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Abstract

In situ characterization and reaction studies of working catalytic systems are an issue of current interest. We present studie
characterized model systems, i.e., deposited metal nanoparticles, applying a variety of experimental techniques in an attempt to
between surface science and catalysis. In particular, we investigate methanol dehydrogenation and ethene hydrogenation under U
as ambient conditions and apply nonlinear optical techniques. We use electron spin resonance to study intermediately formed
Ziegler–Natta polymerization of ethene. It is concluded that there is a chance to transfer results from studies on model systems
understanding of catalysis.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

A characteristic of working heterogeneous catalysts
their complexity [1,2]. These systems are complex w
respect to structure and chemical stoichiometry as we
reaction kinetics. In recent years, therefore, strong eff
have been undertaken to prepare and characterize m
catalyst systems. Such systems encompass some o
degrees of complexity of the real system in an attemp
isolate those and study their influence on chemical react
of the system under both ideal ultra-high-vacuumconditio
as well as under ambient atmospheric conditions [3–10]

In the present review two types of model systems
discussed: dispersed metal catalysts for hydrogenation
dehydrogenation reactions [11–13], and a model sys
where a homogeneous catalyst has been heterogeniz
grafting it on a substrate, i.e., a Ziegler–Natta low-press
ethene polymerization model catalyst [14]. As we
interested in comparing reactivities under UHV and amb
conditions, results obtained with a variety of experimen
methods need to be consulted. We will have to refer to
literature for an introduction into the physical basis of so
of them.
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2. Experimental

The experiments were performed in a variety of ult
high vacuum systems built and situated at the Fritz Ha
Institute of the Max Planck Society in Berlin. For deta
please consult the following references: For preparatio
dispersed metal model systems see Ref. [15]. For prep
tion of Ziegler–Natta model systems see Ref. [16]. At t
point already we also refer to articles summarizing so
of the more specific experimental techniques relating to
data presented in this review. For sum-frequency genera
we refer to Refs. [17–19]. For electron spin resonance as
plied to surface studies we refer to [20,21].

3. Models for dispersed metal catalysts

In a technical catalyst, a catalytically active compon
such as a transition metal is dispersed over a suitable su
material—usually an oxide like alumina or silica. In the fi
place, this is done in order to achieve the highest poss
surface area of the active phase. Because of the high d
of dispersion, however, particle size effects originat
from specific structural or electronic features and m
substrate interactions can influence the catalytic behav
significantly. Of course, it has always been a central ques
eserved.

http://www.elsevier.com/locate/jcat
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in catalytic research how these effects can be exploite
improve the catalytic activity or the selectivity of a suppor
catalyst [1].

Nevertheless, there is still only very limited fundamen
knowledge about the relationship and the interplay betw
structure, adsorption behavior, and chemical or catalytic
tivity of small deposited metal aggregates. Since the c
plex structure of real catalysts often hampers the attem
connect macroscopic effects with the microscopic proce
taking place on the surface, an increasing number of m
studies have been conducted so far to tackle these ques

Recently, a number of reviews concerning the “surf
science approach” have been published taking a cri
look at the different strategies to compose and exp
model catalysts [3–10]. Advances in catalysis has dedic
an entire issue to this area recently. The spectrum ra
from studies based on polycrystalline or amorphous o
substrates [3] to investigations on oxide single crys
or well-ordered films [4–8,10]. Also, with respect to t
preparation of the particles, different concepts have b
proposed. One approach is to apply techniques which c
as close as possible to industrial catalyst manufacture
wet impregnation or exchange in solution [3]. Unfortunat
this often involves the disadvantage that structure
morphology of the deposits are rather difficult to contr
Thus, vapor deposition of metals [4–10] or deposit
l
s.

s

of metal clusters from the gas phase [22] under U
conditions have been preferred in experiments keye
more fundamental questions about the correlation betw
structure and properties of small metal particles.

