorded at a resolution of 4 cm-1.
The IRE was fixed within an in house built stainless steel flow cell. The gap
between the polished steel surface of the cell and the IRE is about 265 µm and
defined by a 30 × 1 mm2 viton O-ring (Johannsen AG) fit into a precision
electroeroded nut of the steel cell. The total volume of the cell is 0.077 ml.
The flow-through cell was cooled by means of a thermostat, and the measurements were performed at 293 K. The flow of liquid was controlled by
means of a peristaltic pump (ISMATEC Reglo 100) located behind the cell.
Liquid was provided from two separate glass bubble tanks. The flow from the
two tanks was determined by two computer-controlled pneumatically actuated
three-way Teflon valves (Parker PV-1-2324). Teflon tubing was used through-

60

Chapter 3

out.

3.2.3 Design of the New ATR-IR MES Cell
In the earlier ATR-IR MES experiments3,7 the solution flow from the two
bubble tanks was controlled by one three-way Teflon valve above the cell.
Only one inlet tube led from the valve to the interior of the cell and to the
IRE. This design limited the maximum possible modulation frequency due to
back-mixing in the common inlet tube. As a consequence, the stimulation
amplitude was significantly attenuated when the modulation frequency was
increased.
Therefore, we designed a new cell with two inlet tubes leading to the interior of the cell and coinciding directly above the surface of the ATR-IR IRE
(Fig. 3-1). Each of the two inlet tubes is connected through a Teflon valve
with a bubble tank, containing the appropriate solution. By closing one of the
two valves, the corresponding solution will stop flowing and the solution of
the open valve will pass the cell due to the peristaltic pump situated behind
the flow cell. By the simultaneous switching of both valves (one opening, the
other closing), the solution flowing through the cell can be changed. This cell
design allows increasing the modulation frequency.
The flow behavior in the new cell was examined qualitatively by following
a modulation experiment of a transparent and a colored solution. A transparent window was fixed on the flow cell instead of the ATR-IR IRE, and the
experiment was monitored. Fig. 3-2 shows nine snapshots of an experiment
(flow rate, 1.9 ml/min; modulation frequency, 125 mHz). The time period
between the pictures is 1 s. It is clear that the nearly complete exchange of the
solute is possible after ~3 s (at 3 and 7 s in Fig. 3-2) even when the relatively
high modulation frequency is applied. This possibility of high-frequency
modulation plays an important role when kinetics is investigated and a wide
range of frequency needs to be examined.
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Fig. 3-1: (top) Schematic drawing and description of the cell and experimental setup.
(bottom) Picture of the cell with a glass slide instead of the IRE.
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0s
1s
2s
3s
4s
5s
6s
7s
8s
Fig. 3-2: Snapshots of a modulation experiment between water and colored solution:
flow rate, 1.9 ml/min; modulation frequency, 125 mHz.

One simple criterion for choosing the upper limit of the modulation frequency is taking the capacitive time constant of filling the cell τ ( τ = V/φV; φV,
volumetric flow rate; V, volume of the cell) and determining the corresponding frequency f [f = 1/(2τ); the factor 2 is from the two half-periods]. For the
conditions mentioned above, τ is 2.4 s and f is 206 mHz. This frequency value
is, in principle, the maximum allowed modulation frequency. Since the derivation of the upper limit of the modulation frequency from the capacitive
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Fig. 3-3: Time-resolved spectra of a modulation experiment: first half period, water;
second half period, hemoglobin-acetonitrile aqueous solution; modulation
frequency, 67 mHz; flow rate, 1.5 ml/min.

time constant neglects the small velocity and consequently the poor solution
exchange near the IRE surface, it is advisable to work with a lower modulation
frequency. In general, when an investigation at a higher modulation frequency
is required, a larger flow rate is necessary. In case the degree of solute molecules' exchange near the IRE surface is seriously concerned, the treatment of
convection and diffusion behavior near the IRE surface by an appropriate
model is of great help, as demonstrated in the later sections.

3.2.4 Modulation Experiments
The details of MES theory are described in Section 1.2.
To compare the difference in the convection and diffusion behavior of fast
and slow diffusing molecules, several modulation experiments were performed
where an aqueous solution containing both acetonitrile (19 mM for the flow
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rate 1.2 ml/min and 23 mM for the flow rates 1.5 and 1.9 ml/min) and hemoglobin (15 µM) was modulated against pure water. Two parameters were
changed, the flow rate (1.2, 1.5, and 1.9 ml/min) and the modulation frequency (7, 22, and 67 mHz for each flow rate), resulting in nine modulation
experiments in total. Per modulation period T, 60 spectra were recorded.
Signal averaging was performed over 10, 25, and 50 periods, and averaging
was started after 3, 5, and 10 initial periods at 7, 22, and 67 mHz, respectively,
at the flow rates 1.5 and 1.9 ml/min. Signal averaging over 8 periods (after 3
initial periods) was performed at the flow rate of 1.2 ml/min at each frequency.
An example of time-resolved absorbance spectra is shown in Fig. 3-3. The
vibrational frequencies at 1547 cm-1 for hemoglobin [amide II, δ(N-H)] and
at 2260 cm-1 for acetonitrile [ν(C≡N)] were chosen as their characteristic
bands and analyzed. Clearly, the responses of hemoglobin and acetonitrile are
delayed compared to the stimulation. Hemoglobin shows more phase lag than
acetonitrile due to its slower diffusion. The phase lag of hemoglobin and
acetonitrile signals was analyzed and determined by PSD at the fundamental
frequency according to eq. (1.1) described in Section 1.2. The demodulation
phase angle φPSD resulting in the maximum absorbance was first determined for
hemoglobin and acetonitrile (Fig. 3-4), and the absolute phase lag was then
calculated. In this example (Fig. 3-4), the absolute phase lags for acetonitrile
and hemoglobin were 54° and 116°, respectively. Interestingly, the more
intense amide I band (δ(C=O), ~1650 cm-1) of hemoglobin was less pronounced in amplitude compared to the amide II band in the demodulated
spectra. This is due to the dilution of water by the presence of hemoglobin
molecules near the IRE. The strong water band (~1640 cm-1) overlaps with the
amide I band and counteracts its absorbance during the MES experiments (Fig.
3-4(b)).
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Fig. 3-4: (top) 3-D and (bottom) 2-D demodulated spectra derived from the
time-resolved spectra shown in Fig. 3-3. Absorbance reaches the maximum at
φPSD of 64° for hemoglobin (1547 cm-1) and of 126° for acetonitrile (2260
cm-1). The absolute phase lags, that is, the phase delay with respect to the
stimulation, of 116° for hemoglobin and 54° for acetonitrile are calculated
using the above PSD values.
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Modeling and Simulations

Two models, the diffusion layer model and the convection-diffusion model
were applied to describe the diffusion behavior of the solute molecules in the
ATR-IR flow-through cell (Fig. 3-5). In the diffusion layer model, a thin
diffusion layer near the IRE is assumed to exist due to little fluid velocity near
the surface, while, in the convection-diffusion model, no assumption concerning diffusion layer is made. In addition to multidimensional diffusion of
the solute molecules, the effect of convection, that is, velocity variance at
different positions, is considered. The diffusion coefficients of acetonitrile
(1.26 × 10-5 cm2/s) and hemoglobin (6.9 × 10-7 cm2/s) were taken from the
literature.9,10 The numerical calculations were carried out by the finite element
method implemented in MATLAB11 and FEMLAB.12 To examine the
steady-state responses of both models (Strictly speaking a steady-state is never
reached in MES. Quasi steady-state response is meant here.), 2, 3, and 4
periods were simulated at 7, 22, and 67 mHz modulation frequency, respectively. It was confirmed that the quasi steady-state response is reached within

C(t)
Diffusion layer
z

IRE
y

(i)

IR light

x

C(t)

vx(z)

IRE
IR light
(ii)
Fig. 3-5: (i) Diffusion layer model and (ii) convection-diffusion model.
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those periods. The last period was analyzed, and the phase lag and the amplitude ratio of the responses were determined by PSD at the fundamental frequency.

3.3.1 Diffusion Layer Model
The following assumptions are made in the diffusion layer model. (1) There is
no concentration variation in the x and y directions (Fig. 3-6). (2) Solute
molecules do not adsorb on the IRE. (3) Solute molecules interact only with
solvent (water) molecules but do not interact between themselves. The diffusion behavior of molecule A (acetonitrile or hemoglobin) in the layer can then
be described by Fick's law, and the mass balance over the layer leads to the
well-known diffusion equation,13,14
∂C A
∂ 2C A
= DA
∂t
∂z 2

(3.1)

where CA is the concentration and DA is the diffusion coefficient of molecule
A.
In this diffusion layer model, the flux of molecule A in the layer can be
described by Fick's law.

CA
t

CA(t)
z
0

d

y
x

IRE

Fig. 3-6: Definition of the diffusion layer model.
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J A = − DA

∂C A
∂z

(3.2)

The diffusion equation is solved with the following initial condition and
boundary conditions.
Initial condition:
0 ≤ z ≤ d , t = 0, C A = 0

(3.3)

z = 0, J A = 0

(3.4)

z = d , C A = SW (t )

(3.5)

Boundary conditions:

where J A is the flux of molecule A and SW (t ) represents a square wave.
The diffusion layer thickness d of 20-30 µm and the same frequency of the
square wave concentration modulation as applied in the experiments were
considered in the simulations. The concentration change with time at the
boundary between solution and the IRE (z = 0 in Fig. 3-6) was used to determine the phase lag and amplitude ratio of the responses.

3.3.2 Convection-Diffusion Model
The following assumptions are made in the convection-diffusion model. (1)
The solution is a noncompressive Newtonian fluid. (2) The flow is laminar,
and the velocity of the solution in the cell has been developed (i.e. does not
change with time). (3) There are no concentration variations in the y direction
and no velocity variations in the x and y directions (Fig. 3-7). (4) Solute
molecules do not adsorb on the IRE. (5) Solute molecules interact only with
solvent molecules (same as the diffusion layer model).
The steady-state momentum balance13,14 yields the following equation for
the velocity profile,
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L
CA
t

CA(t)
z

h

vx(z)
y

0

x

IRE

w

Fig. 3-7: Definition of the convection-diffusion model.

+ P (hz − z 2 )
vx ( z ) =
2η L

(3.6)

where + P is the pressure drop over the cell, η is the viscosity of the solution, and L , w , and h are defined in Fig. 3-7. Now the flow rate can be
expressed as,
h

φV = w∫ vx ( z )dz
0

(3.7)

Therefore, we obtain the following velocity profile expressed by the flow
rate instead of the pressure drop.
vx ( z ) =

6φV
(hz − z 2 )
3
wh

(3.8)

Also, the mass balance over the cell leads to the convection-diffusion
equation.13,14
∂C A
∂C A
∂ 2C A ∂ 2C A
)
= −vx ( z )
+ DA ( 2 +
∂t
∂x
∂x
∂z 2

(3.9)

In this convection-diffusion model, the flux of molecule A can be written
as,
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J A = vx ( z )C A − DA (

∂C A ∂C A
)
+
∂x
∂z

(3.10)

The diffusion equation is solved with the following initial and boundary
conditions.
Initial condition:
0 ≤ x ≤ L, 0 ≤ z ≤ h, t = 0, C A = 0

(3.11)

Boundary conditions:
z = 0, J A = 0 and z = h, J A = 0

(3.12)

x = 0, C A = SW (t )

(3.13)

x = L, J A = vx ( z )C A

(3.14)

In simulations, the real cell dimensions were taken as L = 3.6 cm (the
length between the inlet and outlet), w = 0.7 cm, and h = 265 µm, and
the experimental modulation frequencies were used. Since the concentration
change on the IRE surface is relevant to the measurable ATR-IR response, the
concentration on the IRE surface was integrated and the change of the latter
with time was evaluated by PSD to determine the phase lag and amplitude
ratio of the responses.
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Table 3-1: Comparison of phase lag (PL) and amplitude ratio (AR) between experiments
and the diffusion layer model. PL is in degrees and AR is defined as (amplitude)/(amplitude at lowest modulation frequency of the same flow rate).
Acetonitrile – experiments
Flow rate
Modulation
Frequency / mHz

1.9 ml/min

1.5 ml/min

1.2 ml/min

PL

AR

PL

AR

PL

AR

7

4

1.00

4

1.00

4

1.00

22

14

0.95

17

0.92

19

0.90

67

41

0.85

54

0.85

63

0.77

Acetonitrile – diffusion layer model
Layer thickness d
Modulation
Frequency / mHz

20 µm

25 µm

30 µm

PL

AR

PL

AR

PL

AR

7

1.0

1.00

1.2

1.00

1.5

1.00

22

2.5

1.00

3.2

1.00

4.0

1.00

67

6.2

1.00

8.4

1.00

11.0

0.99

Hemoglobin – experiments
Flow rate
Modulation
Frequency / mHz

1.9 ml/min

1.5 ml/min

1.2 ml/min

PL

AR

PL

AR

PL

AR

7

15

1.00

15

1.00

23

1.00

22

37

0.80

43

0.71

50

0.88

67

100

0.51

116

0.47

122

0.47

Hemoglobin – diffusion layer model
Layer thickness d
Modulation
Frequency / mHz

20 µm

25 µm

30 µm

PL

AR

PL

AR

PL

AR

7

8.3

1.00

12.5

1.00

17.7

1.00

22

23.9

0.95

35.3

0.89

47.6

0.83

67

60.4

0.71

80.2

0.55

97.7

0.41
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3.4

Results

3.4.1 Comparison between Experiments and the Diffusion
Layer Model
Table 3-1 shows the comparison of the phase lag and the amplitude ratio
between the experiments and the diffusion layer model. For both of the solute
molecules, in the experiments the phase lag increased at higher modulation
frequency and at lower flow rate. The experimental amplitude ratio decreased
at higher modulation frequency. The phase lag and the amplitude ratio of the
diffusion layer model showed the same trend as the experiments; however, the
shapes of the responses of the experiments and the diffusion layer model were
not in good agreement (not shown here) and the phase lag was underestimated,
significantly for acetonitrile. This indicates that the effect of convection on the
phase lag is not negligible.

Table 3-2: Comparison of phase lag difference for experiments and the diffusion
layer model. Phase lag difference is shown in degrees and defined as (phase
lag of hemoglobin) – (phase lag of acetonitrile).
Experiments
Modulation
Frequency / mHz

Flow rate
1.9 ml/min

1.5 ml/min

1.2 ml/min

7

11

11

19

22

23

26

31

67

59

62

59

Diffusion layer model
Modulation
Frequency / mHz

Layer thickness d
20 µm

22 µm

25 µm

30 µm

7

7.3

8.8

11.3

16.2

22

21.4

25.5

32.1

43.6

67

54.2

61.6

71.8

86.7
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Both acetonitrile and hemoglobin experience the same convection flow.
Therefore, in principle, the difference in their phase lag is due to their different diffusion behavior. Table 3-2 shows the phase lag difference between
acetonitrile and hemoglobin. The agreement becomes better, and roughly, the
experimental phase lag difference of the flow rates of 1.9, 1.5, and 1.2 ml/min
corresponds to the phase lag difference of the layer thickness of 20, 22, and 25

µm in the diffusion layer model.

3.4.2 Comparison between Experiments and the Convection-Diffusion Model
The convection and diffusion behavior of acetonitrile and hemoglobin in the
convection-diffusion model is visualized in Fig. 3-8 for a frequency of 67 mHz
and a flow rate of 1.5 ml/min. The difference in their behavior was significant.
Obviously, hemoglobin cannot be exchanged completely due to its slow diffusion, and some amount of hemoglobin remains near the IRE at the time of the
next stimulation (at t = 0.5T). On the other hand, the relatively fast diffusion
of acetonitrile makes water-acetonitrile exchange faster. At t = 0.4T, almost no
acetonitrile is left near the IRE surface.
The hemoglobin and acetonitrile responses of the experiments and the
model are compared in Fig. 3-9. Not only the delay but also the slope of the
response curves were well described for both hemoglobin and acetonitrile.
Furthermore, the delay and the amplitude of the experimental and simulated responses were analyzed by PSD. Table 3-3 shows the comparison of the
phase lag and the amplitude ratio between the experiments and the convection-diffusion model. The phase lags of both acetonitrile and hemoglobin
determined by the convection-diffusion model were in very good agreement
with experimental values (mostly within a few degrees). The amplitude ratios
also agreed reasonably well.
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t/T

Acetonitrile Hemoglobin

t/T

0

0.5

0.05

0.55

0.1

0.6

0.2

0.7

0.3

0.8

0.4

0.9

Acetonitrile Hemoglobin

Fig. 3-8: Comparison of the convection and diffusion behavior of acetonitrile and
hemoglobin within the convection-diffusion model: modulation frequency,
67 mHz; flow rate, 1.5 ml/min. The displayed region is the cell part in Fig.
3-7. Dark areas represent high concentration of the solute molecules; that is,
white represents water. Time is shown relative to the modulation period T =
14.9 s.
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Fig. 3-9: Response comparison between experiments and the convection-diffusion
model: flow rate, 1.5 ml/min; solid line, simulated response; doted line, experimental response.
Table 3-3: Comparison of phase lag (PL) and amplitude ratio (AR) between experiments and the convection-duffusion model (CD).
Acetonitrile
Flow rate

Modulation
Frequency /
mHz

1.9 ml/min

1.5 ml/min

1.2 ml/min

PLexp

PLCD

ARexp

ARCD

PLexp

PLCD

ARexp

ARCD

PLexp

PLCD

ARexp

ARCD

7

4

5.5

1.00

1.00

4

6.4

1.00

1.00

4

7.4

1.00

1.00

22

14

16

0.95

0.99

17

18.7

0.92

0.99

19

21.8

0.90

0.98

67

41

46.3

0.85

0.91

54

54.3

0.85

0.87

63

63.2

0.77

0.83

Hemoglobin
Flow rate

Modulation
Frequency /
mHz

1.9 ml/min

1.5 ml/min

1.2 ml/min

PLexp

PLCD

ARexp

ARCD

PLexp

PLCD

ARexp

ARCD

PLexp

PLCD

ARexp

ARCD

7

15

12.4

1.00

1.00

15

14.5

1.00

1.00

23

16.8

1.00

1.00

22

37

36.7

0.80

0.94

43

42.8

0.71

0.92

50

49.4

0.88

0.90

67

100

100.3

0.51

0.57

116

113.1

0.47

0.47

122

125.0

0.47

0.38
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Discussion

3.5.1 Diffusion Experiments
In this study, the diffusion behavior of molecules was experimentally studied
by ATR-IR MES. It is possible to detect and quantitatively analyze differences
in diffusion behavior of molecules in the liquid phase. PSD allows the accurate determination of phase lag and amplitude ratio. This successful application of the technique in a diffusion study will broaden the possibility of ATR
to study other diffusion phenomena like diffusion through membranes.

3.5.2 Diffusion Layer Model
First, the diffusion layer model was studied and compared with the experiments. The responses, phase lag, and amplitude ratio did not agree well with
the experimental values (Table 3-1). The phase lag was significantly underestimated, particularly for acetonitrile. The diffusion layer model predicted a
maximum phase lag of 11° for acetonitrile within the conditions of this study
(layer thickness, 30 µm; modulation frequency, 67 mHz). However, the experiments showed significantly higher phase lags, for example, 63° (flow rate,
1.2 ml/min; modulation frequency, 67 mHz). This observation indicates that
the difference in phase lag is mainly due to the neglect of convection effects in
the diffusion layer model. Therefore, the difference in phase lag between
acetonitrile and hemoglobin was studied to cancel the effect of the convection
flow, which is identical for both molecules (Table 3-2). The phase lag difference with the layer thickness considered in this study showed values in the
same range as that of the experiments. Roughly, the experimental phase lag
difference at the different flow rates, 1.9, 1.5, and 1.2 ml/min, corresponded
to the simulated phase lag difference of the layer thickness, 20, 22, and 25 µm,
respectively. This seems intuitively a reasonable result. A high flow rate will
raise the fluid velocity near the IRE surface and consequently reduce the
thickness of the stagnant diffusion layer. The diffusion layer model allows
estimating an "effective" diffusion layer thickness. With the conditions of this
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work, the effective layer thickness was estimated to be between 20 and 25 µm.

3.5.3 Convection-Diffusion Model
Considering the results of the diffusion-layer model, the inclusion of the
convection effect in a model was evidently necessary to describe and understand the experimental absolute phase lag and amplitude ratio. In the convection-diffusion model, the effect of convection flow was explicitly considered.
Fig. 3-8 clearly shows the difference between acetonitrile and hemoglobin
concerning the exchange of molecules and the diffusion behavior. The small
molecule, acetonitrile, can diffuse very fast in both x and z directions, which
makes the exchange of molecules near the IRE surface faster. On the contrary,
the large molecule, hemoglobin, diffuses very slowly and stays near the IRE
surface. The slow diffusion of hemoglobin is also apparent from the clear
laminar flow profile in Fig. 3-8, whereas the one of the acetonitrile is smeared
out due to diffusion. This difference in their diffusion behavior is also
well-seen at t = 0.8 T. Near the IRE where the ATR signal is generated, the
dark area (i.e. high concentration of the solute molecules) has propagated
almost until the end of the cell for acetonitrile; in contrast, for hemoglobin,
only about 25% of the IRE surface is in contact with the dark area.
The agreement in the responses, phase lag, and amplitude ratio between
the experiments and the simulation corroborates the validity of the model (Fig.
3-9, Table 3-3). The assumptions made in the model seem appropriate, and
the model could describe the diffusion behavior of molecules with high accuracy. However, careful inspection of the responses indicates possibilities for
further improvement of the experiments. First, the experimental signal does
not reach a constant value as fast as the simulated one, for example, 7 and 22
mHz in Fig. 3-9. This can be due to the fact that the inlet of a solution, that is,
the boundary, in the convection-diffusion model is not the same as the one of
the real cell. With the real cell, a solution flows in all directions and the solution is more stagnant on the left side of the inlet and especially on the right
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side of the outlet, as seen in Fig. 3-2. The slow exchange of fluids in those
regions by a convective flow could be responsible for the observed small discrepancies between experiment and simulation. Second, an almost constant
absorbance is observed at the beginning of solution exchange, as prominently
seen at t = 0-1 and 7.5-8 s for acetonitrile and t = 0-3 and 7.5-11 s for hemoglobin in Fig. 3-9. This may also be due to the design of the cell inlet. In the
experiments, solute molecules have to travel the distance h = 265 µm to be
detected upon stimulation, while they are immediately seen on the IRE surface in the applied convection-diffusion model. This traveling distance h
may be responsible for the initial constant absorbance upon solution exchange.
Part of this distance close to the IRE has to be overcome by diffusion, which is
the reason the effect is more pronounced for hemoglobin. Although the effect
of the inlet, outlet, and cell geometry on the deviations in the phase lag and
amplitude ratio between experiment and the convection-diffusion model
considered in this work is not large, there is some space for further improvement to attain more ideal responses. Another interesting observation is the
gradual absorbance increase for hemoglobin during stimulation at 7 and 22
mHz (Fig. 3-9). In contrast, the absorbance remains constant for acetonitrile
at the same stimulation frequency. This can be due to the reversible slow
adsorption/desorption process of hemoglobin on the IRE surface during
stimulation.
This study implies that phase lag and amplitude ratio vary remarkably depending on the diffusion behavior of solute molecules and flow rate. When
complete or nearly complete exchange of solute molecules is desired, one can
use the diffusion layer model, estimate an effective diffusion layer thickness,
and try to reduce the thickness by optimizing conditions. Alternatively, via the
convection-diffusion model, concentration changes near the IRE surface
during modulation can be studied and the degree of modulation on the surface itself can be determined. Another positive aspect of the latter model is
that one can also estimate the phase lag due to both diffusion and, especially,
convection. The model helps us to understand those effects on phase lag and
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amplitude ratio observed experimentally. This is advantageous, since complete
exchange of solute molecules is not required in order to analyze the kinetics of
processes. Although numerical calculations for the convection-diffusion model
can be computationally demanding, it is worthwhile to investigate phase lag
and amplitude ratio by the model and determine which factor is playing the
prominent role in the delay of the response. Before a kinetic study by ATR-IR
MES using concentration modulation, the effects of convection and diffusion
should carefully be considered in order to correctly examine a chemical and
physical system of interest.

