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Chapter 1 

I ntroduction 

1.1 General 

A simplified picture of a chemica! bond between two atoms is that of a miniature 
spring. In contrast to a classica! spring, the energy contents of this molecular spring 
is quantized: The amounts of energy that can he transferred to the vibration of the 
spring are discrete, giving rise to distinct vibrational transitions. The energy spacing 
between the separate levels is, to a first approximation, Planck's constant times the 
frequency of the vibration. The frequency is determined by the strength of the chemica! 
bond and the reduced mass of the vibration. Strong honds as well as the involvement 
of light atoms result in high frequencies. If the vibration leads to an oscillatory dipole 
moment, it can he driven by an electromagnetic field resonant with the vibration: A 
transition between the energy levels can occur if the frequency of the light is equal 
to the frequency of the vibration. The frequency range of light that can he absorbed 
by vibrational transitions lies in the mid- and far-infrared region of the electramag
netic spectrum. With infrared spectroscopy the vibrational absorption spectrum can 
he investigated, viz. the frequencies at which light is absorbed, the width of these 
resonances and the absorption intensities. In theory, infrared spectroscopy allows for 
the determination of the force constauts of chemica! bonds, and, for sufficiently simple 
systems, the symmetry of the (molecular) system.[l] Hence, infrared spectroscopy is a 
widespread analytic tooi in chemistry in general and catalysis in particular[2]. 

Each vibration in a molecular system involves, in principle, a displacement of all 
atoms in the system. For some modes, especially high-frequency vibrations, the dis
placement is limited largely to two or three specific atoms. These modes are commonly 
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2 Chapter 1 

referred to by the atoms involved in the vibration. This is the type of vibration under 
investigation in this thesis: the 0-H (0-D) stretch vibration of (deuterated) surface hy
droxyls in zeolites, the C-H stretch vibration of iodoform (CHI3) and the 0-H stretch 
vibration of methanol (CHgQH). 

This thesis deals with time-resolved (picosecond) infrared spectroscopy on these 
vibrations. From these experiments information on the time evolution of vibrational 
excitations is obtained. This information can generally not be obtained with con
ventional -frequency domain- infrared spectroscopy. The essence of the technique is 
that the molecular spring is excited and that the relaxation of the spring is monitored 
in real-time. Relaxation rates as well as information on relaxation pathways ('where 
does the energy flow?') can be obtained, providing insights into important chemica! 
and physical properties of the systems under study. For instance, the redistribution 
of vibrational energy is an important factor in chemica} reaction kinetics. The rate 
of vibrational (energy) relaxation relative to the rate for coupling into the reaction 
coordinate may dictate reaction rates and pathways. 

In the following section the research described in this thesis is put in a broader 
perspective, and zeolites are introduced. In section 1.3 it is shown how the vibrational 
dynamics are connected to the infrared absorption lineshape. Different mechanisms 
giving rise to infrared absorption line broadening are discussed and a mathematica! 
model descrihing these mechanisms is introduced. In the same section it is shown how 
non-linear spectroscopie techniques can he used to obtain information on the vibra
tional dynamics, and why this type of information can usually not be obtained with 
conventionallinear spectroscopy. Insection 1.4 the experimental setup is introduced, 
along with a description of the different experiments it allows for. In the last section 
of this Chapter the outline of this thesis is presented. 

1.2 Fundamental research in catalysis 

The past decades have seen a tremenclous increase in the development and application 
of catalysts in industrial processes, ranging from small-scale applications in e.g. medi
cine production to large-scale hydracarbon cracking in the petrochemical industry.(3] 
Due to the complexity of the catalysts themselves and the catalyzed reaction, the ex
act mechanism behind the catalytic activity and the reaction pathways are not always 
clear. As a consequence, the development of new catalysts, their optimization and the 
determination of their optimum working conditions have been achieved mostly through 
trial and error. Conversely, it is evident that knowledge of the microscopie character
istics of the catalyst along with the relevant mechanisms and dynamics at a molecular 
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level, would in principle allow for the a priori knowledge of catalytic behaviour and 
-ideally- the design of specifically active catalysts. Generally, attempts to obtain this 
type of information on the dynamics of the catalyzed reaction on a molecular scale, 
are made from indirect studies of overall chemica! kinetics and thermodynamics, often 
with the help of various classica! spectroscopie techniques. Direct access to the dy
namics requires the use of more complicated experimental techniques, e.g. by means 
of (ultra-.fast) time-resolved experiments [4] or by studying model catalysts under very 
well-defined conditions in ultra high vacuum (UHV) [5]. One drawback of this type of 
research is that the equipment used is usually very specific. The experimental tech
niques can therefore only be applied to a limited number of Furthermore, the 
experimental circumstances under which systems can be investigated are generally not 
very realistic; thermadynamie variables such as temperature and pressure have to be 
well-defined and kept within a limited range to allow for a straightforward interpret
ation of the experimental data. Inevitably, this leads to experimental circumstances 
different from those encountered in industrial catalysis. It is only when all the de
tails of the reaction mechanism, kinetics and thermodynamics are revealed, that the 
findings can be extrapolated to predict the catalytic behaviour under different (more 
realistic) conditions. Despite these disadvantages, it is evident that by means of these 
fundamental techniques new insights into reaction mechanisms can be obtained and 
new concepts can be introduced. 

Another justification of this type of experiment lies in the verification of a different 
approach to a fundamental understanding of catalysis: that of (e.g. ab initio) rnadeling 
of catalysts.[6] In this rapidly growing field, the results of the rnadeling inherently 
provide insights into microscopie mechanisms and, possibly, the relevant dynamics. 
However, if possible, the results of these molecular rnadeling techniques should be 
verified experimentally to establish the validity of the computational procedure and its 
results. 

In this thesis, we investigate the vibrational dynamic behavior of the catalytically 
active sites in acid zeolites, the effect of interaction with simple molecules, and the 
vibrational dynamics of these simple molecules themselves, when interading with the 
zeolite. Insight into the dynamics of the interaction between the hydroxyl group and the 
zeolite lattice, as well as an understanding of the dynamics of the interaction between 
the hydroxyl and adsorbates, are essential for a fundamental understanding of the 
catalytic properties of the hydroxyl groups. 



4 Chapter 1 

~ 
10\ 10\ 10\ 

-Si Al Si Si-
1\1\1\1\ 

Figure 1.1: The Faujasite structure of Y zeolite. A line stands for an oxygen atom connecting 

a silicon atom to another silicon atom or to an aluminum atom. The close-up shows a bridging 

hydroxyl group, responsible for the acidic properties of proton-exchanged zeolites. 

1.2.1 Zeolites 

Zeolites, also known as molecular sieves, are crystalline alumino-silicates with large 
internal surfaces due to the presence of microscopie channels and pores. A large variety 
of zeolite structures exists.[7, 8] The structure of Y zeolite is depicted in Fig. 1.1. The 
three-dimensional structure is formed by the interconnecting Si02 and AlO~-) units; 
the silicon and aluminum atoms are all tetrahedrally coordinated by oxygen atoms. At 
the sites where an aluminum atom is incorporated in the zeolîte lattice, positive charge 
compensation is required. This can he achieved by, for example, sodium cations (Na+). 
Zeolites have cation exchange capacity, and when H+ -exchanged they are solid acids.[9] 
The proton binds covalently to one of the oxygen atoms next to the aluminum, giving 
rise to catalytically active bridging hydroxyl (Si-OH-Al) groups, pointing into the 
zeolite cavity. A microscopie picture of such a hydroxyl group is depicted in Fig. l.I. 
These catalytic sites are frequently referred to as Br~~msted sites. Acidic zeolites are 
widely applied in hydracarbon conversion reactions in the petrochemical industry.[9] 
For example, acid zeolites are used as catalysts in hydracarbon cracking processes, in 
which long-chain carbon molecules ( distillates from crude oil) are converted into more 
valuable fuel fractions (gasoline and diesel) of smaller molecular size. The cleavage of 
a C-C bond involves the protonation of one of the carbon atoms, and is therefore an 
acid-catalyzed reaction; the proton is 'lent' by the acid catalyst. Utilizing the zeolite 
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type of solid acid instead of liquid acid as a catalyst has numerous advantages. Apart 
from the fact that it is much easier to separate reaction products from catalysts in 
solicl-acid catalyzed processes, solid acids also diminish environmentally hazardous 
emission and safety problems. Acid zeolites can be stored and handled easily, because 
they hold their acidity internally. Furthermore, metal clusters can be incorporated into 
zeolites to combine acidic activity with metal catalysis, and, also of great importance, 
the structure of zeolites allows for shape-selective catalysis. 

Conventional infrared spectroscopy is a frequently employed tooi in the investiga
tion of the zeolite acidic hydroxyl groups, very often in combination with probe mo
lecules (for a review, see e.g. Ref. [10]). In most of these studies, the shift of the zeolite 
0-H stretching band, or the change in vibrational spectrum of the adsorbate upon ad
sorption is investigated. In the following section molecular vibrations, conventional 
(linear) infrared absorption spectroscopy and time-resolved non-linear spectroscopy 
will be briefly discussed. 

1.3 Molecular vibrations 

Let us consider a bond between two atoms. The Born-Oppenheimer approximation 
states that electrans adapt infinitely fast to changes in nuclear position. We can there
fore choose a certain internuclear separation, and solve the Schrödinger equation for 
the electrans alone. Then we can repeat the procedure for a different separation, 
and thus obtain the energy of the system as a function of internuclear separation. A 
schematic example for the 0-D bond of a deuterated zeolite hydroxyl is depicted in 
Fig. 1.2. The electronic ground state potential is approximated by a Morse potential, 
a simple anharmonic potential.[ll] The shape of the potential (the anharmonicity) can 
be determined from the first vibrational transition and the dissociation energy. The 
minimum of the potential determines the equilibrium position between the two nuclei 
[6], and the depthof the potentialis equal to the dissociation energy plus the zero-point 
vibrational energy. At room temperature, practically all the population will be in the 
v=O ground state (see leftinset in Fig. 1.2), since the thermal energy (kbT=207 cm- 1 

at room temperature) is very small compared to the vibrational energy. For an infrared 
active vibration, the v=O to v=l transition will give rise to an infrared absorption band 
centered around 2650 cm- 1. In the following, the interaction oflight with the two-level 
system (v=O and v=l) will be described, with particular emphasis on the processes 
that give rise to the width of an absorption line. It will be demonstrated how the 
dynamics of the vibration are related to the absorption linewidth, and how they can be 
investigated in detail by means of non-linear spectroscopy. 
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Figure 1.2: The vibrational potential for the 0-D stretch bond of a deuterated zeolite 

hydroxyl, approximated by a Morse potential. Due to the anharmonicity, the level spacing 

decreases with increasing vibrational quanturn number and the number of bound levels is 

tinite. Insets show the bottorn of the potential well relevant to our experiments. 

1.3.1 Linear absorption spectra and vibrational dynamics 

An electromagnetic field (light) of frequency w close to the resonance frequency w0 of 
a vibrational transition of a two-level system will induce a dipole moment iJ(t) in that 
oscillator (provided, of course, that the transition dipole moment between v=O and 
v=l is non-zero).[12] For an ensemble of N oscillators, this will result in a macroscopie 
linear polarization P(t): 

N 

P(t) L ili(t) (1.1) 
i=1 
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The absorption spectrum I(w) associated with such a transition is determined by the 
Fourier transfarm of the macroscopie dipole moment correlation function[13]: 

I(w) 
2
1
rr j_: dt(P(O) · P(t))eiwt (1.2) 

This means that the width of an absorption line is determined by the decay of the 
macroscopie polarization correlation function (P(O) · P(t)). The faster the decay of 
the polarization correlation function, the braader the absorption band. Decay of the 
macroscopie polarization can be caused by (i) amplitude decay of each oscillator in
dividually or (ii) the fact that the oscillating microscopie dipole momentsof different 
oscillators will run out of phase and no longer interfere constructively after a certain 
period of time: The macroscopie dipole moment is said to depbase. 

For a (sub-)ensemble of two-level systems with the same transition frequency (i.e. 
the same energy level spacing), the polarization created by the field, and its subsequent 
decay caused by dephasing can be described by the optica! Bloch equations, which 
make use of the density operator formalism. The wavefunction W descrihing a two-level 
system can, at all times, be expressed as a linear combination of the two eigenfundions 
<f'l and <p2: 

(1.3) 

Because the products of the coefficients C; determine expectation values of observables 
(rather than the bare coefficients themselves), it is practical to work with the four 
elements of the density matrix Pij, defined as: 

(1.4) 

where the brackets denote the ensemble average. For a two-level system, the density 
matrix is a 2 x 2 matrix, of which the diagorral elements are real and represent the 
normalized population ofthe ground (pu) and excited (P22) states, so that Pu +pn=l. 
The off-diagonal elements (P12 and P12) are usually complex and describe the coherent 
polarization set up by the light field: 

(1.5) 

with jl;j the matrix elements of transition dipole moment operator. The phenomen
ological Bloch equations state that the matrix elements of the density matrix decay 
exponentially in time after the field is turned off, with time constauts T1 and T2 for the 
diagorral and off-diagonal elements, respectively. This results in an exponential decay 
of the macroscopie polarization with time-constant so that 

(P(O) · P(t)) ex e(-t/T2 ) (1.6) 
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The resulting absorption line will exhibit a Lorentzian lineshape of width r hom: 

2 
211"fhom =-

T2 
(1.7) 

The homogeneaus dephasing time T2 then simply reflects the dephasing of an ensemble 
of oscillators with the samecenter frequency. This time-constant can be partitioned into 
contributions from elastic and inelastic dynamic interactions of the two-level systems 
with their environment ( called 'the heat bath'), with two associated time constants. The 
inelastic interactions result in a finite population lifetime of the excitation; population 
in the excited state will decay back to the ground state. The time constant associated 
with population decay ( decay of p22 ) is defined as T1 . Vibrational population ( or 
energy-, T1-) relaxation is mostly non-radiative and entails the redistribution of the 
vibrational energy into a set of modes with lower energy which are anharmonically 
coupled to the mode represented by the two-level system.[14-16] These modes are 
called 'accepting modes'; together these receive the excess energy upon de-excitation 
of the oscillator. The elastic processes give rise to pure dephasing, leading to the loss of 
mutual coherence between oscillators with the samecenter frequency. Pure dephasing 
can be interpreted as very fast, small frequency jumps around the central frequency. In 
contrast to the population ( energy) decay process, pure dephasing is usually interpreted 
as an elastic process1 no energy is transferred between the mode and the bath.[17] 
The time-constant associated with pure dephasing is called the pure dephasing time 
T2. It can be shown that the two processes contribute to the line-broadening as: 

2 1 2 -=-+
Tl T; (1.8) 

This is the generally employed expression for the linewidth of a homogeneously broadened 
transition, applicable to an ensemble of oscillators with the same transition frequency. 

However, dephasing can also be caused by a simple static difference in transition 
frequencies between the different oscillators. The phase difference after timet as a res
ult of a frequency difference ~w=w1-w2 between two oscillators is: ~</;( t)=~wt /211". It 
is clear that after a certain time the oscillators with different frequencies will no langer 
interfere constructively, causing the macroscopie dipale moment to decay. In the Bloch 
equations, these static contributions to the dephasing (and line-broadening) were not 
considered. In condensed phases at room temperature, population/energy lifetime 

1 Strictly speaking, this is not true. The pure dephasing process itself results from continuous two
way energy exchange (albeit small amounts) between the high-frequency mode and the bath. However, 
this leads only to an adiabatic modulation of the transition frequency, not to a net energy transfer 
between the two. 
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(T1-) contributions to linewidths of high-frequency modes are generally much smaller 
than pure dephasing effects. In this case, pure dephasing (rapid changes in transi
tion frequencies) and static contributions ( static differences in transition frequencies) 
are the two causes for dephasing: Differences and/or fluctuations in frequency are re
sponsible for the dephasing process. For a complete and general description of the 
line-broadening ( dephasing) processes ( containing both dynamic and static contribu
tions), we will therefore consider an oscillator with a time-dependent, stochastically 
modulated frequency w(t)[18]: 

w(t) wo + Jw(t) (1.9) 

The resulting absorption spectrum can he calculated exactly if two assumptions are 
made with respect to the noise term ów(t), in the so-called Gauss-Markov descrip
tion.[l8] The first is that ów(t) is to have a Gaussian distribution with a zero mean 
value. 2 Let D be the width of this frequency distribution available to the oscillator, i.e. 
the root mean square amplitude of the frequency excursions, so that the time-correlation 
function of the frequency modulation reads: 

(ów(O)ów(t)) = D2 f(t) (1.10) 

The function f(t) describes the decay of this correlation function and contains the 
information on the typical time-scale(s) of the frequency modulation process. The 
second assumption is that the time evolution of ów(t) can he described by a Markovian 
process:[18] This implies that f(t) decays exponentially in time with time constant Tc: 

(1.11) 

Physically, the assumption of exponential decay requires that the relaxation of the bath 
he very rapid compared to relaxation of the two-level system.3 Thus, Tc is a measure 
of the time during which the oscillator retains the same frequency within the speetral 
distri bution of width D. This allows for the calculation of the absorption lineshape I(w) 
for an ensemble of oscillators whose transition frequencies are determined by the two 

2This is not an unreasonable assumption, since if the frequency modulation is caused by many, 
relatively weak, random, independent contributions, the centrallimit theorem states that the statistics 
for the frequency modulation process will be Gaussian indeed. 

3 For a quantity that can be described by a Markovian process (i.e. exponential time decay of the 
correlation function), the magnitude at time to + Àt is solely determined by its magnitude at to, 
independent of the system state at to -At, i.e. the system has no memory. This approximation does 
not hold for systems with feedback, in which e.g. decay of the polarization affects the exact transition 
frequency. 
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parameters D and r". The macroscopie polarization correlation function (P(O) · P(t)) 
can he written in terms of the two parameters[19]: 

(1.12) 

The situation in which the static contributions can be neglected, (i.e. the limit 
which is described by the Bloch equations) the dephasing and the concurrent line
broadening are caused by small, rapid frequency excursions of the oscillators due to 
dynamic interactions with the heat bath. This means that the frequency modulation 
is very rapid; the system is in the so-called fast modulation limit (Drc « 1). In 
this limit, it is impossible to discern between the different oscillators spectroscopically, 
sirree -on average- they will all have the same center frequency w0 : The absorption 
line is broadened. By the term 'indiscernible spectroscopically', it is 
meant that it is impossible to selectively excite different oscillators in a homogeneons 
absorption band, since, for Dr0 « 1, a light pulse of duration shorter than Tc (which 
would he necessary to 'beat' the modulation process) will speetrally he much broader 
than D, due to the finite product of pulse duration and speetral bandwidth.[20] In 
case of a homogeneous line, the width of the absorption line is determined by both D 
and T0 • The expression between the square brackets in the rhs of Eq. (1.12) can he 
approximated by its second term t/Tc, and so the polarization time correlation function 
will decay exponentially in time: 

(P(O) · P(t)) ex: exp( -D2
Tct) (1.13} 

so that D 2 Tc can he identified as the inverse of the dephasing time T2 in Eq. (1.6) of 
the Bloch picture (since we are neglecting lifetime (T1-) contributions, T2=T2). This 
results in a homogeneously broadened line with a Lorentzian shape, the width of which 
will be proportional to D2 r 0 : 

1 
I ( w) ex: -:-----:-:::----:--:::--:-::-

(w- wo)2 + (D2rc)2 
(1.14) 

Note that a Jaster frequency modulation, i.e. smaller Tc, results in a slower decay of 
(P(O) · P(t)), and herree a narrower absorption line. This seemingly counter-intuitive 
result (a "faster perturbation" leading toa "better defined" frequency) can be under
stood as follows: If the modulation of the transition frequency is sufficiently rapid, 
the net phase evolution of the oscillators resembles that of the central frequency of the 
distribution and, as a consequence, the average phase difference between oscillators 
develops relatively slowly. As a result, the macroscopie polarization decays slowly, 
resulting in a sharp absorption band. This phenomenon is well-known in magnetic 
resonance spectroscopy as motional narrowing.[21] 
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The situation where dephasing is caused by differences in frequencies between the 
oscillators, i.e. where the broadening of the absorption line is caused by a (statie) 
frequency difference between the oscillators, is described in this formalism by a slow 
frequency modulation: The time-scale of the frequency fluctuation is long compared 
to the width of the frequency distribution. This is called the slow modulation limit, 
for which Drc » 1. Due to the slow modulation of the transition frequencies, the 
frequencies of the different oscillators are different and can be regarcled as effectively 
fixed. This results in an inhomogeneouslybroadened absorption line: The width of the 
absorption line is determined only by the static distribution of transition frequencies. 
Mathematically, this implies that the exponential term in the expression of 
(P(O) · P(t)) in Eq. (1.12) can be approximated as the first three terms in its Taylor 
expansion, resulting in: 

(P(O) · P(t)) e< exp( -D2
(

2
) (1.15) 

and, with help of Eq. (1.2): 
(1.16) 

resulting in a Gaussian lineshape of width "'D. As one would expect, the resultant 
inhomogeneously broadened lineshape in this limit is determined only by D, the width 
of the speetral distribution, i.e. the range of possible transition frequencies. 

It is clear that in the homogeneaus limit changes in the transition frequency occur 
'infinitely' fast, and in the inhomogeneons limit 'infinitely' slow. The beauty of this 
formalism lies in the fact that it also allows for the description of systems which are 
neither totally homogeneous, nor totally inhomogeneous. In this intermediate regime 
(Drc ~ 1), a larger linewidth can be caused by either a slower modulation (larger re) 
or a larger speetral distribution D. The shape of the cortesponding absorption band is 
neither Gaussian nor Lorentzian, but exhibits a lineshape in between the two shapes. 
This intermediate regime is sometimes referred to as 'non-Markovian', since the decay 
of the macroscopie polarization of the ensemble of oscillators can no Ionger be described 
as a Markovian decay of single oscillators. 

In real-life systems the different limitsof fast, slow and, possibly, intermediate mo
dulation usually apply simultaneously: There are two or more modulation processes at 
work, some very fast and some very slow, with a well-defined separation of time-scales. 
The slow processes, characterized by D and re, so that Drc » 1, result in inhomoge
neons broadening. Fast freq uency modulation processes ( characterized by D' and r~ 
with D'r~ « 1), account for the broadening of the homogeneaus lines hidden under the 
inhomogeneously broadened overall absorption band. In solids, the static component 
leading to the inhomogeneons broadening can be caused by slightly different envir
onments of the oscillators due to e.g. crystal defects, whereas the dynamic component 
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Figure 1.3: Left panel: Inhomogeneous and homogeneaus broadening of an absorption 

band. An inhomogeneously broadened absorption band (solid line) is composed of several 

homogeneaus absorption bands (dotted lines). Right panel: The technique of speetral hole

burning reveals inhomogeneous broadening and allows for the determination of the homogene

aus linewidth. An intense, narrow-banded light souree selectively excites a sub-set of resonant 

homogeneaus lines. The width of the hole is determined by the homogeneaus linewidth and 

the laser bandwidth. 

(leading to the broadening of the homogeneaus lines) can be caused by the rapidly fluc
tuating accupation number of a low-frequency (phonon) mode anharmonically coupled 
to the oscillator. Similarly, in gases the slow process can be caused by a distribution 
of translational degrees of freedom (Doppler broadening), whereas fast intermolecu
lar collisions lead to homogeneaus line-broadening. Intermediate situations (Drc~l) 
can occur when the transition frequency changes on a time-scale comparable to the 
inverse of the frequency distribution, for example, when the exact transition frequency 
of a molecule is determined by relatively slow changes in its surroundings (e.g. solvent 
molecule reorientation). Another example of speetral ditfusion is the ditfusion of an 
excitation through the inhamogeneaus absorption band, from one homogeneaus line to 
another, caused by e.g. dipole-dipole coupling.[22] 

In summary, we see that slow bath processes lead to inhamogeneaus broadening of 
the absorption line: in this case the absorption band is made up of many homogene
aus lines. The width of the overall absorption line contains information on the static 
frequency distribution. This situation is schematically depicted in the left panel of 
Fig. 1.3. For a sub-ensemble for which the bath states associated with the slow mo
dulation process are identical (i.e. a sub-ensemble of oscillators with the same center 
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frequency constituting one homogeneous line), and the fast process is sufficiently fast, 
the line-broadening processes can be described by the optical Bloch equations. The 
homogeneous linewidth is determined by the dynamics of the vibration, the population 
and pure dephasing lifetimes. In Figure 1.3, the homogeneaus lines are hidden under 
an inhomogeneous distribution. It is also possible that inhomogeneous broadening is 
absent. With conventional, linear spectroscopy, it cannot be determined whether the 
broadening of an absorption band is due to homogeneous or inhomogeneous effects. 
This distinction can be made with non-linear spectroscopy. Moreover, the appropri
ate non-linear technique allows for the determination of the homogeneous linewidth, 
even in case of strong inhomogeneous broadening, and the determination of both the 
vibrational population lifetime T1 and the pure dephasing time T2. 

1.3.2 Non-linear infrared spectroscopy 

In the expression for the absorption line I(w) derived in the previous section, the linear 
polarization was considered. From a macroscopie point of view, for sufficiently small 
fields, the polarization P(t) induced by the field E(t) is proportional to the applied 
field [23): 

P(t) = 1: x(
1l(t t') · E(t')dt', (1.17) 

with x(ll the linear susceptibility. The susceptibility x(l) is complex, and the real and 
imaginary partsofits Fourier transform x(l) (w) are related to the refractive index and 
the extinction (absorption) coefficient.[24) Naturally, it is connected to the microscopie 
properties of the sample. When recording an absorption spectrum, the requirement 
that the field strengths are sufficiently small for Eq. (1.17) to remain valid, is amply 
met. The conventional absorption spectrum is therefore referred to as linear. 

If, due to the preserree of light fields of high intensities the optical properties of 
the sample are modified, the response of the sample to the applied field is non-linear: 
Eq. (1.17) breaks down because terms of higher order are required to describe the 
interaction between light and matter[23): 

P(t) 1: x(
1l(t- tl) · E(tl)dt 1 

+ 1: X(
2) (t- t1; t- t2) : E(tl)E(t2)dt1dt2 

+ 1: x(
3l(t- t1; t- t2; t- ta) : E(tl)E(t2)E(ta)dhdt2dts 

+ ...... (1.18) 
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in which x<2> and x<3> are the second and third order susceptibility. 
Due to the necessity of intense light fields, non-linear optica! phenomena have been 

stuclied extensively with the use oflasers. Examples of second order (x<2>-) non-linear 
processes are sum- and difference frequency generation, second harmonie generation, 
and, the process which we use to generate the infrared pulses, parametrie genera
tion.[25] Examples of third order (x<3L) processes are third harmonie generation and 
self-focusing.[25] 

The non-linear character of the time-resolved infrared spectroscopy described here, 
manifests itself by a breakdown of the Lambert-Beer law: The absorbed radiation 
power depends non-linearly on the incident power. This is a consequence of the fact 
that a significant amount of vibrations is excited, and these excited oscillators can no 
longer absorb the light. Accordingly, this technique is often referred to as saturation 
spectroscopy, since the transition is saturated. 