In this context, ultrathin oxide films grown on a met
lic substrate are an excellent choice to circumvent probl
[4–10] connected with the insulating nature of some b
oxides. It has been shown that even films with a thicknes
just a few ångstoms can exhibit physical properties cha
teristic of the bulk material [23]. Various groups extensiv
explored preparation techniques based on the evaporati
a metal (or nonmetal) onto a host crystal—mostly a ref
tory metal—in an ambient oxygen atmosphere [6,7,24–
Another promising possibility is the oxidation of a suitab
alloy sample containing the metal which should be oxidiz
A well-known example of that kind is the formation of we
ordered thin alumina films on the low-index surfaces of c
tain Al alloys [27–33]. But it is not unlikely that this ap
proach also works in other cases [34]. An overview of so
well-ordered thin oxide films described in the literature c
be found in Ref. [15].

In Fig. 1 we show results on an alumina-based model
tem which has been prepared by oxidation of an NiAl(1
surface and studied via STM in our laboratory [15].

The upper left panel (a) shows the clean alumina
face as imaged by a scanning tunneling microscope [
00 K;
Fig. 1. Scanning tunneling images (1000 Å× 1000 Å) of (a) clean alumina film on NiAl(110); (b) 0.2-Å Pd deposited at 90 K; (c) 2-Å Pd deposited at 3
(d) 0.2-Å Pd deposited on the prehydroxylated film at 300 K.
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The surface is well ordered and there are several k
of defects on the surface. One type consists of reflec
domain boundaries between the two growth directions
Al2O3(0001) on the NiAl(110) surface [27]. There are a
tiphase domain boundaries within the reflection doma
and, in addition, there are point defects which are not
solved in the images. The morphology does not change
matically after the film is hydroxylated [35]. The addition
panels show STM images of palladium deposits on the c
surface at low temperature (b) and at room temperature
[15,36], as well as an image after deposition of Pd o
hydroxylated substrate at room temperature (d) [37].
amount deposited onto the hydroxylated surface is eq
alent to the amount deposited onto the clean alumina
face at room temperature. Upon vapor deposition of P
low temperature, small particles (the protrusions show
Fig. 1b) nucleate on the point defects of the substrate
a narrow distribution of sizes of particles is generated
the deposition of Pd is performed at 300 K, the mobi
of Pd atoms is considerably higher so that nucleation
the line defects of the substrate becomes dominant (fea
line up with the bright lines in Fig. 1c). Consequently,
the material nucleates on steps, reflection domains and
tiphase domain boundaries. The particles have a relat
uniform size, in turn depending on the amount of mate
deposited. If the same amount of material is deposited
a hydroxylated surface, the particles (the protrusions sh
in Fig. 1d) are considerably smaller and distributed acr
the entire surface; i.e., a much higher metal dispersio
obtained, which is very similar to the dispersion found
90 K [35].

The sintering process is an interesting subject. Rese
on this process is just beginning [15]. A more basic proc
is metal atom diffusion on oxide substrates. Diffusi
studies [38] could profit from atomic resolution, once
is obtained for deposited aggregates on oxide surfa
While for clean TiO2 surfaces and a few other oxid
substrates atomic resolution may be obtained routin
there are few studies on deposited metal particles w
atomic resolution has been reported [39]. A joint eff
between Fleming Besenbacher and our group [40] has
to atomically resolved images of Pd aggregates deposite
the thin alumina film. Fig. 2a shows such an image of
aggregate about 50 Å in width. The particle is crystall
and exposes on its top a (111) facet. Also, on the s
(111) facets, typical for a cuboctahedral particle, can
discerned.

The cluster on the oxide support is schematically rep
sented in Fig. 2b. Terrace sites and edge, corner, and i
face sites are differently shaded in order to make their sp
ficity obvious. These “extra sites” in combination with t
finite size of the facets render the situation on a cluster
ferent from the one encountered on a single-crystal m
surface [18].
s

-

.

-

(a)

(b)

Fig. 2. (a) Scanning tunneling images of a room temperature Pd de
on Al2O3/NiAl(110). The inset shows an individual deposit in atom
resolution [40]. (b) Schematic representation of a cubooctahedral m
cluster on a substrate.

3.1. Controlling selectivity through site specific
reactions[12]

In the following we summarize evidence for the spec
activity (selectivity) of coexisting sites on a well-defin
supported Pd–nanoparticle system discussed above.
model reaction we choose the decomposition of metha
For this reaction system two competing decomposition p
ways exist (see Fig. 3): Whereas dehydrogenation to CO
resents the dominant reaction channel [41,42], slow carb
oxygen bond breakage leads to formation of adsorbed
bon and CHx species [42–44].

