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Chapter 1   

General Introduction

In-situ spectroscopy for heterogeneous catalysis

Heterogeneous catalysts are solids, which are of fundamental importance in (petro-) 
chemical, pharmaceutical and environmental industries. The majority (> 85%) of all 
chemicals and transportation fuels have come into contact with at least one catalyst 
material during their manufacturing process. Catalysts facilitate a chemical reaction 
by lowering the energy barrier of the reaction pathway and thereby increasing the 
reaction rate.[1-6] In order to design new and better catalysts, it is essential to obtain 
a thorough understanding of their working principles. In the last decades, many 
efforts have been made to unravel reaction mechanisms, to determine the nature 
of the catalytically active sites and to reveal the relation between the structure and 
function of the catalyst. 

Spectroscopic techniques are commonly employed as a key tool for the 
characterization of catalytic materials.[7-10] Spectroscopy (spectrum (latin) - an 
appearance and skopein (greek) - to view) can be used to determine identity, 
quantity, structure, and the environment of atoms, molecules, and ions by analyzing 
the radiation emitted or absorbed. In general, spectroscopic methods applied in the 
field of heterogeneous catalysis are mainly based on the interaction of matter with 
electromagnetic radiation (light), ranging from radio- and microwaves through 
infrared, visible and ultraviolet light to X-rays. The electromagnetic spectrum 
classified in commonly known wavelength regions is presented in Figure 1.1. Many 
valuable surface science techniques (e.g. XPS and Auger spectroscopy), electron 
microscopy techniques (e.g. TEM and SEM) as well as diffraction and scattering 
techniques (e.g. XRD, SAXS and WAXS) exist, which can be used to characterize a 
heterogeneous catalyst.
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Figure 1.1. Electromagnetic spectrum showing the different wavelength regions.

Conventional spectroscopic studies focus on the different stages of the 
catalyst lifecycle, i.e. synthesis, calcination, activation, reaction, deactivation and 
regeneration, under ambient conditions (atmospheric pressure, room temperature) 
and most importantly outside of the reactor. Although interesting information can 
be obtained from examination of data recorded under these static conditions, no 
insight into the chemical processes occurring under dynamic conditions is revealed. 
More specifically, information on the catalyst measured before and after reaction 
does not provide sufficient knowledge on the behaviour of the catalyst in the course 
of the catalytic action. In order to overcome these difficulties, catalytic reactions can 
be quenched to room temperature before measuring the active catalyst. However, 
a major drawback of this approach is the possibility that the catalytic material is 
restructured during immediate cooling. 

A solution was found in the development of in-situ spectroscopic techniques, 
allowing to continuously monitor processes that occur during the catalytic reaction 
and track physicochemical processes taking place in a catalyst in real-time under 
working conditions, e.g. at elevated pressures and temperatures, in the gas and liquid 
phase.[11] This approach is schematically illustrated in Figure 1.2. The first report on 
the use of in-situ spectroscopy dates back to 1954 where the group of Eischens used 
infrared (IR) spectroscopy to study the interaction of ammonia with SiO2-Al2O3 and 
the interaction of carbon monoxide with different supported metals, e.g. platinum, 
palladium, nickel, and copper.[12, 13] From 1954 to 1980 only a few papers per year 
appeared in the literature reporting on in-situ spectroscopy. In the last two decades, 
there has been a tremendous increase in the number of techniques and applications 
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More recently, instrumental developments combining different spectroscopic 
techniques in one spectroscopic cell have emerged.[27, 28] These advances offer multiple 
opportunities to accomplish a more comprehensive understanding of catalytically 
relevant systems.  The key advantage of such a multi-technique approach originates 
from the acquisition of spectroscopic and catalytic data from the same catalyst 
system with assured identical reaction conditions. The first spectroscopic techniques 
combined in one catalytic set-up are X-ray diffraction (XRD) and X-ray absorption 
spectroscopy (XAS), pioneered by the groups of Thomas and Topsøe, respectively.
[19, 29-33] In the years thereafter, many promising combinations of two or more 
spectroscopic techniques to study catalytic reactions in-situ have been reported in 
the literature. Most combinations involve the use of vibrational (IR, Raman) and 
electronic (UV-VIS-NIR) spectroscopy, but also magnetic resonance (NMR, EPR) and 
X-ray spectroscopic techniques are commonly employed.[10, 34-38] Examples include 
UV-VIS/Raman[39-41], Raman/IR[38, 42], EPR/UV-VIS[43], Raman/UV-VIS/XAS[44] and 
SAXS/WAXS/EXAFS[45]. 

Figure 1.2. Schematic representation of an in-situ spectroscopic approach, allowing to monitor 
catalytic processes taking place within a heterogeneous catalyst.

of in-situ spectroscopy in the field of heterogeneous catalysis. Nowadays, in-situ 
spectroscopic methods are commonly used to obtain mechanistic insight in the active 
sites and the related reaction mechanisms for a variety of catalytic systems.[11, 14-26] 

h
detector

reactants in

products out

reactor loaded with 
  a catalytic solid



10

Chapter 1

Until recently, it was often assumed that heterogeneous catalysts are 
spatially homogeneous. However, space-resolved measurements, e.g. as function 
of catalyst bed height, revealed temperature and product differences for distinct 
positions within the catalyst bed.[46, 47] These gradients are frequently encountered on 
different length scales, i.e. at the level of catalytic reactors (m to mm), within catalyst 
extrudates and particles (mm to μm) as well as on the atomic scale (nm to Å). As 
a consequence, a crucial pitfall for most characterization tools is the lack of space-
resolved information. This leads to incorrect interpretations of results obtained for 
non-homogeneous catalyst systems. Therefore, the development of spectroscopic 
techniques with higher spatial resolution to monitor spatial heterogeneities within 
an individual catalyst particle would be an essential necessity.[48, 49]  

Micro-spectroscopic techniques could overcome these limitations imposed 
by conventional spectroscopic techniques making multi-dimensional measurements 
(2-D/3-D) on individual catalyst particles and grains feasible. In the field relevant to 
heterogeneous catalysis, one of the first examples include the use of a) IR microscopy 
to analyze the elemental distribution of boron in B-ZSM-5[50] and b) the use of Raman 
micro-spectroscopy to study the spreading of the MoO3 active phase on an Al2O3 

surface.[51] Although the development of these two micro-spectroscopic techniques 
have proven to be powerful methods for the characterization of catalysts having 
mm to μm dimensions, the spatial resolution in the order of few tens of microns, still 
limits the scope of possible characterization studies. Therefore, they do not allow 
to obtain spatial insight into the catalytic processes taking place within individual 
catalyst particles down to micrometer or even nanometer length scale. For that 
purpose, novel micro-spectroscopic techniques should be developed to provide the 
catalyst scientist with spatial resolutions brought eventually to diffraction-limited 
values.[48, 49] 
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Scope and outline of the PhD thesis

In this PhD thesis, the development of in-situ micro-spectroscopic techniques to 
study spatial heterogeneities of reactants, reaction products, catalytic activity and 
pore architecture with micrometer resolution within an individual catalyst particle 
is attempted. For this purpose, micron-sized zeolite crystals have been used as 
model systems. Zeolites are crystalline aluminosilicates containing a well defined 
porous network along with strong acidity. They are one of the most important 
catalyst materials in modern chemical industry. Therefore, gaining insight in the 
spatial heterogeneities within these catalyst particles is of paramount importance to 
their further development. Zeolite ZSM-5 crystals with the MFI topology, i.e. with 
a two-dimensional pore structure, will be used as a guideline throughout this PhD 
thesis to demonstrate the capabilities of the developed in-situ micro-spectroscopic 
approaches to investigate individual catalyst particles in great detail. 

Before focussing on the space- and time-resolved catalytic activity within an 
individual ZSM-5 zeolite particle it is important to obtain a profound understanding 
on its intrinsic properties. To achieve this goal, in Chapter 2 an innovative 
approach is presented, based on the combination of focused ion beam milling, 
electron backscatter diffraction, confocal fluorescence microscopy, transmission 
electron microscopy lamelling and diffraction, atomic force microscopy and X-ray 
photoelectron spectroscopy. Based on this experimental approach, applied to 18 
different MFI-type zeolite crystals differing in their morphology, a general consensus 
on the presence of internal and outer surface barriers as well as on the different 
intergrowth structures reported in literature could be attained. 

The development of an in-situ characterization technique based on UV-Vis 
micro-spectroscopy, allowing measurements with micrometer spatial resolution 
is described in Chapter 3. Herein, the acid-catalyzed oligomerization of styrene 
derivatives is used as model reaction to study the space and time-resolved catalytic 
activity within an individual zeolite ZSM-5 crystal. Spectral changes observed as 
function of concentration, reaction time and polarization angle have been correlated 
with the intergrowth structure of the individual zeolite ZSM-5 crystals and related 
internal diffusion barriers. Explanation of the observed spatial inhomogeneities has 
been attempted based on a pore blockage model. 

In Chapter 4, confocal fluorescence microscopy is added as a technique 
to study the catalytic oligomerization of styrenes, as described in Chapter 3. The 

General Intoduction
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complementarity of the combined UV-Vis and fluorescence micro-spectroscopic 
approach is demonstrated. Insight into the kinetics of the styrene oligomerization 
reaction is obtained by examination of differently substituted styrene derivatives 
with the UV-Vis micro-spectroscopic set-up, illustrating geometry and transitions 
state selectivity effects. Confocal fluorescence microscopy measurements revealed 
the dependency of the three-dimensional product distribution on the styrene 
reactivity and the internal architecture of the individual zeolite ZSM-5 crystals.  

In the experiments described in Chapter 5, synchrotron-based IR micro-
spectroscopy is introduced as an indispensable micro-spectroscopic technique 
allowing chemical specific multi-dimensional and high-resolution information 
during the acid-catalyzed styrene oligomerization reaction. This approach is 
presented as a label-free chemical imaging method. Based on spectral information, 
the disappearance of reactants and formation of reaction products in the course of 
the catalytic action could be revealed. Spatially resolved information along with the 
obtained chemical sensitivity for both reactant and reaction products demonstrate 
that this approach is an important add-on to the micro-spectroscopic approaches 
described in the previous chapters. 

In Chapter 6, multiplex coherent anti-Stokes Raman scattering micro-
spectroscopy is used to measure three-dimensional, high-resolution chemical maps 
of the spatial distribution of reactant molecules within individual zeolite ZSM-5 
crystals. Its combination with synchrotron-based IR micro-spectroscopy makes it 
a powerful tool to provide insight into the reaction pathways for the conversion 
of thiophenes. Spectral evidence was given for interaction of thiophene with the 
zeolite framework followed by an opening of the thiophene ring to form “thiol-like” 
carbocationic reaction products, which are aligned within the straight pores of the 
ZSM-5 zeolite crystals. Accumulation of reactant and reaction products in certain 
regions of the ZSM-5 crystals was evidenced. 

The findings in Chapter 6 are reinforced by the experiments described in 
Chapter 7. Herein, X-ray absorption micro-spectroscopy is added to the arsenal 
of micro-spectroscopic techniques, allowing chemical mapping of the distribution 
of sulfur, investigating the surroundings of sulfur in the zeolite framework and 
providing additional evidence for the formation of particular reaction products. 
The combination of UV-Vis and confocal fluorescence microscopy reveals spatial 
heterogeneities of reaction products and their alignment within an individual zeolite 
ZSM-5 crystal. 
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Chapter 2

Morphology Dependent MFI-type Zeolite 
Intergrowth Structures Leading to Distinct Internal 

and Outer Surface Molecular Diffusion Barriers‡

‡Marianne Kox and Lukasz Karwacki equally contributed to this work and therefore this Chapter will 
be part of both PhD theses. 

A wide range of MFI-type zeolite crystals differing in their morphology and 
chemical composition has been investigated using a novel approach, correlating 
confocal fluorescence microscopy with focused ion beam milling, electron 
backscatter diffraction, transmission electron microscopy lamelling and diffraction, 
atomic force microscopy and X-ray photoelectron spectroscopy. A unified view 
on the morphology-dependent MFI-type intergrowth structures is demonstrated 
and evidence for the presence and nature of internal and outer surface barriers for 
molecular diffusion is provided. It has been found that internal surface barriers not 
only originate from a 90º mismatch in structure and pore alignment, but also from 
small angle differences of 0.5-2º for particular crystal morphologies. In addition, 
outer surface barriers appear to be composed of a silicalite outercrust with a thickness 
varying from 10-200 nm. 

Abstract
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1. Introduction

Important industrial catalysts include metals, zeolites, transition metal oxides and 
organometallic complexes. Their primary properties are activity, selectivity and 
stability. In modern industry, zeolites are among one of the most widely used 
heterogeneous catalysts, e.g. for oil refining, petrochemistry and organic synthesis 
in the production of bulk and fine chemicals. Their widespread applications in 
catalysis can be attributed to important specific properties of zeolites: 1) high surface 
area and adsorption capacity, 2) presence of strong Brønsted acid sites, 3) molecular 
shape selectivity, as well as 4) high thermal and hydrothermal stability. In 1765, 
Axel Frederik Crønstedt discovered the first naturally occurring zeolite mineral 
stilbite, which lost considerable quantities of water upon heating. Because of that 
observation, the material was named zeolite, after the Greek zeo (to boil) and lithos 
(stone). In the late 1940’s, the first synthetic zeolite was successfully prepared and 
nowadays over 180 natural and synthetic zeolites are known.

Zeolites are hydrated, microporous crystalline aluminosilicates consisting 
of SiO4 and AlO4 tetrahedra. Their framework is built by linking these units 
via a common oxygen ion. The charge difference for Si (4+) and Al (3+) results 
in a negative net charge of the network, which is neutralized by the presence of 
exchangeable cations, e.g. Na+ and Ca2+. In case of a proton, strong Brønsted acidity 
will be introduced (Figure 2.1a). Linkage of the tetrahedra by their corners gives 
rise to secondary building units, forming a porous matrix. The resulting framework 
structure may contain linked cages, cavities or channels. Dependent on the number 
of linked tetrahedra constituting the pore entrance, small, medium and large pore 
zeolites exist, with varying pore sizes, typically between 3 and 10 Å. 

Zeolite ZSM-5 possesses the MFI-type topology. This indicates that they 
are characterized by a two-dimensional pore network formed by two types of 10-
membered ring channels, namely, intersecting elliptical 5.3×5.1 Å straight pores and 
5.6×5.3 Å zigzag pores[1] which allow molecules to diffuse in three dimensions. This 
is illustrated in Figure 2.1b,c. MFI-type zeolites are one of the most important solid 
acid catalysts and play a crucial role in e.g. fluidized catalytic cracking, the alkylation 
of aromatics and toluene as well as in the oligomerization of light olefins.[1-5] 

In order to understand the catalytic properties, it is essential to obtain 
fundamental knowledge on the internal architecture, potential diffusion barriers and 
surface characteristics. A popular strategy is to investigate large zeolite crystallites 
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in the order of tenths of micrometers, which are well-defined, ordered, and 
reproducible and can be used as model systems for diffusion and catalysis studies.
[2-4] However, this task is complicated by the complex structure of zeolite crystals 
comprising several intergrown building blocks. The presence of such a complex 
overgrown structure of MFI-type zeolites has first been proposed by Price et al. on 
the basis of X-ray diffraction results.[5] Later, Weidenthaler et al. have suggested 
from optical microscopy studies that ZSM-5 crystals are not single crystals but 
intergrown twins, composed of two types of subunits with different morphology.[6] 
This conclusion has further been supported by light microscopy of iodine adsorbed 
at the intracrystalline boundaries, i.e. the interfaces between particular sections of 
the crystal.[3] In addition, the MFI-type crystal growth has been investigated using 
Atomic Force Microscopy (AFM).[7] Here, it was observed that the terrace structures 
on the (100) and (010) planes are different and a model involving three distinct 
volume pairs was presented. 

Despite numerous studies aimed at the elucidation of the internal structure of 
MFI-type crystals and the related molecular diffusion barriers, no general consensus 
has been reached thus far. Remarkably, the morphology of MFI-type crystals 
reported in the literature varies from one study to another. Certain crystals seem 
to be optically perfect, while others show cracks, possibly related to the presence of 
intergrowths. The coffin-shaped MFI-type morphology has been broadly studied 
and thus far two different models have been put forward, as schematically illustrated 
in Figure 2.2. The first one (Figure 2.2a) describes the crystal as a 90° intergrowth 
having six subunits and is denoted as the two-component model.[5, 8, 9] The second 

Figure 2.1. a) The primary building units of a zeolite material displaying a Brønsted acid site; 
b) MFI-type zeolite framework, displaying the 10-membered pore entrances; and c) Channel 
alignment within a MFI-type zeolite, illustrating the presence of straight pores of 5.3×5.1 Å, 
which are intersected by zigzag pores having dimensions of  5.6×5.3 Å. 
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model (Figure 2.2b) suggests three types of components in the crystal body, denoted 
as the three-component model.[7, 10-12] As a consequence, these distinct models impose 
a difference in the pore geometry in different regions of a crystal, having enormous 
impact on molecular diffusion and resulting catalytic reactivity. 

In this Chapter, a detailed account on the characterization of individual MFI-
type zeolite crystals is presented, elucidating the correlation between morphology, 
intergrowth structure and the presence of internal and external diffusion barriers. In 
addition, it is attempted to find a more general consensus on the debated views of 
the MFI-type intergrowth structure. To achieve this goal, an innovative correlative 
approach is employed, based on confocal fluorescence microscopy, Focused Ion 
Beam (FIB) milling and Electron Backscatter Diffraction (EBSD), Transmission 
Electron Microscopy (TEM) lamelling and diffraction, Atomic Force Microscopy 
(AFM) and X-ray Photoelectron Spectroscopy (XPS).  
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Figure 2.2. “Exploded” representation of a) Two-component; and b) Three-component models 
of coffin-shaped zeolite ZSM-5 crystals. Orientations of crystal axes in the individual subunits 
are given. Subunits in the two-component models are denoted I–VI. The straight pores align 
with the b crystal axis, whereas the zigzag pores extend along the a crystal axis.
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2. Experimental

2.1. Materials

In Table 2.1 all 18 examined MFI-type crystals are listed displaying their aspect 
ratio, dimensions and Si/Al ratio. Scanning electron microscopy (SEM) images of 

Table 2.1. Overview of the investigated MFI-type crystals. The four crystals used as showcase 
are listed as (A-D).  Small case letters indicate to which parent intergrowth group (A-D) 
they belong. Si/Al ratios were determined by energy-dispersive X-ray (EDX) analysis in 
combination with SEM.

Sample Aspect ratio
(L/W)

Crystal Dimensions 
L×W×T  (µm)

Si/Al ratio
(from EDX)

Type Number

A I 4.80 100×20×20 ~ 20

B II 4.60 50×11×11 over 2000

c III 3.50 195×55×55 over 2000

c IV 2.80 205×75×75 over 2000

c V 2.40 260×110×110 42

c VI 2.20 280×130×130 24

c VII 2.15 200×90×90 42

c VIII 1.90 80×40×40 10

c IX 1.90 125×60×60 45

c X 1.85 90×50×50 12

c XI 1.85 130×70×70 45

c XII 1.75 210×120×120 24

c XIII 1.65 60×35×35 36

d XIV 1.60 145×90×90 18

c XV 1.60 125×75×75 50

D XVI 1.60 115×70×70 40

c XVII 1.20 12×10×10 over 2000

C XVIII 1.15 70×60×60 24
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the MFI-type crystals are presented in Figure 2.3. The crystals were synthesized 
following a procedure elaborated for growing large crystals having a MFI-type 
structure (for details see the original recipe in [13]). The standard composition of the 
reaction gel (as the formal molar oxides ratio) was 90 SiO2 : 1 Al2O3 : 12 Na2O : 
2100 H2O : 9 TPABr, where TPABr denotes tetrapropylammonium bromide, used 
as the structure directing agent (template). Crystals XVIII were prepared with 
tetrapropylammonium hydroxide in the same amount. The silicalite-1 samples 
III and IV where synthesized without Al compound, while the gel for sample IV 
contained only 1000 H2O. The SiO2 source was Ludox AS40 and Al2O3 was taken as 
hydrargillite. The sodium salt was mostly NaHCO3, except Na2HPO4 for samples 
VI and VIII, Na3PO4 for XIII, Na2SO4 for XII, and Na2SO3 for XIV. Samples III, 
VIII, and XVIII were synthesized with addition of methanol to the reaction gel (9, 
9 and 20 moles, respectively). The hydrothermal treatment of the reaction gels was 
performed without stirring at 456 K in stainless steel autoclaves with Teflon inlays 

Figure 2.3. SEM microphotographs of the MFI-type crystals under study, listed according to a 
decreasing aspect ratio. Scale bar represents: 10 μm for crystal I, 5 μm for crystal II, 25 μm for 
crystals III and IV, 40 μm for crystal V, 50 μm for crystal VI, 40 μm for crystal VII, 20 μm for 
crystal VIII, 20 μm for crystal IX, 10 μm for crystal X, 30 μm for crystals XI and XII, 15 μm for 
crystal XIII, 30 μm for crystal XIV, 25 μm for crystals XV and XVI, 2 μm for crystal XVII and 
10 μm for crystal XVIII (see Table 2.1 for the exact dimensions).

I II III IV V VI

VII VIII IX X XI XII

XIII XIV XV XVI XVII XVIII
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for 5 to 12 days. The products were recovered by standard filtration, washing, and 
drying at approximately 400 K overnight. The raw materials for the synthesis of 
crystals I were (1) Ludox AS40, (2) TPABr (Fluka), (3) Al2(SO4)3.18H2O (Baker) and 
(4) NH4OH (29%), with molar compositions of: 6.65 (NH4)2O / 0.67 TPA2O / 0.025 
Al2O3 / 10 SiO2 / 121 H2O. For synthesis, (1) and (2) were mixed, consequently (3) 
was added and mixed for 5 min, followed by addition of (4) and mixing for ~7 min. 
Subsequent heating was carried out 2 hrs to 453 K (7 days soak time under static 
conditions), followed by washing and drying at 393 K for 12 h.
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Figure 2.4. Schematic representation and photographs of a) The confocal fluorescence 
microscopy set-up. Laser light is focused onto the sample and the fluorescence is collected by 
the microscope objective. Scattered light is cut off by a dichroic mirror. Pinholes in the optical 
path ensure that the out-of-focus light is eliminated; and b) The in-situ spectroscopic cell used 
for the microscopic measurements, allowing to create controlled conditions for the reaction 
under investigation.
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2.2. Methods

2.2.1. Confocal fluorescence microscopy
The confocal fluorescence microscopy set-up is based on a Nikon Eclipse LV150 
microscope with a 50×0.55 NA dry objective. Measurements were performed using 
a Linkam FTIR 600 in-situ spectroscopic cell equipped with a temperature controller 
and mounted to the fluorescence microscope. Photographs of the microscopic set-
up and the in-situ cell along with schematic representations are presented in Figure 
2.4.  For typical measurements, as-prepared samples were placed the in-situ cell and 
heated under a N2 stream (20 ml/min), first to 500 K with a ramp of 10 K/min and 
then to 780 K (5 K/min ramp). Consequently, the samples were immediately cooled 
to room temperature. Confocal images were acquired with a Nikon D-Eclipse C1 
head equipped with three lasers (405 nm, 488 nm and 561 nm). The emission was 
detected with three photomultiplier tubes in the range 425-475, 510-550 and 575-
635 nm for the three lasers, respectively (in order to avoid channel overlap). Full 
stacks of the confocal slices were used to reconstruct the three-dimensional spatial 
distribution of the fluorescent species in the individual MFI-type zeolite crystals. 

2.2.2. Electron backscatter diffraction and focused ion beam milling
FIB-EBSD measurements were performed on the Dualbeam (Nova Nanolab600, FEI); 
a combination of a SEM and a gallium ion beam. The set-up is shown in Figure 2.5. 
Zeolites have extremely low densities (under 2 g/cm3), are made of light elements 
and are poor electron scatterers. In order to prevent amorphization of the milled 
surface FIB milling experiments were performed using low beam energies (typically 
5 kV) and ion currents of 8.4 nA and 1 nA for rough milling and polishing of the 
surface, respectively. Furthermore, milling was performed parallel to the surface of 
interest, as conventional top-down resulted in complete amorphization. The electron 
beam conditions used to obtain the diffraction patterns were acceleration voltage: 30 
kV and current: 0.63 nA. Since zeolites give rise to rather weak diffraction patterns, 
indexing of the recorded diffraction patterns has been performed manually, using 
an orthorhombic ZSM-5 structure. 

2.2.3. Lamella preparation and transmission electron microscopy measurements
The preparation of a TEM lamella has been done using the Dualbeam set-up. In a 
first step, parts of a zeolite crystal were milled off, followed by attachment of the 
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remainder to an Omniprobe, using Pt deposition. Consequently, the lamella was 
mounted on a TEM grid and secured using Pt deposition. Finally, certain parts of the 
lamella were milled off to obtain regions of 100 nm thickness using a beam energy of 
5 kV and ion current of 70 pA. TEM measurements were conducted in a FEI 200kV 
FEG microscope, using a double tilt holder, with bright field diffraction contrast 
imaging and selected area diffraction patterns (SADP) collected from areas of a few 
microns in diameter.  All images and diffraction patterns were recorded digitally 
with a CCD camera. 

2.2.4. Atomic force microscopy
AFM measurements were performed on a Nanowizard II AFM from JPK Instruments. 
All images were recorded in intermittent contact mode using high aspect ratio 
silicon tips (Veeco probes) with a nominal tip radius < 10 nm. In order to prevent 
the crystals from moving, they have been mounted in a polymeric Crystalbond 509 
resin on a glass slit and placed under a Xiovert 200, Zeiss inverted microscope. The 
entire crystal surface was measured in several steps, varying the scanned area from 
15 × 15 µm to 0.5 × 0.5 µm. The individual images have been reconstructed into one 
image using JPK processing software. 

Morphology Dependent MFI-type Zeolite Intergrowth Structures Leading to Distinct Internal and 
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Ion Electron
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Figure 2.5. a) Photograph of the experimental Dualbeam microscope set-up; and b) Photograph 
taken inside the vacuum chamber of the DualBeam, illustrating the location of the ion beam, 
electron beam, gas injection system (GIS, e.g. for Pt deposition) and the location/direction of 
the EBSD detector. 
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2.2.5. X-ray photoelectron spectroscopy
XPS data were collected using either a Physical Electronics Quantum2000 Scanning
X-ray Photoelectron Spectrometer or a Physical Electronics Quantera X-ray 
photoelectron spectrometer. The base pressure was 1 x 10-9 mbar. The XPS spectra 
were collected using monochromatic AlKα radiation (1486.6 eV). Charging was 
neutralized using the instrument’s combined low energy electron flood gun and low 
energy argon ion gun. Survey scans were collected using a pass energy of 187 eV, 
and region scans with a pass energy of 58 eV. For typical measurements, individual 
zeolite MFI-type crystals were deposited onto a vitreous carbon substrate to ensure 
dispersion. A nominal 5 μm or 10 μm X-ray beam was used for the surface analysis 
of single points on individual zeolite crystals. Bulk averaged signal was obtained by 
grinding the zeolite crystals prior to XPS analysis. For this, the XPS was performed 
using a 100 μm beam, rastered over an area of 1400 × 300 μm and the ground samples 
were dispersed on a tape. The depth calibration for the sputter depth profiling was 
determined from the time required to sputter through a known thickness of SiO2 on 
a silicon wafer using the same ion gun settings, leading to approximate depths on the 
zeolites. The Si/Al atomic ratios were calculated using integrated peak areas of Si2p 
and Al2p using integrated Physical Electronics data analysis software (Multipak).

3. Results and discussion

The application of confocal fluorescence microscopy for in-situ mapping of the 
template removal process within individual zeolite crystals has shown to be a 
valuable tool for the visualization of the intergrowth structures as developed by 
Karwacki et al.[14] More specifically, due to the presence of molecular diffusion 
barriers at the intersection of distinct subunits, the transport of the resulting 
fluorescent derivatives is strongly limited, leading to the direct visualization of the 
internal crystal architecture.[15] To reveal the intergrowth structure of the MFI crystals 
described in this Chapter, the as-synthesized crystals were thermally treated at 780 
K to partly decompose the template molecules. The resulting confocal fluorescence 
images taken of the cross-section of the crystals are displayed in Figure 2.6. Although 
all crystals show a so-called hourglass pattern, based on these fluorescence images 
it is unambiguously shown that the intergrowth structures are not identical for the 
crystals under investigation.
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To investigate this in more detail, four crystals will be discussed in the 
remainder of this Chapter, representing different groups of intergrowths. These 
crystals, i.e. I, II, XVI and XVIII, will be further referred to as crystals A-D, 
respectively. Crystal A can be assigned to the classic MFI-type intergrowth, having 
six subunits with pyramidal boundaries and is briefly described in the introduction 
of this Chapter. A schematic illustration can be found in Figure 2.2a. As can be 
seen from Figure 2.6, this crystal has the most simple form of hourglass pattern. In 
case of crystal B, examination of the fluorescence image reveals the presence of an 
additional middle component, resulting in seven subunits. Crystals C and D, on 
the other hand, comprise of 10 and 11 components, respectively. Their analogy to 
crystals A and B can be observed, with the difference arising from the presence of 
four diagonal subunits, further denoted as wedges, giving rise to a more extensive 
hourglass pattern. It is important to stress that until now, the presence of the four 
wedges along with the middle piece, have never been experimentally evidenced in 
the literature, making the detailed characterization study described in this Chapter 
unique. 

In order to determine the crystallographic orientation of the 6 to 11 
components, identified by fluorescence microscopy, EBSD measurements were 
undertaken. Before the investigation described in this Chapter was carried out, only 
one study of EBSD on zeolites could be found in the literature, where fine mechanical 
polishing of the polycrystalline zeolite surface was required to obtain diffraction 
patterns of reasonable quality.[16] Fortunately, in case of the crystals presented in this 
Chapter, the very flat growth surfaces of the crystals were suitable for EBSD.

In a first experiment, EBSD patterns were recorded from different spots 
on the top surface of the simplest intergrown crystal A as indicated in Figure 2.7a. 
Two distinct diffraction patterns were recorded. The first, presented in Figure 2.7b, 
originates from the triangular section at the edge of the crystals (spots A-B). Here, 
subunits I or II (see Figure 2.2) are exposed. The second diffraction pattern, shown 
in Figure 2.7c, remains unchanged across the crystal body (subunit III, spots C to F) 
between the terraces visible on the top surface. 

As zeolites give rise to rather weak diffraction patterns and due to the electron 
beam sensitivity of zeolites, enhancing the signal-to-noise ratio by increasing the data 
collection time is hardly possible. Therefore, automated recognition of the diffraction 
bands by the software could not be performed. Nevertheless, after the bands were 
selected manually, is was feasible to index the patterns with an orthorhombic 
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structure of ZSM-5.[17] This is illustrated in Figure 2.7d-e. Unambiguous indexing 
of the patterns is possible if certain diffraction bands, either the {133}, {804} or {151} 
type bands could be recognized. The EBSD patterns could be indexed with the 
orthorhombic structure, both with and without template molecules. The presence 
or absence of template has a small effect on the relative intensity of the diffraction 
bands, but does not change their geometry. Crystal orientations obtained from the 
indexed EBSD patterns indicate that at the edges of the crystals the crystallographic 
axes are rotated by 90° around the common c axis, consistent with the classic MFI-
type intergrowth presented in Figure 2.2a. This implies that the straight pores are 
open to the surface of the triangular shaped end of the sample, whereas in the 
central region of the crystal, they run parallel to the top plane of the crystal. It 
should be emphasized that three crystals for each orientations shown in Figure 2.7a, 
respectively, were measured, yielding identical results. 