In the experiments, a powerful infrared laser pulse is used to resonantly excite a 
significant fraction of a (sub-)ensemble of oscillators to their first excited vibrational 
state (right inset of Fig. 1.2). This will lead to an increased transmission around 
the v=O-+v=l transition frequency, since less ground state groups are available to 
absorb the light. Simultaneously, an induced absorption will be detectable at slightly 
lower frequencies due to excited state (v=l-+v=2) absorption. These changes and 
their time-evolution are monitored by a second pulse, which is sufficiently weak to 
ensure that the measured changes are linear in probe intensities. Obviously, the return 
of the transmission to equilibrium refiects the decay of the population back to the 
ground state. Thus, the vibrational population lifetime T1 can be obtained. Secondly, 
the strong infrared pulses can also be used to investigate whether an absorption line 
is homogeneously or inhomogeneously broadened. In this experiment, we make use 
of the fact that we can generate a pair of independently tunable laser pulses. The 
first, powerfut (pump) pulse is tuned to the top of the absorption band, promptly 
foliowed by the second (at small time delay) which is scanned in frequency. After 
the passage of the pump pulse through the sample, the absorption band will decrease 
in amplitude (excited'groups can no Jonger absorb light). In case of inhomogeneous 
broadening, the pump pulses will only excite those groups that are resonant, and 
only the center of the absorption band will decrease in amplitude: A speetral hole 
is burnt in the absorption band.[20] This is illustrated in the right panel of Fig. 1.3. 
Hence it is clear that this technique allows for the separation of inhomogeneous and 
homogeneaus contributions to the overall absorption line. The width of the speetral 
hole is determined by the homogeneaus linewidth, which in turn is determined by the 
energy (Tl) and pure dephasing (T2) lifetimes. (Eq. (1.8)) Since we can independently 
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determine (from the transmission decay experiment), we can calculate 72, thus 
obtaining both vibrationallifetimes. 

Other techniques capable of measuring ( one of) these lifetimes, such as coherent[26) 
or incoherent[27) infrared pboton-echo spectroscopy, and time-resolved Raman spec
troscopie techniques (e.g. CARS, SCRS(28:1[29]), all seem very impractical on zeolite 
samples due to the large degree of scattering by the zeolite samples. The zeolite samples 
are not transparent for visible light, and scatter the infrared light quite strongly. 

1.4 Experimental set up for non-linear infrared spec
troscopy 

As described above, infrared saturation spectroscopy is based on exciting a significant 
fraction of vibrational groups. Due to the small cross sections of vibrational trans
itions, high infrared light intensities are required. A second prerequisite is that the 
time duration of the pulses be short compared to the relaxation times, typically tens of 
picoseconds. Thirdly, the light souree must be tunable, allowing for resonant excitation 
of the vibration under investigation, so that only one specific vibrational degree of free
dom is excited. These demands can be met by parametrie generation and amplification 
of infrared laser pulses using a picosecoud Nd:YAG laser.[29) In this non-linear optica! 
process the 1064 nm light from the Nd:YAG laser (w3) is converted into two new fields 
(signa! and idler, w1 and w2), under the condition that w1+w2=w3. This process takes 
place in a birefringent LiNb03 crystal, so that the frequencies of the two generated 
fields can be tuned by changing the angle between the polarization of the incoming 
Nd:YAG pulse and the optical axis of the LiNb03 crystal. The long-wavelength idler 
(w2), tunable from 2500 to 4500 cm- 1 , is used in the experiments. 

The setup for the generation of picosecoud infrared pulses is depicted in Fig. 1.4. 
This setup initially consisted of one infrared branch, as constructed by Bakker[30] 
and Planken(3:1.]. We extended the setup with a second branch to perform two-colour 
spectroscopy.[32] The 35 ps pulsesfroman actively and passively mode-locked Nd:YAG 
laser (repetition rate 10Hz) are used to pump two identical parametrie branches, each 
consisting of three 5 (or 3) cm long LiNb03 crystals (optica! axis cut at 47.F). The 
infrared generated in the first crystal is amplified in the two other crystals, resulting in 
....... 150 J.Û idler energy per pulse. The wavelength and speetral contentsof the infrared 
pulses are monitored by frequency doubling the signal pulses in a BBO crystal and 
registering the spectrum of this light by means of an Optical Muitkhannel Analyser 
(OMA). Conservation of energy dictates that the bandwidth of the generated signa} 
pulseis identical to that of the idler pulse, so that the idler bandwidth can be deduced 
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Figure 1.4: Setup for the generation of short, intense tunable infrared pulses. A single 40 mJ 

pulse Erom the Nd: YAG laser is split into four equal parts (solid lines) (BS = beamsplitter, 

M = mirror), which are used to generate and amplify infrared signal (s) and idler (i) pulses 

(dashed lines). Residual (non-converted) 1064 nm light is collected in beam dumps (BD) 

after the second and third crystal, and and dichroic mirrors (DM) deflect the signal beams (s1 

and s2 ) out of the infrared beam. Delays that ensure temporal overlap of infrared (s+i) and 

YAG pulses in the third crystal are not shown. 

from the bandwidth of the cloubied signaL An example of a spectrum is shown the 
left panel of Fig. 1.5. The speetral full width at half maximum (FWHM) of the pulses 
depends on the frequency of the generated light, and is typically 6 cm - 1 at 2600 cm - 1 

and 30 cm- 1 at 3600 cm-1. 

In the right panel of Fig. 1.5 an autocorrelate of an idler pulse is shown. This 
correlate is obtained by deflecting -50% of the idler beam onto a variabie delay, and 
joining the two parts of the pulse in a LiNbOs crystal. If the process is properly phase
matched (i.e. the crystal is positioned under the right angle) the secoud harmonicofthe 
idler can he generated from the two pulses. This eau only occur when the two pulses 
overlap in time. Hence the pulse duration can he obtained by recording the cloubied 
idler intensity as a function of delay between the two pulses. The duration of the 
infrared pulses is typically 20 ps. Combining this value with the 6 cm- 1 bandwidth of 
the pulses, a time-bandwidth product of 3.5 is found. For bandwidth-limited Gaussian 
pulses, this product is 0.44 [20], demonstrating that the pulses are highly incoherent. 

The experimental configuration for the time-resolved pump-probe experiments is 
depicted in Fig. 1.6. A small fraction of light from the first branch, which will he 
used as probe, is deflected onto a variabie delay (a retro-reflector on a motorized 
translation stage). An increase in pathlength of 1 mm corresponds to a delay of 3.33 
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Figure 1.5: Infrared laser cbaracteristics. Left panel: Spectrum of the doubled signal. The 

corresponding idler frequencies are denoted in the upper abscissa. Dots are data, the dotted 

line is a Gaussian fit. The idler pulses have a speetral width of a few wavenumbers in this 

frequency region. Right panel: Autocorrelation trace of the idler pulse. Dots are data, the 

dotted line is a Gaussian fit. The full width at half maximum (FWHM) of the fitted Gaussian 

corresponds toa pulse duration of 27.7/..f2=19.6 ps, where the original pulseis assumed to 

have a Gaussian temporal profile. 

ps. The remaining part of the energy can be used as a pump pulse. One or two pump 
pulses and the probe pulse are focused onto the samespot on the sample with a CaF2 

lens. The focus size is typically 0.3 mm (full width at half maximum) assuming a 
Gaussian beam waist. 

The set-up allows for three kinds of experiments. The first type of experiment is 
a (one-color) pump-probe delay scan experiment. In this experiment the pump pulse 
is tuned to the relevant absorption frequency. As a result, a considerable fraction 
("'10%) of the oscillators is excited from their v=O to v=l vibrational state. Due 
to the vibrational (self-)anharmonicity the excited state v=l-+v=2 absorption is red
shifted (typically by "'100 cm- 1) from the v=O-+v=l absorption (see Fig 1.2). The 
excitation induced by the pump pulse therefore results in a bleaching of the v=O-+ 1 
absorption on a picosecoud time scale, i.e. a temporary increase of transmission of light 



18 

i, 

idlers 1 &2 
from IR 
generation 

.(':.! variabie delay 1 

~:: 
....... : : 
à)· . 
..a: v o· . ..... . 
c.;: 
A· 

set-up ~ 
~--~~~~~~~ 

-~ PbSe-detector 1 

Chapter 1 

Figure 1.6: Pump-probe configuration for non-linear infrared spectroscopy. Pump and 

probe beams are focused onto the sample with a 10 cm CaFz lens. In reality, tbe PbSe 
pbotoconductive cells monitor the IR light afterit is diffusely reflected. Tbe abbreviation BF 

stands for beam Bag, tbat regulates the pump repetition rate. 

at this wavelength through the sample. The subsequent equilibration of the population
distribution can therefore be monitored by measuring the transmission of a weak probe 
pulse (of the same color) whose time delay with respect to the pump-pulse can be var
ied. In genera!, excited population decays exponentially with time, and, since the 
transmission is proportional to the exponent of the population (Lambert-Beer), the 
expression for the relaxation of the pump-induced transmission changes reads[30): 

ln[T(t)/To],..., exp(-t/Tl), (1.19) 

where T(t) is the transmission at timet, To is the transmission in absence of the pump 
pulse and T1 is the energy lifetime of the vibration. Thus the vibrational lifetime of 
the first excited state can be obtained. It should be mentioned that monitoring the 
population difference between the ground and first excited state does not necessarily 
render the lifetime in the first excited state. Intermediate levels may play a role in the 
decay process. In that case the time evolution of the population difference between 
v=O and v=l is determined by two (or more) decay constants. With a two-colour 
pump-probe delay scan, it can be determined whether or not decay from v=l occurs 
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directly to v=O. In these experiments, the decay ofthe v =1-+2 transient, excited-state 
absorption band, called the hot band, can be measured. If the decay of this pump
induced absorption is synchronous with the decay of the pump-induced transmission 
at the fundamental (0-tl) frequency, it is evident that the decay is effectively direct. 

The second type of experiment is a two-color frequency-scan experiment. In this 
experiment transient absorption spectra are recorded. The pumppulseis tuned to the 
peak ofthe 0-tl absorption band, the delay between the pump and probe pulseis fixed, 
and the wavelengthof the probe is scanned. A spectrum ln[T(td)/To] , at fixed time 
delay td, is recorded, which reflects the pump-induced speetral changes. This is called 
a transient spectrum. As stated above, the speetral effect of the pump pulse is twofold: 
After the pump pulse has excited the oscillators to their first excited state, the 0-t 1 
transition is bleached, resulting in an increased transmission at this frequency, but 
simultaneously absorption from v= 1 to v=2 becomes possible. From the width of the 
speetral hole that is burnt in the 0-t 1 absorption band we can deduce the homogeneons 
linewidth for the 0-t 1 transition. Analogously, the width of the 1-t 2 transition (hot 
band) contains information on the vibrational dynamics of the 1-t2 transition. 

In the third type of experiment, a two-color, 3-pulse, pump-pump-probe experi
ment, the first pump pulse is tuned to the 0-tl transition, followed promptly by a 
second pump pulse tuned to the 1-+2 transition (slightly to the red). With this scheme 
approximately 5% of the oscillators can be excited to the second excited state v=2. 
With the probe pulse the population difference between the ground and first excited 
state, or between the first and the second excited state can be monitored as a function 
of delay between the pump pair and the probe. With this experiment, the lifetime of 
the second excited state can be obtained, as well as information on the decay route 
from v=2 down to v=O (directly, or via v=l). 

A reference detector is always used to account forshot-to-shot intensity fluctuations 
(detector 2 in Fig. 1.6). Every other pump shot was blocked with a beam ftag (BF 
in Fig. 1.6) so that both T(t) and To in Eq. (1.19), i.e. the effect of the pump pulse, 
could be measured in one experimental run, and to suppress steady-state heating of 
the sample due to the relatively large amounts of energy absorbed in the sample. 

The three times smaller bandwidth (allowing for better speetral resolution) and a 
reduced scattering of the infrared pump light at 0-D stretch frequencies compared 
to 0-H frequencies are the reasous why most of the experiments in this thesis are on 
deuterated zeolite samples. From the experiments that were performed on the non
deuterated 0-H groups, we deduce that the results in this thesis for the 0-D groups 
hold for the 0-H groups as well. 
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1.5 Outline of this thesis 

The outline of this thesis is as follows: In Chapters 2, 3 and 4 the results of one
colour pump-probe experiments are presented. In Chapter 2 the vibrational relaxation 
of zeolite hydroxyls in vacuum is investigated. In Chapter 3 we examine the effect 
of weakly bound adsorbates on the vibrational relaxation rate of the hydroxyls, and 
Chapter 4 investigates what happens to the excess energy after vibrational relaxation. 

Two-colour infrared (hole-burn) and two-colour pump-pump-probe experiments are 
presented in Chapter 5, where we investigate the homogeneous linewidth of the zeolite 
hydroxyl in vacuum and hydrogen-bonded to adsorbates. Throughout this thesis, the 
results of the time-resolved experiments on zeolites will be compared to results in 
liquids, where a multitude of experiments has provided appreciable understanding of 
vibrational relaxation processes. These insights can be used for a better interpretation 
and understanding of the relaxation experiments in zeolites. In Chapter 6 the two
colour technique is applied to study the vibrational dynamics of methanol in solution 
and adsorbed to a sodium zeolite, and in Chapter 7 of methanol adsorbed to the acid 
form of the same zeolite. Dessert is served in Chapter 8, which reports an investigation 
of vibrational relaxation of small organic molecules in solution, in particular the effect of 
intermolecular solute-solvent interactions on vibrational relaxation rates and pathways. 
The results of this study are used to understand part of the results in Chapter 5. 



Chapter 2 

Vibrational relaxation of deuterated 

hydroxyls in acidic zeolites 

In this picosecend time-resolved study of the vibrational dynamics of deuterated zeolite 
hydroxyls, we condude from the lifetime of the 0-D stretch vibration that the protons in 
Y zeolite as well as in Mordenite are hydrogen-bonded to zeolite framewerk oxygen atoms. 
In contrast, for the deuterated zeolite ZSM-5 no evidence for hydrogen bonding is found. 

21 
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2.1 Introduetion 

Acidic zeolites are widely applied in hydracarbon conversion reactions in the petro
chemical industry. Their acidity is due to Bryjnsted active hydroxyl groups, the cataly
tically active sites. The hydroxyl group is located between a silicon and an aluminum 
atom. The relation between the infrared absorption frequency of the 0-H stretch 
vibration, the local environment of the zeolite hydroxyl and its acidity has been the 
subject of ongoing research.[6, 33-39] We apply non-linear picosecoud infrared spectro
scopy to investigate the dynamics ofthe 0-D stretch vibration of deuterated hydroxyls 
in zeolites. From these one-colour pump-probe experiments we obtain the vibrational 
population lifetime T1 of this vibration, which cannot he obtained by conventional 
infrared spectroscopy, due to the fact that the width of the absorption bands is determ
ined by inhomogeneous broadening (see Chapter 1): The population lifetimes are in 
the order of 100 ps [40-46], corresponding toa bandwidth of 0.05 cm- 1 (see Eq. (1.8)), 
whereas the absorption linewidths are in the order of 30 cm- 1. With the investiga
tion of deuterated zeolite hydroxyls (0-D instead of 0-H) novel information on the 
vibrational dynamics of these groups in several zeolites is obtained, due to the better 
signal-to-noise and enhanced speetral resolution. 

2.2 Experimental 

Three different zeolites were investigated in the experiments: Y -zeolite, Mordeuite and 
ZSM-5. The properties of these zeolites and their infrared 0-D absorption bands can 
he found in Table 2.1. Our zeolite samples consist of pressed self-supporting discs of 
3.5 to 6 mg/cm2• Recently, especially the acidity of the zeolite Mordeuite has been the 
subject of much research.[34-39] Proton loaded zeolites were obtained by heating in 
vacuo (for Y and ZSM-5 at least 1 h at 723 K, for Mordeuite 1 h at 823 K) zeolites 
in which Na+ cations were exchanged by NHt cations. Deuteration was achieved by 
ad ding 500 mbar of D2-gas (Messer Griesheim, 99.7%) at 723 K and allowing exchange 
for 1 hour, resulting in approximately 70% H-tD exchange. 

An extensive description of the experimental setup can be found in Chapter 1. In 
short, for these one-colour pump-probe experiments, a generated IR pulse is split into 
a pump pulse (99%) and a weak probe pulse (1%). A considerable fraction (.....,10%) of 
the hydroxyl groups is excited from their v=O to v=1 vibrational state by the pump 
pulse tuned to the hydroxyl absorption frequency. Due to a large anharmonicity (the 
0-D v=l-+v=2 absorption is shifted by about 100 from the 0--tl fundamental 
absorption[43, 47]) the excited 0-D ( v=l) cannot absorb the pump light. The equili-
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Table 2.1: Overview of some experimental parameters andresultsof the experiments: Zeolite 

chemical composition [Dj(Si+Al)=0.7xHj(Si+Al)}, properties ofthe absorption bands (cen

ter frequency Vmax and full width at half maximum Ai!), and observed lifetimes. 

Zeolite Si/Al D/(Si+Al) band Vmax Llil T1 

y 0.19 LF 
HF 100 130 

Mordeuite 6.7 0.09 LF 2649 40 30-
HF 2664 22 95 

ZSM-5 16 0.04 2665 23 50 

bration of the excited population can then be monitored by measuring the transmission 
the probe pulse whose time delay with respect to the pump-pulse can be varied: The 
decay of the pump-induced transparency reflects decay of excited state population. 
The values for the vibrationallifetimes can therefore be obtained by fitting an expo
nential to the signal for large delay (see Eq. 1.19). For lifetimes comparable to, or 
shorter than the pulse duration of 20 ps, the whole signal can be used to extract the 
vibrationallifetime. The transient can then be fitted by numerically solving the set of 
coupled spatia-temporal rate equations for a two-level system descrihing the passage 
of the pump pulse through the sample: 

otiN(z,tp) ao1 
Otp ~- hv lpump(z, tp) .ó.N(z, tp) + (1/Tt)[l- tiN(z, tp)] (2.1) 

(2.2) 

in which tiN ( z, tp) denotes the the space- and time-dependent normalized population 
difference between the ground ( v=O) and exited state ( v=l), tiN= No- N1 , tp the time 
coordinate in a moving frame ( tp = i- (i/ c)) [20], z denotes the coordinate along which 
the light propagates (z z), O"ot the absorption cross sectien for the 0-tl transition, 
hv the IR photon energy, lpump(z, tp) the pump intensity and V the irradiated volume. 
After integrating these equations over sample length z, they rednee to one differential 
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Figure 2.1: Absorption spectrum for 0-D absorption bands for deuterated zeolite Y. The 

LF-peak at 2620 cm-1 is caused by hydroxyls situated in the small sodalite cages, the HF

peak by hydroxyls sticking into the super cage. Fits are double-Gaussian fits to both LF- and 

HF-peak. 

equation for the spatially integrated population difference é:.N ( z, tp) dz. This 
differential equation is solved numerically by means of a Runge-Kutta scheme[48], after 
which the transmission of the probe is evaluated. The amount of transmitted probe 
is determined by the population difference between the two levels associated with the 
appropriate transition: 

(2.3) 

These calculations require as input laser pulse parameters ( duration, energy and fre
quency) and sample parameters (cross-sections, density, sample length and relaxation 
times). Apart from the relaxation times all these parameters can be determined inde
pendently. 
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Figure 2.2: Absorption spectrum for D-Mordenite in the 0-D stretching region. Dasbed 

lines are Gaussian deconvolutions corresponding to 0-D oscillators situated in 8-ring cavities 

(LF) and 12-ring cavities (HF). 

2.3 Results 

In Figures 2.1 and 2.2 the conventional infrared absorption spectra for zeolite D-Y and 
D-Mordenite are depicted. It is well known that in zeolite Y the LF-peak is caused 
by hydroxyls located in the small cages, whereas the HF-peak is caused by hydroxyls 
in the larger cavities.[49] In a recent paper [38] it was demonstrated that -similar 
to Y-zeolite- the absorption band of Mordeuite consists of two contributions as well: 
LF- and HF- subpeaks, resulting from hydroxylsin the small 8-ring cages (2.6 x 5.7 
Á) and in the larger 12-ring cages (6.5 x 7.0 Á) , respectively. The deconvolution was 
carried out for our 0-D absorption spectra and the results obtained (see Fig. 2.2) were 
similar to those for the 0-H groups found in ref [38]. 

Three typical results of pump-probe experiments for deuterated Y zeolite are shown 
in Figure 2.3. If the laser-frequency is tuned to the red side of the LF absorption band 
(at 2611 cm -l), a T1 of 32 ps is found. At the blue si de of this absorption band (at 
2639 cm- 1) a much larger T1 of 60 ps is observed. With the laser tuned to the HF 
absorption band a lifetime of T1 =124 ps is observed. 
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Figure 2.3: Relative transmission of an infrared probe pulse In(T /To) (To is the transmitted 

probe energy in absence of the pump pulse) as lunetion of the delay between pump and probe 

pulses Eor zeolite Y-0-D at three laser frequencies. The vibrational relaxation times, strongly 

dependent on Erequency, are denoted in the graph. To allow for a better comparison, the 

2682 cm- 1 In(T/To) values were divided by 2. The lines are solutions to Equations (2.1)

(2.3). with relaxation times (and errors) denoted in the graph. 

In principle, only a two-colour experiment directly yields the population lifetime of 
the excited vibrational mode. In these experiments, relaxation of the v=l-+2 transi
ent absorption is monitored after excitation of the v=O-+ 1 fundamentaL It could he 
possible that decay from v=l is not direct to v=O, but intermediate levels play a role 
in the relaxation process. If that were so, then the decay of the pump-induced trans
mission at v=0-+1 would he different from the decay of the pump-induced absorption 
at v=l-+2. A result of a two-color experiment on the LF-OD groups in Y zeolite is 
shown in Fig. 2.4. It is clear that the decay of the induced transmission at 2639 cm -l is 
identical to the decay of the induced absorption (v=l to at 2528 cm- 1 . Herree it 
is clear that v=l excited state population decays directly to the v=O ground state. Fur
thermore, it has been demonstrated that, in contrast to the undeuterated 0-H groups, 
for the 0-D experiments speetral diffusion is negligible[22] (due to lower concentrations 
of oscillators and smaller transition dipole moments compared to the 0-H vibrations). 
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Figure 2.4: Transmission changes due to an infrared pump pulse at 2619 cm- 1 probed at 

the fundamental (•: v=O to v=l, 2619 cm-1
) and the hot-band transition (D: v=l to 

2528 cm- 1 
), as a function of delay between pump and probe. The two measurements can be 

described by one calculation (mirrored around y=O), demonstrating that Erom the one-colour 

experiments the lifetime of the v=l first excited state can be extracted. 

Also, effects caused by the finite laser bandwidth (spectra! averaging), which are known 
to mystify the interpretation of decay times as vi brational lifetimes ( the 'Brugmans
effect'[22]) are of little consequence for 0-D experiments. Therefore, the decay of the 
pump-induced transmission changes can be straightforwardly interpreted in terms of 
vibrational population decay. 

In Fig. 2.5 T1 is plotted as a function of laser-frequency scanned through the two 
absorption bands for Y-zeolite. In the zeolite Mordenite, a similar behaviour of T1 

with frequency is observed (Fig. 2.6). For deuterated ZSM-5 the absorption spectrum 
and the lifetime T1 as a function of frequency i/ can be found in Fig. 2. 7. Within 
experimental accuracy, the vibrational relaxation time T1 seems to be independent of 
frequency for this zeolite. It should be noted that due to the low density of 0-D groups 
in this zeolite (high Si/ Al-ratio), the transient ln(T /To )-signals are small resulting in 
relatively large uncertainties in the measured lifetime. 
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Figure 2.5: as a function of laser frequency for D-Y. Closed circles are data points, 

error bars denote ±2o-. The lines are simulations with T[!F flxed at 123 ps. It is evident the 

simulations cannot adequately describe data. 

2.4 Discussion 

Vibrational relaxation entails the redistribution of the vibrational energy into a num
ber of low-frequency vibrations, under the condition that the sum of energies of these 
accepting modes equals that ofthe relaxing mode (energy match condition).[14-16] Pos
sibie accepting modes are Si/ Al-O stretching and bending modes (frequencies typically 
...,400-1100 cm- 1)[50], and 0-D in-plane and out-of-plane bending modes (frequencies 
-900 and -300 cm - 1, respectively )[51, 52]. It is remarkable that u pon an increase in 
the oscillator energy of 1% (going from 2611 to 2639 cm- 1), the relaxation rate in
creases by almost a factor of two (from 34 to 61 ps, See Fig. 2.3). It is highly unlikely 
that this drastic effect is caused by a better energy match between the 0-D stretch 
energy and the sum of energies of the accepting modes at lower frequencies, since the 
density of states of the low-frequency modes is very broad.[50-53] 

This type of frequency dependenee has been observed previously for the population 
lifetime of the vibrations of (i) surface hydroxyls on colloidal silica[54], (ii) hydroxylsin 
fused silica [55, 56] (iii) 0-H groups in natura! micas[57], (iv) S-H groups in vitreous 
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Figure 2.6: T1 as a function of laser frequency for Mordenite 0-D. Again, T1 is found to 

increase with frequency. Error bars denote ±2.::r. 

As2Ss[58] and (v) of undeuterated hydroxyls in zeolites H-Y and H-Mordenite[44]. In 
these studies, it was shown that an increase of T1 with frequency is caused by different 
degrees of hydragen bonding. In case of the zeolite, the hydroxyls are hydrogen-bonded 
to lattice oxygen atoms(44]: hydroxyls with a stronger H-bond will have a weakened 
0-H bond and consequently exhibit a decreased absorption frequency. Simultaneously 
the H-bond enhances the coupling to accepting modes, which results in a faster de
cay.[44) The effect of the hydragen bond on the anharmonic coupling, responsible 
for the faster decay, is discussed in more detail in the following Chapter. Hydragen 
bonding thus accounts for the deercase in T1 at lower frequencies. In a previous time
resolved vibrational study on undeuterated HY-zeolites, the lifetime for the hydroxyls 
situated in the large cages responsible for the HF -band was found to he independent 
offrequency[44], contrary to our findings for the 0-D groups. A problem with the ex
periments on the undeuterated zeolites was the fact that the laser bandwidth exceeded 
the HF-OH absorption linewidth: Measured T1 times are essentially speetral averages 
of actual T1 's within the laser bandwidth. The effects of this speetral averaging are 
minimized by investigating 0-D vibrational relaxation insteadof 0-H, since the laser 
bandwidth is over a factor of three smaller at 0-D absorption frequencies compared 
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to 0-H frequencies (11 and 34 cm- 1, respectively). This broadening is inherent in 
the generation of our infrared pulses.[59] By contrast, on deuteration the absorption 
linewidths are only 30% narrower. 

For the LF -OD groups of Y zeolite, it is clear that the observed frequency de
pendence can he attributed to hydragen-bonding of the deuterated hydroxyl groups. 
However, the frequency dependenee of T1 in Mordeuite might he due to two frequency 
independent contributions- an HF-contribution with and an LF-contribution 
with TfF- speetrally averaged by the effects described above. The second possibility 
is that there is a real frequency dependenee in one or both of the sub-peaks. As for the 
observed frequency dependenee of ofthe HF-peak in Y-OD, this can also he caused 
by either overlap with the LF-peak and speetral averaging effects due to the "'11 cm- 1 

laser bandwidth, or a real frequency dependence. To check whether or not our data 
can be explained by this type of averaging effects effects, we calculated the transient 
transmission changes. 