3.6

Conclusion

An ATR-IR cell suitable for dynamic measurements was designed, and its
behavior was characterized by modulation excitation spectroscopy. The new
cell decreases the problematic back-mixing of solutions and allows concentration modulation at much higher frequency without unnecessary phase delay in
the response. The delay of the response in the new cell could be traced to the
effects of convection, that is, the velocity of the liquid flow in the cell, and
diffusion of probe molecules.
The diffusion behavior of molecules in the cell was investigated using two
tracer compounds having significantly different diffusivity, acetonitrile and
hemoglobin in water. Experimentally, remarkable differences in their diffusion
behavior were observed by ATR-IR MES. First, the diffusion behavior was
modeled by a diffusion layer model, where a thin stagnant diffusion layer was
assumed near the IRE surface. The cancellation of the influence of the convection flow in the diffusion layer model allowed us to estimate the effective
diffusion layer thickness of 20-25 µm for the conditions applied in this study.
With the convection-diffusion model, on the other hand, the effect of convection was explicitly included and it was possible to model and describe the flow
and diffusion behavior of the probe molecules with good accuracy. The simulations showed that, at high modulation frequency, a large slow-diffusing
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molecule, such as hemoglobin, cannot be exchanged easily during ATR-IR
MES experiments and a detectable amount of the molecule stays near the IRE
throughout the modulation period with small concentration variations. On
the other hand, a small fast-diffusing molecule, such as acetonitrile, can be
completely exchanged near the IRE with relative ease.
This work provides the grounds for determining the phase lag originating
from the chemical and physical systems by knowing the phase lag caused by
the effect of convection and diffusion. Thus, it forms the basis for the investigation of the kinetics of processes, such as adsorption-desorption on a surface,
surface reactions, and diffusion through porous media. Furthermore, it gives
criteria for the appropriate modulation frequency and flow rate in ATR-IR
MES experiments.
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4
Kinetic Analysis Using Square-Wave
Stimulation in Modulation Excitation
Spectroscopy: Mixing Property of
a Flow-Through PM-IRRAS Cell

Square-wave stimulation used in modulation excitation spectroscopy can have significant
advantages over a simple sinusoidal-wave due to the high odd-frequency terms contained
in square-wave, particularly when a system response is close to linear. Phase sensitive
detection (PSD) affords separating the signals of the different frequency terms with a high
signal-to-noise ratio by averaging a number of modulation cycles. A modulation excitation
experiment applying square-wave stimulation provides the same information as several
experiments applying sinusoidal-wave stimulations at the same frequency as the
square-wave stimulation and at higher frequencies. The amplitude and the phase lag of a
response obtained by PSD at fundamental and higher frequencies using square-wave
stimulation are related to the ones obtained by sinusoidal-wave stimulation using transfer
function of a general system. Mixing property of a PM-IRRAS flow-through cell was
studied by a simple mixing tank model using square-wave concentration stimulation. The
advantages of square-wave stimulation are shown by the characterization of the mixing
property.
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Introduction

Two kinds of stimulation are typically used in modulation excitation spectroscopy (MES, Section 1.2); sinusoidal- and square-wave stimulations. Sinusoidal-wave stimulation is simpler to treat theoretically for the quantitative
analysis of the responses including the overtones. On the other hand,
square-wave stimulation is often easier to generate experimentally, in particular in the case of concentration stimulation, which is generated by switching
between two flows of different concentrations. PSD can be straightforwardly
applied to analyze responses to square-wave stimulation and the benefits of
MES remains due to the large fundamental frequency component of a
square-wave. However, the analysis of the responses to a square-wave stimulation is more cumbersome when it comes to quantitative analysis. In this
chapter, the relationship between responses to sinusoidal- and square-wave
stimulations within a linear response assumption and practical advantages of
square-wave stimulation are shown. Transfer function, derived from a linear or
a linearized non-linear model, often used in signal processing, control and
communication theory, and a powerful tool in frequency response analysis, is
used to show the relationship between square-wave and sinusoidal stimulation
and the advantages of the former are discussed. The validity and the usage of
the theory are demonstrated by investigating the mixing behavior in a
flow-through PM-IRRAS cell, which was specially designed for the application
of MES in PM-IRRAS (Chapter 2).

4.2

Theory

The details of the theoretical and practical aspects of MES technique are
described in Section 1.2.

4.2.1 Transfer Function and Sinusoidal-Wave Stimulation
Transfer function is a convenient model to analyze frequency responses of a
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system.1 In the Laplace-domain, the output response Y ( s ) of a linear system
can be conveniently related to an input function U ( s ) , i.e. stimulation, by
the transfer function of the system G ( s ) .
Y ( s) = G ( s) ⋅ U ( s)

(4.1)

When a sinusoidal-wave u (t ) = A sin ωt is applied as a stimulation function,
the response of a system Y ( s ) can be written as,
Y ( s) = G ( s) ⋅ A

ω
s + ω2
2

(4.2)

Since in the Laplace-domain the sinusoidal-wave is,
L ( u (t ) ) = A

ω
s + ω2
2

(4.3)

Expanding eq. (4.2) into partial fractions, assuming that the poles of G ( s )
are negative as in stable systems, and taking the inverse Laplace transform
result in the following time-domain output y (t ) at steady-state:
y (t ) = A G (iω ) sin(ωt + ϕ )

where

G (iω )

is the modulus and ϕ

(4.4)

is the argument of G (iω )

( ϕ = )G (iω ) ). Comparing the output function y (t ) with the input function
u (t ) , reveals that the output function has changes in the amplitude and the

phase. The changes, the amplitude ratio ( AR ) and phase lag ( PL ), are simply
written as follows.
AR =

A G (iω )
= G (iω ) , PL = ϕ = )G (iω )
A

(4.5)

The eq. (4.5) allows calculating with ease the frequency response, i.e. the
amplitude and phase change, when sinusoidal-wave stimulation is used.
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When the time-domain output (eq. (4.4)) is demodulated (eq. (1.1)) at

the fundamental frequency ( k = 1 , when k ≠ 1 the demodulated response will
be zero for a linear system), the following phase-domain signal is obtained.
A (φ PSD ) = A G (iω ) cos(ϕ − φ PSD )

(4.6)

4.2.2 Square-Wave Stimulation
The time-domain response to a square-wave stimulation can be analogously
calculated as the response to the sinusoidal-wave stimulation. According to the
well-known Fourier decomposition, a square-wave ( SW ) of amplitude A is
written as the sum of sinusoidal waves of odd frequencies.
4 ⎛
1
1
⎞
A ⎜ sin ωt + sin 3ωt + sin 5ωt + " ⎟
π ⎝
3
5
⎠
∞
4
1
= A∑
sin [ (2n − 1)ωt ]
π n=1 2n − 1

SW =

(4.7)

In the Laplace-domain the square-wave is,
L ( SW (t ) ) =

4

π

ω

∞

A∑
n =1

s 2 + [ (2n − 1)ω ]

2

(4.8)

Therefore, the response of a system Y ( s ) can be written with a transfer
function G ( s ) as,
Y ( s) = G ( s) ⋅

4

π

ω

∞

A∑
n =1

s + [ (2n − 1)ω ]
2

2

(4.9)

Expanding the eq. (4.9) into partial fractions, assuming that the poles of
G ( s ) are negative as in stable systems, and taking the inverse Laplace trans-

form results in the following time-domain output y (t ) at steady-state.

Kinetic analysis using square-wave stimulation in MES

y (t ) =

where

∞
⎡ 1
⎤
A∑ ⎢
G (i (2n − 1)ω ) sin ( (2n − 1)ωt + ϕ2n-1 ) ⎥
π n=1 ⎣ 2n − 1
⎦

4

G (i (2n − 1)ω )
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(4.10)

is the modulus and ϕ2 n−1 is the argument of

G (i (2n − 1)ω ) . Clearly from eqs. (4.7) and (4.10), the amplitude ratio and the

phase lag of the (2n − 1)ω frequency component between the input and the
output functions can be expressed as,
AR2 n−1 = G (i (2n − 1)ω ) , PL2 n−1 = ϕ 2 n−1 = )G (i (2n − 1)ω )

(4.11)

When the time-domain output (eq. (4.10)) is demodulated (eq. (1.1)) at a
(2n − 1)ω frequency, the following phase-domain signal is obtained:
A2 n−1 (φ2PSD
n −1 ) =

4

A
G (i (2n − 1)ω ) cos(ϕ 2 n−1 − φ2PSD
n −1 )
π 2n − 1

(4.12)

4.2.3 Relation between Responses to Sinusoidal- and
Square-Wave Stimulations
When the responses to sinusoidal- and square-wave simulations of the same
amplitude are compared (eqs. (4.6) and (4.12)), the amplitude and the phase
lag of the responses are associated by the following relations:
Asin

1ω ′=(2 n −1)ω

ϕ sin
where Asin

1ω ′= (2 n −1)ω

and ϕ sin

=

π
4

1ω ′= (2 n −1)ω

1ω ′= (2 n −1)ω

(2n − 1) A2SW
n −1

= ϕ 2SW
n −1

(4.13)

(4.14)

are the amplitude and the phase lag

of the phase-domain response to sinusoidal-wave stimulation when the fundamental frequency of the stimulation is equal to (2n − 1)ω , and A2SW
n −1 and

ϕ2SWn−1 are the amplitude and the phase lag of the phase-domain response to
square-wave stimulation (stimulation frequency ω) obtained by the demodu-
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lation with the index k = 2n − 1. Neglecting the factor π / 4 , eq. (4.13) shows
that the demodulated response amplitude obtained with sinusoidal-wave
stimulation at the (2n − 1)ω modulation frequency is simply equal to the one
obtained by square-wave stimulation multiplied by the demodulation index
2n − 1 . Also, eq. (4.14) shows that the phase lag of the response obtained by

square-wave stimulation and demodulation at (2n − 1)ω frequency is equal
to the one obtained by sinusoidal-wave stimulation of the (2n − 1)ω modulation frequency and demodulated at the fundamental frequency. The relations
are intuitively reasonable when a linear system is considered and all the different frequency terms of a square-wave (eq. (4.7)) can be treated separately.
The main advantage of the relations in the eqs. (4.13) and (4.14) is the
capability to obtain amplitudes and phase lags of higher frequencies from a
single square-wave experiment. In other words, kinetic information usually
obtained by a number of experiments with sinusoidal-wave stimulations at
1ω ,3ω ,5ω ," are acquired by a single experiment with a square-wave stimu-

lation at 1ω . There is an upper limit for the demodulation frequency because
the amplitudes of higher frequency terms in a square-wave decrease by the
factor 2n − 1 as seen in eq. (4.7). The limit depends on the signal-to-noise
ratio of responses. The better the signal-to-noise ratio is, the higher is the
frequency term that can be used confidently in kinetic analysis.

4.3

Experimental Methods

A small-volume cell specially designed for modulation excitation PM-IRRAS,
built with the aim of fast gas exchange, was used to study the gas mixing
property within the cell. The detailed description of the cell can be found in
Chapter 2. The flow characteristics and residence time distribution in the cell
are reported in Appendix A. A schematic drawing of the setup is shown in Fig.
4-1. The gas phase absorbance spectra were measured utilizing the
sum-reflectivity of parallel and perpendicular polarized light, which is normally used for the compensation of gas phase absorbance upon obtaining the
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PM-IRRA surface spectra (Chapter 2). When the absorbance of surface species
is weak, the sum-reflectivity can simply be considered as a single beam spectrum of the gas phase.
An aluminum plate (10 × 10 × 1 mm) was mounted in the cell located
within the compartment of a Bruker PMA 37 accessory, connected to an
external beam port of a Bruker Vector 33 Fourier transform infrared spectrometer. The angle of incidence was 80°. CO (0.5 vol%) in Ar (PANGAS)
and He (5.0, >99.999 vol%, PANGAS) were alternatively flowed into the cell
at 20, 40, and 60 ml/min under atmospheric pressure at room temperature.
CO (0.5%) and pure He were fed in the first- and the second-half period,
respectively. Sixty spectra were recorded per modulation period. Signal averaging was performed over 20, 10, 5, 3 periods after 4, 2, 1, 1 initial periods
which are necessary to reach quasi-steady-states with the modulation periods
of 64.2, 128.8, 257.9, and 516.1 s, respectively. The last spectrum within the
modulation period served as the reference to calculate absorbance spectra. CO
gas concentration was calculated by integrating the absorbance of the CO
stretching vibrational mode.

Fig. 4-1: Schematic drawing of the experimental setup.
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4.4

Model

In order to reasonably model the mixing behavior and also to consider the gas
line volume before the gas inlet of the cell, a mixing tank with time delay
model was used. The concentration change of a species in the tank can be
described by a first order differential equation with a deadtime resulting in the
following equation:

τ

dC
+ C = Cin (t − θ )
dt

(4.15)

where C is the concentration in the tank, Cin is the inlet concentration,
and θ and τ are the capacitative time constant of the gas line and the cell,
respectively. With the cell volume Vcell , the line volume Vline , and the volumetric flow rate of gas φV , θ and τ can be written as:

θ=

Vline

φV

,

τ=

Vcell

φV

(4.16)

Hence, the differential equation eq. (4.15) can be expressed as the following transfer function:2
e−θ s
G ( s) =
τ s +1

(4.17)

The errors between experimental data and data obtained by the model were
first squared and summed up over the 12 different experiments (3 flow rates ×
4 modulation frequencies) to obtain the overall SSE (sum of squared error)
between experimental and theoretical data. The optimum cell volume Vcell
and the optimum line volume Vline were determined by minimizing the SSE.

4.5

Results and Discussion

Experimental responses at different flow rates and modulation frequencies are
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shown in Fig. 4-2 (solid lines). Clearly, more delay in the responses was observed at higher modulation frequencies and lower flow rate. The minimization of the SSE by varying Vcell and Vline yielded the optimum cell volume
Vcell = 7.164 ml, and the optimum line volume Vline = 2.246 ml. Using these

values and the model (eq. (4.17)) the theoretical responses are computed and
shown in Fig. 4-2 (dotted line). The agreement between the experimental and
the theoretical responses was excellent. The optimum cell volume was in good
agreement with the actual cell volume of ca. 6.9 ml.
Furthermore, the frequency response of the mixing behavior was analyzed
by means of a Bode diagram. Upon constructing the Bode diagram, the relations in eq. (4.13) were applied to obtain responses at frequencies up to 5 ω
for a square wave modulation at 1 ω . Fig. 4-3 shows the Bode diagram of
both experimental and theoretical responses, and the values demodulated at
different frequencies are shown as different symbol types (filled, half-filled,
and empty). The different symbols (filled, half-filled, and empty) fit almost
perfectly to the same curve for the amplitude ratios and reasonably well for the
phase lags. The demodulated data points for the amplitude ratios (1, 3 and 5

ω) do hardly show any scattering, whereas the corresponding data points for
the phase lags are slightly scattered. This is a clear indication of a linear response of the system. In theory, such linear responses can occur when a system
is intrinsically linear or a non-linear system is only slightly perturbed by a
small stimulation. When a gas flow with more than one order of magnitude
higher CO concentration (5 - 15 % CO) was used for the modulation experiments, data demodulated at different frequencies deviated significantly
from one single curve, particularly for the phase lags (Appendix A). This
observation supports the latter possibility, i.e. a non-linear system behaving
linearly due to the small stimulation (0.5 % CO).
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Fig. 4-2: Response comparisons between experiments (solid line) and simulations of
the mixing tank model (dotted line) at 60, 40, and 20 ml/min. The blue, red,
green, and black lines correspond to the modulation periods of 516.1, 257.9,
128.8 and 64.2 s, respectively. Time is shown relative to the modulation periods. Vcell = 7.164 ml and Vline = 2.246 ml were used for the simulations.
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Fig. 4-3: Bode diagram of experimental data (symbols) and the mixing tank model
(lines) at 60 ml/min (blue), 40 ml/min (red), and 20 ml/min (black).
Square-wave concentration stimulations at 1.9, 3.9, 7.8, and 15.6 mHz
(fundamental frequency) were used. The filled, the half-filled, and the
empty symbols are the data demodulated at 1, 3, and 5ω, respectively. Vcell =
7.164 mL and Vline = 2.246 ml were used for the simulations.

Theoretical frequency responses were calculated using the optimum volumes
and are shown in Fig. 4-3. The agreement between the experimental and
theoretical frequency responses was excellent for the amplitude ratios and
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reasonable for the phase lags. The overall good agreement of the frequency
responses suggests that the simple linear mixing tank with time delay model, is
close to the linearized model of the actual very complex non-linear model. The
linearity can also be promoted by the small perturbation, i.e. the small amplitudes of the higher frequency terms of the square-wave.
A practical importance of such simple models is their better comprehension due to the possibility to extract physically meaningful parameters. Complex models often suffer from too many fitting parameters and the difficulty to
gain physical insights into a system. In order to study exactly the mixing
property of the current cell, at least diffusion of gases and fluid dynamics have
to be taken into account. This study gives effective cell and line volumes,
which include all the effects of the system and are the easily understandable
physical parameters, and the model is easily extendable to include other parameters such as chemical reactions.
One of the most important aspects of square-wave stimulation is the experimental easiness for its generation compared to exact sinusoidal-wave
stimulation, especially when concentration is chosen as a perturbation parameter. Indeed, almost all the recent MES works rely on square-wave stimulation. This work will surely help to understand the outcome of demodulated
data and how to make use of all the information contained in the
phase-domain responses to a square-wave stimulation. Furthermore, the combination of square-wave stimulation and demodulation at fundamental and
higher frequencies allow studying responses in a wide frequency range. It also
allows studying frequency responses at experimentally non-feasible high frequencies. The non-linearity of most real systems will make it very difficult to
determine the frequency responses exactly, however, when a sufficiently small
stimulation is used and a number of modulation cycles are averaged to enhance signal-to-noise ratio and obtain higher frequency terms of the response
with high accuracy, the high frequency demodulation will serve as a good
estimate of the responses at high frequencies. This can become very powerful
in disentangling overlapping bands in a broadband spectrum, e.g., infra-
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red-spectrum of several species. When overlapping bands, more precisely the
species causing the bands, have different kinetics and the assignments of the
bands are desired, for a MES experiment the modulation frequency should be
chosen to maximize the phase difference, i.e., the kinetic behavior, of each
band (an example is provided in Appendix A). Similar time-domain response
of two signals may produce very different phase delay and amplitude ratio at
high-frequency demodulation, and such a difference becomes clear by response-screening with demodulations at various frequencies.

4.6

Conclusion

The advantages and practical usefulness of square-wave stimulation in modulation excitation spectroscopy (MES) were shown. The response of a system to
square-wave stimulation could be understood in terms of sinusoidal-waves
constituting the stimulation. The response to square-wave stimulation was
related to the one of sinusoidal-wave stimulation using a linear system model
and, in particular, transfer function of a general system. The application
example of the square-wave stimulation to investigate the gas-mixing property
in a PM-IRRAS flow-through cell clearly demonstrated the usage of the relation. Sufficiently small stimulation amplitude is required to fully appreciate
the relation derived in this study within the linear-response framework; however, high-frequency demodulation will serve as a practical tool to roughly
estimate the amplitude and the phase delay to separate overlapping signals
when a broadband detection technique is used. This work will be of practical
use and help analyzing the responses to square-wave stimulation in MES.
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5
Interaction of Water, Alkyl Hydroperoxide, and Allylic Alcohol
with a Single-Site Homogeneous Ti-Si
Epoxidation Catalyst: A Spectroscopic
and Computational Study

Tetrakis(trimethylsiloxy)titanium (TTMST, Ti(OSiMe3)4) possesses an isolated Ti center
and is a highly active homogeneous catalyst in epoxidation of various olefins. The structure
of TTMST resembles that of the active sites in some heterogeneous Ti-Si epoxidation
catalysts, especially silylated titania-silica mixed oxides. Water cleaves the Ti-O-Si bond
and deactivates the catalyst. An alkyl hydroperoxide, TBHP (tert-butyl hydroperoxide),
does not cleave the Ti-O-Si bond, but interacts via weak hydrogen-bonding as supported
by NMR, DOSY, IR, and computational studies. ATR-IR spectroscopy combined with
computational investigations shows that more than one, that is, up to four, TBHP can
undergo hydrogen-bonding with TTMST, leading to the activation of the O-O bond of
TBHP. The greater the number of TBHP molecules that form hydrogen bonds to TTMST,
the more electrophilic the O-O bond becomes, and the more active the complex is for
epoxidation. An allylic alcohol, 2-cyclohexen-1-ol, does not interact strongly with TTMST,
but the interaction is prominent when it interacts with the TTMST-TBHP complex. On
the basis of the experimental and theoretical findings, a hydrogen-bond-assisted epoxidation mechanism of TTMST is suggested.
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5.1

Introduction

Titanium-containing homogeneous and heterogeneous catalysts are known to
be active in various selective oxidation reactions, especially in stereo- and
regioselective epoxidation.1,2 Sharpless asymmetric epoxidation catalyst is the
most prominent example among homogeneous catalysts,3-6 while TS-1 (titania-silicate-1) is best known in heterogeneous catalysis.7,8 A number of experimental and theoretical studies dealing with TS-1 suggest possible reaction
mechanisms.9-17 Model clusters or embedded systems describing the active
center have been applied to investigate the epoxidation mechanism, but the
complexity of heterogeneous Ti-Si catalysts makes the modeling difficult, and
consequently, the nature of the active site and the relevance of cluster model
calculations are still debated. Various titanium silsesquioxanes as a soluble
model of active TS-1 sites have been reported often using TBHP (tert-butyl
hydroperoxide) as oxidant.18-22 The main difference between TS-1 and the
model titanium silsesquioxanes is that the latter are inactive with aqueous
hydrogen peroxide, except for grafted titanium polysiloxanes.23 Considerable
efforts have been made to enhance the applicability of heterogeneous catalysts
in epoxidation, and besides TS-1, a wide variety of titania-silica mixed oxides
have been reported.24-27 Among titania-silica mixed oxides, aerogels are excellent catalysts because of the high surface area and relatively large pore size,
which affords epoxidation of larger and more complex molecules than simple
linear molecules. Despite their excellent catalytic performance, the amorphous
nature in addition to the inherent complexity of the mixed oxides results in
various active sites and retards detailed investigation of the reaction mechanism.28
Recently, tetrakis(trimethylsiloxy)titanium (TTMST, Ti(OSiMe3)4) was
suggested to be a good soluble homogeneous model catalyst mimicking the
highly active isolated tetrahedral Ti sites in silylated titania-silica mixed oxides.29 Although a similar catalyst, Ti(OSiPh3)4, is inactive in epoxidation,30
TTMST shows excellent catalytic properties with various olefins and espe-
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cially gives 100% regio- and stereoselectivity for geraniol and 2-cyclohexen
-1-ol (CHol, cyclohexenol) using TBHP as oxidant in an apolar solvent.
Addition of water to the TTMST catalytic system has negative effects on the
epoxidation activity and selectivity as similarly reported for titania-silica mixed
oxides. Elucidating how TBHP and CHol interact with TTMST is crucial for
understanding the epoxidation mechanism. TTMST not only possesses excellent catalytic properties, but also has the inherent advantage of homogeneous
catalysts in that full modeling of the catalytic system is feasible with less assumptions and simplifications.
In this chapter, the molecular interactions of water, TBHP, and CHol with
TTMST were studied using NMR and IR spectroscopy. Computational
methods were applied to understand the interactions and the activation
mechanism during epoxidation, especially the activation of the O-O bond of
TBHP. The possible differences in the epoxidation mechanism between
TS-1-H2O2 and TTMST-TBHP as catalyst-oxidant pairs and also the effect of
water on the active site are discussed.

5.2

Experimental

5.2.1 Materials
TTMST (Ti(OSiMe3)4; ABCR, 99.5%) and CHol (2-cyclohexen-1-ol; Fluka,
99.7%) were used as received. Toluene (Fluka, 99.5%) and TBHP (tert-butyl
hydroperoxide; Fluka, 5.5 N in nonane) were stored over molecular sieves 4 Å.
ATR-IR spectroscopy was applied to record full-range spectra by minimizing the large absorption by abundant solvent molecules in solution. In
addition, the used ATR-IR cell, which has an inlet and an outlet, allows fast
exchange of the sample solution (Chapter 3), which is advantageous when the
evolution of interaction and reaction is studied. The spectra were recorded on
a Bruker IFS-66 spectrometer equipped with a liquid nitrogen cooled MCT
detector using an ATR-IR attachment (Optispec). A ZnSe crystal was used for
the internal reflection element. The angle of incidence and the number of
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active reflections were close to 45 and 8, respectively. Spectra were obtained by
accumulating 200 scans at 1 cm-1 resolution.
1

H (500.133 MHz), 13C (125.773 MHz), and 29Si (99.355 MHz) NMR

spectra were recorded on a Bruker AVANCE 500 spectrometer (11.7467 T)
equipped with a 5 mm broad-band probe with an actively shielded z-gradient
coil and a pulsed gradient unit for magnetic field pulse gradients of 56 G/cm.
Toluene-d8 (99.8%) was used as a solvent, and the chemical shifts are referenced to the peak for internal TMS. The gradient strength was calibrated with
the diffusion coefficient of HDO in D2O at 298 K.31 The diffusion coefficients of the species discussed in this work were obtained from diffusion-ordered spectroscopy (DOSY) experiments using stimulated echoes with
a bipolar gradient pulse pair and one spoil gradient pulse (2D pulse program
stebpgp1s, Bruker pulse programs for XWinNMR 3.1/3.5). After Fourier
transformation and baseline correction in F2, data processing by the SimFit
algorithm in XWinNMR 3.5 was done. Typically, a gradient ramp file was
used to produce gradient amplitudes scaled to rectangular gradients, linearly
spaced in 16 steps between 0.721 and 34.227 G/cm. The duration of the
magnetic field pulse gradient (δ) was between 2 and 4 ms, and the diffusion
time (∆) was between 100 and 400 ms. The temperature was controlled with a
nitrogen flow of 400 l/h to avoid temperature fluctuations of more than 0.1
degree. In each PFG (pulsed field gradient) experiment a series of 8-16 spectra
were collected with an FID resolution of 0.8 Hz.

5.2.2 Computational Methods
Quantum chemical calculations were performed using Gaussian 98 and 03.32,33
A density functional hybrid method with Becke's three-parameter functional
and the nonlocal correction of Perdew and Wang (B3PW91)34,35 was applied to
calculate harmonic vibrational frequencies after complete geometry optimization. A 6-311G(d) basis set was applied for all the atoms except Ti. For Ti, a
basis set of (14s9p5d)/[9s5p3d] with an additional f polarization function was
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used.36-38 BSSE (basis set superposition error) was corrected using counterpoise
approximation39 for the calculation of interaction energies. All calculations
were carried out considering an isolated gas-phase molecule or complex without solvent effects. IR spectra are shown as the sum of Lorentzian lines taking
the calculated IR intensity of a normal mode as the height at each frequency.

5.3

Results and Discussion

5.3.1 Equilibrium Geometry
Experimental and calculated IR spectra and an optimized geometry of
TTMST are shown in Fig. 5-1. The angle of the Ti-O-Si bond is close to 180°.
The bond lengths and angles and the Mulliken atomic charges are shown in
Table 5-2. The asymmetric Ti-O-Si stretching vibrations at 920 cm-1 are nearly
triply degenerate, and they represent the main characteristic vibrational mode
of this molecule. The calculated vibrational spectrum of TTMST
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Fig. 5-1: Comparison between experimental and calculated IR spectra: (a) 0.05 M
TTMST in toluene at 300 K; (b) the calculated spectrum (scaled by 0.955).
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well-reproduced the experimental spectrum and allowed the vibrational modes
to be assigned. This good agreement ensures the accuracy of the used method
and indicates little TTMST-solvent interaction.
Experimental and theoretical vibrational spectra of TBHP and CHol are
also in good agreement, and the most probable conformation of CHol in
toluene was determined on the basis of the vibrational spectra and electronic
energies (details are described in Appendix B, Fig. B-1 and B-2).