The same approach has been applied to the side plane of the ZSM-5 crystals 
and the result is presented in Figure 2.8. Here, only one distinct diffraction pattern 
was recorded, showing that the crystallographic orientation in the subunits IV and 
VI is identical to that in III and V. These findings are in line with the findings for the 
crystal top surface and therefore fully consistent with the presence of the classic 90º 
MFI-type intergrowth structure (Figure 2.2a). 
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Figure 2.7. a) SEM image of the coffin-shaped ZSM-5 crystal A. Spots where EBSD patterns 
were taken are marked A–F; b) Diffraction pattern recorded from spot A; c) Diffraction pattern 
recorded from spot D, which is representative of the body of the crystal (other spots yielded 
identical patterns); and d, e) Indexed patterns from (b) and (c), respectively.
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Until now, the structural information has been purely obtained from 
the surface of the ZSM-5 crystals. In order to provide further insight into the 
crystallographic orientations present in the interior of the crystals, the EBSD technique 
was extended into the third dimension. To achieve this, an individual zeolite ZSM-5 
crystal (A) was sectioned using FIB milling.  This technique allows material to be 
removed at the micro- and nano-scale exposing regions of interest which can be 
subsequently examined with electron microscopy or EBSD. Accelerated ions collide 
with the surface, causing a collision cascade. The momentum of the primary ion is 
partially transferred to surface atoms which are ejected into the vacuum. By varying 
ion beam parameters; i.e. the energy, current and the angle of incidence, as well as 
the exposure time, a controlled amount of the material can be removed. However, 
due to the fragility of the porous zeolite structure, conventional top-down milling 
resulted in complete amorphization of the surface, as no diffraction patterns were 
discernible after this treatment. Therefore, milling was carried out with the sample 
rotated in such a way that the ion beam milled parallel to the surface of interest.   
 Using this configuration, an individual ZSM-5 crystal was sectioned along its 
short axis (Figure 2.9a-b). Upon milling, subunit I is completely removed, leaving the 
sections of subunits III-VI open to the surface. Indexed diffraction patterns recorded 
from the surface exposed in the milling are shown in Figure 2.9c. The patterns from 
the ion milled surface are weaker than those from the crystal surface and not all 
patterns could be unambiguously indexed. Patterns obtained from spots B and D 
were identical and different to the pattern from point A. Indexing of the patterns 
revealed that in all three spots the b-axis is parallel to the crystal side faces, with 
the c-axis parallel to the long axis of the crystal. The latter finding fully supports the 
90º rotational intergrowth structure for zeolite ZSM-5 crystal A (Figure 2.2a). Also, 

Figure 2.8. a) SEM image of the coffin-shaped ZSM-5 crystal A. Spots where EBSD patterns 
were taken are marked; b) Diffraction pattern recorded from spot A (identical patterns were 
obtained from all spots); and c) Indexed pattern given in (b).
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two more FIB sections were made across the long axis of the crystal in Figure 2.9a, 
resulting in the same patterns. 

In addition to these measurements, EBSD measurements have been 
performed on another individual zeolite ZSM-5 crystal A after milling parallel to 
the long axis of the crystal. The result is presented in Figure 2.10. Here, in line with 
the crystals intergrowths structure, two distinct patterns were recorded, confirming 
the presence of a 90º rotational intergrowth structure.

With these observations in mind, similar experiments have been carried out 
for individual MFI-type crystals B-D to reveal the crystallographic orientations of 
the 7-11 subunits. After halfway milling in a similar manner as the crystal presented 
in Figure 2.10, using the focused ion beam, EBSD patterns were obtained from 
different spots on the top surface. Figure 2.11a shows the SEM images of crystals
B-D, indicating from which regions diffraction patterns were recorded. Strikingly, 
it appears that in parallel to the observations made for zeolite crystal A, in case 
of the other three crystal-types also only two distinct diffraction patterns can be 
observed. The EBSD patterns for crystal D are presented in Figure 2.11b, which are 
fully representative for the patterns recorded on crystals B and C. Indexing of the 
diffraction patterns (Figure 2.11c) reveals that the orientation of the a and b axis is 
changed with respect to the common crystallographic c-axis. As mentioned before, 
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Figure 2.9. ZSM-5 crystal A a) Before; and b) After ion milling perpendicular to the long 
crystal axis; c, d) Diffraction patterns obtained from spots A and B, respectively, together 
with the indexed patterns. 
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Figure 2.10. a) SEM microphotographs of a ZSM-5 crystal A after ion milling parallel to the 
long crystal axis; and b,c) Diffraction patterns obtained from green squares and orange circles, 
respectively, together with the indexed patterns. 
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Figure 2.11 a) SEM images of the crystals B-D corresponding to the images presented in Figure 
2.3, recorded after ion beam milling halfway, viewed from the crystals’ side plane. Regions 
from which diffraction patterns have been recorded are indicated by the orange circles and 
green squares; b) Two distinct diffraction patterns recorded from crystal D. The regions 
are marked in green and orange in (a); and c) Corresponding manually indexed diffraction 
patterns based on an orthorhombic structure of ZSM-5. 
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the b axis coincides with the orientation of the straight pores. Therefore, taking 
together all EBSD data presented here, it can be concluded that the 18 crystals under 
investigation are fully consistent with a classic 90º rotational intergrowth, and 
represent an evolution of the same intergrowth structure. Indeed, the diffraction 
patterns recorded in the middle subunits, present in crystals B and D, reveal that 
they have an identical crystallographic orientation as the two subunits present 
along the c-axis (color coded in green). In addition to that, the diagonal wedges 
have the same orientation as the pyramidal subunits present along the a and b axis 
(color coded in orange). To visualize these findings, Figure 2.12 shows the three-
dimensional representations of the crystals internal architectures and indicates the 
crystallographic orientation of the individual subunits for crystals A-D. 
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Figure 2.12. Exploded representation of the MFI-type crystals with distinct morphologies and 
intergrowth structures for crystals A, B, C and D. Subunits differing in their crystallographic 
orientation, i.e. pore geometry, are color coded in green and orange, indicating a 90º rotation 
over the common crystallographic c-axis. The orientation of the crystallographic a, b and c- 
axis is indicated for the different subunits.

A B C D

a b

c

ab

c

As the presence of internal molecular diffusion barriers within zeolites could 
have a large impact on their catalytic performances,[18-21]  it is essential to obtain a 
fundamental understanding on the relation between the crystal morphology and the 
presence of an intergrowth structure. Although the dimensions of the crystals under 
investigation range between 12 × 10 × 10 μm and 280 × 130 × 130 μm (see Table 2.1
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and Figure 2.3), the length/width (L/W) aspect ratio varies from 5 to nearly 1. To 
examine the correlation between the aspect ratio of the crystals and the size of the 
subunits (angles of α and β subunits, Figure 2.13a), these parameters, based on the 
confocal fluorescence data, are plotted in Figure 2.13b. Three different regions can 
be distinguished. First, going from nearly cubical crystals (L/W ~ 1) to crystals with 
an aspect ratio of 1.8, both α and β subunits decrease. In the second region, between 
aspect ratio 1.8 and 4, subunit β continues to decrease linearly, whereas the size 
of subunit α remains unchanged, showing an inflection point around 1.8. Finally, 
for ratios above 4, subunit β disappears completely, and subunit α slowly starts 
to decrease. This suggests that the appearance of the additional wedge subunits is 
caused by a relative change in crystal growth rates.

Figure 2.13. a) Schematic representation of the internal architecture of crystal C (halfway 
through its thickness). The different subunits are labeled as α, β, γ; and b) The relation 
between the aspect ratio (L/W) of the examined crystals and the angles of the α (left Y-axis) 
and β (right Y-axis) subunits. The points from left to right correspond to samples (XVIII) to 
(I) (Table 2.1).
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In Figure 2.14, a conceptual growth model for a MFI-type zeolite crystal 
is displayed, illustrating the effect of change in relative a/b growth rates on the 
observed intergrowth structure.  A cross-section of a single MFI-type crystal is 
presented in Figure 2.14a. The dashed boundaries represent the planes where the 
(100) and (101) faces meet. Upon growth, due to a layer advancement mechanism, 
a mismatch at places where the steps from each face meet might be present, hence 
producing a plane with a higher concentration of defects that may act as a diffusion 
barrier. In Figure 2.14b, the same crystal, 90º rotated over the c-axis and having 
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one crystal face, is shown. Here, the dashed lines are solely present to indicate the 
angle θ. As a consequence of a higher growth rate along the a-axis (ka) as compared 
to the b dimension (kb), clear differences in angles τ and θ appear. Combination of 
the two crystal planes (obtained by superimposing) leads to a complex intergrowth 
structure as shown in Figure 2.14c,d for the cross-section and upper view, respectively. 
Here, due to the effect of twinning along with the aforementioned growth rate 
differences, three types of subunits with distinct crystallographic orientations (A-C) 
and two boundaries (depicted by full and dashed lines) emerge. It is reasonable to 
assume that the wedges only appear when τ > θ, i.e. when ka > kb. In addition, it 
is noteworthy to refer to the similarity between the image presented in Fig. 2.13a 
and the superimposed image presented here. Moreover, the SEM image of a MFI-
type crystal with low aspect ratio (crystal IX) presented in Figure 2.14e appears to 
be identical to the presented hypothetical growth model. Dependent on the initial 
twinning growth rate, crystal structures with or without the middle component can 
develop, i.e. if twins form at the start of growth then there would be no central sub-
unit, whereas the middle piece could be observed when initially only one orientation 
grows.

Morphology Dependent MFI-type Zeolite Intergrowth Structures Leading to Distinct Internal and 
Outer Surface Molecular Diffusion Barriers

a
b

c

a

c

b

c
a

c
b

a) e)b) c)
(101)

(100)
 

AB

C

d)

Figure 2.14. a) Cross-section of a MFI-type single crystal, viewed from the top (dashed 
lines represents the planes where (101) and (100) faces meet); b) Same as (a) but side view 
representation (dashed line illustrates that the angle θ is smaller than angle τ in (a), as ka>kb); 
c) Superimposed image of a resulting MFI-type crystal after inter-growing of two individual 
crystals as shown in (a) and (b). Straight pores are parallel to the surface for subunit A and 
open to the outer surface for the subunits B and C; d) Same as (c), but presented in the upper 
view; and e) SEM image of crystal IX (see Table 2.1 and Figure 2.3) visualizing an intergrown 
crystal where ka>kb.  Notice the remarkable similarity between the conceptual crystal and the 
appearance of the synthesized crystal, presented in (d) and (e) respectively. Colors indicate 
alignment of the straight pores, being identical to the 3-D models presented in Figure 2.12.
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So far, the combination of fluorescence microscopy, FIB sectioning and EBSD 
has allowed us to explain the presence of molecular diffusion barriers for the classic 
six subunits by a 90º mismatch in pore alignment. However, no insight has been 
obtained regarding the barriers related to the presence of the wedges (subunits β). 
For this purpose, a TEM lamella with dimensions of 50 × 60 μm has been dissected 
out of crystal D by FIB milling (Figure 2.15). 

Subsequently, TEM diffraction patterns were recorded from different 
regions of the lamella. Two distinct patterns can be discerned (Figure 2.16c,d), 
which are color coded by green and orange squares. Indexing of the TEM diffraction 
patterns was confirmed by recording EBSD patterns from the same points on the 
TEM lamella after TEM analysis. This is presented in Figure 2.17. The area from the 
lamella where EBSD patterns have been recorded is displayed in Figure 2.17a. The 
corresponding diffraction patterns are presented in Figure 2.17b,c along with the 
indexed patterns.

Consequently, the lamella was transferred to the TEM set-up and a high 
resolution image of a 18 μm × 9 μm × 100 nm lamella region was recorded (Figure 
2.16a,b). Detailed examination of the TEM bright field diffraction contrast image 
shows distinct boundaries between different regions on the TEM lamella (Figure 
2.16b). However, the boundaries are not straight, but have slight curvature and are 
often branched and linked with each other.  

Previous electron diffraction work by Dorset et al. on zeolite ZSM-5 
demonstrated that the diffraction pattern arising from region I on the lamella (Figure 
2.16c and 2.18c), corresponds to the [010] direction, parallel to the electron beam.
[22, 23] In more detail, this implies that in region I (subunit γ) the straight pores run 

Figure 2.15. SEM images of crystal D, illustrating the different steps in lamella preparation. 
1) Area from which a TEM lamella was taken (grey dashed bar). Scale bar, 20 µm. 2) Milled 
crystal. Scale bar, 10 µm. 3) Omniprobe needle with attached lamella. Scale bar, 100 µm. 4) 
Lamella attached to the TEM grid. Scale bar, 30 µm. and 5) Thinned down regions of the 
lamella. Scale bar, 8 µm. Rectangle indicates the area from where TEM diffraction patterns 
were recorded.

1 2 3 4 5
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Figure 2.16. a) Schematic of crystal D indicating the area of the lamella; b) TEM image of the 
lamella. Distinct diffraction patterns are indicated with colors blue and orange; c) Electron 
diffraction patterns recorded from regions indicated on the lamella in orange; d) Same as (c) 
but for regions  marked on the lamella in blue.
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Figure 2.17 a) High resolution TEM image of the lamella. Bright regions correspond to a 
lamella thickness of approximately 100 nm; the gray dashed rectangle indicates the area from 
where TEM diffraction patterns were recorded; b) EBSD diffraction patterns recorded from 
the lamella region marked as A in (a) along with corresponding manually indexed patterns; 
and c) Same as (b) but for region of the lamella region marked as B in (a).
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parallel to the incident electron beam. Similar electron diffraction patterns have been 
observed for the wedge region II (subunit β, Figure 2.18c), which is in agreement with 
the results obtained by EBSD measurements. However, whereas the present EBSD 
orientation measurements have an angular resolution of about 1-2°, significantly 
smaller angular differences can be observed using TEM diffraction. Bright field TEM 
images and the electron diffraction patterns from region I and II show the presence 
of a small angle boundary between subunits γ and β, suggesting a framework 
rotation of the wedge subunit β with respect to subunit γ, leading to molecular 
diffusion barriers. Indeed, although these small angle boundaries are not observable 
using EBSD, the differences appear to be significant enough to hinder molecular 
transport of the fluorescent derivatives formed during the template decomposition 
and allow their visualization in the fluorescence microscopy measurements. The 
diffraction pattern arising from region III (subunit α, Figure 2.16d and Figure 2.18c) 
corresponds to the beam parallel to [100].  The boundary between region II and 
III therefore is a high angle boundary, representing a framework rotation around 
90º. Moreover, apart from the expected 90º rotated boundaries, additional low angle 
subgrain boundaries with small framework misorientations in the range of 0.5° to 
2° are present in region III. These regions are likely to be due to the presence of the 
wedge zones. 

In Figure 2.18a, a schematic representation of the lamella is presented (based 
on the dimensions of the crystal and the exact position where the lamella has been 
prepared). However, as can be observed from close examination of the confocal 
fluorescence image of crystal D (Figure 2.6), the boundaries between different 
subunits are not straight, but highly curved towards the center of the crystal. This 
curvature is also clearly visible in the TEM image (Figure 2.16b). It appears that it 
has a significant influence on the exact location of the boundaries in the measured 
lamella (Figure 2.18b). In this Figure, the location of the wedge zone, predicted from 
the crystal having straight boundaries is indicated in black. In white, a wedge region 
is marked, taking the curvature of the wedge boundaries into consideration. The 
experimental boundaries (Figure 2.18c), based on the TEM and EBSD measurements, 
clearly indicate the presence of the three expected subunits, i.e., α, β and γ. 
However, their exact location is slightly different from those expected. Apart from 
the boundaries’ curvature and the presence of low angle boundaries within region 
III, these observations imply that the intergrowth region is not straightforward but 
rather complex. 
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In order to investigate the internal diffusion barriers in more detail, the 
crystals have been stained with stilbene dye molecules (4-(4-diethylaminostyryl)-
1-methyl-pyridinium-iodide) as was reported by Seebacher et al. to visualize the 
location of defect sites.[24] For that purpose, after calcination of the crystals (823 K 
for 24 h) a 2mM stilbene-butanol solution was added to the crystals. Typically, 60 
min after addition the crystals were placed under the fluorescence microscope. The 
result is presented in Figure 2.19a, showing fluorescence images of crystal D after 
1) template decomposition and 2) stilbene inclusion. In Figure 2.19b the location 
of the intergrowth barriers in this region are schematically depicted. From close 
examination of the crystals, it appears that the template derivatives are (partially) 
hindered in their diffusion due to the presence of internal barriers leading to non-
homogeneous fluorescence, allowing visualization of barriers I and II. If there were 
no barriers present, a homogeneous fluorescence would be expected. Barrier I, where 
the subunits are rotated by 90º, is clearly visualized by the presence of the stilbene 
dye. These molecules give rise to strong fluorescent signal once confined, but are too 
large to enter the micropores of the zeolites. As a result, they highlight the diffusion 
barriers, which are large enough to accommodate the dye molecules. Interestingly, 

Morphology Dependent MFI-type Zeolite Intergrowth Structures Leading to Distinct Internal and 
Outer Surface Molecular Diffusion Barriers

Figure 2.18. a) Schematic of the lamella along with the boundaries between different subunits, 
expected from the three-dimensional model of crystal D (Figure 2.12):  i.e. region I (subunit 
γ, straight pores running parallel to the electron beam), II (subunit β), and III (subunit α); b) 
Schematic of the lamella and the boundaries expected based on the fluorescent microscopy 
measurements taking the curvature of the boundaries into account (curved white boundaries 
represents subunit β – region II); and c) Lamella indicating high and low angle boundaries 
based on the electron diffraction data, presented by continuous and dashed lines respectively 
and separating regions I (subunit γ), II (subunit β), III (subunit α). The white region is due to 
the presence of a wedge.
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it can be seen that the dye is only present in barrier I. Apparently, this barrier is 
much larger and more accessible than the wedge barrier II. Based on these findings, 
a schematic representation of the described diffusion hindrance is depicted in Figure 
2.19c. Consequently, whereas (bulky) molecules are free to travel through barrier I, 
no access to barrier II from the outer surface is provided.

Figure 2.19. a) Confocal fluorescence images of the upper right corner of crystal D after 1) 
template removal treatment, and 2) introduction of the stilbene dye. The images are presented 
in greyscale; the brighter the image, the higher the fluorescent intensity. Scale bar is 15 µm; 
b) Schematic illustration of crystal D, showing the different subunits (α, β and γ) along with 
the location of the distinct diffusion barriers (I and II); and c) Schematic representation of 
the internal diffusion barriers separating subunit α, β and γ. Barrier I imposes a 90º degrees 
rotational difference and is formed by the disordered structure along the boundary (indicated 
by the spheres), whereas barrier II indicates a displacement along the boundary, caused by 
a mismatch in structure of 0.5-2º. Pink arrows indicate the transport of template derivatives, 
whereas green arrows correspond to the stilbene dye molecules.
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With the knowledge of the internal molecular diffusion barriers in mind, it is 
important to shed light on potential external diffusion barriers. Over the past years, 
various routes to modify the diffusion barriers have been reported.[18, 25] However, 
in most cases the exact nature of these surface barriers has remained unclear. In 
order to obtain more insight on this matter, the surfaces of the most simple and most 
complex intergrowth structures, i.e., crystals A and D, have been examined with 
AFM.[26-29] The results for crystal A are given in Figure 2.20. The images of crystal 
D are presented in Figure 2.21. Here, it can be seen that the AFM patterns for an 
individual crystal A and D show the presence of steps along with interlaced spirals 
in case of the latter. These observations prove that the surfaces are fully crystalline. 
In addition, the images recorded from different crystal faces, i.e. top and side plane, 
contain the same features. 

Based on these findings, in combination with EBSD and TEM diffraction 
measurements it is unambiguously shown that the MFI crystal types studied in 
this work evidence a 90º rotational intergrowth. Interestingly, in the work of Agger 
et al., a silicalite-1 crystal, with distinct top and side planes is presented, based on 
AFM measurements. These observations were assigned to the presence of a true 
monocrystal, i.e. absence of a 90º intergrowth structure.[7] 

Morphology Dependent MFI-type Zeolite Intergrowth Structures Leading to Distinct Internal and 
Outer Surface Molecular Diffusion Barriers

a)

c)

b)

I
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Figure 2.20. a) AFM image of the 
(010) face of the crystal A. Scale bar 
represents 10 µm; b) Same as (a) but 
for the (100) face; and c) Enlarged 
AFM images from different 
regions; region I - crystal face (010) 
and region II – crystal face (100). 
Scale bar represents 2 and 3 µm 
respectively, for region I and II. 
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In addition to the AFM findings, XPS was performed on six different crystals 
to investigate their surface composition. From close examination, it appears that all 
measured crystals are depleted in Al, however the depletion varies from one crystal 
type to another. These variations are listed in Table 2.2. Whereas is most cases even 
at the outer surface region Al was detected, in the most extreme situation (crystal D) 
no traces of surface Al could be detected. 

Figure 2.21. SEM image of crystal D (scale bar: 20 µm) together with AFM images recorded on 
different faces of the crystal (scale bar: 0.5 µm). The individual steps were determined to be ~ 
1 nm in height, which is half the unit length for either b or a. For the (100) face this means half 
a unit cell on a, i.e. the width of one of the pentasil chains. 

1 2

I
II

Table 2.2. Overview of the surface and bulk Si/Al ratio for the six MFI-type crystals 
analyzed with XPS. The crystals are listed in the order of decreasing aspect ratio. The Si/
Al ratios are averaged values over three XPS scans guaranteeing the reproducibility of the 
results

Sample Si/Al ratio
(surface)

Si/Al ratio
(bulk)

Type Number
A I 163.2 17.0

C X 13.1 11.8

C XIII 43.6 16.6

C XIV 10.4 9.3

D XVI ∞ 15.8

C XVIII 16.6 7.9
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Figure 2.22. a) XPS sputter depth profile plot, showing the Si and Al atomic wt. % as a function 
of sputter depth for three examined crystals A. Here, it can be observed that the ~ 10-20 nm 
surface region is depleted in Al, however, some traces could be detected (0.1 atomic wt.%). 
The Si content remains equal over the measured crystal volume; and b) Corresponding Si/Al 
ratio plot as function of sputter depth for the three crystals A. 
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To further elaborate on these findings, sputter depth profiling was employed 
to investigate the approximate thickness of the silicalite outer crust. The result for 
crystal A and D are presented in Figure 2.22 and 2.23 respectively, where the Si and 
Al content are plotted as a function of sputter depth. In case of crystal A, 0.1 wt% of 
Al was found on the top surface, whereas for crystal D in the upper ~200 nm surface 
region no Al is detected. In both cases the amount of Si remains equal throughout 
the measured volume. Examining the change of Si/Al ratio as a function of sputter 
depth thus implies that the variations are solely due to changing Al content. It is 
noteworthy that during these measurements no steady-state in the Al content was 
reached. 

The occurrence of an inhomogeneous Al distribution, i.e. Al zoning, is 
known for zeolite ZSM-5 crystals.[30, 31]  For the crystals presented here, the presence 
of a silicalite outer crust might inherently be caused by the synthesis procedure, 
knowing that e.g. the template molecule used for the synthesis is similar. Apart from 
that, the crystals under study require a large size for characterization purposes as 
compared to the zeolites applied in industrial catalysis, which in turn could affect 
the diffusion limitations. 
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4. Conclusions

In this Chapter a detailed account on the correlation of intergrowth structures for 
MFI-type zeolite crystals to the crystal morphology and the presence of internal and 
external diffusion barriers is presented.[32] The existence of four distinct intergrowth 
types was experimentally evidenced, all of them originating from the same intrinsic 
90º rotational intergrowth structure. Unlike suggested in certain literature reports, 
the combination of confocal fluorescence and EBSD clearly illustrates that the 
observation of an hourglass pattern is not (solely) due to different diffraction indexes 
in distinct parts of the crystal, but originates from a change in crystallographic 
orientations. These intergrowth structures imply that in the center of the crystals 
the sinusoidal MFI pore system (oriented along a) is accessible from the outside 
of the crystals, whereas the straight channels (oriented along b) are only directly 
accessible at the edge regions of the MFI-type crystals. Moreover, the presence of 

Figure 2.23. a) XPS Al2p and Si2p spectra recorded on four individual ZSM-5 crystals D. The 
signal stems from a ~ 40 Å deep surface region; b) XPS sputter depth profile plot, showing the 
Si and Al content as a function of sputter depth; and c) Resulting Si/Al ratio as a function of 
sputter depth.
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an additional middle piece and four diagonal wedge subunits was experimentally 
proven for the first time.  Dependent on the relative crystal growth rates, i.e. ka and 
kb, the formation of the additional wedge subunits was explained. The presence of 
two distinct internal diffusion barriers was demonstrated, imposed by a mismatch in 
pore orientation either by 0.5-2º or by 90º. Outer diffusion barriers were found to be 
a result of aluminium depletion, leading to the presence of a silicalite outer crust.  It 
is important to note that in the remainder of the PhD thesis, the coffin-shaped zeolite 
ZSM-5 crystals A, with a schematic representation presented in Figure 2.2a, will 
be employed as model catalyst particles demonstrating the capability of different 
micro-spectroscopic techniques to reveal spatial heterogeneities during reaction. 
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Chapter 3

Spatial Heterogeneities in Catalytic Activity of 
Individual Zeolite ZSM-5 Crystals as Revealed by In-

Situ UV-Vis Micro-Spectroscopy

Abstract

UV-Vis micro-spectroscopy allowing space- and time-resolved activity measurements 
with micrometer resolution on an individual catalyst particle has been developed. 
The capability of the methodology is demonstrated by studying the catalytic activity 
of individual zeolite ZSM-5 crystals during the acid-catalyzed oligomerization of a 
styrene derivative. The formation of carbocationic reaction intermediates, aligned 
within the straight pores of the zeolite, allows visualization of spatial heterogeneities 
and demonstrates more extended product formation in the main body of the crystal 
as compared to the crystal edges. The thermodynamic feasibility of the dimeric 
carbocation formation within the zeolite micropores has been demonstrated by 
theoretical calculations. A reaction mechanism, based on pore blockage at the crystal 
edges and the presence of molecular diffusion barriers due to the existence of a 
complex intergrowth structure, is proposed. 
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1. Introduction

In Chapter 1, the increasing demand for high-resolution chemical imaging techniques 
in the field of heterogeneous catalysis to study spatial heterogeneities with micrometer 
resolution has been described.[1, 2] However, an important prerequisite to achieve this 
goal is to have suitable catalyst candidates. The morphology dependent intergrowth 
structure of MFI-type zeolite crystals and related inner and outer diffusion barriers 
has been discussed in Chapter 2.[3, 4] Due to their intrinsic properties, individual 
ZSM-5 crystals provide excellent opportunities to accomplish this important task of 
new methodology development.  

The use of UV-Vis micro-spectroscopy will be described in this Chapter.
[5] The potential of this methodology for catalyst research is envisaged by means of 
performing a detailed catalytic activity study on individual zeolite ZSM-5 crystals. 
For this purpose, the acid-catalyzed oligomerization of styrenes was used as a model 
reaction since the carbocation intermediates, formed during the reaction, absorb 
light in the visible region and can act as reporter molecules for catalytic activity. 
Performing experiments during reaction at elevated temperatures is facilitated by 
the use of an in-situ spectroscopic cell.  The addition of polarizers to the experimental 
set-up is demonstrated to be a valuable asset for the study of molecular alignments 
of reaction products within the straight pores of the ZSM-5 crystals.

2. Experimental

2.1. Materials

ZSM-5 crystals with dimensions of 100 × 20 × 20 μm3 and a Si/Al ratio of ~ 20 
were provided by ExxonMobil, Machelen, Belgium. The characteristics of these 
coffin-shaped crystals have been described in detail in Chapter 2, where they were 
marked as crystal A (see Figure 2.3 crystal I). Prior to measurements, the crystals 
were converted into their acid form by triple ion-exhange with a 10 wt% ammonium 
nitrate (99+ %, Acros Organics) solution, followed by calcination at 823 K. The styrene 
derivative, i.e. 4-methoxystyrene (98%), used for studying the catalytic activity was 
used as received from Sigma-Aldrich.  
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2.2. Methods

2.2.1. UV-Vis micro-spectroscopy
The micro-spectroscopic analysis of the individual ZSM-5 crystals was performed in 
an in-situ cell (FTIR600, Linkam Scientific Instruments) equipped with a temperature 
controller (Linkam TMS 93). More details can be found in the experimental section 
of Chapter 2. For typical experiments, the crystals were placed on a glass plate and 
10 μl of the styrene derivate was added. Consequently, the glass plate was placed 
on the heating plate, at 373 K.  The optical absorption microscopic measurements 
in the range 400 – 700 nm were performed ~ 5 min after the exposure using a set-
up based on an Olympus BX41 upright research microscope with a 50 × 0.5 NA 
high working-distance microscope objective lens. A 75W tungsten lamp was used 
for illumination. The microscope was equipped with a 50/50 double viewport tube, 
which accommodated a CCD video camera (ColorViewIIIu, Soft Imaging System 
GmbH) and an optical fiber mount. A 200 μm core fiber connected the microscope to 
a CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes BV). A rotatable polarizer 
was introduced between the objective lens and detector to separate the desirable 
light polarization. A schematic illustration and photograph of the UV-Vis micro-
spectroscopic set-up can be found in Figure 3.1.  

Spatial Heterogeneities in Catalytic Activity of Individual Zeolite ZSM-5 Crystals as Revealed by In-
Situ UV-Vis Micro-Spectroscopy

Figure 3.1. Schematic representation and photograph of the in-situ UV-Vis micro-spectroscopic 
set-up. Light is focused onto the sample in the in-situ cell with a microscope objective. The 
optical fiber which is placed in the image plane directs the reflected light from the Ø 2 μm 
spot to a CCD UV-Vis spectrometer. Scanning over the sample is achieved by the motion of 
the microscope table. 
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2.2.2. Density functional theory calculations
DFT calculations were performed in collaboration with dr. E.A. Pidko and Prof. dr. 
R.A. van Santen (TU Eindhoven). The quantum chemical calculations were carried 
out using Vienna Ab Initio Simulation Package (VASP)[6] within density functional 
theory (DFT) with the gradient-corrected PBE exchange-correlation functional.[7] 
The projected-augmented wave (PAW) method[8, 9] was used to describe electron-
ion interactions, and for valence electrons a plane wave basis set was employed. 
The energy cut-off was set to 400 eV. The Brillouin zone sampling was restricted 
to Γ-point.[10] Cell parameters were initially optimized for the full-silica zeolites 
models. The parameters obtained were then used in all calculations. Full geometry 
optimizations were performed for each structure with the fixed cell parameters 
using a conjugated gradient algorithm. Convergence was assumed to be reached 
when forces on each atom were below 0.05 eV/Å. 

A complete periodically repeated MFI unit cell was used as a model for 
H-ZSM-5 zeolite. The calculations are made on the orthorhombic structure of ZSM-5.
[11] After optimizing volume and shape, the parameters of the MFI orthorhombic unit 
cell were the following: a=20.119 Å, b=19.767 Å, c=13.161 Å. To create an acidic site, 
one of 96 Si atoms in the unit cell was replaces with an Al atom, resulting in a material 
with a Si/Al ratio of 95. An Al atom was placed at the T2 crystallographic site of the 
MFI lattice resulting in the formation of a Brønsted acid site at the intersection of the 
zig-zag and straight channels. For the largest system investigated herein, the unit 
cell contained 319 atoms (Si95AlO192C16H15).

In the case of zeolite Y, a small rhombohedral unit cell containing only 
144 atoms (48 Si and 96 O) was used in the DFT calculations.[12, 13] After optimizing 
volume and shape, the cell parameters for the rhombohedral faujasite unit cell were 
the following: a=b=c=17.5125 Å, α=β=γ=60.00°. To model low-silica zeolite Y, 14 
silicon atoms were substituted uniformly through the cell by aluminum atoms[13] 
according to the Löwenstein rule to a Si/Al ratio of 2.43. Accordingly, 14 H species 
were introduced to the model as Brønsted acid sites to assure the overall charge 
neutrality.