2.5 Calculation of the transients 

In general the expression for the time-dependent transmission for a homogeneously 
broadened absorption peak after a pump pulse reads: 

T(t) hoo dvL(v) exp[-A(v)(l- 2/0 exp -(t/Tt))] (2.4) 

where T(t) is the transmitted energy of the pro he pulse at delay t, L(v) the laser band, 
A(v) the absorption band, and /o the excited fraction of oscillators at t=O. In Eq. (2.4) 
the fraction of excited oscillators does nat depend on frequency, as would be the case 
for inhomogeneous broadening; for inhomogeneously broadened bands the expression 
is somewhat more complicated. This simplification does not affect the results of our 
calculations, however. If the total absorption band can he split into two subbands, i.e. 
having a high-frequency (HF) and low-frequency (LF) component, the total absorption 
band can he written as: A(v) = ALF(v)+AHF(v), and the time-dependent transmission 
reads: 

T(t) = hoo dvL(v)exp[-AHF(v)(l 2/o exp-(t/Tf!F)) 

-ALF(v)(l- 2/oexp-(t/TfF))] (2.5) 

Thus, the effect of the two contributions with different T1 times can he calculated. This 
procedure enables us to calculate T(t), the transmission of the probe pulse, by solving 
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Figure 2.7: Absorption spectrum a.nd vibrational relaxation times for D-ZSM-5. Right axis 

corresponds to absorption spectrum (dotted line), leftaxis to Tt-times (bla.ck circles). 

Eq. (2.5) numerically. Subsequently, the calculated ln[T(t)/To] is treated in the same 
way as the data to extract a lifetime Tfalc. We can perform this calculation at different 
frequencies and in this fashion we obtain Tfa1c(v), and compare it to the experimentally 
observed frequency dependenee of the lifetime T1 (v). Input variables are ALF(îi) and 
AHF (v) with corresponding and TfiF, optionally frequency dependent. 

For zeolite D-Y we calculated w hat the outcome of our experiments would be for Tf'F 
increasing linearly with frequency as observed, and TfiF independent of frequency with 
a value of 123 ps. The results of this calculation for are presented in Fig. 2.5 together 
with the data. A comparison between the observed and calculated dependenee of T1 on 
frequency indicates that the observed dependenee at HF-OD frequencies cannot be due 
to overlap of different (LF and HF) absorption bands in the spectrum with the laser 
band; the data cannot be reproduced by the calculations with frequency independent 
TfiF. This is conclusive evidence for a frequency dependent , contrary to what 
was previously found for the 0-H groups.[44] The frequency dependenee of the TfiF 
points to a very weak hydragen bondforthese hydroxyls, since the lifetimes are much 
larger than for the LF-OD groups. 

An effort to reproduce the dependenee of T1 on frequency for Mordeuite with Tf'F 
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Figure 2.8: Upper panel: Results of a. pump-probe experiment at the top of the Mordenite 

0-D peak. Data (full circles), single exponential fit (solid line) and simulation (dotted line). 

The result of the simulations bas a. distinct non-exponentlal decay, contrary to the data. Lower 

panel: Residues Erom subtracting the two fits Erom the data indicate the aptness of the simple 

exponentlal fit (b.), in contrast to the double exponential decay (D). 

and TfiF both independent of frequency, resulted in val u es of 30 and 95 ps. While these 
values describe the frequency dependenee of the T1 ( i/)-data very well, two fixed lifetimes 
imply that the decay ofln[T(t)/To] at intermediate effective decay times (e.g. 56 ps) is 
doubly exponential, since the calculated decay curves are a mixture of TfF- and TfiF
decay. This is conflicting with experimental data. Experimentally we only observe 
clear single exponential decays; in Fig. 2.8 the experimental data and the result of the 
simulation are plotted. Despite the good description of the (v)-data, the clear single 
exponential decay of ln[T(t)/To] defies the existence of two fixed lifetimes. We can 
thus conclude that one or bothof the two subpeaks must exhibit frequency dependent 
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behaviour with respect to , indicative of hydragen bonding. 
For D-ZSM-5 (spectrum and T1(ii) in Fig. 2.7.) no significant dependenee of the 

lifetime on the frequency could be found. It should be noted that the frequency range 
over which the experiments were performed is small (20 cm -l) compared to the experi
ments on Y and Mordenite. The protons in ZSM-5 are all situated in the 10-ring channel 
and it was shown recently that these protons are energetically very similar.[60,61] Ap
parently the differences are sufficiently small so that no difference in hydrogen bond 
strength between the different protons can be detected, accounting for the absence of 
a significant frequency dependence. 

2.6 Conclusions 

Frequency-dependent rpo vibrationallifetimes are observed in zeolite Y, both for the 
HF- and LF-peak, confirming the previously observed hydrogen bonding of the LF
hydroxyls in the small sodalite cages. The frequency dependenee of the HF -hydroxyls 
is tentatively attributed to weak hydrogen bonding of these hydroxyls. 

For Morderrite this frequency dependenee of is found as well. It is asserted with 
the help of a simple model that this dependenee must be due to an intrinsic dependenee 
of T1 on ii in one or both of the two hydroxyl species eausing the absorption peak in 
Mordenite. The most likely candidate are the hydroxyls in the smaller 8-ring cages, 
causing the downshifted and broadened LF- absorption peak, by analogy with Y-zeolite. 

For ZSM-5, within experimental aecuracy, no frequeney dependenee of the lifetime 
is observed, indicative of the absence of a distribution of hydrogen bond strengtbs in 
this zeolite, in accordance with the observation that the hydroxylsin ZSM-5, although 
erystallographically different, are energetically very similar. 
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Chapter 3 

Enhancement of the vibrational 

relaxation rate of surface hydroxyls 

through hydrogen bonds with 

adsorbates 

With time-resolved (picosecond) infrared saturation spectroscopy the interaction of zeolite 

surface hydroxyls with small adsorbed molecules is investigated. lt is found that the pre

senee of the adsorbate, which is weakly hydrogen bonded to the zeolite hydroxyl causes 

the vibrational lifetime of the zeolite hydroxyl to decrease significantly. Remarkably, this 
enhancement of the de-excitation is not due to energy transfer to intern al degrees of free
dom of the adsorbed species, nor is the energy used for a one-photon desorption process. 
Rather, it is due tothefact that the hydrogen bond act as an additional accepting mode, 

allowing for faster energy flow out of the excited hydroxyl. 

35 



3.1 Introduetion 

The catalytically active site in acid zeolite catalysts is the Br~nsted hydroxyl (0-H) 
group, located between a silicon and an aluminum atom, pointing into the zeolite ca
vity.[9] Knowledge of the interaction between the Br0nsted catalytic sites and adsorbed 
species is essential for a fundamental understanding of zeolite catalysis. Time-resolved 
(picosecond) infrared spectroscopy has been proven to he a powerfut tooi in the in
vestigation of the vibrational dynamics of the condensed phase in general [29] and the 
zeolite hydroxyl in particular [22, 40,42-44,53,62, 63]. In this Chapter, we employ this 
technique to investigate the effect of small molecules adsorbed to the zeolite hydroxyls 
on the lifetime of the hydroxyl stretching mode. 

3.2 Experimental 

We investigated the vibrationallifetimes of hydroxylsin two zeolites: Y and Mordenite. 
The zeolite samples consist of pressed self-supporting crystalline zeolite discs of 5 
mgfcm2. Acid forms of zeoli'tes were obtained by in vacua heating (1 h at 743 K) 
of Mordenite in which Na+ cations were exchanged by NH! cations. The Mordenite 
under investigation was speci:fied by Si/Al- and H/(Si+Al) atomieratiosof 6.7 and 
0.13 respectively. For the partially exchanged zeolite Y, Si/Al= 2.8 and H/(Si+Al)= 
0.07. Insome of the experiments the zeolite hydroxyls were deuterated by exposing the 
zeolite disc to 500 mbar of D2-gas (Messer Griesheim, 99.7%) at 693 K and allowing 
exchange for 1 hour, resulting in approximately 70% exchange as observed from the 
absorption spectra. Adsorption of argon, oxygen, nitrogen and methane was performed 
at 100 Kat pressures ranging from 200 mbar to 2 bar, constant during the experiments. 

The experimental setup and the one-colour pump-probe technique have been de
scribed in Chapter 1. In short, the pump pulse excites a considerable fraction (~10-
20%) of the 0-D oscillators from their v=O to v=l vibrational state. Due to the ...... lQQ 

cm- 1 anharmonicity of the vibration [43, 47], the absorption is bleached on picosecond 
time scales, so that the equilibration of the population-distribution can he monitored 
by measuring the transmission of the probe pulse. The decay of the pump-induced 
transmission with time is related to the vibrational lifetime of the excitation T1 , as: 
ln[T(t)/To] "'exp(-tfTr), where T(t) is the transmitted energy ofthe probe putse at 
delay t and T0 is the transmitted probe energy in absence of the pump pulse. 
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Figure 3.1: Absorption spectra in the 0-D stretch region of Mordenite 0-D in vacuum and 
with several molecules adsorbed. All spectra were recorded at 100 K. Note the shift to Iower 

frequencies upon adsorption. 

3.3 Results 

A downshift of the 0-D absorption frequency occurs upon adsorption of argon, nitro
gen, oxygen and methane on D-Mordenite at 100 K (Fig. 3.1). This is caused by a 
weakening of the original 0-D-bond due to the presence of the hydragen bond between 
the hydroxyl deuteron and the adsorbed species.[64] Note that upon adsorption of N2 

and CH4 two distinctive peaks appear: a low-frequency peak due to the perturbed 
species, i.e. hydroxyls at which adsorption is occurring, and the residue of the non
perturbed species, on which no adsorption takes place, at higher frequencies. 

Two typical results of pump-probe experiments for the case of nitrogen adsorption 
are depicted in Fig. 3.2. The absorption spectrum for this sample is shown as the 
dotted line in Fig. 3.1. For the unperturbed 0-D groups (îi = 2667 cm- 1), T 1-times 
are equal to those found for the 0-D sample in vacuum at this frequency (T1 60(±4) 
ps). The hydragen bonded species (i/ = 2592 cm -l), are found to relax faster (T 1 = 
10(±6) ps), and an increased transmission after vibrational relaxation is observed. 
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Figure 3.2: Results of pump-probe experiments at two different laser frequencies of a 

Mordenite sample with N2 adsorbed (absorption spectrum depicted as dotted line of Fig. 3.1). 

Relative transmission of an infrared probe pulse In[T(t)/To] (To is the transmitted probe en

ergy in absence of the pump pulse) as a function of the delay between pump and probe pulses. 

The values for the fitted energy decay times Tt (and the corresponding standard deviations) 

were obtained by numerically solving the appropriate differential rate equations (2.1)-(2.3), 

the result of which are shown as lines in the figure. The vibrational relaxation time is found to 

drop dramatically upon hydrogen-bonding and for the hydrogen-bonded an increased 

transmission is observed after relaxation. 

In Fig. 3.3 the results of the pump-probe experiments are summarized: the vibra
tional lifetime decreases continuously with decreasing frequency, and the lifetime is 
hardly dependent on the species adsorbed. The lifetimes were obtained by numerically 
solving the appropriate differential equations given in the previous Chapter [Eq. (2.1)
(2.3)], that simultaneously account for population excitation and relaxation (multiple 
absorption steps are allowed). To describe the transmission offsets after relaxation, a 
third level was incorporated. In this model, relaxation from v=l takes place to v=O*, 
from which absorption to v=l * can occur with a slightly different cross-section. For 
lifetimes shorter than the pulse duration, an accurate estimate of the lifetime can he 
obtained from the width and magnitude of the signal. 
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Figure 3.3: The vibrational lifetime Tt as a ftmction of laser frequency for Mordeuite 0-D 

with and without adsorption. T1 is found to increase with frequency. The laser bandwidth 

with Gaussian shape has a full width at half maximum of 10 cm-1
• Error bars denote ± 2u. 

Also, we adsorbed N2 on the so-called HF (high-frequency) hydroxyls in zeolite 
Na/HY. In zeolite Y there are two types of hydroxyls, with distinctly separated ab
sorption bands {Fig. 3.4). The low-frequency (LF) hydroxyls are situated in the small 
cages, whereas the HF sites are situated in the large super cages.[65] In the partially 
exchanged sample used here, mostly HF oscillators are present (Fig. 3.4). Coincident
ally, adsorption of N2 on the HF hydroxyls shifts the HF oscillator frequency to that 
of the LF hydroxyls.[63] The absorption spectra and results of time-resolved measure
ments for the vacuum sample and the sample with N2 adsorbed are shown in Fig. 3.4, 
respectively. U pon adsorption of N2 , the lifetimes of the HF hydroxyls decrease by over 
a factor of three and perfectly coincide with the lifetime of the vacuum LF hydroxyls. 

3.4 Energy Transfer Mechanisms 

From picosecoud transmission measurements on ethanol dissolved in CC14 , it was 
found that the breaking of hydrogen honds is an effective relaxation channel for the 
vibrationally excited hydrogen-bonded ethanol hydroxyl.[66] Whereas the monomeric 
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Figure 3.4: Upper panel: Absorption spectrum for the 0-H region of zeolite NaHo.o7 Y 

(dotted line). Due to the low level of exchange, mainly HF-hydroxyls are present. Upon 

adsorption of N2 the absorption band shifts to lower frequencies, coinciding with the LF 

absorption band (solid line). Lower panel:Vibrationallifetimes for the vacuum LF species and 

the hydrogen-bonded HF species, both absorbing at the same frequency. The lifetimes and 

the dependenee thereof on frequency are very similar. Note the different ordinate scales for 

the two figures. 
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0-H stretching mode exhibited a T 1 lifetime of 70 ps[67], the hydrogen-bonded etha
nol showed a lifetime of 5 ps. Also, a fast re-association of the hydrogen bond was 
observed with a time constant of 20 ps. In our experiments, an increased transmis
sion after complete vibrational relaxation as shown in Fig. 3.2, was observed for all 
hydroxyls to which a molecule was adsorbed. The increased transmission was found to 
persist over 2 ns. In principle, this could he due to desorption of the adsorbed species 
upon vibrational relaxation of the hydroxyl, i.e. a breaking of the hydrogen bond as 
observed for ethanol (for nitrogen, the heat of adsorption on the zeolite hydroxyl is 
1000 cm- 1 /bond, i.e. about one third of the vibrational quantum[68]). If desorption 
were to take place upon vibrational relaxation, the oscillator frequency would shift back 
to its unperturbed value. Hence, the hydroxyl would no longer absorb light at the laser 
frequency, since the oscillator frequency would be shifted out of the laser band. This 
could account for the observed increase in transmission after relaxation (Fig. 3.2), but 
would require that the hydragen bond re-association time is much larger (» 2 ns) for 
the zeolite-adsorbate system than for ethanol in solution (20 ps). Indeed, one would 
expect re-association to take place faster in liquid ethanol due to the higher density of 
molecules. 

On the other hand, it will be shown in the next Chapter that, upon vibrational re
laxation of zeolite hydroxyls, the excess 0-D stretch energy becomes delocalized very 
rapidly (within 10 ps), culminating in an effective heating of the zeolite lattice.[69] As 
hydrogen honds are very sensitive to temperature changes, this could also be the cause 
of the increased transmission after vibrational relaxation. To check whether the trans
mission offset is due to a direct one-photon desorption process or indirect desorption 
due to uitrafast heating, we performed the experiment with decreasing pump-energy. 

With decreasing pump-energy, and consequently less heating of the zeolite, relax
ation of the transmission to the original equilibrium transmission occurs as shown in 
Fig. 3.5. This rules out the possibility of one-photon desorption: the magnitude of the 
signa! is proportional to the number of excited oscillators and the offset proportional to 
the number of shifted oscillators. In case of one-photon desorption one would expect 
the ratio of the two to be independent of pump-energy. The desorption we observe 
must then be thermal and indirect, due to rapid delocalization of the excess energy[69]. 
Thus we conclude that, in contrast to liquid ethanol, direct dissociation of the hydra
gen bond as a one-photon desorption process, does not occur upon relaxation of the 
vibrationally excited oscillator. 

In principle the internal low-frequency modes of the adsorbed molecule could act 
as accepting modes, allowing for part of the excess vibrational energy to be transferred 
to an adsorbate vibrational mode. In this case, one would expect the relaxation rate to 
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Figure 3.5: Three pump-probe experiments for N2-perturbed oscillators in D-Mordenite with 

different pump energies. The signals are scaled to 1. With decreasing pump energy, relaxation 

to original transmission occurs. The leveljtop-ratios (ratio of long-time and maximum signal) 

are also denoted in the graph. 

depend critically on the exact internallow-frequency mode distribution ofthe adsorbed 
species. We observe, however, that the lifetime is hardly dependent on the adsorbed 
species (Fig. 3.3, only for Ar the lifetimes seem somewhat larger). This leads us to 
coneinde that there is no direct energy flow from the excited hydroxyl into internat de
grees of freedom of the adsorbed molecule: If specific modes of the adsorbed molecules 
would act as accepting modes, one would expect different lifetimes for different ad
sorbates, contrary to what is observed. It is only the magnitude of the perturbation of 
the oscillator by the hydragen bond, viz. the hydrogen bond strength, that determines 
the relaxation rate and not the specific charaderistics of the adsorbed species. This 
is corroborated by the finding that the N2-perturbed HF oscillators in the Y zeolite 
show the same lifetimes as the vacuum LF species absorbing at the same frequency: In 
Ref. [44] it was shown that in vacuum the LF hydroxyls are already hydragen bonded 
to oxygen lattice atoms. Also here, the vibrational relaxation rate is determined by the 
magnitude of the perturbation, independent whether the perturbation is due to zeolite 
lattice oxygen or molecular nitrogen. 
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3.5 The effect of hydrogen bonding on the relaxation 
ra te 

From the above, it is clear that, as far as internal degrees of freedom of the adsorbates 
is concerned, the presence of the adsorbate does not create any new major pathway 
for the vibrational energy to flow into. It is apparent, however, that despite the fact 
that the hydragen bond remains intact upon vibrational relaxation, its presence greatly 
enhances the relaxation rate. 

The rate of vibrational relaxation kvr of the excited vibration is generally described 
by Fermi's golden rule[14, 15, 70, 7l]: 

kvr = 
2

11' L l(r', a'l V Ir, a}l 2 p(E) c5(E(r', a')- E(r, a)) (3.1) 
a,a' 

In Eq. (3.1), rand r' designate the initia! and final state of the initially excited vibration 
(the 0-D stretching mode, in our case), while a and a' refer to the accepting modes. 
The ket Ir, a) denotes the system with excited 0-D stretching mode, and thermally 
populated accepting modes. The bra (r',a'l denotes the final state, after relaxation. 
The density of states is p(E) for the accepting modes in the relaxation process and the 
delta-function ó(E(r',a') E(r,a)) ensures conservation ofenergy. The summation 
shows that the the true relaxation rate is a sum of contributions from all possible 
pathways. The increase in relaxation rate by the hydragen bond can therefore he caused 
by an increase in overlap between the final (r', a' I and initia} Ir, a} wavefunctions. 
This effect, in turn, can he partitioned into effects on the r-coordinates and on the 
a-coordinates. By increasing the (self-)anharmonicity of the 0-D stretching mode (r
coordinate), the overlap will evidently increase[44]. On the other hand, the accepting 
modes (a-coordinates) will also he affected by the hydragen bond, resulting in a larger 
overlap. In this case, the enhanced relaxation rate is due to an energy mismatch 
compensation by the hydragen bond. This type of mechanism was used to explain and 
model the solvent-dependent vibrational relaxation rate of the C-H stretching mode 
of small organic molecules.[72] A secoud possibility is that, upon hydragen bonding, 
the anharmonic coupling term V contains contributions of the form R~m · RÎJ-bond 

(with p,q>O), so that energy from the excited 0-D stretching mode (designated by 
coordinate Ron) can flow into the hydrogen bond (designated by coordinate RH-bond)· 

In this case, the hydrogen bond acts as an additional accepting mode, thus accelerating 
the relaxation process. This interpretation was demonstrated to he consistent with 
temperature-dependent relaxation measurements of zeolite 0-H and 0-D groups[53]. 
This indicates that the hydrogen bond with the adsorbate enhances the relaxation by 
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acting as an additional accepting mode into which part of the excess vibrational energy 
can flow. The experiments described here corroborate the findings of the previous 
Chapter, where we attributed the decrease in lifetime with decreasing frequency to 
hydrogen bonding. 

In summary, we attribute the large increase in the vibrational relaxation rate upon 
adsorption to an energy flow from the excited 0-D group into the hydrogen bond, upon 
relaxation. The hydrogen bond remains intact, however, and no energy is transferred 
to the adsorbate itself. 

3.6 Conclusions 

We have measured the lifetimes of surface hydroxyls in zeolites perturbed by small 
adsorbates. The decay is more rapid for the hydrogen-bonded hydroxyls, but inde
pendent of adsorbate. We find no evidence for energy transfer processes between the 
zeolite hydroxyl and the adsorbate, and observe that the hydrogen bond between the 
hydroxyl and the adsorbate remains intact. We conclude that the enhancement of the 
vibrational relaxation rate is due to an increase in the coupling between the hydroxyl 
and the zeolite lattice, presumably caused by a minor energy flow into the hydrogen 
bond, which acts as an additional accepting mode. 
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Fast energy delocalization upon 

vibrational relaxation of a zeolite 

surface hydroxyl 

In this time-resolved study of vibrational dynamics of deuterated surface hydroxyls at acid 

sites in the zeolite Mordenite, we investigate vîbrational relaxation and observe transient 
bandshifts of the 0-D stretch vibration after relaxation. lt is shown that after infrared 

excîtation of the stretching mode of the surface hydroxyls, the excess energy is rapidly 
distributed over delocalized low-energy lattîce modes upon de-excitation. This is asserled 
from the observation that non-excited hydroxyls at different frequencies are perturbed by 
the relaxation of their excited counterparts effectively îm mediately after this relaxation. An 

upper limit of 10 ps for the energy delocalization time is found. This assignment allows 
for accurate estimates of local lattîce temperatures after relaxation of the vibration. 

45 
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4.1 Introduetion 

Vibrational energy transfer processes have been stuclied extensively during the past de
cades. In the gas phase, substantial information has been obtained on the (re)distribution 
of vibrational energy and energy decay routes.[73] In the condensed phase however, a 
lot of questions still remain unresolved due to the short timescales involved and the 
fact that this information in general cannot be obtained from measurements in the 
frequency domain. Time-resolved (picosecond) infrared spectroscopy has thus been 
proven a powerlul tool in the investigation of the vibrational dynamics.[29] Here we 
present the results of a time-resolved vibrational study on the deuterated version of the 
acid form of zeolite Mordenite. In order to gain better insight into the dynamica of vi
brational relaxation of zeolite surface hydroxyls, and the coupling between the hydroxyl 
and the zeolite lattice, we performed a time-resolved vibrational study of deuterated 
hydroxyls. 

4.2 Experimental 

The zeolite samples consist of pressed self-supporting crystalline zeolite discs of 5 
mg/cm2. Acid forma of Mordeuite were obtained by in vacuo heating (1 h at 743 K) 
of Mordeuite in which Na+ cations were exchanged by NH! cations. The Mordeuite 
under investigation was specified by Si/ Al- and H/(Si+Al)-ratios of 6.7 and 0.13 re
spectively. Deuteration was achieved by exposing the zeolite disc to 500 mbar of D2-gas 
(Messer Griesheim, 99.7%) at 693 K and allowing exchange for 1 hour, resulting in 
approximately 70% exchange as observed from the absorption spectra. 

The experimental setup and the one-colour pump-probe technique have been de
scribed in Chapter 1. In short, the pump pulse excites a considerable fraction ("" 10%) 
of the 0-D oscillators from their v=O to v=l vibrational state. Due to the anhar
monicity of the vibration[43,47], the absorption is bleached on picosecoud time scales, 
so that the equilibration of the population-distribution can be monitored by meas
uring the transmission of the probe pulse. The decay of the pump-induced trans
mission with time is related to the vibrational lifetime of the excitation T1 , as[30]: 
In[T(t)/To] "'exp(-t/Tl), where T(t) is the transmitted energy ofthe probe pulse at 
delay t and T0 is the transmitted probe energy in absence of the pump pulse. For the 
experimentsin this Chapter, it is important to reeall that the pump repetition rate can 
be regulated from 1 to 10 shots per secoud by a mechanical shutter (BF in Fig. 1.6). 
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4.3 Results 

In Figure 2.2 of Chapter 2 the conventional infrared absorption spectrum for deuter
ated Mordeuite is depicted in the 0-D stretch region. Three typical results of room 
temperature one-colour pump-probe experiments for deuterated Mordeuite are shown 
in Fig. 4.1. With the laser tuned to the top of the absorption band (2662 cm- 1) the 
transmission is found to return to its equilibrium value To with a time constant of 55 
ps (upper panel of Fig. 4.1). If the laser-frequency is tuned to the low-frequency side 
of the absorption band (at 2640 cm -l), two striking changes occur in the measured de
cay: a decay with smaller time constant of 36 ps is found and the relative transmission 
ln[T(t)/To] is found to relaxtoa negative value (middle panel of Fig. 4.1); after decay 
of the excited oscillators, the absorbance has increased. Contrary effects are observed 
on the high frequency si de of the absorption peak (at 2672 cm -l); a larger lifetime T1 
is observed and after relaxation an increase in transmission is detected (lower panel of 
Fig. 4.1). So the experiments present us with the vibrationallifetime as wellas an 
offset (level) of the transmission after vibrational relaxation. 

The data can theoretically be reproduced by numerically solving the appropriate 
set of coupled spatio-temporal rate equations (See Eq. (2.1)-(2.3) in Chapter 2). The 
calculations need as input the pulse parameters of both pump and probe (pulse shape, 
duration and intensity) and sample parameters (absorption cross section, oscillator 
density and sample length). As in Chapter 3, a third level was incorporated to describe 
the transmission offsets after relaxation. In this model, relaxation from v=l takes 
place to v=O*, from which absorption to v=l * can occur with a slightly different 
cross-section. Fit parameters are the time constant T1 and the absorption cross section 
after vibrational relaxation. The results of the calculations are shown as solid lines in 
Figure 4.1. Clearly, our experiments can very well be described by a simple model 
with (i) a single time constant accounting for population decay and (ii) the change in 
cross section of the relaxed oscillators. The frequency dependenee of the lifetime is 
discussed in Chapter 2. 