For the kinetic measurements we employ molecu
beam techniques (e.g., [4,45–47]) which provide a uni
way to derive detailed kinetic information. In order
perform such experiments we use a molecular beam sy
which allows to cross up to three beams on the sam
surface and perform time-resolved reflection absorption
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Fig. 3. Two competing reaction pathways for methanol decompositio
Pd particles supported on Al2O3/NiAl(110): fast dehydrogenation an
slow C–O bond scission. (a) STM image of the Pd particles grow
300 K (15× 15 nm), from [108]; (b) IR reflection absorption spec
for CO adsorbed on Pd/Al2O3/NiAl (sample temperature 100 K, afte
CO exposure at 300 K). Open symbols: clean particles immediately
preparation; solid symbols: partially C-covered particles after prolon
exposure to methanol at 440 K.

spectroscopy (TR-RAIRS) and angle resolved/integrated
phase detection, simultaneously [48]. Recently, we h
applied the molecular beam approach to the CO oxida
on supported model catalysts [49,50].

Molecular adsorption of methanol is followed by the fo
mation of methoxy species on the Pd particles. This firs
termediate is stable up to temperatures of 200 K. At hig
temperatures, decomposition proceeds via two compe
reaction pathways. Dehydrogenation as the dominating r
tion channel results in rapid formation of CO. Depending
the CO formation and desorption rate (i.e., the surface t
-

perature), a significant steady state coverage of CO adso
on the Pd particles is built up, which can be monitored vi
situ TR-RAIRS (IR at 440 K:̃ν = 1900 cm−1, 1840 cm−1

(C=O)).
As a second pathway, we observe slow cleavage o

carbon–oxygen bond, leading to formation of adsorbed
bon and hydrocarbon species. This assumption is corr
rated by two observations: First, weak features in the
stretching frequency region indicate the presence of Cx

species (IR:ν̃ = 2945 cm−1, 2830 cm−1 (C–H)). Such
hydrocarbon species have been shown to be stable u
500 K [43]. Second, in a TPD experiment we observe d
orption of hydrocarbons (15 amu, 700 K) and recombina
desorption of CO (28 amu, 800 K), which is characteristic
the presence of atomic carbon [51].

It is essential to note that during CO exposure under id
tical conditions no carbon formation is observed on the s
Pd particle system [49]. From this we infer that the c
bon deposits do not originate from CO decomposition,
from breakage of the C–O bond during the dehydrogena
process.

The question arises of where on the nanoparticles (Fig
the carbon deposits are located. This question is answ
by RAIRS using CO as a probe molecule. The correspo
ing spectra for the pristine Pd particles and after prolon
exposure to methanol are compared in Fig. 3b.

For the pristine sample (Fig. 3b, open symbols),
spectrum is dominated by a sharp absorption featur
1960 cm−1 (1) with a broad low-frequency shoulder (
(1930 to 1840 cm−1) and a additional weak feature
2080 cm−1 (3). Previously, the features between 1930
1840 cm−1 (2) have been assigned to CO adsorbed on
low sites on Pd(111), and the absorption peak at 2080 c−1

(3) to on-top CO on Pd(111) [18,52,53]. A detailed comp
son with previous work shows that the prominent absorp
band at 1960 cm−1 (1) originates from a superposition
bridge-bonded CO on (100) facets and CO adsorbed a
fect sites such as particle edges or steps [52,53]. The co
bution of (100) facets, however, is expected to be small
to the minor fraction of these facets and their tilted geo
etry (as a consequence of the surface selection rule, IR
sorption is attenuated on small tilted facets, e.g., [54]). F
lowing these arguments, we assume that the absorption
ture at 1960 cm−1 is dominated by CO adsorbed on def
sites, mainly steps and particle edges (see Fig. 3). This is
ther corroborated by SFG data of CO on Pd(111) surfa
where this peak dominates after deliberately productio
defects by sputtering [18]. Note, however, that the sign
are expected to be strongly modified by dipole coupling
fects [55]. As a consequence, the relative intensities do
directly reflect the relative abundance of the correspon
sites. In particular, the defect feature at high frequenc
expected to gain intensity at the expense of the regula
sorption signal.