The results of the periodic DFT calculations were corrected by adding the 
contribution from van der Waals intermolecular interactions estimated by using an 
add-on interatomic Lennard-Jones potential as defined in the Universal Force Field 
(UFF)[14] following the approach proposed by Demuth et al.[15] and Vos et al.[16] 
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In a first series of experiments, the ZSM-5 crystals were exposed to 
4-methoxystyrene, heated in the in-situ spectroscopic cell to 373 K and consequently 
images and UV-Vis spectra were recorded. In Figure 3.3 microphotographs of the 
individual zeolite ZSM-5 crystals before and after the oligomerization reaction 
are presented. For visualization purposes, in case of the latter two preferential 
polarization directions are displayed which are indicated in the figure. More details 
on the polarization dependence will be discussed at a later moment. It is clear that 
upon reaction of 4-methoxystyrene within the acidic zeolite environment reaction 
products are formed that absorb light in the visible region, and therefore give rise to 
strong coloration.[17]

As mentioned earlier, in this PhD thesis the spotlight will be put on the 
micro-spectroscopic investigation of individual ZSM-5 catalyst particles, e.g. the 
zeolite ZSM-5 crystal circled in red in Figure 3.3c. A detailed microphotograph of 

Spatial Heterogeneities in Catalytic Activity of Individual Zeolite ZSM-5 Crystals as Revealed by In-
Situ UV-Vis Micro-Spectroscopy

Figure 3.2. a) Scanning electron microscopy image of a ZSM-5 crystal A; b) “Exploded” 
representation of the crystal, indicating the six different subunits as in Figure 2.2a; and c) 
Zeolite channel alignment in the different regions of the crystal. The inner zeolite framework, 
which comprises intersecting straight and zigzag channels, is accessible from the outer 
surface through openings of the straight pores at the edges and zigzag pores at the body of 
the crystal.

3. Results and discussion

In Figure 3.2, a scanning electron microscope image of the ZSM-5 crystals under 
investigation is presented along with a simplified representation of their intergrowth 
structure and pore orientation. More details on the zeolite ZSM-5 crystals can be 
found in Chapter 2.
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such an individual zeolite crystal is presented in Figure 3.4a. While from examination 
of Figure 3.3 it seems that the coloration of the crystals is uniform, in Figure 3.4a it 
can be seen that the edges and main body of the crystal exhibit different colors. As 
indicated by the UV-Vis spectra presented in Figure 3.4b, two bands at approximately 
585 and 635 nm, present in both parts of the crystal with a different intensity ratio, 
are responsible for the observed color variations. Along the lines of the simplified 
reaction scheme presented in Figure 3.4c, which has been proposed in literature, 
the band at 585 nm arises from an allylic carbocation,[18] while the band at 635 nm 
has been observed, however, never assigned. Besides the formation of dimeric 
carbocations also the formation of cyclic reaction products have been proposed. 
However, no strong absorption band around 490 nm could be distinguished in the 
experimental UV-Vis absorption spectra. In general, it is evident from Figure 3.4a,b 
that different parts of the crystal vary in their catalytic behaviour. 

To tackle the spatial heterogeneities in catalytic activity of the individual 
zeolite ZSM-5 crystals, deeper insight into its microscopic structure is required. 
In Chapter 2, a detailed account on the instrincic properties of the zeolite ZSM-5 
crystals (A) has been presented, illustrating its 90º rotational intergrowth structure 
and concurrent pore orientation.[3, 4] As the oligomerization reaction is likely to occur 
in the two-dimensional zeolite channels, one would expect the carbocations to be 
entrapped and aligned within the pores. Such an alignment may be revealed by 
optical absorption measurements with polarized light; the photophysically active 
molecules absorb light with the polarization parallel to their dipole moment vector. 
Microphotographs taken with non-polarized and polarized light (Figure 3.5a), show 
that the main body of the crystal, i.e. the upper surface of subunit III in Figure 3.2b, 

Figure 3.3. Microphotographs of individual zeolite ZSM-5 crystals a) before; and b,c) after the 
oligomerization of 4-methoxystyrene using different light polarization directions, which are 
indicated by the arrows in the photographs. 

a) c)b)

100 m 100 m100 m
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remains translucent when the polarization is parallel to the long axis of the crystal. 
However, this region appears to be strongly colored when the polarizer is directed 
otherwise. Taking the (straight) pore alignment into consideration, which is directed 
parallel to the crystals’ short axis, this finding directly implies that in the main body 
region the carbocation molecules are aligned within the straight channels (Figure 
3.2c). As for the edges of the crystal, upon rotation of the polarizer the absorbance 
does not change dramatically (Figure 3.5b, red line), which indicates that the preferred 
molecular orientation is collinear with the incident light, and makes 90º angles with 
any light polarization. These findings are in line with the 90º rotational intergrowth 
structure and alignment of product molecules within the straight pores.

To investigate this further, the optimized geometries of the 4-methoxystyrene 
monomer and possible reaction products, i.e. dimeric carbocations as well cyclic 
carbocations (Figure 3.4c), have been calculated using the Chemdraw 3D ultra 
8.0 program. The result is displayed in Figure 3.6. It is important to stress that 
the displayed sizes of the molecules are only approximate values; determination 
of their exact dimensions and geometries when present in the confined space of 
the zeolite micropores would infer more complex calculations. In principle, the 

Spatial Heterogeneities in Catalytic Activity of Individual Zeolite ZSM-5 Crystals as Revealed by In-
Situ UV-Vis Micro-Spectroscopy

Figure 3.4. a) Optical microphotograph of an individual zeolite ZSM-5 crystal after reaction 
with 4-methoxystyrene at 393 K, which demonstrates the different colors observed at the main 
body (red) and edges (blue); b) Spatially resolved UV-Vis absorption spectra of an individual 
ZSM-5 crystal after reaction with 4-methoxystyrene recorded at the edges (blue) and the 
center (red); and c) Proposed reaction pathways of 4-methoxystyrene in the acidic zeolite 
based on literature reports[18]; a neutral styrene molecule is protonated on a Brønsted acid site 
to form a carbocation, which reacts with another styrene molecule to form a cyclic structure or 
a dimeric carbocation, which might in turn react further within the acidic zeolite pores. 
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Figure 3.5. a) Microphotographs of an individual ZSM-5/4-methoxystyrene crystal taken with 
non-polarized (star) and polarized light; polarization is indicated by arrows; and b) Angular 
dependence of the optical absorption at 585 nm, at the body (black) and edges (red) of the 
crystal, which follows the sin2θ law, where θ is the angle between the light polarization vector 
and the long axis of the crystal.

Figure 3.6. Geometry optimizations and approximate molecular dimensions of a 
4-methoxystyrene a) monomer; b) dimeric carbocation; and c) cyclic carbocationic structure. 
Note that the given molecular dimensions are only rough estimates.
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4-methoxystyrene monomer and dimer molecules may enter both the straight and 
zigzag channels; however, as the length of the segment of the zigzag pores equals 
6.6 Å, a severely bent conformation should be imposed, especially in case of the 
16-Å-long dimeric carbocations. In view of the cyclic structure, the observation that 
the given molecular dimensions exceed the size of the micropores is in line with the 
absence of a strong band around 490 nm in the UV-Vis absorption spectrum. 

As mentioned earlier in this Chapter, the 635 nm band has been observed,[19] 
but no assignment has been put forward. Based on the aforementioned findings, 
an attempt can be made to attribute the 635 nm band to the formation of certain 
styrene oligomerization reaction products. The shift to lower energies with respect 
to the band at 585 nm which is ascribed to dimeric carbocations, suggests an 
extended conjugated p-system. Therefore, it is reasonable to assume that the band 
originates from more conjugated reaction products. The observation that this band 
arises at later times compared to that from dimeric carbocations[19] supports this 
assumption. Furthermore, as the absorbance at 635 nm is negligible at 0º and thus 
very dependent on the intrinsic polarization angle, the band is likely to result from 
elongated molecules aligned within the straight channels. However, the possibility 
that the 635 nm band arises from a different carbocation, e.g. one derived from the 
cyclic structure cannot be ruled out. Nevertheless, the following discussions are 
in line with the assumption that the 635 nm band originates from elongated and 
extensively conjugated reaction products. 

In Figure 3.7, schematic representations of ZSM-5 micropore sections are 
presented, illustrating possible locations of the 4-methoxystyrene monomer and the 
dimeric carbocation, based on their approximate size in combination with the pore 
diameters. It is clear that the 4-methoxystyrene monomers can move freely in both 
the straight and the zigzag pores, as indicated in Figure 3.7 a and b, respectively. In 
case of the more rigid elongated dimeric carbocation, it is evident that it will only 
reside in the straight pores on the individual zeolite ZSM-5 crystals, which is in 
excellent agreement with the observations made by polarized light UV-Vis micro-
spectroscopy.

To  investigate the formation of dimeric carbocations within the zeolite 
micropores in more detail, density functional theory (DFT) calculations with periodic 
boundary conditions have been performed. First, the energy of formation for the 
dimeric carbocation (DC) within the zeolite ZSM-5 micropores was computed by 
the GGA DFT (PBE exchange-correlation functional) method, yielding the formation 

Spatial Heterogeneities in Catalytic Activity of Individual Zeolite ZSM-5 Crystals as Revealed by In-
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energy of the DC in ZSM-5 (ΔEPBE) of + 55 kJ mol-1. In comparison, the energy of 
formation of a dimeric carbocation within zeolite Y (having larger pores/cavities as 
compared to those in ZSM-5 zeolites) ΔEPBE equals –48 kJ mol-1. This difference can 
be ascribed to the more tight fit of the dimeric carbocation within the zeolite ZSM-5 
micropores. 

In Figure 3.8, the fit of the styrene dimeric carbocation within the micropores 
of zeolite ZSM-5 based on theoretical calculations is illustrated. It is important to 
note that the PBE method and in general GGA density functionals fail to describe 
correctly the long-range dispersion interactions[20], which are expected to be 
important interactions between the confined hydrocarbon species and the zeolite 
walls. One of the most pragmatic solution for this problem is using the empirically 
derived nonbonding interatomic potential, combined with the electronic structure 
calculations. Herewith, the results of DFT can be amended towards a better 
description of weak van der Waals interactions.[21] Thus, an empirical correction of 
the periodic DFT results for van der Waals interactions has been computed by using 
an add-on empirical Lennard-Jones interatomic potential (UFF force field) applied 

Figure 3.7. Schematic representation of a zeolite ZSM-5 micropore section indicating the 
possible locations of the a,b) 4-methoxystyrene monomer; and c) 4-methoxystyrene dimeric 
carbocation. 

a) b)

c)
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to the fixed DFT optimized structures. As a result of the tighter fit of the dimeric 
carbocation within the pores of zeolite ZSM-5 as compared to zeolite Y, the van der 
Waals contribution equals –205 kJ mol-1 and –147 kJ mol-1, respectively. Based on 
these calculations, an overall energy of formation of the dimeric carbocation could 
be estimated.

2 Styrene monomer + H-ZSM-5 → DC – ZSM-5 + H2  ΔE PBE+vdW  = –150 kJ mol–1

2 Styrene monomer + H-Y          → DC – Y       + H2     ΔE PBE+vdW  = –195 kJ mol–1

Spatial Heterogeneities in Catalytic Activity of Individual Zeolite ZSM-5 Crystals as Revealed by In-
Situ UV-Vis Micro-Spectroscopy

Figure 3.8. DFT optimized structure of the dimeric carbocation in ZSM-5 zeolite, viewed 
along the crystallographic a) b-axis, i.e. straight pores; b) a-axis, i.e. zigzag pores; and c) 
c-axis.
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It is clear that in both zeolite ZSM-5 and Y, the formation of the dimeric styrene 
carbocation is thermodynamically feasible. The largest contribution to the 
stabilization of the carbocationic hydrocarbon species is provided by weak van 
der Waals interactions between the confined species and the zeolite matrix. The 
contribution of hydrocarbon – pore interactions to the overall stabilization is shown 
to depend on the geometrical properties of the confined space, e.g. large pores versus 
intermediate pore sizes. 

A basic counting of all intermolecular CH∙∙∙O interactions in the above 
structures reveals that there are 40 short (below 3.2Å) contacts in the case of ZSM-5 
zeolite, while there are only 12 interactions in case of zeolite Y. Making use of an 
empirical correlation[22] between the length of the O∙∙∙H interaction and its energy, it 
can be estimated that the presence of such weak hydrogen bonds provide additional 
stabilization of the dimeric carbocation by 69 kJ mol–1 and 10 kJ mol–1 for zeolite 
ZSM-5 and Y, respectively. Interestingly, the 59 kJ mol–1 difference between these 
values perfectly matches the corresponding value of 58 kJ mol–1 derived from the 
force field calculations, which involved all possible intermolecular interactions 
within a 15Å cut-off distance. This suggests that only short CH···O weak hydrogen 
bonds are responsible for the observed differences in the van der Waals stabilizations 
in different zeolite matrices.  Therefore, it can be concluded that the local shape 
(curvature of the pore surface and its dimensions near the Brønsted acid site) of the 
zeolite cavity in which the oligomerization reaction takes place is the determining 
factor for the stabilization of the carbocationic species.  

Given the band assignments, the styrene oligomerization at the crystal 
edges thus appears to lead preferentially towards dimeric products, whereas in the 
main body both dimers and more conjugated reaction products are being formed 
in comparable quantities. As the rate-limiting step is the formation of the initial 
styrene carbocation, with the further steps being thermodynamically controlled, the 
difference in product formation at the edges and main body must be accounted for 
by diffusion limitations. The crystal intergrowth structure (Figure 2.2a and Figure 
3.2b,c) indicates that at the edge regions straight pores, which accommodate the 
product molecules, are opened directly to the outer surface, while in the main body 
they run parallel to the surface and are accessible through the sections of zigzag 
pores. Based on this structural information, a plausible mechanism may be put 
forward for reaction of styrenes in the pore network of the zeolites.  This is presented 
in Figure 3.9. Upon dimerization at the crystal edges, the carbocation is trapped
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To substantiate the proposed model, the concentration dependence of the 
UV-Vis spectra was examined, which is visualized in Figure 3.10. One can see that at 
low concentration the edges exhibit exclusive selectivity toward dimer carbocations. 
At high concentration the straight channels are “overloaded” with reagent, which 
shifts the reaction slightly toward the more conjugated oligomers. The main body 
appears to be less reactive than the edges at low styrene concentration; however, 
upon increasing styrene concentration both bands intensify and match that at the 
edges. This observation supports the proposal that the zeolite network in the main 
body, accessible through the zigzag pore openings, provides reactant molecules 
with greater mobility.

The time evolution of the UV-Vis absorption spectra, presented in Figure 
3.10c, also verifies the proposed reaction mechanism. The kinetics of dimer formation 

Spatial Heterogeneities in Catalytic Activity of Individual Zeolite ZSM-5 Crystals as Revealed by In-
Situ UV-Vis Micro-Spectroscopy

Figure 3.9. a) Reaction pathways at the edge region: upon formation of the dimerization 
product (1+2), the straight pores are not accessible anymore; and b) The same as (a), but 
for the body region: zigzag pore openings adjacent to the reaction site provide access for 
monomer molecules (3) to diffuse inside which can react with the dimer.

within the straight pore near the surface, thus blocking further access of monomers 
and suppressing the formation of higher oligomers. In the case of the crystal body, 
even after the dimer has been formed in the straight channel, more monomer 
molecules can diffuse through the sections of the adjacent zigzag pores, thereby 
interconnecting the straight pore with the surface.
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served as a measure of the catalytic activity. The formation rate was extracted by 
fitting the concentration profiles (intensities of the 585 nm band) using the second-
order kinetic equation d=m0/(1+m0 kt), where m0 is the initial concentration of 
reagent, d is the transient dimer concentration, and k is the kinetic rate constant 
for a bimolecular process. As this simulation shows, dimer formation at the edges 
is slower (k = 0.02 mol-1s-1 at the edges versus k = 0.05 mol-1s-1 for the body) which 
can be explained by blockage of the straight pore. Furthermore, the profile for the 
635 nm band lags behind that of the 585 nm band, thus supporting its assignment 
to the formation of more conjugated oligomers. It is important to note that as the 
rate-limiting step of the oligomerization reaction is the formation of the primary 
4-methoxystyrene carbocation, a fitting using first-order kinetic curves has also 
been attempted. However, the second-order kinetics appears to fit the profiles more 
truthfully for the different reaction temperatures.

4. Conclusions

The strength of in-situ UV-Vis micro-spectroscopy to obtain valuable insights into 
the catalytic performance of large zeolite ZSM-5 crystals was illustrated.[5] The 
spatial resolution of the method was brought to the micrometer range, allowing 
to deduce mechanistic features down to the molecular level. Investigation of the 
styrene oligomerization chemistry in acidic zeolites provides more insight on the 

Figure 3.10. a,b) Concentration dependence of the UV-Vis absorption spectra at the edge and 
the main body regions, respectively. The concentration of styrene in hexane solution is A) 36, 
B) 63, C) 83, and D) 100 wt%; and c) Time evolution of the optical absorption at 585 nm (blue) 
and 635 nm (red). The 585-nm profiles are fitted using second-order kinetic equations (black) 
as described in the text.
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catalytic processes that occur within zeolite channels. Spatial heterogeneities within 
one individual zeolite ZSM-5 crystal were evidenced, showing that dimeric styrene 
carbocations were mainly found at the edges of the crystal, whereas in the center of 
the crystals both dimeric carboctions and more conjugated reaction products were 
present. It was furthermore visualized that the product molecules are entrapped 
and aligned within the straight pores of the zeolite ZSM-5 crystals. The presence 
of the spatial heterogeneities was explained by the internal architecture of the 
zeolite crystals and concurrent molecular diffusion hindrances. This Chapter clearly 
illustrates the potential of the method for studying individual catalyst particles, 
which can be readily adapted to gas-phase processes. As an example, our group has 
used in-situ UV-Vis micro-spectroscopy to map the catalytic activity of ZSM-5 and 
SAPO-34 crystals in the methanol-to-hydrocarbon reaction.[23]
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Chapter 4

Revealing Shape Selectivity and Catalytic Activity 
Trends within Individual Zeolite ZSM-5 Crystals by 

UV-Vis and Fluorescence Micro-Spectroscopy

The space- and time-resolved catalytic activity of individual zeolite ZSM-5 
crystals during the acid-catalyzed oligomerization of styrene derivatives has been 
investigated. To this end, confocal fluorescence microscopy has been employed in 
combination with UV-Vis micro-spectroscopy, allowing complementary information 
to be obtained. Reactant selectivity and restricted transition-state selectivity for 
differently substituted styrene derivatives were visualized and quantified. Two 
main parameters affect the reaction rates, i.e. the carbocation stabilization effect and 
the diffusion hindrance. Less electronegative substituents on styrene accelerate the 
reaction, while bulkier chemical groups on styrene bring down the reaction rate. 
Spatial heterogeneities in catalytic activity were evidenced with specific parts of 
the zeolite crystal being less accessible and reactive towards the different styrene 
derivatives. 

Abstract
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1. Introduction

In the previous Chapter, the use of in-situ UV-Vis micro-spectroscopy was 
demonstrated to be a promising tool for the elucidation of catalytic activities taking 
place at the micron scale within an individual zeolite ZSM-5 crystal. The catalytic 
oligomerization of styrene was chosen as model reaction. It was found that at 
elevated temperatures distinct pore geometries, imposed by the ZSM-5 intergrowth 
structure lead to different accessibility and reactivity. The reaction products could 
be localized within the straight pores of the zeolite material.[1] 

Independently from our research, Roeffaers et al. introduced fluorescence 
microscopy as a valuable new method in the field of heterogeneous catalysis.[2, 3] 
These authors have made use of an inverted confocal fluorescence microscope to 
investigate the alkylation of anisole and the self-condensation of furfuryl alcohol 
at room temperature within zeolite ZSM-5 crystals.[4, 5] The reactivity dynamics of 
coffin-shaped ZSM-5 crystals as well as differences in reactivity patterns in different 
regions of the zeolite were visualized by this approach. Also, detailed fundamental 
insights into the internal diffusion barriers for reagent adsorption within ZSM-5 
crystals could be revealed. The presence of distinct areas with different catalytic 
activity within an individual zeolite ZSM-5 crystal was explained in terms of the 
three-component model, where no 90º rotational intergrowth is present (Figure 
2.2b). 

In this Chapter, a full account on the investigation of the oligomerization 
of 15 different styrene compounds catalyzed by individual ZSM-5 crystals is 
presented, revealing shape selectivity and activity trends within these catalyst 
materials.[6] Together with the newly developed UV-Vis micro-spectroscopy set-
up described in Chapter 3, identical sets of experiments were performed with a 
(confocal) fluorescence microscope, which is, in contrast to the work of Roeffaers 
et al.,[4, 5] in an upright configuration. This important modification allows extending 
the application window of the in-situ fluorescence technique to a wider range of 
experimental conditions. The use of the same in-situ reaction cell for both UV-Vis 
and fluorescence measurements ensures that the results obtained with the two micro-
spectroscopic techniques are fully comparable, illustrating the complementarity of 
both in-situ approaches for studying individual catalyst particles.[6]
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2.2. Methods

The UV-Vis and fluorescence micro-spectroscopic analysis of the individual ZSM-5 
crystals was performed in an in-situ cell (FTIR600, Linkam Scientific Instruments) 
equipped with a temperature controller (Linkam TMS 93). For in-situ measurements, 
the cell was mounted to the microscope table. More details can be found in the 
experimental section of Chapter 2. 
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Scheme 4.1. Chemical structures of the styrene derivatives under investigation.

2. Experimental

2.1. Materials

ZSM-5 crystals with dimensions of 100 × 20 × 20 μm3 and a Si/Al ratio of ~ 20 were 
provided by ExxonMobil, Machelen, Belgium. The characteristics of these coffin-
shaped crystals have been discussed in detail in Chapter 2, where they were marked 
as crystal A (see Figure 2.3, crystal I). Prior to micro-spectroscopic measurements, 
the crystals were converted into their acid form by triple ion-exchange with a 10 
wt.% ammonium nitrate (99+ %, Acros Organics) solution, followed by calcination 
at 823 K. The styrene derivatives in this study were used as received from Sigma-
Aldrich. More details can be found in Scheme 4.1. 
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2.2.1. UV-Vis micro-spectroscopy
For typical experiments, the crystals were placed on a glass plate and 10 μl of 
the styrene derivate was added. Consequently, the glass plate was placed on the 
heating plate at the desired temperature.  The optical absorption measurements in 
the range 400 – 700 nm were performed ~ 5 min after the exposure using a set-up 
based on an Olympus BX41 upright research microscope with a 50 × 0.5 NA high 
working-distance microscope objective lens. A 75W tungsten lamp was used for 
illumination. The microscope was equipped with a 50/50 double viewport tube, 
which accommodated a CCD video camera (ColorViewIIIu, Soft Imaging System 
GmbH) and an optical fiber mount. A 200 mm core fiber connected the microscope to 
a CCD UV-Vis spectrometer (AvaSpec-2048TEC, Avantes BV). A rotatable polarizer 
was introduced between the objective lens and detector to separate the desirable 
light polarization. More details on the micro-spectroscopic set-up can be found in 
Chapter 3. 

2.2.2. Confocal fluorescence microscopy
The confocal fluorescence microscopy set-up is based on a Nikon Eclipse LV150 
microscope with a 50 × 0.55 NA dry objective. More details on the microscopic 
set-up are presented in Chapter 2.  Fluorescence microphotographs were collected 
using 510–560 nm excitation light from the mercury source. Confocal images were 
acquired with a Nikon D-Eclipse C1 head equipped with three lasers (405 nm, 488 
nm and 561 nm). The emission was detected with three photomultiplier tubes in 
the range 425-475, 510-550 and 575-635 nm for the three lasers, respectively (in 
order to avoid channel overlap). Full stacks of the confocal slices were used to 
reconstruct the three-dimensional spatial distribution of the fluorescent species 
in the zeolitic material. 

2.2.3. Spin coating 
Spin coating of the zeolite crystals on a glass plate has been done using an EMS 4000 
spin coater. An epoxy resin, EPON, which is a commonly used biologic polymer 
coating, was used to ensure adhesion of the crystals to the glass plate. After spin 
coating (2500 rpm for 30 s) the glass slide with the ZSM-5 crystals, embedded in the 
resin, was cured overnight at 353 K. 
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3. Results and discussion

In general, the combined approach is based on polarized-light UV-Vis micro-
spectroscopy and confocal fluorescence microscopy employed in an upright 
configuration making use of the same in-situ cell. While the UV-Vis technique probes 
the optical absorption of the reagents and reaction products, the light emission can 
be monitored by means of confocal fluorescence microscopy, allowing controllable 
depth of field measurements or, in other words, resolution along the vertical axis. 
In this way, the thick specimen can be sectioned and the three-dimensional spatial 
distribution of the fluorescence species can be reconstructed.

To investigate the influence of different substituent groups on the reactivity 
of the styrene oligomerization reaction within the channel system of acid-type zeolite 
materials, the ZSM-5 crystals have been loaded with 15 different styrene derivatives 
(1–15; Table 4.1) from the liquid phase in the in-situ spectroscopic reaction cell. 
UV-Vis absorption and fluorescence patterns have been evaluated as a function of 
reaction time as well as position within the individual zeolite ZSM-5 crystals. 
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Table 4.1. Styrene derivatives under study and absorption band positions at the edge and the 
main body of ZSM-5 zeolite crystals, exposed to the reagents at 373 K (1–7) and 473 K (8–15).

Compound     Band position /nm
Edge Center

4-methoxystyrene  (1) 585, 635 585, 620
4-ethoxystyrene (2) 585 585, 635
4-methylstyrene (3) 520,570 520,570,625
4-bromostyrene (4) 560 520,560,620
4-chlorostyrene (5) 540,580 540,580,630
4-fluorostyrene (6) 510,550 510,535,570
Styrene (7) 510,560,620 510,560,620
β-methoxystyrene (8) 545 545
trans-β-methylstyrene (9) 545 545
3-chlorostyrene (10) N/A N/A
2,3,4,5,6-penta-fluoro styrene (11) N/A N/A
α-methylstyrene (12) N/A N/A
3-trifluoromethylstyrene (13) N/A N/A
3,4-dichlorostyrene  (14) N/A N/A
2,6-dichlorostyrene (15) N/A N/A

[a] The notation N/A (not applicable) applies to the styrene derivatives that show no 
reactivity. 
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An overview of the in-situ optical microphotographs of the coffin-shaped ZSM-5 
crystals after loading with the different styrene derivatives from the liquid phase 
is presented in Figure 4.1. These microphotographs were obtained at 353 K with 
the exception of those for 8 and 9, which were recorded at 473 K. After reaction, 
the zeolite crystals exhibit colors ranging from yellow/brown through blue to pink-
purple, except in the cases of 10–15. Furthermore, from visual inspection of the 
different crystals it is evident that the coloration of the crystals is non-uniform over 
the crystal surface. As previously mentioned in Chapter 3, the colors emerging on 
the crystals are indicative of the formation of different carbocation intermediates 
within the channel system of zeolite ZSM-5 crystals. More specifically, as illustrated 
in Scheme 4.2, the oligomerization reaction starts with protonation of styrene on 
the Brønsted acid sites of ZSM-5 (A). The carbocation reacts with a neutral styrene 
molecule, forming a secondary 1,3-bis(phenyl)-1-butylium cation (B). The latter 
is thermally unstable in the acidic environment of the zeolite channels and reacts 
further to cyclic carbocations (C) or to form the stable allylic 1,3-bis(phenyl)buten-
1-ylium cation (D). Subsequent reactions, for example further olgiomerization, may 
occur within the acidic environment of the zeolite ZSM-5 crystals. 

Figure 4.1. Microphotographs of 
individual zeolite ZSM-5 crystals after 
styrene oligomerization at 353 K (1–7) 
and 473 K (8–15) with 15 different 
styrene derivatives. Snapshots were 
taken ~ 5 min after exposure. Bold-
typeface numbers correspond to the 
styrene compounds presented in 
Table 4.1.

(1) (2) (3) (4) (5) (6) (7)

(8) (9) (10) (11) (12) (13) (14) (15)
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Two processes can account for the difference in reactivity as revealed from 
the microphotographs of Figure 4.1. Firstly, very bulky styrene molecules, such as 
11, are not able to diffuse into the pores of the zeolite, therefore showing lack of 
reactivity. These observations are direct demonstrations of zeolite shape selectivity, 
more specifically, of reactant selectivity, as explained in classical zeolite textbooks.
[7] Secondly, the stability of the initial styrene carbocation (Scheme 4.2) is of great 
importance to the catalytic activity within the pore channels, being the rate-
determining step.[8] In the case of 5, the position of the electron-withdrawing halogen 
atom on the aromatic ring stabilizes the carbocation by the electron density effect. 
In contrast, when the chlorine atom is placed at the meta-position, it destabilizes the 
initial styrene carbocation, hence not showing reactivity in the case of 10. 
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Scheme 4.2. Oligomerization reaction pathways of styrene derivatives on acidic zeolites.[8] 

The reaction begins with protonation of styrene on the Brønsted acid sites of ZSM-5 (A). The 
carbocation reacts with a neutral styrene molecule, forming a secondary 1,3-bis(phenyl)-1-
butylium cation (B), which further reacts to form cyclic carbocations (C) or the stable allylic 
1,3-bis(phenyl)buten-1-ylium cation (D). Subsequent reactions, e.g. further oligomerization, 
may occur. The absorption bands of the intermediates marked were determined for R=OCH3: 
(A) 340, (B) 360, (C) 490 (D) 585 (from reference [8]) and (E) 635 nm (from Chapter 3[1]).
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Inspection of Table 4.1 and Figure 4.2 indicates that one absorption band 
dominates the edge spectra, while in the spectra from the main body of the crystals 
other bands at longer wavelength appear. This behavior has been described in 
Chapter 3 for compound 1.[1] Herein, the absorption bands were assigned to 
dimeric and more elongated and conjugated styrene carbocations. In more detail, 

In line with observations reported for 1 in Chapter 3,[1] close examination 
of all colored crystals of Figure 4.1 reveals that the edges and main body of these 
crystals exhibit different colors. These colors are associated with the presence and 
intensity variations of different absorption bands. This is illustrated in Figure 4.2, 
showing the UV-Vis spectra measured at the edges and main body of the crystals 
for different styrene derivatives. For reference purposes, Table 4.1 summarizes the 
UV-Vis absorption band positions determined at the edges and in the main body of 
the crystals for the different reactive styrene molecules. 

Figure 4.2. UV-Vis absorption spectra of the ZSM-5 crystals after reaction with the catalytically 
active styrene derivatives at 373 K (1–7) and 473 K (8,9) at the main body (black) and edges 
(red) of the crystal. Bold-typeface numbers correspond to the styrene compounds presented 
in Table 4.1. The grey areas indicate the excitation wavelength range used in the fluorescence 
microscopy experiments (510–560 nm). The green bar indicates the laser wavelength in the 
confocal fluorescence measurements (561 nm).
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for compound 1, the band at 585 nm is due to the 1,3-bis-(phenyl)buten-1-ylium 
cation (D in Scheme 4.2) as deduced from the comparison with the data for a non-
substituted carbocation generated from 1,3-diphenylpropanediol upon interaction 
with zeolite ZSM-5.[8, 9] As to the band at 635 nm, the shift to lower energies suggests 
an extended conjugated p-system. The observation that this band arises later in time 
relative to that due to dimeric carbocations[1] supports the assumption that the 635 
nm product is formed in a reaction step after the formation of dimeric carbocations. 
However, the possibility that the 635 nm band is due to a different carbocation, 
that is, e.g. one derived from the cyclic structure cannot be ruled out. However, 
all findings in Chapter 3 were shown to be consistent with the formation of more 
elongated and conjugated reaction products. Along these lines, we propose that for 
the whole series of styrene derivatives under study, higher energy absorption bands 
can be assigned to less extended p-systems, that is, dimeric carbocations, whereas 
the bands at longer wavelengths are due to the species which are more elongated 
and have a more extensive conjugation. 

The observed spatial heterogeneities in individual zeolite ZSM-5 crystals 
can be rationalized in the frame of their intergrowth structure as described in detail 
in Chapter 2. The edge regions of the ZSM-5 crystals are accessible through straight 
pore openings, whereas in the main body of the zeolite crystal molecules can diffuse 
into the straight pores through openings of the sinusoidal pore system.[10] Based on 
this, pore blockage at the crystal edges accounts for the preferential dimer products 
formation, while the more accessible sinusoidal pores in the main body facilitate 
the formation of more conjugated reaction products, as was evidenced in Chapter 3 
(Figure 3.5).

Finally, less intense absorption bands in the UV-Vis spectra of more bulky 
styrene compounds, for example, 2, are in agreement with the diffusional limitations 
and the less intense coloration of the zeolite material (Figure 4.1). Besides, the UV-Vis 
spectra of 8 and 9, which are only catalytically active at elevated temperatures (i.e. 
at 473 K), appear to show only one pronounced absorption band. The reason for this 
feature is that dimeric carbocations, formed in the straight channels of the zeolite, 
are likely to become too bulky to react further. In other words, the absence of other 
more conjugated reaction products observed in the spectra of 8 and 9 indicates that 
transition-state selectivity arguments within the zeolite shape-selectivity concept 
could account for these distinct observations. 