The level to which the transmission was found to relax -normalized to the mag
nitude of the signal (top)- is plotted versus wavenumber in Fig. 4.2. Exciting on 
the low-frequency side of the absorption band, the absorption is enhanced after re
laxation of the excited oscillators. On the high-frequency side, there is a decrease in 
absorption after relaxation. This points to a red-shift of the absorption peak caused by 
the vibrational relaxation; the absorption band is shifted towards the laser band (into 
resonance), with the laser at low frequencies, and shifts away from the laser at high 
frequencies. The observed relaxation of the transmission tonon-equilibrium (Fig. 4.1), 
a second change in transmission upon vibrational relaxation, is not caused by 'thermal 
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Figure 4.1: Typical results of pump-probe experiments: Relative transmission of an infrared 

probe pulse ln[T( t) /To] as function of the delay between pump and probe puls es at three laser 

frequencies; at the top of the absorption peak (2662 cm-1 
), on the low frequency side of the 

absorption peak ( 2640 cm - 1
) and at 2672 cm - 1 

. Fitted lifetimes ( and errors) are denoted in 
the graph. The corresponding absorption spectrum can be found in Figure 2.2 of Chapter 2. 
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Figure 4.2: The observed level to which the logarithm of the normalized transmission 

(ln[T(t)/To]) was found to relax, normalized to the magnitude of the signal, as a function 

of laser frequency. After relaxation, on the red side of the absorption peak a decrease in 
transmission is observed, on the blue side an increase. 

lensing', which has been shown negligible in this kind of experiment. [7 4] 
At this point it is important to note that there are three relevant timescales for 

the transmission changes in the experiment: (i) the vibrational lifetime T1 , (ii) the 
onset time of the level, i.e. the time between vibrational relaxation and the change 
in transmission hereby caused ( considered instantaneous in our calculations, but not 
necessarily so [see below]), and (iii) the slow relaxation time of this last effect (the 
observed offset of the transmission is constant for 2 ns after vibrational relaxation, 
but has faded when the next probe pulse travels through the sample (after 100 ms). 
Double relaxation effects have also been observed before for a number of different 
fluids[59, 75-79], but not in vibrational relaxation experiments on surface hydroxyls. 
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4.4 Fast energy delocalization 

To understand the three relaxation times mentioned above, it is helpful to consider 
possible relaxation processes subsequent to excitation. The first process to occur 
after vibrational excitation is the (down-)conversion of the 0-D vibrational energy 
into excitations of accepting modes[14-16]. The time-scale of this process is, of course, 
the vibrational lifetime T1. eoupling of these low-frequency modes to the bath, in 
turn, will result in alocal thermalization of the excess energy (within the laser focus), 
with a speed determined by the decay rate of the accepting modes. Thirdly, the 'local 
bath' will equilibrate with its environment by heat diffusion out of the laser focus, 
into the rest of the sample. Experimentally, the system is found to relax to a non
equilibrium state which is stationary for at least 2 ns after the vibrational relaxation. 
This is manifested in a transmission after vibrational relaxation different from the 
transmission before; somehow the absorption frequencies of the oscillators are affected 
by the vibrational relaxation. Although we expect the last relaxation process (heat 
diffusion) to be slow on experimental time scales, slow decay of the accepting modes 
cannot a priori be excluded as the cause of our observations. Indeed, slow decay of 
accepting modes has been observed previously: In a time resolved study of the e-H
stretch vibration in eHBr3 it was found that after excitation of the e-H vibration there 
are two consecutive relaxation processes.[59] First the energy is transferred to other 
vibrations within the molecule, the accepting modes. Due to anharmonic coupling 
between the accepting modes and the e-H vibration, excitation of the accepting modes 
affect the e-H-stretch frequency, resulting in a transient bandshift, thus changing 
the transmission at the original frequency. The accepting modes were shown to have 
lifetimes up to nanoseconds. This effect causes the transmission to relax with two time 
constants: first the pump-induced transmission decays with the vibrational lifetime 
constant T1 whereafter a second relaxation process is observed, with a much larger 
time constant, reflecting relaxation of the accepting modes. 

It is therefore clear that there are two possible explanations for the effects we ob
serve: The 'long-lived accepting mode' hypothesis and the 'short-lived accepting mode' 
hypothesis. The long-lived accepting mode hypothesis can be visualized as follows, in 
complete analogy to the relaxation of the O-H-stretch vibration in CHBr3 : Decay of 
the excited 0-D oscillator entails the redistribution ofthe energy into accepting modes, 
for which the sum of energies is in resonance with the 0-D vibrational energy.[l4-16) 
If the excitation of one of the accepting modes, brought about by de-excitation of the 
0-D stretching mode, causes the 0-D stretch frequency to change, and the lifetime of 
this accepting mode excitation is sufficiently large, this would account for the observed 
offset of transmission after vibrational relaxation. In this case the onset time of the 
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Figure 4.3: Observed transmission changes at 2672 cm- 1 for two different pump energies. 

The amplitude of the signals are scaled to 1 ( multiplied by factors 1.8 and 4.2, respectively). 

Clearly, for lower pump energies relaxation close to equilibrium transmission To occurs. 

transmission after relaxation is zero, in agreement with the data. 
Diametrically opposed to this is the 'short-lived accepting mode' possibility which 

requires the accepting modes to decay extremely Jast. In this scenario the energy in 
the 0-D vibrational quanturn is rapidly redistributed over the zeolite lattice, causing 
all the oscillators to shift in frequency. Although it would inevitably take some time to 
'delocalize' the excess energy, the data indicate that this delocalization time would have 
to be very short, since all data sets are well accounted for with a zero onset time. The 
long- and short-lived hypotheses have previously been denoted as 'medium induced 
vibrational relaxation' and 'direct vibrational energy dissipation', respectively.[80] 

There are two indications as to whether the effect is due to a long- or short-lived 
accepting mode, both in favor of the short-lived hypothesis: Firstly we found a de
pendence of the offset of the transmission after relaxation on pump pulse energy. 
Experiments with gradually decreasing pump energy, reveal the levelftop-ratio to con
tinually decrease, and go to zero for sufficiently small pump energies (see Fig. 4.3). 
From the short-lived point of view, this dependenee can easily be explained: there will 
be a smaller perturbation of the oscillators and hence a smaller shift of the absorp-
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tion band when less energy is deposited onto the lattice due to the excitation of less 
0-D oscillators. In the short-lived picture, the energy is used to shift the absorption 
frequency of all the oscillators, not just the ones that were excited. In the long-lived 
hypothesis a conflict arises: The maximum ln[T /To]-signal (top) is proportional to the 
0-D excitation density. In analogy, it is the accepting mode excitation density that 
determines the long-time signal (level). One would expect a 1:1 correlation between 
the accepting mode excitation density and the 0-D excitation density and also a linear 
correlation between the shift of the high-frequency mode and the accepting mode excit
ation density and hence a level/top-ratio independent of the actual degree of excitation, 
contrary to what is observed. 

A second point in favor of the short-lived hypothesis is that a similar dependenee of 
the transmission-offset after vibrational relaxation was found on 0-D concentration: 
for lower 0-D concentrations (achieved by allowing less exchange with D2) the offset 
after relaxation decreased. The preceding argument holds here as well; for lower oscil
lator densities, less oscillators will be excited and less energy will he dumped onto the 
zeolite lattice. 

It is thus concluded that the observed effect is caused by short-lived accepting 
modes; we experimentally observe a very rapid redistribution of the energy of the ex
cited oscillator into delocalized modes. The absorption band of all the oscillators is 
almost instantaneously redshifted due to the vibrational relaxation of excited oscillat
ors. From our calculations it is concluded that the time between the relaxation and 
the resulting bandshift, i.e. the onset time of the transmission offset, must be smaller 
than 10 ps. 

Indeed, one would expect the accepting modes to decay rapidly compared to the 
0-D stretching mode. Previous studies of 0-H and 0-D relaxation in zeolites[53J, on 
silica surfaces[81] and inside fused silica[55] how that the initial relaxation process for 
an 0-H quanturn decays into four or five accepting modes, three for 0-D. Possible 
accepting modes for the 0-D vibration relaxation process, e.g. 0-D bending modes 
or Si/Al-O stretching modes, all have frequencies ranging from 400 to 1000 cm- 1[50, 
52, 82, 83]. From considerations of the energy gap law[84], one would expect that 
the accepting modes excited on de-excitation of the 0-D oscillator would decay fast 
relative to the 0-D oscillator itself, rather than slow. The energy gap law states 
that the vibrational relaxation rate should exhibit a (super-)exponential dependenee 
on the number of accepting modes involved in the relaxation process: If the number 
of accepting modes decreases by one, the vibrational relaxation time should decrease 
by at least an order of magnitude. Although it was demonstrated recently that the 
energy gap law is a crude approximation[53] (not only the number of accepting modes 
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Figure 4.4: Absorption spectrum in the 0-D stretch region for deuterated Mordenite at two 

ditierent temperatures. On increasing the temperature, the absorption band is seen to shift 

to lower wavenumbers and decrease in intensity. 

determines the relaxation rate, but also the number of possible relaxation channels[53]), 
one would still expect a relatively fast relaxation of accepting modes due to the fact 
that the energy gap between the 0-D accepting modes and their subsequent accepting 
modes is a lot smaller than the energy gap between the 0-D oscillator and its accepting 
modes. Hence, it is most unlikely that the accepting mode-excitations have lifetimes 
exceeding nanoseconds. 

4.5 Lattice temperature 

The observation of very rapid dispersion of the excess energy after de-excitation of the 
oscillators, indicates that the offset of the transmission is due to an elevated lattice tem
perature immediately after vibrational relaxation. Indeed, the 0-D stretch absorption 
band was found to shift to lower wavenumbers on raising the temperature as can be 
observed in Figure 4.4. Vibrational relaxation causes an almast immediate increase 
of lattice temperature, which, in turn, causes the absorption band to shift. The result 
is an increased absorption at the low-frequency side of the peak and decreased absorp-
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tion at the high-frequency side after relaxation of the excitation as was observed in the 
experiments (Fig. 4.3). 

The dependenee of the absorption band on temperature can qualitatively be under
stood as follows: an increase in the temperature promotes population of low-frequency 
vibrations or phonons. This increase in population of these low-frequency modes af
fects the 0-D stretch frequency directly or through modes that are coupled to this 
stretching mode. Hence an increase in temperature causes a shift ( and broadening) of 
the absorption band (see e.g. ref [85]). 

Since we know the change in transmission induced by the vibrational relaxation 
(Fig. 4.3), we can make an estimate of the increase in lattice temperature causing this 
change in transmission by consiclering the temperature dependenee of the absorption 
spectrum. The expression for the transmission T as a function of temperature e of a 
laser probe pulse with intensity L(îl) through a sample with temperature dependent 
absorption band A(îl, e) reads: 

T(e) = 1oo dî!L(v) exp[-A(î/, e)] (4.1) 

From the experiments we obtain the transmission of the probe pulse after vibrational 
relaxation relative to room temperature transmission. By measuring the absorption 
spectrum A(v) as a function of temperature e we can subsequently determine the 
magnitude of the temperature increase corresponding to the observed offset of the 
transmission. The momentary increase in temperature causing the offset in transmis
sion was found to vary from 10 K pumping the flanks of the absorption peak to 30 K 
at absorption maximum and could be determined accurately. The lattice temperature 
increases as calculated from the offset in transmission after relaxation, are shown in 
Fig. 4.5. 

From the calculations it was found that at the top of the absorption peak about 
100 of the 150 JJ.J pump energy is absorbed. If this energy is evenly distributed over 
the laser focus (0.2 mm beam waist), this would result in a temperature increase of 
approximately 15K, in good agreement with the valnes deduced from the experiments. 
Previous uitrafast heating experiments with infrared laser pulses in liquids with a 
molecular thermometer, showed similar temperature increases with somewhat lower 
pump energies.[86] 

A potential pitfall in the experiments is the steady-state heating of the sample 
due to the relatively large amounts of energy absorbed in the sample. Vibrational 
lifetimes are intrinsically dependent on temperature; at higher temperatures decay 
is more rapid.[84] We checked for steady-state heating effects by measuring as a 
function of pump repetition rate; no effect of heating on the lifetime could be detected 
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Figure 4.5: Transient temperature changes as a function of laser frequency, determined from 

the signal offset (level/top-ratio). Note that, as would be expected, the largest temperature 
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for repetition rates of 5 Hz and lower. All aforementioned experiments were performed 
at this repetition rate. For pump repetition rates larger than 5 Hz steady-state heating 
occurs due to the cumulative temperature effect of the pump pulses; the time between 
pump pulses does not allow forthermal equilibration of the sample. Experimentally, for 
repetition rates higher than 5 Hz not only a smaller T1 is observed, but also a change in 
the offset of the transmission after vibrational relaxation compared to the offset at lower 
repetition rates (in absence of steady-state heating). This can he understood by noting 
that, at different initia! steady-state temperatures the effect of the same temperature 
increase (due toa single pulse) on transmission will he different. Since we know the 
single pulse temperature increase at room temperature (Fig. 4.5), we can now make 
an estimate of the steady-state temperature increase for repetition rates exceeding 5 
Hz, from the change in transmission-offset. At pump repetition rates of 10 shots per 
second, a steady-state temperature increase of 100 ± 10 K could he detected with the 
laser tuned to the top of the absorption band. 

It is important to note that the conclusions drawn in this study also hold for the 
non-deuterated zeolite surface hydroxyls as well as for ( deuterated) surface hydroxyls 
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on colloidal silica. The long-time signal offsets can also be observed for these sys
tems, albeit less clear. The reported temperature effects are even more important 
for 0-H-experiments owing to the larger possible pump-energies and absorption cross 
sections[44]. 

4.6 Conclusions 

We stuclied the vibrational dynamics of deuterated surface hydroxyls in the zeolite 
Mordenîte. After infrared excitation of surface hydroxyls we observe relaxation of the 
transmission (reflecting the population relaxation) to non-equilibrium. A satisfactory 
explanation is presented in terrus of a fast redistribution of the energy in the excited 
oscillators after vibrational relaxation, which affects the absorption frequency of all 
hydroxylsin the zeolite; it is found that upon relaxation of the 0-D oscillator, energy 
is not stored in localmodes (e.g. 0-D bending), but is dispersedover the zeolite lattice 
within 10 ps. The induced change in lattice temperature is manifestedas relaxation of 
the transmission to elevated and decreased levels, depending on the exact excitation 
frequency. This allows for accurate determination of the lattice temperature in the 
laser focus immediately after vibrational relaxation as well as steady-state temperature 
mcreases. 
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I nfrared picosecend tra nsient 

hole-burning studies of the effect of 

hydrogen bonds on the vibrational 

lineshape 

With infrared transient hole-burning spectroscopy we have investigated the influence of 

OD· ·.X hydrogen bonds on the vibrational lineshape of 0-D stretch vibrations in acid 
zeolites. The effect of hydrogen bonding on the lineshape depends critically on the type of 

hydrogen bond. For hydrogen bonding in a rigid structure, the hydrogen bond is responsible 
for the inhamogeneaus broadening, but the homogeneaus linewidth is determined by coup

ling toa "'200 cm- 1 lattice mode as conduded from the temperature dependenee of the 
homogeneaus linewidth. When the hydrogen bond is formed with an adsorbing molecule, 

the coupling between the high-frequency 0-D stretch vibration and the low-frequency 

OD· ·.X hydrogen-bond stretching mode does determine the homogeneous linewidth. The 
difference between the two systems can be explained by the different hydrogen-bond po

tentials. Variation of the adsorbate provides a means of obtaining conclusive information 
on the coupling mechanism between the high-frequency 0-D stretching mode and the 

low-frequency OD· ··X hydrogen-bond stretching mode. 
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5.1 Introduetion 

Infrared absorption lineshapes have received considerable attention in the past deca
des, since it is clear that the center frequency and the width of an absorption line 
contain information on the interaction of a molecule or oscillator with its surround
ings.[17, 87] The effect of hydragen honds on the vibrationallineshape is particularly 
interesting, since the absorption linewidth of a hydrogen-bonded complex is typically 
an order of magnitude larger than that of the free molecule. Although this problem has 
received considerable attention in both theoretical[13, 88-94] and experimental[95-102] 
studies, there is substantial ambiguity as to the exact cause of this broadening and its 
appropriate theoretica} description. 

In this Chapter we investigate the effect of hydragen bonding on the vibrational 
lineshape of 0-D stretch vibrations of deuterated hydroxylsin zeolites. Weak hydra
gen honds are formed by hydragen bonding of the deuterated hydragen atom of the 
hydroxyl group with zeolite lattice oxygen atoms, or by adsorption of simple molecules 
to available 0-D sites in the zeolite. We have investigated the resulting absorption 
line with both conventional and time-resolved saturation IR spectroscopy. The latter 
technique allows us to separate homogeneaus from inhomogeneons contributions to the 
lineshape. It is found that the effect of the hydragen bond on the homogeneons vibra
tionallineshape depends strongly on the nature of the hydrogen bond; absorption lines 
which are indistinguishable with conventional IR spectroscopy can hide very different 
homogeneons vibrational dynamics. The zeolite system allows us to 'tune' the rele
vant physical parameters determining the absorption line, by choosing adsorbates with 
different masses and hydragen bond strengths. Thus we are able to obtain conclusive 
information on the coupling between the 0-D stretch vibration and the OD· · ·Adsorbate 
hydragen bond stretching mode. 

The 0-D groups under investigation are the acid sites in the mieroparous alumino
silicate zeolites. These acid zeolites are used in solid acid catalyzed processes (e.g. 
hydracarbon cracking in the petrochemical industry).[9] Insight in the dynamics of the 
microscopie interaction between the catalytic site and adsorbates is of essential interest 
for a fundamental understanding of zeolite catalysis and the theoretica} description of 
these processes. 
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5.2 Generallineshape theory 

In the stochastic model described in Chapter 1, the infrared transition is considered to 
be an oscillator with a time dependent transition frequency. The transition frequency 
is modulated by interactions of the oscillator with the heat bath. The loss in phase 
relation caused by this modulation process causes a decay of the vibrational coherence, 
resulting in a line-broadening. Following the description in Chapter one, we assume that 
the frequency modulation is a Gauss-Markov process: The distribution of frequencies 
is Gaussian and the time-evolution of the fluctuating part of the transition frequency 
b'w(t) can be described by a Markovian process (the decay of the time-correlation 
function of b'w(t) is exponential): 

(5.1) 

D is the width of the Gaussian frequency distri bution and Tc the correlation time of the 
fluctuations, representing the typical time-scale for the frequency modulation process. 
The expression for the absorption line in terros of D and Tc is: 

1]) x exp(iwt) (5.2) 

In the statie, inhomogeneous limit (Drc » 1) the macroscopie polarization will ex
hibit Gaussian decay, resulting in a Gaussian, inhomogeneously broadened absorption 
line, while in the limit of rapid modulation (Drc « 1) the macroscopie polarization 
will decay exponentially, culminating in a Lorentzian absorption line. For shorter Tc 

the line will become narrower. This phenomenon is well-known in magnetic resonance 
spectroscopy as motional narrowing.[21] The stochastic model can interpolate between 
these two limits, allowing for the calculation of the linewidth for arbitrary D and Tc· 

In genera}, there exist two or more modulation processes, some slow (DTc » 1) 
giving rise to inhomogeneous broadening, and some fast (D'r~ « 1) responsible for 
the broadening of homogeneous lines under the inhomogeneous distribution. Inhomo
geneous broadening is due to static structural properties of the sample, occurring when 
different oscillators have slightly different transition frequencies due to the different 
environments they experience. Homogeneaus broadening (D'r~ « 1) is connected to 
the two-fold dynamics of the vibration: For an ensemble of oscillators with the same 
center frequency, line broadening will occur due to the loss of coherence, the dephasing 
of the excitation. Anharmonic coupling to phonons, for example, willlead to a loss in 
phase memory of an oscillator. These are called pure dephasing (T:i-) processes. De
phasing and the accompanying line-broadening will also occur due to the finite lifetime 
(Tl) of the excitation, resulting in a homogeneaus linewidth 2nThom = T1 -l + 2T2 1 
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Recent developments in time-resolved spectroscopy have allowed for the separation 
of static and dynamic contri butions to the vibrationallinewidth. (Quasi-) homogeneous1 

vibrationallineshapes can be measured with IR transient hole-burning techniques [103, 
104] and recently the time-resolved observation of homogeneaus vibrational dephasing 
by means of an infrared pboton-echo experiment was reported.[26, 27]. 

Transient infrared hole-burning spectroscopy allows for the investigation of ab
sorption lines by selectively exciting a sub-ensemble of oscillators within the overall 
absorption line. The presence of inhomogeneous broadening can be revealed, and the 
(quasi-)homogeneous linewidth, determined by the vibrational dynamica can be ob
tained, providing us with the complete vibrational dynamics of the system. 

In the following section we will present a short overview of theoretica! models 
descrihing vibrational (homogeneous) dephasing in hydrogen-bonded systems. In par
ticular, we are interested in how the different theories link D and Tc, which determine 
the linewidth, to physical quantities of the system. 

5.3 Theoretical models for dephasing in hydrogen
bonded systems 

A great number of sophisticated theoretica! models have been developed to describe 
vibrationallineshapes[13, 88-94, 105, 106], some specifically ad dressing the effect of hy
drogen bonds[13, 92-94, 105, 106]. Here, we will give a brief review of the relevant the
ories, the concomitant predictions and previous applications of these theories to explain 
the experimental observations. 

+- --+ +-
In most of these theories the dephasing of the high-frequency X -H · · ·Y V 8 strekh-

ing mode (corresponding to the -2600 cm- 1 0-D strekhing mode for our system) 
in the hydrogen-bonded X-H· · ·Y system is due to anharmonic coupling of this mode 

+- --+ 
to the low-frequency (,....100 cm- 1) X-H· · ·Y v0 strekhing mode. We will refer to 
the normal coordinates of the high-frequency v8 and the low-frequency v0 stretching 
modes as r8 and r0 , respectively. The two modes are expected to be strongly coupled 
since they lie along the same spatial coordinate and it has therefore been surmised that 
there is astrong correlation between the v;'H frequency and the X·· .y hydragen bond 
distance r0 • The importance of the coupling of the two stretching motions for the in
frared spectrum of the high-frequency V 8 mode was first pointed out by Marechal and 
Witkowsky[92]. The key point of this theory was the recognition that the coordinate 

1 In time-resolved experiments, the absorption band may seem homogeneous for D' T~ ~ 1 (different 
from the homogeneous D1T~ « 1), if the speetral diffusion processis faster than the time-resolution 
in the experiments. This explains the use of the term '(quasi-)homogeneous'. 
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of the va(XH- · ·Y) mode ra determines the frequency of the v.(X-H) mode. In this 
theory the relatively fast motion of coordinates r 8 is separated from the slow motion 
in coordinates ra, in a vibrational Born-Oppenheimer approximation.[92] The result 
of this adiabatic description is a stick spectrum (absorption lines are delta-functions) 
associated with the vx-H=O to vx-H=1 transition, made up of a vibrational progres
sion in the Va mode. The width of the overall absorption line is determined by how 
much the Va mode can change its energy in going from vx-H=Ü to vx-H=l. The 
theory was successfully employed to calculate infrared spectra for a single hydrogen
bonded complex; also, the agreement with experimental data for a gas-phase dimer 
and a hydrogen-bonded crystal was excellent;[92] 

Bratos showed that in case of a hydrogen-bonded liquid it is not suffi.cient to con
sider a single hydrogen bonded complex. [13] In this model the description of the broad, 
featureless absorption spectrum presupposes a static distribution of hydrogen bond 
strengths, and a corresponding static distri bution of transition frequencies. This means 
that this model describes broadening in the inhomogeneous limit of slow modulation 
(DTc » 1). 

In an extension of these static models by Robertson and Yarwood[93, 94] the dy
namics of the coupling were incorporated by introducing a stochastic modulation of 
the ra· coordinate super-imposed on the va(XH· · .Y) vibration. This causes a fre
quency modulation of the high-frequency v8 (X-H) mode through the time evolution of 
ra, which is described classically by means of a Langevin equation. The anharmonic 
coupling term Vanh descrihing the effect ofthe coupling of the Va mode and the V8 mode 
on the V8 motion is linearin the coordinate ra(t) ofthe va(XH· · ·Y) mode in the spirit 
of Witkowski and Bratos: Vanh = K12r;ra(t), with K12 the coupling constant. The 
result of this description is that, in case the Va mode is overdamped (i.e. in the absence 
of combination bands between the V8 and the Va modes in the absorption spectrum), 
the width of the speetral distribution D is given by the coupling strength of the two 
modes and the root-mean-square amplitude of ra, D = K 12 (r;)112 , and the correlation 
time Tc is determined by a damping parameter 1 for the Va mode and the Va frequency: 
Tc= 1/v';. The damping parameter 1 reflects the damping ofthe hydrogen-bond mode 
Va due to coupling of this mode to the bath. 

This description is in sharp contrast with the theory of dephasing in condensed 
phases by Shelby and Harris[90, 91], in which the coupling depends linearly on the accu
pation ofthe low-frequency mode Va, and hence the predominant coupling term depends 
on the coordinate ra to second order[90, 91], Vanh ex r;(t). In this model, successfully 
applied to describe, amongst others, the homogeneous linewidth of a hydrogen-bonded 
polymer[103], the modulation of the V 8 (X-H) transition frequency occurs through an-
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harmonie coupling to the Va low-frequency mode which undergoes energy exchange 
with the bath. Energy exchange between the low-frequency mode and the bath results 
in continuons excitation and de-excitation of the low-frequency mode. Since this mode 
is anharmonically coupled to the high-frequency mode, the transition frequency of the 
high-frequency mode is sensitive to whether or not the low-frequency mode is excited. 
Therefore energy exchange between the bath and the low-frequency mode will result 
in a modulation of the transition frequency of the high-frequency mode; the speetral 
distribution D is determined by the coupling strength and Tc by the lifetime of the 
low-frequency mode, determined amongst others by the degree of thermal excîtation of 
this mode. The key prediction of this theory is that, at low temperatures, the width 
of the absorption line will display an apparent activation energy with increasing tem
perature, equal to the energy of the low-frequency mode, due to the increased rate of 
thermal accupation of the low-frequency mode.[90, 91] 

Both the Robertson-Yarwood modeland the Shelby-Harris model have been more or 
less successfully applied to describe lineshapes in hydrogen-bonded systems.[102, 103] 
However, from these and other experiments, it is clear that temperature variation[99, 
103], change in hydragen-bond strength by different hydrogen-bond acceptor/donor[100], 
change of solvent[lül] and isotopic substitution(102]lead to severe complications in the 
interpretation of the data, since too many parameters will change, affecting both D and 
Tc that determine the lineshape. Furthermore, considerable problems were encountered 
in background subtradion for the interpretation of the linear absorption spectra[102], 
which has to be performed very accurately in order to obtain the true shape of the 
absorption band. 

For strong hydragen bonds in polar solvents, a direct dephasing mechanism has 
been proposed[105-107], in which the v8 (X-H) mode is coupled directly to the solvent, 
due to the dipolar interaction ofthe hydrogen-bonded group with the local solvent field. 
Although this description has successfully been applied to interpret experimental data 
(see e.g. Ref. [107]), we will not pursue this approach since in our systems with weak 
hydrogen bonds in rigid structures the hydragen bond mode does play an important 
role in the dephasing process, as will be shown below. In this Chapter, we will compare 
the Shelby-Harris and the Robertson-Yarwood models in their ability to explain our 
experimental results. 
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5.4 Experimental 

The zeolite samples consist of pressed self-supporting crystalline zeolite discs of "'5 
mg/cm2. Acid forms of Y-zeolite and Mordeuite were obtained by in vacua heating 
(1 h at 743 K) of the zeolite in which (part of the) Na+ cations were exchanged by 
NH! cations. The two types of Y zeolite are specified by Si/ Al-ratios of 2.8 and 
H/(Si+Al)-ratios of 0.27 and 0.07, respectively. For the Morderrite the Si/ Al- and 
H/(Si+Al)-ratios are 6.7 and 0.13 respectively. Deuteration is achieved by exposing 
the zeolite di se to 500 mbar of D2-gas (Messer Griesheim, 99.7%) at 693 K and allowing 
exchange for 1 hour, resulting in approximately 70% exchange as observed from the 
absorption spectra. Adsorption of nitrogen (N2, Messer Griesheim, 5.0), xenon (Xe, 
Messer Griesheim, 4.0), methane (CH4 , L'Air Liquide, 3.5) and carbonmonoxide (CO, 
Linde, 3.7) was performed at pressures ranging from 50 to 200 mbar, at temperatures 
from 100 K to 170 K. 

The infrared pump energies were kept sufficiently low to justify the neglect of 
contributions from thermal desorption for the experiments on 0-D groups with ad
sorbates. The laser pulse has a bandwidth of 6 cm- 1 (FWHM, Gaussian lineshape) at 
0-D absorption frequencies, which is four times smaller than the bandwidth at 0-H 
frequencies. This better frequency resolution, and a reduced scattering of the laser 
pump light at 0-D frequency as opposed to the 0-H frequency, are the reasons for 
investigating the deuterated sample. 

As described in Chapter 1, the set-up allows for three kinds of experiments. The 
first is a one-color pump-probe delay scan experiment, from which the vibrational 
lifetime T1 can be obtained. 

The second type of experiment is a two-color frequency-scan experiment. In this 
experiment transient absorption spectra are recorded. From the width of the speetral 
hole that is burnt in the 0-+ 1 absorption band we can de duce the homogeneaus linewidth 
for the 0-+1 transition. Analogously, the width of the 1-+2 transition (hot band) 
contains information on the vibrational dynamics of the 1-+2 transition. 