After extended exposure to methanol, drastic change
observed (Fig. 3b, solid symbols). The peak at 1960 cm−1
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Fig. 4. (a) Time-resolved IR reflection absorption spectra of the CO stre
ing frequency region during methanol decomposition on Pd/Al2O3/NiAl
at 440 K; (b) estimated carbon coverage as a function of exposure tim
the methanol beam and ratio of the rates of dehydrogenation and C–O
scission.

(1) vanishes almost completely, whereas the absorption
nal in the on-top region (3) strongly increases (2090 cm−1).
All other features in the spectrum, in particular the reg
below 1950 cm−1 (regular facets), remain practically u
changed. It is apparent from these observations that ad
tion at particle defect sites (i.e., steps and edges) is blo
by carbon species formed via carbon–oxygen bond brea
and thus we conclude that these carbon species preferen
accumulate at defect sites.

In the next step we investigate the effect of carbon ac
mulation on the kinetics of both reaction pathways. Car
formation results in a slowly decreasing CO absorption
pacity, which allows us to follow the process in situ by T
RAIRS (Fig. 4a).

In order to quantify the surface fraction covered
carbon we combine a CO sticking coefficient measurem
and a TR-RAIRS experiment (Fig. 4a). This calibration
used to estimate the surface fraction covered by ca
(θC(t) = θCO(0) − θCO(t); θCO(0): initial CO coverage) as
a function of exposure time to methanol. The result is sho
in Fig. 4b. Obviously, the initial rate of carbon formatio
is high, but drops rapidly with increasing carbon covera
From this observation we conclude that the carbon–oxy
bond breakage is fast only at the defect sites, which
preferentially blocked during the reaction, but not at
regular facet sites.

The next question to ask is whether the second reac
pathway, i.e., the methanol dehydrogenation, is affecte
carbon accumulation in a similar manner. The results
-

y

Fig. 5. Schematic representation of the thermal transformation of ethe
Pd particles of different size.

a detailed kinetic molecular beam study involving isoto
exchange experiments show that whereas the rate of car
oxygen bond breakage drastically decreases with increa
carbon coverage, the rate constant for CO exchange rem
nearly unaffected by this process. The decrease in
dehydrogenation rate simply reflects the decrease in
carbon-free Pd surface area. Quantitatively, we find
the ratio between the rates of dehydrogenation and car
oxygen bond breakage,RCO/RC, increases from 30 o
the pristine sample to approximately 1000 on the carb
contaminated sample, as indicated in Fig. 4b.

3.2. Controlling particle size

Up to this point we have presented evidence for
different activity of various reactive sites coexisting a we
defined supported metal catalyst controlling the selecti
of the reaction.

A second feature of small-particle systems is the dep
dence of a chemical reaction on the size of the depos
particles, as alluded to in the Introduction. We report h
on a study of hydrogenation of ethene in order to inve
gate the size–reactivity relationship on Pd nanoparticle
is useful first to recall and summarize the adsorption and
hydrogenation behavior of ethene without the presenc
hydrogen.

Combining the results from thermal desorption sp
troscopy (TDS) and IRAS [11,53,56], we have propose
general scheme for ethene thermal transformations o
particles, as depicted schematically in Fig. 5. On small
particles, ethene is mainlyπ -bonded at low temperature
and desorbs intact upon heating. On the larger Pd parti
however, a fraction of the ethene molecules are di-σ bonded.
Again, weakly bonded ethene desorbs intact (its conver
to di-σ species on heating cannot be excluded, howev
while di-σ ethene can either desorb near room tempera
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or dehydrogenate, producing surface species such as e
dyne and atomic hydrogen. Dehydrogenation proceeds
ther on heating until a hydrogen-deficient carbonaceous
posit and hydrogen are formed at elevated temperatures
drogen atoms recombine and desorb as hydrogen molec
Finally, the surface remains covered by carbon deposi
elevated temperatures.