The band positions in the UV-Vis absorption spectra can be directly 

Revealing Shape Selectivity and Catalytic Activity Trends within Individual Zeolite ZSM-5 Crystals 
by UV-Vis and Fluorescence Micro-Spectroscopy
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correlated to the different substituent groups on the aromatic ring. For example, the 
absorption bands for 4-methoxystyrene (1) are shifted by ~ 60 nm relative to those 
for 4-methylstyrene (3). A similar trend is observed in the series 4-bromostyrene/4-
chlorostyrene/4-fluorostyrene (4–6), in which substitution with more electronegative 
atoms leads to a stronger bathochromic shift. These findings appear to be in good 
agreement with effects of substitution by different groups in aromatic rings, tabulated 
for different compounds.[9] 

A final comment is that the interpretation of the absorption spectra has 
been restricted to a discussion of the main trends of the UV-Vis absorption spectra 
obtained. A complete and thorough assignment of the different absorption bands 
of the individual zeolite-stabilized styrene carbocations would require a detailed 
theoretical study. In other words, the given band assignments should be regarded 
as reasonable explanations based on the current, although limited, literature data.[8, 

11] However, it is comforting to notice that they are internally consistent within the 
set of data obtained for a large number of styrene compounds. 

As the styrene oligomerization is expected to occur within the pores of the 
zeolite channels, one would expect that the styrene carbocation molecules, which 
are difficult to bend, are entrapped and aligned within the zeolite channels. Optical 
absorption measurements with polarized light can be used to visualize such alignment 
effects as was demonstrated for compound 1 in Chapter 3 (Figure 3.4), where it was 
found that the product molecules are aligned within the straight pores of the zeolite. 
In order to elucidate whether this is a more general behavior, similar experiments 
have been carried out for compounds 5 and 8. In Figure 4.3, microphotographs of 
5 and 8 are presented, showing the dependence of the color intensity on the light 
polarization. One can see that when the light polarization coincides with the short 
crystal axis direction (θ = 90º), intense coloration is observed in the main body, 
while vanishing almost completely when the polarization is directed otherwise (θ = 
0º). Examination of the angular dependency shows that it follows the sin2θ law, in 
which θ is the angle between the long axis of the crystal and the light polarization 
vector. Furthermore, it can be seen that the edges are less dependent on the 
polarization direction as compared to the main body of the zeolite ZSM-5 crystal. 
These findings are in excellent agreement with the results presented in Chapter 3. 
Taking the intergrowth structure of the crystals and concurrent pore orientations 
into consideration (see Chapter 2, Figure 2.2a) the results can be explained by a 
molecular alignment of the product carbocations within the straight pores of the 
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zeolite ZSM-5 crystals. Furthermore, it indicates that the sinusoidal channels do 
not take part in accommodating the molecules, since 16 Å-long dimer molecules 
ought to be severely bent to fit into the 6.6 Å segments of the sinusoidal pores. More 
details on the molecular sizes and visualization of the dimeric carbocations within 
the micropores of the individual zeolite ZSM-5 crystals can be found in Chapter 
3 (Figure 3.7). Finally, the observed general polarization dependency behavior 
unambiguously shows that the styrene oligomerization takes place within the 
channels of the zeolite and not on the external surface. 
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Figure 4.3. a) Microphotographs of ZSM-5/5 (top) and ZSM-5/8 (bottom) taken with non-
polarized and polarized light (light polarization is indicated by the arrows); and b) Angular 
dependency of the optical absorption of ZSM-5/5 at 555 and 580 nm for the body (black) 
and edges (red) (top) and at 555 nm for the body and edges of the crystal after exposure to 8 
(bottom).
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Given that different parts of the individual zeolite ZSM-5 crystals and 
therefore different pore geometries lead to distinct reaction products, which are 
aligned within the straight channels of the zeolite, a series of time-resolved UV-Vis 
absorption measurements would allow to obtain more fundamental insight into the 
kinetics of the styrene oligomerization reaction and thus the catalytic reactivity of 
each of the styrene compounds. For this purpose, time-resolved absorption spectra
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Based on the time-resolved UV-Vis absorption spectra, rate constants 
for the different reactive styrene compounds can be obtained. In order to do so, 
the dimer formation kinetics were taken as a measure for the catalytic activity, 
similar as described for compound 1 in Chapter 3. Therefore, after deconvolution 
of the absorption bands, the intensity of the lower wavelength band related to the 
dimeric styrene carbocation was plotted against time. The result of this approach 
is illustrated in Figure 4.5. Fitting of the time evolution data for all reactive styrene 
molecules was performed using second-order kinetics; that is, styrene monomer + 
styrene monomer leads to a dimeric styrene carbocation. For this purpose, a second-
order rate equation d=m0/(1+m0kt) is used, in which m0 is the initial styrene monomer 
concentration, d is a transient dimer concentration, and k is the kinetic rate constant 
for a bimolecular process.

As evident from Figures 4.4 and 4.5, different styrene compounds not 
only exhibit different colors and therefore different UV-Vis absorption spectra, 
they also show distinct reaction kinetics. These differences in dimer formation 
rates are summarized in Table 4.2, in which all reactive styrene derivatives are 
listed. These reaction rate constants can be rationalized in the same manner as the 
microphotographs and UV-Vis absorption spectra were rationalized; that is, the 
stabilization of the initial styrene carbocation is the rate-determining step according 
to Scheme 4.2 and therefore donor groups substituted on the aromatic ring, for 
example 1, will contribute to a large extent to an enhanced carbocation stability. 
Following the same line of reasoning, strongly electron withdrawing substituents, 

Figure 4.4. Time-resolved 
UV-Vis absorption spectra 
measured during the 
oligomerization of a) 
compound 5 at 353 K; and 
b) compound 8 at 473 K. 
The absorption bands are 
indicated by the arrows.

were measured every second during the course of the reaction, showing the evolution 
of the absorption bands. This is illustrated for 5 and 8 in Figure 4.4.
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such as is the case for 6, lead to a destabilization of the initial carbocation and thus 
to a lower reactivity. Besides, diffusion properties of the styrene molecules also 
influence the catalytic activity. A striking example is the comparison between 1 and 
2, which contain both electron-donating substituents. However, since the more bulky 
2 will less easily diffuse into the pores of the zeolite and suffer more steric hindrance 
it has a much lower reaction rate constant. Finally, as already evidenced by visual 
inspection of the optical microphotographs (Figure 4.1) very bulky compounds (e.g., 
11) will not be able to diffuse into the zeolite channels system and, as a consequence, 
not show any activity at all. 

In addition, the effect of substituents on the rate of reaction  can be described 
by Hammett parameters, denoted as σ.[12] The parameters are listed in Table 4.2. 
Negative σ-values indicate an electron-donating substituent, whereas electron-
withdrawing substituents lead to a positive σ-value. On the basis of the listed Hammett 
parameters one can explain the higher reactivity of 4-methoxystyrene in comparison 
with 4-methylstyrene. Upon comparison of the reaction rate of 4-methoxystyrene 
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Figure 4.5. Time evolution of the UV-Vis absorption band assigned to the dimeric carbocation 
during the styrene oligomerization, taken in the main body of the crystal. The experimental 
profiles (black) are fitted using second-order kinetic equations (red) as described in the text. 
Bold-typeface numbers correspond to the styrene compounds reported in Table 4.1.
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with that of 4-ethoxystyrene, based on their σ-values one would expect a similar 
reaction rate. However, the experimentally determined rate of the latter appears 
to be one order of magnitude lower. This effect can be attributed to the presence of 
the zeolite micropores, imposing a confined space for the styrene derivatives and 
leading to differences in molecular diffusion and activity. These influences of the 
zeolite structure are not considered for the determination of the Hammett constants. 
As a result, it is important to note that the interpretation of reaction rates within such 
a confined space (e.g. zeolites), solely on the basis of Hammett parameters, should 
be taken with care.

In a parallel set of experiments, individual zeolite ZSM-5 crystals have 
been exposed to the styrene derivatives following the procedure identical to that 
described for the UV-Vis micro-spectroscopic studies but were examined using 
the fluorescence microscope. From inspection of the fluorescence snapshots of the 
individual zeolite ZSM-5 crystals, measured inside the spectroscopic cell after the 
reaction with the different styrene derivatives, that is, after 5 min heat treatment 
of the styrene-loaded zeolite crystals (Figure 4.6), it is evident that the fluorescence 
intensity of the crystals is in agreement with the strength of the coloration upon the 
reaction (Figure 4.1). Moreover, the fluorescence intensity appears to vary over the 
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Tabel 4.2. Reaction rate constants of the dimeric product formation (D) for all reactive 
compounds (D in Scheme 4.2). Constants correspond to the time evolution profiles presented 
in Figure 4.5.

Compound k, mol-1 s-1 Hammett 
parameter, σ[b]

4-methoxystyrene (1) 0.05 -0.27
4-ethoxystyrene (2) 0.004 -0.25

4-methylstyrene (3) 0.005 -0.17
4-bromostyrene (4) 0.05 0.062
4-chlorostyrene (5) 0.009 0.227
4-fluorostyrene (6) 0.0075 0.232
Styrene (7) 0.004 0
β-methoxystyrene (8) [a] (0.02) -
trans-β-methylstyrene (9) [a]                                                      (0.02) -

[a] These molecules are not reactive at 373 K, but show reactivity at higher temperatures (473 K) with indicated rate 
constants between brackets. [b] The Hammett parameters were taken from ref [12].
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crystal surfaces. For example, in the case of 1 the edges appear to be fluorescent, 
whereas little light emission is observed in the main body. In contrast, 3–9 all show 
little fluorescence intensity at the edges, whereas the main body of the crystals is 
bright. 

From inspection of the UV-Vis absorption spectra (Figure 4.2), the observed 
fluorescence patterns can be straightforwardly rationalized, that is, the optical 
absorption in the excitation wavelength range (510–560 nm) directly corresponds to 
the fluorescence intensity of the crystals. For example, for 1, the optical absorption 
in this excitation range is more intense at the edges, which is reflected by stronger 
fluorescence as compared to the main body. In the case of 2 the even fluorescence 
intensity over the crystal surface is in line with nearly equal (but weak) absorption in 
the excitation region. Finally, compounds 3–9 exhibit strong absorption bands in the 
510–560 nm region in the main body of the crystal, which is in agreement with the 
distinct fluorescence pattern, featuring intense fluorescence in the main body and 
dark crystal edges. As the crystals were measured in the same in-situ spectroscopic 
cell, the fluorescence data are fully complementary with the results obtained by the 
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Figure 4.6. Fluorescence images of individual ZSM-5 crystals measured in the in-situ 
cell after styrene oligomerization taken at 373 K (1–7) and 473 K (8–15) with 15 different 
styrene derivatives, which are reported in Table 4.1. Snapshots were taken ~ 5 min after the 
exposure.

(1) (2) (3) (4) (5) (6) (7)

(8) (9) (10) (11) (12) (13) (14) (15)
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UV-Vis micro-spectroscopic set-up. 
Having shown that the reaction intermediates, which are entrapped in 

the zeolite channels, display strong fluorescence, one can attempt to determine 
the three-dimensional (3-D) distribution of the active species by using confocal 
fluorescence microscopy. Figure 4.7 illustrates how specific regions of the crystal 
may be selectively photoexcited, owing to the different absorption bands of the 
reaction intermediates being formed. To illustrate this point, confocal images for 1 
and 9 are compared. One can readily see from Figure 4.2 that the laser excitation at 
561 nm is slightly off-resonance in the case of 1, while it matches the position of the 
absorption band for 9. Differences in the optical absorption at 561 nm, as described 
above, account for the fluorescence intensity pattern, that is, brighter edges in the case 
of 1, and vice versa for 9. In view of these observations, it is important to emphasize 
that the confocal fluorescence images can be more accurately interpreted when 
optical absorption spectra are available. Furthermore, bulkier molecules experience 
diffusion difficulties, as one can see from the 3-D volume reconstructions for 1 and 2. 

Figure 4.7. Confocal microscopic images of individual zeolite ZSM-5 crystals measured 
in the spectroscopic cell after oligomerization of 1, 2 at 373 K and 9 at 473 K (excitation at 
561 nm, detection at 580–640 nm, false color). Indices a), b), and c) correspond to the upper 
horizontal plane, the intermediate horizontal plane parallel to the upper plane and the vertical 
intermediate plane, respectively, as shown in the model. Measurements were performed ~ 5 
min after exposure to the styrene compounds.
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In the former case the reaction occurs in nearly the entire volume of the crystal, while 
in the latter only a thin near-surface layer of the catalyst particle is affected. Bulkier 
ethoxystyrene molecules, and as a consequence, dimeric carbocation of larger size 
lead to this effect, limiting the penetration of the reagent through the pores. This 
serves yet another evidence for zeolite shape selectivity. Furthermore, the internal 
intergrowth structure of the individual zeolite ZSM-5 crystals is reflected by the 
hourglass-shaped feature in Figure 4.7b for 1, suggesting that the subunit boundaries 
may constitute a barrier for reactant diffusion, as was shown in detail in Chapter 2, 
Figure 2.19.

In addition to the aforementioned information obtained by confocal 
fluorescence microscopy, in a final set of experiments the use of this methodology 
to reveal alignments of the fluorescent molecules is examined. For that purpose, 
individual zeolite ZSM-5 crystals were spin-coated on a glass plate. Consequently, 
an individual ZSM-5 crystal in its upright configuration was selected and milled 
halfway through its thickness by focused ion beam milling. More details on the 
experimental approach can be found in Chapter 2 (e.g. Figure 2.9). After milling in 
the Dualbeam, the crystals were transferred to the fluorescence microscope set-up 
and were exposed to compound 5 at 373 K. The intrinsic polarization of the lasers, 
allows to perform measurements similar to those described on the basis of polarized 
light UV-Vis micro-spectroscopy set-up. The result is presented in Figure 4.8.  

Figure 4.8. a) Schematic representation of an individual zeolite ZSM-5 crystal and its milled 
section; and b) Corresponding confocal fluorescence images (grayscale) after addition of 
4-chlorostyrene and heat treatment at 473 K. The light polarization is indicated by the arrows. 
The indices III, V, VI and VI correspond to the subunits as presented in Figure 2.2a.
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It can be seen that when the light polarization is set at 0º, the two pyramidal 
subunits III and V are most fluorescent, whereas in case of light polarization at 
90º subunits III and IV are most fluorescent (subunits III-VI as in Figure 2.2a). The 
fluorescence at 45º appears to be an average of the other two. These measurements 
can be rationalized by the pore orientations, running parallel to the crystallographic 
b-axis as indicated in Figure 4.8a. Following the line of reasoning described for 
the optical polarization measurements, the fluorescent product molecules must be 
trapped and aligned within the straight pores of the zeolite ZSM-5 crystals. 

4. Conclusions

It is demonstrated that the combined use of in-situ UV-Vis micro-spectroscopy and 
fluorescence microscopy under identical conditions provides very valuable insights 
into the catalytic oligomerization of 15 styrene derivatives occurring within an 
individual zeolite ZSM-5 crystal.[6] UV-Vis micro-spectroscopy experiments evidence 
that the distinct coloration is due to the presence of different oligomerization 
products in different parts of the crystal; that is, dimeric carbocations are 
preferentially formed at the edges, whereas more elongated and conjugated reaction 
products are dominantly present in the main body of the crystal. In addition, 
optical absorption measurements with polarized light, elucidated the molecular 
alignment, i.e. the oligomerization products appear to be aligned within the straight 
channels of the zeolite. Time-resolved absorption measurements demonstrated that 
different substituents on the aromatic ring lead to a distinct reactivity induced by 
differences in carbocation stabilization and diffusion limitations. In general, more 
electron-donating substituents stabilize the initial carbocation and therefore show 
increased reactivity, whereas bulky styrene derivatives exhibit low reactivity or 
appear to be inactive. Finally, fluorescence microscopy shows that when a strong 
absorption band is present in the optical spectrum within the excitation range of 
the fluorescence microscope, strong fluorescence behavior is observed, proving the 
complementarity of the two in-situ microscopic techniques. In addition, the three-
dimensional distribution of the reaction products is visualized and correlated to the 
presence of internal diffusion barriers imposed by the intergrowth structure of the 
zeolite ZSM-5 crystals. 
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Chapter 5

In-Situ Synchrotron-based IR Micro-Spectroscopy to 
Study the Acid-catalyzed Styrene Oligomerization in 

Individual Zeolite ZSM-5 Crystals

A synchrotron-based IR micro-spectroscopic study was carried out to elucidate 
the two-dimensional reactant and reaction product distribution in individual 
zeolite ZSM-5 crystals during the acid-catalyzed styrene oligomerization reaction. 
Based on spectral information in the fundamental ring stretching region, the 
disappearance of reactants and formation of reaction products in the course of the 
catalytic action was evidenced. Supported by DFT calculations and polarization 
dependent measurements, it was demonstrated that dimeric carbocation reaction 
products were formed, which were aligned within the straight zeolite ZSM-5 pores, 
complementing the findings by UV-Vis and fluorescence micro-spectroscopy. Two-
dimensional maps illustrated the presence of more reaction products in the main 
body as compared to the crystal edge regions. The spatially resolved information 
that can be obtained along with its chemical sensitivity for both reactant and reaction 
products make IR micro-spectroscopy a powerful add-on characterization technique 
to study the catalytic activity of individual catalyst particles.

Abstract
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1. Introduction

In the previous Chapters of this PhD thesis, the development of a powerful 
characterization combination, based on in-situ UV-Vis and fluorescence micro-
spectroscopy, has been described. To this end, the acid-catalyzed oligomerization of 
styrene derivatives in individual zeolite ZSM-5 crystals has been chosen as a model 
reaction, since the carbocation reaction intermediates can act as reporter molecules 
for catalytic activity. Although detailed information on spatial heterogeneities, 
preferential product formation, alignment and distribution could be obtained, no 
further insight into the chemical nature of the reagent molecules, potential reaction 
intermediates and reaction products was achieved. 

A powerful candidate to fill this gap is IR micro-spectroscopy, which is 
based on the coupling of an IR spectrometer and an optical microscope. The latter 
ensures that only a localized area of the catalyst particle is probed. This technique, 
first applied to map the boron distribution in zeolite B-ZSM-5 crystals,[1] has been 
established as a valuable tool in zeolite studies. Examples of its use in the field of 
microporous materials include studies of the decomposition of the organic template,[2] 
diffusion,[3-5] and mass transport.[6] However, to the best of our knowledge, IR micro-
spectroscopy has never been applied to the in-situ investigation of catalytic reactions 
within individual zeolite crystals in a space- and time-resolved manner. 

In this Chapter, the first in-situ investigation of catalytic reactions in 
individual zeolite ZSM-5 crystals by IR micro-spectroscopy is described. To boost 
the low spatial resolution (about 20 μm), which is likely to be the most prohibiting 
limitation of the conventional IR microscope, synchrotron light with a brightness 
100–1000 times higher than that of a thermal (globar) source was used.[7] Owing 
to the improved characteristics of a synchrotron-based set-up, measurements 
with micrometer resolution could be achieved. Time-resolved measurements of 
reagent and products are demonstrated along with the molecular alignment, two-
dimensional reaction product distribution and identification.
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2. Experimental

2.1. Materials

ZSM-5 crystals with dimensions of 100 × 20 × 20 μm3 (Si/Al ratio of ~ 20) were 
provided by ExxonMobil (Machelen, Belgium). A more detailed account on their 
properties can be found in Chapter 2. Prior to the experiments they were converted 
into their acidic form by triple ion-exchange with 10 wt% ammonium nitrate (99+ 
%, Acros Organics) and consequent calcination at 823 K. Styrene derivatives, i.e. 
4-fluorostyrene (99%) and 4-chlorostyrene (97%) were used as received (Sigma 
Aldrich). 

2.2. Methods

For typical measurements, the zeolite ZSM-5 crystals were exposed to 10 μl of the 
styrene derivatives and heated to 373 K in the in-situ spectroscopic cell (FTIR 600, 
Linkam Scientific Instruments) equipped with a temperature controller (TMS 93). 
More details on the in-situ cell can be found in Chapter 2. The optical window of 
the spectroscopic cell was replaced by an IR-transparent material, i.e. ZnSe, with no 
extra modifications ensuring full comparability of the results with those obtained 
with the UV-Vis and fluorescence micro-spectroscopic techniques, presented in 
Chapters 3 and 4.

2.2.1. IR micro-spectroscopy
IR spectra and images were collected at beamline U10b at the National Synchrotron 
Light Source (NSLS), Brookhaven National Laboratory (Upton, NY, USA). A Thermo 
Nicolet Magna 860 FTIR spectrometer, coupled to a Continuum IR microscope 
(Thermo Nicolet, Madison, WI, USA) was used with the synchrotron light as the 
IR source. The microscope was equipped with a 32 × Schwarzschild objective, a 
motorized x–y mapping stage, an adjustable rectangular aperture and a LN2-cooled 
mercury cadmium telluride detector. The IR microscope stage was raster-scanned 
through a selected area with a step size of 3 μm pixel. At each point, a transflectance 
spectrum was recorded in reflectance mode in the mid-IR spectral range (4000–
800 cm-1) with a spectral resolution of 8 cm-1 and 64 scans co-added. The IR beam 
(aperture) size used for the mapping was 3 μm × 3 μm. Details on the set-up can be 
found in Figure 5.1.

In-Situ Synchrotron-based IR Micro-Spectroscopy to Study the Acid-catalyzed Styrene Oligomerization 
in Individual Zeolite ZSM-5 Crystals
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2.2.2 Density functional theory calculations
Density functional theory (DFT) calculations were performed using the 
TURBOMOLE quantum chemistry package.[8] A geometry-optimization step 
preceded the calculation of the vibrational spectrum. IR frequencies were calculated 
within the harmonic approximation. The results are converged with respect to basis 
set and exchange-correlation functional. For self consistent field calculations, the 
energy convergence criterion was set to 10-7 H. Geometries were considered to be 
converged when the energy change dropped below 10-6 H and the gradient below 
10-3 H bohr-1. 

The effect of basis set size on the calculated vibrational spectrum was tested 
for the 4-fluorostyrene monomer. The molecular geometry was optimized and 
the vibrational spectrum was calculated using the B3LYP parameterization of the 
exchange-correlation functional in combination with the SVP, TZVP and QZVP basis 
sets as implemented in the TURBOMOLE package. The IR spectra are convoluted 
with a Gaussian of 2 cm-1 width. The results are shown in Figure 5.2a. Note that no 
frequency scaling factor was applied. Increasing the basis set size beyond TZVP 
does not lead to significant changes in the calculated IR spectra and hence this basis 
set was used for all other calculations. 

Also the effect of exchange-correlation functional on the calculated 
spectrum was tested. The vibrational spectrum of the fluorinated styrene monomer 

Interferometer

IR from
 

Schwarzschild
objective

Focusing 
mirror

In situ cell

Aperture

Detector

in-situ cell

objective

synchrotron

Figure 5.1. Schematic illustration and pictures of the scanning IR micro-spectrometer system 
employed in reflection mode. The microscope uses a Schwarzschild-type objective. An area 
of the sample defined by the aperture is spectroscopically sampled by the instrument and an 
image is built-up by raster scanning the specimen through the focused beam.
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was calculated using a hybrid functional (B3LYP) and two generalized gradient 
approximation (GGA) functionals (BP86 and PBE) in combination with a TZVP basis 
set. The IR spectra are convoluted with a Gaussian of 2 cm-1 width. The results are 
shown in Figure 5.2b. The peak positions calculated with the B3LYP functional are 
shifted to higher frequency compared to the peak positions calculated using the 
BP86 and PBE functionals. However, the overall shape of the vibrational spectrum 
does not depend on the exchange correlation functional. Also note that different 
functionals in general give rise to different scaling factors. The agreement of the 
overall spectrum is a good indication of the reliability of the theoretical results. 
The spectra shown later in this Chapter were thus calculated using the B3LYP 
parameterization of the exchange-correlation functional and a TZVP basis set. The 
calculated vibrational frequencies were scaled by a factor of 0.97.[9]

In-Situ Synchrotron-based IR Micro-Spectroscopy to Study the Acid-catalyzed Styrene Oligomerization 
in Individual Zeolite ZSM-5 Crystals

Figure 5.2. Calculated vibrational spectrum of the fluorinated styrene monomer using a) The 
B3LYP functional and the SVP, TZVP and QZVP basis sets (bottom to top) respectively; and 
b) The PBE, BP86 and B3LYP functionals (bottom to top) in combination with a TZVP basis 
set. 

3. Results and discussion

In a first set of experiments the individual zeolite ZSM-5 crystals under study 
were exposed to 10 ml of 4-fluorostyrene and heated to 373 K for 10 min and the IR 
spectrum from a 5 μm × 5 μm region in the center of the crystal was recorded. The 
result is shown in Figure 5.3a.

Wavenumber / cm-1

In
te

ns
ity

 / 
km

 m
ol

-1

In
te

ns
ity

 / 
km

 m
ol

-1

Wavenumber / cm-1

a) b)



88

Chapter 5

Two sharp features, namely at 1534 cm-1 (with the shoulder at 1521 cm-1) and at 1510 
cm-1 are visible in the spectrum. The broad bands (1600–1700 cm-1 and 1000–1300 
cm-1) can be attributed to the harmonics of the zeolite framework.[10] By comparing 
this IR spectrum with that of the 4-fluorostyrene reference, which is given in Figure 
5.3b, one can see that the band at 1510 cm-1 coincides with that of the reactant. When 
the spectra are recorded in the course of the catalytic reaction (Figure 5.3c) in the 
in-situ cell at 373 K, the intensity of the latter band decreases, while the IR band at 
around 1534 cm-1 increases. 

It was shown in Chapters 3 and 4 that when ZSM-5 zeolite crystals are 
exposed to styrene compounds at elevated temperatures oligomerization takes 
place. This process is accompanied by an intense coloring of the zeolite material as 
illustrated in Figure 5.4a, owing to the formation of light-absorbing carbocationic 
species. According to the proposed reaction scheme for the acid-catalyzed styrene 
oligomerization reaction, presented in Chapter 3 and 4, the protonation of styrene on 
zeolite Brønsted acid sites is followed by the attachment of another styrene molecule 

Figure 5.3. a) IR spectrum of an individual zeolite ZSM-5 crystal in contact with 4-fluorostyrene; 
b) IR spectrum of liquid 4-fluorostyrene; and c) 1440– 1600 cm-1 region of the IR spectra taken 
during the oligomerization of 4-fluorostyrene. The spectra are corrected for background 
signals.
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to form a dimeric carbocation. The reaction can proceed further towards more 
elongated and conjugated species, with the extent determined by the pore geometry 
of the zeolite[11] and the molecular characteristics of the styrene derivative.[12] Within 
this reaction scheme, it is reasonable to assume that the 1534 cm-1 band arising in 
the course of the reaction is due to the styrene oligomeric species. UV-Vis micro-
spectroscopy experiments carried out in Chapters 3 and 4 using polarized light, 
demonstrated a strong polarization dependence of the optical absorption bands.

In-Situ Synchrotron-based IR Micro-Spectroscopy to Study the Acid-catalyzed Styrene Oligomerization 
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Figure 5.4. a) Optical microphotograph of the ZSM-5 crystal after reaction with 4-fluorostyrene. 
Crystallographic axis are indicated; and b) In-situ IR spectra recorded with two different 
polarizations as indicated in (a).
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This experiment can now be reproduced making use of the IR micro-
spectroscopic set-up since synchrotron radiation intrinsically retains a high degree of 
polarization. Figure 5.4b shows the in-situ IR spectra of an individual zeolite ZSM-5 
crystal loaded with 4-fluorostyrene, which are taken with the light polarization 
parallel and perpendicular to the long crystal (y-) axis. Based on these measurements 
one can see that the intensity of the 1534 cm-1 band depends dramatically on the 
IR light polarization, while the 1510 cm-1 band remains unchanged. One could 
expect such polarization dependence from an elongated molecule aligned with the 
zeolite channels, confirming the spectroscopic assignment based on the UV-Vis and 
fluorescence micro-spectroscopic measurements in Chapter 4. The less significant 
intensity changes of the band at 1510 cm-1 can be rationalized by smaller molecular 
dimensions of the styrene monomer, which allow for less strict molecular alignment 
in the pores. 
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In a next step, identification of the reaction products was attempted. As 
described in Chapter 3 and 4, in-situ UV-Vis micro-spectroscopy provides evidence 
for the formation of carbocationic reaction prodcts during the acid-catalyzed 
oligomerization reaction. The exact nature of the reaction products could be 
identified based on a comparison with reference carbocations, obtained, for example, 
in liquid acidic media. However, as the isolation of the charged species is not 
straightforward, the determination of the chemical structure is rather challenging. 
In the present case, the coloration arising upon zeolite–styrene interaction was 
attributed to the formation of a 1,3-bis(phenyl)buten-1-ylium cation (Figure 5.5ii). 
The neutral dimerization product shows optical absorption in the UV region and 
is difficult to differentiate from the reagents. To verify the assignment, IR spectra 
of 4-methoxystyrene and related compounds adsorbed on zeolites were compared 
with those calculated with ab initio methods.[2] However, while a good agreement 
was obtained in the case of a reference system (1,3-diphenylpropene), one notices 
conspicuous discrepancies between theoretical and experimental spectra in the case 
of 4-methoxystyrene presented therein.[2]

To unravel the origin of the IR band at 1534 cm-1, geometry optimizations and 
vibrational frequency calculations were performed within the framework of density 
functional theory (DFT) for the reagent and products. Excellent agreement between 
the calculated and experimental spectrum was obtained for liquid 4-fluorostyrene 
(i). The most intense band at 1510 cm-1 coincides with the band observed during 
the styrene oligomerization reaction (Figure 5.5b). Subsequently, the vibrational 
spectrum of 1,3-bis(4-fluorophenyl)buten-1-ylium cation (ii) was calculated. The 
result is presented in Figure 5.5b. From comparison with the experimental spectra, 
one can see two bands (1549 cm-1 and 1538 cm-1) in the calculated spectrum, very 
close to the band observed experimentally at 1534 cm-1. This finding as well as the 
spectral changes during the reaction (Figure 5.3c) corroborates the assignment to the 
conjugated carbocationic species (ii) (Figure 5.5a). The second band of the doublet 
in the calculated spectrum is likely to give rise to the shoulder observed in the time-
resolved spectra at 1521 cm-1 (Figure 5.3). In addition, as the primary product of 
the styrene oligomerization is 1,3-bis(4-fluorodiphenyl)butane (iii) (Figure 5.5a),[18] 

the IR spectrum was calculated for this compound, which can also be found in 
Figure 5.5b. From inspection of the resulting spectrum one can see that the position 
of the most intense band matches that of 4-fluorostyrene. It implies that had 1,3-
bis(4-fluorodiphenyl) butane been the only reaction product formed, it would be
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Finally, besides the 1,3-bis(phenyl)buten-1-ylium cation, considered as 
the most probable reaction product in the styrene oligomerization reaction, other 
carbocationic species can also be formed.[13] Therefore, IR spectra of possible 
carbocationic reaction intermediates have been calculated. More specifically, the 
absorption spectrum of protonated styrene, the secondary 1,3-bis(phenyl)-1-butylium 
cation and the 1,3-bis(phenyl)buten-1-ylium cation were calculated (see Scheme 4.2 
in Chapter 4). The vibrational spectra of these species are shown in Figure 5.6. Note 
that the frequencies were scaled by a factor of 0.97. The spectra of all intermediate 
species exhibit at least one strong absorption band in the 1610–1530 cm-1 range. 
The bands for the protonated 4-fluorostyrene monomer and the secondary 1,3-
bis(phenyl)-1-butylium cation are located at significantly higher frequencies. Based 
on this, it is most likely that the band observed experimentally at 1534 cm-1 is due to 
the 1,3-bis(phenyl)buten-1-ylium cation and this compound is the primary reaction 
intermediate.