In the third type of experiment, a two-color, 3-pulse, pump-pump-probe experi
ment, the first pump pulse is tuned to the 0-+1 transition, foliowed promptly by a 
second pump pulse tuned to the 1-+2 transition (slightly to the red). With this scheme 
approximately 5% of the oscillators can be excited to the second excited state v=2. 
With the probe pulse the population difference between the ground and first excited 
state, or between the first and the second excited state can be monitored as a function 
of delay between the pump pair and the probe. With this experiment, the lifetime of 
the second excited state can be obtained, as well as information on the decay route 
from v=2 down to v=O (directly, or via v=1). 
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Figure 5.1: Conventional absorption spectra fortwoof the deuterated zeolites under invest

igation, Do.t9 Y (solid) and NaDo.os Y ( dashed), and the spectrum for the latter with adsorbed 

nitrogen (dotted) in the 0-D stretching region. Note the similarity between the vacuum 

LF 0-D absorption band for Do.t9 Y (hydrogen-bonded to the zeolite lattice) and the HF 

0-D· · ·N2 (hydrogen-bonded to nitrogen) of the NaD.os Y zeolite. 

5.5 Differences between a solid and a gas-phase hy

drogen bond 

In Fig. 5.1 three absorption spectra in the 0-D stretching region are shown. For D0.19 Y 
zeolite (36 0-D groups per Als2Si14oOas4 unit cell), two absorption peaks appear, one 
around 2680 cm - 1, associated with high-frequency (HF) 0-D groups situated in the 
so-called supercages, and one around 2620 cm- 1 originating from the low-frequency 
(LF) sites in the smaller cages.[49] The redshift of the LF 0-D peak is due to a 
hydragen bond between the deuterons from the LF 0-D groups to zeolite lattice oxygen 
atoms.[44] These 0-D groups will be further referred to as OD· · ·OJatt groups. For the 
same zeolite with a lower concentration of 0-D groups, NaD0.05 Y (10 0-D groups per 
unit cell), mainly HF 0-D groups in the large cages are present. Upon addition of 
50 mbar of nitrogen at 100 K, the nitrogen adsorbs to these 0-D sites, resulting in a 
redshift of the peak due to the weak hydrogen bond to the adsorbate. [68] The resulting 
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Figure 5.2: Relative transmission of an infrared probe pulse ln[T(t)/To] (To is the trans
mitted probe energy in· absence of the pump pulse) as lunetion of the delay between pump 

and probe pulses for three different hydroxyls: The 'free' HF hydroxyls of NaDo.o5 Yin va

cuum (D), the same hydroxyls with nitrogen adsorbed (L:.), OD· · ·N2, and the LF hydroxyls 

of Do.l9 Y (0), OD· · ·Ûia.tt, hydrogen-bonded to the zeolite lattice. Note that the population 
lifetimes for the latter two are practically equal. The values for the fitted population lifetimes 

Tt (and the corresponding standard deviations) are denoted in the graph. 

0-D groups will be further referred to as OD· · ·N2 groups. Note the similarity between 
the LF 0-D peak of Do 19Y due to the the OD· · ·Olatt groups and that of the HF 0-D 
of NaDo.os Y with adsorbed nitrogen, due to the OD· · ·N2 groups. 

In Fig. 5.2 the results of one-color pump-probe experiments are shown, from which 
the vibrational population lifetime can be obtained. lt has been demonstrated that for 
these 0-D vibrations the decay time of the pump-induced transmission increase can 
be interpreted straightforwardly as the vibrationallifetime T1 . (see e.g. Chapter 2 and 
[22]) U pon adsorption of nitrogen the vibrationallifetime of the 0-D groups drops from 
171 to 48 ps, and this lifetime coincides remarkably well with the 44 ps lifetime of the 
OD· · ·Olatt groups. It was demonstrated in Chapter 3[108] that this enhancement ofthe 
vibrational relaxation rate is neither due to desorption of the nitrogen (breaking of the 
weak hydrogen bond could be an efficient way for the 0-D group to lose a considerable 
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amount (>::::: 1000 cm- 1) of its excess vibrational energy), nor due to energy transfer 
into internal degrees of freedom of the adsorbate. The enhancement was attributed to 
an increased coupling of the 0-D group to the lattice caused by the hydragen bond, 
allowing for a more rapid energy dissipation (For details, see Chapter 3). 

From Fig. 5.3 it is observed that, although the overall absorption line and the vi
brational population lifetimes are similarfor the two differently hydrogen-bonded 0-D 
groups, the homogeneaus linewidths are very different. Recordinga transient spectrum 
at a delay between pump and probe of 20 ps, it is found that for the OD· · ·OJatt groups, 
the pump pulse burns a hole in the absorption spectrum (see also Ref. [22]), whereas, 
remarkably, for the OD· · ·N2 groups the whole absorption band decreases in amplitude 
(both transient spectra were recorded at 100 K). The fact that a hole is burnt in the 
LF 0-D absorption spectrum implies that this line is predominantly inhomogeneously 
broadened [20]; there is a distribution of vibrational frequencies for the 0-D groups, 
and only those 0-D groups can be excited that are resonant with the frequencies within 
the laser pump pulse. 

In order to obtain the homogeneaus linewidth, we have calculated the transient 
spectra.[22] In these calculations the absorption band is deconvoluted into a sum of 
Lorentzians of full width at half maximum rg~: 

A(ii) = L:c;(ii) , 
r O-+lj 

C (-) hom 1r 
i /.1 =a; 4(ii- i/;)2 +(rg~)2 {5.3) 

where i/; is the center frequency of the ith homogeneaus Lorentzian line of amplitude a;. 
The pump pulse excites a fraction fP of each Lorentzian, determined by the speetral 
overlap of the ith Lorentzian with the laser pump pulse as well as saturation effects 
(power broadening).[22] The excited spectrum then reads: 

Aexc(ii, t) 2:[1 2fPe(-t/Tt)]C;(ii), (5.4) 

where the initially excited fraction of excited oscillators, fP, is assumed to decay ex
ponentially with time-constant T1 . This spectrum (for t=20 ps) has to be convoluted 
with the laser probe spectrum to obtain the experimental excited spectrum. The results 
of this calculation are shown as dashed lines in Fig. 5.3. The corresponding FWHM 
homogeneaus linewidth is 0.75±0.4 cm- 1 for the OD· · ·OJatt groups and 13±1 cm- 1 

for the OD· · ·N2 system at 100 K. The insets of Fig. 5.3 show the absorption spectrum 
with and without pump pulse, along with an illustrative homogeneaus Lorentzian of 
which the overall absorption line is built up. From the homogeneaus linewidths and 
the independently measured T1, we obtain pure dephasing times T2=20±10 ps for the 
OD· · ·Olatt groups and 0.82±0.1 ps for the OD· · ·N2 system at 100 K. 
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Figure 5.3: Relative transmission changes due to tbe pump pulse t!Hled to tbe peak of tbe 

absorption band as a function of probe frequency, at 20 ps delay between pump and probe. Full 

cirdes are data, the dotted line is the instrumental function (convolution of tbe 6 cm- 1 laser 

pump and probe pulses, viz. the observed signal for rhom~O). Upper panel: The OD· · ·Û!att 

hydroxyls of Do.l9 Y at 100 K. The width of tbe burnt hole is almost completely determined 

by tbe 6 cm-1 widtb of the laser pulses. Lower panel: The OD· · ·N2 of NaDo.os Y at 100 K. 
Virtually tbe whole absorption band is bleached. Dasbed lines are tbe result of calculations 

described in the text. Insets show the absorption spectra Erom Fig. 5.1 with ( dasbed curve) 

and witbout (solid curve) the presence of tbe pump pulse, and the homogeneaus Lorentzian 

lines constituting tbe absorption band (dash-dotted lines). 
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Figure 5.4: Arrhenius plot of the pure dephasing timeT; vs. temperature for the OD· · ·Ütatt 

and the OD· · ·N2 hydroxyls. For both the LF OD OD· · ·Ütatt and the HF 'free' OD groups, 

a least squares fit gives an activation energy of 200± 70 

nitrogen, no temperature dependenee is found. 

. For the 0 D groups bonded to 

The large difference in dephasing times T2 indicates the presence of different deph
asing mechanisms for the two systems. This is confirmed by the difference in temper
ature dependenee of the dephasing times T2 for the two systems shown as an Arrhe
nius plot in Fig. 5.4. For the OD· · ·Û!att groups an apparent activation energy of 
200±70 cm- 1 is observed. No temperature dependenee is found for for the OD· · ·N2 
groups. The temperature dependenee ofthe pure dephasing timeofthe HF 0-D groups, 
situated in the large cages in the zeolite structure (not or only very weakly H-bonded 
to the zeolite lattice) is also shown in Fig. 5.4. These data points coincide perfectly 
with those of the OD· · ·Olatt groups, indicating that the same dephasing mechanism is 
operative for both the 'free' HF 0-D groups and the hydrogen-bonded LF OD· · ·Olatt 
groups. This implies that, although it greatly affects the vibrational population life
time, the hydrogen bond does not play an important role in the dephasing of the 0-D 
stretch vibration for the OD· · ·Olatt groups. However, the hydragen bond does af
fect the overall absorption band: For the OD· · ·OJatt groups, the broadening of the 
whole absorption line is due to a static distribution of hydragen-bond strengths. This 
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Figure 5.5: Schematic rr.r potentials for the two diHerently hydrogen bonded systems: The 

lower curve is for the v,(O-D) in the ground state, upper curve in tbe first excited state. A) 

For a hydragen bond to an adsorbate, strongly allharmonie and dissociative. The H-bond 

dissociation energy is "'1500 cm-1
, the transition frequency -2600 cm-1 and "'2750 cm-1 

witband witbout the H-bond, respectively. After Ref. {110). B) Fora hydrogen bond to fixed 

lattice oxygen atoms. 

distribution of hydrogen-bond strengtbs is presumably due to the inhamogeneaus dis
tribution of Si and Al atoms throughout the zeolite lattice. It has been surmised [109] 
that the frequency of the 0-H stretching vibration is sensitive to even the secoud Si/ Al 
coordination shell. The condusion that the inhomogeneous distribution is due toa dis
tribution of different hydragen bond strengtbs is substantiated by results of previous 
experiments which showed that the vibrationallifetime T1 increases with increasing fre
quency within the absorption band (see Chapter 2), due to decreasing hydrogen-bond 
strength[44]. 

The large difference in the homogeneaus linewidths for the OD· · ·Ütatt groups and 
the OD· · ·N2 groups can be understood by consiclering the hydragen-bond potentials for 
voo=O and voo=l for the two systems, which are schematically depicted in Fig. 5.5. 
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By noting that the timescales associated with the high-frequency the lis mode and 
the low-frequency Vu mode differ by over an order of magnitude, a vibrational Born
Oppenheimer approximation (also referred to as adiabatic approximation[92]) can be 
made. Thus, the slow motion of the ru coordinates is separated from the fast motion 
in the r3 coordinates. In this fashion the energies and wavefunctions of the system 
depend parametrically on the ru coordinate: The wavefunctions and eigenvalnes can 
be calculated for a given value of ro-, and by repeating this procedure for different 
ru, the variation of the energy of the system with this coordinate can be calculated. 
Thus the schematic potentials in Fig. 5.5 are obtained. In the presence of adsorbates, 
the potential is strongly anharmonic and dissociative. Furthermore, it is well known 
that the potentials for the ground and excited state are different[llO]; the hydragen 
bond is strenger for v=l than for v=O, and hence the potential energy minimum is 
situated at smaller ro- (0· ··X distance) for v=l.[llO] Since the width of the speetral 
distribution D is determined by the difference between the v=O and v=l potentials, 
i.e. by a change in the hydragen bond upon excitation of the 0-D stretch vibration, 
D will be relatively large for this system. In contrast, for the OD· · ·01att the potential 
energy curve is dictated by lattice parameters; the OD· · ·OJatt distance is determined 
not by the electrastatic interaction between the deuterium and the Û!att, but by the 
geometry of the zeolite lattice. The rigidity of the zeolite lattice strongly disfavours 
a change in the oxygen-oxygen distance. As aresult the potential is non-dissociative, 
and very similar for the ground and excited state of the 0-D vibration. As aresult D 
will be relatively small, resulting in a narrow homogeneaus absorption line. From the 
observation that the linewidths and the temperature dependenee are the same for the 
free 0-D groups and the OD· · ·Û!att groups (Fig. 5.4), wededuce that the homogeneaus 
linewidth broadening due to the interaction with the hydragen bond is so small, that 
a different broadening mechanism dominates. The observation of the 200±70 cm- 1 

activatien energy is most likely due to the involvement ofthe 260 cm-1 zeolite (oxygen) 
lattice mode in the dephasing process (there arenoother low-frequency modes between 
100 and 300 cm- 1).[111] This 260 cm-1 mode involves the cooperative motion of 
zeolite oxygen atoms[111]. The observation of an apparent activation energy is in good 
agreement with the Shelby-Harris theory in the limit of slow modulation. Hence we 
conclude that, for the LF OD· · ·Ûiatt groups, the coupling is properly accounted for 
by the Shelby-Harris theory, and that dephasing occurs by coupling to the 260 cm- 1 

zeolite (oxygen) lattice mode. 
Another difference between the two differently hydrogen-bonded groups can be 

observed in the so-called hot-band absorption depicted in Fig. 5.6. From Fig. 5.6 it 
is clear that the hot-band absorption for the OD· · ·Û!att groups has approximately the 
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Figure 5.6: Transient absorption spectra after excitation of the 0-D stretch vibration for 

the OD· · ·Ü!att hydroxyls at 200 K (upper panel) and the OD· · ·N2 hydroxyls at 100 K (lower 

panel). For the OD· · ·Ütatt the induced hot band absorption (negative ln[T(t)/To]) associated 

with the 1-+2 transition bas the same width as tbe hole (positive ln[T(t)/To]) due to the 

bleaching of the 0-+ 1 transition. For the OD· · · N2 groups the hot band is significantly broader 

than the hole. Solid lines are calculations explained in the text, dotted lines denote the 

instrumental lunetion (convolution of the 6 cm- 1 laser pump and probe pulses). 
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same width as the hole, whereas the hot band is much broader than the hole for the 
OD· · ·N2 groups. These transient spectra were recorded at temperatures of 200 K and 
100 K for the OD· · ·Ûtatt and the OD· · ·N2 groups, respectively. 

The solid line through the data is a calculation for which each of the bleached 
Lorentzians constituting the absorption band are Vanh anharmonically shifted from the 
original absorption band to form the hot band. In this calculation we assume that the 
1-t2 transition frequency of an oscillator is correlated to the O-t1 transition, in the 
sense that a transition corresponding to one of the Lorentzian lines on the red side of 
the absorption band will appear on the red side of the hot band: Each Lorentzian is 
exactly iianh cm- 1 shifted. The excited spectrum then reads: 

Aexc(ii, t) = 2)1- 2/?e<-t!Td].ci(îi, rg;;;;), +/3 L f?e(-t/Tl) .C;(îi + Vanh, r~~) 
i i 

(5.5) 
The first term corresponds to Eq. (5.4), and is due to the bleaching of the original 
absorption band, and the second term is the hot-band absorption. f3 is the ratio 
between the 1-t 2 and the 0-t 1 cross-sections ( =2 for an harmonie oscillator). Th is 
straightforward procedure describes the data for the OD· · ·Ütatt groups quite well, with 
rg;;;;=2.2±1 cm- 1 , îlanh=90±2 cm- 1 and /3=1.85. In this calculation r~~=2.7±1 
cm- 1 : r~~ is additionally broadened by ~ 0.5 due to the 10 ps lifetime of the 
second excited state (see below). For the OD· · ·N2 groups the width of the Lorentzians 
constituting the hot band, r~~, has to he as large as 30±4 cm- 1 (rg;;;; = 13±1 cm- 1) 

to describe the experimental data, and /3=1.95. The anharmonicity, îianh=l00±2 cm- 1 

is significantly larger than that of the OD· · ·Ûtatt groups. On the low-frequency side 
of both the hole and the hot band the calculations deviate slightly from the data, 
implying that the homogeneous linewidth varies slightly within the inhomogeneously 
broadened absorption band, as was found previously(22]. Hot bands with widths lar
ger than the fundamental transition have been observed before in hydrogen-bonded 
systems [103, 104]. In fact, in all of these experiments a similar ratio of r~~ ;rg;;;; 
of 2-3 was observed. In our calculations we assume that the 1-t2 transition center 
frequency of an oscillator is correlated to its 0-t 1 transition. In principle this need not 
be the case; an 'inhomogeneous' broadening mechanism for the 1-t2 transition could 
be the cause of the large width of the hot band. However, this is not very likely due to 
the fact that this broadening is not observed for the LF OD· · ·Ûlatt and the HF 0-D 
groups (without adsorbed nitrogen), and that the same relative width of the hot band 
is observed for methane absorption (see below). Therefore, the relatively large r~~ 
associated with the 1-t2 transition for the OD· · ·N2 groups is caused by either a much 
shorter popuiatien lifetime r{-+1 for the v=2 state, or a faster dephasing of the 1-t2 
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Figure 5.7: Results ofthe pump-pump-probe experiments for the OD· · ·Û!att groups. Trans

mission changes at the bot band frequency (1-+2 transition) due to the second pump pulse 

tuned to tbe 1-+2 transition (T+ denotes transmission witb, and T- witbout second pump 

pulse) versus delay between the probe pulse and the pump pulses. The solid line is the result 

of calculations assuming decay from the second excited state v=2 to the ground state via v=l. 

transition {shorter r; l-+ 2), since r~;;;; is determined by [112]: 

1-+2 1 
2nT hom = Tl-+0 + 

1 

1 2 
+ T.* 1-+2' 

2 
(5.6) 

where Tf-+ 0 and Tf-+l are the population lifetimes of the first and second excited states, 
and T2 1-+ 2 is the pure dephasing time for the 1-+2 transition. To check whether the 
v=2 population lifetime is the cause of the broadening, we measured this lifetime with 
pump-pump-probe experiments[113]. 

For the pump-pump-probe experiments, the delay between the {1-+2)-pump and 
the {0-+1)-pump was fixed at 16 ps (the time at which the v=l state population due to 
the (0-+1)-pump is maximal). The delay of the probe pulse, of the same frequency as 
one of the two pump pulses, is varied. In Fig. 5.7 the results of a pump-pump-probe 

experiments are shown for the OD· · ·Ü1att groups, with the probe frequency tuned to 
the 1-+2 transition. In this Figure, the transmission changes induced by the second 
pump pulse are plotted vs. delay with respect to the first pump pulse. Clearly, the 

(1-+ 2)-pump excites a significant amount of oscillators to their secoud excited state, i.e. 
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Figure 5.8: Results of the pump-pump-probe experiments for tbe OD· · ·Nz groups. Upper 

panel: Transmission changes at tbe bot band frequency (1-+2 transition) due to tbe second 

pump pulse (T+ denotes transmission with, and T- without second pump pulse). Lower 

panel: Transmission changes at the ground state absorption frequency (0-+1 tra.nsition) due 

to the second pump pulse. The solid lines are the results of calculations assuming decay from 

the second excited state v=2 to the ground state via v=l. Note that both data sets ca.n be 

well a.ccounted for by one calculation. 
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the hot-band absorption is bleached, causing the positive ln(T +fT-) With the (0-t 1 )
pump blocked, no signal was observed, confirming that the transmission changes due 
to the (1-+2)-pump result from up-pumping of the 0-D oscillators to their second 
vibrationally excited state. The fact that after the transmission increase (bleaching), 
a transmission decrease is observed can he understood as follows: the probe pulse is 
monitoring the population difference between the v= 1 and v=2 levels. If the oscillators 
in v=2 decay to v=1, then the long-time effect of the secoud pump pulse will he that 
there are more oscillators in v=1 than without the second pump pulse; the oscillators 
have been put 'on hold' in the v=2 statefora time r["-+1, so that the hot band (1-+2 
absorption) will effectively live somewhat longer with than without the second pump 
pulse. The experimentally observed signals were calculated by numerically solving the 
appropriate set of coupled rate equations for a three level system (See e.g. Chapter 6), 
rendering the time-dependent population distribution. Subsequently, the transmission 
of the probe pulse is evaluated. Input parameters are pulse (intensities, duration and 
shape) and sample (absorption cross sections, oscillator density and sample length) 
characteristics. The result using a lifetime Tf"-+ 1 of 10 ps is shown in Fig. 5.7 as a 
solid line. Although this lifetime is shorter than the duration of our pulses, we can 
deduce that the error in this value is not larger than 5 ps from both the amplitude and 
width of the signaL Decay from v=2 directly to the ground state has been observed 
in this type of experiment (see Chapter 8), but is not significantly occurring in this 
system, since in the case of direct relaxation, the signal would have a distinctly different 
shape (see Chapter 8): In case of direct decay to the ground state, the oversboot ofthe 
transmission after the bleaching of the hot band is not observed. 

In Fig. 5.8 the results are shown for the OD· · ·N2 groups, with the probe tuned 
to the 1-+2 transition, and the 0-tl transition, respectively. The results of the same 
calculations with exactly the same input parameters were used to describe both data 
sets, and a again a lifetime T{-+ 1 of 10 ps was found. Obviously, this value is too large 
to account for the observed width of the hot band of 30 cm - 1. We therefore conclude 
that the observation of the large hot-band width must he due to a faster pure dephasing 
for the 1-+2 transition (T2 1-+ 2=0.35±0.05 ps) compared to that ofthe 0-tl transition 
(T2 °-+ 1=0.82±0.1 ps) for the OD· · ·N2 groups. 

5.6 Coupling mechanism for hydrogen-bond induced 
dephasing 

We have shown in the previous section that for the OD· · ·ÛJatt groups the dephasing 
mechanism can he described by the Shelby-Harris coupling model. However, in that 
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case the homogeneaus linewidth is not caused by coupling to the hydragen-bond mode. 
In contrast, for the 0-D groups with adsorbates coupling to the hydragen bond is 
responsible for the observed linewidths. In this section we will investigate the coupling 
mechanism for this system. 

The temperature dependenee of the homogeneaus linewidth of the OD· · ·N2 groups 
does not provide conclusive information on the type of coupling between the high
frequency and the hydragen-bond stretching modes. The absence of a significant 
temperature dependenee (the same observation was made for other adsorbates) can 
be explained by both the Shelby-Harris and the Robertson-Yarwood model. The 
temperature-activated behavior predicted by the Shelby-Harris model is valid only 
in the low-temperature (slow modulation) limit and therefore the absence of temperat
ure dependenee might be due to the possibility that for this system the modulation is 
intermediate or fast. As far as the Robertson-Yarwood model is concerned, it does not 
predict a significant dependenee of the linewidth on temperature. It is clear, however, 
that in the Robertson-Yarwood type of coupling the temperature dependenee can be 
very complicated: Increasing the temperature willlead to an increase of the speetral 
distribution D due to an increase in the rms displacement of ra, (r~) 1 1 2 . Furthermore, 
this theory would also predict a temperature dependent Ie, if the low-frequency mode 
were treated quantum-mechanically [114, 115}: In a quantum-mechanical description, 
the stochastic modulation of the high-frequency mode is a result of ongoing energy 
exchange between the quanturn levels of the hydrogen bond and the bath. With in
creasing temperature the rate of exchange will increase leading to a decrease of Tc. On 
the other hand, with increasing temperature the hydragen bond stretching frequency 
may decrease due to the strong anharmonicity of the hydragen bond, leading to an 
increase of Ie. In conclusion, a change in temperature can have very different, coun
teracting, effects on the linewidth. Hence, it is clear that temperature is not a suitable 
parameter to investigate the nature of the coupling between the high-frequency and the 
hydrogen-bond mode. 

It is interesting to note that the theoretica! modelsof Shelby-Harris and Robertsou
Varwood make diametrically opposed predictions concerning the linewidth upon chan
ging the frequency of the va(XH· · .Y) hydragen bond stretch vibration. The Shelby
Harris model prediets the following: An increase of the va(XH· · ·Y) frequency will 
result in a slower exchange with the bath, and hence a slower modulation (larger Ie) 

of the high-frequency vibration. The absence of a temperature dependenee for the 
homogeneaus linewidth of the 0-D groups with adsorbates implies that the frequency 
modulation of the high-frequency 0-D mode does not occur in the regime of slow 
modulation. In the regime of intermediate or fast modulation, a slower modulation 
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will result in a broadening of the line, sirree less motional narrowing will occur. In 
contrast, the Robertsou and Yarwood model prediets a narrowing of the line, sirree in 
this model the coordinate r(f determines the dephasing directly and r(f(t) will fluctuate 
more rapidly with increasing v(f(XH· · .Y) frequency. The faster modulation willlead 
to more motional narrowing, sirree Tc = 1/ v'/,, and therefore the absorption linewidth 
will become smaller. Herree it is clear that the decisive test between the two theoretica! 
modelsis a change of the v(f hydrogen bond stretching frequency. By adsorbing a mo
lecule different from nitrogen, a change in v(f can easily be achieved. For a meaningful 
comparison between the theories, a requirement is that the shape of the v=O and v=1 
potentials ( determining the speetral distri bution D) and thus the adsorption energy 
remains the same. A good candidate is methane. Metharre produces the same shift of 
the 0-D stretching frequency (and a very similar absorption line)[108] but has only 
half the mass of nitrogen, and herree v(f will increase by approximately a factor of v'2, 
sirree the reduced mass of this vibration will be determined predominantly by the mass 
of the adsorbate. 

As shown in Fig. 5.9, the homogeneaus linewidth deercases significantly from 13±1 
cm- 1 for 0-D· · ·N2 to 8±1 cm- 1 for 0-D· · ·CH4 , demonstrating the validity of the 
Robertson-Yarwood model for this system. The vibrational population lifetime for the 
0-D· · ·CH4 groups wàs the same as for the 0-D· · ·N2 groups ("" 15 ps) and therefore 
does not contribute to the width of the homogeneaus line. Nitrogen and metharre were 
both adsorbed to deuterated mordeuite zeolite (methane adsorbs poorly toY zeolite). 
For the calculation for nitrogen adsorption, shown as asolid line in Fig. 5.9, exactly the 
same parameters were employed as those descrihing adsorption to Y zeolite: a homoge
neaus linewidth of 13 cm-1, an excited state linewidth of 30 cm-1, and /1=1.95. Only 
the anharmonicity was found to be different (120±2 cm- 1 for Mordenite, as opposed to 
100±2 cm- 1 for Y-zeolite). This means that, despite the different contributions from 
inhomogeneous broadening, the homogeneaus linewidth is independent of zeolite struc
ture. For metharre the calculations show that rg;;,; =8± 1 cm -1, r~;;; =20±3 cm - 1 , 

Vanh=ll5±2 and /1=2.0; Again, the hot band is much broader than the fundamental 
transition as also observed for 0-D· · ·N2 . 