5.3.2 Interaction of Water with TTMST
Water was added to 0.005 M TTMST solution in toluene-d8 (TTMST:H2O =
1:10), and the interaction and reaction were followed by 1H and 29Si NMR
(Fig. 5-2). Clearly, Me3SiOH was formed by the hydrolysis of TTMST. After a
period of time (ca. 24 h in an NMR tube), a white precipitate was observed.
This is clear evidence of the Ti-O-Si bond cleavage by hydrolysis. IR experiments also showed a decrease in (Ti-O-Si) at 920 cm-1, which supports the
Ti-O-Si bond breaking (not shown here).
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Fig. 5-2: Evolution of the 1H NMR peak area for TTMST (δ = 0.222-0.223 ppm)
and Me3SiOH (δ = 0.035-0.039 ppm; Me3SiOH formation was confirmed by
δ = 14.9 ppm in 29Si NMR), 0.005 M TTMST in toluene-d8, TTMST:H2O =
1:10, at 300 K in an NMR tube (no mixing).
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5.3.3 Interaction of TBHP with TTMST
The TBHP concentration with respect to TTMST was varied (TTMST:
TBHP = 1:0-10) at 243 K. In 29Si NMR, it was practically not possible to
measure spectra above 243 K. The peaks became too broad, and the spectra
were too noisy. This is indicative of a relatively slow interaction equilibrium of
TBHP with TTMST. In the case of the previous water-TTMST interaction
experiment, clear sharp peaks were observed in 29Si NMR spectra even at 300
K. The 29Si NMR spectra of TTMST-TBHP solution at 243 K will be shown
later in comparison with those of TTMST-CHol solution and also solutions
under reaction conditions (TTMST-TBHP-CHol).
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Fig. 5-3: 1H NMR spectra of TTMST-TBHP solution of different TBHP concentrations at 243 K, 0.05 M TTMST in toluene-d8.
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Fig. 5-4: 1H NMR spectra of TTMST-TBHP solution (TTMST:TBHP = 1:10) at
different temperatures, 0.05 M TTMST in toluene-d8.

In 1H NMR, broader peaks of TTMST (0.23-0.25 ppm) were observed at
a higher concentration of TBHP (Fig. 5-3). A peak near the catalyst peak
appeared (0.1-0.22 ppm), and its intensity increased and it was shifted to
lower field as the TBHP concentration was raised. Also, the effect of temperature on the 1H NMR chemical shift of TTMST was examined. Interestingly, in addition to the broadening of the peaks at higher temperatures, the
additional peak due to TBHP addition shifted more significantly with temperature to higher field than the original TTMST peak (Fig. 5-4). The integral
comprising the TTMST and the additional peak was constant at different
conditions (different temperatures and TBHP concentrations). This indicated
that the compound or complex corresponding to the additional peak originates from TTMST, or that the two peaks are due to the same TTMST com-
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Table 5-1: Diffusion coefficients (×10-10 m2/s) and estimated radii (Å) at
different temperatures measured by DOSY.a
Diffusion Coefficients /× 10-10 m2/s
TTMST

TBHP

TTMST + TBHP

toluene

TTMST

toluene

TBHP

toluene

TBHP

TTMST(1)

TTMST(2)

213 K

2.07

0.96

2.18

1.05

2.17

1.01

1.02

0.86

223 K

3.23

1.46

3.69

1.72

4.04

1.62

1.49

1.37

20.4

18.2

14.1

12.9

298 K

20.4

10.8

b

20.4

-

Estimated Radii /Å
TTMST

TBHP

TTMST + TBHP

toluene

TTMST

toluene

TBHP

toluene

TBHP

TTMST(1)

TTMST(2)

213 K
223 K

2.71
2.44

5.85
5.40

2.57
2.14

5.35
4.58

2.59
1.95

5.56
4.87

5.50
5.29

6.53
5.76

298 K

1.94

3.67

1.94

-b

1.94

2.18

2.81

3.07

a

1

TTMST(1) is the less mobile peak and TTMST(2) is the more mobile peak in H NMR
upon temperature variations (Fig. 5-4). To calculate the radii, the viscosity of toluene was
estimated using the data in the literature (49) and fitting with 6th degree polynomial
b
expansion. The signal was too broad to be observed.

plex with different magnetic sites of the methyl groups. Neither cleavage of
the Ti-O-Si bond nor Me3SiOH formation by TBHP within 24 h at 300 K, at
which epoxidation reaction occurs in the presence of CHol, was confirmed by
1

H and 29Si NMR.
To investigate possible species responsible for the peak appearing upon

TBHP addition, diffusivity of the molecule or complex corresponding to the
peak was studied by 1H DOSY. The radii of molecules or complexes were
estimated using the Stokes-Einstein equation40 D = kT/(6πηr) (where k is the
Boltzmann constant, η is the viscosity of the medium, and r is the diameter of
the particle), which is derived for a macroscopic spherical particle drifting in a
viscous continuous medium. The diffusion coefficients and the estimated radii
are shown in Table 5-1. The diffusion coefficients of TBHP were calculated on
the basis of the OOH proton due to the peak overlap of the TBHP methyl
proton with nonane protons (TBHP solution in nonane was used throughout).
Although the Stokes-Einstein equation assumes a sphere as the molecular
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shape and does not take the molecular interactions into account, the radius of
TTMST at low temperatures, at 213 and 223 K, was well estimated (the
distance between the center Ti atom and the farthest methyl hydrogen from
the optimized geometry was 5.47 Å). The overestimation of the radius of
TBHP by itself in toluene indicates the intermolecular interaction by hydrogen bonds. The two peaks originating from TTMST showed different diffusion behaviors, which proves that they are from different species; that is, the
two 1H NMR peaks do not originate from protons in the same molecule or
complex. The radius of TTMST(2) was larger than that of TTMST(1) at all
temperatures.
In IR, dramatic changes in the Ti-O-Si stretching modes were observed
upon TBHP addition (Fig. 5-5). A band around 890 cm-1 appeared as the
absorbance of the Ti-O-Si stretching vibrational frequencies around 920 cm-1
decreased. The relative absorbance of the bands at 890 and 920 cm-1 changed
as the concentration of TBHP was varied (Fig. 5-5). The analysis of the OH
stretching region (3000-3700 cm-1) showed hydrogen-bonding within TBHP
and between TBHP and TTMST. In the presence of TTMST in solution the
ratio of free or very weakly interacting TBHP increases with respect to TBHP
interacting with itself (Appendix B, Fig. B-3).
TiOOH(η1) or TiOOH(η2) complexes with one or two oxygen atoms of
TBHP coordinating to the Ti center are possible species formed upon addition
of TBHP to TTMST. However, the formation as such of complexes does not
explain the 1H chemical shift changes induced by temperature and concentration variations. The temperature and concentration dependence of the chemical shifts implies a flexible and dynamic structure. Theoretical investigations
of TiOOH(η1) and TiOOH(η2) complexes resulted in no energetic minimum
(at B3PW91/3-21G level); instead TBHP hydrogen-bonded to TTMST was
found as a minimum. First, interaction of TTMST with one TBHP molecule
was investigated. Several relatively stable conformations could exist for a
TTMST-TBHP hydrogen-bonding complex with a static model investigation.
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Fig. 5-5: (A) ATR-IR spectra of TTMST-TBHP solution in toluene. The bold line
represents TTMST in toluene. Traces a-g correspond to TTMST:TBHP =
1:1, 1:2, 1:5, 1:10, 1:30, 1:50, and 1:80, respectively (0.05 M TTMST in
toluene at 300 K for all the solutions). (B) ATR-IR spectrum of 5.5 M TBHP
in nonane at 300 K. (C) ATR-IR spectra of the (Ti-O-Si) region.
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Various starting geometries converged into mainly three structures at the
B3PW91/3-21G level of theory with very similar energy. A structure among
the three with the lowest energy was assumed as the global minimum structure,
and further the structure was optimized and the harmonic vibrational frequencies and normal modes were analyzed using the method described in the
experimental section. The binding energy of the hydrogen-bonding was estimated to be only 1.27 kJ/mol at the same level of theory after BSSE was taken
into account. Although this interaction energy is small, the effect of the hydrogen-bonding on the calculated spectrum is significant. Fig. 5-6 shows the
calculated IR spectrum of TTMST with one hydrogen-bonded TBHP molecule. Upon hydrogen-bonding of TBHP, one mode of the three nearly degenerated Ti-O-Si vibrations is coupled with the O-H bending vibration and
red-shifted from 920 to 875 cm-1, which makes the IR intensity of the Ti-O-Si
stretching at 920 cm-1 smaller. This is in good agreement with the experimental observations (Fig. 5-5).
Furthermore, geometry optimization and harmonic vibrational frequency
analysis were carried out for hydrogen-bonded complexes with two, three, and
four TBHP molecules. One possible geometry for each complex was considered, and therefore, the complex geometries may not be at the global minimum of the potential energy surface. However, the series should show a tendency of IR spectral change when more TBHP molecules interact with
TTMST. When two TBHP molecules are hydrogen-bonded, two of the three
degenerate Ti-O-Si stretching vibrations red-shift as shown in Fig. 5-6. Moreover, the three Ti-O-Si vibrations are red-shifted to 865 cm-1 when all the
Ti-O-Si bonds are hydrogen-bonded by four TBHP molecules. When TBHP
forms the hydrogen-bonded complexes, the distance between the center Ti
atom and the farthest methyl hydrogen of TBHP is approximately 7.5 Å,
which is larger than the radius estimated from DOSY, but the radii of the
latter may be significantly underestimated due to the spherical shape assumption of the complex. Comparing the IR spectra (Fig. 5-5) with the theoretical
IR spectra (Fig. 5-6) indicates that not all the Ti-O-Si bonds are hy-
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Fig. 5-6: Calculated IR spectra of TTMST and TTMST complexes with one, two,
and four hydrogen-bonding TBHP molecules (scaled by 0.955) and the optimized structures. For clarity hydrogens are not shown except hydrogens involved in hydrogen-bonding.

drogen-bonded with TBHP under the conditions of the current study. It
should be noted that in 1H NMR only one additional peak, most likely of the
TTMST-TBHP complex, was observed. This is another indication of high
mobility of TBHP around TTMST, and therefore, the peak represents an
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average on the time scale of the NMR measurements. The experimental and
theoretical investigations support hydrogen-bonding as the main interaction
between TTMST and TBHP. The effect of the hydrogen-bonding on the
activation of the O-O bond in TBHP during epoxidation will be discussed
later.

5.3.4 Interaction of CHol with TTMST
Interaction of CHol with TTMST was also examined by IR, NMR, and
computational means. Contrary to the TTMST-TBHP mixture, there was no
significant change in the Ti-O-Si vibration upon the addition of CHol (Fig.
5-7). Also, in 1H and

29

Si NMR no remarkable change was observed (the

details are discussed in the next section in comparison with the reaction mixture). This weak interaction of CHol with TTMST was also supported by
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Fig. 5-7: (A) ATR-IR spectra of a TTMST and CHol mixture in toluene. The bold
line represents TTMST in toluene. Traces a-d correspond to TTMST:CHol =
1:1, 1:2, 1:5, and 1:10, respectively (0.05 M TTMST for all the solutions, at
300 K). (B) ATR-IR spectrum of 0.5 M CHol in toluene at 300 K.
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theoretical calculations (Appendix B, Fig. B-4). Thus, we suggest that CHol
itself does not interact strongly with TTMST. In particular, it does not form
hydrogen bonds.

5.3.5 Interaction of TBHP and CHol with TTMST
The state of TTMST in the presence of both TBHP and CHol, i.e., under
epoxidation conditions, was examined by IR. The ratio of the TTMST:TBHP
= 1:10 solution was kept constant, while the concentration of CHol was varied.
Note that TBHP addition to TTMST dissolved in toluene resulted in a decrease of the intensity of the Ti-O-Si band. Upon CHol addition, the decreased Ti-O-Si band slightly regained its intensity (Fig. 5-8). The different
CHol concentrations did not affect the degree of this intensity increase.
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Fig. 5-8: ATR-IR spectra of a TTMST, TBHP, and CHol mixture in toluene. The
bold line represents TTMST in toluene. The dotted line represents the
TTMST:TBHP = 1:10 solution in toluene. Traces a-c correspond to
TTMST:TBHP:CHol = 1:10:2, 1:10:5, and 1:10:10, respectively (0.05 M
TTMST for all the solutions, at 300 K).
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One possible explanation for this observation is the elimination of TBHP
from the TTMST matrix (the space in the proximity of TTMST) by competing CHol. This is, however, unlikely due to the very weak interaction of CHol
with TTMST. Another possibility is that CHol interacts with TBHP in the
TTMST matrix. Since the interaction between TTMST and TBHP is decreased by the interaction of TBHP-CHol, the intensity of the Ti-O-Si
stretching vibration could be regained. Also, the constant intensity increase of
the latter at the different CHol concentrations implies that CHol interacts
with TTMST-TBHP complexes with a certain ratio, e.g., 1:1, TBHP to CHol.
The interaction among TTMST, TBHP, and CHol was studied by 1H, 13C,
and

29

Si NMR. A solution containing the compounds in the ratio

TTMST:TBHP:CHol = 1:10:10 (TBHP and/or CHol are absent for TTMST,
TTMST-TBHP, and TTMST-CHol) was chosen. The

13

C NMR measure-

ments showed exactly the same trends as the 29Si NMR investigations; therefore, the 13C NMR results are not shown here. When CHol was added to
TTMST, a small peak appeared (Fig. 5-9). In contrast, the change in the
spectrum was very significant when TBHP was added to the TTMST solution
in both 1H and 29Si NMR. In 1H, 13C, and 29Si NMR, the TTMST-TBHP
solution showed almost the same intensity for both peaks. Note that the peak
which appeared upon TBHP addition was very mobile regarding the 1H NMR
chemical shift at different TBHP concentrations and temperatures as shown in
Fig. 5-3 and 5-4. However, the similar peaks in 1H NMR do not mean that
the protons are in similar environments. When CHol was added to
TTMST-TBHP solution, the chemical shift difference between TTMST and
the additional peak became smaller in 29Si and 13C NMR, whereas an opposite
trend was observed in

1

H NMR. The effect of CHol addition to

TTMST-TBHP solution was prominent in comparison with that of the addition of CHol to TTMST solution, which indicates that the interaction of
CHol with the TTMST matrix is remarkably enhanced when TTMST interacts with TBHP.
The changes in the 29Si NMR chemical shift of the reaction mixture before
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Fig. 5-9: 1H and 29Si NMR spectra of various TTMST-TBHP-CHol mixtures (0.05 M
TTMST in toluene-d8, TTMST:TBHP:CHol = 1:10:10, where TBHP and/or
CHol are absent for TTMST, TTMST + TBHP, and TTMST + CHol) at 243
K. The bottom two spectra are measured at 243 K after reactions of 20 h at
room temperature and 15.5 h at 333 K (31% and 95% CHol conversion, respectively).

and after the reaction were investigated (Fig. 5-9) at two reaction conditions,
namely (a) 20 h at 300 K and (b) 15.5 h at 333 K (in an NMR tube, no
mixing). The conversions of CHol were (a) 31% and (b) 95%, respectively.
When the reaction proceeded, the TTMST peak (~13.6 ppm in 29Si NMR,
corresponding to ~0.22 ppm in 1H NMR judging from the peak area) decreased. Especially when the reaction was almost complete (condition b), the
TTMST peak almost disappeared. On the contrary, the complex peak (~15.3
ppm in

29

Si NMR, ~0.26 ppm in 1H NMR before the reaction) became

sharper and gained intensity. The peak shifted upfield toward that of TTMST

112

Chapter 5

in 29Si NMR and downfield in 1H NMR. During the reactions, the sum of the
two peak areas in 1H NMR was constant, which confirms that during epoxidation no cleavage occurs. From a structural point of view, 1H NMR should
be more sensitive to the environment around the TTMST matrix, while 29Si
NMR should be more sensitive to the state and structure of TTMST. In 29Si
NMR, upon addition of CHol to TTMST-TBHP solution the complex peak
shifted upfield toward the chemical shift of the uncomplexed TTMST observed upon addition of TBHP and CHol, and the TTMST peak (29Si, ~13.6
ppm) gradually decreased. This implies that the TTMST in the complex
readjusted to the original TTMST state. In 1H NMR, the additional peak
moved away from the TTMST peak which also gradually decreased during the
reaction. In both 1H and 29Si NMR, the line width of the peak became similar
to that of the TTMST peak without reactants as the reaction proceeded. The
result that the 1H chemical shift does not move toward TTMST is reasonable
considering that the environment near TTMST changes as the reaction proceeds due to the epoxide and tert-butyl alcohol formation. An interesting
observation is that the TTMST in the complex seems to return to the original
state, but the two peaks in NMR are distinct. On the NMR time scale, the
uncomplexed TTMST apparently exists and decreases in time during epoxidation.

5.3.6 Activation toward Epoxidation and the Role of Ti
In the preceding section, mainly the interaction of TBHP and CHol with
TTMST was considered, indicating that the TBHP hydrogen-bonded complexes may play a key role during epoxidation. It remains to be explored
whether hydrogen-bonding is sufficient to activate the reaction.
Generally, it is agreed that epoxidation by peroxo species (peroxo, hydroperoxo complex, or peroxide) occurs via interaction between an occupied C=C
-bonding orbital, π(C=C) (often the HOMO of an olefin), and an unoccupied
O-O -antibonding orbital, σ*(O-O) (often an LUMO in the case of peroxide).
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The electrophilic character of σ*(O-O) is often related to the reactivity.41-44
Rösch and co-workers have theoretically analyzed the reactivity of various
transition-metal peroxo complexes by σ*(O-O) orbital energies in comparison
with the activation energies.42-44 In this section, the electrophilic character of
the O-O bond is analyzed in a similar manner using Kohn-Sham orbitals and
the corresponding energies.
Fig. 5-10 shows the interactions between σ*(O-O) of TBHP (LUMO) and
the energetically closest orbital of TTMST (LUMO+5). The σ*(O-O) orbitals
of the complexes are located at the LUMO+5 and LUMO+(5+n) (n is from 1
to the number of TBHP molecules in the complex). The LUMO+5 of the
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Fig. 5-10: Orbital interaction and energy diagram between the LUMO + 5 of TTMST
and the LUMO of TBHP.
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complexes was the lowest unoccupied orbital which had significant contribution at TBHP. The interaction between the LUMO of TBHP and the
LUMO+5 of TTMST results in a stabilized orbital and destabilized one(s).
For TBHP hydrogen-bonded to TTMST, the σ*(O-O) orbital energy was
more stable by 24.2 kJ/mol with respect to that of TBHP. When more TBHP
molecules are hydrogen-bonded, the σ*(O-O) orbital energy is even lower;
with four TBHP molecules the stabilization is 31.9 kJ/mol. Therefore, we may
infer that when more TBHP molecules are hydrogen-bonded, the complex is
more active in epoxidation.
To clarify and understand the catalytic nature of the Ti in TTMST, the
properties of the interaction of TBHP with TTMSS (tetrakis(trimethylsiloxy)silicon, Si(OSiMe3)4) were theoretically investigated at the B3PW91/
6-311G(d) level of theory and compared with those of the TTMST-TBHP
Table 5-2: Bond lengths, angles, and Mulliken atomic charges of the molecules and
a
the complexes.
Bond Lengths and Angles
TTMST
Ti-O
Ti-O (H-bonded)
Si-O (Si: center)
Si-O (H-bonded)
O-Si
O-Si (H-bonded)
(OO)H…O(<M,Si)
O-O (TBHP)

TTMST+TBHP

1.793

TTMST+2TBHP TTMST+3TBHP TTMST+4TBHP

1.787
1.828

1.781
1.820

1.771
1.814

TTMSS

TTMSS+TBHP

1.621

1.806

1.438

1.670
1.681
1.912
1.448

1.675
1.687
1.933
1.445

1.684
1.692
1.944
1.446

1.698
1.967
1.445

1.621
1.650
1.663
1.687
1.901
1.449

0.966

0.976

0.976

0.975

0.975

0.976

149.47
165.52
172.58
172.91

147.92
148.88
166.64
167.04

147.53
149.77
150.85
165.41

148.23
148.87
149.29
150.17

1.663

O-H (TBHP)

∠(M-O-Si)

TBHP

179.66
179.89
179.94
179.98

1.651

179.78
179.90
179.94
179.97

142.84
149.42
161.17
171.16

Mulliken Charges
TTMST
Ti
Si
O
a

1.80
1.38
-0.83

TTMSS

TBHP

Si (center) 1.54
Si
1.43
O
-0.79

O (-H) -0.42
O (-tBu) -0.23
H (-OO) 0.41

CHol
O
-0.56
H (-O) 0.38

The bond lengths and atomic charges are averaged when more than one bond or atom was involved
in a similar environment. Bond lengths and angles are shown in angstroms and degrees, respectively.
M represents Ti for TTMST and Si for TTMSS. The angle values are given in bold when the M-O-Si
bond is hydrogen-bonded by TBHP.
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Fig. 5-11: Orbital interaction and energy diagram between the LUMO of TTMSS
and the LUMO of TBHP.

interaction. The geometry of TTMSS is similar to that of TTMST, although
the Si(center)-O bond length is slightly shorter than the Ti-O bond length
(Table 5-2). TTMSS also forms a hydrogen-bonding complex with TBHP
with a larger binding energy (6.66 kJ/mol, BSSE corrected). The shorter
hydrogen-bonding distance of TTMSS-TBHP supports the stronger interaction (Table 5-2). The Mulliken charges of oxygen atoms in TTMST and
TTMSS are similar, and hence, the polarity of the bond does not explain the
strength of the hydrogen bonds (Table 5-2).
Furthermore, Kohn-Sham orbitals of TTMSS and the TTMSS-TBHP
complex were analyzed. The LUMO of TTMSS is the energetically most

116

Chapter 5

proximate orbital to the LUMO of TBHP. Similar to the case of TTMSTTBHP, the LUMO of TTMSS interacts with the LUMO of TBHP, which
results in the stabilization of σ*(O-O) of TBHP (Fig. 5-11). There are two
main differences when the TTMSS-TBHP orbitals are compared with the
orbitals of the TTMST-TBHP complex. First, the σ*(O-O) orbital stabilization is less due to the higher LUMO energy of TTMSS compared to the
LUMO+5 energy of TTMST (Fig. 5-10 and 5-11). Second, the σ*(O-O)
orbital of the TTMSS-TBHP complex does not have a delocalized nature as in
the TTMST-TBHP complex because of the localized character of the LUMO
of TTMSS. The LUMO+5 delocalized character of TTMST and the
TTMST-TBHP complex are due to the d-orbitals of Ti, which are missing in
TTMSS. These two differences, namely, orbital stabilization and delocalization, are probably crucial for the catalytic ability of TTMST. The stabilization
of the σ*(O-O) orbital is required for an epoxidation rate enhancement, and
also the delocalized character of the σ*(O-O) orbital may be important for
activation of π(C=C) of olefins. When olefins interact with TBHP in the
TTMST matrix, not necessarily in the proximity of TBHP, the delocalized
orbital can interact with π(C=C), which leads to weakening of the O-O bond
of TBHP and promotes epoxidation. In addition, the highly mobile nature of
TBHP in the TTMST matrix as revealed by the spectroscopic experiments
and the low binding energy may assist and enhance collision of TBHP and
olefins in the TTMST matrix.
The catalytic function of Ti is likely more due to the orbital interactions
and the weak hydrogen-bonding than to the electrostatic effects. The stabilization and delocalization of TBHP σ*(O-O) as well as the high mobility of
TBHP in the hydrogen-bonded complexes could be the origin of the excellent
catalytic performance of TTMST.
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5.3.7 Epoxidation Mechanism and Comparison between the
TS-1-H2O2 and TTMST-TBHP Systems
There are several differences between the two catalytic systems. A major difference is the effect of water presence on epoxidation activity. The TS-1-H2O2
catalysis occurs in aqueous medium, and also H2O2 can form water after
oxygen transfer; hence, it is expected that water exists near the active center in
the TS-1-H2O2 system. Recent experimental and theoretical studies on the
TS-1-H2O2 system consider water to contribute to the active site formation,17,45-47 promoting TiOOH (η2) hydroperoxo complex formation in the
Ti(-OSi)3 moiety; although similar to the current study, H2O2 weakly interacting with the active Ti center is reported.10 There are also some studies
reporting TiOOR and TiOOSi to be the active species.13,48 In the case of
TTMST, water completely cleaves the Ti-O-Si bond irreversibly and deactivates the catalyst. In the TS-1-H2O2 system, water is always present but the
catalyst is still active. This may be due to the rigid framework of TS-1, which
allows condensation of OH groups formed by hydrolysis as observed by IR,14
i.e., -Ti(OH) + (HO)Si- R -Ti-O-Si- + H2O, while in the case of TTMST
the hydrolyzed Me3SiOH is far less likely present in the proximity of TiOH.
The current spectroscopic studies showed that the Ti-O-Si bond of
TTMST is not cleaved upon TBHP addition and during epoxidation. This is
an important fact that allows exclusion of "defect" models as proposed for the
TS-1 system, i.e., a less than four -OSi- coordinated environment as the active
center. Our computational investigations support that hydrogen-bonding of
TBHP is the main interaction mode leading to the activation of the O-O
bond. The differences mentioned above imply that the epoxidation mechanisms of the two systems have fewer common features than often advocated in
the literature.
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Conclusion