In-Situ Synchrotron-based IR Micro-Spectroscopy to Study the Acid-catalyzed Styrene Oligomerization 
in Individual Zeolite ZSM-5 Crystals

Figure 5.5. a) Chemical structures of 
4-fluorostyrene monomer (i) and possible 
dimeric reaction products (ii) and (iii); and 
b) Experimental and calculated spectra for 
structures i-iii as shown in (a). 

indistinguishable in the catalytic experiments with IR micro-spectroscopy since the 
other IR bands are obscured by the vibrations of the zeolite framework. Nonetheless, 
its formation cannot be ruled out completely based on our data.
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To verify that the experimental findings observed for 4-fluorostyrene are 
general for the different styrene derivatives under investigation, individual zeolite 
ZSM-5 crystals were contacted with 4-chlorostyrene and thermally treated in the 
spectroscopic cell following the same experimental procedure as described before. 
The resulting IR spectra between 1600-1400 cm-1, measured in the main body of the 
crystals, are shown in Figure 5.7. Two sharp features are detectable in the spectrum, 
i.e. at 1493 and 1532 cm-1. By comparing the IR spectra with those of the starting 
compounds, the lower wavenumber band can be attributed to the 4-chlorostyrene 
monomer, while the absorption bands at higher wavenumbers can be assigned to 
the 1,3-bis(4-chlorophenyl)buten-1-ylium cation. It is evident that the intensities 
of the latter IR bands are strongly dependent on the incident IR light polarization 
(Figure 5.7), in a similar manner as was visualized for 4-fluorostyrene and therefore 
indicates the formation of elongated reaction products. 

To shed more light on the polarization behavior, the intergrowth structure 
of the zeolite ZSM-5 crystals under study has to be taken into consideration. In 
Chapter 2, a detailed account on the internal architecture and concurrent pore 
orientation was elucidated, showing the presence of a 90º rotational intergrowth 
structure (Figure 2.2a). With this model in mind, the crystal face in the main body 
that was probed with IR contains straight and zigzag channels, aligned parallel to the 

Figure 5.6. Calculated vibrational 
spectra (frequency scaling factor: 
0.97) of possible intermediate 
reaction products of the styrene 
oligomerization reaction and the 
spectrum of the 4-fluorostyrene 
reactant.
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x and z direction, respectively (Figure 5.4a and Figure 2.2a).[12, 14] Based on the light-
polarization dependence of the absorption, it was found in Chapter 3 and 4 that only 
straight channels of the zeolite ZSM-5 crystals were found to host the oligomerization 
products. In the present case, the intensity of the IR band associated with the dimer 
is higher with the light polarized along the y direction, implying that the transition 
moment associated with the vibrational mode is likely to be directed perpendicular 
to the long molecular axis of the dimeric carbocation. It is interesting to notice that 
the electronic dipole moment associated with optical transitions coincides with the 
long molecular dimension, i.e., orthogonal to the vibrational one. Based on this, it 
is evident that both the 4-fluoro and 4-chlorostyrene dimeric reaction products are 
elongated molecules which are entrapped and aligned within the straight pores of 
the individual zeolite ZSM-5 crystals. These findings are in excellent agreement with 
the observations made in Chapter 3 for the oligomerization of 4-methoxystyrene. 

In a final series of IR experiments, the distribution of the reaction product 
of 4-fluorostyrene oligomerization, that is, 1,3-bis(4-fluorophenyl)buten-1-ylium 
cation, over an individual zeolite ZSM-5 crystal was mapped by scanning the 
crystal under the IR microscope. The spatial map of the 1534 cm-1 band is shown 
in Figure 5.8a. UV-Vis micro-spectroscopy results, described in Chapter 4, have 
suggested that dimeric carbocations are almost exclusively formed in the case of 
4-fluorostyrene,[12] with lower concentrations at the edges of the crystals compared 
to that in the center. The intergrowth structure of these zeolite ZSM-5 crystals, as 
fully described in Chapter 2,[14, 15] entails that the two-dimensional channel network 
is oriented non-uniformly, i.e., at the edges of the crystal the straight pores are open 
to the top surface of the crystal. On the contrary, in the center region of the crystals 
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Figure 5.7. IR spectra of an individual ZSM-5 
crystal contacted with 4-chlorostyrene. A 5 
μm × 5 μm area in the center of the crystal was 
probed. Spectra were taken with two different 
polarizations of the incident light: parallel (blue) 
and perpendicular (red) to the y-axis of the zeolite 
ZSM-5 crystal as presented in Figure 5.4a.14401480152015601600
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zigzag pores are accessible from the outer surface. Spatial heterogeneities in product 
distribution was rationalized in terms of blockage of straight versus zigzag pores, as 
discussed in detail in Chapter 3.[11] The spatially resolved IR spectra shown in Figure 
5.8b,c are fully in line with the UV-Vis absorption results, with lower intensity of the 
1534 cm-1 band at the edges as compared to the body of the crystal, further supporting 
the reasoning developed. 

4. Conclusions

In-situ synchrotron-based IR micro-spectroscopy has been demonstrated to be a 
powerful technique for the identification of reagents as well as reaction products with 
micrometer spatial resolution.[16] Appearance of reaction products and disappearance 
of reagents has been evidenced during the catalytic act and together with DFT 
calculations, the formation of the primary reaction intermediate, i.e. 1,3-bis(phenyl)
buten-1-ylium cation, has been elucidated. Polarization dependent measurements 
revealed the alignment of the elongated dimeric reaction products within the 
straight pores of the individual zeolite ZSM-5 crystals. Spatial heterogeneities in 
the product formation was visualized by two-dimensional IR mapping, showing 

Figure 5.8. a) Intensity of the IR band at 1534 cm-1 mapped over the crystal after reaction; and 
b,c) IR spectra taken from the edge and the body of the crystal, demonstrating differences in 
the intensity ratio of the bands.
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that more reaction products are present in the center as compared to the edges of 
an individual zeolite ZSM-5 crystal. More generally, it was shown that the results 
obtained during the catalytic oligomerization of different styrene derivatives with 
UV-Vis, fluorescence and IR micro-spectroscopy are fully complementary, leading 
to congruent mechanistic information on the catalytic probe reaction under study. 
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Chapter 6

Label-free Chemical Imaging of Individual Zeolite 
ZSM-5 Crystals by Coherent Anti-Stokes Raman 

Scattering and Synchrotron-based IR Micro-
Spectroscopy

A combination of multiplex coherent anti-Stokes Raman scattering (CARS) and 
synchrotron-based IR micro-spectroscopy was employed to study the catalytic 
conversion of thiophene derivatives on individual zeolite ZSM-5 crystals. Using this 
approach, label-free chemical imaging of both reactant and reaction products was 
achieved with high spatial resolution. Assignments of the vibrational bands in the 
CARS and IR spectra evidenced initial interaction of thiophenes with the zeolite 
ZSM-5 framework, e.g. by means of hydrogen bonding, followed by opening of 
the thiophene ring, leading to the formation of “thiol-like” reaction species. Most 
reactant and reaction products were visualized to be present in the center of the 
crystals as compared to the crystals’ edges. This accumulation in specific regions of 
the zeolite ZSM-5 crystals was attributed to the presence of internal diffusion barriers 
and capillary forces imposed by the pore network of the zeolite ZSM-5 crystals. 

Abstract
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1. Introduction

In Chapters 3-5, it has been shown that a detailed microscopic picture of what 
happens during catalytic reaction throughout an individual zeolite ZSM-5 crystal 
can be obtained by using a combination of UV-Vis, fluorescence and IR micro-
spectroscopy. Accordingly, the occurrence of spatial heterogeneities in catalytic 
activity was evidenced and a correlation was established between the internal 
architecture of the zeolite ZSM-5 crystals and the catalytic conversion of different 
styrene derivatives on the micrometer scale. 

Here, we introduce multiplex coherent anti-Stokes Raman scattering 
(CARS) micro-spectroscopy as another powerful characterization tool in the field of 
heterogeneous catalysis. CARS, which is several orders more sensitive than normal 
Raman spectroscopy, possesses an intrinsic sectioning capability of ~ 300 nm in 
x,y- and ~ 1 μm in z-directions, enabling 3-D chemical mapping of small amounts 
of species in confined space with (sub)micrometer resolution. The combined use 
with synchrotron-based IR micro-spectroscopy allows to investigate the catalytic 
conversion of thiophene derivatives in great detail and provides intrinsic chemical 
information about the reactants, reaction intermediates and product molecules, 
without the need for fluorescent or fluorescently labelled species.

2. Experimental

2.1. Materials

ZSM-5 crystals with dimensions of 100 × 20 × 20 μm3 (Si/Al ratio of ~ 20) were 
provided by ExxonMobil, Machelen, Belgium. A more detailed account on their 
properties can be found in Chapter 2 (crystals A). Prior to the experiments they were 
converted into their acidic form by triple ion-exchange with 10 wt. % ammonium 
nitrate (99+ %, Acros Organics) and consequent calcination at 823 K. Thiophene 
derivatives, i.e. thiophene (99%), 2-methylthiophene (99%), 3-methylthiophene and 
2-chlorothiophene (97%) were used as received (Sigma Aldrich). 

Zeolite ZSM-5 crystals were exposed to the thiophene derivatives and heated 
in an in-situ spectroscopic cell (FT-IR 600, Linkam Scientific Instruments) equipped 
with a temperature controller (TMS 93) for the IR measurements. More details on 



 99

the in-situ cell can be found in Chapter 2. Prior to multiplex CARS measurements, 
individual zeolite ZSM-5 crystals were exposed to 10 μl of the different thiophene 
derivatives. Measurements were started after the compounds had entered the pores 
of the ZSM-5 zeolite and liquid residues surrounding the crystals had evaporated.

2.2. Methods

2.2.1. Multiplex coherent anti-Stokes Raman scattering micro-spectroscopy
CARS micro-spectroscopy is sensitive to vibrational modes of molecules and thus 
allows their chemical identification, similar to Raman spectroscopy.[1-4] In short, two 
laser beams of pump (ωpump) and Stokes (ωStokes) frequencies, overlapping in time and 
space, interact with the sample. When the frequency difference between the pump 
and the Stokes lasers coincides with the frequency of a molecular vibration present 
in the sample, the CARS signal at the anti-Stokes frequency ωanti-Stokes = (2 ωpump − 
ωStokes) is strongly enhanced leading to a coherent optical signal at the anti-Stokes 
frequency. The multiplex CARS set-up is schematically illustrated in Scheme 6.1. 
Compared to normal Raman scattering, CARS signals have been reported to be 3 
to 8 orders of magnitude stronger due to the coherence of the involved modes.[5] A 
more detailed introduction to CARS microscopy can be found in a recent review by 
Müller and Zumbusch.[6]

Scheme 6.1. Energy level scheme of the multiplex CARS 
process, showing the ωpump and ωStokes laser fields, resulting 
in the anti-Stokes signal field. 

Label-free Chemical Imaging of Individual Zeolite ZSM-5 Crystals by Coherent Anti-Stokes Raman 
Scattering and Synchrotron-based IR Micro-Spectroscopy

anti-Stokes
pumpStokespump

The multiplex CARS measurements were performed on the set-up of the 
Mischa Bonn’s group at the AMOLF institute in Amsterdam, the Netherlands. A 
schematic representation and some photographs of the set-up are shown in Figure 
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6.1. It consists of two tunable mode-locked Ti:sapphire lasers (Tsunami, Spectra 
Physics) with a repetition rate of 80 MHz, pumped by a 532-nm Nd:YVO4 laser 
(Millenium, Spectra Physics). The pump laser was centered at 707 nm and generated 
pulses of 10 ps (bandwidth ~ 1.5 cm-1 at full width half maximum, fwhm). The 
Stokes laser produced 80-fs pulses (bandwidth ~ 180 cm-1, fwhm) and was centered 
at 910 nm to probe molecular vibrations with Raman shifts between -2900 and -3300 
cm-1 (i.e. the CH-stretching region) and 848 nm for the 2100-2500 cm-1 N2 stretching 
region. The laser powers for the experiments were 40 mW and 16 mW for the pump 
and Stokes beam, respectively. The two beams were adjusted to be collinear and 
synchronized (Lok-to-Clock®, Spectra Physics) to establish the spatial and temporal 
overlap necessary for the generation of CARS. An additional, home-built feedback 
system stabilized the long-term time jitter between the laser pulses below 1 ps. 

For typical measurements, the zeolite crystals loaded with the thiophene 
derivatives were placed between two 150-μm thick glass cover slips, and the 
sample was mounted vertically in the CARS set-up. The overlapping laser beams 

Figure 6.1. a) Schematic representation of the multiplex CARS set-up. The sample is mounted 
on a xyz-piezo stage for three-dimensional scanning; and b) Photographs of the different parts 
of the CARS set-up.
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were focussed on the sample with an oil-immersion microscope objective (1.3 NA, 
40x, Zeiss Plan-Neofluar). The scattered light was collected with an air-immersion 
objective (0.65 NA, 40x, Zeiss A-Plan) in forward direction and was filtered by a 
710-nm short-pass filter (Omega Optical) and a 710-nm notch filter (Kaiser Optical 
Systems) before entering the spectrograph (Oriel MS 257, 5 cm-1 spectral resolution). 
CARS spectra were recorded with a CCD camera (Andor V420-OE). The piezo-
driven sample stage allowed movement of the zeolite sample through the laser 
focus and thus the recording of 3-D maps of the reactant’s distribution in the zeolite. 
The CARS focus had been measured previously to be ~ 300 nm in x,y and ~ 1 μm in 
z-direction.[7]

For the results reported in this Chapter, the piezo step size was set to 1 μm 
in x,y and to 2 μm in z-direction. The integration time was 0.1 s per point. Processing 
of the measured spectra was done as follows. First, the spectra of the sample were 
divided by a non-resonant reference spectrum (glass cover slip). Then, the resulting 
normalized data were analyzed by applying the Maximum Entropy Method (MEM).
[8] This mathematical analysis procedure allows one to retrieve the imaginary part of 
the resonant contribution to the third-order nonlinear susceptibility of the sample, 
Im{χ(3)}, which is comparable to the Raman response of the system. In this Chapter, 
Im{χ(3)} will be further referred to as non-linear Raman response. To quantify the 
relative reactant concentration in different parts of the zeolite crystal, the band 
amplitudes of the Im{χ(3)} spectrum versus sample position have been plotted. 

2.2.2. Synchrotron-based IR micro-spectroscopy 
IR spectra and images were collected at beamline U10b at the National Synchrotron 
Light Source (NSLS), Brookhaven National Laboratory (Upton, NY, USA). A Thermo 
Nicolet Magna 860 FT-IR spectrometer, coupled to a Continuum IR microscope 
(Thermo Nicolet, Madison, WI, USA) was used with the synchrotron light as the 
IR source. The microscope was equipped with a 32 × Schwarzschild objective, a 
motorized x–y mapping stage, an adjustable rectangular aperture, and a LN2-cooled 
mercury cadmium telluride detector. More details can be found in Chapter 5. 

For the mapping experiments the IR microscope stage was raster-scanned 
through an area with a step size of 3 μm in both x and y for the map at 65 min and 4 
μm for the maps at 10-20 min. At each point, a spectrum was recorded in transmission 
mode in the mid-IR spectral range (4000–800 cm-1) with a spectral resolution of 8 cm-1 
and 64 scans co-added. The aperture size used for the mapping was 3 μm × 3 μm. 

Label-free Chemical Imaging of Individual Zeolite ZSM-5 Crystals by Coherent Anti-Stokes Raman 
Scattering and Synchrotron-based IR Micro-Spectroscopy
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3. Results and discussion

In order to visualize the distribution of thiophene reactants prior to catalytic 
conversion, the individual zeolite ZSM-5 crystals under study were exposed to 
differently substituted thiophene derivatives and left at RT for approximately 30 min 
to ensure all excess thiophene has evaporated. Consequently, space-resolved CARS 
spectra were recorded on the individual ZSM-5 crystals, which were analyzed using 
the Maximum Entropy Method (MEM).[8] This method provides the quantitative 
Raman response, which will be referred to as ‘non-linear Raman response’. In what 
follows, 2-chlorothiophene is demonstrated as a showcase. 

In Figure 6.2, the non-linear Raman response of 2-chlorothiophene 
and a 2-chlorothiophene containing zeolite ZSM-5 crystal are presented for the 
C-H stretching region -(3250–2950 cm-1). Examination of the response for the 
2-chlorothiophene containing zeolite crystal shows the presence of a band at 3078 
cm-1 and a pronounced band at 3115 cm-1 having a bandwidth of approximately 13 
cm-1 (FWHM), which is assigned to =C-H stretching vibrations of an intact thiophene 
ring. The non-linear Raman response of the bulk liquid reveals prominent bands at 
3105 cm-1, 3091 cm-1 and 3075 cm-1. 

Assuming similar pathways for reaction of 2-chlorothiophene with ZSM-5 
zeolites, we refer to reaction pathways proposed in the literature for the conversion 
of unsubstituted thiophenes, as depicted in Scheme 6.2.[9-15] The initial reaction step 
is the hydrogen-bonding of a thiophene monomer to the zeolite framework (A), 
followed by the formation of an initial thiophene carbocation (B1,B2). In pathway 
1, oligomerization of the carbocation with a thiophene monomer leads to the 
formation of a thiophene dimer (C), which can either further oligomerize (structure 

Figure 6.2. Non-linear Raman responses for 
2-chlorothiophene and a 2-chlorothiophene 
containing zeolite ZSM-5 crystal, displayed 
for the C-H stretching region.
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D) or (partially) crack involving opening of the thiophene ring (structure E1). In case 
of pathway 2, after formation of carbocation B2, direct opening of the thiophene 
ring occurs. Subsequent reaction with another thiophene monomer leads to the 
formation of molecule E2. Dependent on the reaction conditions further reactions 
(cracking) can take place after the formation of molecules E1/E2. Note that in the 
case of 2-chlorothiophene, due to the substitution of the C2-position and concurrent 
steric hindrance effects, formation of molecule D would (hardly) be feasible. In 

Scheme 6.2. Possible reaction pathways of thiophene on acidic zeolites. The reaction starts 
with hydrogen bonding of thiophene with the framework (A) followed by protonation (B1/
B2). In pathway 1, a neutral thiophene monomer reacts with the carbocation, forming a 
dimeric carbocation (C). This molecule can either further oligomerize to polythiophenes (D) 
or undergo an opening of the thiophene ring (E1). In pathway 2, after carbocation formation, 
direct ring opening occurs. Subsequent reaction with another thiophene monomer results 
in molecule E2. For both pathways further cracking and/or oligomerization reactions may 
occur.[9-19]
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addition to this, consecutive reaction steps under various reaction conditions have 
been discussed and calculated in detail in the literature.[16-19]

The observed spectral changes in the non-linear Raman spectra upon 
the inclusion of 2-chlorothiophene in the zeolite provide clear evidence for the 
interaction of the reactant with the catalyst framework, e.g. by means of hydrogen 
bonding (Scheme 6.2, structure A), which is known to occur at room temperature.[15] 
The non-linear Raman responses of 2-chlorothiophene as function of depth within 
the crystal are presented in Figure 6.3b,c for the edge ( ) and center (•) regions, 
respectively, as depicted in Figure 6.3a. Quantitative evaluation of these spectra 
reveals that approximately twice as much reactant is present in the center of the 
crystal compared to the edges. This observation has two likely causes: (i) capillary 
forces induced by the zeolites’ micropores, which are enhanced by the presence 
of a 90º rotational intergrowth structure, as described in Chapter 2, separating the 
edge from the center subunit. Due to the mismatch in pore alignment between these 
regions, migration of 2-chlorothiophene monomers from one subunit to another is 
severely hindered. As a result, in case of the pyramidal edge subunit, stretching out 
to the crystals’ center, 2-chlorothiophene reactants are directed towards the middle 
of the crystal by the imposed capillary forces; and (ii) the effect of laser heating, 
facilitating evaporation of reactants from the outer surface regions.

Figure 6.3. a) Microphotograph of an individual zeolite ZSM-5 crystal. The (x,y,z) vectors 
indicate the overall dimensions; b) Non-linear Raman responses measured at the edge of the 
crystal for different z-positions; and c) Same as b) but for the ZSM-5 crystal’s center. 
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In a second set of experiments, an individual zeolite ZSM-5 crystal was 
raster scanned in 3-D, with steps of 1 μm in x,y and 2 μm in the z-direction. 2-D non-
linear Raman response images for the lower edge region are presented in Figure 
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Subsequently, 3-D images have been reconstructed. The result is displayed 
in Figure 6.5a-c for the lower edge and in Figure 6.5d-f for the upper edge of the 
individual zeolite ZSM-5 crystal. It can be observed that ~ 2.5 times more reactant 
is present in the middle than in the outer crystal regions. This non-homogeneous 
reactant distribution is clearly visible in Figure 6.5f, where an hourglass pattern can 
be observed, illustrating the effect of intergrowth barriers on reactant diffusion. 

It is important to ensure that the influence of refraction is negligible.[20] For this 

Figure 6.4. 2-D non-linear Raman response images of the normalized band at 3115 cm-1 as 
function of position for a) The lower edge; and b) The upper edge of the crystal depicted in 
Figure 6.3a. The top of the crystal is set to 0 μm, -4 μm therefore equals 4 μm above the crystal. 
The images are color-coded in greyscale, i.e. the darker the pixel, the more 2-chlorothiophene 
reactant present.

6.4a. Here, the intensity of the 3115 cm-1 band is plotted for different x,y,z-positions. 
These plots show striking similarity with the microphotograph presented in Figure 
6.3a. The very high resolution of the CARS images visualizes small intensity changes 
within the micron scale and the increase of reactant concentration towards the 
middle of the crystal as well as along defects. Similar results were observed at the 
upper edge region of the crystal, which are presented in Figure 6.4b.
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purpose, a blank zeolite ZSM-5 crystal has been mapped in 3-D. The resulting images 
are displayed in Figure 6.5g-i. Here, the intensity of the 2320 cm-1 band is plotted, 
which can be assigned to the gas-phase stretching vibration of N2 confined within 
the ZSM-5 zeolite. The non-linear Raman response spectra and corresponding 2-D 
images can be found in Figure 6.6. Taking the stepsize of 2 μm for the z-direction 
into consideration, it can be deduced from the 3-D images that the boundaries of the 
3-D crystal images are in excellent agreement with the real crystal dimensions, i.e. 
20 μm in x and y, respectively. 

Figure 6.5. 3-D non-linear Raman response images. a-c) 2-chlorothiophene concentration, 
based on 3115 cm-1 band intensity for the lower edge; d-f) Same as a-c) but for the upper edge 
of the crystal in Figure 6.3a. Note: a) and d) are identical representations as b) and e), but 
illustrated in opaque; and g-i) same as a-c) but for the 2320 cm-1 band of gas-phase N2 in a 
blank ZSM-5 crystal. Legend indicates the normalized intensity. The tolerance was set to 0.1.
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 In a subsequent series of CARS experiments, mapping the distribution of 
reaction products during the catalytic conversion was attempted. Unfortunately, 
these CARS measurements were not very successful due to the formation of 
fluorescent species resulting in two-photon fluorescence. We therefore reverted to 
IR microscopy to map product distributions inside the zeolite ZSM-5 crystals. 

In Figure 6.7a, IR reference spectra of 2-chlorothiophene and a blank zeolite 
ZSM-5 crystal are displayed. The presence of zeolite framework bands limits the 
spectral window of the IR measurements to the ring vibration (1600–1300 cm-1) and 
C-H stretching region (3300–2700 cm-1). Upon exposure of the individual zeolite 
ZSM-5 crystals to thiophene derivatives and heat treatment at 493 K, the crystals 
became intensely colored due to the formation of light absorbing species, e.g. 
carbocations in Scheme 6.2. This is visualized in Figure 6.7b, where a microphotograph 
of an individual zeolite ZSM-5 crystal after reaction is presented, showing distinct 
coloration between the edge and the center. In Figure 6.8a-b, IR absorption spectra of 
the 1600–1300 cm-1 region, recorded in the crystal center, are displayed for different 
reaction times and incident polarization directions, i.e. //y and ⊥y. Comparison 
with the 2-chlorothiophene reference shows that the bands located at 1346 (C-H 

Figure 6.6. a) Non-linear Raman 
response of the 2320 cm-1 band due to 
the gas-phase N2 stretching vibration; 
and b) 2-D CARS intensity images of 
the normalized band at 2320 cm-1 as 
function of z-position within the crystal. 
The darker the pixel, the more reactant is 
present at that specific location.
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bending), 1412 and 1520 cm-1 (fundamental ring stretching) are vibrations attributed 
to the 2-chlorothiophene monomer.[21, 22] The observation that these bands are not 
very dependent on the polarization angle (see Figure 6.8c for the 1412 cm-1 band) 
confirms the assignment to small, flexible and freely rotating monomers. However, 
the band intensity not being completely independent on the light polarization 
provides evidence for the presence of hydrogen-bonded 2-chlorothiophene in a first 
reaction step. 

Figure 6.7 a) IR reference spectra of an individual zeolite ZSM-5 crystal and 2-chlorothiophene 
liquid; and b) Microphotograph of a 2-chlorothiophene/ZSM-5 crystal after heat treatment at 
493K.
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Examination of the IR spectra with polarization //y shows the appearance 
of three pronounced bands located at 1401, 1506 and 1550 cm-1 as the reaction 
progresses. These bands can be assigned to ring stretching vibrations of (aromatic) 
reaction products.[21, 22] The presence of the 1401 cm-1 band after 5 min of reaction 
indicates that product molecules are formed in the early stages of reaction. Apart 
from that, the strong dependence of the product bands on the polarization angle 
(Figure 6.8c for the 1401 cm-1 band) shows that they must be due to elongated 
molecules entrapped and aligned within the micropores of the zeolite. The higher 
intensity at light polarization //y implies that the transition moment associated 
with the vibrational modes is directed parallel to the crystal y-axis. Based on 
earlier findings on the oligomerization of styrene derivatives, described in detail in 
Chapters 3 and 4, along with the presence of a 90º rotational intergrowth structure, 
which is presented in Chapter 2, it can be rationalized that the product molecules 
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are aligned and accommodated within the straight pores of the individual zeolite 
ZSM-5 crystals.[23-26] Moreover, the continuous presence of the ring vibrations of both 
reactant and products strongly suggests that a considerable part of the thiophene 
rings remain intact. Finally, it is important to stress that only in case of the correct 
polarization direction, in this case //y, bands due to vibrations of product molecules 
could be visualized. 

More insight into the type of elongated products formed was obtained from 
investigation of the C-H stretching region (Figure 6.9a,b). Firstly, two intense sharp 
bands at 3110 cm-1 and 3080 cm-1 can be distinguished, which are in perfect agreement 
with the bands found in the CARS measurements and decrease in intensity as the 
reaction progresses. The former band can be ascribed to the presence of =C-H bonds 
at multiple positions on the 2-chlorothiophene ring. The latter could originate 
from both aromatic and olefinic =C-H stretching vibrations[21, 22] and therefore 
might suggest the presence of molecule E in Scheme 6.2. Additionally, two bands 
located around 2930 and 2850 cm-1 are present, which are attributed to aliphatic 
-CH2- stretching vibrations.[21, 22] These IR bands, along with the coloration of the 
zeolite ZSM-5 crystal, are in line with the presence of molecule E. Unfortunately, no 
evidence for the presence of -S-H vibrations has been obtained. The corresponding 
band is intrinsically weak and interference patterns cover the 2500 cm-1 spectral 

Figure 6.8. a) IR spectra of the ring vibration region measured in the center of the crystal 
after 5, 35 and 65 min of reaction. The incident polarization was set //y; b) Same as a) but for 
light polarization ⊥y; and c) Dependency of the 1412 and 1401 cm-1 band intensities on the 
polarization angle.

a) b) c)

1550 1450 1350
Wavenumber / cm-1

5 min 5 min 

35 min 35 min 

65 min 65 min 

1550 1450 1350
Wavenumber / cm-1

reference 

0

0.24

45-45-90 90
θ / deg 

1412 cm-1

1401 cm-1

y//y

Label-free Chemical Imaging of Individual Zeolite ZSM-5 Crystals by Coherent Anti-Stokes Raman 
Scattering and Synchrotron-based IR Micro-Spectroscopy



110

Chapter 6

Figure 6.9. a) IR spectra of the C-H stretching region measured in the center of an individual 
zeolite ZSM-5 crystal after 5, 35 and 65 min of reaction. The incident polarization was set //y; 
and b) Same as a) but for light polarization ⊥y;
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Figure 6.10. 2-D IR intensity maps of an individual 2-chlorothiophene/ZSM-5 crystal after 
a) 10 min; b) 20 min; and c) 65 min of reaction for the 1412 cm-1 reactant band (top) and 1401 
cm-1 product band (bottom). The images are presented as temperature maps. Important note: 
the intensity scale is different for each 2-D image.  The light polarization was set //y for all 
measurements.
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region. More experimental evidence would be possible by examination of the -C=C 
region, however, due to the limited spectral window, these assignments were not 
feasible. The complexity of the bands in the 2950-2850 cm-1 region could be used 
as an argument for the presence of an aliphatic –C-H stretching band, although no 
direct evidence can be provided. 

In a final series of experiments, the distribution of the 2-chlorothiophene 
reactant (1412 cm-1) and elongated reaction product (1401 cm-1) on an individual 
zeolite ZSM-5 crystal was mapped. Figure 6.10 shows spatial maps of the ZSM-5 
crystal for both reactant and product, after 10, 20 and 65 min of reaction. It is important 
to note that the intensity scale in each 2-D map is different. First, it can be seen that 
the intensity of the reactant band decreases, whereas the band due to the product 
increases as the reaction proceeds. Furthermore, in the edge region less reactant and 
product are present, regardless of the reaction time. These observations are in perfect 
agreement with the results obtained by CARS measurements. Furthermore, taking 
the intergrowth structure and concurrent diffusion barriers into consideration, it 
is logical to assume that at locations where less reactant is present, fewer reaction 
products will be formed. 

4. Conclusions

CARS and synchrotron-based IR micro-spectroscopy were demonstrated to be 
a powerful combination for label-free chemical imaging of a catalytic solid with 
micrometer resolution during the catalytic conversion of thiophenes.[27] The multi-
dimensional distribution of thiophene reactants and reaction products in individual 
zeolite ZSM-5 crystals was visualized, revealing preferential accumulation of active 
species in the center of the crystal. The importance of diffusion barriers and capillary 
forces imposed by the pore network for the catalytic activity was illustrated and 
spectral changes occurring upon 2-chlorothiophene inclusion directly visualized the 
interaction of the reactants with the ZSM-5 zeolite. Strong spectroscopic evidence 
for the occurrence of hydrogen-bonding and opening of the thiophene ring was 
provided. Finally, the time-resolved product formation and alignment within the 
straight pores of the individual zeolite ZSM-5 crystals was evidenced. 

Label-free Chemical Imaging of Individual Zeolite ZSM-5 Crystals by Coherent Anti-Stokes Raman 
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112

Chapter 6

Acknowledgements

Dr. Machteld Mertens (ExxonMobil, Machelen, Belgium) is acknowledged for 
providing the zeolite ZSM-5 crystals. Prof. Mischa Bonn of the AMOLF institute in 
Amsterdam (the Netherlands) is kindly acknowledged for facilitating the multiplex 
CARS measurements and his help with the interpretation of the results. Dr. Katrin 
Domke, Dr. James Day and Gianluca Rago (AMOLF Amsterdam) are acknowledged 
for performing the CARS measurements, analysis of the data and the related 
discussions. The IR measurements were performed at the U10b beamline at the 
National Synchrotron Light Source in Brookhaven, USA. Dr. Lisa Miller and Randy 
Smith are thanked for their support during the measurements. Dr. Eli Stavitski 
and Dr. Tom Visser are acknowledged for their assistance in carrying out the IR 
experiments and the fruitful discussions that contributed to this work. 

References

[1] C. L. Evans, E. O. Potma, M. Puoris’haag, D. Cote, C. P. Lin, X. S. Xie, Proc. Nat. 
Acad. Sci. 2005, 102, 16807-16812.