In Fig. 5.10 the transient spectra resulting from adsorption of xenon and carbon
monoxide are shown. For xenon adsorption, almost the whole absorption band is 
bleached, indicating that the homogeneaus linewidth is very large. The solid line shows 
the absorption spectrum as recorded by the laser probe pulses. Obviously, this ab
sorption line is almost completely homogeneously broadened. The spike at exactly the 
pump frequency is due to (LF) 0-D groups to which no xenon is adsorbed. These free 
0-D groups have a very narrow homogeneaus linewidth. The decreased transmission 
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Figure 5.9: Transient absorption spectra after excitation of the 0-D stretch vibration for 

the OD· · ·N2 hydroxyls at 100 K (upper panel) and the OD· · ·GH4 hydroxyls at 120 K (lower 

panel). The 0-D groups are situated in zeolite Mordenite. Insets show the absorption spectra 

with (•) and without (D) the pump pulse, as recorded by the laser probe pulses. Although 

the overall absorption spectra are very similar, the bleaching ( and therefore the homogene

aus linewidth) is significantly narrower for the OD· · ·GH4 hydroxyls. Lines are calculations 

explained in the text. 
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Figure 5.10: Transient absorption spectra after excitation of tbe 0-D stretch vibration for 

the OD· ··Xe hydroxylsin D-Mordenite at 170 K (upper panel) and the OD· ··CO hydroxyls 

(lower panel) in NaDo.os Y at 100 K. Insets show the absorption spectra with (•) and without 

(D) the pump pulse, as recorded by the laser probe pulses. For xenon adsorption the small 

spike at the pump frequency is due to 0-D groups without adsorbed Xe (with a very narrow 

homogeneaus line), and on the red side excited state absorption sets in. Lines are calculations 

explained in the text. 
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on the red side is due to excited state absorption. For the 0-D groups with carbon
monoxide adsorbed, a homogeneaus linewidth of 22±2 cm- 1 is observed. The results 
of the experiments are summarized in Table 5.1 . 

The Robertson-Yarwood expression for Tc provides a quantitatively correct descrip
tion of the data for all adsorbates. Assuming a damping parameter 'Y of 50 cm - 1 in ac
cordance with Refs.[100-102], and a va(OD· ··X) frequency of 100 cm- 1 for X=N2 [64], 
we find that a value of 46 cm- 1 for D is required to account for the observed hole of 
14 cm- 1 . This implies that DTc=0.23, i.e. the modulation is in the intermediate roodu
lation regime and motional narrowing is important in the description of the linewidth. 2 

We take this set as a reference to calculate the linewidths for the other adsorbates. We 
approximate V(ra) by a Morse potential: V(ra) = Eads(1- ca(r.,.-ra)) 2 , where Eads 
is the absorption energy ( and hence dissociation energy), and a determines the degree 
of anharmonicity of the hydrogen-bond potential. This anharmonicity parameter a 

is determined from the 0-+1 transition frequency (100 cm- 1 for X=N2 [64]) and the 
adsorption energy. If the degree of anharmonicity of the (OD· ··X) potential remains 
the same for the different adsorbates, then for the other adsorbates the va(OD· ·.X) 
frequency is readily calculated as a function of adsorption energy Eads and adsorbate 
mass Mads ( viz. the reduced mass of this vibration): 

(5.7) 

with h Planck's constant. If "( is independent of adsorbate, we obtain Tc, also shown in 
Table 5.1. We assume that D, determined by the difference between the ground-state 
and excited-state potential, scales linearly with the heat of adsorption. The calculated 
linewidths resulting from numerically solving the integral of Eq. (5.2) are shown in 
Table 5.1. 

The agreement with the data is excellent, and it should be noted that the results 
depend only weakly on the assumed reference values for 'Y and va for nitrogen, as long 
as these values reproduce the observed linewidth of 13 cm- 1 for nitrogen. 

It is clear that for the 0-D· · ·CH4 groups the small homogeneaus linewidth as 

2 The fact that the product Drc~l, means that the homogeneous lineshape is not Lorentzian, as 
was assumed in the fits to our data (Eq. 5.4). In principle, the transient spectra should be calculated 
with an inhomogeneous line composed of profiles intermediate between Gaussian and Lorentzian. The 
problem is that the value of Drc is not precisely known, and therefore we approximate the lines by 
Lorentzians. Experimentally, the deviation from a Lorentzian-shaped homogeneous linewidth is very 
diflicult to observe, since the deviation wil! manifest itself in the wings of the homogeneous lines, 
where the signa! is smal!. 
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Table 5.1: Characteristics and effects of different adsorbates on zeolites Y and Mordenite: 

The shift Erom the original 0-D stretch frequency by the adsorbate t:..von, the width of this 

Jine f OD 1 the heat of adsorption the experimentally observed homogeneaus linewidth 

r:~~~ calculated speetral distributions D, calculated correlation times Tc, and the calculated 

homogeneaus linewidtb rh~.;,. All widths are FWHM and errors denote 2u. 

adsorbate N2 N2 CH4 co Xe 
zeolite D-Mor D-Y D-Mor D-Y D-Mor 

Mads (a.m.u.) 32 32 16 32 131.3 
Llilon (cm- 1) 65 (±3) 60 (±3) 60 (±3) 168 (±5) 45 (±6) 
fon (cm- 1) 61 (±3) 42 (±3) 50 (±3) 65 (±3) 30 (±6) 

E:ds (eV) 0.16 0.16 0.15 0.23 0.12 
rexp 

hom (cm- 1) 13 (±1) 13 (±1) 8 (±1) 22 (±2) 28 (±4) 
D (cm-1) 51 51 47.5 73 38 
Tc (1o-13s) 1.66 1.66 1.14 1.12 11.8 
D X Tc 0.25 0.25 0.16 0.24 1.34 
re ale 

hom (cm- 1) 13 (ref.) 13 (ref.) 7.5 19.5 29.8 

"' Heats of adsorption for GO and N2 obtained from Ref. {116], others are estimated from 

t:..voo (see Ref. {64]}. 

compared to the 0-D· · -N2 is due to the increased effect of motional narrowing: the 
frequency of the v". mode is increased, whereas D remains practically unaltered. For 
xenon the v".(OD· ··Xe) frequency is relatively low due to the high mass of xenon. 
He nee Tc is relatively large, and in this case less motional narrowing will occur. In deed, 
despite the smaller adsorption energy and hence smaller D, a very broad homogeneaus 
line is observed. For CO, its relatively strong adsorption results in both a large D 
and a small re compared to nitrogen. The correlation time is very similar to that of 
methane: although the relatively strong hydragen bond willlead to an increase of the 
frequency of the v". mode, the higher reduced mass of the 0-D· ··CO compared to 
0-D· · ·CH4 willlower this frequency. 

It is clear that for the zeolite-adsorbate system the data can he very well described by 
a Robertson-Yarwood type of coupling between the modes. In general, the anharmonic 
coupling term can be expanded as a power series of the normal coordinates r 8 and ra 
as: 

(5.8) 
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Figure 5.11: Schematic r"' potentia.ls for the hydragen bonded OD· · ·Adsorbate system for 

the v,(O-D) in the ground, fust and second excited state. The 1-+2 transition is broadened 

compared to the 0-+ 1 transition, indicating third- or bigher-order terms in r s contribute 

significantly to the anharmonic coupling term Vanh • 

Since the Robertson-Yarwood model works so well for the 0-D groups with adsorbates, 
this means that the coupling is tirst-order in r"' Hence, it must be that :F(ru) ex: ru. 
What is equally interesting, is the fact that the hot band is braader than the hole, 
i.e. r~;;;; is larger than rg;;;. This implies that third-order coupling terms in r, are 
important in the anharmonic coupling term. This can be understood as follows: Con
sider a potential with negligible anharmonicity in the 0-D distance r8 , i.e. the poten
tial V(r 8 ; ru) which depends parametrically on the hydragen-bond coordinate ru in the 
Born-Oppenheimer approximation. Then for a given value of r u, the potential V ( r s; r u) 
is the sum of a term quadratic in r s and Vanh: V ( r 8 ; r 0 ) =ar;+ Vanh ( r 8 , r"). If only 



5.6 Coupling mechanism .... 83 

linear termsin r 3 in Eq. (5.8) contribute to the anharmonic coupling term Vanh(r3 , r.,.), 
then the V(rs; r.,.) potentialis still completely harmonie, the spacing between the energy 
levels is constant and independent of r.,.. This means that the transition frequencies 
between the energy levels are the same and that these cannot he broadened due to the 
hydragen bond. Another way of understanding this is that, in case only linear terros 
in r 3 contri hu te to V anh, the hydrogen bond poten ti als V ( r.,.) for the ground state 
(voo=O) and the excited states (voo=1,2,etc.) are exactly the same. Indeed, none of 
the transitions will he broadened, sirree the speetral distribution D is determined by 
the difference between the potentials. In this case the absorption line as well as the hot 
band would he infinitely narrow. If the r;-terms become important, the 0-+1 and the 
1-+2 transitions will both he equally broadened.[112,117, 118] In this case, a change in 
r.,. induces a difference between the (voo=O) and (voo=1) hydrogen-bond potentials, 
that is equal to the difference between the (voo=1) and (voo=2) potentials: The hole 
and the hot band will both have the same, non-zero width. It is only when third -or 
higher- order terms become significant that the width of the 0-+ 1 will he different from 
that of the 1-+2. In this case, the difference between the V(r.,.) hydragen bond po
tentials for voo=1 and voo=2 will he larger than the difference between voo=O and 
voo=1 potentials. This situation is schematically depicted in Fig. 5.11. The speetral 
distribution associated with the 1-+2 transition D 1-+2 is braader than that of the Ü-+ 1 
transition Do-+1, accounting for the broader hot band. Hence it is concluded that the 
coupling between the v3 and the v.,. mode is linear in the hydrogen bond coordinate r.,., 
and that third -or higher- order terms in r 8 contribute significantly to the anharmonic 
coupling term. 

For the OD· · ·Ü1att groups, for which the hole and the hot band have the same width, 
it is clear that anharmonic coupling terms of higher than second-order in r, do not 
significantly contribute. This is in agreement with the Shelby-Harris model that states 
that the predominant terms are of second-order in both the low- and high- frequency 
coordinate. 

The relative importance of different anharmonic coupling terros for the OD· · ·Üiatt 

and the OD· · ·N2 groups also explain the different anharmonicities of92 and 100 cm- 1 , 

respectively. The third-order r,-term in the Vanh of the OD· · ·N2 groups willlead to 
an increase of the anharmonicity of the effective potential in r 8 of the 0-D stretching 
vibration, whereas thesecond-order terros in r 8 for the OD· · ·Ü1att groups will not. 



5. 7 Conclusions 

We have shown that the effect of a hydrogen bond on the vibrationallineshape depends 
critically on the nature of the hydrogen bond. If the potential energy as a function 
of the hydrogen bond coordinate is solely determined by the electrostatic interaction 
between the hydrogen atom and the hydrogen bonding partner, this will result in 
broad homogeneons lines, as observed for 0-D groups to which simple molecules are 
adsorbed. In the case that the structure is rigid, however, it is not the hydragen 
bond that determines the homogeneons linewidth, and we observe that the linewidth is 
determined by coupling to a -200 cm- 1 lattice mode. If the homogeneons linewidth 
is determined by the hydrogen bond (in case of the adsorbates), we find that variation 
of the adsorbates allows us to investigate the coupling between the high-frequency 
IJs (0-D) stretching mode and the low-frequency 1/17 (OD· ··X) stretching mode. From 
the variation of adsorbate, we find strong evidence that this couplîng is linear in the r 17 

coordinate. From the fact that the 1--+2 transition is broadened compared to the 0--+1 
transition, wededuce that third- or higher-order termsin r3 contribute significantly to 
the coupling term. 



Chapter 6 

The dynamics of infrared 

photod issociation of methanol in 

zeolites and in solution 

We have investigated the dynam ics of the 0-H stretch vibration of methanol in solution and 
adsorbed to sodium forms of Y zeolite with non-linear picosecend infrared spectroscopy. 
Both in solution and adsorbed to NaY, methanol is present as hydrogen-bonded clusters. 
After resonant IR excitation, vibrational relaxation occurs by breaking the hydrogen bond 
between the methanol molecules, resulting in a dissociation of the clusters. This process 
occurs much faster in solution (T1::=;3 ps) than inside the sodium zeolite (T1=10±3 ps}. 
A second remarkable difference is that whereas in solution a rapid hydrogen-bond re
association occurs, ( Tr =25±3 ps), in the zeolite this process takes considerably longer 
(rr»2 ns). The differences can be understood by considering the different microscopie 
environments of the methanol clusters. 
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6.1 Introduetion 

Vibrational energy transfer processes have been stuclied extensively in the condensed 
phase (fora review, see e.g. Ref. [119]), since the redistribution of vibrational energy 
is an important factor in chemical reaction kinetics. The rate of vibrational (energy) 
relaxation relative to the rate for coupling into the reaction coordinate may dictate 
reaction rates and pathways. A frequently employed tooi in these investigations is 
time-resolved (picosecond) IR spectroscopy, since this technique allows for the dir
ect observation of energy relaxation times. The relaxation times cannot be extracted 
from linewidth data, since linewidths in the condensed phase are generally determ
ined by pure dephasing processes. Clearly, relaxation rates of molecules incorporated 
in zeolites can provide information concerning the interaction between reactant and 
catalyst, more specifically, on the energy transfer dynamics between the two. In this 
Chapter, we report on conventional (linear) and time-resolved (picosecond) non-linear 
infrared spectroscopie experiments performed on methanol in salution and adsorbed to 
the sodium forms of Y-zeolite, to investigate the dynamics of vibrational energy flow in 
these systems. lt is shown that, although the linear absorption spectra for the two sys
tems are very similar, the vibrational dynamics of the methanol molecules are markedly 
different. We obtain novel information on the dynamic behaviour of molecules incor
porated in zeolites and their interaction with the cationic zeolite sites, which cannot 
be obtained with conventionallinear spectroscopy. 

6.2 Infrared dynamics of methanol clusters In solu
tion and adsorbed to Na Y 

In Figure 6.1 two absorption spectra in the O~H stretching region are depicted. The 
upper panel shows the absorption of a 2 mm thick sample of a solution of 0.25 M 
methanol in carbontetrachloride. The spectrum consists of three speetral compon
ents at 3645, 3520 and 3350 cm- 1. These are known [66, 120, 121] to be due to 
absorption by (i) isolated methanol molecules and methanol molecules terminating 
clusters/chains by accepting an H-bond (both iloH >::! 3645 cm- 1), (ii) methanol mo
lecules terminating ebains/clusters by donating an H-bond (singly hydrogen-bonded) 
(iloH >::! 3520 cm- 1 ), and (iii) internal doubly hydrogen-bonded methanol molecules in
side the cluster ( iloH >::! 3350 cm - 1). Hence, the integrated absorption ofthe 3520 cm - 1 

peak is a measure for the number of clusters and the integrated absorption of the 
3350 cm - 1 peak is a measure for the size of the methanol clusters. 
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Figure 6.1: Linear absorption spectra of (i) a 2 mm thick solution of 0.25 M methanol in 

carbontetrachloride (offset by 1.2 absorbance units), and (ii) methanol adsorbed to Nao.21 Y 

both at 298 K. The spectra are deconvoluted into two Gaussian lines ( dotted lines) the sums 

of which are shown as a dasbed line. No te the similarities between the absorption spectra. 

The lower panel of Fig. 6.1 shows the spectrum of methanol adsorbed to NaY, 
characterized by a silicon-aluminum ratio of Si/ Al=2.4. The ""10 mg zeolite sample was 
pressed into a self-supporting disc and water was removed by heating to 700 K in vacua 
for 1 hour. Interestingly, apart from the absence of the 3645 cm- 1 peak, the absorption 
spectrum looks very similar to that of methanol in solution. The two absorption bands 
have been observed previously for methanol adsorbed to NaK-ERI0-75 zeolite.[l22] 
This indicates that also in the zeolite clustering of the methanol occurs, presumably 
around the favored adsorption sites, the Na+ atoms; it has been established that the 
heat of adsorption of methanol to these sites is much higher than to the bare zeolite 
pore walls or silanol groups.[l23] Indeed, upon increasing the methanol pressure, both 
peaks increase in intensity, but at some point the ""'3530 cm -l peak stops growing 
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Figure 6.2: Microscopie contiguration of the methanol cluster adsorbed to the sodium ion 

inside the zeolite. In solution, the cluster is terminated by a hydrogen-bond accepting methanol 

molecule instead of the sodium atom. Multiple adsorption to one Na+ site, the formation of 

cyclic (sub-)structures, or multiple bonding within the cluster cannot be excluded. 

(also observed in Ref. [122]), suggesting that no more clusters can be formed. The 
3350 cm- 1 peak grows continuously with methanol-pressure, indicating that the size 
of the clusters increases. Evacuating the zeolite sample after adsorption removes all 
methanol, indicating the absence of chemisorption. Thus we conclude that both in 
solution and in the zeolite the methanol is present as hydrogen-bonded clusters. 

The microscopie picture of the methanol with the associated transition frequencies 
that emerges[66, 77, 120, 12:1.] is shown in Fig. 6.2, where we cannot exclude multiple 
adsorption to one Na+ site, the formation of cyclic (sub-)structures, or multiple bonding 
within the cluster. Also, due to the high density of sodium atoms, it is possible that 
within one cluster different methanol molecules are bound to different sodium atoms. 
In the zeolite the chain is terminated on one side by the sodium atom and on the other 
by a methanol molecule with îioH=3530 cm- 1. From the absorption cross-sections[66], 
we estimate that the number of internal methanol molecules n~2 for the absorption 
spectrum in Fig. 6.1. In solution the same picture applies[66, 77] with a methanol 
molecule taking the place of the sodium atom. 

For the time-resolved experiments intense picosecoud (18 ps) tunable infrared {2200-
4500 cm- 1 ) pulses are generated by downconversion of 1064 nm Nd:YAG pulses in 
LiNb03 crystals (for details, see Chapter 1). Our set-up generates independently tun
able, parallel polarized infrared pump (,...., 100 p,J) and probe ("' 1 p,J) pulses, allowing 
fortwo-color experiments. For the experiments described in this section, the 5 Hz pump 
pulse was tuned to 3350 cm- 1, the frequency of the 0-H stretch vibration of methanol 
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Figure 6.3: Transient spectra. a.fter excitation at 3350 cm -l ( arrows denote pump frequency ): 

Pump-induced transmission changes (Jn[T/To]) of the probe pulses as a function of probe 

frequency at different dela.y times between pump and probe pulses (denoted in the gra.ph). T 

and To denote the transmission of the probe pulse in presence and in absence of the pump 

pulse, respectively. 
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Figure 6.4: Tra.nsient spectra alter excitation at 3530 cm -t ( arrows denote pump frequency ): 

Rela.tive transmission (ln[T/To]) of probe pulses a.s a function of probe frequency at different 

delay times with respect to the pump pulse. Dela.y times are denoted in the graph. T and 

To denote the transmission of the probe pulse in presence and in absence of the pump pulse, 

respectively. 
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molecules inside the clusters, and 3530 cm - 1 , the frequency of the 0-H stretch vibra
tion of methanol molecules terminating the clusters. The pump pulse (focused onto the 
sample, focus diameter 0.4 mm) excites a significant fraction (typically 10%) of these 
molecules to the first vibrationally excited state of the 0-H stretch vibration. The 
subsequent relaxation is followed with the 10 Hz probe pulse (focused onto the same 
spot as the pump, every other shot is used for reference): With the probe pulse the 
pump-induced transmission changes are monitored as a function of probe frequency 
and delay between pump and probe. The speetral full width at half maximum of the 
pulses is typically 20 cm -l. 

Transient spectra for several delay times are depicted in Figures 6.3 (iipump 

3350 cm- 1) and 6.4 (i/pump 3530 cm-1). Due to water absorption in the LiNb03 

crystals (used in the generation of the infrared pulses, see Chapter 1), infrared probe 
pulses cannot be generated around 3480 cm- 1. Pumping at 3350 cm- 1 (Fig. 6.3), 
for both samples a transmission increase at 3350 cm - 1, and a transmission decrease 

around 3530 cm- 1 is observed. A striking difference is that whereas in solution the 
pump-induced transmission changes exhibit decay, in the zeolite they are long-lived. 
Furthermore, in the zeolite a transmission decrease around 3150 cm-1 is observed, 
not present in solution. Pumping at 3530 cm- 1 (Fig. 6.4) reveals similar transient 
effects. In solution monomer absorption around 3640 cm- 1 appears. In the zeolite 
the transmission at the pump frequency is increased, befare the long-lived transmis
sion decrease sets in. Again in the zeolite an induced absorption is observed around 
3200 , in contrast to the solution. In solution the long-time transmission changes 
can be fully accounted for by thermal effects (temperature increases are typically 10K), 
in contrast to the zeolite. For the zeolite, an increase in temperature would lead to an 
increased transmission at all frequencies; hence the observed negative ln(T/To) around 
3550 cm-1 for both pump frequencies, can not be caused by an increased temperat
ure after relaxation. It should be noted that in none of the experiments on the zeolite 
transmission changes were observed around ,....3650 cm - 1 , viz. the frequency of isolated 
methanol molecules. 

To investigate the dynamics of the transmission changes due to the 3350 cm-1 

pump, we performed the pump-probe experiments at fixed probe frequencies, as a 
function of delay. Three probe frequencies were employed: 3100 cm- 1 (excited state 
absorption frequency: see below), 3350 cm- 1 and 3530 cm- 1. 

The results of the time-resolved experiments for methanol in solution pumping at 
3350 cm- 1 are shown in upper panel of Fig. 6.5. Prohing at 3350 cm- 1 (.0.) a trans
mission increase is observed, with a subsequent decay with a 25 ps time constant. 
Prohing at 3100 cm- 1 (•), the same signal (of smaller amplitude) is observed. Prob-
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Figure 6.5: Results of the time-resolved pump-probe experiments for tbe two systems: Re
lative transmission ofprobe pulses at 3350 (L::.), 3530 (D) and 3100 (•) cm- 1 as a lunetion 

of delay with respect to the pump pulse. The pump pulse is tuned to 3350 cm- 1 in these 

experiments. T and To denote tbe transmission of the probe pulse in presence and in absence 

of the pump pulse, respectively. Prohing at 3100 cm- 1 
(• ), an induced absorption (negative 

In(T /To)) is observed for tbe zeolite, not present in solution. Lines are calculations with 

Tt Tr=25 ps and Tt is intinite for MeOH:CCJ4 and T1 =10 ps and botb Tr and Tt=OO for 

MeOH:NaY. 
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ing at 3530 cm- 1 (D) an absorption increase is observed, decaying with exactly the 
same time-constant as the signal at 3350 cm- 1

. These results are equivalent to cor
responding measurements by Graener et al.[66] on ethanol dissolved in CCk It was 
shown that the observed signals can he accounted for by noting that a very effect
ive way for the methanol molecule to get rid of its excess vibrational energy, is by 
breaking its hydrogen bond (EH-bond~2000 cm- 1)[66]: Vibrational relaxation occurs 
by breaking the hydrogen bond, and this process occurs very rapidly (for ethanol in 
solution T1 =5±3 ps [66]). In the picture in Fig. 6.2 this means that the methanol 
chain is broken, thus creating new end-groups ( absorbing at iioH=3530 cm -l) at the 
expense of internal methanol molecules (iioH=3350 cm -l). The observed decay-time 
of 25 ps at both frequencies is therefore not the vibrational lifetime T1 , but rather 
the hydrogen-bond re-association lifetime Tr. This value is in good agreement with 
the 20±5 ps re-association time of ethanol.[66] A similar vibrational pre-dissociation 
process by one IR photon has been observed for gas-phase methanol clusters[120] and 
methanol clusters in a nitrogen matrix[121]. 

For a sufficiently long vibrational (pre-dissociation) lifetime T1 , one would expect 
(i) an excited state v=1-+v=2 absorption redshifted to about 3100 cm- 1 due to the 
anharmonicity of the vibration [66] and (ii) a time delay between the transmission rise 
at 3350 cm -l and the absorption rise at 3530 cm -l, since T1 is simply the time it 
takes to break the hydrogen bond resulting in the formation of 3530 cm -l species. The 
absence ofboth the pump-induced absorption (negative ln(T/To)) at 3100 cm- 1 and no 
significant time delay between the other two signals indicates that the vibrationallife
time is very short compared to the duration of our pulses (18 ps). The signal observed 
at 3100 cm- 1 is identical -albeit of smaller amplitude- to that at 3350 cm- 1 due to 
the speetrally broad induced transmission changes when pumping the iioH=3350 cm- 1 

transition. 
For methanol in NaY, the results (depicted in lower panel of Fig. 6.5) are strikingly 

different. Although initially the same behavior is observed, i.e. a transmission increase 
around 3350 cm- 1 (.6) and a transmission decrease around 3530 cm- 1 (D), the sub
sequent relaxation is absent. Apparently, the rapid re-associbtion does not occur in 
the zeolite. A second difference is that (i) at 3100 cm- 1 (•) an induced absorption is 
observed and (ii) the 3530 cm- 1 data (D) show a delayed rise of absorption compared 
to 3350 cm- 1 (.6) , both demonstrating that the vibrationallifetime T1 is relatively 
long. At 3100 cm- 1 the induced transmission subsequent to the induced absorption 
is again caused by speetral overlap of the 3100 cm- 1 probe pulse with the 3350 cm- 1 

absorption line. For both systems we established that the transmission changes after 
relaxation showed no changes for delay times up to 2 ns. 
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The time-resolved data pumping at 3530 cm- 1 are shown in Fig. 6.6. Vibration
ally exciting the end-groups, these are expected to dissociate from the cluster upon 
relaxation. In this process an internal methanol molecule is converted to a terminal 
group, absorbing around 3530 cm- 1 , and the excited methanol molecule becomes an 
isolated monomer. The overall effect is that an internal methanol molecule is con
verted to a monomer. In solution, pumping and prohing at 3530 cm- 1 results in a 
pulse-duration limited transient transmission increase, determined by the lifetime of 
the vibration. The transmission increase is due to excitation of end-groups, the de
cay due to vibrational relaxation. For the zeolite, also an induced transmission is 
observed at 3530 cm -l, but the transmission relaxes to negative ln(T /To): Excitation 
at 3530 cm-1 leads to a long-time increase in absorption at this frequency. Prohing 
at 3200 cm- 1, excited state (v=l-+v=2) absorption is observed (negative ln(T/T0 )), 

again indicative of a lifetime that is long compared to that in solution. The subsequent 
transmission increase is caused by speetral overlap between the probe pulse at this 
frequency and the 3350 cm- 1 absorption band. 

Summarizing our data, it is clear that for both systems excitation of hydrogen
bonded 0-H stretch vibrations (at 3350 and 3530 cm - 1) results in the dissociation of 
hydragen honds. This process occurs more rapidly in salution than in the zeolite, due 
to the shorter lifetime in solution. Subsequently, in salution a re-association takes place, 
equilibrating to a somewhat elevated temperature. In the laser focus, this temperature 
remains constant on the largest experimental timescale of2 ns.[66, 77] In the zeolite re
association does not take place within 2 ns, resulting in a situation where the energy has 
thermalized within the clusters, but the methanol cluster distribution is non-thermal. 
Also here, temperature ditfusion out of the laser focus is slow.[69] 

The salient features of the infrared photo-dissociation are contained in the time
resolved data, which we will attempt to simulate to extract the relevant lifetimes. The 
appropriate level scheme for the systems is shown in Figure 6.7. After excitation 
with the pump pulse (i/=3350 cm- 1 , thick, dasbed arrow) from v=O (No) to v=l 
(NI), excited state absorption from v=l to v=2 becomes possible (îl ~ 3100 cm- 1). 

Vibrational relaxation with time constant T1 results in a change of the 0-H absorption 
spectrum due to the breaking of hydrogen honds [e.g. i/=3350-+3530 cm- 1(NA)]. Re
association of the hydragen honds occurs with time constant Tr resulting in a new 
equilibrium state at higher temperature (NB), from which relaxation with time constant 
Tt back to the original ground state occurs (infinite compared to experimental time
scales). The associated rate equations for the four populated levels read: 
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Figure 6.6: Results of tbe time-resolved pump-probe experiments for the two systems: Rel

ative transmission of probe puls es at 3530 ( •) and 3200 (D) cm -l as a function of delay with 

respect to tbe pump pulse. The pumppulseis tuned to 3530 cm- 1 in these experiments. T 

and To denote tbe transmission of tbe probe pulse in presence and in absence of tbe pump 

pulse, respectively. Probingat 3200 cm- 1 (D), an induced.absorption (negative ln(T/To)) 

is observed for the zeolite, not present in solution. Lines are calculations with T1 =4 ps for 

MeOH:CCJ4 and Ti =15 ps for MeOH:Na Y. 