The combination of spectroscopic and computational studies allowed shedding light on the interactions between the reactants and the single-site homogeneous Ti-Si catalyst during epoxidation. The Ti-O-Si bond of TTMST is
cleaved in the presence of water, while TBHP does not cleave this bond and
forms weak hydrogen-bonded complexes, as supported by our IR, NMR, and
computational investigations. The cleavage of the Ti-O-Si bond was also not
observed during epoxidation. The hydrogen-bonding of TBHP to TTMST
lowers the σ*(O-O) orbital energy of TBHP, and thereby activates the O-O
bond of TBHP for epoxidation. When all four Ti-O-Si bonds are hydrogen-bonded, the O-O bond becomes most active. CHol only weakly interacts
with TTMST, but the interaction becomes stronger when CHol interacts with
the TTMST-TBHP complex. The σ*(O-O) orbital energy stabilization and
delocalization as well as the highly mobile TBHP in the TTMST matrix seem
to play key roles in epoxidation. The study, using an active model homogeneous catalyst, may provoke another view on the epoxidation mechanisms governing heterogeneous Ti-Si-based catalysts.
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6
Carbon Dioxide Hydrogenation
Catalyzed by Ruthenium Dihydride:
A DFT and High-Pressure
Spectroscopic Investigation
Reaction pathways of CO2 hydrogenation catalyzed by a Ru dihydride complex (Ru(dmpe)2H2, dmpe = Me2PCH2CH2PMe2) have been theoretically studied by DFT calculations and experimentally by IR and NMR spectroscopy up to 120 bar in toluene at 300 K.
CO2 and formic acid can be readily inserted into or react with the catalyst, forming formate complexes. Two formate complexes, cis-Ru(dmpe)2(OCHO)2 and trans-Ru(dmpe)2H(OCHO) are formed under a low CO2 pressure (< 5 bar), while the latter is formed
exclusively when formic acid reacts with the catalyst. When more than 50 bar of H2
pressure is applied in addition to the low CO2 pressure, a RuH " HOCHO dihydrogen-bonded complex of the trans conformation was identified. Potential energy profiles
along possible reaction paths have been obtained by static DFT calculations and the lower
activation energy profiles via the trans conformation are confirmed. The H2 insertion is
identified as the rate-limiting step of the reaction, and the high energy of the H2 insertion
transition state can be attributed to the elongated Ru-O(CHO) bond. The H2 insertion
and the following formic acid formation proceed via Ru(η2-H2) like complexes, where
apparently formate ion and Ru(η2-H2)+ are interacting. The bond properties of involved Ru
complexes were characterized by natural bond orbital (NBO) analysis and the strong ionic
characters of various complexes and transition-states are identified. In addition, when the
formic acid dihydrogen-bonded to the hydride (RuH " HOCHO) is not removed from
the catalyst, formic acid can easily react with the catalyst, and therefore the formic acid
concentration near the catalyst also plays another critical role of the reaction system.
Important aspects for the design of highly active catalytic systems are discussed.
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Introduction

The use of industrially produced CO2 as a chemical feedstock is gaining
growing attention driven by environmental1, legal2, and social factors3. CO2 in
the atmosphere is a major contributor to the greenhouse effect, and various
strategies have been developed for lowering its concentration in the atmosphere.4 Although the use of CO2 in chemical synthesis4-7 can only relatively
little contribute to the mitigation of the CO2 level in the atmosphere, there are
several other factors that render CO2 an interesting chemical feedstock, such as
high abundance, relative non-toxicity, low cost, and low critical temperature.
A variety of products can be synthesized from CO24-7 and among them formic
acid derivatives have gained particular attention.
Syntheses of formic acid8-14, various alkyl formates8,14,15, and formamides14,16-18 utilizing gaseous CO2 and H2 with mainly homogeneous transition-metal catalysts have been reported since the mid 1970s. An important
breakthrough was reported by Noyori’s group in the mid 1990s.13,14,16,17 Using
supercritical CO2 functioning as both reactant and solvent, high turnover
frequencies of the reactions were achieved. The high diffusivity of gases, weak
catalyst solvation, and the high solubility of H2 in supercritical CO2 were
assigned to the origin of the high turnovers.14 The work of Noyori and
co-workers clearly indicates that alkyl formates or formamides are formed
consecutively after formic acid formation by the reaction of formic acid with
alcohol or amine, respectively.14 Formic acid formation by hydrogenation of
CO2 seems to be the common pathway and plays a critical role in the activity
of the three different reaction systems besides other effects such as promoter
and solvent. Hence, it is expected that the elucidation of the formic acid
formation pathways will lead to understanding of the reaction systems where
CO2 and H2 are involved and also explain effects of different ligands and
additives. Theoretical investigations have so far concluded that CO2 insertion
is the rate-limiting step19,20 or that the reaction rate does not depend on H2
pressure21 in spite of the fact that strong dependency of the reaction rate on H2
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pressure have been reported using homogeneous11,14,22 and immobilized-heterogeneous catalysts23.
In this chapter, the reaction pathways during CO2 hydrogenation are
studied spectroscopically by high-pressure IR and high-pressure NMR spectroscopy and theoretically by DFT using Ru(dmpe)2H2 (dmpe = Me2PCH2CH2PMe2) as catalyst. The combined approach enhances the reliability of the
theoretical models by excluding non-relevant models. The catalyst was chosen
because of its activity in the reaction14, simpler identification of spectra, and
faster convergence in the theoretical geometry optimization due to its more
rigid framework by the ethyl bridge of the ligand. The size of the catalyst
allows modeling of the full catalytic system with minimum assumptions. Also,
CO2 insertion to the catalyst has been studied by NMR by Perutz and
co-workers and various intermediates of the catalyst have been clearly assigned24, which serves as a reliable reference for this work. Toluene is used as
solvent to attain reasonable concentration for spectroscopic measurements
with a clear proof that the reaction can proceed in apolar solvent such as
benzene under high CO2 and H2 pressure25. High-pressure, especially of H2, is
necessary to achieve high reaction rate, therefore, the spectra are measured
under high H2 pressure (up to 120 bar). As will be shown, there are significant
changes in the state of catalyst complexes under high H2 pressure. Base, always
added to promote turnover in real catalytic systems by extracting formic acid
from the catalyst, is not added to the reaction mixture in order to identify
intermediate species by keeping the reaction at an equilibrium point. Furthermore, the backward step, a reaction of formic acid with the catalyst, is
studied and the whole reaction pathways can be connected. Effects of additives
are not within the scope of this study. Several new aspects in the reaction
intermediates and pathways are presented, and important criteria for designing
better catalyst are suggested.
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Experimental

6.2.1 Materials and Synthesis
All reactions and manipulations involving hydride complexes and 1,2-bis
(dimethylphosphino)ethane (dmpe, > 98 %, ABCR) were performed under
argon atmosphere employing standard Schlenk techniques. Toluene (> 99.7 %,
Fluka) was freshly distilled from sodium-benzophenone under argon prior to
use. The dmpe ligand and dichlorotris(triphenylphosphino)ruthenium(II)
(Ru(PPh3)3Cl2, > 99 %, ABCR), and toluene-d8 (> 99.6 %,

Eurisotop) were

used as received. Ru(dmpe)2Cl2 was prepared according to the literature26 from
Ru(PPh3)3Cl2 (6.33 g, 6.60 mmol) and 1,2-bis(dimethylphosphino)ethane
(2.0 g, 13.3 mmol) to give Ru(dmpe)2Cl2 (2.78 g, > 88 %) as a pale yellow
solid. Approximately 5 g of freshly cut sodium metal was added in small pieces
to a solution of Ru(dmpe)2Cl2 (0.21 g, 0.527 mmol) in dry toluene (30 ml).
The mixture was stirred moderately at 313 K, while the reaction vessel was
kept inert by a constant weak argon flow (> 99.999 %, PanGas). Through a
septum, a syringe needle was inserted into the solution and hydrogen gas (>
99.999 %, PanGas) was bubbled through the solution at a constant low flow
rate. This setup was maintained this way for 60 h, while the color changed
from a yellow solution to a dark, slightly purple colored, opaque mixture. To
avoid an excessive loss of solvent through evaporation, a reflux condenser was
attached to the outlet of the vessel. The toluene solution of thus in situ generated Ru(dmpe)2H2 was taken out by a syringe with a filter removing the dark
precipitate, and an almost colorless, slightly yellowish clear solution was obtained. All following manipulations and spectroscopic experiments were performed rapidly and without exposing the solution directly to air. This whole
procedure was repeated before each spectroscopic measurement. CO2 (>
99.9993 %, Linde AG) and formic acid (> 99 %, Acros Organics) were used
to investigate the reactions with Ru(dmpe)2H2.
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6.2.2 Spectroscopic Methods
The NMR measurements were performed on Bruker DRX-400 spectrometer,
the 1H, 13C and 31P chemical shifts were referenced to TMS, and 85% H3PO4,
respectively. For high gas pressures up to 10 MPa, sapphire NMR tubes (φ =
10 mm) were used.27,28 The spectra were analyzed by the WINNMR and fitted
using NMRICMA 2.8 (non-linear least-squares iterative fitting application for
MATLAB29).
High-pressure IR spectra were obtained using a home-made batch cell located in a Bruker IFS-66 spectrometer equipped with a liquid nitrogen cooled
MCT Detector with the capability of both transmission and ATR-IR measurements up to 200 bar and also monitoring sample phases within the cell.30 A
ZnSe crystal was used for the internal reflection element. The angle of incidence and the number of active reflections were 60° and 3, respectively. IR
spectra were recorded at 1 cm-1 resolution.

6.2.3 Computational Methods
Geometry optimization, single-point energy, and harmonic vibrational frequency calculations were performed with the B3PW91 hybrid functional31,32
using Gaussian 0333. A 6-311G(d,p) basis set was applied for all the atoms
except Ru. For Ru, the LanL2DZ effective core potential (ECP) basis set was
used. The ECP replaces the core electrons of Ru up to 3d and the valence
electrons are described by a (341/321/31) basis set.34 Each transition state was
identified with one imaginary frequency and the corresponding normal mode
connects the reaction pathway. Basis set superposition error (BSSE) was corrected using counterpoise approximation35 when necessary. All calculations
were performed as an isolated gas-phase molecule or complex without solvent
effects. IR spectra are shown as the sum of Lorentzian lines taking the calculated IR intensity of a normal mode as the height at each frequency. Bonding
properties were characterized by NBO (Natural Bond Orbital) analysis36,37.
Important bond lengths, bond angles, natural bond orders, natural charges,
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and natural electron configurations are shown in Appendix C.

6.3

Results and Discussion

6.3.1 State of Ru(dmpe)2H2 Catalyst
Fig. 6-1 shows the IR spectrum of the catalyst in toluene at 300 K and calculated spectra of cis- and trans-RuH2 complexes (from here on (dmpe)2 is omitted). A broad Ru-H stretching band at 1770 cm-1 was observed, indicating
that the catalyst exists only in the cis-conformation as clearly seen from the
calculated spectra. The good agreement for all the vibrational frequencies and
intensities of the C-H bending and Ru-H stretching modes confirms that the

0.05 M Ru(dmpe) 2H 2
in toluene at 300 K
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Fig. 6-1: Comparisons between experimental and calculated IR spectra of Ru(dmpe)2H2. The optimized geometries are shown without hydrogen atoms of
the dmpe ligands for clarity. Calculated vibrational frequencies are scaled by
0.97.
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accuracy and reliability of the computational method and approximations
applied.
1

31

H and

P NMR also show that the catalyst mainly exists in the

cis-conformation (Fig. 6-2 for 31P{1H} and Appendix C for 1H). The peak at
46.0 ppm in

31

P was assigned to trans-RuHCl, which is the intermediate

before RuH2 during the synthesis from trans-RuCl2. Although nearly all
trans-RuCl2 was converted to RuH2 after the synthesis, probably the residual
NaCl in solution reacted with the dihydride complex and trans-RuHCl was
formed. The concentration of trans-RuHCl is minor but gradually increased
with time. Since most of the measurements were carried out immediately after

(1)

(1)

Ru(dmpe) 2H 2

(2)

(2)

(3)

+ 4 bar CO 2
(2)

(2)

(3)

+ 4 bar CO 2 + 10 bar H 2

+ 4 bar CO 2 + 96 bar H 2
(3)

+ formic acid
60

55

50

45

40

35

30

Chemical Shift / ppm
Fig. 6-2: 31P{1H} NMR spectra of 0.03 M Ru(dmpe)2H2 in toluene at 300 K under
different CO2 and H2 pressures or after addition of formic acid (molar ratio,
catalyst : formic acid = 1 : 2). (1) cis-Ru(dmpe)2H2, (2) cis-Ru(dmpe)2(OCHO)2, (3) trans-Ru(dmpe)2H(OCHO)

128

Chapter 6

the synthesis except the high-pressure NMR, the presence of trans-RuHCl and
the effects on the reaction pathway is neglected in this study.
One very important question to answer here is if the trans-RuH2 exists or
not. As will be shown in the later sections, it is crucial to clarify the presence
or absence of trans-RuH2 since the presence affects the possible reaction pathways. Next to the septet hydride peak of cis-RuH2 at -9.5 ppm38, a quintet
peak at -10.3 ppm was observed (Appendix C). 2D 1H-31P correlation analysis
clearly identified that the peak at -10.3 ppm in 1H and 49.0 ppm in 31P is
trans-RuH2 (not observable in Fig. 6-2 due to too low signal-to-noise ratio).
The ratio between cis- and trans-RuH2 is 18:1 at 300 K in toluene.

6.3.2 State of Ru(dmpe)2H2 Catalyst under CO2 Pressure and
after Formic Acid Addition
Fig. 6-2 shows the 31P{1H} NMR spectrum after the addition of 4 bar CO2 to
0.03 M RuH2 catalyst solution at 300 K. Immediately after the CO2 pressure
was applied, two Ru complexes, cis-Ru(OCHO)2 and trans-RuH(OCHO),
were observed as previously reported24. However, at 300 K the expected intermediate cis-RuH(OCHO) before the formation of cis-Ru(OCHO)2 could not
be detected unlike the investigation at lower temperature and lower CO2
pressure24. The ratio [trans-RuH(OCHO)]/[cis-Ru(OCHO)2] was significantly
higher than [trans-RuH2]/[cis-RuH2], implying the higher reactivity of
trans-RuH2 than cis-RuH2. When the CO2 pressure was released and the solution was kept under an inert gas (e.g. N2 or Ar), more trans-RuH(OCHO) was
formed with time with respect to cis-Ru(OCHO)2 in agreement with the
previous

NMR

study24.

An

interesting

question

is

how

the

trans-RuH(OCHO) is formed, that is, via conformational change of formate
complexes or via CO2 insertion to trans-RuH2. These possibilities are discussed
in Section 6.3.5.
Furthermore, formic acid interaction with the RuH2 catalyst was investigated. After the addition of formic acid to the RuH2 catalyst at 300 K in
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Scheme 6-1: Observed main reaction by the addition of formic acid to Ru(dmpe)2H2
in toluene at 300K.

toluene, immediately H2 was formed and released as bubbles and only
trans-RuH(OCHO) was observed after the reaction (Scheme 6-1). The assignment of trans-RuH(OCHO) was ensured by 1H and

31

P (Fig. 6-2 and

Appendix C) and the doublet formate peak in 1H NMR by the reaction of 13C
enriched formic acid. This fact that formic acid can react with the catalyst and
form the formate complex shed light on a very critical aspect of the reaction
system, i.e. formed formic acid easily reacts to form the formate complex
during the hydrogenation of CO2. It is necessary to consider the high reactivity of formic acid with the catalyst (‘formic acid insertion’ implies this reaction
step) for improving the catalytic system.
There was neither cis-RuH(OCHO) nor cis-Ru(OCHO)2 observed, although cis-RuH2 exists predominantly before formic acid addition. There are
two possibilities for the formation of trans-RuH(OCHO), via conformational
change of cis-RuH(OCHO) after the reaction between cis-RuH2 and formic
acid or via formic acid insertion to trans-RuH2. These possibilities will also be
discussed in Section 6.3.7 with the aid of DFT calculations.
The IR spectrum of the catalyst under CO2 pressure or formic acid addition is shown in Fig. 6-3. Symmetric and asymmetric C=O stretching bands
(formally, one C=O bond is C-O, however the length is not different as typical
C=O and C-O bond and the mode is noted here as C=O stretching, see Appendix C for details, e.g. complex 9) were observed at 1320-1330 cm-1 and
1600-1700 cm-1, respectively. In the case of the formate complex formed after
formic acid addition, the presence of only trans-RuH(OCHO) complex is
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assured by the NMR results. The hydride bands are broad and retard the
identification of the complex based on only the Ru-H stretching region, but
the good agreement of the vibrational frequencies and intensities of C=O
stretching modes confidently confirms assignments of the vibrational modes.
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Fig. 6-3: Experimental IR spectra recorded after addition of 3 bar CO2 or formic
acid (molar ratio, catalyst : formic acid = 1 : 2) to 0.05 M Ru(dmpe)2H2 in
toluene at 300 K, and calculated IR spectra and the optimized geometries of
possible formed formate complexes. For clarity hydrogen atoms of the dmpe
ligands are not shown.
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In the case of CO2 addition, cis-Ru(OCHO)2 is expected to exist as a major
species. The main difference between the two experimental spectra is the
shoulder at 1670 cm-1. The vibration most likely originates from the
cis-Ru(OCHO)2 because of its absence in trans-RuH(OCHO) in the case of
formic acid addition. The rather broad peak at 1670 cm-1 may originate from
the asymmetric C=O stretching averaged by the different interactions of two
formate groups or may be from the cis-RuH(OCHO) in equilibrium with
cis-Ru(OCHO)2 by CO2 insertion and dissociation.

6.3.3 State of Ru(dmpe)2H2 Catalyst under CO2 and H2
Pressure
The state of the catalyst under H2 in addition to CO2 was investigated by
high-pressure NMR and IR. When 10 bar H2 had been added together with 4
bar CO2 there was virtually no change in the state of the formates observed in
1

H and 31P NMR (Fig. 6-2 and Appendix C). However, when 96 bar H2 had

been added together with 4 bar CO2, remarkable changes were observed in 1H
and 31P NMR. More trans-conformation complex was formed and some shift
to higher field in 31P and 1H chemical shift was observed (Fig. 6-2 and Appendix C). The hydride peak of the trans-complex was nearly at the same chemical
shift (-22.9 ppm) as trans-RuH(OCHO) (-22.5 ppm), but now appeared as a
rather broad peak (see Appendix C).
High-pressure IR investigation can give helpful additional and complementary information due to the different time-scale of IR compared to NMR.
Fig. 6-4 shows the high-pressure IR spectra of the catalyst under various CO2
and H2 pressure. H2 pressure was gradually increased keeping 5 bar of CO2
pressure, and the total pressure was released when H2 pressure reached 120 bar.
Through the course of the experiments, large bands in the region of C-O,
C=O, and Ru-H stretching were observed. After releasing CO2 and H2 pressure, washing the ZnSe ATR crystal, and filling the IR cell setup with N2, the
measured IR spectrum clearly showed accumulation of surface species on the
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crystal (Fig. 6-4, marked with asterisks). The accumulation started above ca.
50 bar of H2 pressure, most likely by the reaction of the species present under
the high-pressure with the surface of ZnSe. It is known that strong acid and
base in general react with ZnSe. Interestingly, there were clearly three bands at
1202, 1570 and 1725 cm-1 present only under high H2 pressure (> 50 bar) and
those bands disappeared when the pressure was released.
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Fig. 6-4: High-pressure IR spectra recorded after addition of CO 2 and H2 to 0.05 M
Ru(dmpe)2H2 in toluene at 300 K. The bands which only appear under high
H2 pressure (> 50 bar) are highlighted with gray shadow. The catalyst spectrum
(Ru(dmpe)2H2) was taken as the background. The bands with asterisk accumulated on the ZnSe ATR crystal during the measurements.
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Fig. 6-5: High-pressure IR spectrum recorded after the addition of 5 bar CO2 and
120 bar H2 to 0.05 M Ru(dmpe)2H2 in toluene at 300 K and calculated IR
spectra and optimized geometries of possible formed dihydrogen-bonded species. For clarity hydrogen atoms of the dmpe ligands are not shown. The
marked bands with filled circle appeared only under high H2 pressure (> 50
bar) in the presence of a low CO2 pressure (5 bar).
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The three bands cannot be attributed to those of the formate complexes
shown in Fig. 6-3. The band feature lacks the symmetric C=O stretching
mode, implying the formate group is hydrogenated at high H2 pressure. Due
to the absence of base for extraction of formed formic acid from the catalyst,
one of the most likely existing species under high H2 pressure is the one where
formic acid is interacting via dihydrogen-bonding, i.e. via RuH2 " HOCHO.
Fig. 6-5 shows the structure and calculated IR spectra of such complexes.
Trans-RuH2" HOCHO possesses the feature of high pressure species and the
agreement with the experimentally observed vibrational frequencies is excellent. The normal modes of the three bands show that all the modes are combined with the bending or stretching mode of the OH group of formic acid.
Trans-RuH2" 2(HOCHO) also shows similar bands with slightly less agreement with the experimental spectrum than trans-RuH2 " HOCHO. The
similar chemical shift of the hydride peak of the high-pressure complex as
trans-RuH(OCHO) suggests that the high pressure species is likely transRuH2" HOCHO. The calculated spectrum of cis-RuH2" HOCHO does not
show the band near 1570 cm-1 observed in the experiments. As seen in the
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Scheme 6-2: Observed main Ru-complexes in toluene at 300 K in the presence of
CO2 and H2
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previous section, the dihydrogen-bonding formic acid can react with the
hydride catalyst and trans-RuH(OCHO) formate complex is then formed.
The high-pressure spectroscopic studies clarifies that the high H2 pressure (>
50 bar) is necessary to shift the equilibrium from trans-RuH(OCHO) + H2 to
trans-RuH2" H(OCHO). The experimentally observed reaction pathways are
summarized in Scheme 6-2. The details of the pathways are investigated by
DFT and discussed in the following sections.

6.3.4 CO2 Insertion Pathway: Formation of cis-Ru(dmpe)2H(OCHO) and cis-Ru(dmpe)2(OCHO)2
First, the formation pathways of the most abundant species under CO2 pressure, cis-Ru(OCHO)2, and the most probable intermediate, cis-RuH(OCHO),
are theoretically investigated (Fig. 6-6). When CO2 approaches to the vicinity
of the hydride of 1 (the Ru-H bond length: 1.64 Å, the important bond
distances and angles of Ru complexes obtained by the DFT calculations are
shown in Appendix C), CO2 undergoes significant structural changes. The
complex 2, resulting from the interaction between 1 and CO2, shows a
RuH" C distance of 1.35 Å. In this study, such complexes where CO2 interacts with hydrides in the vicinity are considered as the initial step of CO2
insertion process. The C=O of CO2 (C=O bond length: 1.16 Å) and the Ru-H
bond of 2, whose hydrogen is interacting with CO2, are slightly elongated
(1.21 and 1.76 Å, respectively) and the OCO angle is reduced significantly by
38°.
The oxygen coordination to the Ru center and the formation of formate
complex 3 occur via TS2-3 (337 i cm-1) in a concerted fashion of two events,
Ru-H bond breaking and oxygen coordination, with an activation energy of
8.7 (11.7) kcal/mol (in parenthesis, the energy without BSSE correction). This
relatively small activation energy is supported by the facile insertion of CO2 to
the complex as observed experimentally. Ab initio metadynamics studies also
show a very facile insertion of CO2 to RuH2 complexes with the same con-
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certed insertion mechanism (Chapter 7). The Ru-H bond of TS2-3 is elongated
to 2.30 Å and the Ru " O distance is 2.92 Å. Interestingly, the bond lengths
of the formate unit of TS2-3 undergoing the rotational movement shows nearly
the same bond lengths and angles as the formate ion, COOH- (details are
shown in the supporting information). The C-H and C=O bond lengths and
OCO angle of TS2-3 are 1.15 Å (C-H), 1.26 Å (C=O, close to the Ru center),
1.23 Å (C=O, far from the Ru center) and 130° (OCO), while the values of
formate ions are 1.16 Å (C-H), 1.25 Å (C=O), 131° (OCO). From a viewpoint, the formate ion is rotating near the RuH+ ion at the transition state
TS2-3. The character of the formate group and the bonding will be investigated
in more details in Section 6.3.8.
Complex 3, where the hydrogen of the formate group is weakly interacting
with the hydride (H" H distance: 2.45 Å), is formed after the transition state.
The bond length of C-O, the oxygen coordinating to the Ru center, is elongated to 1.30 Å, while the non-coordinating C=O bond length is 1.22 Å. The
formate complex 3 is not the most stable cis-conformation of the complex.
The formate group of 3 undergoes the rotation via TS3-4 (131 i cm-1) with a
very small energetic barrier (0.1 kcal/mol), resulting in 4 where the formate
hydrogen points away from the Ru center and the formate oxygen is in the
vicinity of the methyl hydrogens of the dmpe ligand. The energetic stability of
the conformation among others is assured by scanning a dihedral angle, i.e. a
series of geometry optimizations of conformational isomers with different
P-Ru-O-C dihedral angles. The formate complex 4 is 2.0 kcal/mol more stable
than the dihydride catalyst 1. The C-O length of 4 is slightly shortened to
1.28 Å, while the C=O length is elongated to 1.23 Å with respect to 3. Experimentally, mono-formate complex 4, cis-RuH(OCHO), was not observed
in this study, instead only di-formate complex 6, cis-Ru(OCHO)2, was observed as cis-formate complexes, most likely due to the high temperature and
pressure used as discussed before, though the complex was observed previously24.
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The second CO2 insertion occurs via identical pathways as the first one. First,
CO2 closely interacts with the catalyst (5), resulting in significant CO2 deformations, i.e. longer C=O bonds (1.20 Å) and bent OCO angle (145°).
Through a similar transition state TS5-6 (313 i cm-1) as the first CO2 insertion,
di-formate complex 6 is formed. The energetic profile is also similar to that of
the first CO2 insertion. The same activation energy 8.7 kcal/mol for the insertion is found, implying that the second CO2 insertion will occur after the first
one when there are enough CO2 molecules around the catalyst to form the
CO2-catalyst interacting complex 2 or 5. The di-formate complex 6 is 5.8
kcal/mol more stable than the dihydride catalyst 1, and it agrees with the
stability of 6 observed experimentally.