[2] J. X. Cheng, X. S. Xie, J. Phys. Chem. B 2004, 108, 827-840.
[3] A. Zumbusch, G. R. Holtom, X. S. Xie, Phys. Rev. Lett. 1999, 82, 4142-4145.
[4] C. L. Evans, X. S. Xie, Ann. Rev. Anal. Chem 2008, 1, 883-909.
[5] W. Min, S. Lu, G. R. Holtom, X. S. Xie, ChemPhysChem 2009, 10, 344-347.
[6] M. Muller, A. Zumbusch, ChemPhysChem 2007, 8, 2157-2170.
[7] G. W. H. Wurpel, J. M. Schins, M. Müller, Opt. Lett. 2002, 27, 1093-1095.
[8] E. M. Vartiainen, H. A. Rinia, M. Muller, M. Bonn, Opt. Express 2006, 14, 3622-3630.
[9] A. Chica, K. Strohmaier, E. Iglesia, Langmuir 2004, 20, 10982-10991.
[10] C. L. Garcia, J. A. Lercher, J. Phys. Chem. 1992, 96, 2669-2675.
[11] C. L. Garcia, J. A. Lercher, J. Mol. Struct. 1993, 293, 235-238.
[12] L. Jaimes, M. L. Ferreira, H. de Lasa, Chem. Eng. Sci. 2009, 64, 2539-2561.
[13] B. R. Li, W. P. Guo, S. P. Yuan, J. Hu, J. G. Wang, H. J. Hao, J. Catal. 2008, 253, 212-

220.
[14] G. Spoto, F. Geobaldo, S. Bordiga, C. Lamberti, D. Scarano, A. Zecchina, Top. Catal. 

1999, 8, 279-292.
[15] S. Y. Yu, J. Garcia-Martinez, W. Li, G. D. Meitzner, E. Iglesia, Phys. Chem. Chem. 

Phys. 2002, 4, 1241-1251.
[16] X. Rozanska, X. Saintigny, R. A. van Santen, S. Clemendot, F. Hutschka, J. Catal. 

2002, 208, 89-99.
[17] X. Rozanska, R. A. van Santen, F. Hutschka, J. Catal. 2001, 200, 79-90.
[18] X. Rozanska, R. A. van Santen, F. Hutschka, J. Hafner, J. Catal. 2003, 215, 20-29.
[19] X. Saintigny, R. A. van Santen, S. Clemendot, F. Hutschka, J. Catal. 1999, 183, 107-

118.
[20] N. Djaker, D. Gachet, N. Sandeau, P. F. Lenne, H. Rigneault, Appl. Opt. 2006, 45, 

7005-7011.



 113

[21] D. Lin-Vien, N. B. Colthup, W. G. Fateley, J. G. Grasselli, The Handbook of Infrared 
and Raman Characteristic Frequencies of Organic Molecules, Academic Press, 1991.

[22] G. Socrates, Infrared Characteristic Group Frequencies, Vol. 2, John Wiley & Sons, 1994.
[23] L. Karwacki, M. H. F. Kox, M. R. Drury, J. D. Meeldijk, E. Stavitski, W. Schmidt, 

M. Mertens, P. Cubillas, N. John, A. Chan, N. Kahn, S. R. Bare, M. Anderson, J. 
Kornatowski, B. M. Weckhuysen, Nature Mater. 2009, published online (DOI:10.1038/
NMAT2530).

[24] M. H. F. Kox, E. Stavitski, B. M. Weckhuysen, Angew. Chem. Int. Ed. 2007, 46, 3652-
3655.

[25] E. Stavitski, M. R. Drury, D. A. M. de Winter, M. H. F. Kox, B. M. Weckhuysen, 
Angew. Chem. Int. Ed. 2008, 47, 5637-5640.

[26] E. Stavitski, M. H. F. Kox, B. M. Weckhuysen, Chem. Eur. J. 2007, 13, 7057-7065.
[27] M. H. F. Kox, K. F. Domke, J. P. R. Day, G. Rago, E. Stavitski, M. Bonn, B. M. 

Weckhuysen, Angew. Chem. Int. Ed. 2009, in press.

Label-free Chemical Imaging of Individual Zeolite ZSM-5 Crystals by Coherent Anti-Stokes Raman 
Scattering and Synchrotron-based IR Micro-Spectroscopy



114



 115

Chapter 7

The Catalytic Conversion of Thiophenes over 
Individual Zeolite ZSM-5 Crystals: an X-ray, UV-Vis 
and Fluorescence Micro-Spectroscopic Investigation

X-ray absorption, UV-Vis and confocal fluorescence micro-spectroscopy were 
employed to characterize the conversion of thiophene derivatives occurring within 
the micropores of an individual zeolite ZSM-5 crystal. This correlative approach 
provides complementary information to that obtained with CARS and IR micro-
spectroscopy as described in Chapter 6. Space-resolved information on the Si/Al 
ratios and sulfur content was provided by X-ray absorption micro-spectroscopy. 
XANES spectral information and modelling indicated the presence of a sulfur 
atom, in close proximity of two oxygen atoms, i.e. ~ 2.5 Å. Space-resolved spectral 
evidence for the formation of conjugated carbocationic reaction intermediates by 
opening of the thiophene ring was provided. The molecular alignment of these 
reaction products within the straight pores of the ZSM-5 zeolites was observed with 
UV-Vis micro-spectroscopy, while confocal fluorescence microscopy revealed the 
three-dimensional distribution of different reaction products and demonstrated the 
influence of the crystals’ intergrowth structure and related diffusion barriers.

Abstract
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 1. Introduction

In Chapter 6, the catalytic conversion of thiophenes on individual zeolite ZSM-5 
crystals has been used as a model reaction to demonstrate the potential of a 
correlative  approach, based on coherent anti-Stokes Raman Scattering (CARS) and 
synchrotron-based IR micro-spectroscopy, revealing chemical information with 
micrometer spatial resolution.  It was evidenced that in a first reaction step, the 
thiophene interacts with the zeolite framework, e.g. via hydrogen bonding, followed 
by opening of the thiophene ring. In addition, multi-dimensional (3-D) reactant and 
product distribution within an individual zeolite ZSM-5 crystal was revealed. 

In this Chapter, a more detailed account on the chemical imaging of individual 
zeolite ZSM-5 crystals during the catalytic conversion of thiophenes is presented. 
This has been possible by using a combination of X-ray, UV-Vis and (confocal) 
fluorescence micro-spectroscopy methods, which have proven to be powerful tools 
for high resolution catalyst characterization studies.[1-10] The potential of UV-Vis and 
confocal fluorescence micro-spectroscopy was already described in Chapter 3 and 
4, investigating the acid-catalyzed oligomerization of styrene derivatives on zeolite 
ZSM-5 crystals. Space-resolved X-ray fluorescence spectra allow two-dimensional 
(2-D) elemental imaging of Si, Al and S on individual zeolite crystals with a spot size 
down to 0.21 × 0.8 μm2. Furthermore, XANES on selected spots gives spectroscopic 
data that can be used for composition analysis,[11-14] while UV-Vis and confocal 
fluorescence micro-spectroscopy give more insight into the space-resolved product 
formation and related alignment within the zeolite micropores. 

2. Experimental

2.1. Materials

ZSM-5 crystals with dimensions of 100 × 20 × 20 μm3 (Si/Al ratio of ~ 20) were 
provided by ExxonMobil (Machelen, Belgium) and their characteristics have been 
described in detail in Chapter 2. The crystals were converted into their acid form 
by triple ion-exchange with 10 wt.% ammonium nitrate (99+ %, Acros Organics) 
solution and subsequent calcination at 823 K. Zeolite powders were used as received 
from Zeolyst (CBV 5524G, Si/Al = 50). Thiophene derivatives, i.e. thiophene (99%), 
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2-methylthiophene (99%), 3-methylthiophene (98%) and 2-chlorothiophene (97%), 
were used as received (Sigma Aldrich). Boehmite (γ-AlO(OH), 73.6 wt.% Al2O3, 
Sasol) and silica gel (SiO2, 99%, 60-100 mesh size, Davisil) were used as received for 
preparation of the 50/50% physical mixture. For typical experiments the samples 
under study were exposed to 10 μl of the thiophene derivatives and heated to 493 K 
in the in-situ spectroscopic cell (FTIR 600, Linkam Scientific Instruments) equipped 
with a temperature controller (TMS 93). More details can be found in Chapter 2. 

2.2. Methods

2.2.1. X-ray absorption micro-spectroscopy
Measurements were performed at the ID21 beamline at the ESRF in Grenoble.[15] In 
Figure 7.1, the set-up of the beamline is schematically illustrated. A fixed exit double 
crystal monochromator (Si<111>) is used to scan and/or select the energy of the 
X-ray beam. The monochromatic beam is focussed using a Fresnel zoneplate to a 
spot size of 0.21 × 0.8 μm2. By using a central stop and an Order Selecting Aperture 
(OSA), unwanted focussing orders of the zone plate are rejected. Two energy 
dispersive detectors are connected, i.e. a high purity germanium detector (HpGe) 
from Princeton Gamma-Tech and a Silicon Drift Diode (SDD) XFLASH 2001 from 
Röntec.

Figure 7.1. a) Schematic illustration; b) Photograph of the X-ray micro-spectroscopy set-up. 

Calibration was performed using K2SO4 as standard, assigning a value of 2482.6 
eV to the white line position. After reaction with different thiophene derivatives at 
493 K for ~ 2 min, the zeolite powders, zeolite crystals and the physical 50/50% 
boehmite/silica mixture were prepared by spreading on sulfur-free polyimide
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tape. The spots for XAS measurements were located using a light microscope. The 
samples were mounted in a sample holder and placed in the vacuum chamber 
prior to measurements. For the powdered samples the unfocused beam was used, 
whereas the focused beam was used for the zeolite crystals. The data were collected 
in fluorescence.

To obtain fluorescence maps, the individual ZSM-5 crystals were raster 
scanned using excitation energy of 2550 V. The fluorescence was collected with 
an energy-dispersive high purity Ge detector at 90º with the beam. The size of the 
pixels was adjusted (with values within a range 1-102 µm2) to optimize the count 
rate in order to achieve good statistics for each sample. Full fluorescence spectra 
were collected for each pixel of the map, allowing deconvolution of the elemental 
composition. Consequent fitting was performed using the PyMCA code.[16, 17] The 
background and the Kα contributions were obtained from the non-linear least square 
fit. XANES spectra were collected on selected spots (total energy range of 100 eV). 

Data reduction and composition analysis (linear composition fit) on the 
XANES spectra were performed using ATHENA.[18-20] Details on the data reduction 
procedure can be found elsewhere.[21, 22] For the composition analysis, only the 
weight percentages of each component were allowed to float. XANES spectra of 
cysteine and cysteic acid were taken from the organic compounds database of 
beamline ID21-ESRF. Spectra of thiophene and bithiophene were measured at 
the ID21 beamline. XANES simulations of the sulfur K-edge were performed for 
planar thiophene (PUBCHEM 8030). The molecule was docked to HAlO2 from the 
zeolite (CSD MFI) as shown in Figure 7.4. The simulations were performed using the 
transition potential[23] in the code StoBe[24] code as described in Mijovilovich et al.[22]

2.2.2. UV-Vis micro-spectroscopy
The set-up (see Chapter 3) is based on an Olympus BX41 upright research microscope 
with a 50 × 0.5 NA high working-distance microscope objective lens, allowing to 
focus light onto the sample. A 75W tungsten lamp was used for illumination. The 
microscope was equipped with a 50/50 double viewport tube, which accommodated 
a CCD video camera (ColorView IIIu, Soft Imaging System GmbH) and an optical 
fiber mount. A 200 μm core fiber connected the microscope to a CCD UV/Vis 
spectrometer (AvaSpec-2048TEC, Avantes BV). A rotatable polarizer was introduced 
between the objective lens and detector to separate the desirable light polarization. 
Scanning over the sample was achieved by the motion of the microscope table.
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2.2.3. Confocal fluorescence microscopy
A Nikon Eclipse LV150 upright microscope with a 50 × 0.55 NA dry objective lens 
was used for fluorescence studies. Confocal images were acquired with a Nikon 
D-Eclipse C1 head connected to the laser light sources (405, 488, and 561 nm). The 
emission was detected with three photomultiplier tubes in the ranges 425–475, 510–
550, and 575– 635 nm, in order to avoid channel overlap. The laser light is focused 
onto the sample and the fluorescence is collected by the microscope objective. 
Scattered light is cut off by a dichroic mirror. Pinholes in the optical path ensure that 
the out-of-focus light is eliminated. A schematic illustration of the experimental set-
up can be found in Chapter 2. 

3. Results and discussion

In a first series of experiments the zeolite ZSM-5 powder and crystals were exposed 
to differently substituted thiophene derivatives, i.e. (I) thiophene, (II) 2-chloro, (III) 
2-methyl and (IV) 3-methylthiophene and heated to 493 K. The structures of the 
thiophene derivatives are shown in Figure 7.2. 

Figure 7.2. Schematic illustration of the thiophene derivatives under investigation, i.e. I 
thiophene; II 2-chlorothiophene; III 2-methylthiophene; and IV 3-methylthiophene.
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S S
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In Figure 7.3a, a fluorescence map of an individual zeolite ZSM-5 crystal is presented, 
indicating the spatial distribution of Si (green) and Al (red) atoms.  Consequent 
additive color mixing results in a uniform yellow color, evidencing a homogeneous 
Si/Al ratio on the crystal area. X-ray Absorption Near Edge Structure (XANES) 
spectra of the zeolite ZSM-5 powder and crystal after reaction with thiophene are 
presented in Figure 7.3b. These XANES spectra are similar to those reported in 2002 by 
the group of Iglesia, recorded at different temperatures.[25] The mismatch in the after-
edge region is only apparent due to the short energy range of the plot. Furthermore, 
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Figure 7.3. a) X-ray microscopy fluorescent map of an individual zeolite ZSM-5 crystal 
indicating the location of Si (green) and Al (red) atoms; b) Sulfur K-edge spectra of a 
zeolite powder (red) and crystal (black) after reaction with thiophene at 493 K; c) Sulfur 
K-edge spectra of different model compounds used for multi-component analysis; d) 
Sulfur K-edge spectra of a 50/50% silica/boehmite mixture after reaction with thiophene 
at 493 K (black). The fit (red), basedon the multi-component analysis is also presented;  

e) Same ad d) but displaying the multi-component 
analysis with cysteine, cysteic acid and thiophene; 
f) Same as e) but with bithiophene; and g) Sulfur 
XANES spectra of thiophene after reaction on 
a zeolite, showing the influence of the presence 
of bithiophene on the fit, with steps of 5%.   
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although for both samples the XANES features are found at identical energies, the 
main edge (2474 eV) in the spectrum of the ZSM-5 powder is much more intense and 
narrow as compared to the crystals. 

Possible reaction pathways for the catalytic conversion of thiophene on 
individual zeolite ZSM-5 crystals are schematically presented in Scheme 7.1. Note 
that this Scheme is a simplified representation; other pathways where immediate 
ring opening after carbocation formation occurs have been proposed, also leading 
to thiol-like carbocations.[25-31] In addition, consecutive reaction steps under various 
reaction conditions have been discussed and calculated in detail in the literature.
[32-35] Based on the reaction pathways, component analysis has been attempted using 
thiophene, bithiophene as well as cysteine as model for thiols (R-SH) and cysteic 
acid for modelling sulfonates (R-SO3

-). Their XANES spectra are presented in Figure 
7.3c. However, for thiophene on ZSM-5 zeolites (either powder or crystals) the 
fits including the model compounds were not successful in fully reproducing the 
experimental XANES results. First, the high energy side of the main edge is not 
well accounted for, neither by thiophene nor bithiophene. Secondly, the dip after the 
edge could not be reproduced by thiophenes, since they show a second resonance 
at this energy. Furthermore, the presence of the lower energy edge of the main 

Scheme 7.1. Simplified representation of the reaction pathways for the thiophene conversion 
on acidic zeolites as proposed in the literature. The reaction starts with hydrogen bonding of 
thiophene with the acidic framework (A) followed by protonation on the Brønsted acid sites 
of H-ZSM-5 (B). Subsequently, a neutral thiophene molecules reacts with the carbocation via 
nucleophilic attack, forming a dimeric carbocation (C) which can either undergo an opening 
of the thiophene ring to form an elongated “thiol-like” carbocation (D) or further oligomerize 
to form polythiophenes (E). Another pathway is direct opening of the thiophene ring after 
carbocation formation, which also leads to “thiol-like” carbocations.[25-31] 
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transition could not be explained by the presence of thiol-like compounds since their 
main edge is found at lower energy, i.e. 2473 eV. The apparent broadening of the 
sulfur main edge could also not be explained by the presence of sulfoxide species 
(R-S(=O)-R’), since the sulfoxide edge appears at much higher energy, i.e. 2476 eV. 
On the other hand, the strong feature at 2470 eV can be assigned to photoreduction 
products, based on results by Bohic et al. and Fleming et al. [36, 37] 

In a subsequent set of experiments, the influence of the presence of well-
defined micropores on the catalytic conversion of thiophenes was analyzed. For 
this purpose, measurements were performed on 50/50% mixtures of silica and 
boehmite, out of which alumina is a major component in FCC catalysts.[38, 39] These 
physical mixtures allow to mimic the acidic properties without the presence of a 
micropore network. Alumina, which is also commonly used as support in many 
catalytic reactions, was found to be indirectly involved in the hydrotreating process 
and capable of opening the thiophene ring (by C-S hydrogenolysis).[40, 41] Here, it was 
furthermore shown that merely Lewis acid sites are involved in the catalytic action. 
More recent work by Falco et al., comparing commercial FCC catalysts and different 
porous aluminas during the catalytic conversion of 1,3,5-tri-isopropylbenzene (TIPB), 
demonstrated essentially the same product distribution for both FCC catalysts and 
aluminas and inferred that passive Brønsted acid sites could be present on the 
alumina.[42] 

Based on these reports, similar reaction pathways as those for zeolites 
(Scheme 6.2 and 7.1) would be expected for the 50/50% silica/boehmite mixtures. 
In Figure 7.3d, the experimental XANES spectra and multi-component analysis are 
presented. Notably, the sulfur K-edge absorption spectra obtained on the silica/
boehmite mixture are different from those of the ZSM-5 zeolites, either crystal or 
powder, indicating that the formed reaction products are not completely identical. 
The origin of these differences can be accounted for by the presence of the microporous 
zeolite framework, which will be discussed in more detail at a later moment in this 
Chapter. Moreover, in contrast to the fit of the XANES spectra for the ZSM-5 zeolites, 
the experimental spectra for the silica/boehmite mixture can be well reproduced 
by component analysis including thiols, sulfonates, thiophenes and bithiophenes 
(Figure 7.3d). Here, the presence of the lower energy main edge could be accounted 
for by thiol-like species. Furthermore, in case of the main edge, the presence of a 
mixture of thiophene and bithiophene results in a better fit as compared to fits solely 
based on either thiophenes or bithiophenes (Figure 7.3d, e and f). 
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Assuming similar pathways for the ZSM-5 zeolites and silica/boehmite 
mixtures, these observations strongly indicate that a considerable part of the thiophene 
rings remains intact, i.e. no complete cracking of the thiophene ring occurs, which 
is perfect in line with results described in detail in Chapter 6 based on CARS and 
IR micro-spectroscopy.[43] Additionally, the presence of one single featureless edge 
resonance with much lower intensity compared to the intensity of the main edge 
for the thiophene model, is fully compatible with the presence of bithiophene. To 
examine in more detail the approximate amount of bithiophene present, the XANES 
spectra of a thiophene treated zeolite ZSM-5 crystal are subtracted by the XANES 
spectrum of the bithiophene model compound with increasing concentrations (with 
steps of 5%). The corresponding image is presented in Figure 7.3g, illustrating 
that up to 10% bithiophene would remain undetected. This finding is in perfect 
agreement with the widely accepted accuracy limit for sulfur XANES speciation.[14] 
Finally, the peak at about 2481 eV is similar to the peak found for the ZSM-5 zeolites 
and indicates the presence of sulfonates (R-SO3

-), indicating that thiophene can react 
with oxygen when located in an acid site containing, porous material, e.g. alumina 
and zeolites. 

Taking all aforementioned observations into consideration, it can be stated 
that when the catalytic conversion takes place within the well-defined micropores 
of the ZSM-5 zeolites 1) the main edge is broadened, 2) additional features appear, 
which could not be fitted solely with thiols and thiophenes and 3) the reaction 
products formed are not completely identical for the zeolites and the silica/boehmite 
mixtures. These differences between ZSM-5 zeolites and the silica/boehmite mixtures 
can be ascribed to the interaction of thiophenes with the zeolite framework, which 
is not viable on the aluminas. The presence of the shoulders at both sides of the 
main edge, i.e. the broadening of the XANES spectrum, could be accounted for by 
an interaction with oxygens alike to sulfones (R-S(=O)(=O)-R’). Sulfones are known 
to show similar shoulders at the main edge, as evidenced in earlier publications.[22, 

44] However, no real sulfone could be proven, since in that case a shift of the edge to 
higher energy would be expected due to the higher nominal oxidation state of the 
sulfur. Therefore, the presence of sulfur close to oxygen is most likely not in the form 
of a direct sp2 chemical bond between the sulfur and the oxygen from the zeolite 
framework. 

In order to estimate the distance between the sulfur and an oxygen atom, 
XANES simulations for different S-O distances have been performed. These 
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simulations are presented in Figure 7.4a. Here, it can be observed that an approximate 
distance of 2.5 Å is more likely than the 1.6 Å of a chemical -S=O bond. Also, similar 
to the experimental XANES spectra, the main edge is broader and less intense for 
the long bond S-O model. Apart from that, the ionicity values obtained, i.e. 0.3 and 
0.8 for the long and short S-O bonds, respectively, are in agreement with the edge 
position of the long S-O model at a lower energy than for the short S-O model. In 
Figure 7.4b, a (planar) docked thiophene molecule to HAlO2 of the zeolite used for 
the XANES simulations of the S-O bond distances is shown. Accordingly, in Figure 
7.4c, a model is presented, indicating in what way the thiophene molecule might 
be located within the micropores of the ZSM-5 zeolite. The presence of thiophene 
in close proximity of the oxygen atoms is in excellent agreement with the proposed 
reaction pathways (Scheme 7.1), where the thiophene is first hydrogen-bonded to 
the zeolite framework followed by protonation.

More generally, although no perfect component fit could be obtained for 
the XANES spectra on the ZSM-5 zeolites, evidence is provided that a) the sulphur 
atom of the thiophene is in close proximity of a framework oxygen atom and b) the 
presence of bithiophenes (or other oligomers such as molecule D in Scheme 7.1) 
were not univocally determined due to additional features at the main edge. In case 
of the thiophene conversion occurring on the acid sites of the alumina in the silica /
boehmite mixture, it is shown that a) substantial amounts of intact thiophene rings 

Figure 7.4. a) XANES simulations of the sulfur K-edge for thiophene sulfone, and S-O bonds 
for planar thiophene in the zeolite with different S-O bond lengths; b) Docked thiophene 
molecule to HAlO2 of the zeolite, based on the XANES simulations; and c) Schematic 
representation of the presence of thiophene in the zeolite framework, in close proximity of 
two oxygen atoms. The color coding for the atoms is indicated.
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are present (based on bithiophene and thiophene fits) and b) opening of a thiophene 
ring occurs (based on thiol fit). Furthermore, it is often assumed that similar pathways 
occur for reactions on the acid sites in the pores of the zeolites and acid sites on 
aluminas leading to similar reaction products, e.g. thiols and bithiophene. However, 
one should be cautious upon straightforward rationalization that identical reaction 
products will be formed on the zeolites and alumina powders as a consequence of 
the interactions of thiophenes with the porous network of the ZSM-5 zeolites. 

In a final set of X-ray micro-spectroscopy experiments, the 2-D sulfur 
distribution on individual zeolite ZSM-5 crystals after reaction with compounds 
I-IV (Figure 7.2) was mapped. The high resolution elemental maps are presented in 
Figure 7.5. The attenuation length, i.e. the penetration depth of the X-rays inside the 
probed sample, was approximately 3.7 μm, based on an excitation energy of 2550 
eV. Only relative changes within one elemental plot can be compared. It appears 
that overall sulfur concentration is approximately equal on the crystal, however, 
minor changes in concentration could be difficult to visualize due to variations in 
the illumination intensity. 

Figure 7.5. Fluorescence elemental maps of the sulfur concentration within individual ZSM-5 
crystals after reaction at 493 K with compounds I (thiophene, 10sec), II (2-chlorothiophene, 2 
min), III (2-methylthiophene, 2 min) and IV (3-methylthiophene, 2min). Scale bars: 20 μm.

In order to obtain more insight in the space-resolved product formation 
and alignment, UV-Vis micro-spectroscopy measurements were performed after 
reaction of individual ZSM-5 crystals with thiophene compounds I-IV (Figure 7.2) 
at 493 K. In Figure 7.6a, microphotographs are displayed, measured ~ 5 min after the 
exposure. The crystals’ crystallographic orientations and concurrent pore alignments 
can be found in Chapter 2 (Figure 2.2a).
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The intense coloration of the zeolite ZSM-5 crystals is ascribed to the formation 
of light absorbing species on the Brønsted acid sites within the micropores of the 
zeolite. The dissimilarities in coloration between compounds I-IV and at different

Figure 7.6.  a) Optical microphotographs 
of individual zeolite ZSM-5 crystals after 
heat treatment at 493 K with compounds 
I- IV ; and b) UV-Vis absorption spectra, 
measured in the edge (left) and main 
body (right) of a crystal after reaction at 
493 K with compounds I-IV as function 
of polarization direction, i.e. ⊥y and //y. 
Typical measurements were performed 
~10 min after exposure.
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However, since the UV-Vis absorption spectra for 2-methyl and 
3-methylthiophene are relatively similar, the position of the substituent on the 
ring (e.g. ortho- and meta-position) appears to be of minor influence on the formed 
reaction products. Evaluation of the absorption band maxima shows that absorption 
bands located at around 410 nm, 490 nm, 550 nm and 600 nm can be distinguished. 
As the absorption bands of thiophene, bithiophene and terthiophene are found 
in the UV region of the spectrum,[45] the bands in Figure 7.6. must have another 
origin. Similar to absorption spectra obtained during reaction of thiophenes on H-Y 
zeolites,[45] the bands at 412, 419, 550 and 600 nm can be ascribed to the formation 
of carbocationic reaction intermediates, e.g. molecule C of Scheme 7.2. In general, 
the higher wavelength bands can be ascribed to the presence of more conjugated 
and elongated product species, lowering the energy of the electronic transition. 
Comparison of the crystals edge and main body, reveals that in the latter more 
elongated products are formed. Since X-ray absorption measurements revealed a 
homogeneous Al distribution over the ZSM-5 crystal, these differences in catalytic 
activity between distinct crystal regions cannot be ascribed to variations in the 
amount of Brønsted acid sites and therefore must have another origin.  

crystal regions are associated with the presence and intensity variations of different 
UV-Vis absorption bands. This is illustrated in Figure 7.6b, where UV-Vis absorption 
spectra for the edge and main body region are presented, recorded with different 
light polarization directions, i.e //y and ⊥y. The UV-Vis absorption bands maxima 
are listed in Table 7.1. In line with the observed coloration behaviour, the absorption 
spectra are different for distinct compounds as well as in different regions of the 
crystal, i.e. the edge and main body. The distinction between compounds I-IV can be 
accounted for by the addition and variation in substituents on the thiophene ring.

Table 7.1. List of compounds and the bands positions present in the optical absorption spectra 
in the edge and main body of the crystals after reaction at 493 K. 
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Compound     Band position /nm

Edge Center

thiophene (I) 450, 490, 590, 620 450, 490, 590, 620
2-chlorothiophene (II) 410, 490, 590 410, 490, 590
2-methylthiophene (III) 420, 500, 590, 610 420, 500, 590, 610
3-methylthiophene (IV) 410, 490, 580, 610 410, 490, 580, 610
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The internal architecture of the individual zeolite ZSM-5 crystals and the 
presence of a 90º rotational intergrowth structure is described in detail in Chapter 
2.[46-50] There it was shown that in the edges the straight pores are open to the outer 
surface, whereas the main body is accessible via the zigzag pore segments. Due 
to different accessibilities of distinct ZSM-5 crystal regions and concurrent pore 
blockage at the edges of the crystal, as evidenced in Chapter 3 for the reaction with 
4-methoxystyrene[5, 10], the extent of product formation is different in the edge and 
the main body. More specifically, more conjugated products are present in the main 
body of the zeolite ZSM-5 crystals as compared to the edges. These dissimilarities 
consequently lead to the observed coloration differences. Similar lines of reasoning 
can be followed for the differences in product formation for thiophene derivatives.

In addition to these space-resolved spectral changes, it is demonstrated 
that the intensity of certain absorption bands is dependent on the intrinsic light 
polarization and therefore might reveal further insight into the molecular alignment. 
When the polarization direction, i.e. the projection of the electrical field vector, is 
collinear with the dipole moment vector of a photophysically active molecule, the 
molecule will absorb light. Since the intensity of the UV-Vis absorption band at 410 
nm is independent of the polarization angle, the molecules absorbing at this energy 
do not have a preferential orientation. More specifically, the band at 410 nm must be 
due to the presence of small, flexible thiophene molecules, which are free to move 
and rotate within the zeolite pores. On the contrary, the intensity of the bands located 
at 490 nm, 550 nm and 600 nm are dependent on the intrinsic light polarization, 
i.e. strong absorption when ⊥y, whereas almost no absorption at light polarization 
//y. The intergrowth structure of the zeolite ZSM-5 crystals and concurrent pore 
alignment imply that the more elongated product molecules must be entrapped and 
aligned within the straight pores of the zeolite crystals. 

In addition to these findings, comparing the effect of polarization direction 
on the band intensity reveals that the absorption spectra recorded in the main body 
are more dependent on the intrinsic polarization as compared to the edges. This 
effect can be directly rationalized by the presence of the products within the straight 
pores of the individual zeolite ZSM-5 crystals. Namely, in the edge the straight pores 
run in the z-direction, whereas in the main body they run parallel to the y-axis. 
Since the polarization direction is changed within the x- y plane, in the edges it is 
always perpendicular to the molecular alignment, in case of either //y or ⊥y. If one 
compares the polarization behaviour of the thiophene derivatives presented in this 
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Chapter with the dependency of the styrene compounds presented in Chapters 3 and 
4, it is evident that in case of the former the absorption intensity and thus coloration 
is not fully dependent on the incident polarization angle. This can be clearly seen 
in Figure 7.7 where optical microphotographs after reaction with compounds I-IV 
are presented using different light polarization angles. Although the dependency is 
along the lines of that presented in Chapter 3 and 4, namely intense coloration when 
⊥y and less coloration when //y, the presence of absorption bands that do not fully 
depend on the polarization direction make that the coloration does not completely 
disappear upon rotation of the polarizer. This finding is further illustrated in Figure 

a) b) c) d)

20 m

y

z
x

Figure 7.7. Optical microphotographs of individual zeolite crystals after reaction with 
a) Thiophene, b) 2-chloro, c) 2-methyl and d) 3-methylthiophene at 493 K as function of 
polarization direction. The light polarization is indicated by the arrows.
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Figure 7.8. Angular dependency of the UV-Vis absorption of  an individual ZSM-5/2-
chlorothiophene crystal measured at a) 410 nm; b) 490 nm; and c) 590 nm in the edge (red) 
and main body (black) of the crystals. A polarization angle of 90º corresponds to the polarized 
light ⊥y. 
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7.8, where the intensity of the UV-Vis absorption bands at 410, 490 and 590 nm in 
the 2-chlorothiophene absorption spectrum is plotted as function of the polarization 
angle. The observation that bands are present that are not (fully) dependent on 
the polarization angle, confirms the coloration behaviour of the individual zeolite 
ZSM-5 crystals as presented in Figure 7.7. In addition, it is clear that the 590 nm 
band is more dependent on the polarization direction as compared to the 490 nm, 
confirming the assignment of the former to more elongated and conjugated reaction 
products. 