96 Chapter 6 

+ 
31.00 ' . 1 

. 
' 1 f ~1 

3530 

: 33so A 3350 

0 
: ; •t 'r'\. B __.:----

Figure 6.7: 7-level system used in the calculations to describe the 3350 cm-1-pump data: 
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absorption Erom v=l to v=2 becomes possible (v~3100 cm- 1 
). Relaxation with time constant 
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association of the hydragen bands occurs with time constant Tr resulting in a thermal non

equilibrium state, from which relaxation with time constant Tt back to the original ground 

state occurs. Tt is long (rt':$>2 ns) compared to the experimental time-scale. 

8No(z, tp) 
Otp 

8N1(z, tp) 
Otp 

oNA(z, ip) 
atp 

oNB(z, tp) 
otp 

Olpump(z, tp) 
oz 

-0'01 = lpump(z, tp) [No(z, tp)- N1(z, tp)] + (1/rt)NB(Z, tp) 

~~ lpump(z, tp) [No(z, tp)- N1 (z, ip)] (1/Tl) N1 (z, tp) 

Ne denotes the population in level x, z the coordinate perpendicular to the sample 
surf ace, tp the time coordinate in a moving frame[20], u01 the cross section for the 
0-+1 transition, hi/ the IR pboton energy, lpump(z, tp) the space- and time dependent 
pump intensity and V the irradiated volume. The radial profile of the laser pulse was 
not considered, since this results in only very minor changes in the transients. These 
equations were solved numerically, after which the transmission of the probe at the 
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three frequencies was evaluated. The amount of transmitted probe is determined by 
the popuiatien difference between the two levels associated with the appropriate tran
sition. These calculations require as input laser pulse parameters (duration, energy 
and frequency) and sample parameters (cross-sections[66], density, samplelengthand 
relaxation times). Apart from the relaxation times all these parameters can be de
termined independently. Care has to be taken to consider the speetral overlap between 
the probe pulse and the different contributions to the overall (transient) absorption 
spectrum; e.g. part of the observed signalat 3530 cm-1 is due to changes in the ab
sorption peak centered around 3350 cm -l. The results are shown as lines in Figure 
6.5. It should be stressed that for each system the three kinetic fits result from one 
single calculation. The results of the calculations were scaled vertically to coincide 
with experimental signal amplitude (with sealing factors varying only from 0.6 to 1.4, 
confirming the good agreement between data and calculations). For methanol in solu
tion, the calculations yield an upper limit for the vibrationallifetime of 3 ps. This is 
concluded not only from the absence ofinduced absorption around 3100 cm- 1 (which 
the calculations predict to he significant for T1 >4 ps), but, more convincingly, from 
the observation that experimentally there is no detectable delay between the maximum 
in transmission around 3350 cm -l and the maximum absorption around 3530 cm- 1. 

This implies that the excited 3350 cm-1-groups are almost instantaneously converted 
into 3530 cm- 1 groups. A T1 lifetime of 0.5 ps was used in the calculations, reprodu
cing the data very well. This value is smaller than the lifetime of 5±3 ps estimated 
for ethanol in CC14 by Graener et al. [66], but in excellent agreement with recent 
femtosecond infrared experiments by Woutersen et al.[124], in which a hydrogen-bond 
pre-dissociation lifetime of "'500 fs was observed for ethanol in CC14 . 

The re-association time Tr is found to be 25±3 ps. For methanol in the zeolite the 
data are reproduced theoretically with an infinite re-association time Tr (implying Tr»2 

ns) and T1 =10±3 ps. For larger T1 lifetimes one would expect to cbserve transient 
bleaching of the 3350 cm- 1 transition decaying with T1 and shorter lifetimes defy the 
observation of the induced absorption around 3100 cm- 1 and the delay in rise between 
the 3350 and 3530 cm -l signals. The methanol has re-associated when the next probe 
pulse hits the sample (implying Tr«lOO ms, since the repetition rate of our laser system 
is 10Hz). Modeling the 3530 cm-1-data is less straightforward, since at this frequency 
nota similar complete data set is available as for the 3350 cm- 1-data. However, from 
the observation of the hot band in the zeolite, and its absence in solution, it is clear 
that the vibrational lifetime of the 3530 cm - 1-species is substantially longer in the 
zeolite than in solution. The lines in 6.6 are results of calculations with T1 =4 
ps in salution and T1 = 15 ps for the zeolite. While the 4 ps lifetime in salution is an 
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upper limit (for longer lifetimes the hot band should be observed), the lifetime in the 
zeolite lies between 12 ps :5 T1 S 25 ps. The 12 ps lower limit is set by the hot-band 
absorption, the upper limit by the pulse-duration limited decay of the transmission at 
3550 cm- 1 

It was shown by Graener et al. that for ethanol in solution, the hydrogen-bond re
association lifetime Tr does not depend on the ethanol concentration.[66] This implies 
that in salution the sequentia! hydrogen-bond dissociation and re-association occurs 
between the same 0-H groups. It is most likely that the solvent plays a crucial role 
in keeping the dissociated fragments in each others vicinity; the solvent acts as a cage, 
keeping the dissociated fragments together sufficiently long to re-associate. In the 
zeolite such a caging effect is not very likely to occur, since in the zeolite experiments 
the methanol dosage was kept well below complete saturation of the zeolite, implying 
the pores and cages were not completely filled. This means that after dissociation, 
the fragments are free to move away from each other. Moreover, stabilization of the 
fragments can occur through association of the methanol fragments with other zeolite 
oxygen lattice atoms. This association leads to a persistent increase of absorption of 
the terminal 0-H groups absorbing at 3530 cm- 1 due tomethanol molecules hydrogen
bonded to zeolite oxygen atoms, the associated persistent decrease of the absorption 
at 3350 cm- 1, and explains the absence of any speetral changes around 3645 cm- 1 in 
the zeolite. Hence the re-association rate will be determined by ditfusion of methanol 
along the zeolite pore, indeed probably slow on our experimentaltime-scales[l25]. This 
interpretation is corroborated by the 3530 cm- 1-pump data: For the zeolite a persistent 
increase of absorption of the terminal 0-H groups absorbing at 3530 cm- 1 due to 
methanol molecules hydrogen-bonded to zeolite oxygen atoms is also observed. 

It is clear that vibrational relaxation is substantially faster in the zeolite than in 
solution; for the 3350 cm- 1 molecules relaxation occurs at least twice as fast for the 
methanol in solution (T1 $3 ps) than for methanol adsorbed in the zeolite (T1 =10±3 
ps). This is most likely due to energy mismatch compensation, which can be readily 
provided by the solvent CCl4, but is not as likely in the zeolite. In solution, the metha
nol cluster is surrounded by solvent molecules and therefore part of the excess energy 
can be transferred to solvent degrees of freedom, allowing fora more rapid vibrational 
relaxation. In the zeolite, the cluster adsorbed to the sodium site is indirectly coupled 
to the zeolite lattice, so that the excess energy {Eexcitation-EH-bond) can only be con
verted into excitations of low-frequency methanol vibrations and kinetic energy of the 
fragments[126]. 
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6.3 Condusion 

We have investigated the vibrational dynamica of methanol in solution and in sodium 
zeolites. We deduce from the similarities of the linear absorption spectra, that in 
both cases clustering of the methanol molecules occurs through hydrogen-bonding. 
With non-linear spectroscopy, we find that for both systems excitation with resonant 
infrared pulses leads to breaking of the H-bonds and fragmentation of the clusters. 
However, the dynamics of this infrared photo-dissociation process differ greatly in 
two respects. Firstly, the vibrational population relaxation times (i.e. the vibrational 
pre-dissociation times) are markedly different, T1 :S3 ps for methanol in solution and 

=10±3 ps for methanol inside the zeolite. This is explained by noting that, in 
contrast to the zeolite, in solution the solvent provides an additional relaxation channel. 
Secondly, the re-association of methanol molecules, after dissociation due to vibrational 
relaxation, occurring in the liquid phase with a time-constant of 25 ps, is absent on 
our experimental timescales for the methanol clusters in the zeolite. This is attributed 
to a caging effect in solution, and, in the zeolite, a stabilization of the fragments by 
interaction with the lattice. 
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Chapter 7 

lnfrared induced conversion of methanol 

1n acid zeolites 

In the reactive system of methanol physisorbed to the acid zeolite HY, the equilibrium 

between two adsorption structures can be temporarily shifted towards the more reactive of 

the two complexes by excitation with picosecond infrared pulses. The picosecond dynamics 

of the conversion demonstratea non-linear dependenee of this process on the energy inser
ted into the system. Th is behavior is explained by the large anharmonicity of the hydrogen 
bond between the methanol and the reactive (Brf!lnsted) site. 
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7.1 Introduetion 

With the recent advent of ultra-short laser pulses, it has become possible to follow re
action dynamics 'real-time'. Ultra-short laser pulses can be used to initiatea chemica} 
reaction and subsequently probe (and even control) its time evolution[l27]. Not only 
the disappearance of reactants and appearance of products, but even short-lived reac
tion intermediates and transition statescan be observed in a time-resolved manner[128]. 
In this Chapter, we employ picosecend infrared pulses to investigate the dynamics of 
methanol adsorbed to the active sites in acid zeolites catalysts. One ofthe more import
ant chemica} reactions catalyzed by acid zeolites is the reaction of methanol, initially 
to dimethyl ether and subsequently to gasoline[129]. Methanol adsorption in zeolites 
has therefore received substantial attention the past decade. Ho wever, despite several 
experimental[122, 123, 130-135] and theoretica} ( ab initio) studies[136-145], substantial 
ambiguity remains concerning the microscopie structure of the adsorption complex and 
the interpretation of the associated infrared spectra. In this Chapter, we present new 
information concerning methanol adsorption structures and methanol-zeolite interac
tion dynamics obtained with time-resolved (picosecond) infrared spectroscopy. 

7.2 Methanol adsorption structure and linear infrared 
spectra 

The infrared absorption spectra of HY-zeolite with and without adsorbed methanol are 
depicted in Fig. 7.1. In vacuum, hydroxyls situated in the smalland large cages give rise 
to the 3550 and 3645 cm- 1 absorption bands, respectively.[49] Methanol adsorbs mainly 
to the hydroxyls in the easily accessible large cages. [134] This interaction is sufficiently 
strong to warrant a 1:1 adsorption complex, sirree adsorption of methanol to an already 
occupied site is energetically much less favorable (by ~20 kJ /mole) than adsorption to 
an empty site (See e.g. Refs. [122, 130,134,143, 145]). The amount of dosed methanol 
was kept such, that 5% of the intensity of the HF -OH absorption peak (i/=3646 cm - 1) 

remained ( adsorption of more methanolleads to the total disappearance of the HF -0 H 
band), to avoid adsorption of multiple methanol molecules to one site.1 

In open-cage structures such as Y zeolite, there is general consensus that methanol 
is present as a doubly hydrogen-bonded complex, as shown in Fig. 7.2A.[l35-142] The 

1 In the time-resolved experiments, the methanol coverage is not exactly known, but is decidedly 
lower than 95%. Thermal desorption of part of the methanol occurs due to steady state heating effects 
caused by the laser pulses (these steady state thermal effects should not be confused with one-pulse 
thermal effects, see e.g. Chap. 4). 
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Figure 7.1: Absorption spectra of Ho.zz Y (Si/Al=0.27), in vacuum (solid line) and with 

adsorbed methanol ( dasbed line ). The assignment of the different absorption peaks is indicated 

in the graph. The presence of 18% Na is of little consequence since these sites are located in 

the small cages, poorly accessible for the methanol. To avoid adsorption of multiple methanol 

molecules to one site, some 'free' zeolite hydroxyl groups (voH=3645 cm- 1
) were left. 

doubly-bound complex has also been referred to as the 'end-on'[138] or the 'bifurca
ted'[142] complex. The broad feature around 3250 cm- 1 is attributed to the strongly 
perturbed Üm-Hm stretch vibration of methanol, in accordance with Refs. [133, 137, 
138]. Somewhat lower[136] and higher[139, 141] values have been found in ab initio 
studies. The sharp peaks around 2900 cm- 1 are due to the methanol C-H stretching 
vibrations.[123, 130-134, 136-139] The frequency of the zeolite Üz-Hz stretch vibration 
is strongly red-shifted (from 3645 to ""2300 cm- 1). Fermi resonances of this strongly 
redshifted but very broad Ûz-Hz stretching mode with the overtone of the Oz-Hz in
plane bending result in an Evans transmission window around 2600 cm- 1[146], causing 
broad (quasi-)peaks around 2400 and 2900 cm- 1.[136, 138,139, 141] 

In the zeolite that is most widely applied to catalyze the methanol-to-gasaline pro
cess, zeolite HZSM-5, an absorption band appears around 3580 cm- 1 , upon adsorption 
of methanol.[130, 131, 133, 134] This peak can indubitably be assigned to the Üm-Hm 
stretch vibration of methanol, by the shift induced by isotopic substitution ofthe metha
nol oxygen (1 60 replaced by 180)[147], in analogy to isotopic substituted water[148). 
Since there exists a strong correlation between the hydrogen bond strength and the 
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Figure 7.2: Schematic representations of methanol interacting with a zeolite acid site. 

A: Doubly hydrogen-bonded interaction. B: Singly hydrogen-bonded interaction. 

vibrational frequency of an OH group[64], the high Üm-Hm frequency for methanol 
adsorbed to HZSM-5 indicates that the hydragen bond between the methanol hydragen 
and the zeolite oxygen is much weaker in HZSM-5 than in HY (or even absent). This 
suggests that in HZSM-5 the singly-bound adsorption structure depicted in Fig. 7.2B 
is the equilibrium adsorption structure, in contrast to HY. The singly-bound complex 
has also been referred to as the 'side-on'[138] or the 'monodentate'[l42] complex. 

Apparently, the exact position in the equilibrium between singly- and doubly bound 
methanol depends strongly on the type of zeolite. The effect of zeolite structure on 
the adsorption complex was illustrated recently[140, 141]. In these ab initio studies, 
the doubly H-bonded structure was predicted for methanol adsorbed to large pore 
zeolites, whereas methanol adsorbed to a small po re system was found to be protonated. 
The difference in adsorption structures between the zeolites Y and ZSM-5, can be 
explained by the different Si/ Al-ratios, rather than structural differences. The strongly 
basic oxygen atom (next to the aluminum) in the high-aluminum Y zeolite will favor 
interaction with the methanol hydroxyl, whereas the a-polar, hydrapbobic lattice in 
ZSM-5[130, 149] will preferentially interact with the methyl group, as was surmised 
previously.[133] 

It has been demonstrated that the dehydrogenation reaction of methanol at the acid 
site is the first step in the methanol-to-gasoline process. Before dehydrogenation of the 
methanol at the acid site can occur, however, the doubly-bound methanol (Fig. 7 .2A.) 
has to be converted to the more reactive singly-bound structure (Fig. 7.2B).[143] The 
fact that in ZSM-5 the more reactive singly-bound complex is the equilibrium adsorp
tion structure, indicates a higher catalytic activity with respect to methanol conversion 
for this zeolite compared toY, as iudeed has been observed[150]. 

In the following, we will discuss the results of time-resolved infrared experiments 
on zeolite HY. 
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Figure 7.3: Transmission changes after excitation at 3250 cm- 1 of the methanol:HY system 

corresponding to the dasbed absorption spectrum in the upper panel of Figure 7.1. For neg

ative delay between excitation and probe pulse, (D Tdelay=-100 ps), the probe hits the sample 

befare the excitation (no absorption changes). For Jonger delays (• Tdelay=270 ps) the ab

sorption decreases at the excitation frequency (3250 cm-1
), while simultaneously an induced 

absorption is observed around 3580 cm-1
. Lines are tbe results of calculations described in 

the text. 

7.3 The infrared conversion of methanol in acidic Y 
zeolite 

For the time-resolved experiments picosecoud (25 ps) tunable infrared (2500-4000 cm- 1) 

pulses of -150 JÛ energy (bandwidth "'20 cm - 1) are generated by downconversion of 
1064 nm pulses from a Nd:YAG laser. The changes in the absorption spectrum (and 
the time evolution) due to excitation with an IR pulse are monitored by weak (3 ~-tJ), 

independently tunable, infrared pulses. For details, see Chapter 1. The changes in the 
absorption spectrum, 270 ps after excitation at 3250 cm- 1 , are depicted in Figure 7.3. 
At the excitation frequency ( îi=3250 cm -l) the absorption decreases, whereas around 
3580 cm- 1 an induced absorption is observed. These changes occur mostly very rap
idly compared to the duration of our pulses ( the next section contains a discussion of 
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the dynamics), and persist up to the largest experimental delay time of 1.5 ns. Appa

rently, the excitation causes the frequency of adsorbed methanol to change from 3250 
to 3580 cm- 1 . The solid line through the data is the result of a calculation with a 
disappearing absorption at 3230 cm-1 (width 250 cm- 1), and a 100 cm- 1 wide 
band appearing at 3580 cm- 1 (ratio of cross-sections CT323o/CT3sso=2.9). This means 
that the hydrogen bond between the methanol hydragen and the zeolite oxygen is much 
weaker than before, suggesting the type of singly-bound adsorption structure depicted 
in Fig. 7.2B. This indicates that in Y zeolite the Ûm-Hm· · ·Ü'z hydrogen bond2 between 
the methanol hydrogen and the zeolite oxygen is dissociated due to the excitation: The 
infrared excitation induces a conversion of a considerable fraction of methanol from 
the doubly-bound structure (Fig. 7.2A.) to the singly-bound structure (Fig. 7.2B) in 
Y zeolite, which is the first step in the catalytic reaction of methanol at the acid site. 
From the absence of significant transmission changes around 3645 cm -l it is clear that 
the second H-bond remains intact. It should be stressed that the observed absorption 
changes cannot be explained by a simple temperature increase: The effect of typical 
temperature increases[69] on the absorption spectrum are shown as dotted (~ T=20 K) 
and dashed lines (~T=40 K) in Fig. 7.3. With increasing temperature thermal desorp
tion of some methanol occurs, giving rise to increased absorption at Ûz-Hz frequencies 
( 3550 and 3645 cm - 1), clearly different from the data. 

Excitation of the zeolite Ûz-Hz stretch vibration at 3550 cm- 1 (hydroxyls in small 
pores) results in similar long-time absorption changes as those observed for excitation 
at 3250 cm - 1. This transient spectrum is depicted in Fig. 7 .4. The only difference is 
the presence of a second induced transmission around 3430 cm- 1 . The fact that the 
long-time transient spectra are so similar implies that the new doubly:singly bound 
methanol equilibrium arises -at least partly- from a situation where the energy has 
flown out of excited high-frequency modes (i.e. vibrational relaxation has occurred), 
but the energy has not yet fully thermalized. Full thermalization would result in the 
desorption of a fraction of methanol molecules (dashed and dotted lines in Fig. 7.3), 
which is clearly not observed. From the data it is clear that the doubly-to-singly bound 
conversion is most efficient for excitation at 3250 cm- 1• Although there is overlap of 
several absorption bands at this frequency, excitation of the Ûm-Hm stretch vibration 
of methanol, is expected to lead to direct dissociation of the Üm-Hm· · ·Ü'z hydrogen 
bond directed along the excited Ûm-Hm bond (EH-bond"-'3000 cm- 1[138]), since this 
has been demonstrated to be a very effective relaxation channel for methanol[151] (and 
ethanol[66]) clusters in solution, adsorbed to Na Y[151], gas-phase clusters[120] and 
hydrogen-bonded in a nitrogen-matrix[121]. 

2The prime in O'z denotes that this zeolite oxygen atom is notpart of the 0 2 -Hz zeolite hydroxyl. 
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Figure 7.4: Transient spectrum alter excitation of the zeolite Oz-Hz groups in the small 

cages to whicJ1 no methanol was adsorbed, l;pump=3550 cm-1
• For small delay, the bleaching 

of the fundamental transition (0-+1) gives rise to the increased transmission around 3550 

cm-1
• The hot band (1-+2) is observed around 3400 cm-1

. Long-time transmission changes 

reveal an induced absorption around 3580 cm-1 and an increased transmission around 3250 

cm-1
, similar to excitation at 3250 cm-1

• also an increased transmission around 3430 

cm- 1 is observed. Lines are guides to the eye. 

7.4 The dynamics of methanol conversion in acidic Y 
zeolite 

To investigate the dynamics of the transmission changes, delay scans were performed 
prohing at 3250 cm - 1 and 3580 , after excitation at 3250 cm -l. The results 
are shown in Fig. 7 .5. From these data it is clear that the disappearance of intensity 
at 3250 cm- 1 and the appearance of the induced ahsorption around 3580 cm-1 are 
synchronous. Apparently, pumping the 0-H groups at 3250 cm- 1 couverts these very 
rapidly to groups ahsorhing around 3580 cm- 1. One would expect vihrational relaxa
tion to he much faster than our 20 ps pulses can resolve, due to the large perturhation 
of the methanol hydroxyl groups (the large redshift in ahsorption frequency) upon 
adsorption.[126] Although, indeed, the major part of the transmission changes sets in 
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Figure 7 .1>: Results of one- and two-colour pump-probe experiments on MeOH:HY system. 

Upper panel: pumping and probing at 3250 cm- 1 Lower panel: pumping at 3250 cm- 1
, 

probingat the induced absorption around 3580 cm-1 . The different signal amplitudes are due 

to the fact that the two curves were measured on different samples, on dillerent days. Lines 

are guides to the eye. 

very rapidly (pulse duration limited), the transients exhibit the puzzling feature that 
the transmission changes are protracted by a second, slower (time constant -50 ps) 
process. 

We performed the sameexperiment pumping the methanol Cm-Hm stretch vibra
tion at 2956 cm- 1. The long-time transient spectrum is identical to the long-time 
spectrum after excitation at 3550 cm- 1 (Fig. 7.4). The result of the time-resolved 
experiment, prohing at 3250 cm- 1 is depicted in Fig. 7.6. Surprisingly, although the 
sametype of signalis observed, it is delayed by ...., 15 ps. This delay is not caused by an 
experimental artefact; replacing the sample by a Lii03-crystal (6x6x3 mm, 8=20°), 
the sum frequency of pump and probe pulses can be generated as a function of delay. 
The inset of Fig. 7.6 shows that time zero does not nearly shift sufficiently ( <2 ps) to 
account for the different signals. This small shift in zero delay observed in the SFG 
experiment is probably due to dispersion in the optical components. The most likely 
cause for the delayed riseis the lifetime of the Cm-Hm stretch vibration. This leads to 
a temporary storage of the energy in this mode, before it is used for the conversion of 
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Figure 7.6: Time-resolved speetral changes at 3250 cm-1 with the pump pulse tuned to 

the methanol Om-Hm stretch (3250 cm-1 
), and the methanol Cm-Hm stretch (2956 cm-1 

). 

The inset shows a cross-earrelate between pump and probe (sum frequency generation in a 

LiiOs-crystal), which demonstrates that the ...... 15 ps delayed rise of the latter is not caused by 

dispersive effects in one of the optical components. Lines are guides to the eye. 

doubly- to singly bound methanol. lndeed, the lifetime of the Cm-Hm stretch vibration 
of ethanol in salution was found to be 15±3 ps.[76] Attempts to measure the lifetime 
of this mode of methanol adsorbed to the zeolite were unsuccessful, due to additional 
noise caused by frequency jitter, inevitable for parametrically generated infrared light, 
in combination with the sharp absorption peak. 

It is highly unlikely that the double time behavior, observed for excitation at both 
3250 and 2960 cm- 1, is due to the fact that two relaxation processes with different 
time-constauts are driven by the excitation. The methanol:zeolite system is a strongly 
hydrogen-bonded system, and the vibrational relaxation rate is known to decrease 
rapidly with increasing hydragen-bond strength. This has been observed for hydrogen
bonded complexesin both liquids[152, 153] and solids([44, 54-58] and Chapters 2 and 3 
of this thesis). The strange temporal shape of the pump-induced transmission changes 
therefore seem to indicate that the response of the hydrogen-bonded system is non
linear with respect to the energy that is inserted into it: The effect of a fixed amount 
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of energy inserted into the system depends on how much energy preceded this amount: 
Energy in the late part of the laser pulse has a larger effect on the methanol conversion 
than the same amount in the beginning of the pulse. Since we do not know the exact 
shape of the pulses, it is very difficult to make quantitative statements concerning the 
possible non-linearity. 

Ho wever, an interesting handle on the dynamics of the conversion of methanol from 
doubly- to singly bound comes from excitation of the zeolite Üz-Hz groups in the 
small cages to which no methanol was adsorbed, voH=3550 cm - 1. In this case, we 
can directly measure the decay of excited Üz-Hz groups ( and thus the time-dependent 
amount of energy inserted into the system), and the time-dependenee ofthe conversion, 
by prohing at 3250 and 3580 cm - 1 . The surprising results of these experiments are 
depicted in Fig. 7.7. The upper two panels of this Figure depiet transmission changes 
at the fundamental ( 0-+ 1) transition ( iioH =3550 cm - 1) and the induced hot band 
absorption (1-+2, iioH=3400 cm-1). Both measurements can he very well described 
with a 44 ps lifetime of the excited state. In contrast, the disappearance of the 3250 
cm- 1 band, and the appearance ofthe 3580 cm- 1 band, both occur significantly faster, 
as depicted in the lower two panels, and cannot be described by the calculations with a 
relaxation time of 44 ps (lines in Figure 7. 7). In these calculations, it is assumed that 
the absorption changes at 3250 and 3580 cm- 1 are linearly proportional to the amount 
decayed Üz-Hz groups (as for fundamental and hot-band absorption), and therefore 
linearly on the amount of energy released by these groups. The inability of these 
calculations to descri he the data clearly substantiates the non-linearity of the process. 

A clue to the cause of the non-linearity can be obtained by consiclering the potential 
of the Üm-Hm · · ·Ü'z hydragen bond between the methanol hydragen and the zeolite 
oxygen. This is the hydragen bond that is dissociated upon conversion of doubly- to 
singly bound methanol. It is well-known that astrong correlation exists between this 
hydragen bond coordinate and both the cross-section and the vibrational frequency of 
the Om-Hm stretching mode.[64] Furthermore, this hydragen-bondpotentialis strongly 
anharmonic.[64] One of the consequences of this strong anharmonicity is that the av
erage OmHm. · ·O'z distance (viz. the hydragen-bond coordinate R), depends strongly 
non-linearly on the amount of energy inserted into this hydragen bond. This is schem
atically shown in Fig. 7.8, where a Morse potential 

(7.1) 

is depicted, withits eigenvalues. In this Equation, De is the dissociation energy, Re the 
equilibrium (ground state) value of the hydragen-bond coordinate R, and a a measure 
of the anharmonicity. The dotted line in Fig. 7.8 depiets the dependenee of the average 
hydragen-bond distance on the energy, and it is clear that starting from a low-energy 
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Figure 7.8: Morse potential and average displacements ((R- Re)) as a function of energy. 

Note the non-linear dependenee of the average displacement ((R- Re)) on the energy. 

situation, the effect of additional energy is much smaller than starting from higher 
initial energy. 