6.3.5 CO2 Insertion Pathway: Formation of trans-Ru(dmpe)2H(OCHO)
When CO2 pressure was applied to the catalyst solution, mono-formate
trans-complex, trans-RuH(OCHO), was also observed in addition to 6. The
amount of the complex was less than 6 under the CO2 pressure; however the
instantaneous formation was observed and the concentration gradually increased with time when CO2 pressure was released. Here, the formation
mechanism of the trans-mono-formate complex 9, is investigated (Fig. 6-7).
There are some possibilities to form 9 starting from the catalyst. One possible route is via the conformational change of mono-formate cis-complex 4
(Fig. 6-7). This route is nearly impossible to analyze by investigation of static
models, therefore ab initio metadynamics was used to study the pathway,
which indicated that the formation of 9 via 4 is possible but unlikely (Chapter
7). Another possible route for the formation of 9 is via trans-RuH2 (7). As
shown before, 7 is in equilibrium with 1 and exists in a small portion. The
previous NMR study indicated that the CO2 insertion/dissociation step between 1 and 4 is very likely reversible.24 Therefore, the pathway 4 → 1 → 7
is well possible. Considering the higher reactivity of 7 than 1 for CO2 inser-
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tion suggested before, the cis-trans equilibrium can shift towards trans when 7
reacts, and therefore the pathway 4 → 1 → 7 is feasible. CO2 insertion

140

Chapter 6

occurs also via a similar route as the CO2 insertion to the cis-complexes 1 and
4 (Fig. 6-7). First, CO2 approaches and interacts with 7, resulting in the
deformation of CO2. The C=O bonds are elongated to 1.22 Å, and the OCO
angle is bent to 139°, showing more deformation than the previous cis-cases.
The RuH" C distance is 1.26 Å and shorter than in cis-complex cases (2, 5).
Also, energetically the CO2-catalyst interacting complex is formed more easily
for the trans-complex (1.4 kcal/mol) than the cis-complexes (8.7-11.1
kcal/mol), probably due to the less steric hindrance when CO2 approaches the
hydride. The slightly longer Ru-H bond (1.69 Å) of 7 compared to that of
cis-complex 1 (1.64 Å) may also allow easier interaction of CO2 in the vicinity
of the Ru center.
The CO2 insertion occurs via a concerted-insertion mechanism with a
transition state TS8-9 (301 i cm-1). The vibrational mode corresponding to the
imaginary eigen frequency is similar to those of TS2-3 and TS5-6, while the
formate group rotating near the Ru center shows even closer bond lengths
(C=O: 1.23, 1.26 Å, C-H: 1.15) and angle (OCO: 131°) to those of formate
ion (C=O: 1.25 Å, C-H: 1.16, OCO: 131°) than the cis-cases (TS2-3 and TS5-6).
After TS8-9, a stable mono-formate trans-complex 9 is formed, being more
stable (9.7 kcal/mol more stable with respect to 1) than the cis-formates (4, 6).
A lower activation energy (6.4 kcal/mol) is found than for the cis-cases (8.7
kcal/mol). When the easier CO2 interaction and the lower barrier are considered, faster formation of trans-formate 9 can be expected than cis-formates 4
and 6. This is probably why the noticeable amount of 9 was formed immediately after the addition of CO2 to the catalyst solution. The stability of 9 is in
good agreement with the experimental observations, i.e. 9 is the most abundant species in solution after a long time without a CO2 pressure.
The formation of 9 can also occur from 6 via (1) cis-trans conformational
change of 6 and then dissociation of CO2, (2) cis-trans conformational change
of 4 after dissociation of CO2 from 6, and/or (3) CO2 dissociations from 6 to
1, cis-trans conformational change from 1 to 7 followed by CO2 insertion.
Based on the ab initio metadynamics study (Chapter 7), the most likely path-
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way is (3). The gradual concentration change from 6 to 9 is probably due to
the high energy barrier of CO2 dissociation from 6 (19.4 kcal/mol) and 4
(23.6 kcal/mol).

6.3.6 Pathway of Formic Acid Formation from trans-Ru(dmpe)2H(OCHO)
Since the discovery of a high turnover frequency of formic acid formation
using Ru catalysts in supercritical CO2, the strong dependency of the reaction
rate on H2 pressure is often reported.11,14,22,23 It was already noted that the high
solubility of H2 in supercritical CO2 is the most likely origin of the high
reaction rate.14 These observations imply that the reaction between H2 - formate complex is the rate-limiting step, although some theoretical studies
concluded the CO2 insertion is limiting the rate.19,20 In this and the previous
NMR study24 using Ru(dmpe)2H2, the facile insertion of CO2 and the facile
formation of formate complexes are clear, disproving the possibility of CO2
insertion as the rate-limiting step unless other steps are much slower. In the
high-pressure IR and NMR investigations, the intermediate before the product, formic acid interacting with the hydride catalyst could only be measured
at the high H2 pressures (Fig. 6-5) and the intermediate concentration had a
strong H2 pressure dependency (Fig. 6-4). This experimental observation
implied that the H2 insertion step to the formate-complex requires higher
activation than CO2 insertion, and therefore high H2 pressure is required to
shift the equilibrium (Scheme 6-2). In this section, the H2 insertion to the
formate-complex 9 is investigated.
Thorough search for the transition state with the help of the ab initio
metadynamics (Chapter 7) found a H2-insertion transition state TS9-10 (277 i
cm-1, Fig. 6-8). A hydrogen molecule approached to the Ru center (Ru" H2
distance: ca. 2.5 Å) with a slightly elongated H-H bond (0.77 Å, isolated H2:
0.75 Å). The Ru-O is remarkably elongated to 3.10 Å from 2.28 Å. The
activation energy for TS9-10 is 4 times higher (25.4 kcal/mol) than the case of
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CO2 insertion (6.4 kcal/mol). From the bond lengths of the transition state, it
is likely that the high energy of TS9-10 is due to the long Ru-O length and the
formate group being very far from the Ru center. A more detailed analysis of
the bond characteristics will be shown in Section 6.3.8.
After the H2 insertion, experimentally observed H " H dihydrogen-bonded complex 11 is formed via a Ru(η2-H2) complex 10, where mo-
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lecular H2 is coordinating to the Ru center. Such η2-H2 complexes, for example found by Kubas36,39, are known and the role of such complexes in the
catalytic hydrogenation is an interesting branch of fundamental research. The
H-H bond distance of 10 is 0.85 Å, belonging to the category of ‘true H2
complex’ by the definition used by Kubas39. The existence of 10 and the relative stability are suggested by the ab initio metadynamics when both H2 and
formic acid concentrations are sufficiently high (Chapter 7). The bond characteristics of the formate part of 10 are not different from those of 9 and TS9-10.
The interesting complex 10 possesses two parts, trans-RuH(η2-H2)+ and formate ion, and 10 can be seen as the interaction of these two ions. 10 was not
observed in the experiments, likely due to the existence of the more stable
dihydrogen-bonded complex 11.
When one hydrogen of the η2-H2 of 10 interacts with the formate oxygen,
the dihydrogen-bonded complex 11 is formed. No transition state is found
between 10 and 11. The dihydrogen-bond strength of 11 is 8.0 kcal/mol
(BSSE considered) and the binding is very strong for hydrogen-bonding. This
strong dihydrogen-bonding suggest that the extraction of formic acid from the
catalyst, typically done by addition of an organic base, must be well engineered, as the choice of base has large effects influence on the catalytic performances.14,40

6.3.7 Pathway of Formic Acid Insertion to Ru(dmpe)2H2
The facile insertion of formic acid into the hydride catalyst and the rapid
formation of trans-formate complex 9 and gaseous H2 were experimentally
observed. Only trans-formate complex 9 and no cis-formate complex 4 were
found after the reaction. There is a possibility to form 9 after formic acid
addition via the backward pathway shown in Fig. 6-8. The strong dihydrogen-bonding interaction of 11 may facilitate this process. The activation
energy for the formic acid insertion is 15.1 kcal/mol. In toluene, formic acid is
likely to bind to polar molecules due to the apolar character of toluene; there-
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fore the probability of the dihydrogen-bonding interaction can be further
accelerated.
Another possible pathway of formic acid insertion is via the interaction of
formic acid with cis-RuH2 (1). The energetic profiles are shown in Fig. 6-9.
The dihydrogen-bonding interaction, complex 12, is strong (6.3 kcal/mol)
with the H " H distance of 1.65 Å, yet weaker than that of the
trans-RuH2" H(OCHO) (11). The formic acid insertion occurs through a
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similar pathway as in the trans-case, i.e. via a η2-H2 complex 13. The
cis-RuH(η2-H2)" OCHO complex 13 has three hydrogen atoms coordinating
to the Ru center next to each other. The two hydrogen atoms, coordinating
after the molecular H2 insertion, interact at a H" H distance of 0.89 Å, which
also belongs to the ‘true H2 complex’ by the definition39. The formate part
apparently interacting as ‘formate ion’ with cis-RuH(η2-H2)+ shows a bond
character of more a formate ion than formic acid (see the next section and
supporting information for the details).
The two hydrogen atoms of RuH(η2-H2)+ dissociate from the Ru center as
molecular hydrogen and formate complex 4 is formed via a transition state
TS13-4 with an activation energy of 23.8 (26.6) kcal/mol (energy without BSSE
correction is in parenthesis, and the 12 was considered as the initial state),
which is 8.7 kcal/mol higher than the formic acid insertion via the trans-route
(Fig. 6-8). This is simply due to the higher energy of the transition state of
cis-form than the trans-form. Similar to TS9-10, the Ru...O distance is significantly elongated to 3.2 Å, slightly longer than TS9-10 (3.1 Å). The Ru" H2
distance is ca. 2.4 Å, slightly shorter than the trans-case (ca. 2.5 Å). The lower
activation energy and stronger dihydrogen-bonding of trans-conformation can
result in the faster reaction by the trans-route and explains the presence of only
9 after formic acid addition.

6.3.8 Characteristics of Ru complexes
The previous sections showed the differences between cis- and trans- route, the
‘formate ion’ interaction model, and the presence of the interesting intermediate, Ru(η2-H2) complexes. Characteristics of the bonds and the interactions
are further discussed in this section based on NBO analysis37.
Table 6-1 shows the natural charges and valence natural electron configurations of selected molecules and complexes relevant to this work. Expected
complexes during formic acid formation via cis- and trans- mono-formate
route are shown. So far, only the trans-route has been considered for H2 inser-
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tion to mono-formate complex (Fig. 6-8), but the reverse pathway of formic
acid insertion shown in Fig. 6-9 can be seen as the comparable formic acid
formation pathway via cis-conformation, and Table 6-1 compares the cis- or
trans- Ru complexes equivalents in the reaction path. There are several differences between the cis- and trans-route.
First, the natural charges of Ru fluctuate more significantly via cis-route.
The natural charges of Ru in the dihydride complexes (1 and 7) and the
dihydrogen-bonded complexes (12 and 11) are similar, however Ru becomes
more positive (less negative) during the reaction processes via cis-route. Also,
the natural charges of the hydrogen, not involved in the reaction and staying
as a hydride (H(2) in Table 6-1), are nearly constant for the cis-complexes,
while those of trans-complexes vary between negative to positive. The positive
charges are found at the transition-states (TS8-9 and TS9-10). Before the CO2
insertion (7 to TS8-9), the charge of the hydride H(2) seemingly changes accordingly with the other hydride H(1) which is interacting and reacting with
CO2. One possible reason for the less charge fluctuation of the Ru in the
trans-Ru complexes is that the electrons of the hydride can be transferred and
donated to Ru. Judging from the net charge of CO2 of 8, roughly 0.6 e is
necessary to be transferred from the Ru complex to the CO2 already at the
initial stage of CO2 insertion. The NBO analysis showed that interestingly
there is formally no σ(Ru-H) bond in 7, instead σ(H-H) and σ*(H-H) exist
with occupancies of 0.689 and 1.743, respectively. Commonly Ru complexes
have three lone pairs, but there were four lone pairs of Ru identified, three
with 100 % d character with high occupancy (ca. 1.9) and one with a slight p
character (3.7%) with an occupancy of 1.505. The fourth lone pair was
unique only existing in 7 among the other complexes of the current study.
Furthermore, the donor-accepter analysis by the second order perturbation
theory analysis41 showed an extraordinary large energetic stabilization (334.5
kcal/mol) by the n(Ru)→ σ(H-H) interaction (Fig. 6-10 (a)).
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Table 6-1: Natural charges and valence natural electron configurations of selected
molecules and complexes. The p orbital occupancy of Ru and d orbital occupancy of C and O are not shown due to the negligible contributions.
H(1)/H(2) and H(3)/H(4) originates from the dihydride and molecular H2,
respectively. H(1) results in the formate hydrogen (C-H) and H(3) results in
the OH hydrogen of formic acid. O(1) is the oxygen which coordinates to the
Ru center and reacts with H(3).
Ru

H(1)

H(2)

H(3)

H(4)

CO2
H2

0.000

Formic acid

0.115

Formate ion

-0.057

cis -RuH2 (1)

cis -RuH2…CO2 (2)

cis -RuH2…CO2 (TS2-3)

cis -RuH(OCHO) (4)
cis -RuH(OCHO)…H2
(TS13-4)
cis -RuH(η -H2)(OCHO)
(13)
2

cis -RuH2…HOCHO
(12)
trans -RuH2 (7)

trans -RuH2…CO2 (8)
trans -RuH2…CO2
(TS8-9)
trans -RuH(OCHO) (9)
trans -RuH(OCHO)…H2
(TS9-10)
trans -RuH(η -H2)(OCHO)
(10)
2

trans -RuH2…HOCHO
(11)

-0.996
s(0.41)
d(8.56)
-0.843
s(0.38)
d(8.43)
-0.711
s(0.37)
d(8.32)
-0.670
s(0.37)
d(8.27)
-0.658
s(0.35)
d(8.28)
-0.903
s(0.39)
d(8.49)
-0.956
s(0.40)
d(8.53)
-0.992
s(0.42)
d(8.55)
-0.881
s(0.40)
d(8.46)
-0.787
s(0.38)
d(8.38)
-0.738
s(0.37)
d(8.34)
-0.727
s(0.36)
d(8.34)
-0.934
s(0.39)
d(8.50)
-0.951
s(0.40)
d(8.52)

C

O(1)

O(2)

0.992
s(0.65)
p(2.31)

-0.496
s(1.72)
p(4.76)

-0.496
s(1.72)
p(4.76)

0.651
s(0.86)
p(2.44)
0.617
s(0.82)
p(2.50)

-0.675
s(1.69)
p(4.97)
-0.780
s(1.73)
p(5.04)

-0.569
s(1.72)
p(4.76)
-0.780
s(1.73)
p(5.04)

0.816
s(0.72)
p(2.40)
0.613
s(0.82)
p(2.50)
0.666
s(0.82)
p(2.46)
0.645
s(0.83)
p(2.46)
0.647
s(0.83)
p(2.46)
0.664
s(0.85)
p(2.44)

-0.654
s(1.71)
p(4.93)
-0.768
s(1.73)
p(5.03)
-0.733
s(1.69)
p(5.02)
-0.802
s(1.73)
p(5.06)
-0.799
s(1.73)
p(5.06)
-0.729
s(1.68)
p(5.04)

-0.641
s(1.71)
p(4.92)
-0.712
s(1.71)
p(4.99)
-0.704
s(1.72)
p(4.98)
-0.753
s(1.72)
p(5.02)
-0.75
s(1.72)
p(5.02)
-0.606
s(1.71)
p(4.88)

0.768
s(0.74)
p(2.43)
0.626
s(0.81)
p(2.50)
0.659
s(0.82)
p(2.46)
0.642
s(0.83)
p(2.47)
0.641
s(0.83)
p(2.46)
0.664
s(0.84)
p(2.44)

-0.680
s(1.72)
p(4.95)
-0.773
s(1.73)
p(5.04)
-0.743
s(1.70)
p(5.02)
-0.812
s(1.73)
p(5.07)
-0.822
s(1.73)
p(5.08)
-0.717
s(1.68)
p(5.03)

-0.681
s(1.72)
p(4.95)
-0.707
s(1.71)
p(4.98)
-0.733
s(1.72)
p(5.00)
-0.73
s(1.72)
p(5.00)
-0.743
s(1.72)
p(5.01)
-0.625
s(1.71)
p(4.90)

0.000

0.478

-0.102

-0.102

-0.059

-0.084

0.072

-0.086

0.077

-0.083

0.058

-0.093

0.048

-0.023

0.056

-0.074

0.177

0.073

0.103

-0.087

0.496

-0.178

-0.220

-0.220

-0.073

-0.038

0.030

0.036

0.070

-0.068

0.050

0.043

0.105

-0.114

0.046

-0.064

0.133

0.032

0.099

-0.166

0.483

-0.299
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Fig. 6-10: Leading donor (red contours) –acceptor (black contours) interactions of
Ru complex 7 and 10. (a) n(Ru) → σ(H-H) interaction of 7, and (b) n(Ru)
→ σ*(H-H) interaction and (c) σ(H-H) → σ*(Ru-H) interaction of 10.
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In Fig. 6-10, PNBOs (pre-orthogonal natural bond orbitals) are shown because the overlap of the orbitals signifies the energy stabilization by the corresponding interactions41. The n(Ru)→ σ(H-H) interaction is responsible for the
high electron delocalization of the complex and therefore the hydrides can
transfer the electrons mutually through Ru, and this is probably why the
charge of the hydrides appears synchronized in the trans-complexes.
In the pathway investigations shown before, the formate part of the complexes during the course of the reaction pathways resembles the geometry of
the formate ion. The natural charges and especially electron configurations of
C and O clearly support the observations. During the interactions between
CO2 and the dihydride catalysts, the hybridizations of C and O are located in
between CO2 and formate ion. However, after the interaction step (2, 8) until
the formic acid formation (12, 11) the hybridizations are very close to those of
formate ion. There is one considerable difference between cis- and trans-route.
The charges of C and O of the trans-complex (8) are more negative than those
of the cis-complex (2) during the CO2 – dihydride interactions. This could be
due to the more negative charge on the trans-hydrides and also the weaker
Ru-H bonding, indicated by the longer bond length (cis: 1.64 Å, trans: 1.69
Å), and easier transfer of the negatively charged hydride to CO2. Indeed, the
natural bond order of Ru-H of 8, where H is interacting with CO2, is 0.145,
while the RuH" C bond order is 0.722. For the cis-equivalent (2), 0.280
(Ru-H) and 0.616 (RuH " C) are found. These remarkable bond order
changes indicate that the bonding, more precisely the electron distribution, is
significantly different from the isolated dihydride complex 7 and CO2, when
CO2 interacts very closely with the hydrides. The electrostatic potential of 8 is
shown in Fig. 6-11. It clearly shows the more shared electron density between
the hydride and the carbon than the hydride and Ru. Hereafter, only the lower
energy route, trans-route, is further investigated.
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8

TS 8-9

9
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Fig. 6-11: Electrostatic potentials plotted on the isosurface of electron density (0.06
a.u.) of selected Ru complexes. The colors correspond to: red (< -0.08), yellow
(0.00), green (0.10), light blue (0.20), and blue (> 0.40), the values are in the

After the CO2 – dihydride interaction 8, formate complex 9 is formed via
the transitions state TS8-9. The electrostatic potential plot of TS8-9 in Fig. 6-11
shows no density between the Ru center and the formate group at the chosen
density isosurface (0.06 a.u.) and very low bond orders (Ru-H: 0.038, Ru-O:
0.003, see supporting information) in addition to the similar hybridizations of
C and O as formate ion (Table 6-1), supporting the previously suggested view
of ‘rotating formate ion’. Surprisingly, the bond order of Ru-O bond of the
formate complex 9 formed after TS8-9 is also very low (0.066) and no Ru-O
bond was assigned by the NBO analysis. The electrostatic potential plot (Fig.
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6-11) clearly shows no shared electron above the chosen density threshold
(0.06 a.u.) and the highly localized electrons, implying the highly ionic character of the Ru-O bond.
Via the H2-insertion transition state TS9-10 after 9, the very interesting
complex, trans-RuH(η2-H2)" OCHO 10, is formed. This new class of molecular η2-H2 complexes have been increasingly reported36,39,42 and often suggested as intermediates during hydrogenation43,44 and hydrogenolysis45,46.
Dihydrogen-bonding is also frequently reported in connection with the η2-H2
complexes as an intermediate or a stable complex47, depending on the donating-capacity of proton donor48. The pathway of H2 or formic acid insertion
suggested in Fig. 6-8 lies in the same category. The origins of the stability of
the complex were analyzed by donor-acceptor interactions. Considerable
interaction from Ru to H2 by 10.8 kcal/mol (n(Ru)→σ*(H-H), Fig. 6-10 (b))
and significant interaction from H2 to Ru-H bond by 94.1 kcal/mol (σ(H-H)
→ σ*(Ru-H), Fig. 6-10 (c)) are found in addition to more ‘dative’ interactions
from H2 to the Rydberg orbital of Ru (σ(H-H) → n*(Ru), total 40.8
kcal/mol). Therefore, the bonding character of 10 between the Ru and the
molecular hydrogen can be understood as ‘synergistic H2 coordination’ due to
the donating - backdonating interactions41 and the stability of the complex can
be attributed to the interactions. The formate ion part of 10 has little interaction with the trans-RuH(η2-H2)+ based on the donor-accepter interaction
analysis. Fig. 6-11 shows that the formate ion part of 10 is separated distantly
from the Ru(η2-H2), and the low electron density between Ru(η2-H2)" O
suggests that the interaction is highly ionic. The high electron localization and
the resulting ionic interactions between Ru+ or Ru(η2-H2)+ and formate ion
through the pathways are likely the key factors and characteristic of the reaction.
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Scheme 6-3: Reaction pathways elucidated by this work. The pathway shown with
dotted arrow is based on the investigation by ab initio metadynamics (Chapter 7).

6.3.9 Overall Reaction Pathway and towards Rational Catalyst Design
One of the most direct approaches to improve catalytic systems by theoretical
means is the search for the catalysts capable of lowering the activation energy
necessarily of the highest resulting in the rate-limiting step of a reaction.
Scheme 6-3 shows the main reaction pathways based on our experimental and
theoretical results, and Table 6-2 summarizes the activation energy required
for each reaction event. The cis-trans equilibrium of RuH2 complexes was not
reported before24, likely due to exclusively shifted equilibrium to cis-conformation (1) at low temperatures and also the high reactivity of the trans-RuH2
(7). Overall, the trans-route shows smaller barriers for forward and backward
reactions, and H2 insertion is the rate-limiting step. Since the ‘formate
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Table 6-2: Activation energies Ea for CO2 insertion/dissociation and HCOOH/H2
insertion reactions obtained theoretically. The energies in parenthesis take
BSSE correction into account.

CO2 insertion

CO2 dissociation

HCOOH
insertion

H2 insertion

Into:
cis -Ru(dmpe)2H2
cis -Ru(dmpe)2H(OCHO)
trans -Ru(dmpe)2H2

Ea / kcal/mol
11.7 (8.7)
11.9 (8.7)
9.6 (6.4)

From:
cis -Ru(dmpe)2H(OCHO)
cis -Ru(dmpe)2(OCHO)2
trans -Ru(dmpe)2H(OCHO)

Ea / kcal/mol
23.6
19.4
19.2

Into:
cis -Ru(dmpe)2H2
trans -Ru(dmpe)2H2

Ea / kcal/mol
26.6 (23.8)
17.7 (15.1)

Into:
cis -Ru(dmpe)2H(OCHO)
trans -Ru(dmpe)2H(OCHO)

Ea / kcal/mol
26.4
25.4

ion’-like species are more prominently recognizable at the transition-states, the
stability of ‘formate ion’ in the vicinity of ‘Ru+‘ or ‘Ru(η2-H2)+‘ may influence
the height of the activation barriers. This hypothesis is supported by the
positive charges of H(2) in Table 6-2 at the transition states (TS8-9, TS9-10) in
the trans-route, indicating that electrons flowed into the formate part for
stabilizing it as the ion. The binding energy of the formate group to the Ru
center of some Ru complexes with different ligands, taking Ru+ and formate
ion as the reference, showed the ‘low binding energy - high activity’ relation
(Chapter 7). The ionic interaction of the formate unit with the Ru center can
be attributed to the origin of the activation barriers.
It should be remarked that formed formic acid can easily react with the
dihydride catalyst via dihydrogen-bonding interaction (11) and the original
formate species are reproduced. A similar interconversion of CO2/H2 and
formic acid has been reported via dihydrogen-bonding and η2-H2 complexes49-51, and the reversibility of this reaction path is actually not surprising.
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Table 6-2 also indicates that the formic acid insertion occurs easier than the
H2 insertion to the formate complexes. This fact is very important to take into
account in the catalytic process. Practically, base is added to form a complex
product with formic acid and removes it from the catalyst, however the application of amine-like bases make the process less practical for formic acid
production. One of the possibilities to avoid using such a base is the application of a more polar solvent where formic acid can dissolve. However, in
general H2 is much less soluble in a polar solvent52 and therefore the required
high H2 partial pressure cannot be realized. A breakthrough may be realized
not only by the catalyst design, for example by engineering and fine-tuning of
the ligands, but more promisingly by the whole catalytic system design, such
as a binary or ternary phase catalytic system satisfying the prerequisite, high
H2 concentration near the catalyst, or a continuous reaction, ideally in supercritical CO2 because of the high H2 solubility, using immobilized catalysts at a
higher temperature so that formic acid can desorb without base.