In order to investigate the observed polarization dependence in more 
detail, geometry optimizations were carried out using the ChemDraw 3D Ultra 8.0 
program for the thiophene reactant and possible reaction products, i.e. thiophene, 
bithiophene, thiol-like carbocations and terthiophene. The result is presented in 
Figure 7.9. It is important to note that the displayed molecular sizes are approximate 
values and merely serve as a guideline whether they will fit inside the micropores of 
the individual zeolite ZSM-5 crystals. In Figure 7.10 schematic representations of the 

Figure 7.9. Geometry optimizations for the thiophene reactant and possible reaction products 
as presented in Scheme 7.1; a) Thiophene (A); b) Bithiophene (C); c) Thiol-like carbocation 
(D); and d) Terthiophene (E). Note that the molecular sizes are approximate values. 
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zeolite micropores are presented indicating the possible locations of the molecules 
presented in Figure 7.9. However, the geometries of the different molecules might 
vary upon e.g. inclusion within the micropores of the zeolite structure. Therefore, 
in order to determine their exact size and optimized geometry within the zeolite 
micropores, more complex theoretical calculations should be undertaken taking 
the surrounding of the molecules into account. Nevertheless, it is evident that in 
contrast to the dimensions of the styrene reactants and reaction products which are 
presented in Chapter 3, the molecular sizes of the thiophenes are much smaller. As a 
result, the formed thiophene reaction products are more flexible within the pores of 
the individual zeolite ZSM-5 crystals and thus do not impose strict confirmations and 
alignments. This difference is reflected in the polarization dependence described in 
detail in Figures 7.6, 7.7 and 7.8, where it is evidenced that certain absorption bands 
of the thiophene reactants are independent of the incident polarization angle. Based 
on these findings, the 410 nm absorption band could be assigned to the dimeric 
carbocations, which are small enough to move freely within the zeolite framework, 
whereas the higher wavelength bands could be attributed to the presence of more 

Figure 7.10. Schematic representation of ZSM-5 micropore sections, indicating possible 
locations of a) thiophene (A); b) bithiophene (C); c) thiol-like carbocation (D); and d) 
terthiophene (E) (Scheme 7.1). 
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elongated and conjugated reaction products. However, their exact nature can not be 
resolved on the basis of the experimental data presented within Chapter 6 and the 
current Chapter. 

Detailed insight in the 3-D product distribution was revealed by confocal 
fluorescence microscopy after reaction with compounds I-IV. For this, the time-
resolved fluorescence intensity was followed in a similar manner as was described 
in Chapter 6 for the IR micro-spectroscopy measurements. As showcase, the 
confocal fluorescence results of 2-chlorothiophene are discussed. In Figure 7.11a,b 
fluorescence images of the upper plane and vertical cross-section of the ZSM-5 crystals 
are displayed, recorded after 10, 20 and 65 min of reaction. For these measurements 
laser excitations at 488 nm and 561 nm were chosen to match the UV-Vis absorption 
bands as is illustrated in Figure 7.11c. Since identical parameters were used for all 
confocal fluorescence images it can be seen that the fluorescence intensity decreases 
upon reaction time, which might be an effect of bleaching or merely a decrease in 
reaction products that absorb light around 488 and 561 nm. The fact that after 65 
min of reaction absorption bands in the fundamental ring stretching regions are still 

Figure 7.11. Confocal fluorescence images of an individual zeolite ZSM-5 crystal of a) The 
upper plane; and b) The vertical cross-section measured after 10 min, 20 min and 65 min of 
reaction with 2-chlorothiophene using excitation at 488 nm and 561 nm (detection 510–550 
nm and 575–635, false color) to match the UV-Vis absorption bands as indicated in c); and d) 
Schematic representation of an individual zeolite ZSM-5 crystal illustrating the planes where 
the confocal fluorescence images displayed in a) and b) were taken from.
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present, as was evidenced in the 2-D IR maps (Figure 6.10), rules out that this drop in 
fluorescence intensity is due to complete cracking of the thiophene rings. A possible 
explanation for this decrease in fluorescence signal could be found in examination 
of the UV-Vis spectra at different reaction times, however, severe darkening of 
the individual ZSM-5 crystals completely obscures the absorption bands present, 
making such measurements not successful. 

The observation that more fluorescence emerges from the main body of the 
crystal as compared to the edges can be straightforwardly correlated to the UV-
Vis absorption spectra. More specifically, the more intense the absorption at the 
excitation wavelength, the higher the fluorescence signal. This correlation between 
UV-Vis absorption spectra and the fluorescence signal thus explains why the 
difference between the edge and center is less pronounced using excitation of 561 
nm instead of the 488 nm laser. The presence of more reaction products in the center 
of the crystal at different reaction times are fully in line with the findings based on 
the IR micro-spectroscopy mapping experiments (Figure 6.10). 

With respect to the 3-D distribution of reaction products within the zeolite 
volume, it appears that the product molecules which give rise to intense absorption 
bands around 561 nm are more widely distributed within the ZSM-5 crystal, 
whereas the location of molecules that absorb light at 488 nm is mainly limited to 
the upper surface region. However, this finding is not straightforward since the 
intense fluorescence and thus absorption in the upper plane of the zeolite ZSM-5 
crystals might have an effect on the fluorescence signal in other parts of the zeolite 
crystals. Furthermore, examination of the fluorescence images from the vertical 
cross-sections, especially those recorded with 561 nm excitation, indicates that the 
presence of an intergrowth structure with a 90º mismatch in pore orientation (as 
discussed in detail in Chapter 2) imposes diffusion barriers, which lead to spatial 
heterogeneities in fluorescence intensity.

4. Conclusions

A combined micro-spectroscopic approach, using X-ray absorption, UV-Vis and 
fluorescence micro-spectroscopy allowed to elucidate the occurrence of certain 
reaction pathways during the catalytic conversion of thiophenes over individual 
zeolite ZSM-5 crystals.[51] Evidence for the formation of thiol-like species and 
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the presence of a sulfur atom in close proximity of two oxygen atoms (~ 2.5 Å) 
was provided by X-ray absorption measurements. UV-Vis micro-spectroscopy 
measurements revealed spatial heterogeneities in product formation and unraveled 
the alignment of distinct reaction products. Shorter molecules are not aligned 
within the zeolite micropores, on the contrary, more elongated molecules appear 
to be entrapped within the straight pores of ZSM-5 zeolite crystals. Finally, the 3-D 
distribution of reaction products was visualized by confocal fluorescence microscopy, 
showing the influence of the crystals’ intergrowth structure and concurrent diffusion 
barriers. In general, X-ray absorption micro-spectroscopy has the potential to become 
an important add-on to the existing space-resolved techniques for high resolution 
catalyst characterization studies as it provides insight into atom surroundings and 
XANES spectral information allows thorough chemical analysis. 
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Chapter 8

Visualizing the Crystal Structure and Locating 
the Catalytic Activity of Individual Micro- and 

Mesoporous Zeolite ZSM-5 Crystals by using UV-Vis 
and Fluorescence Micro-Spectroscopy

A combination of UV-Vis and fluorescence micro-spectroscopy has been employed 
to study the morphology of individual micro- and mesoporous zeolite ZSM-5 
crystals and to evaluate the effect of mesoporosity, introduced via desilication, on 
the acid-catalyzed oligomerization of styrene derivatives. The crystals were found 
to consist of different subunits in which the pore orientation was unravelled.  Spatial 
heterogeneities in the Brønsted acid strength and catalytic activity were evidenced. 
The introduction of intracrystalline mesoporosity showed to limit the reaction product 
formation to dimeric carbocations and facilitates the transport of styrene molecules 
inside the zeolite volume. It is also envisaged that the catalytic oligomerization 
of styrene derivatives can be a useful probe reaction to map the distribution and 
strength of Brønsted acid sites within an individual catalyst particle.

Abstract
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1. Introduction

In preceding Chapters the morphology and catalytic activity of individual coffin-
shaped zeolite ZSM-5 crystals were discussed in detail. However, in industrial 
applications the purely microporous character of zeolite materials often results in 
a reduced catalytic activity due to diffusion limitations. To alleviate this, several 
approaches are practiced to enhance mass transport in the pores of the zeolite. 
Examples include the synthesis of zeolite particles in the nanometer range (< 200 
nm),[1] synthesis of wide-pore zeolite crystals,[2, 3] and delamination of lamellar zeolite 
precursors.[4] Another way to increase diffusion properties without affecting the 
channel framework is the synthesis of hierarchical zeolitic materials with introduced 
mesoporosity. Commonly used methods include the preparation of composite 
materials in which zeolite domains are embedded in mesoporous supports, the 
synthesis of micro- and mesoporous zeolitic material through carbon templating, soft 
templating using multifunctional surfactants and dealumination by hydrothermal 
treatment or acid leaching.[5-10] The latter method, in which aluminum is selectively 
removed from the zeolite framework, has been successfully applied to create 
mesoporosity in zeolite Y and mordenite. However, one of the main drawbacks of 
this method is that the Brønsted acidity of the zeolite material is severely affected and 
the materials may thus become less suitable for acid-catalyzed reactions. Moreover, 
it has been demonstrated that this post-synthesis modification treatment most often 
leads to encapsulated porosity,[11, 12] which is not readily accessible and, therefore, 
only contributes to the improved diffusion in a limited way. 

Recently, Groen et al. developed a novel post-synthesis treatment to introduce 
mesoporosity into the zeolite framework.[13-19] In contrast to dealumination, silicon 
is selectively extracted from the framework in alkaline media, thereby creating 
mesopores without, in principle, affecting the Brønsted acidity. This approach 
has been successfully applied to both zeolite ZSM-5 [20] and mordenite crystals.
[21] Transient uptake measurements of neopentane demonstrated a two orders of 
magnitude higher rate of diffusion for the combined micro- and mesoporous zeolite 
as compared to the purely microporous parent sample. 

Apart from this key result, little is known about the role of the mesopores 
during catalytic reactions, that is, whether their surface participates in the catalytic 
reaction or that they merely provide highways to the Brønsted acid sites confined 
in the micropores. Also, the exact location in the crystal is not precisely known. In 
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2002, Corma et al. suggested, based on measurements with di-tert-butylpyridine, 
that the external surface (mesopore walls) exhibits acidic properties and thus could 
participate in acid-catalyzed conversions.[22] 

In this Chapter, purely microporous and combined micro- and mesoporous 
boat-shaped zeolite ZSM-5 crystals, synthesized by Groen et al.,[23] are extensively 
studied. To examine the intergrowth structure of these zeolite materials, confocal 
fluorescence micro-spectroscopy was employed, based on the mapping of the 
template removal process in individual crystals.[24, 25] The effect of mesoporosity 
on the shape selectivity and catalytic activity was studied by the oligomerization 
of different styrene compounds.[26, 27] Furthermore, UV-Vis micro-spectroscopic 
examination by using polarized light revealed the microscopic alignment of styrene 
reaction product molecules within the straight pores of the zeolite crystals and, 
hence, the pore orientation.

2. Experimental 

2.1. Materials

Micro- and combined micro- and mesoporous zeolite ZSM-5 crystals, with dimensions 
of 17 × 4 × 4 μm3, were prepared as documented elsewhere.[23] In the remained of 
this Chapter, the latter will be further referred to as mesoporous crystals, although 
both micropores and mesopores are present in these samples. The Si/Al ratio was 
determined by SEM-EDX measurements. Styrene derivatives (Sigma Aldrich) were 
used as received and more details can be found in Chapter 4. The micro-spectroscopic 
analysis of the boat-shaped ZSM-5 crystals was performed in the in-situ cell (FTIR 
600, Linkam Scientific Instruments) equipped with a temperature controller (Linkam 
TMS 93), which is described in detail in Chapter 2. In typical catalytic experiments, 
the crystals were submerged in 10 μl liquid styrene compounds and subsequently 
heated to the required temperature in the in-situ spectroscopic cell.

2.2. Methods

2.2.1. Confocal fluorescence microscopy
A Nikon Eclipse LV150 upright microscope with a 50 × 0.55 NA dry objective lens 
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was used for fluorescence studies. Confocal images were acquired with a Nikon 
D-Eclipse C1 head connected to the laser light sources (405, 488, and 561 nm). The 
emission was detected with three photomultiplier tubes in the ranges 425–475, 510–
550, and 575– 635 nm, in order to avoid channel overlap. The laser light is focused 
onto the sample and the fluorescence is collected by the microscope objective. 
Scattered light is cut off by a dichroic mirror. Pinholes in the optical path ensure that 
the out-of-focus light is eliminated. A schematic illustration and photograph of the 
experimental set-up can be found in Chapter 2. 

2.2.2. UV-Vis micro-spectroscopy
The set-up is based on an Olympus BX41 upright research microscope with a 50 × 0.5 
NA high working-distance microscope objective lens, allowing to focus light onto 
the sample. A 75W tungsten lamp was used for illumination. The microscope was 
equipped with a 50/50 double viewport tube, which accommodated a CCD video 
camera (ColorView IIIu, Soft Imaging System GmbH) and an optical fiber mount. 
A 200 μm core fiber connected the microscope to a CCD UV/Vis spectrometer 
(AvaSpec-2048TEC, Avantes BV). A rotatable polarizer was introduced between 
the objective lens and detector to separate the desirable light polarization. Scanning 
over the sample is achieved by the motion of the microscope table. More details on 
the experimental set-up can be found in Chapter 3. 

3. Results and discussion

In Figure 8.1, scanning electron microscopy (SEM) images of the 17 × 4 × 4 μm3  
boat-shaped micro- and mesoporous ZSM-5 crystals are presented along with 
energy-dispersive X-ray (EDX) analysis over the long axis of the crystals. From 
the SEM images, it can be seen that the morphology of the mesoporous crystals 
is severely affected by the desilication treatment, leading to a damaged middle 
part of the crystals. Furthermore, EDX measurements demonstrate that within 
the experimental accuracy of the method, no aluminum gradient is present in the 
microporous crystals. 

In the case of the mesoporous zeolite ZSM-5 crystals, during the desilication 
treatment not only silicon is removed from the framework but also, to a lesser extent, 
aluminum, as reflected by the Si/Al ratio of the filtrate, which was determined to 
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It has been demonstrated in Chapter 2 that confocal fluorescence microscopy 
is a very powerful tool for visualization of intergrowth structures, following the partial 
removal of the template molecules which are used for the synthesis of the zeolite 
crystals. Within that Chapter, a 90º rotational intergrowth along with the presence 
of wedge subunits and a middle component was evidenced for individual coffin/
cube-shaped MFI-type zeolite crystals.  To investigate the intergrowth structure of 
the boat-shaped micro- and mesoporous zeolite ZSM-5 crystals under study in this 
Chapter, the as-synthesized crystals were calcined at 773 K for 1 h, cooled to room 
temperature and confocal fluorescence images were taken in a procedure similar to 
that described in Chapter 2. The resulting fluorescence images of the microporous 
ZSM-5 crystals are presented in Figure 8.2. 

Firstly, from the confocal topview image (Figure 8.2a) intense fluorescence is 
observed in the middle part, i.e. upper lid, of the crystal which is indicative of more 
fluorescent species being present in this region than in the outer parts. Furthermore, 
it suggests that the different parts are not interconnected. Secondly, examination 

Figure 8.1. SEM images of the a) Microporous and b) Mesoporous ZSM-5 crystals. Scale bar: 
5 μm. c) SEM-EDX measurements over the long axis of the microporous (red curve) and 
mesoporous (black curve) crystals. Experimental error of the Si/Al ratios was estimated to 
be around 20%.

be 1000.[21] In addition, a higher degree of silicon extraction and accompanying 
mesoporosity formation is expected to occur at the crystal boundaries, that is, the 
intergrowth regions, leading to an inhomogeneous Si/Al ratio over the long axis 
of the crystals as can be seen in Figure 8.1c. Also, the reported Si/Al ratios are in 
good agreement with earlier values determined by inductively coupled plasma 
atomic emission spectrometry (30 and 24 for microporous and mesoporous crystals, 
respectively).[23] 
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of the fluorescence patterns in Figure 8.2b,d reveals more detailed information 
on the three-dimensional shape of the upper lid subunit, showing the presence 
of a hourglass pattern. These side view images point out that the most intense 
fluorescence is observed exactly underneath the upper subunit and is pyramidal in 
shape. Furthermore, the fluorescence is more intense in this pyramidal part than in 
the other parts, which is similar to the fluorescence observed in the top view image. 
The fluorescence pattern in Figure 8.2c, caused by light-emitting species which 
are trapped between the individual subunits, further strengthens the presence of 
pyramidal boundaries, i.e. the hourglass pattern, between different subunits. 

Figure 8.2. Confocal fluorescence microphotographs of an individual microporous zeolite 
ZSM-5 crystal measured after the template removal process at 773 K (excitation at 561 nm, 
detection at 575–635 nm; false colors represent fluorescence intensity). a,b) Top and side 
views; and c,d) Horizontal and vertical middle cross sections, respectively.

a) b)

c)

d)

2a, d

2b, c

x
y

z

Figure 8.3. Proposed intergrowth structure and 
building blocks of the twinned zeolite ZSM-5 
crystal under study, based on the images from 
Figure 8.2. The x,y,z vectors are indicated.
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Based on these findings, a three-dimensional model of the crystals is 
presented in Figure 8.3, showing the individual subunits of the boat-shaped crystals. 
They comprise three building blocks, of which the two smaller units, referred to 
as the upper and lower lids, have pyramidal boundaries with the largest unit. The 
arrows indicate the fluorescence images that contributed to the reconstruction of 
that part of the crystal. 

In Chapters 3 and 4, it was shown that the acid-catalyzed oligomerization 
of styrene derivatives is a very valuable probe reaction for examination the space-
resolved catalytic activity of individual coffin-shaped zeolite ZSM-5 crystals. [26, 27] 
Therefore, the same reaction was employed for the experiments described in this 
Chapter to investigate the effect of mesoporosity on the catalytic activity of boat-
shaped zeolite ZSM-5 crystals. In Figure 8.4, microphotographs of the micro- and 
mesoporous ZSM-5 crystals are presented along with their UV-Vis absorption 
spectra after addition of 4-methoxy- or 4-chlorostyrene from the liquid phase 
and heat treatment at 373 K. Inspection of the microphotographs clearly shows a 
difference in coloration, that is, microporous crystals are most colored in the upper 
lid, whereas the mesoporous crystals predominantly color at the outer parts of the 
crystal. These distinct coloration patterns can be accounted for by the desilication 
treatment. Besides mesoporosity formation, desilication also induces a (partial) 
removal of the upper lid due to the localized attack of the base. This phenomenon is 
likely to be responsible for the more evenly distributed coloration over the individual 
ZSM-5 crystals. Most probably, the upper lid of the microporous zeolite ZSM-5 
crystals limits to some extent the diffusion of styrene monomers inside the crystal 
leading to strong coloration of merely the upper lid in the microporous crystals and 
a more evenly distributed coloration in the mesoporous crystals, once the upper 
lid is removed. Furthermore, as a higher degree of silicon extraction occurs in the 
intergrowth regions, the accessibility to the various subunits will be improved. 

In the UV-Vis absorption spectra of the microporous crystals, the presence of 
two absorption bands can be observed at 590 and 650 nm for 4-methoxystyrene and 
at 560 and 600 nm for 4-chlorostyrene. The high-energy absorption band has been 
ascribed to the presence of dimeric carbocation intermediates, whereas the other 
band originates from more conjugated reaction products. More detailed information 
on the oligomerization reaction can be found in Chapter 3 and 4.[26-29] 

Comparison of the absorption spectra of the boat-shaped micro- and 
mesoporous ZSM-5 crystals shows that, upon desilication, the band intensities 
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associated with dimeric and the more conjugated reaction product species are 
changing. More specifically, the longer-wavelength absorption band, present in 
the microporous crystals, vanishes completely when the oligomerization is carried 
out over the mesoporous zeolite, showing that in the latter case the formation of 
more elongated and conjugated reaction products is limited. This observation can be 
explained by the following: When purely micropores are present, after dimerization 
proceeding on Brønsted acid sites, the product molecules may encounter other acid 
sites, leading to the more conjugated reaction products. On the contrary, when 
mesopores are also present, the overall length of the micropores is effectively 
shortened (by two orders of magnitude).[23] As a consequence, the chance of 
successive reactions over other Brønsted acid sites, leading to the formation of such 
reaction products which have more extensive conjugation, is decreased. 

To further examine the reactivity differences between the micro- and 
mesoporous crystals, the same set of experiments as described above was carried 
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Figure 8.4. a) Microphotographs of individual micro- (I) and mesoporous (II) zeolite 
ZSM-5 crystals after oligomerization with 4-methoxystyrene; b) The corresponding UV-Vis 
absorption spectra for the microporous (black curve) and mesoporous (red curve) ZSM-5 
crystals; and c,d) Same as (a,b) but after oligomerization with 4-chlorostyrene. Measurements 
were performed ~ 5 min after exposure at 373 K.
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out and confocal microscopic images were acquired. The result is presented 
in Figure 8.5. From examination of the fluorescence snapshots of the micro- and 
mesoporous ZSM-5 crystals, measured inside the spectroscopic cell after addition 
of 4-methoxystyrene, it is clear that the fluorescence pattern is in line with the 
degree of coloration measured with the UV-Vis micro-spectroscopic set-up, i.e. 
more intense fluorescence from the upper lid in the case of the microporous crystals 
and a more evenly distributed fluorescence pattern for the mesoporous crystals. 
Furthermore, fluorescence images of the vertical middle plane in the crystal (Figure 
8.5c) show that the formation of carbocation intermediates after oligomerization 
with 4-methoxystyrene is not only limited to the upper plane. Finally, comparison 
of the micro- and mesoporous crystals shows that the fluorescence signal is most 
intense in the latter case, which can be rationalized by using the UV-Vis absorption 
spectra, that is, the optical absorption in the excitation wavelength (561 nm) directly 
corresponds to the observed fluorescence intensity. More specifically, in the case of 
4-methoxystyrene the absorption in this region is more intense for the mesoporous 
zeolite, thus leading to a much stronger fluorescence intensity compared to the 
purely microporous zeolite. 

In Chapters 3 and 4, we have demonstrated that the oligomerization 
of various styrene derivatives in coffin-shaped zeolite ZSM-5 crystals leads to 

Figure 8.5. Confocal fluorescence images measured in the in-situ cell after oligomerization of 
4-methoxystyrene at 373 K on microporous (I) and mesoporous (II) crystals (excitation at 561 
nm, detection at 575–635 nm, false color). Indices a)–c) correspond to the upper horizontal 
plane, middle horizontal plane parallel to the upper plane, and vertical intermediate plane, 
respectively. Measurements were performed ~ 5 min after exposure to 4-methoxystyrene.

I II
a) b)

c) c)

a) b)
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distinct catalytic activities, that is, less electron-withdrawing substituents induce 
an enhancement of the reactivity, whereas bulky styrene compounds do not react 
due to severe diffusion limitations. As a result of this, with differently substituted 
styrene derivatives in hand, the oligomerization reaction provides a good means of 
studying the effect of mesoporosity on the shape selectivity and catalytic activity. 
More specifically, bulky styrene derivatives should show no activity in microporous 
crystals due to size exclusion, but some degree of activity can be expected in the 
desilicated ones due to the presence of mesopores. This is a suitable approach to 
demonstrate reactivity in the mesoporous channels. In that case, mesopores do not 
merely possess a transport function, but can be directly involved in the catalytic 
process. 

To investigate this, different styrene compounds were added to the micro- 
and mesoporous crystals and confocal fluorescence images were taken in the course 
of the oligomerization reaction. Firstly, it appeared that bulky compounds, such as 
trans-β-methyl- and β-methoxystyrene, which are not very reactive in microporous 
crystals, show (almost) no reactivity in the case of the mesoporous zeolite ZSM-5 
crystals. These observations are in contrast to the expectation that mesopores would 
facilitate the reaction of larger reactant molecules and therefore suggest that the 
mesopores do not partake in the catalytic reaction but merely act as highways to 
the active sites. Another plausible explanation for this behavior is that the Brønsted 
acidity in the crystals after desilication is locally affected, and, therefore, they lack 
sufficient acid strength. As a result of this decrease in acid strength, the Brønsted 
acid sites would not be capable of protonating less reactive styrene compounds. 

In order to examine this hypothesis, confocal fluorescence images were 
taken after oligomerization with different styrene compounds that vary in their 
reactivity. The results are shown in Figure 8.6 for the mesoporous crystals, in which 
clear differences in the fluorescence patterns can be observed. Comparison of 
4-methoxy- and 4-ethoxystyrene shows that the fluorescence in the latter case is less 
evenly distributed over the crystal. 4-Bromostyrene shows a fluorescence pattern 
more similar to that of 4-methoxystyrene, whereas the other halogen-substituted 
styrene compounds are merely fluorescent at the edges of the crystals. 

Rationalization of these observations was attempted by assuming that a 
gradient in Brønsted acid strength is present in the crystals due to a distinct Si/Al ratio 
in different parts of the crystals. Consequently, very reactive styrene compounds, 
such as 4-methoxy- and 4-bromostyrene,[26, 27] will react on both strong and weak 
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Brønsted acid sites, leading to a more evenly distributed fluorescence pattern. 
Styrene compounds with more electronegative substituents, such as 4-chloro- and 
4-fluorostyrene, will only react on very strong Brønsted acid sites. By following this 
line of reasoning the intermediate fluorescence behavior of 4-ethoxystyrene can be 
easily interpreted by its intermediate reactivity, as was shown in Chapter 4. These 
observations suggest that a gradient in the Brønsted acid strength is present in the 
ZSM-5 crystals, and that the strongest acidic sites are located at the edges of the 
crystal and the weaker Brønsted acidity is found in the central parts. It is important 
to note that IR studies in the C-H stretching region have confirmed the apparent 
preservation of the Brønsted acidity upon desilication.[20]  

Figure 8.6. Confocal fluorescence images of individual mesoporous zeolite ZSM-5 crystals 
measured in the in-situ spectroscopic cell after styrene oligomerization with a) 4-methoxy-; 
b) 4-ethoxy-; c) 4-bromo-; d) 4-chloro-; and e) 4-fluorostyrene (excitation at 561 nm, detection 
at 575–635 nm, false color). Images of the intermediate horizontal plane parallel to the upper 
plane are shown. Measurements were performed ~ 5 min after exposure.

a) b) c) d) e)

So far, it is shown that the boat-shaped microporous zeolite ZSM-5 crystals 
are constructed of an upper and lower lid and a main subunit (Figure 8.3). Also, it 
was shown that carbocation intermediates are mainly formed within the upper-lid 
subunit. Upon alkaline treatment, the upper lid is removed and product molecules 
can more easily diffuse to the interior of the zeolite ZSM-5 crystals, leading to a more 
evenly distributed carbocation formation process. The coloration and fluorescence 
behavior is general for all the crystals studied, with the exception of the mesoporous 
zeolite ZSM-5 crystals after oligomerization of 4-methoxystyrene. Strikingly, it was 
found that most of the mesoporous crystals break apart during oligomerization 
with 4-methoxystyrene, revealing more detailed information on the intergrowth 
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structure of the boat-shaped zeolite ZSM-5 crystals under investigation. The 
fragmentation is likely to be attributable to local stresses induced by the exothermal 
oligomerization reaction. This effect can be seen in Figure 8.7. To the best of our 
knowledge, this is the first time that the fragmentation of individual zeolite crystals 
during a catalytic reaction has been visualized by using in-situ (micro-)spectroscopic 
techniques. 

Close examination of the confocal fluorescence images of the mesoporous 
crystals after styrene oligomerization (Figure 8.6) already indicates the presence of 
a more complex internal architecture than that proposed in Figure 8.3. This is very 
clear from observation of the images of the mesoporous crystals after oligomerization 
with 4-methoxystyrene (Figure 8.7). The observation that all the individual units are 
evenly colored and fluorescent indicates that before the mesoporous zeolite ZSM-5 
crystals fall apart the styrene monomers oligomerize on the Brønsted acid sites. It is 
important to note that these cracked crystals are not an exception; about 80% of the 
crystals are cracked into the same number of subunits during oligomerization with 
4-methoxystyrene. Therefore, a general schematic representation of the internal 
architecture of the boat-shaped ZSM-5 crystals was deduced, which is shown in 
Figure 8.7c. Thus, instead of three building blocks the crystals appear to comprise at 
least eight subunits, which all have pyramidal boundaries with each other. Notably, 
the architecture of the building blocks closely resembles the silicon concentration 

Figure 8.7. Images of an individual boat-shaped mesoporous zeolite ZSM-5 crystal after 
oligomerization with 4-methoxystyrene at 373 K measured with a) The fluorescence 
microscope using light in the region of 510–560 nm from a mercury source and b) The UV-Vis 
microscope; Measurements were performed ~ 5 min after exposure; and c) Detailed schematic 
representation of a boat-shaped ZSM-5 crystal showing its individual building blocks.

b) c)a)
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profiles determined by SEM-EDX.[13] Moreover, although the crystals presented in 
this Chapter are boat-shaped and therefore might belong to a different class of MFI-
type intergrowths, the similarity between the coffin- and cube-shaped MFI zeolite 
crystals presented in Chapter 2 can be observed. More specifically, the additional 
subunits presented in Figure 8.7 resemble the presence of the wedge subunits in 
Figure 2.6. However, it has to be noted that 1) the wedges within the coffin/cube-
shaped ZSM-5 crystals as presented in Chapter 2 were visible from their side plane, 
whereas in case of the boat-shaped mesoporous ZSM-5 crystals they are present 
viewed from the top plane and 2) the length/width aspect ratio of the micro –and 
mesoporous crystals is approximately 4, therefore no “classic” wedges as presented 
in Chapter 2 would be expected.  

More insight into the crystallographic structure of the boat-shaped zeolite 
ZSM-5 crystals under investigation in this Chapter can be obtained by performing 
polarized light UV-Vis micro-spectroscopy measurements. These measurements 
have proven to be an indispensable tool for evaluating the molecular alignment of 
products molecules within the pore network of zeolites.[26, 27] In Chapter 3 and 4, it 
was shown that reaction products, formed during the catalytic oligomerization, are 
entrapped and aligned within the straight pores of the coffin-shaped ZSM-5 crystals. 
In addition, it has been shown that the intergrowth structures of those zeolite crystals 
and concurrent pore orientations have a large impact on the catalytic activity in 
different regions. Knowing that the product molecules are aligned within the 
straight zeolite pores, more insight into the pore orientations in individual subunits 
of the boat-shaped micro- and mesoporous ZSM-5 crystals under investigation 
can be obtained by using polarization dependent measurements. The result is 
presented in Figure 8.8 for both top and side planes after exposure to 4-methoxy- or 
4-chlorostyrene. Note that in the case of the microphotographs of the side plane, 
merely images from the microporous crystals are shown, since the polarization 
dependence was identical for both micro- and mesoporous crystals. In the case of 
the microporous crystals, one can see that when the light polarization coincides with 
the direction of the short crystal axis (θ=90º) the upper lid of the crystal is intensely 
colored, but vanishes almost completely when the polarization is directed otherwise 
(θ=0º). The same polarization dependence is valid for the mesoporous crystals and 
the crystals viewed from the side. 

To further support this coloration behavior upon light polarization, the 
angular dependence of the absorption band intensity corresponding to the dimeric 
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From this, it can be clearly seen that the absorption in the upper lid of the 
microporous and the outer parts of the mesoporous crystals becomes zero when the 
light polarization is parallel to the crystals long axis and is maximum when the light 
polarization is directed perpendicular to this long axis of the crystals. The same holds 
for the crystals viewed from the side. This polarization behavior unambiguously 
points out that in the upper lid, the lower subunits (from examination of the 
mesoporous crystals) and in the side parts of the crystals, the product molecules 
are aligned. Since it was demonstrated in Chapters 3 and 4 that the oligomerization 
products are aligned within the straight pores of the ZSM-5 zeolites the observed 
preferential alignment for the boat-shaped crystals is indicative of the orientation of 
the straight pores. Moreover, the observed alignment of carbocations suggests that 
the randomly oriented mesopores do not take part in the catalytic reaction. 