The observed non-linear character of the conversion process induced by the infrared 
pulseis presumably closely related to the catalytic reactivity of the system. The essence 
of a catalyst is that it lowers activation harriers for chemical reactions, so that only a 
limited amount of energy is required to induce large changes in coordinates relevant 
for the reaction. This is indeed the type of behavior that we abserve here. 

7.5 Conclusions 

We have demonstrated that an equilibrium exists between two adsorption structures, 
doubly- and singly bound, for methanol physisorbed to acidic zeolites. Although struc
tural effects cannot be excluded, the position of the equilibrium is expected to depend 
mainly on zeolite composition, i.e. silicon-to-aluminum ratio. We demonstrate that 
the doubly bound adsorption structure predominantly observed in Y zeolite, can be 
temporarily converted into the more reactive singly bound complex by excitation with 
picosecoud infrared pulses. The picosecoud dynamics of the conversion shows anomal
ous behavior, which can be explained by the large anharmonicity of the hydragen bond 
between the methanol and the reactive (Br!1>nsted) site. 
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Solvent-dependent vi bration a I relaxation 

pathways after success1ve resonant IR 
excitation to v == 2 

With two subsequent, resonant intense picosecond infrared pulses we have succeeded in 

pumpinga significant fraction of iodoform (CH13 ) molecules in solution to the second vibra

tionally excited state of the C-H stretching mode. Transient populations of the vibrational 

levels are monitored with weak probe pulses. From these pump-pump-probe experiments, 

we find that the subsequent relaxation route depends critically on the solvent. In a strongly 

polar solvent (acetone) relaxation from v=2 to v=O occurs predominantly via the v=l 

state, with time constants of T[-+ 1=10±5 and Tl-+ 0 =60±5 ps, respectively. In contrast, 

in a less polar solvent (chloroform) direct decay to the ground state is observed, with a 
time constant (T1

2-+ 0 = 80±20 ps), comparable to the energy lifetime of the first excited 

state (Tl-+0=125±5ps). 
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8.1 Introduetion 

A multitude of time-resolved experiments on small organic molecules in solution has 
provided great insight into vibrational energy flow and dissipation mechanisms in these 
molecules.[119] In these pump-probe experiments, the C-H stretch vibration is excited 
to its first excited state, either by a resonant infrared pulse or by (stimulated) Ra
man excitation. A second, weaker, delayed probe pulse monitors the decay of the 
excited level. Some of these experiments have shown that after excitation of the C-H 
vibration there are two consecutive relaxation processes (see e.g. Refs. [59, 77, 154]. 
First, intramolecular vibrational relaxation (IVR) occurs: the energy is transferred to 
other low-frequency vibrations within the molecule. In the second process, called inter
molecular energy transfer (IET), the excess energy is transferred to solvent molecules. 
It was found that the solvent has a large inftuence on the vibrational dynamics of small 
organic molecules [154]; The solvent not only modifles the rate of energy transfer to 
the solvent after vibrational relaxation within the molecule (IET), it also affects the 
intramolecular vibrational relaxation process (IVR) itself. With increasing polarity of 
the solvent, both relaxation processes are accelerated. 

These insights were obtained from an abundance of experiments that have been 
performed on the lifetime of the first vibrationally excited state. In contrast, little is 
known about the relaxation rates and pathways of higher excited states. Lifetimes of 
higher excited states have previously been reported for (i) the C:-0 stretch ofW(C0)6 
[79], where due to the small anharmonicity of the vibration several higher transitions 
lie within the laser bandwidth, (ii) the C-D stretch of DCN [155] where a distribution 
of vibrationally excited states was observed after photo-induced generation of the mo
lecule, and (iii) the C-H stretch of CHBrs [156], where the v = 2 state was populated 
directly by overtone absorption and the subsequent relaxation was monitored by anti
Stokes Raman probe scattering. In all of these cases, the relaxation rate was seen to 
increase with increasing vibrational quanturn number and decay always occurred to 
the level directly below. 

In this Chapter, we report on the relaxation from the second vibrationally excited 
state of the C-H stretch vibration of CHis, after resonant excitation from v=O to v=1 
and subsequent resonant excitation from v=l to v=2. We find that the nature of the 
solvent not only determines the rate of the IVR process, but also controls the IVR 
pathways of the v=2 relaxation. 
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Figure 8.1: Conventional absorption spectra in the G-H stretch region of a) a 0.5 mm thick 

sample of a 0.045 M solution of iodoform in deuterated acetone (ilcenter=3008 cm-1
) (upper 

panel) and b) a 1 mm thick sample of a 0.206 M solution ofiodoform in deuterated chloroform 

(ilcenter=3013 cm- 1
) (lower panel). 
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8.2 Results and Discussion 

The systems under investigation are 0.34 and 0.19 mol/I solutions of iodoform (CHh, 
99%, Merck) in deuterated acetone (C3D6 0, 99.5 atom-% D, Aldrich) and deuterated 
chloroform (CDCls, 99.8 atom-% D, Janssen Chimica), 200 and 1000 J.J.m thick, re
spectively. The absorption spectra associated with the C-H stretch vibration of the 
iodoform in the two solvents is shown in Fig. 8.1. 

Two independently tunable (2500-4000 cm- 1, bandwidth,...., 10 cm- 1 at 3000 cm- 1) 

25 ps infrared pulses (rep. rate of 10 Hz) with energies of,...., 100 J.J.J are generated 
through downconversion of 1064 nm Nd-YAG pulses in LiNb03 (an extensive descrip
tion of the setup can be found in Chapter 1). 

Transient spectra (showing the (0--+1)-pump-induced speetral changes with a delay 
between pump and probe of 35 ps) are shown in Fig. 8.2. At the 0--+1 transition 
around 3010 cm- 1 the transmission increases due to the excitation of a considerable 
fraction of oscillators from 0--+1. For these excited oscillators absorption from 1--+2 
becomes possible. This transient absorption band associated with the v=1 excited 
state absorption, the so-called hot band, is Vanh shifted from the 0--+1 transition, and 
is observed around 2900 cm-1 .[157] For iodoform in chloroform-cl the transmission 
is seen to dip slightly at the red side of the 0--+1 transition ("' 2980cm-1). This is 
due to an anharmonic shift: after excitation of the C-H stretch mode to v=l, IVR 
decay occurs to VcH=O*, where vcH=O* stands for vcH=O with other modes within 
the molecule excited. [77] Anharmonic coupling between the C-H stretch mode and 
these other low-frequency intramolecular modes leads to a redshift of the ( VcH=O*) 
--+ (vcH=l*) compared to the (vcH=O) --+ (vcH=1) transition[72, 77], as observed in 
Fig. 8.2b. Subsequent to decay from vcH=1 to vcH=O* (IVR), vcH=O* will decay 
to vcH=O (IET). The anharmonic shift [difference between (0*--+1*) and (0--+1)] was 
found to be 29±3 cm- 1 for the solvent CDCls. For CHh in C3D50 this is not observed 
(Fig. 8.2a), since in this case the 0*--+0 relaxation is much faster[72]. 

In the calculations (lines in Fig. 8.2) the transient spectrum is calculated: input 
parameters are the absorption band and the speetral profile of the pulses. The excited 
fraction of oscillators (typically 10%) is adjusted to the experimental 0--+1 signal amp
litude. For the hot band, the width, the 1--+2 cross section and the anharmonicity are 
adjustable parameters. The shape of the hot band and the 0*--+ 1 * transition (for CHh 
in CDCla) are assumed to be that of the 0--+ 1 absorption band. For both transients the 
hot band was found to be 1.65±0.10 braader than the fundamental absorption band. 
The integrated cross-sections for 1--+2 were found to be 1.95±0.10 times that of 0--+1, 
close to the value of 2 for a harmonie oscillator [158]. The anharmonicities are 118±1.5 
and 122±1.5 cm- 1 for CDCb and C3D60, respectively. 
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broadening. The lines represent calculations described in the text. 
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For the pump-pump-probe experiments, the delay between the (1-+2)-pump and 
the (0-+1)-pump was fixed at 16 ps (the time at which the v=l state population due 
to the (0-+1)-pump is maximal). In these experiments, the delay ofthe probe pulse, of 
the same frequency as the (1-+2)-pump, is varied. In Fig. 8.3 the transmission of the 
probe tuned to the 1-+2 absorption withand without the second pump pulse are shown. 
Clearly, the (1-+2)-pump excites a significant amount of oscillators to their second 
excited state. With the (0-+1)-pump blocked, no signal was observed, confirming that 
the transmission changes due to the (1-+2)-pump result from up-pumping of the C-H 
oscillators to their second vibrationally excited state. The large anharmonicity of the 
C-H stretch vibration (the ,...., 120 cm- 1 difference between ground and excited state 
absorption) indicates the v=2-+v=3 transition is not involved in this measurement 
(assuming a Morse potential, the v=2-+v=3 transition frequency is readily calculated 
to be 2780 cm -l). In the experiments, the polarizations of pump and probe pulses 
were parallel. This means that the observed signals can be affected 

by the fast rotation of (excited) molecules: The pump-induced transmission in
crease will decay not only due to the decay of the excitation, but also due to the 
rotational motion of excited molecules, sirree rotation of excited molecules willlead to 
a decrease of the excitation component parallel to the polarization of the probe pulses. 
From the observation that the 0*-+ 1 * absorption rises with the same time-constauts 
as the v=l decays [72], it is apparent that reorientational motion (and the associated 
polarization diffusion) is either very fast or very slow compared to both the pulse 
duration and vibrational relaxation times, presumably very fast (see Ref. [159, 160]). 
Hence, contributions to the signal arising from polarization diffusion play no role in 
the interpretation of the data. 

There is a remarkable difference between the results of the pump-pump-probe ex
periment for the two solutions (Fig. 8.3): whereas for CHis in CDCl3 the transmission 
with the second pump remains larger than the transmission without the second pump 
at all delays, for CHI3 in C3D60 the two signal curves cross (see inset in Fig. 8.3a). 
The latter observation can be understood as follows: the probe pulse is monitoring the 
population difference between the v=1 and v=2 levels. If the oscillators in v=2 decay 
to v=l, then the long-time effect of the second pump pulse will be that there are more 
oscillators in v=l than without the second pump pulse; the oscillators have been put 
'on hold' in the v=2 statefora time , so that the hot band (1-+2 absorption) will 
effectively live somewhat longer with than without the secoud pump pulse. For CHI3 
in CDCh, such a crossing is not observed. The effect is even more clearly observed in 
Fig. 8.4, where the transmission changes inc).uced by the second pump pulse are plotted 
vs. delay. 
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Figure 8.3: Transient transmission changes at the 1-+2 frequency, after excitation with the 
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second pump-pulseis due to excitation to the second excited state, whereafter absorption from 
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Figure 8.4: Transient (1-+2)-pump-pulse induced transmission changes at the 1-+2 transi

tion frequency: the logarithm of the transmission with both pump pulses (T wp) normalized to 

the transmission without the second pump (Tnp) fora) acetone and b) chloroform as solvent. 

Data with the second pump and the probe tuned to the peak of the hot band (•) and with 

12 cm-1 detuning to the red (D). The line through the 2873 cm- 1-data (red side of hot band) 

for chloroform is the same the calculation for the 2885 cm- 1 data, scaled to signal amplitude. 

Clearly, the v=2 doesnotrelax to an anharmonically shifted v=l*. 
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The data for CHh in C3D6 0 can he adequately described by numerically solving 
the rate equations for the three-level system, assuming a 2-+1-+0 decay path (see lines 
in Figs. 8.3a and 8.4a). The energy decay time of the 1-+0 transition was determined 
in a separate 2-colour (0-+1)-pump (1-+2)-probe experiment to he 60±5 ps. From the 
width and the amplitude ofthe bleaching signal, the energy decay time T{-+ 1 was found 
to he 10±5 ps. In these calculations the rotational relaxation time was assumed to he 
zero. For CHI3 in CDCh, the data cannot he described by a 2-+1-+0 decay path. 

It could he that, for CHI3 in CDCl3, the decay from v=2 occurs to a level v=1 *, 
where v=l * stands for vcH=1 with other modes within the molecule excited, resulting 
in an anharmonic redshift as described ahove (Fig. 8.2b). If this anharmonic shift is 
sufficiently large, the 1*-+2* absorption shifts out ofthe (1-+2)-probe laser handwidth, 
after deexcitation from 2-+ 1 *, and the transmission of the probe will remain larger 
than without 1-+2 pump pulse at all delays. We checked for this effect hy (1-+2)
pumping and -probing the red side of the hot band (open squares in Fig. 8.4b). In 
this experiment, decay to a v= 1 * state would result in a signa! with a decreased 
transmission at delay times where IVR has, but IET has not yet occurred (.2:; 35 ps), 
as in Fig. 8.2b. It is clear however, from Fig. 8.4h that the data collected at the red 
side of the hot band show the same decay as the data at the peak of the hot band. 
Hence, we can exclude the 2-+1* relaxation path for CHis in CDCb, and conclude 
that relaxation occurs directly from 2-+0*. Prohing the 0-+ 1 transition, no significant 
effect of the second pump pulse was ohserved. This supports the condusion of direct 
relaxation from 2-+0*: It can be expected that the anharmonic shift of the 0* -+ 1 * 
after direct decay from v=2 will he larger than after decay from v=1, permitting the 
v=O* to v=1 * transition to shift out of the laser bandwidth, resulting in a smaller 
signal prohing the 0-+ 1 transition. 

Indeed, the data for CHh in CDCb can he described by calculations assuming 
direct decay of v=2 to v=O (with separately determined to he 125±5ps). The 
calculations for this system indicate two possible ranges of T[-+ 0•, smaller than 12 
ps and between 60 and 100 ps. However, fast decay can be ruled out owing to the 
following considerations: (i) For the fast decay process, our numerical calculations 
predict a smaller effect of the second pump pulse than observed, when prohing the 
1-+2 transition. In contrast, when slow decay is assumed the transmission change due 
to the second pulseis very well reproduced. (ii) Our calculations further show that, for 
fast decay from v=2 to v=O the signalln(Twp/Tnp) prohing the 0-+1 transition would 
be equal to that prohing the 1-+2 transition. For fast decay from v=2 to v=O*, the 
signalln(Twp/Tnp) prohing the 0-+1 transition would he half of that prohing the 1-+2 
transition. For slow decay from v=2 to v=O* the 0-+ 1 signal becomes even four times 
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smaller that the 1-t 2 signal. The data prohing the 0-+ 1 transition are not shown here, 
since no significant 1-+2-pump induced transmission changes could be observed. This 
points to a signal much weaker than that prohing the 1-+2 transition, indicating that 
slow decay occurs from v::::2. The results of calculations assuming slow decay (T:f-+ 0 ' 

= 80 ps) from the second excited state are shown as lines in Figs. 8.3b and 8.4b. 

8.3 The effect of solvent on the relaxation pathway 

Recently, a theoretica! model was developed which describes the effect of intermolecular 
(solute-solvent) interactions on the intramolecular energy transfer in small organic 
molecules. [72] This theory successfully describes the dependenee of the V eH:::: 1 IVR 
relaxation rate on solvent. The theory prediets that the rate of IVR is determined 
by (i) the anharmonic coupling matrix element (describing the anharmonic coupling 
between the C-H stretching mode and the accepting modes, which are excited upon 
de-excitation of the C-H stretching mode), (ii) the energy difference between the C-H 
stretching mode and the combination of anharmonically coupled accepting modes (a 
measure of how good the energy match, or resonance, is) and (iii) the width of the 
absorption lines associated with vibrational transitions in the molecule (a measure of 
how important perfect resonance is). In the third lies the solvent-effect: the solvent 
in:fluences the relaxation rate by in:fluencing the transition energy distributions (i.e. the 
width of the absorption lines). Broader lines will imply larger possible overlap of the 
original mode with accepting mode combinations, resulting in faster decay. 

Gomparing the 2-+1 to the 1-+0 relaxation, the first and the last effects will increase 
the relaxation rate for both solvents, since (i) the v=2 wavefunction will be more spread 
out than the v=l, increasing the anharmonic coupling and (ii) as shown in Fig. 8.2, 
in both solvents the 1-+2 absorption line is equally broadened compared to the 0-t 1 
absorption line. However, the fact that in CDCla relaxation from v=2 occurs directly to 
v=O shows that in this case the 2-tl relaxation is very slow, and probably even slower 
than the 1-tO relaxation. Apparently, the energy mismatch is large for the 2-t 1 process 
compared to the 1-tO. For the two solutions discussed in this Chapter one would 
expect similar intramolecular anharmonic couplings. Also, the energy mismatches are 
expected to be quite similar ( although it must be noted that the solvent de termines 
the exact position of the (0-+1) and the (1-+2) transitions, as can beseen in Fig. 8.1). 
Therefore, differences in relaxation paths and rates must be mainly due to differences 
in energy-mismatch compensation capacity of the solvent. In principle, the solvent 
effect on the energy-mismatch compensation is twofold: The solvent affects both the 
width of the C-H stretching mode and the width of low-frequency modes within the 
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molecule, which act as accepting modes in the relaxation process. 
The hot band of CHh in C3D50 is very broad (Fig. 8.2a), indicative of the ability 

to compensate for large energy mismatches. This explains that in C3Ds0 the 2--t 1 
relaxation can occur, despite a large energy mismatch. Due to this large mismatch, the 
2--t 1 relaxation for CHls in CDCls is very slow. As a consequence, the 2--tO relaxation 
becomes the dominant relaxation path, in spite of the fact that the anharmonic coupling 
can be expected to be much smaller for this transition. However, the direct 2--tO process 
can become relatively efficient, due to a small energy mismatch between the mode and 
the combination of accepting modes. It is unknown which specific low-frequency modes 
act as accepting modes, but when a larger amount of energy has to be disposed of, more 
low-frequency mode combinations are resonant with the energy: The low-frequency 
modes within the CHI3 molecule [161] show that, with four accepting modes there is 
only one combination that lies within 100 cm- 1 ofthe (1--+0) transition. For the (2--tO), 
with eight accepting modes, there are six possible relaxation channels within 100 cm- 1 

of this transition. 
Obviously, the 2--tO process could also occur for CHI3 in C3D50, presumably with a 

rate similar to that of the 2--tO transition in CDCls, since apparently for this transition 
there is no necessity for compensating large energy mismatches. However, the rate will 
be negligible compared to the 2--t 1 relaxation rate, and the 2--tO process is therefore 
not observed in the experiment. 

Summarizing, the 2--t 1 process requires a large energy-mismatch compensation 
from the solvent, readily obtained from the acetone, but not from the chloroform. 
In chloroform, direct relaxation to the ground state becomes the principal relaxation 
pathway. 

8.4 Conclusions 

We have succeeded in resonantly dimhing the vibrational ladder of the C-H stretch 
vibration in CHI3 to the second excited state. The decay from this state depends 
crucially on the solvent. For a strongly polar solvent decay from v=2 first occurs to 
v=1, whereafter the first excited state decays to the ground state. For a less polar 
solvent, direct decay to the ground state is the dominant relaxation pathway. The 
difference is qualitatively explained in termsof energy-mismatch compensation by the 
solvent in the IVR process; apparently, for the v=2 to v=l decay process, there is 
a large energy-mismatch between the energy associated with this transition and the 
combination of the anharmonically coupled accepting modes. In case of a strongly 
pol ar sol vent ( acetone), this energy mismatch is easily com pensated for, resulting in 



124 Chapter 8 

the 2-tl-+0 relaxation route. In a less polar solvent (chloroform), energy-rnisrnatch 
cornpensation is not so efficient and direct decay frorn v=2 to v=O occurs. 
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Sumn1ary 

Infrared spectroscopy is a widely applied tool in catalysis research, since vibrational 
spectra of catalysts, adsorbates (reactants) and probe molecules contain information 
on e.g. catalyst structure and microscopie adsorption configurations. In this thesis, 
time-resolved (picosecond) non-linear infrared spectroscopy is applied to study the 
vibrational dynamics of the catalytic sites in acidic zeolites, the interaction of these 
sites with adsorbates, and the vibrational dynamics of the adsorbates themselves. In the 
experiments, a specific vibration of the zeolite or the adsorbate is resonantly excited by 
means of an infrared laser pulse. The subsequent relaxation process can be monitored 
real-time by a second, non-perturbing, probe pulse. 

From the vibrational relaxation rates of the 0-D stretch vibration of deuterated 
zeolite hydroxyls, information about the local environment of these hydroxyls in dif
ferent zeolites can be obtained: For hydroxylsin several zeolites the relaxation rate is 
found to vary within the absorption band of the 0-D stretch vibration. This is caused 
by hydragen bonding between the hydrogen atom of the hydroxyl and oxygen atoms 
in the zeolite lattice. Similarly, the presence of weakly bound (hydrogen-bonded) ad
sorbates greatly enhances the vibrational relaxation rate. The excess vibrational energy 
is not used to break this hydragen bond, nor is any of the energy transferred to the 
adsorbate. The bulk of the energy is still transferred to the zeolite lattice. It is further 
demonstrated that upon relaxation, the excess energy is very rapidly delocalized over 
the whole zeolite lattice and converted into heat. 

Non-linear spectroscopy is particularly enticing when different (time-resolved) res
ults are obtained for systems with identical linear absorption spectra. In this thesis, 
two such cases are encountered. In the first case, two similar linear absorption lines 
of the zeolite 0-D stretch vibration are caused by hydrogen bonding to two different 
hydragen bond acceptors, namely oxygen atoms in the zeolite lattice and simple ad
sorbates. The non-linear technique reveals that the homogeneaus linewidths hidden 
under the inhomogeneous absorption bands differ by over an order of magnitude: The 
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homogeneaus dephasing mechanism (and its rate) is determined by the type of hydra
gen bond. The dephasing mechanism can be elucidated by variation of the adsorbate. 
In the second case, of methanol clusters in zeolites and solution, the conventional ab
sorption spectra are also very similar. The response to infrared excitation of an 0-H 
stretch vibration of a hydroxyl group within a cluster is very different. lnitially in bath 
systems relaxation of the excitation leads to fragmentation of the cluster. This process 
occurs much faster in salution than inside the zeolite. Although the clusters in salution 
are found to be quite resilient (re-association of the fragments occurs very rapidly), 
in the zeolite the re-association process is over two orders of magnitude slower. These 
findings can be understood by noting the different microscopie environments of the 
methanol clusters. 

Furthermore, the non-linear spectroscopie technique is employed to investigate the 
reactive system of methanol adsorbed to acid zeolites. Acid zeolites are widely applied 
industrially to catalyze the methanol-ta-gasoline reaction. The equilibrium between 
two adsorption structures can be temporarily shifted towards the more reactive of the 
two complexes by excitation with picosecoud infrared pulses. The dynamics of the 
conversion are dictated by the the large anharmonicity of the hydragen bond between 
the methanol and the reactive (Br~nsted) site. 

Finally, a novel experimental scheme is introduced that allows for the investiga
tion of vibrational relaxation (rate and pathway) from the second excited state. These 
pump-pump-probe experiments demonstrate that for small organic molecules, interac
tions with the solvent play a crucial role in the relaxation process, dictating not only 
the relaxation rate, but even the relaxation pathway. 



Nawoord 

Ik heb de afgelopen jaren met veel plezier onderzoek gedaan. In eerste instantie wil 
ik daar mijn promotores Rutger van Santen en Aart Kleyn voor bedanken vanwege 
alle mogelijkheden die ze me gaven en de grote vrijheid die ik kreeg. Jullie beider 
enthousiasme werkte keer op keer aanstekelijk. 

Marco Brugmans heeft me ingewijd in de geheimen van de tijdsopgeloste infrarood 
spectroscopie en onze opstelling PUPIL. Zonder Marco was het lang niet zo snel en 
goed gegaan. Mijn dank hiervoor. 

Huib Bakker kwam halverwege mijn promotie terug op het AMOLF. Als ik super
latieven wil vermijden, moet ik volstaan te zeggen dat onze samenwerking inspirerend 
en leerzaam voor me was. Met Huib kwamen Uli 'non-linear opties' Emmerichs en 
Sander Woutersen ("Je weet het niet; je weet het nooit. Ik neem nog 'n Brownie."). 
Ook zij hebben ~ieder op geheel onnavolgbare wijze- veel bijgedragen aan dit proef
schrift. Ik zal de groep vibratie-dynamica missen. 

De technische ondersteuning van Er ik Rossen was onmisbaar. Richard Schaafsma, 
Frans Giskes, Rob Kernper en de mannen van de werkplaats stonden ook altijd klaar. 
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jammer dat je er zo laat achterkwam!), in Nieuwegein Paul en Nils, en in Eindhoven: 
Solange, Jos, Annemieke, en alle anderen die ik hier vergeet. 

Mijn vriendjes willen dat ik hier schrijf dat ik het zonder hen nooit had kunnen 
klaarspelen. Waar ze het precies over hebben, weet ik niet, maar goed: Bij deze. 

Rob en Tineke, mijn ouders, hebben me voortdurend ondersteund en schaamteloos 
verwend. Rob wil ik bijzonder bedanken voor het corrigeren van de eerste versie van 
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STELLINGEN 

bij het proefschrift 

Picosecond nonlinear infrared spectroscopy in zeolites and 
salution 

1. De bewering van M. Broquier et al. dat het niet mogelijk zou zijn om uit 
hun ver-infrarood pomp-probe metingen de levensduur T1 te bepalen, 
is onjuist. Een bepaling van T1 was wel mogelijk geweest als de auteurs 
hadden onderkend dat de gemeten signalen sterk worden beïnvloed door 
coherente koppelings- en vibron-polariton propagatie effecten. 

M. Broquier et al., Opties Commun. 118, 255 (1995). 

2. Yarwood et al. concluderen ten onrechte dat uit het lineaire infra
rood absorptie-spectrum van de hoogfrequente X-H strek mode van 
een waterstof-gebrugd X-H· · ·Y systeent, de frequentie van de laagfre
quente waterstofbrug mode vastgesteld kan worden. 
J. Varwood et al., Nature 257, 41 (1975). 

3. Het defaseren van de hoogfrequenteX-Hstrek mode van een waterstof
gebrugd (X-H· · 'Y) systeem door interactie met de waterstof brug, 
hangt sterk af van het type waterstofbrug. 

4. De dispersierelatie van geluidsmodes in colloïdale suspensies kan een
voudig begrepen worden in de limieten k-.0 en k-+oo. De indirecte 
theoretische beschrijving van Jing et al. geeft wel informatie over de 
toestandsdichtheid voor alle k, maar geen fysische inzichten in de aard 
van de modes, ook niet in de limietgevallen. 
X. Jlng et al., Phys. Rev. Lett. 66, 1240 (1991). 

5. De amplitude van het electromagnetische veld van parametrisch gegene
reerd incoherent infrarood licht kan niet worden beschreven als een 
gaussisch stochastisch proces. 



6. Het afval van AlgemeneVuilverbrandingsInstallaties (A VI-vliegas) is 
volgens de samenstellingsgegevens altijd gevaarlijk chemisch afval. Dat 
AVI-vliegas al jaren via speciale ontheffingen hergebruikt mag wor
den -bedongen door sterke en bekwame lob bies- houdt risico's in voor 
toekomstige generaties. 

7. Niet-lineaire optica is niet alleen niet-lineair in het electro-magnetische 
veld. 

8. 'Supposing a tree feil down, Pooh, when we were underneath it' 
'Supposing it didn't' said Pooh after careful thought. 

A.A. MiJne, 'The House at Pooh Corner' 

9. Een gat is Niets, omgeven door Iets. Het Niets bestaat dan ook alleen 
maar bij gratie van het het Iets, en andersom. Als er alleen Niets zou 
zijn, zou er niets meer zijn. Zelfs geen gaten. En zeker geen filosofie. 

vrij naar: K. Thcholsky 

Mischa Bonn 
Amsterdam, 13 november 1996 