6.4

Conclusion

The combined high-pressure spectroscopic and theoretical investigations shed
light on the detailed reaction and interaction mechanisms during CO2 hydrogenation using Ru(dmpe)2H2. Reliable reaction pathways are suggested by the
DFT calculations by connecting the species identified by the high-pressure IR
and NMR study under the reaction conditions. The suggested pathways and
energetic stability of the complexes by theoretical means fully support the
experimental observations. Several new aspects of the reaction mechanisms are
clarified. CO2 can be easily inserted to the dihydride catalyst via concerted
insertion mechanism, where the formate complex is formed as the outcome of
the ‘rotating formate ion’, which required small activation energy upon rotation. H2 insertion to the formate complexes occurs when the formate group,
seemingly present as an ion, is far from the Ru center, and this step is the
rate-limiting step. The spectroscopic observation of the dihydrogen-bonding
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complex between formic acid and the dihydride catalyst under only high H2
pressure supports the assignment of the rate-limiting step. The H2 insertion
occurs via a Ru(η2-H2) complex. The NBO analysis clarified that the complex
is relatively stable due to the ‘synergistic H2 coordination’, and the apparent
formate ion interacts weakly with the molecular hydrogen coordinating to the
Ru. The stability between the formate ion and the Ru+ or Ru(η2-H2)+ seems to
play a key role in the activation processes. Furthermore, formic acid can react
with the dihydride catalyst, forming formate complex and H2. The high reactivity is likely originating from the strong dihydrogen-bonding and the lower
energetic barrier via the trans-route, thereby forming only trans-Ru(dmpe)2H(OCHO). It suggests that this step must be carefully considered in the
catalytic system design. The trans-dihydride is in equilibrium with the
cis-equivalent and exists in an appreciable amount under reaction conditions.
This is an important fact since the trans-route shows lower activation energy,
being likely the pathway of the reaction.
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7
Carbon Dioxide Hydrogenation
Catalyzed by Ruthenium Dihydride:
Ab initio Metadynamics Investigation

Complete reaction pathways relevant in CO2 hydrogenation by a homogeneous Ru dihydride catalyst (Ru(dmpe)2H2, dmpe = Me2PCH2CH2PMe2) are investigated by ab initio
metadynamics. This approach is capable of reproducing the reaction processes, identifying
the intermediates, and evaluating the corresponding free energy profiles. Our simulations
indicate that the CO2 insertion for the formation of the formate complex proceeds via a
concerted-insertion mechanism. It is a rapid and direct process, with a relatively low
activation barrier, which is in agreement with experimental observation. The H2 insertion
to the formate-Ru complex with the formation of formic acid, instead, occurs via an
intermediate Ru(η2-H2) complex, where the molecular hydrogen coordinates to the Ru
center and the formate group weakly interacts with the molecular hydrogen. This step has
been identified as the rate-limiting step. The reaction completes by a hydrogen-transfer
from the Ru(η2-H2) complex to the formate oxygen, forming a dihydrogen-bonding
complex Ru-H " HO-CHO. The activation energy for the H2 insertion step is lower when
the system assumes the trans-conformation rather than the cis-conformation. A simple
measure for the catalytic activity is proposed based on the structure of the transition-states
of the identified rate-liming step. Taking this measure, the relationship between catalysts
with different ligands and their experimental catalytic activities can be well explained.
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Introduction

The goal of this chapter is to shed light on the competitive reaction pathways
of CO2 hydrogenation catalyzed by Ru(dmpe)2H2 by means of ab initio molecular dynamics and the complementary experimental investigation presented
in Chapter 6. The changes of the catalyst induced by different concentration
of CO2, H2, and formic acid were studied using high-pressure spectroscopy
measurements (IR and NMR) carried out in toluene at 300 K (Chapter 6). We
also showed that DFT electronic structure calculations provide a view on the
relative stabilities which is in line with the experimental observations. Scheme
6-3 shows an initial guess of the main steps of the reaction pathways, based on
the experimental evidence. The dihydride catalyst exists mainly in cis-conformation 1 (94.5 %), while trans-isomer 7 also exists (5.5 %). Two formate
complexes, cis-Ru(dmpe)2(OCHO)2 6 and trans-Ru(dmpe)2H(OCHO) 9,
were detected under a low CO2 pressure (< 5 bar). The expected intermediate
4, i.e. cis-Ru(dmpe)2H(OCHO), that should precede 6 according to Scheme
6-3, was not observed, probably because of its low stability at 300 K1. When a
high H2 pressure (> 50 bar) was applied in addition to the low CO2 pressure, a
dihydrogen-bonded complex, trans-Ru(dmpe)2(OCHO)H " HOCHO 11,
was formed, whose concentration increased monotonously with H2 pressure
(Chapter 6). In order to identify the rate-limiting step, the relevant reaction
intermediates and transition-states at each step of the proposed path in
Scheme 6-3 must be identified. To gain a complete picture of the process and
determine the rate-limiting step and the most probable route, better understanding of the atomistic details of the CO2 and H2 insertions is necessary, also
taking into account the relative probability of competitive events like conformational changes or CO2 dissociation.
A static approach, i.e. by connecting optimized geometries of local minima
and transition-states to construct a first approximation of a viable reaction
path, can suggest transient species from the most reasonable guesses based on
the experimental observations such as Scheme 6-3. However, the approach is
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keen to fail in spotting the unforeseen transformation routes and possible
products, since the reaction routes that are explored are strongly biased by the
initial guess and insight in the problem. Moreover, finite temperature effects
and entropic contribution can hardly be included in a static model. A partial
solution to the problem is offered by molecular dynamics (MD), which is, in
principle, capable of generating reactive trajectories and provides a statistical
sampling of the free energy surface (FES). In particular by ab initio MD, the
modifications of the electronic structure associated with the evolution of the
atomic system become accessible. By MD approaches, the kinetics of the
chemical processes is studied, which consequently provides an overview on the
statistical distribution of the available molecular states. However, the limited
simulation time accessible to the standard approach frustrates the real sampling capability of MD at all levels of theory. One possible, efficient technique
to boost the sampling is the metadynamics (MTD) approach.2,3 This method
has been successfully applied in combination with ab initio MD for the study
of various types of reactive systems, where substantial changes of the electronic
structure were expected.3-10 The accuracy of the methods has been verified11,
also through the comparison with other techniques12-14.
In the following sections, some additional information about the methodology and the specific set-up of the simulations is firstly given, followed by the
description of the most relevant steps in the reaction pathways, as determined
by ab initio MTD. The existence of alternative routes, that might be competitive with respect to the predicted pathways shown in Scheme 6-3, is discussed
further. The analysis takes into account the characteristic structure of the
different intermediates, the energy barriers separating them, and the effective
probability of the disclosed mechanisms at finite temperature. Once the
rate-limiting step has been identified, a more precise picture of the nature of
the catalytic activity can be advanced, based on considerations of the electronic structure of the transition-state. Finally, we suggest that specific aspects
of the electronic structure of the catalyst complexes can be taken as a simple
measure for the catalytic activity. The application of the proposed criterion to

162

Chapter 7

several catalysts with different ligands clearly shows a relationship between
catalytic activity and electronic structure.

7.2

Methods

7.2.1 Metadynamics
MTD is a method based on MD simulations that allows the thorough sampling of a predefined multidimensional configurational space, and provides, at
the same time, the direct reconstruction of the explored FES.2 The subspace
where we wish to boost the sampling is defined by selecting a set of collective
variables (CV) that clearly identify specific states of the system under investigation. They typically correspond to those slow modes that might play a role
in the transformation of the system, and therefore need to be activated. A
rather general rule prescribes that the selected CV are able to distinguish
among the relevant intermediates and competitive reactive pathways. The
dynamics in the space of the CV, i.e. the meta-dynamics, is accelerated by the
presence of a history-dependent, repulsive potential. This potential is built up
on-the-fly during the evolution of the meta-trajectory. It locally modifies the
energy profile of those region in the configurational space that have already
been visited and thereby prevents the trajectory from hanging about in the
same basin of attraction for very long time.15 This approach enforces the
exploration of the free energy surface and is able to disclose the most probable
pathways of a reaction, even if no prior knowledge of the transition and of the
products is available. The scope of the applications was significantly broadened by its implementation together with ab initio methods3, such as DFT
based Car-Parrinello MD16. Within this scheme, it is now possible to efficiently simulate the dynamics of chemical reactions, when important changes
in the electronic structure take place (e.g. bond formation/breaking). The
MTD has been successfully applied in various fields, such as molecular biology17-20, catalysis6, phase transition4,7,9,21, molecular rearrangement3,5, structure
of condensed matter8, and surface reaction10.
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The meta-trajectory is determined by integrating the equations of motion
derived from an extended Lagrangian3 of the form,
1
1
L = LCP + ∑ M α sα 2 − ∑ kα [ Sα (R ) − sα ]2 + V (t , s)
α 2
α 2

(7.1)

where the additional dynamic variables sα define the dynamics in the reduced space of the CV. The first term LCP is the Car-Parrinello Lagrangian16,
which drives the electronic and ionic dynamics. The second is the fictitious
energy of the new dynamic variables. The third term is a harmonic restraint
potential that couples the meta-trajectory to the standard MD trajectory
through the instantaneous values of the CV, Sα (R ) . The fictitious mass M α
and the coupling constant kα determine the frequency of fluctuations of the
meta-trajectory. The last term V (t , s) (s is the vector of sα ) is the history-dependent potential3, which is constructed by the accumulation of small
Gaussian hills deposited at regular time intervals. At convergence, i.e. when
the available wells have been completely filled by the accumulated potential,
the explored free energy surface can be reconstructed from V (t , s) .3

7.2.2 Computational Details
Ab initio MTD simulations were performed using Car-Parrinello scheme16, as
implemented in the CPMD code3,22. Our studies are based on DFT electronic
structure calculations with plane-waves basis sets for the expansion of the wave
functions, and the pseudopotential approximation for the treatment of the
ionic cores. The exchange and correlation energy terms were described by the
Becke-Perdew (BP) functional23,24. Norm-conserving Troullier-Martins pseudopotentials were used to describe the interaction between the valence electrons and the ionic cores.25 The energy cutoff for the plane-waves expansion
was set to 80 Ry within a cubic supercell of 15 Å length. The Hartree potential was computed by the Martina-Tuckerman scheme, in order to mimic the
conditions of an isolated system in gas phase.26 The temperature was main-

164

Chapter 7

tained at about 300 K by rescaling the atomic velocities. An electronic fictitious mass of 400 a.u. and a time step of 4 a.u. (0.097 fs) were used.
The first and probably most critical step in the set-up of MTD simulations
is the selection of proper CVs. For the study of chemical reactions natural
choices are bond lengths, bond angles, dihedral angles, and coordination
numbers. As already mentioned, the essential requirement is that the CVs can
distinguish among the different states along the entire mechanism. In this
study, we made large use of the coordination number (CN), which is defined
by the following smooth function.

CN AB

p
⎡
⎛ rij ⎞ ⎤
⎢ 1− ⎜
⎟ ⎥
RAB ⎠ ⎥
1 N A ⎢ NB
⎝
=
∑∑
N A i =1 ⎢ j =1 ⎛ rij ⎞ q ⎥
⎢ 1− ⎜
⎟ ⎥⎥
⎢⎣
R
⎝ AB ⎠ ⎦

(7.2)

This function evaluates the average number of neighbors of type B surrounding the atoms of type A, within a region defined by the reference distance
RAB . N A and N B are the numbers of atoms of the two types, rij is the

interatomic distance for the specific pair, and p and q determine the decay,
with p < q . The two exponents can be tuned to design a function as sensitive
as possible to the different molecular states. Fig. 7-1 shows the CN functions
used in this work. For example, the function (c) in Fig. 7-1 is used between
ruthenium and oxygen to describe the CO2 insertion/dissociation processes.
When the oxygen atom coordinates to the Ru center, the value of (c) fluctuates between 0.5-1.0, whereas it is about 0.1 when the oxygen is too far to be
in the coordination shell of the metal. The coordination numbers can be
rather general variables, since, according to the definition, they can involve
heterogeneous sets of atoms and describe the probability of having neighboring atoms within given coordination shells. In this sense, employing coordination numbers in place of bond-lengths and angles can reduce significantly the
bias on the specific atomic movements.
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Fig. 7-1: Coordination number (CN) function used in this work

A new hill was added at every so-called MTD step, corresponding to 60 to
120 MD steps. This time interval is thought to allow a partial relaxation of the
system, in order to guarantee that MTD trajectory follows the minimum
energy pathway. In all simulations, the height of the hill was between
0.31-1.26 kcal/mol. The MTD drives the system towards non-equilibrium
configurations and can induce fast or abrupt rearrangements of the atomic
positions. The propagation of the electronic structure by the Car-Parrinello
scheme may not be able to adapt quickly enough, therefore a regular quenching of the wave functions on the Born-Oppenheimer surface is necessary to
keep the kinetic energy of the electrons under control.
Geometry optimization, single-point energy, and harmonic vibrational
frequency have also been calculated to compare the electronic structures of
various Ru complexes with different ligands. For these analysis the B3PW91
hybrid functional27,28 was used within Gaussian 0329 program package. A
6-311G(d,p) basis set was applied for all the species except Ru, for which a
LanL2DZ effective core potential (ECP) basis set was used. The ECP replaces
the core electrons of Ru up to 3d and the valence electrons are described by a
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(341/321/31) basis set. All the calculations were performed within a gas-phase
model, without taking any solvent effects into account.

7.3

Results and Discussion

Three fundamental reaction processes (conformational change, CO2 insertion,
and H2 insertion) are investigated separately by the ab initio MTD approach.
The approach demonstrates to be capable of suggesting several plausible
reaction mechanisms for both the forward and reverse processes. The identified pathways and the corresponding activation barriers are compared to assign
the most probable ones. A deep insight in the modifications of the electronic
structure upon the configurational changes can help in suggesting new routes
for designing efficient catalysts.

7.3.1 cis – trans Conformational Change
It is very important to clarify the feasibility of the conformational changes
because the routes open up additional pathways. For example, the pathway (4
→ 9, Scheme 6-3) allows an additional possible route, 1 → 4 → 9 → 11, for
the formation of formic acid (11) in addition to the most obvious pathway 7
→ 9 → 11. The dihydrogen-bonded complex 11 can also be formed via the
cis-trans conformational change of the di-formate complex 6, followed by the
CO2 dissociation. Here, three cis-trans conformational changes of the dihydride (1 ↔ 7, Scheme 6-3), the mono-formate (4 ↔ 9), and the di-formate (6
→ trans-Ru(dmpe)2(OCHO)2) complexes are investigated.
There are several possible choices of CVs suitable to analyze the cis-trans
conformational change of the catalyst complexes (Ru(dmpe)2X2, X: H or
OCHO). One of the most efficient CVs for probing the change is the dihedral
angle of the four phosphorus atoms, P(1)-P(2)-P(3)-P(4), where P(1) and P(2)
belong to one of the two dmpe ligands while P(3) and P(4) belong to the other.
Namely, the dihedral angle well characterizes the skeleton of the catalyst in its
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two possible conformations, cis or trans. Nevertheless, it may be insufficient to
clearly distinguish all the possible cis- and trans- conformations (e.g. 1 and 2
in Fig. 7-2 among others), because distinct positions of the two X ligands may
correspond to the same value of the dihedral angle. For example, the two X
ligands can occupy the same coordination site, leaving a vacancy on the opposite side. At the scope of having a clearer picture of the exact rearrangement of
the system, the coupling to another CV is necessary. Here, all the different
orientations of the ligands X can be described by the bond angle X-Ru-X.
The conformational change of the Ru(dmpe)2H2 has been simulated
starting from the cis-Ru(dmpe)2H2 (1, Fig. 7-2) as initial configuration. After
filling up the first basin of attraction with the penalty potential, the MTD
induces the change in the dihedral angle and leads to the transition into the
trans-conformation (2, Fig. 7-2), over a barrier of about 20 kcal/mol. After
0
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Fig. 7-2: Free energy surface showing the cis - trans conformational change of Ru(dmpe)2H2 as a function of the dihedral angle of the four ligand phosphorous
atoms and the H-Ru-H angle. The free energy is in kcal/mol. The representative structures near the minima, close to the numbered location on the free
energy surface, are shown on the right side. For clarity the hydrogen atoms of
the dmpe ligand are not shown.
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some time, this first rearrangement is followed by the backward transition to
cis-conformation (1, Fig. 7-2), along the same path and over a similar energy
barrier. Once the two wells have been fully explored, an alternative route is
found, that connects two distinct but equivalent cis- conformations (1 to 1’,
Fig. 7-2). Indeed, the dihedral angle shown in Fig. 7-2 is periodic, and the cis
to cis transition takes place through the negative direction of the dihedral
angle axis. This pathway goes over a higher barrier of ca. 30 kcal/mol. Once all
the available configurations have been visited and the wells have been filled,
the MTD trajectory can run from one to the other almost barrierlessly, and
the statistics of the sampling is improved. At convergence, the FES explored
by the trajectory is reconstructed from the penalty potential, as shown in Fig.
7-2. From the plot, it is even more evident that in the space of the two selected CV there are three basins of attractions corresponding to two distinguishable but equivalent cis-complexes (1 and 1’, Fig. 7-2) and one
trans-complex (2, Fig. 7-2). The volumes ratio of the free energy wells is
equivalent to the probability of observing respective conformations. We obtain
roughly cis : trans = 2 : 1. This would indicate a rather relevant presence of the
trans conformation, ca. 35 %, which is an overestimate with respect to the
experimental result, where the trans species represent only 5.5 % at 300 K in
toluene. This discrepancy can be justified by the fact that the current study
neglects the effect of solvents. Among other possible reasons, the resulting
increased mobility of the ligands might facilitate the conformational changes,
shifting the equilibrium towards the trans.
As a second step, the conformational change of the mono-formate complex, Ru(dmpe)2H(OCHO), was investigated. In this case, we preferred the
bond angle of the H-Ru-C (C atom of the formate group) as CV, in place of
the H-Ru-O, where O is the atom that directly interacts with the Ru center.
Indeed, the two O atoms of the formate are equivalent, and either can be in
the coordination shell of the Ru. Exchanges of the coordinated O by rotation
of the formate group are rather easy, and cause large fluctuations in the
H-Ru-O angle, although these changes do not correspond to real transitions
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of the complex’s structure. However, taking this angle as CV in the MTD,
they might hide or hinder the sampling of more relevant events. For example,
the oxygen-flipping occurs via a lower energy barrier (10 kcal/mol, the details
are shown later) than the conformational change. The initial configuration
was the cis-complex (1, Fig. 7-3). This time, we observe first the cis to cis
rearrangement (1 → 1’, Fig. 7-3), over a barrier of ca. 20 kcal/mol. This
proceeds via an unstable complex, where the formate group and the hydride
are located at the same coordination site, and the conformation becomes
temporarily trans (approximately, the dihedral angle: 0° and the H-Ru-C
angle: 10°). The fact that the system favors this route instead of the expected
cis → trans transition, indicates that the latter is observed less probably for the

0

H-Ru-C angle / degree

200

-5

180

2

160

-10
-15

140

-20

120

1(1’)

-25

100

1

80

-30

1’

60

-35
-40

40

2

-45

20
0

50

100

150

200

250

300

350

P-P-P-P dihedral angle / degree

3

Fig. 7-3: Free energy surface showing the cis - trans conformational change of
Ru(dmpe)2H(OCHO) as a function of the dihedral angle of the four ligand
phosphorous atoms and the H-Ru-C (C atom of the formate group) angle. The
free energy is in kcal/mol. The representative structures near the minima, close
to the numbered location on the free energy surface, are shown on the right
side. For clarity the hydrogen atoms of the dmpe ligand are not shown. The
structure 3 was observed after filling the well of 2, and the free energy surface
was constructed by the hills deposited before the formation of 3.
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mono-formate than for the dihydride complex (Fig. 7-2). This is likely because the formate group is bulkier than the hydride, resulting in a larger steric
hindrance of the conformational change. Once the two wells of 1 and 1’ have
been filled (Fig. 7-3), the higher transition-state separating the trans from the
cis is reached and the transition occurs over a barrier of ca. 23 kcal/mol (2, Fig.
7-3). In Fig. 7-3, the FES explored by the MTD is displayed. From the plot,
we can observe that, in this case, the trans state is significantly more stable
than the cis. This is in agreement with the experimental results (Chapter 6),
indicating that the trans-Ru(dmpe)2H(OCHO) is very stable and almost the
only complex observed at equilibrium. Interestingly, the trans-complex did not
change back to cis, but rather, after the well of 2 was filled (Fig. 7-3), one of
the phosphorous atoms of the ligand is dissociated and replaced by the second
O of the formate, which completes the Ru coordination (3, Fig. 7-3). The 2
→ 3 (Fig. 7-3) energy barrier is estimated to be ca. 47 kcal/mol, which means
that the trans to cis, if possible, is expected to require even larger activation
energy. Most likely, the energetic stability of the trans-formate complex
(Chapter 6) and the steric hindrance due to the formate group do not allow
the transition from cis to trans. On the other hand, the formation of the two
oxygen coordinating complex, Ru(dmpe)2(η2-O2), that was not detected experimentally, might well be an artifact of our model, where the exchange
between the phosphorous and oxygen coordination is possible at a relatively
low energy cost. Also in this case, the lack of interactions with the solvent may
be one possible explanation of this behavior. Actually, the energy barrier
separating the dissociated state 3 from the trans is very high, implying that
such a transition should not occur.
The conformational change of the di-formate complex, Ru(dmpe)2(OCHO)2, was also investigated. For similar reasons as those discussed in the
mono-formate case, the bond angle of the C-Ru-C (C atom of the formate
group) was chosen as second CV. After filling the very deep and wide well of
the cis-di-formate complex (depth of ca. 50 kcal/mol), one of the phosphorous
atoms of the ligand dissociated and a Ru(dmpe)2(η2-O2) complex, similar to 3
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of Fig. 7-3, was formed. The activation barrier for the transition was remarkably large, and no cis → trans conformational change was observed. Once more,
the pronounced steric effects induced by the two formate groups can be considered responsible in hindering the ligands rotation around the Ru, and
thereby preventing the conformational change. We conclude that the cisdi-formate complex (6, Scheme 6-3), which is indeed the abundantly observed
formate complex under a CO2 pressure by the experiments, is stable at 300 K
and does not change its conformation to the trans.