Figure 8.8. In-situ optical microphotographs obtained by using polarized light measured after 
oligomerization with 4-methoxy- (I) and 4-chlorostyrene (II) at 373 K, for a) Microporous; 
and b) Mesoporous zeolite ZSM-5 crystals; c) Side views of  the microporous crystals. Light 
polarization is indicated by the arrows; and d) Polarization dependence of the optical 
absorption after oligomerization for the microporous (black curves) and mesoporous (red 
curves) zeolite ZSM-5 crystals.
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species, i.e. 590 and 560 nm, respectively for 4-methoxy- and 4-chlorostyrene, is 
presented in Figure 8.8d. This dependence follows the sin2θ law, in which θ is the 
angle between the long axis of the crystal and the light polarization vector. More 
details can be found in Chapter 3.
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Based on these polarization dependency findings a schematic representation 
of the boat-shaped micro- and mesoporous zeolite ZSM-5 crystals is deduced, 
indicating the pore orientation in different subunits. The result is presented in 
Figure 8.9 for the (y,z) and (x,z) planes of the ZSM-5 crystals. By using this model, 
the difference in catalytic/coloration behaviour between micro- and mesoporous 
crystals can be better understood. In the case of microporous crystals, the straight 
pores of the upper lid can be easily accessed via the zigzag pore openings. The other 
parts of the upper (x,y) plane, on the contrary, possess fewer zigzag pore openings 
and thus lead to lower accessibility and therefore show less coloration. As the 
upper lid is removed during desilication, the outer parts of the crystal become more 
accessible as reactant molecules can now also enter the straight pores via the middle 
part of the crystal (Figure 8.9b). 

Figure 8.9 Schematic representation of the straight-pore orientation within boat-shaped a) 
Microporous; and b) Mesoporous zeolite ZSM-5 crystals. Left images show the straight-pore 
orientation in the (y,z) plane, and images on the right in the vertical (x,z) plane. Straight pores 
are indicated by the horizontal and vertical lines. Circles indicate that the straight pores run 
in the y direction. The x, y, and z vectors are indicated by arrows. Coordinates correspond to 
those in Figure 8.3. Indices I-IV correspond to the subunit indication as presented in c) for a 
classical coffin-shaped ZSM-5 crystal (see also Figure 2.2a). 
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In addition to these findings, a direct parallel between pore geometry in 
the boat-shaped and coffin/cube-shaped crystals of Chapter 2 can be observed. 
From the (x,z) representation it is clear that the individual boat-shaped micro-
and mesoporous crystals also have a 90º rotational intergrowth structure. One can 
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furthermore expect that upon crystal growth of these crystals with a length/width 
aspect ratio of ~ 4, subunits I and II could expand and therefore possibly lead to 
morphologies similar to coffin-shaped ZSM-5 crystals, where the aspect ratio is ~ 5.  

4. Conclusions

It was demonstrated that the in-situ micro-spectroscopic approach, based on UV-
Vis and confocal fluorescence microscopy, as developed in Chapter 3 and 4 of 
this PhD thesis, is not limited to one particular case study, but can be applied for 
many different individual catalyst particles.[30] In this Chapter, the approach has 
been used to a) reconstruct the intergrowth structure of micro- and mesoporous 
boat-shaped zeolite ZSM- crystals, b) study the effect of mesoporosity (introduced 
into ZSM-5 crystals by using desilication as a post-synthesis treatment) on the 
catalytic activity, c) reveal catalytic activity trends and spatial heterogeneities, and 
d) elucidate the pore geometry in different crystal subunits. It was shown that the 
boat-shaped micro- and mesoporous zeolite ZSM-5 crystals comprise at least eight 
building blocks, which have pyramidal boundaries with each other. Furthermore, 
introduction of mesoporosity was shown to enhance a) the selectivity towards 
dimeric carbocation intermediates and b) the diffusion of reactant molecules inside 
the zeolite crystals, leading to a more evenly distributed coloration of the zeolite 
ZSM-5 crystals. Moreover, the mesopores were found not to participate to a large 
extent in the catalytic reaction, but serve mainly as highways to the active sites. 
Finally, polarized light measurements allowed mapping of the pore orientation in 
all different subunits of the boat-shaped zeolite ZSM-5 crystals. 
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Chapter 9 A

Summary

The endeavor of this PhD thesis was to explore the potential of in-situ micro-
spectroscopic techniques to unravel spatial heterogeneities within individual catalyst 
particles with micrometer resolution. To achieve this goal, large coffin-shaped 
and boat-shaped zeolite ZSM-5 crystals were investigated during the catalytic 
conversion of styrene and thiophene derivatives with UV-Vis, confocal fluorescence, 
synchrotron-based IR, coherent anti-Stokes Raman scattering and X-ray absorption 
micro-spectroscopy. 

In Chapter 2, an extensive set of MFI-type zeolite crystals was examined 
to find a wide-ranging consent on the morphology-related intergrowth structures 
and to obtain insight into the nature of internal and external diffusion barriers. For 
this purpose, a correlative approach was employed, based on confocal fluorescence 
microscopy, focused ion beam milling - electron backscatter diffraction, transmission 
electron microscopy lamelling and diffraction, atomic force microscopy and X-ray 
photoelectron spectroscopy. The entire set of evaluated MFI-type crystals was 
found to be an intrinsic evolution of a classic 90º rotational intergrowth structure. 
Upon crystal growth, however, additional wedge subunits were found to emerge 
depending on the intrinsic growth rates, i.e. when ka > kb, leading to length/width 
aspect ratios < 4. In certain crystal types an additional middle component was 
found. The crystallographic orientations within individual subunits were addressed 
by means of diffraction measurements, demonstrating that distinct regions exhibit 
different pore geometries. Preparation of a 100 nm thick lamella, dissected out of an 
individual zeolite crystal, unveiled pore mismatches of 90º and 0.5-2º, constituting 
diffusion barriers for molecular transport. The outer surface of the zeolite ZSM-5 
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crystals were found to be deficient in aluminum and almost completely composed 
of silicalite.  

The focus of Chapter 3 and 4 was to demonstrate the potential of in-
situ UV-Vis and confocal fluorescence micro-spectroscopy to study the catalytic 
activity of coffin-shaped zeolite ZSM-5 catalysts during the acid-catalyzed styrene 
oligomerization. Generally, it was found that the presence of the 90º rotational 
intergrowth structure led to spatial heterogeneities in catalytic activity, namely, 
preferential dimeric product formation at the edges, while in the center of the 
crystals more equal quantities of dimeric and more conjugated/elongated reaction 
products were formed. A plausible explanation to account for this non-uniform 
catalytic activity was put forward, based on a mechanistic model illustrating the 
more extensive pore blockage of the straight pore openings at the crystal edges. 
The formation of dimeric reaction products within the micropores of the individual 
zeolite ZSM-5 crystals was demonstrated, by means of theoretical calculations, 
to be thermodynamically feasible. The molecular alignment was addressed by 
polarization experiments, illustrating the entrapment of reaction products within 
the straight pores of an individual zeolite ZSM-5 crystal. The crucial capability of 
styrene reaction intermediates to act as reporter molecules allows the visualization 
and quantification of reactant and restricted transition-state selectivity. Overall, two 
main parameters were found to affect the reaction rates, i.e. carbocation stabilization 
and geometry effects; more bulky and/or more electronegative styrene compounds 
lead to lower reactivities. A third measurement dimension was added by the use 
of confocal fluorescence microscopy, making reconstruction of the 3-D products 
distribution feasible. 

In Chapter 5, in-situ synchrotron-based IR micro-spectroscopy was 
introduced as a characterization tool to study the catalytic oligomerization of styrene 
derivatives with chemical sensitivity and high spatial resolution. The strength of the 
described approach arises from the capability to measure both reactant and reaction 
product without the need of molecular labeling in combination with the ability to 
provide complementary information to that described in Chapters 3 and 4. Spectral 
evidence in the fundamental ring stretching region (supported by DFT calculations) 
was found to complement the assignment of the UV-Vis absorption bands to the 
formation of the dimeric 1,3-bis-(phenyl)buten-1-ylium cations. Intrinsic polarization 
of the IR laser beam was shown to be an important feature of the experimental 
set-up as it allows one to tackle the product molecule alignment. In line with the 
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molecular arrangement substantiated in Chapter 3 and 4, additional proof for the 
preferential orientation of reaction products within the straight pores of individual 
zeolite ZSM-5 crystals was provided.

Where the potential of a three-pronged micro-spectroscopic approach 
to monitor spatial heterogeneities during the acid-catalyzed oligomerization of 
styrene derivatives was illustrated in the foregoing Chapters 3-5, the evaluation of 
the general applicability of such a complementary characterization methodology is 
the main focus of Chapters 6 and 7. This was accomplished by performing a detailed 
investigation of the catalytic conversion of thiophenes by means of Raman, IR, UV-
Vis, confocal fluorescence and X-ray absorption micro-spectroscopy. In Chapter 6, 
Coherent anti-Stokes Raman scattering (CARS) micro-spectroscopy was added to 
the arsenal of characterization techniques and combined with synchrotron-based 
IR micro-spectroscopy. The potency of CARS lies within the ability to overcome 
the low sensitivity of conventional Raman spectroscopy and allow high resolution 
vibrational insight without the need of (fluorescent) labeling. Fundamental evidence 
based on spectral changes in the C-H stretching region upon inclusion of thiophenes 
in an individual zeolite ZSM-5 crystal was provided for their interaction with the 
Si(OH)Al groups of the zeolite framework, for example in the form of hydrogen 
bonding. Although no direct mechanistic insight into the intermediate reaction steps 
could be deduced owing to the limited spectral window due to the presence of zeolite 
framework vibrations, strong spectroscopic evidence in the 3250-2950 cm-1 region of 
the IR spectra was attained for opening of the thiophene ring by cleavage of the C-S 
bond. Along the lines of proposed reaction mechanisms, this C-S ring opening is 
ascribed to the formation of “thiol-like” reaction species. The distinct pore geometry 
in different regions, imposed by the intergrowth structure of the ZSM-5 crystals, 
was held responsible for the accumulation of reactant and reaction products in the 
center of the crystals.  

The results described in Chapter 7 were realized by combined employment 
of UV-Vis, confocal fluorescence and the addition of a fifth characterization 
technique, i.e. X-ray absorption micro-spectroscopy leading to a five-pronged 
micro-spectroscopic approach. The experiments presented in this Chapter were 
designed as such, to complement the outcome of the CARS and IR studies for the 
catalytic conversion of thiophenes. Two-dimensional elemental information was 
provided by X-ray absorption measurements, revealing a homogeneous Si/Al ratio 
on the catalyst particle. This important finding substantiates the proposition that 

Summary
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spatial heterogeneities could in fact be a consequence of the imposed pore geometry 
differences in distinct crystal regions and not due to differences in Brønsted acidity. 
Modeling of the surroundings of a thiophene molecule within a zeolite framework 
indicated the presence of a sulfur atom, in close proximity of two oxygen atoms, i.e. 
~ 2.5 Å.  Additional evidence for the molecular alignment of the thiophene reaction 
products, as revealed by IR measurements, was provided by polarized light UV-Vis 
micro-spectroscopy measurements. Confocal fluorescence microscopy visualized 
the three-dimensional distribution of reaction products, which was non-uniform 
due to the presence of the crystals’ intergrowth structure.  

In Figure 9.1, a schematic illustration of the multi-pronged characterization 
approach, described in detail in the course of this PhD thesis, is presented. Here, 
the five micro-spectroscopic techniques are displayed, which were used to obtain 
fundamental insight into the acid-catalyzed styrene and thiophene conversion on 
an individual catalyst particle. 

As the potential of a combined micro-spectroscopic approach has been 
demonstrated in the preceding Chapters along with the applicability of the styrene 
oligomerization to probe acidity and reactivity, the goal of the experiments described 
in Chapter 8 was to show the validity of the approach for studying different types 
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Figure 9.1. General schematic representation of the applied multi-technique experimental 
approach as described in this PhD thesis to study the acid-catalyzed conversion of styrene 
and thiophene derivatives in an individual zeolite ZSM-5 catalyst particle. 
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Summary

of individual catalyst particles. For that, UV-Vis and confocal fluorescence micro-
spectroscopy were employed for the evaluation of individual boat-shaped micro- 
and combined micro-and mesoporous zeolite ZSM-5 crystals. Although the crystals 
were also found to be consistent with a 90º rotational intergrowth structure, as was 
the case for all MFI-type crystals tested in Chapter 2, their precise internal architecture 
has remained elusive. An important aspect of the characterization study presented in 
this Chapter was to shed light on the effect of a post-synthesis desilication treatment 
in order to enhance molecular diffusion. This topic was addressed in detail by 
examination of UV-Vis absorption spectra, revealing favored selectivity towards 
dimeric carbocation intermediates as well as boosted diffusion of reactant molecules 
inside the zeolite crystals. The latter was found to lead to a more evenly distributed 
coloration of the zeolite ZSM-5 crystals. The important finding that mesopores do not 
to participate to a large extent in the catalytic reaction, but serve mainly as highways 
to the active sites was substantiated by polarization experiments. 
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Chapter 9 B

 Concluding Remarks and Perspectives

The development of novel in-situ micro-spectroscopic characterization techniques 
in the field of heterogeneous catalysis with micrometer spatial resolution has been 
described in the course of this PhD thesis. This challenge has proven to be a step 
forward to suffice the increasing demand of obtaining fundamental understanding 
of catalytic reactions taking place down to the micron-scale or even at the molecular 
level. However, the foundation of such a characterization study lies in the 
understanding of the individual catalyst particle itself as it may constitute spatial 
heterogeneities that severely affect the overall catalytic activity and selectivity 
measured by, for example, on-line product analysis. 

With respect to that, the most fundamental finding presented in this PhD 
thesis is that all individual micron-sized MFI-type zeolite crystals examined, ranging 
from 200 μm to nearly 4 μm in size, are not single crystals but comprise different 
crystalline building blocks. The impact of such intergrowth structures on the spatial 
catalytic activity is tremendous and was revealed to a large extent by the micro-
spectroscopic techniques developed throughout this thesis. Therefore, in order 
to find a correlation between the internal architecture of an individual crystalline 
porous catalyst particle and its precise function during the catalytic act, an in-depth 
catalyst characterization study should preferably be undertaken as follows. 

First, the crystals’ intergrowth structure should be determined by means 
of confocal fluorescence microscopy during the template decomposition process. 
In a consequent step, electron backscatter diffraction should be employed to 
unambiguously determine the crystallographic orientations in different crystal 
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regions. Subsequent experiments should focus on the catalytic activity aspects, for 
which it is of key importance to correlate the findings with the internal architecture 
and morphology of the crystalline porous catalyst particle under investigation. 

To achieve that goal, the acid-catalyzed styrene oligomerization would 
provide an ideal probe reaction. More specifically, it has been demonstrated in this 
PhD thesis for different individual catalyst particles that the formation of reporter 
molecules can provide detailed insight into spatial heterogeneities in catalytic 
activity, product formation as well as in the distribution and strength of Brønsted 
acid sites. In a first set of experiments, coherent anti-Stokes Raman scattering in 
combination with synchrotron-based IR micro-spectroscopy would be the ideal 
candidate for recording multi-dimensional chemical maps of reactant and reaction 
products. Then, provided that the reaction products are either light-absorbing/
fluorescent or fluorescently labeled, UV-Vis and confocal fluorescence micro-
spectroscopy measurement should be carried out. The first technique offers the 
possibility to map the formation of reaction products in the course of a catalytic 
process with the potential to obtain useful UV-Vis absorption spectra allowing for 
a kinetic analysis of the reaction products formed. From the obtained in-situ UV-
Vis absorption spectra, a three-dimensional distribution can be reconstructed using 
confocal fluorescence microscopy by exciting the fluorescent molecules. Finally, if 
the reaction under investigation involves an element which is suitable for X-ray 
absorption micro-spectroscopy, measurements similar to those described in Chapter 
7 should be employed. Herewith, the surroundings of elements can be resolved and 
chemical component analysis would allow detailed insight into the formed reaction 
products. As a final comment it should be noted that preferably, if the experimental 
set-up allows, all micro-spectroscopic measurements should be carried out in the 
same in-situ spectroscopic cell to ensure identical reaction conditions.

With respect to the rational design of new and better heterogeneous 
catalysts, the information obtained from these principle steps for characterization 
of an individual catalyst particle is also of crucial importance. Understanding that 
the presence of an intergrowth structure may lead to spatial heterogeneities in the 
catalytic activity and product formation will eventually contribute to the design of 
improved catalysts in order to fulfill the needs of specific catalytic processes. For 
example, if the reaction product, which is mainly formed in the edge regions of the 
zeolite crystals is unwanted, one should try to direct the crystal synthesis procedure 
in such a way that these regions are (fully) diminished. Opposite strategies can 
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be thought of as well. Regarding the achievement of zeolite catalyst preparation 
with enhanced diffusion characteristics, the findings presented in this PhD thesis, 
namely that the mesoporous merely act as highway to the active sites along with 
the occurrence of spatial heterogeneities in product formation and Brønsted acid 
strength may also play a crucial role for their rational design. More specifically, the 
effect of post-synthesis desilication treatment on the spatial Brønsted acid strength 
has shown to result in certain parts of the catalyst particle being not, or to a lesser 
extent, active towards the catalytic action. This might indicate that the overall kinetic 
parameters or turnover numbers measured, merely provide a general picture rather 
than detailed space-resolved insight. 

Extrapolation of the findings on the micron-sized zeolite ZSM-5 crystals 
presented in this PhD thesis to smaller crystal sizes, similar to those used in modern 
industrial processes, will be of universal importance for the application of industrial 
catalyst particles. Since a 90º rotational intergrowth structure was found for all MFI-
type crystals in the 4-200 μm range, it is expected that industrial-sized zeolite catalyst 
particles (0.5-2 μm) are also not single crystalline. If this assumption holds, then one 
can immediately anticipate that those individual catalyst particles may constitute 
similar spatial heterogeneities in catalytic activity as the coffin- and boat-shaped 
zeolite ZSM-5 crystals described in this PhD thesis. 

Therefore, a detailed investigation of crystalline porous catalyst particles 
in the order of few micrometers would be of key importance. However, such 
measurements on small crystallite sizes are not feasible yet using most of the micro-
spectroscopic techniques described in this work. The presence of lenses and mirrors 
in the optical paths do not allow measurements with spatial resolution better than 
a few micrometers. Therefore, the toolbox of the catalyst research scientist should 
be extended to spectroscopic techniques that either break the diffraction limit 
or facilitate measurements with spatial resolutions in the order of nanometers. 
Interesting candidates to achieve these goals are the use of near-field optical 
techniques, such as scanning near field optical microscopy, as well as scanning 
transmission X-ray microscopy, where the use of appropriate Fresnel zone plates, 
as described in Chapter 7, bring the resolution to the nanometer scale. The latter 
technique has already been demonstrated to be very valuable for studying catalytic 
processes, making use of an environmental cell allowing to work under real in-situ 
conditions and could be adapted to the investigation of industrial-sized individual 
catalyst particles. 

Concluding Remarks and Perspectives 
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Chapter 9 C

Nederlandse Samenvatting

Het doel van dit proefschrift was het onderzoeken van de mogelijkheden van in-
situ micro-spectroscopie om plaats-afhankelijke verschillen te visualiseren in een 
individueel katalysatordeeltje met micrometer resolutie. Hiervoor zijn zeoliet ZSM-5 
kristallen bestudeerd tijdens de katalytische omzetting van styreen en thiofeen met 
UV-Vis, confocale fluorescentie, synchrotron-gebaseerde infrarood (IR), coherente 
anti-Stokes Raman scattering en röntgen absorptie micro-spectroscopie. 

In hoofdstuk 2 is een groot aantal zeoliet kristallen bestudeerd, verschillend 
in morfologie. Zeolieten zijn poreuze materialen, opgebouwd uit silicium, 
aluminium en zuurstof atomen. Ze zijn te beschouwen als een soort van kaas met 
gaten van moleculaire afmetingen en spelen een belangrijke rol als katalysator in 
de (petro-)chemische industrie voor onder andere het omzetten van ruwe aardolie 
in brandstof. De bestudeerde kristallen behoren allen tot de MFI-topologie. Dit 
geeft aan dat de zeolieten opgebouwd zijn uit een tweedimensionaal porie netwerk, 
bestaande uit zigzag en rechte poriën. Het doel van de studie was het verkrijgen 
van universele informatie over a) de relatie tussen de kristalmorfologie en de 
interne kristalstructuur en b) de oorsprong van interne en externe diffusie barrières. 
Hiertoe is een correlerende methodologie gebruikt, gebaseerd op confocale 
fluorescentie microscopie, FIB (gefocusseerde ionenbundel) in combinatie met EBSD 
(“backscattered” elektronen diffractie), TEM (transmissie elektronen microscopie) 
“lamelling” en diffractie, AFM (atomaire kracht microscopie) en XPS (röntgen foto-
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emissie spectroscopie). De gehele set van geëvalueerde MFI kristallen bleek een 
intrinsieke evolutie van de klassieke 90º geroteerde vergroeiingstructuur te zijn. 
Echter, tijdens de kristalgroei bleken bijkomende kristalbouwstenen gevormd te 
worden. De vorming van deze extra bouwstenen was afhankelijk van de intrinsieke 
groeisnelheden, namelijk wanneer de groei in de breedte sneller is dan de groei in 
diepte van het zeoliet kristal. Daarnaast werd in sommige onderzochte zeolieten een 
extra bouwsteen in het midden van het kristal aangetroffen. De kristallografische 
oriëntaties in de afzonderlijke kristalbouwstenen werden bepaald aan de hand 
van diffractie metingen. Hieruit bleek dat de geometrie en richting van de poriën 
verschillend is in afzonderlijke gebieden binnen een individueel zeoliet kristal. 
Diffractie metingen aan een “lamella” met een dikte van 100 nm, gesneden uit 
een individueel kristal, toonde aan dat poriën in verschillende kristalbouwstenen 
geroteerd zijn ten opzichte van elkaar met 90º of 0.5-2º. Deze verschillen leiden 
tot diffusie barrières voor het moleculair transport. Dit betekent dat de aanwezige 
moleculen terecht kunnen komen in een doodlopende porie van het zeolietkristal. 
De enige optie is proberen om te keren, echter, dat lukt niet want achter hen staat 
al een file van moleculen. Het buitenoppervlak van de MFI-type zeoliet kristallen 
bleek daarnaast deficiënt in aluminium en vrijwel geheel opgebouwd uit kristallijn 
silicium. 

In hoofdstukken 3 en 4 zijn de mogelijkheden van UV-Vis en fluorescentie 
micro-spectroscopie gedemonstreerd om de katalytische activiteit van individuele 
zeoliet ZSM-5 kristallen met afmetingen van 100 × 20 × 20 μm3 te bestuderen. 
Deze kristallen worden gekenmerkt door de zogeheten “coffin-shaped” morfologie. 
De kristallen zijn geanalyseerd tijdens de zuur-gekatalyseerde oligomerizatie 
van styreen verbindingen. Het bleek dat de aanwezigheid van de 90º geroteerde 
vergroeiingstructuur leidt tot plaats-afhankelijke verschillen in katalytische activiteit. 
Dit betekent dat preferentiële dimeer product vorming in de uiteinden van het kristal 
plaatsvindt, terwijl in het midden van de kristallen meer gelijke hoeveelheden van 
dimeren en meer geconjugeerde reactieproducten gevormd werden. Gebaseerd 
op een mechanistisch model dat een meer extensieve porieblokkering aan de 
uiteinden van de kristallen illustreert kon de niet-uniforme katalytische activiteit 
worden uitgelegd. Theoretische berekeningen wezen uit dat de vorming van 
dimerische reactieproducten in de microporiën van de zeolieten thermodynamisch 
gezien mogelijk is. Polarizatie-afhankelijke UV-Vis absorptie experimenten 
boden de mogelijkheid om de ordening/oriëntatie van de reactieproducten in de 



 167

Nederlands Samenvatting

zeolietporiën te visualiseren. Hieruit bleek dat de reactieproducten gevangen zitten 
en georiënteerd zijn in de rechte poriën van een individueel zeoliet ZSM-5 kristal. Het 
belangrijke gegeven dat deze reactieproducten kunnen optreden als “boodschapper” 
moleculen voor de plaats-afhankelijke katalytische activiteit maakte visualisering 
en kwantificering van reactant en zogeheten “restricted transition-state” selectiviteit 
mogelijk. Twee belangrijke parameters bleken een invloed te hebben op de reactie 
snelheden, namelijk a) de stabilizatie van het initieel gevormde carbokation en b) 
geometrie effecten. Dit betekent dat meer electronegatieve en/of grotere/vertakte 
styreenverbindingen leiden tot lagere reactiesnelheden. Een derde meetdimensie 
werd toegevoegd door gebruik te maken van confocale fluorescentie microscopie. 
Met deze microscopische techniek is een driedimensionale reconstructie van de 
product distributie binnen een individueel zeoliet kristal mogelijk. 

In hoofdstuk 5 is synchrotron-gebaseerde IR micro-spectroscopie 
geïntroduceerd als karakteriseringstechniek om de zuur-gekatalyseerde 
oligomerizatie van styreenverbindingen te bestuderen met zowel chemische 
gevoeligheid als hoge spatiale resolutie. De mogelijkheid om reactant én 
reactieproducten te kunnen meten zonder gebruik te maken van gelabelde en/of 
fluorescente moleculen maakt deze karakteriseringsmethode zeer waardevol. Bewijs 
voor de vorming van dimerische 1,3-bis-(phenyl)buten-1-ylium kationen is geleverd 
op basis van de IR absorptie spectra in het gebied waar de vibraties van de styreenring 
zichtbaar zijn. Deze bevindingen zijn bevestigd met behulp van theoretische “density 
functional theory” berekeningen. Door de intrinsieke polarizatie van het gebruikte 
laser licht waren polarizatie-afhankelijke metingen mogelijk. Hierdoor kon de 
preferentiële oriëntatie van de reactieproducten bepaald worden. In overeenkomst 
met de moleculaire ordening aangetoond in hoofdstukken 3 en 4, is in dit hoofdstuk 
additioneel bewijs geleverd voor de oriëntatie van de reactieproducten in de rechte 
poriën van de individuele zeoliet ZSM-5 kristallen.

In de voorgaande hoofdstukken 3-5 zijn de mogelijkheden van een 
combinatie van drie micro-spectroscopische technieken geïllustreerd om plaats-
afhankelijke verschillen tijdens de zuurgekatalyseerde oligomerizatie van 
styreen verbindingen te visualizeren. Het doel van hoofdstukken 6 en 7 was 
de evaluatie van de algemene toepasbaarheid van de complementaire micro-
spectroscopische karakteriseringsmethode. Hiervoor is de katalystische omzetting 
van thiofeenverbindingen bestudeerd met behulp van Raman, IR, UV-Vis, confocale 
fluorescentie alsmede röntgen absorptie micro-spectroscopie. In hoofdstuk 6 is 
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coherente anti-Stokes Raman scattering (CARS) micro-spectroscopie gecombineerd 
met synchrotron-gebaseerde IR micro-spectroscopie. De kracht van CARS ligt in de 
hoge gevoeligheid in vergelijking met conventionele Raman spectroscopie en de 
mogelijkheid om, net als met IR micro-spectroscopie, metingen te verrichten met 
hoge plaatsresolutie zonder gebruik te maken van gelabelde en/of fluorescente 
moleculen. Veranderingen in het C-H rekgebied van de vibratiespectra na 
insluiting van thiofeenmoleculen in de zeoliet kristallen, leverde fundamenteel 
bewijs voor de interactie van de Si(OH)Al groepen van de zeoliet structuur met 
de thiofeenmoleculen. Door de aanwezigheid van zeolietvibraties kon geen direct 
mechanistich inzicht in tussenliggende reactiestappen worden verkregen. Echter, 
bewijs voor het openen van de thiofeen ring door middel van het breken van de 
C-S binding kon spectroscopisch worden bewezen na analyse van de vibraties in 
het 3250-2950 cm-1 gebied van het IR spectrum. Aan de hand van het voorgestelde 
reactieschema kon deze C-S ring opening toegeschreven worden aan de vorming van 
“thiol-achtige” reactieproducten. De verschillende porie oriëntaties in afzonderlijke 
bouwstenen van een individueel zeoliet ZSM-5 kristal, veroorzaakt door de 
vergroeiingstructuur van de kristallen, bleek verantwoordelijk voor de accumulatie 
van reactant en reactieproducten in het midden van de ZSM-5 kristallen. 

De resultaten beschreven in hoofdstuk 7 zijn gerealiseerd door de 
toepassing van UV-Vis, confocale fluorescentie microscopie en röntgen absorptie 
micro-spectroscopie. De metingen tijdens de zuur-gekatalyseerde conversie 
van thiofeenverbindingen geven complementaire informatie aan de resultaten 
verkregen door middel van de CARS en IR experimenten beschreven in hoofdstuk 
6. Tweedimensionale elementaire informatie werd verkregen door röntgen 
absorptie metingen, hetgeen bewijs leverde voor een homogene Si/Al verhouding 
in het individuele katalysatordeeltje. Deze belangrijke bevinding toont aan dat de in 
voorgaande hoofdstukken getoonde plaats-afhankelijke verschillen in katalytische 
reactiviteit binnen een individueel zeoliet katalysatordeeltje niet veroorzaakt worden 
door verschillen in Brønsted zuurheid maar inderdaad het gevolg kunnen zijn van 
de 90º geroteerde vergroeiingstructuur. Het modelleren van de omgeving van een 
thiofeenmolecuul in een zeolietstructuur leverde bewijs voor de aanwezigheid 
van een zwavel atoom in de nabije aanwezigheid van twee zuurstof atomen, met 
een afstand van ~ 2.5 Å.  Door het gebruik van lichtpolarizatie is de moleculaire 
ordening van de thiofeen reactieproducten in de rechte poriën van een zeoliet 
kristal aangetoond, hetgeen in overeenkomst is met de bevindingen gebaseerd op 
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IR micro-spectroscopische metingen. Een niet-uniforme driedimensionale product 
distributie werd gevisualiseerd door middel van confocale fluorescentie metingen. 
Deze inhomogeniteit is toegeschreven aan de 90º vergroeiingstructuur van de zeoliet 
ZSM-5 kristallen en de daarmee samenhangende diffusie barrières. 

In Figuur 9.2 is een schematische illustratie van de in dit proefschrift gebruikte 
karakteriseringstechnieken weergegegeven om fundamenteel inzicht te verkrijgen 
in de zuur-gekatalyseerde styreen en thiofeen omzetting in een individueel zeoliet 
ZSM-5 katalysatordeeltje. 

Figuur 9.2. Schematisch overzicht van de ontwikkelde/gebruikte experimentele 
karakteriseringstechnieken om de zuur-gekatalyseerde omzetting van styreen 
en thiofeen verbindingen te bestuderen in een individueel zeoliet ZSM-5 
katalysatordeeltje. 
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In voorgaande hoofdstukken zijn de mogelijkheden van een gecombineerde 
micro-spectroscopische benadering gedemonstreerd alsmede de toepasbaarheid 
van de zuur-gekatalyseerde styreen oligomerizatie om zuurheid en reactiviteit te 
bestuderen. Het doel van de experimenten beschreven in hoofdstuk 8 was om de 
algemene toepasbaarheid van de karakteriseringsmethode te demonstreren. Daartoe 
zijn individuele zeoliet ZSM-5 katalysatordeeltjes met afmetingen van 17 × 4 × 4 
μm3 en een zogeheten “boat-shaped” morfologie bestudeerd. De plaats-afhankelijke 
katalytische activiteit en de interne kristalstructuur zijn geëvalueerd met behulp 
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van UV-Vis en confocale fluorescentie micro-spectroscopie. Daarnaast is het effect 
van het selectief verwijderen van silicium uit de kristalstructuur, ter vergroting 
van de zeoliet poriën en daarmee ter bevordering van de moleculaire diffusie, 
bestudeerd. De zeoliet kristallen bleken consistent te zijn met een 90º geroteerde 
vergroeiingstructuur zoals beschreven in hoofdstuk 2 voor de MFI-type kristallen. 
Echter, een gedetailleerd inzicht in de interne architectuur van de kristallen kon 
door de complexiteit niet worden ontrafeld. UV-Vis spectra demonstreerde dat de 
selectieve verwijdering van silicium leidt tot a) een preferentiële vorming van dimeer 
carbokation reactieproducten en b) een bevorderde diffusie van reactant moleculen 
in de individuele zeoliet ZSM-5 kristallen. Deze verbeterde diffusie leidde daarnaast 
tot een meer homogeen gedistribueerde kleuring van de zeoliet ZSM-5 kristallen. De 
belangrijke bevinding dat de gecreëerde grotere zogeheten “mesoporiën” vrijwel niet 
deelnemen aan de katalytische reactie, maar voornamelijke snelwegen bieden naar 
de actieve plekken in het kristal werd aangetoond door middel van licht polarizatie 
metingen. 
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