7.3.2 CO2 Insertion / Dissociation
The expected initial step of the overall reaction is the CO2 insertion (Scheme
6-3). Experimentally, a very facile CO2 insertion to the dihydride complex was
observed1 and two formate complexes, cis- di-formate (6, Scheme 6-3) and
trans- mono-formate (9), were immediately formed after a CO2 pressure (< 5
bar) was applied at 300 K (Chapter 6). It is of great importance to get a deeper
understanding of the structural aspects and the energetics of the insertion and
also the dissociation, since these are expected to influence the overall reaction
pathway.
One of the most obvious CVs to describe the process is the coordination
number of oxygen atoms to the Ru center, CN(O) (Figure 1, (c)). However,
the coordination number by itself is not sufficient to distinguish various states
of the process, such as the uncoordinated CO2, the transition-state, and the
different possible configurations of the formate complexes. Therefore, two
additional CVs have been defined, (1) the distance between the C atom (of
CO2 or formate group) and the H (of hydride or formate group), denoted here
as d(C-H), and (2) the Ru-C-O angle (C and one of the two O atoms of CO2
or formate group), denoted here as ∠ (Ru-C-O). It should be mentioned that
a repulsive potential wall was placed at 2.5 Å to limit the maximum C-H
distance and prevent CO2 from escaping out of the simulation box. The artificial confinement can be thought as a way to model the partial pressure of the
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gas phase. By its presence, we mimic the fact that there is a relatively high
probability of having a molecule in the vicinity of the Ru coordination shell.
In order to consistently compare the free energy profiles of different simulations, the location of the potential wall is the same for all the systems.
Fig. 7-4 shows the free energy surface reconstructed from the MTD of the
initial CO2 insertion to cis-Ru(dmpe)2H2 catalyst and its reverse pathway (1 ↔
4, Scheme 6-3). The insertion went through the intermediate complex 2 (Fig.
7-4), showing a significant interaction between CO2 and the hydride. From
the FES (Fig. 7-4, top), we can identify the transition region at a C-H distance
of about 1.4 Å, associated with an activation barrier of ca. 6 kcal/mol. It
should be noticed that the minimum appearing at d(C-H): 2.5 Å does not
really correspond to a highly probable configuration, but it is an effect of the
confinement potential set at this distance. The d(C-H) of 2 (Fig. 7-4) is identical to the characteristic C-H bond length of the formate complexes (3, 4,
and 5, Fig. 7-4). The analysis of the bond character of 2, based on the electronic distribution, showed that nearly no Ru-H bond is present, while the
C-H bond is practically already formed (Chapter 6).
The formation of the formate complexes then proceeded through a small
barrier of ca. 2 kcal/mol in a concerted manner, i.e. simultaneous breaking of
the Ru-H bond and formation of the Ru-O bond, by the rotation of the
formate group. Such a concerted insertion mechanism was also predicted by
the static DFT calculations (Chapter 6). The low energy barrier indicates that
the CO2 insertion proceeds rapidly once the intermediate 2 has been stabilized.
Three types of formate complexes have been observed, which correspond to
different relative positions of the formate group and Ru center. The transitions
among them are driven by the third CV, i.e. the angle ∠ (Ru-C-O’), where we
denote by O’ the oxygen selected to define the CV.
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Fig. 7-4: Free energy surface showing the process of CO2 insertion to cis-Ru(dmpe)2H2 and CO2 dissociation from cis-Ru(dmpe)2H(OCHO) as a function
of (top) the coordination number (between the Ru and the oxygen atoms) and
the C-H distance (C atom of CO2 or formate group and H of hydride), and
(bottom) the C-H distance and the Ru-C-O angle (C atom of CO2 or formate
group and O atom of one of the oxygen atoms of CO2, marked as O' on the
right side). The free energy is in kcal/mol. The representative structures near
the minima, close to the numbered location on the free energy surface, are
shown on the right side.
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The three structures are (1) the one with O’ not-coordinating to the Ru and
pointing in the opposite direction ( ∠ (Ru-C-O): ca. 160°, 3 in Fig. 7-4), (2)
the one with O’ not-coordinating to the Ru and interacting with the methyl
group of the dmpe ligand ( ∠ (Ru-C-O): ca. 90°, 4 in Fig. 7-4), and (3) the
one where O’ coordinates to the Ru center ( ∠ (Ru-C-O): ca. 30°, 5 in Fig.
7-4). In order to be able to visualize the three minima referring to the three
different complexes, it is necessary to project the FES onto the subspace defined by the Ru-C-O’ angle and the C-H distance (Fig. 7-4, bottom). From
this perspective, we observe that there is almost no barrier between the 3 and
4 intermediates. Actually, the transition occurs by the rotation of the formate
group, but keeping the same coordinating oxygen. On the other hand, the
flipping of the oxygen atoms (3, 4 vs. 5, Fig. 7-4) occurs over a barrier of ca.
10 kcal/mol. According to structural and electronic properties, having one or
the other O atom coordinating the Ru center is equivalent. This implies that
the 3 plus 4 and the 5 configurations should have the same statistical probability. The fact that, the MTD trajectory spends more time in one of the two
wells, as inferred by the larger volume of the basin of 3 plus 4 in Figure 4
(bottom), is an artifact of the simulation. It is possible that our simulation was
truncated too early, and a longer sampling time could adjust the balance
between the two states. Still, the two oxygen atoms (O and O’ in Fig. 7-4) are
not any more equivalent in our model, since only O’ is directly involved in the
definition of the CV, and this might slightly bias the dynamics. At any rate,
the complete sampling of the particular well (5) will probably not change the
overall characteristics of the free energy.
In contrast, the CO2 dissociation step from 3, 4, and 5 to 2 (Fig. 7-4)
proceeds via a much higher barrier (20 kcal/mol). The CO2 dissociation will
occur slowly not only due to the high activation barrier, but also due to the
wide well of the formate complexes (3, 4, and 5 of Fig. 7-4, the top panel),
because the volumes of the wells reflect the probability of observing the respective complexes. Also, the barrier of CO2 to be distant from the catalyst
(from 2 to 1, Fig. 7-4) is ca. 4 kcal/mol.
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The second CO2 insertion to the cis-complex, i.e. CO2 insertion to
cis-Ru(dmpe)2H(OCHO) (4 ↔ 6, Scheme 6-3), shows a similar free energy
profile (Fig. 7-5). CO2 approaches to the hydride through a small energy
barrier (ca. 5 kcal/mol) and forms a complex similar to the intermediate
observed during the first insertion (2, Fig. 7-5 top), where CO2 closely interacts with the hydride. The main difference between the first and the second
insertion is the position of the barrier, which is found at d(C-H) ca.1.6 Å
rather than 1.4 Å. This indicates a larger effect of the steric hindrance of the
formate complex with respect to the dihydride catalyst. The transition into the
basin of attraction of the cis- di-formate complexes (3, 4, and 5, Fig. 7-5)
occurs through the concerted insertion mechanism, over a very small barrier of
ca. 3 kcal/mol. The similarity of the two processes is also demonstrated by the
plot of the FES in the d(C-H) and the ∠ (Ru-C-O) subspace (Fig. 7-5, bottom). Also in this case, the configurational change between 3 and 4 (Fig. 7-5),
by the internal rotation of the formate group, occurs almost barrier-less,
whereas the oxygen-flipping requires an activation energy of ca. 10 kcal/mol.
From the analysis of the FES, the statistical probability of the two regions,
denoted by 3 plus 4 and 5, appears to be equivalent, which indicates that a
complete sampling was achieved. The backward mechanism from the
di-formate complex to the intermediate 2 proceeds over a barrier of ca. 16
kcal/mol, i.e. lower than in the mono-formate case (ca. 20 kcal/mol). The
complete CO2 dissociation, instead, is slightly more expensive, requiring an
energy of ca. 7 kcal/mol.
Contrarily, largely different FESs are found in the CO2 insertion/dissociation to trans-dihydride complex (Fig. 7-6), 7 ↔ 9 in Scheme 6-3.
The most prominent difference from the cases of cis-routes is the considerably
shallower wells, indicating that all the elementary processes and, consequently,
the insertion/dissociation occur rapidly via small barriers. In the d(C-H) and
the CN(O) configurational subspace (Fig. 7-6, top), an additional intermediate state is observed at ca. d(C-H): 1.7 Å when CO2 approaches to the hydride.
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The fact that such a minimum is not found along the insertion to the
cis-complexes, can be due to the more open coordination space and the less
steric hindrance characterizing the trans-complex. The resulting step-wise
mechanism enhances the concentration of CO2 near the hydride, facilitating
the CO2 insertion. From the minimum, first a CO2 closely interacting complex (2, Fig. 7-6) is formed via a barrier of 5 kcal/mol, and finally the CO2
insertion is completed via a barrier of ca. 4 kcal/mol. Once one of the
trans-formate complexes (3, 4, and 5, Fig. 7-6) is formed, the system can easily
fluctuate over a wide and shallow region, between values of the CN(O) from
0.4 to 0.9. The extension of the well down to the low CN(O) values implies
that the trans-formate complex is stable even for rather large distances of the
formate group from the Ru center. The value 0.4 of the CN(O) corresponds
to 2.7 Å for the Ru-O length (Fig. 7-1), which is significantly longer than the
equilibrium distance of the formate complex (2.3 Å). Moreover, we observe
that the internal rotation of the formate group, i.e. between 2 and 3 (Fig. 7-6),
is almost barrier-less, while a smaller barrier of 4 kcal/mol is found for the
oxygen-flipping (3, 4 vs. 5, Fig. 7-6). The long-range stability of the formate
group seems to affect and facilitate the CO2 dissociation process. The backward transition to the intermediate 2 (Fig. 7-6) is realized by the rotation of
the formate group over a barrier of ca. 5 kcal/mol, which is much lower than
the previous cis-cases. Further dissociation from 2 to 1 (Fig. 7-6) requires ca. 6
kcal/mol.
In summary, we can conclude that the reaction rate for the insertion of
CO2 via either route, cis or trans, is rather high, in excellent agreement with
the experimental observations1 (Chapter 6). The dissociation process is more
difficult for cis-complexes, while it is as facile as the insertion for the
trans-complex. The internal rotation of the formate group is barrier-less, but
the oxygen flipping requires being activated (10 kcal/mol for the cis-complexes,
and 4 kcal/mol for the trans-complex). The overall lower barriers of the
trans-complex compared to the cis-complexes are in a good agreement with the
static DFT investigation (Chapter 6). In all the three cases, once the C-H

CO2 hydrogenation pathways studied by ab initio metadynamics

179

bond is formed, the CO2 insertion/dissociation path occurs via the rotation of
the formate group, at constant C-H distance. Natural bond orbital analysis30
of the intermediate complexes suggests that the formate group can behave like
an ionic species. The formate group shows highly ionic character and its
electronic structure is nearly identical to the one of the formate ion (Chapter
6). This picture justifies the weak interactions between the ‘rotating formate
ion’ and the Ru center, which in turn favors the structural rearrangements of
the formate-complexes (Chapter 6).

7.3.3 Formic Acid Formation and its Reaction with Dihydride Catalyst
From experimental evidence, we know that after the formation of the formate
complexes, by the addition of H2, trans-dihydride complexes interacting with
formic acid are formed at high H2 pressure (Scheme 6-3). The produced
formic acid, however, reacts with the dihydride catalyst, and the original transmono-formate complex is recovered as soon as the H2 pressure is lowered
(Chapter 6), implying the H2 insertion and the formic acid reaction are reversible and in equilibrium (9 ↔ 11, Scheme 6-3). Actually, the backward
reaction (11 → 9) took place because the experiments were carried out in the
absence of a base, which extracts the dihydrogen-bonded formic acid from the
catalyst and promotes the reaction, by shifting the equilibrium towards 9 →
11. Only the trans- dihydrogen-bonded complex has been detected experimentally, and no cis-equivalent was found. The fundamental steps of the H2
insertion / formic acid reaction processes are unknown. Here, the reaction
profiles are studied taking the coordination numbers of oxygen CN(O) (Figure 1, (a)) and hydrogen CN(H) (Figure 1, (b)) to the Ru center, as CVs. The
reaction intermediates are carefully examined and the differences between cisand trans-routes are compared to understand why only the trans-route is
observed experimentally. Confinement potentials are employed to guarantee
that the H2 molecule, the formate group, and the formic acid remain within a
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limited distance from the Ru center.
Fig. 7-7 shows the FES of the H2 insertion to the cis- mono-formate complex (1 to 4) and of the backward reaction, i.e. the formic acid reaction with
the cis-dihydride catalyst with the formation of the formate complex and H2
(4 to 1). Starting from the separated formate complex and hydrogen molecule
(1, Fig. 7-7), the lowest energy path for the H2 insertion is via 2 (Fig. 7-7),
where both H2 and the formate group are distantly interacting with the Ru
center. The minimum corresponding to 2 appearing on the FES is likely to be
due to the wall potential placed at 0.08 for the CN(O). After the intermediate
step 2, we observed an interesting complex Ru(η2-H2) complex (3, Fig. 7-7),
where the molecular hydrogen coordinates to the Ru center, giving a global
CN(H) approximately equal to 3. This new class of η2-H2 complexes has been
increasingly reported31,32, and their role turned out to be important as intermediates of various hydrogenation reactions33-36. The observed Ru(η2-H2)
complexes are identified as an energetic minimum and not as a transition-state
(Chapter 6). In the final step, the formic acid is formed and stabilized by the
dihydrogen-bonding interaction (4, Fig. 7-7). Unfortunately, the free energy
path and the barrier from 2 to 3 (Fig. 7-7) overlap with the well of the minima
corresponding to 4 in the selected configurational space. More information
about the energetics of the observed mechanism between 2 and 3 can be
inferred directly from the Kohn-Sham energy profile along the trajectory. The
fast fluctuations of the systems from one to the other state, corresponding to
small differences in the potential energy, suggest a rather shallow free energy
profile. Hence, the free energy contribution of this fast fluctuating mode is
neglected in the further interpretation of the FES. On the other hand, the
static DFT approach points out that the complex 2 (Fig. 7-7) is the transition-state (Chapter 6), confirming the apparent minimum of 2 to be an artifact. The H2 insertion (1 to 3 via 2) proceeds through a barrier of 22 kcal/mol.
This value can differ depending on the positioning of the wall potential used
to limit the CN(H).
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By setting the minimum value to 1.05, we enforce the H2 to remain very close
to the Ru center, thus reproducing the experimental conditions of high concentration of H2. As the side effect, the presence of H2 molecule very close to
the formate group may result in the destabilization of the whole complex.
Therefore, the free energy well of 1 (Fig. 7-7) is likely shallower than what
would be found without the wall potential. However, this effect can be used to
better understand the properties of the formate complex under high H2 pressure. The final reaction step from 3 → 4 (Fig. 7-7) goes through a very low
barrier of ca. 3 kcal/mol.
The backward reaction (4 → 1, Fig. 7-7) follows exactly the same pathway
consisting of two steps: 4 → 3 (18 kcal/mol) and 3 to 1 via 2 (22 kcal/mol). A
similar destabilization effect, as the one described for the forward reaction, is
likely to be induced by the confinement potential applied to the CN(O) CV.
As a result, the 4 → 3 transition barrier is probably underestimated (Fig. 7-7).
Analogous investigation carried out for the trans-route, clarified four similar structures (1, 2, 3 and 4, Fig. 7-8). The same wall potential was used for
the CN(O), while a different minimum value was chosen for CN(H) (at 0.18),
due to the different number of hydrogen atoms involved in the reaction path
(two for the trans, Fig. 7-8, and three for the cis, Fig. 7-7). Several remarkable
differences between the cis and trans routes are observed. The stationary points
on the FES are somewhat displaced and show different relative stability. In
particular, the Ru(η2-H2) complex is significantly more stable in the trans
conformation (Fig. 7-7 and Fig. 7-8).
The free energy well of the trans-formate complex is centered at much
lower CN(O) value. Consequently, the cross-section between the well of 1 and
the one formed by 3 and 4 is larger for the trans-route (Fig. 7-8), and a larger
channel between the minima is to be expected. Thanks to the analysis of the
FES, we have access to the evaluation of entropic effects. These can be considerably helpful in the discussion of the most probable reaction pathways,
when the simple energy considerations are not enough to explain the observed
behaviors. In this specific case, for example, the wide and shallow transition
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channel suggests that the step 1 → 3 occurs with a higher probability via the
trans-route (Fig. 7-8) than via the cis-route (Fig. 7-7). The same type of effect
due to a shallow well on the FES, was observed for the CO2 insertion/dissociation process. In this case, the fluctuations to lower CN(O) value
(Fig. 7-4 vs. Fig. 7-6) indicate a wider stability range of the formate group,
which increases the statistical weight of the trans conformation, making the
backward reaction more difficult.
At difference with respect to what is observed along the cis-route, the equilibrium between 3 and 4 is shifted towards 3 for the trans-complex (Fig. 7-8).
The static DFT calculations showed that the interaction of the formic acid
with the dihydride through the dihydrogen bonding is stronger when the
complex is in the trans-form (8.0 kcal/mol) than for the cis-form (6.3
kcal/mol) (Chapter 6). This means that the formic acid should interact and
hence react more easily in the trans-route. Moreover, the difference in potential energy between the Ru(η2-H2) trans-complex and the more stable dihydrogen-bonding complex is only 3.4 kcal/mol, against the 7.2 kcal/mol computed for the cis sample. This implies that the formic acid can be better stabilized along the cis-route (Chapter 6). These two factors may be at the origin of
the difference in the equilibrium between 3 and 4.
Furthermore, the H2 insertion to the formate complex (1 to 3, Fig. 7-8)
occurs via a barrier of ca. 10 kcal/mol, which is significantly lower than the
one in the cis-route (22 kcal/mol). Surprisingly, no energy barrier could be
detected for the hydrogen-transfer between the Ru(η2-H2) to the formate
along the 3 to 4 step (Fig. 7-8), and the dihydrogen-bonded complex 4 turned
out to be 5 kcal/mol less stable than the Ru(η2-H2) complex 3. The instability
of 4 is more pronounced probably due to the wall potential applied to CN(O),
which might hinder the formation of a more stable dihydrogen-bonded complex. Moreover, the backward reaction via the trans-route occurs more easily
than the cis-route. The first backward reaction step, the formation of the
Ru(η2-H2) complex (4 → 3, Fig. 7-8), proceeds barrierlessly, while the following step, the H2 dissociation and formate coordination, proceeds over a

CO2 hydrogenation pathways studied by ab initio metadynamics

185

barrier of 22 kcal/mol (3 → 1, Fig. 7-8), similar to the cis-route (Fig. 7-7). A
reasonable estimate of the relative probability of the two competitive routes,
cis and trans, can be proposed on the basis of the FES profile. In particular, the
fact that wider transition channels are available for the trans-route, together
with a higher flexibility during the atomic rearrangements, makes the reaction
processes more probable via the trans-route.

7.3.4 Overall Reaction Pathways
The overall picture of the pathways and the free energy barriers of each reaction step obtained by the MTD investigations are summarized in Scheme 7-1.
From this picture we can conclude that the target reaction, i.e. CO2 insertion
followed by formic acid formation, should preferentially occur via the
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trans-route. The rate-limiting step of the reaction turns out to be the H2
insertion to the formate complex and the formation of the trans-Ru(η2-H2)
complex. This latter state is expected to have a rather short life time, since the
energy barrier for the H transfer to the formate oxygen is only 5 kcal/mol.
This would explain why the Ru(η2-H2) complex has never been observed
experimentally, while the dihydrogen-bonded complex was observed under a
high H2 pressure (Chapter 6).
The first and second CO2 insertions via the cis-route are as facile as via the
trans-route. This result is also in agreement with the IR experimental spectra,
where both the cis-Ru(dmpe)2(OCHO)2 and trans-Ru(dmpe)2H(OCHO) are
observed at 300 K (Chapter 6). However, a significantly higher barrier for the
H2 insertion step (22 kcal/mol) is found via the cis-route, and the presence of
the high barrier implies that the cis-route is unlikely for the H2 insertion; the
step rather proceeds via the trans-route. In addition, the H2 insertion via the
trans-route is further facilitated by the wider channel of the free energy.
Under a moderate CO2 pressure (5 bar) at 300 K in toluene, more
cis-Ru(dmpe)2(OCHO)2

than

trans-Ru(dmpe)2H(OCHO)

was

formed

(Chapter 6). When a high H2 pressure (> 50 bar) was applied in addition to
the moderate CO2 pressure (5 bar), the conformation changed more to trans,
and mainly the dihydrogen-bonded complex, trans-Ru(dmpe)2H2 " HOCHO,
was observed (Chapter 6). These experimental observations can be explained
by the free energy barriers in Scheme 7-1. The equilibrium between the transmono-formate complex (9, Scheme 6-3) and the trans- dihydrogen-bonded
complex (11, Scheme 6-3) is shifted to the latter under high H2 pressure,
resulting in the consumption of the trans- mono-formate complex and necessitating the formation of the complex. The lowest pathway to form the transmono-formate complex from the cis- di-formate complex (6, Scheme 6-3) is
via the dissociation of CO2 and the cis → trans conformational change of the
dihydride catalyst followed by CO2 insertion. In this pathway, the conformation of the complex is shifted with time to more trans under the high H2
pressure.
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Furthermore, when formic acid was added to the dihydride complex solution at 300 K, only the trans- mono-formate complex (7 → 9, Scheme 6-3)
was formed, while the dihydride complex existed mostly in the cis-form
(Chapter 6). The coordination of the hydrogen atom of formic acid to the Ru
center takes place without a barrier via the trans-route (Scheme 7-1, right to
left). The analogous step proceeds with a relatively high barrier via the
cis-route, although the same barrier height for the cis- and trans-routes was
found for the H2 dissociation and the consecutive coordination of the formate
oxygen. The free energy channel width can significantly influence the probability and the widths of the two routes are considerably different, indicating
the trans-route is preferred. The cis-route also seems possible from Scheme 7-1
and the cis-mono-formate complex is likely produced, but it was not observed
at 300 K, most likely due to its low stability1. The cis- mono-formate complex
changed the conformation to trans via two pathways (i) direct conformational
change, or (ii) CO2 dissociation and cis → trans conformational change followed by the reaction with formic acid to form the trans-formate complex.
The latter pathway is slightly favorable based on the activation barriers along
the path.

7.3.5 Ligand Effects and towards Rational Catalyst Design
From the overall picture of the alternative reaction mechanisms, purely energetic considerations as well as kinetic aspects seem to indicate the trans-routes
as the preferred ones. The rate-limiting step turns out to be the H2 insertion,
no matter which route is taken. The corresponding transition-state within the
trans-route, 2 in Fig. 7-8, is characterized by the approaching molecular hydrogen, which induces the weakening of the Ru-formate interaction, and by
the consequent displacement of the formate group to larger distances. The
analysis of the electronic structure confirms that the high energy barrier
originates from the destabilization of the formate group, caused by the loose
interaction between the oxygen and the Ru-H bond (Chapter 6). The for-
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mate-ion like species is clearly revealed in the proximity of the transition-states
of the H2 insertion as well as the CO2 insertion. We can try to correlate the
specific electronic structure at the transition-state to the activity of the catalyst,
for example by studying the catalyst electronic structures in the presence of
different ligands. One of the simplest measures is the stability of the formate
ion near the Ru+ center. In other words, the binding energy of the formate
complex, taking the Ru+ complex and the formate ion as building blocks.
When the binding between the ions is weaker, the barrier height at the transition-state is expected to be lower, i.e. the smaller the binding energy is, the
higher the activity becomes. Table 1 shows the binding energy comparison
between the trans-catalysts of four different ligands, dmpe, PMe3, dppe, and X
(X: HMeP-CH2CH2-PHMe). The ligand X is similar to dmpe and one of the
methyl groups is substituted by hydrogen. The binding energies increase in the
order, dppe < PMe3 < dmpe < X.

It is difficult to compare the activities

reported in the literatures due to the different experimental conditions (concentration, temperature, and additives), but there is a general trend of the
ligand effects. The activity for formic acid formation based processes decreases
in the order, dppe > PMe3 > dmpe > X.37-39 The activity data for the catalyst
with the ligand X has not been measured, but it is expected to be almost zero
like the case when one methyl group of dppe is substituted by hydrogen.39 The
binding-energy vs. activity relationship shows a clear trend and confirms that
the dppe complex is one of the most efficient catalysts. We deduce that the
high activity of the dppe complex can be ascribed to the weak binding of the
formate group and the related softening of the mode, which favors the stabilization at larger distances from the Ru center and the consequent ionic character of the formate. In spite of the fact that dppe is significantly bulkier than
the other ligands, it shows the highest activity. Therefore, it can also be concluded that the electronic structure of the catalyst affects the activity more
than the steric hindrance does. With this simple measure, derived from the
analysis of the FES in the proximity of the rate-limiting step, the activity of
catalyst with different ligands can be easily estimated. The reaction pathways
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Table 7-1: Binding energies of the formate group of various Ru catalysts taking formate ion and corresponding Ru+ complexes with different ligands as the reference. The abbreviations for the ligands are: dppe (PPh2-CH2CH2-PPh2) and
X (HMeP-CH2CH2-PHMe). The zero-point energies are corrected.

Ru+ complex
trans -Ru(dmpe)2H+
trans -Ru(PMe3)4H+
trans -Ru(dppe)2H+
trans -Ru(X)2H+

Binding energy / kcal/mol
112.4
111.6
99.7
116.1

elucidated by this work can be of great help to understand other effects, such
as the influence of additives, while the proposed simple measure of the activity
can be successfully exploited in the rational design of even more efficient
catalytic systems.

7.4

Conclusion

Practically relevant reaction pathways for the homogeneous catalytic CO2
hydrogenation have been investigated by ab initio MTD, using Ru(dmpe)2H2
as a model catalyst. Several aspects that cannot be addressed by static electronic structure calculations were studied by the molecular dynamics. Among
them the actual dynamic mechanism leading to the conformational changes at
finite temperature, the connected entropic effects, that may contribute in
determining the most probable pathway and the relative stability of the available stationary states, and finally the observation of previously unforeseen
intermediates that can effectively influence the reaction rates were clarified.
The simulations presented in this work answer several open questions related
to the reaction system under study. It has been established that the CO2 insertion occurs via a concerted mechanism involving the rotation of the formate
group. Several interesting intermediates have been encountered along the
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reactive trajectories, like the complex showing molecular H2 coordinated to
Ru(η2-H2). The most relevant structures have been described in details and
their relative stability has been discussed in terms of the interatomic interactions and the associated electronic charge distribution. The free energy profiles
reconstructed by the MTD are consistent with the experimental results, and
provide a more precise interpretation of the observed behaviors. We finally
conclude that the reaction proceeds more easily via the trans-conformation
route, and the H2 insertion to the formate complex is identified as the
rate-limiting step of the reaction. On the basis of the disclosed reaction pathways, a procedure to predict the activity of catalysts with different ligands has
been proposed. The combination of in situ spectroscopic work, carried out
under reaction conditions, and ab initio MTD has proved to be an extremely
powerful tool for the characterization of unknown pathways and the interpretation of not fully understood reaction processes. The resulting atomistic
picture can provide helpful hints for the engineering of improved reaction
systems.
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Outlook
The topics of this thesis are centered around two themes: (1) Developments
and applications of modulation excitation spectroscopy (MES) for the selective detection of active species and the kinetic study, and (2) Application of
combined spectroscopic and theoretical tools in the investigations of the
reaction pathways and mechanisms of homogeneous catalytic reactions.
Concerning the first theme, MES can significantly enhance the sensitivity
towards the species of our interests by properly choosing an appropriate external perturbation parameter. Hence, the combination of MES with in situ
spectroscopy is of great value to extract molecular information of complex
catalytic reactions. As a general remark, MES can be combined with any
technique, although the method can become most powerful when it is combined with broadband spectroscopic techniques for its ability to differentiate
species with different kinetics. The application of square-wave stimulation and
higher-frequency demodulation can greatly speed up the kinetic analysis and
also finding the most proper experimental modulation frequency. The quantitative evaluations of the response to a square-wave stimulation should be
utilized to maximize kinetic differences of active species to disentangle complex overlapping bands in spectra. Also, as a further development of MES, the
advent of multidimensional MES using multiple stimulations is anticipated in
the near future to achieve more sensitive and effective screening of active
species. The understanding of the general theoretical principles will be necessary for proper evaluations and maximum exploitation of the capability.
Here, two IR techniques suited for the investigations of catalytic interfaces
were combined with MES, namely PM-IRRAS and ATR-IRS. The very first
study of ME PM-IRRAS showed its promising capability for time-resolved
measurements of gas-phase and surface species as well as bulk properties. The
application of ME PM-IRRAS in other gas-solid catalytic interface studies will
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likely provide a deeper understanding of surface reactions. In addition,
ATR-IR MES was used for the study of solute diffusion to characterize the
flow-through cell, and the diffusion phenomena could be studied in comparison with the reliable convection-diffusion model. The model can form the
basis for the quantitative analysis of various surface phenomena, e.g. adsorption/desorption, and reactions. The model can be used for the study of not
only solid-liquid interfaces but also gas-solid interfaces such as the study of
molecular diffusion through porous media.
On the other hand concerning the second theme, theoretical ab initio investigations, thanks to the accuracy of DFT methods, can greatly complement
the information not available by in situ spectroscopy. The combination allows
us stepping from observing phenomena towards molecular understanding of
the nature of catalysis. The hybrid functional DFT is particularly the method
of choice for theoretical modeling. Also, DFT based molecular dynamics such
as Car-Parrinello molecular dynamics (CPMD), is very useful in the investigation of the dynamic aspects of reactions, e.g. the study of reaction pathways at
a finite temperature. The combination of CPMD with the metadynamics
methods can overcome the time-scale restriction of the reaction processes by
simulations and identify the most probable reaction intermediates and pathways. Both static and dynamic methods are successfully applied in epoxidation
and hydrogenation reactions. The suggested mechanisms can be of great help
in rational designing of the catalytic systems.
Finally, it should be remarked that careful selections of both theoretical
methods and experimental conditions are the absolute prerequisites for reliable
comparisons. The continuous growth of computational power and the usage
of proper approximations, e.g. QM/MM scheme, will widen the applications
range of ab initio methods in catalysis to tackle more complex and complete
catalytic systems, e.g. inclusion of solvents and realistic surfaces, aiming to
answer unsolved problems questioned by spectroscopic methods.

Appendix

A
Supplementary Information
of Chapter 4
A.1

Residence Time Distribution in the PM-IRRAS
Cell

The mixing property of the cell was further analyzed by means of step experiments. At low frequencies and high flow rates (T = 257.9 and 516.7 s at 40
and 60 ml/min), responses obtained by the modulation experiments reached
zero concentration of tracer molecule (CO gas) within the detection accuracy,
and therefore the responses obtained by the modulation experiments were
used for the analysis. The residence time distribution function E(t) was calculated from the derivative of the step response. The data points of the responses
were interpolated with a cubic spline function to have the resolution of 0.1 s
and to obtain smoother E(t). Two experimental responses, (i) 60 ml/min at T
= 257.9 s and (ii) 40 ml/min at T = 516.7 s, were analyzed and residence time
distribution function E(t), mean residence time, and second moment were
calculated.
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Fig. A-1: Step response and the residence time distribution function, obtained from
0.5 % CO/ He modulation experiment at 60 ml/min and T = 257.9 s. The
flow was switched to CO at t = 0 s. Circle points and solid line in the step
response represent original experimental data and interpolated data, respectively.

Fig. A-2: Step response and the residence time distribution function, obtained from
0.5 % CO/ He modulation experiment at 40 ml/min and T = 516.1 s. The
flow was switched to CO at t = 0 s. Circle points and solid line in the step
response represent original experimental data and interpolated data, respectively.
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Table A-1: Characteristic parameters of the PM-IRRAS cell under two different conditions
Mean residence time
τ/s

Variance
σ2 / s2

Standard deviation
σ/s

60 ml/min, T = 257.9 s

12.4

34.4

5.9

40 ml/min, T = 516.1 s

20.5

88.5

9.4

Fig. A-1 and A-2 show the step responses and residence time distribution
functions. Table A-1 summarizes the parameters obtained from the function.
There are marked differences in the responses compared to the response of
an ideal mixing tank. Ideal mixing tank residence time distribution function
can be written as,
1

E (t ) = e

τ

−

t

τ

(A.1)

The function is an exponential decay determined by the residence time.
The observed responses show gradual increase after t = 0 (Fig. A-1 and A-2),
which is likely due to the dispersion caused by the gas-line between the
switching valve and the cell inlet. This is supported by the fact that at 40
ml/min slower E(t) increase was observed due to the longer time the gas
spends in the inlet tube and hence the larger influence of diffusion.
Furthermore, an ideal mixing tank shows the following variance and standard deviation.

σ 2 =τ 2
σ =τ

(A.2)

In the both cases (Table A-1), the standard deviations were roughly a half
of the residence time. This indicates the E(t) has a maximum around the mean
residence time τ. The gas-line present before the inlet and also the non-ideal
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mixing of the cell, especially by dispersion and the fast exchange of the tracer
molecules along the light path, probably contribute to the narrow distribution
of the E(t) and result in the smaller standard deviation. The mean residence
times (Table A-1) are 20-30 % larger than for an ideal mixing tank after
considering the line volume before the inlet and this is likely due to the dispersion within the line.

A.2

Effect of Tracer Concentration on Linear Response Behavior

In spite of the good agreement between the experimental and simulated responses using the simple linear mixing tank model, the actual flow and mixing
behavior are certainly more complex. Here, the effect of tracer (CO gas)
concentration on linear response behavior was examined using a flow of more
than one order magnitude higher tracer concentration (5-15 % CO). Fig. A-3
shows the responses of modulation experiments at the higher concentrations
in comparison with the simulated line obtained with the optimum parameters
of the low concentration modulation experiments (0.5 % CO in Ar / He
modulation). Apparently, the experimental lines deviated more than in the
case of the low CO concentration (Fig. 4-2). The experimental responses show
faster increase and slower decay than the linear response, indicating non-linear
behavior of the system most likely due to dispersion.
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Fig. A-3: Response comparisons between experiments (solid line) and simulations of
the mixing tank model (dotted line) with 5, 7.5, and 15 % CO in He in the
first half period and He in the second half period at 60, 40, and 20 ml/min,
respectively. The blue, red, green, and black lines correspond to the modulation periods of 516.1, 257.9, 128.8 and 64.2 s, respectively. Time is shown
relative to the modulation periods. Vcell = 7.164 mL and Vline = 2.246 ml were
used for the simulations.
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Application of High Frequency Demodulation (k
= 3, 5, 7, … ω) in Estimating Kinetic Parameters in
Broadband Spectroscopy: Solute Diffusion in an
ATR-IR Flow-Through Cell

When a broadband analytical technique, such as Fourier transform spectroscopy, is used and when species show different kinetics in their chemical or
physical responses (due to e.g. adsorption/desorption, reaction, and diffusion),
modulation excitation spectroscopy is a powerful tool for studying the kinetics
of a system and disentangling complex spectra of overlapping bands. Please see
T. Bürgi and A. Baiker, Journal of Physical Chemistry B, 106, 10649 (2002) for
an example of reaction pathway studies and disentangling overlapping signals
by making use of the different kinetics of the species during reaction. A
modulation frequency maximizing the kinetic differences between the species
in a system needs to be chosen to study the kinetic behavior of a system and
analyzing complex overlapping signals. High frequency demodulation can be a
convenient tool for estimating phase lag and amplitude of experimental signals
obtained by high frequency modulation experiments.
Here, kinetic parameter estimation is demonstrated by the study of solute
diffusion in an ATR-IR flow-through cell (Chapter 3). In short, an aqueous
solution of a mixture of acetonitrile and hemoglobin (second-half period) was
flown into a cell and exchanged against water (first-half period) as a
square-wave stimulation and the concentration changes were monitored using
the ATR-IR technique. Due to the laminar flow in the cell and the short light
path length (ca. 1 µm), significant response differences were observed for
acetonitrile and hemoglobin due to their different diffusivity, which was used
for characterizing the cell.
Modulation experiments were carried out at 7.4, 22.3 and 67.1 mHz,
corresponding roughly to a 1:3:9 frequency ratio. Table A-2 shows the kinetic
parameters obtained by phase sensitive detection of fundamental and higher
frequencies up to 5 ω. The dynamic responses can be described very well by

Supplementary information of Chapter 4

201

the convection-diffusion model (Chapter 3) and highly non-linear behavior of
the response can be expected. However, as seen in Table A-2 the values obtained by 1 ω demodulation at 22.3 and 67.1 mHz are comparable to the ones
obtained by 3 ω demodulation at 7.4 and 22.3 mHz, respectively. This shows
the good estimation of kinetic parameters of higher frequency modulation
experiments using a lower modulation frequency. In practice, maximizing the
phase lag differences is required to analyze overlapping or complex signals. As
demonstrated here square-wave modulation experiments is a handy tool for
screening a wide range of modulation frequencies.

Table A-2: Phase lag (PL) and amplitude ratio (AR) obtained by phase sensitive
detection of the fundamental (1 ω) and higher (3 and 5 ω) frequencies.
Modulation frequencies of the experiments (fundamental frequency) were
7.4, 22.3 and 67.1 mHz at 1.2 ml/min flow rate. AR was corrected by the
relationship, eq. (4.13), between sinusoidal- and square- wave stimulation. Comparable parameters are highlighted with same colors. At 67.1
mHz, 5 ω the signals were too small compared to the noise.

Acetonitrile
Demodulation
Frequency k
1ω
3ω
5ω

7.4 mHz
PL
AR
4
1.00
13
0.99
20
0.99

22.3 mHz
PL
AR
19
0.90
55
0.81
94
0.70

67.1 mHz
PL
AR
63
0.77
167
0.21
-

Hemoglobin
Demodulation
Frequency k
1ω
3ω
5ω

7.4 mHz
PL
AR
23
1.00
46
0.78
60
0.60

22.3 mHz
PL
AR
50
0.88
125
0.42
181
0.10

67.1 mHz
PL
AR
122
0.47
303
0.18
-
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B.1

Equilibrium Geometry of TBHP

Optimization and frequency calculations were done with the B3PW91 functional but with higher basis sets, 6-31++G(2d,2p) instead of 6-311G(d). The
geometry and IR spectrum at the different basis sets were nearly identical,
except the scaling factor of about 0.955 was necessary to compare with experimental spectrum in the case of 6-311G(d) basis set. Fig. B-1 shows the
comparison between experimental and calculated IR spectra of TBHP.

B.2

Conformational Analysis of CHol

A conformational analysis was carried out for four possible conformations of
CHol (Fig. B-2). The spectrum of the conformation (3) was in best agreement
with the experimental CHol spectrum in toluene, especially the C-O stretching peak at 977 cm-1 of conformation (3) in comparison with 959 cm-1 of the
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experimental spectrum strongly supports CHol(3) as the most probable conformation. The electronic energy calculations at the same level of theory
supported the stability of conformation (3), although the conformation (2) is
as stable as (3) and it is expected to exist to some extent by the ring structure
fluctuation.

1364
845

Absorbance

0.5

1194

748

1379
1245
1255

1464 1386
1440

889

1380
1386

δ(OH)

1391

1517 1490

ν(C-O)
1216

ν(C-C)
ν(C-O)

ν(C-C)

δ(CH3)

1600

909

1030 1022

1282 1262
1412

1400

ν(O-O) 871
1046 1034

1200

Wavenumber /

952

1000

757

924

800

cm-1

Fig. B-1: Comparison between experimental (top, 5.5 M TBHP in nonane at 300
K) and calculated (bottom, B3PW91/6-31++G(2d,2p), without scaling)
IR spectra.
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1049
959

experimental spectrum

Absorbance

0.2

CHol (1)

∆E1 = 3.32 kJ/mol

CHol (2)

∆E2 = 0.07 kJ/mol

ν(C-O)
1087
977

CHol (3)

∆E3 = 0 kJ/mol

1068

CHol (4)

1800

1600

∆E4 = 4.50 kJ/mol

1400

1200

1000

800

600

400

Wavenumber / cm-1

Fig. B-2: Comparisons between experimental IR spectrum (0.5M in toluene at 300 K)
and calculated IR spectra (B3PW91/6-31++G(2d,2p), without scaling) and
relative electronic energies (with respect to CHol (3)) of four possible CHol
conformers.
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Interaction of TBHP with TTMST: IR Study of OH
Stretching Region

ATR-IR spectra of OH stretching region of TTMST, TTMST with TBHP,
and only TBHP in nonane are shown in Fig. B-3. When TBHP concentration
is high, TBHP molecules form hydrogen-bonds leading to the broad peak at
3380 cm-1 (e.g. 5.5 M TBHP in nonane). When concentration is decreased,
for example at 0.05 M in toluene, the OH stretching at 3510 cm-1 of free
TBHP molecules is observed. At a higher concentration, 0.5 M TBHP in

TTMST:TBHP
0.04

1:10

1:5

0.02

Absorbance

1:2
1:1

0.00

0.05 M TBHP in toluene
-0.02

0.5 M TBHP
in toluene

-0.04

-0.06
3700

5.5 M TBHP
in nonane

3600

3500

3400

3300

3200

3100

3000

Wavenumber /cm-1
Fig.B-3: ATR-IR spectra of TBHP and TTMST-TBHP in toluene (0.05 M TTMST
for the TTMST-TBHP solutions, at 300 K). The spectra of 0.5 M TBHP in
toluene and 5.5 M TBHP in nonane are scaled by 1/20.
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toluene, the broad feature of intermolecular interactions is more pronounced
than the sharp peak of free TBHP. However, the trend changes remarkably in
the presence of TTMST. The sharp peak at 3380 cm-1 is pronounced, which
indicates free TBHP or TBHP interacting very weakly with TTMST. Also, the
shape of the broad band due to hydrogen-bonded TBHP changes, indicating
hydrogen-bonding interaction between TBHP and TTMST.

B.4

Interaction of CHol with TTMST

Similar to the study of TTMST-TBHP interaction, TTMST-CHol interaction
was studied starting from several initial geometries using CHol(3) as the
conformation of CHol with B3PW91/3-21G. The most stable complex was
further optimized with the method described in the experimental section. The
optimized geometry and calculated IR spectrum are shown in Fig. B-4.
It should be noted that a hydrogen-bonded complex was found when conformer 1 (CHol(1)) was used as a starting geometry of TTMST-CHol complex. However, when the most stable and probable conformation CHol(3) was
chosen as a starting geometry, no hydrogen-bonded complex was found. These
results and our IR and NMR results imply that CHol is rather stable when
isolated or weakly interacting with TTMST in the absence of TBHP. This
indicates that a change in conformation from CHol(1) to CHol(3), which
involves a rotation of the O-H group and which would allow hydrogen-bonding with TTMST, does not occur.

Intensity
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TTMST

TTMST+CHol

1300 1200 1100 1000

900

Wavenumber /

800

700

600

cm-1

Fig. B-4: Calculated IR spectra of TTMST and TTMST-CHol complex (scaled by
0.955) and the optimized structure.
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NMR Spectra

cis-Ru(dmpe) 2H 2

trans-Ru(dmpe) 2H 2

-9.2

-9.4

-9.6

-9.8

-10.0

-10.2

-10.4

Chemical Shift / ppm
Fig. C-1: 1H NMR spectrum of the hydride region of 0.03 M Ru(dmpe)H2 in
toluene at 300 K.
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(E) Ru(dmpe) 2H 2 +
formic acid
(D) Ru(dmpe) 2H 2 +
4 bar CO 2 + 96 bar H 2
(C) Ru(dmpe) 2H 2 +
4 bar CO 2 + 10 bar H 2
(B) Ru(dmpe) 2H 2 +
4 bar CO 2
(A) Ru(dmpe) 2H 2
-8.5

-9.0

-9.5

-10.0

-10.5

-22.0

-22.5

-23.0

Chemical Shift / ppm

Fig. C-2: 1H NMR spectra of the hydride region of 0.03 M Ru(dmpe)2H2 under different CO2 and H2 pressures or after the addition of formic acid (catalyst: formic acid = 1:2) in toluene at 300 K.
(E)
(D)

3
3

3

(E) Ru(dmpe) 2H 2 +
formic acid

5

5

(C)

5
4

4

(B)

3

4

4
3

4

3

3

4

3

1

(A)

3

1
2

4

4

4

4

(D) Ru(dmpe) 2H 2 +
4 bar CO 2 + 96 bar H 2
(C) Ru(dmpe) 2H 2 +
4 bar CO 2 + 10 bar H 2
(B) Ru(dmpe) 2H 2 +
4 bar CO 2

1
1

(A) Ru(dmpe) 2H 2
9.4

9.2

9.0

8.8

8.6

8.4

8.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

Chemical Shift / ppm

Fig. C-3: 1H NMR spectra of the ligand and formate region of 0.03 M Ru(dmpe)2H2
under different CO2 and H2 pressures or after the addition of formic acid
(catalyst: formic acid = 1:2) in toluene at 300 K. The assignments are the followings: (1) cis-Ru(dmpe)2H2, (2) trans-Ru(dmpe)2H2, (3) trans-Ru(dmpe)2H(OCHO), (4) cis-Ru(dmpe)2(OCHO)2, (5) trans-Ru(dmpe)2H2…HOCHO.
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Molecular Geometries, Natural Charges and
Natural Electron Configurations

Important bond lengths, bond angles, natural bond orders (shown in parenthesis), natural charges and natural electron configurations of CO2, H2, formic
acid, formate ion, Ru complexes, and transition states are shown below.
Natural
Charge

1.159 (2.000)
O2

O1

C1

CO 2

Valence Natural
Electron Configuration

C1

0.992

s(0.65)p(2.31)

O1

-0.496

s(1.72)p(4.76)

O2

-0.496

s(1.72)p(4.76)

H

0.000

s(1.00)

C1

0.651

s(0.86)p(2.44)

O1

-0.569

s(1.71)p(4.84)

O2

-0.675

s(1.69)p(4.97)

H1

0.115

s(0.88)

H2

0.478

s(0.52)

C1

0.617

s(0.82)p(2.50)

O1

-0.780

s(1.73)p(5.04)

O2

-0.780

s(1.73)p(5.04)

H1

-0.057

s(1.05)

0.745
(1.000)

H2
1.100
(0.960)
1.341
1.197
(1.062)
(1.978)
C1
H1

0.969
(0.991)

O2

125.2

O1

H2

formic acid

1.247
(1.534)
O2

H1

C1

131.2

1.155
(0.931)
1.247
(1.534)
O1

formate ion
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2.341

Natural
Charge

1.644
H1 (0.738)
2.299

Ru1
2.299

83.2
H2 1.644
(0.735)
2.341

Valence Natural
Electron Configuration

Ru1

-0.996

s(0.41)d(8.56)

H1

-0.102

s(1.10)

H2

-0.102

s(1.10)

Ru1

-0.843

s(0.38)d(8.43)

H1

-0.059

s(1.05)

H2

-0.084

s(1.08)

C1

0.816

s(0.72)p(2.40)

O1

-0.654

s(1.71)p(4.93)

O2

-0.641

s(1.71)p(4.92)

Complex 1
1.210 141.8
(1.110)

O1
C1

1.206
(1.229)

O2

1.757
1.353
(0.280) (0.616)
2.394
H1
82.5

Ru1
2.337

H2
2.291

Complex 2

2.331

1.634
(0.737)
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1.259
(0.999)

130.2

1.234 (1.179)

O2

O1

2.435

C1 1.152 (0.818)
2.917
(0.005) H1
2.303
(0.055)
Ru1

2.359

2.353

H2

2.230

1.632
(0.742)

Natural
Charge

Valence Natural
Electron Configuration

Ru1

-0.711

s(0.37)d(8.32)

H1

0.072

s(0.92)

H2

-0.086

s(1.08)

C1

0.613

s(0.82)p(2.50)

O1

-0.768

s(1.73)p(5.03)

O2

-0.712

s(1.71)p(4.99)

TS 2-3 336.8 i cm -1
1.225
1.217
1.288 127.2

1.296
125.6

2.410

2.337

213

1.116

1.115

2.178

2.448

2.410

2.233
92.0

2.351

2.328
1.634
2.271

Complex 3

2.337

1.633
2.255

TS 3-4 131.1 i cm -1
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1.113 (0.839)
1.276 H1
1.227 (1.198)
(0.916)

C1 O2

2.397

O1

127.9 128.8

2.210
(0.117)
89.6

Ru1
2.341

Natural
Charge

H2

2.362

1.631
(0.750)

2.266

Valence Natural
Electron Configuration

Ru1

-0.670

s(0.37)d(8.27)

H1

0.077

s(0.92)

H2

-0.083

s(1.08)

C1

0.666

s(0.82)p(2.46)

O1

-0.733

s(1.69)p(5.02)

O2

-0.704

s(1.72)p(4.98)

Ru1

-0.532

s(0.34)d(8.16)

H1

0.086

s(0.91)

H2

-0.088

s(1.08)

C1

0.666

s(0.83)p(2.45)

O1

-0.725

s(1.69)p(5.02)

O2

-0.709

s(1.72)p(4.98)

C2

0.852

s(0.71)p(2.38)

O3

-0.610

s(1.71)p(4.89)

O4

-0.630

s(1.71)p(4.91)

Complex 4

2.337

1.111 (0.831)
1.278
(0.914) H1 O2
1.228 (1.196)
C1 128.7

O1

129.1
2.187
(0.128)
87.3

Ru1
2.376

2.384

1.742
(0.303)

1.418
(0.530)

H2

2.298

O4

C2

1.201
(1.135)

Complex 5

O3

1.199
(1.244)

145.1
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1.110 (0.828)

H1

O2
1.225 (1.208)
C1 128.5

1.283
(0.897)

-0.389

s(0.32)d(8.03)

H1

0.092

s(0.90)

H2

0.075

s(0.92)

C1

0.668

s(0.83)p(2.45)

O1

-0.737

s(1.70)p(5.02)

O3

O2

-0.697

s(1.72)p(4.97)

130.0
1.237 (1.172)

C2

0.611

s(0.81)p(2.51)

O3

-0.759

s(1.72)p(5.03)

O4

-0.719

s(1.72)p(4.99)

Ru1

-0.352

s(0.32)d(7.99)

H1

0.086

s(0.91)

H2

0.086

s(0.91)

C1

0.668

s(0.83)p(2.45)

O1

-0.720

s(1.69)p(5.01)

O2

-0.714

s(1.72)p(4.99)

C2

0.668

s(0.83)p(2.45)

O3

-0.720

s(1.69)p(5.01)

O4

-0.714

s(1.72)p(4.99)

128.8

H2

Ru1
2.393

2.299
(0.066)C2

1.148 (0.820)
1.256 (1.010)

O4
2.349

Valence Natural
Electron Configuration

Ru1

2.410

O1

2.170
(0.134)

2.259

Natural
Charge

TS 5-6 313.3 i cm -1

1.111 (0.832)

H1 O2

1.277 (0.920)

2.302

C1
O1

2.175
(0.132)

1.229 (1.190)

128.6

86.3

Ru1
2.399
2.302

2.399

128.1

O3

2.176 (0.131)
128.1
1.277
(0.918)

C2

H2

O4

1.111
(0.832)

1.229 128.6
(1.190)

Complex 6
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1.694
(0.352)

Natural
Charge

H1

Valence Natural
Electron Configuration

2.303

2.303

Ru1
2.303

2.303

Ru1

-0.992

s(0.42)d(8.55)

H1

-0.220

s(1.22)

H2

-0.220

s(1.22)

Ru1

-0.881

s(0.40)d(8.46)

H1

-0.073

s(1.06)

H2

-0.038

s(1.03)

C1

0.768

s(0.74)p(2.43)

O1

-0.680

s(1.72)p(4.95)

O2

-0.681

s(1.72)p(4.95)

H2 1.694

(0.352)

Complex 7
1.220
1.220
(1.088)
(1.196)
138.6

O2

O1

C1

1.258 (0.722)
H1 1.816
(0.145)
2.329
2.330

Ru1
2.330

2.329

H2

1.618 (0.775)

Complex 8
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1.233 (1.189)
1.150
(0.853)

O2
130.5

C1

O1

H1

2.899
(0.003)

2.389
(0.038)

2.337

2.354

Ru1
2.346

2.326

Natural
Charge

1.260 (0.997)

H2

Valence Natural
Electron Configuration

Ru1

-0.787

s(0.38)d(8.38)

H1

0.030

s(0.96)

H2

0.036

s(0.96)

C1

0.626

s(0.81)p(2.50)

O1

-0.773

s(1.73)p(5.04)

O2

-0.707

s(1.71)p(4.98)

Ru1

-0.738

s(0.37)d(8.34)

H1

0.070

s(0.93)

H2

-0.068

s(1.07)

C1

0.659

s(0.82)p(2.46)

O1

-0.743

s(1.70)p(5.02)

O2

-0.733

s(1.72)p(5.00)

1.574
(0.873)

-1
TS 8-9 301.3 i cm

1.235
(1.173)

O2

H1

1.115 (0.842)
1.270 (0.948)

C1
128.7
123.8

O1
2.283
(0.066)

2.337

Ru1
2.330

2.320
H2 1.609
(0.906)

Complex 9

2.322
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1.237
(1.186) H1 1.120 (0.851)

O2

C1

127.7

0.768
(0.847)
H3
3.099
H4
(0.009)

O1

2.359

Natural
Charge

1.270 (0.954)

2.684 (0.013)
2.594 (0.014)
2.320

Ru1
2.344 2.329
H2
1.565
(0.908)

Valence Natural
Electron Configuration

Ru1

-0.727

s(0.36)d(8.34)

H1

0.050

s(0.94)

H2

0.043

s(0.95)

H3

0.105

s(0.89)

H4

-0.114

s(1.11)

C1

0.642

s(0.83)p(2.47)

O1

-0.812

s(1.73)p(5.07)

O2

-0.730

s(1.72)p(5.00)

Ru1

-0.934

s(0.39)d(8.50)

H1

0.046

s(0.95)

H2

-0.064

s(1.06)

H3

0.133

s(0.85)

H4

0.032

s(0.96)

C1

0.641

s(0.83)p(2.46)

O1

-0.822

s(1.73)p(5.08)

O2

-0.743

s(1.72)p(5.01)

TS 9-10 276.6 i cm -1

H1

1.269
(0.966)
1.923 (0.028)

2.608
(-0.015)
1.866 (0.154)

1.121 (0.854)
1.240 (1.178)

O2

C1

O1 128.1
H3

2.494 (-0.012)
2.532 (0.011)

0.847 (0.753)
H4
1.777 (0.163)

Ru1
2.347

2.337 2.329
H2
1.630
(0.787)

Complex 10

2.332
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1.208 H1
1.104 (0.824)
(1.303)
C1 1.318 (0.811)

O2

127.1 O1 1.019 (0.383)
H3
1.361 (0.092)
1.702
H4
(0.251)
2.318
2.308

Ru1
2.315 2.308
H2
1.674
(0.679)

Natural
Charge

Valence Natural
Electron Configuration

Ru1

-0.951

s(0.40)d(8.52)

H1

0.099

s(0.90)

H2

-0.166

s(1.16)

H3

0.483

s(0.51)

H4

-0.299

s(1.29)

C1

0.664

s(0.84)p(2.44)

O1

-0.717

s(1.68)p(5.03)

O2

-0.625

s(1.71)p(4.90)

Ru1

-0.956

s(0.40)d(8.53)

H1

0.103

s(0.89)

H2

-0.087

s(1.08)

H3

0.496

s(0.50)

H4

-0.178

s(1.17)

C1

0.664

s(0.85)p(2.44)

O1

-0.729

s(1.68)p(5.04)

O2

-0.606

s(1.71)p(4.88)

Complex 11
H1

1.324
(0.790)

2.357

1.103 (0.821)
1.204 (1.321)

C1 O2

O1

126.8
1.008 (0.392)

H3 1.425
(0.072)
H4

Ru1 80.4
2.308
2.332

1.648
(0.702)
2.316

H2

1.641
(0.718)

Complex 12
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1.269 H1 1.119 (0.849)
(0.965)
2.449 (-0.012)
C1 1.240 (1.172)

O1

1.750 (0.049)
1.870 (0.279)

127.8

H3
H4

Ru1

-0.903

s(0.39)d(8.49)

2.569 (-0.007)
2.872 (0.009)
0.893 (0.680)
1.682 (0.304)

H1

0.056

s(0.94)

H2

-0.074

s(1.07)

H3

0.177

s(0.81)

H4

0.073

s(0.92)

C1

0.647

s(0.83)p(2.46)

O1

-0.799

s(1.73)p(5.06)

O2

-0.750

s(1.72)p(5.02)

Ru1

-0.658

s(0.35)d(8.28)

H1

0.058

s(0.94)

H2

-0.093

s(1.09)

H3

0.048

s(0.95)

2.480 (0.030) H4
2.333 (0.027)

-0.023

s(1.02)

C1

0.645

s(0.83)p(2.46)

O1

-0.802

s(1.73)p(5.06)
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O1 127.8
H3
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H4

Ru1
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2.349

2.225

TS 13-4 384.9 i cm -1
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