Accordingly, particle size and roughness strongly in
ence the distribution ofπ - and di-σ bonded ethene mole
cules. Due to the development of more extended facet
the large particles, which favor ethene di-σ bonding, the re-
action pathway shifts toward dehydrogenation and henc
the formation of carbon deposits upon heating.

For pure hydrogen adsorption two adsorption states
be distinguished. One state, leading to desorption aro
330 K (calledβ2), is very likely due to hydrogen atoms o
the surface of the particles, while a second one desorbi
lower temperatures (β1 at ∼ 280 K) is tentatively assigne
to subsurface hydrogen [57,58]. As a function of part
size,β2 shifts to lower temperature with increasing parti
sized , ranging from 1 nm< d < 5 nm. The formation of the
β1 state is decreased on the smallest particles, its desor
temperature being less influenced by the size of the parti
This can be a result of the decreasing number of subsu
sites available or due to the presence of the support.

Fig. 6a shows TDS spectra obtained after ethene (C2D4)
adsorption on the clean Pd particles of identical size.
recorded the signals of masses corresponding to D2, C2D4,
and C2D6. Comparing these spectra, first, we observe
formation of ethane, desorbing at∼ 200 K as the produc
of ethene hydrogenation. Second, the amount of eth
desorbing at temperatures below 200 K is significa
increased, while the intensity of the state at about 28
is reduced by a factor of 2. Therefore, the data indic
that it is the formation of di-σ ethene that is inhibited b
D adatoms. This can be understood by assuming tha
surface D atoms, residing presumably in the hollow si
sterically hinder the di-σ -bonding. Meanwhile, ethene ca
readily adsorb onto the D-covered surface via aπ -bond on
on-top sites. Therefore, hydrogen preadsorption leads
redistribution ofπ - and di-σ -bonded ethene, thus favoring
weakly bondedπ -state.

In the reverse experiments, when the Pd particles w
ethene precovered before exposure to D2, the spectra wer
found to be identical to those when there was no D2 exposure
at all. This manifests a site-blocking effect of ethene
hydrogen adsorption. Such an effect can be readily expla
by the fact that hydrogen dissociation occurs on on-top s
(see review in Ref. [59]), which are occupied byπ -bonded
ethene.

In the absence of preadsorbed hydrogen, a very s
amount of ethane desorbing at ca. 280 K was dete
only for particles larger than 30 Å. This process, cal
self-hydrogenation, involves the reaction of ethene w
hydrogen adatoms produced by dehydrogenation of o
ethene molecules. Certainly, such a reaction occurs
i-

-
-
.

t

t

n
.

l

Fig. 6. (a) Thermal desorption spectra of D2, C2D4 and C2D6 after
exposure of deposited particles of 2 nm average size: (top) 1 L of C2D4
at 90 K; (bottom) 3 L of D2 at 195 K followed by 1 L of C2D4 at 90 K.
(b) Integrated signal of ethane (shaded in (a) per Pd unit surface are
function of particle size.

on relatively large particles due to an increasing proba
ity of ethene dehydrogenation (see Fig. 5). Nevertheless
amount of ethane produced by self-hydrogenation is ne
gibly small as compared to that detected in coadsorption
periments. Moreover, the desorption temperature of eth
formed under coadsorption conditions is about 80 K lo
than in a self-hydrogenation reaction (200 K vs 280
Such behavior (a temperature shift and an enhanced e
production) has also been found on hydrogen-precov
Pt(111) [60] and Pd(110) [61] surfaces. Therefore, it app
that a general mechanism of ethene interaction with hy
gen on metal surfaces is valid on both single crystals
small metal particles.

Our TDS study [11] shows that ethene reacts with
most weakly bonded hydrogen present on the surface.
formation of ethane depends on the presence of we
adsorbed hydrogen, which reacts withπ -bonded ethen
before the latter desorbs intact.
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Fig. 7. Ethene hydrogenation activity (a) of Pd/Al2O3/NiAl(110) model catalysts with a mean Pd particle size of 1 to 6 nm. The reaction was carried ou
50 mbar C2H4, 215 mbar H2 and 770 mbar He at 300 K. SFG spectra (b) of C2H4 on Pd(111) are shown for different conditions: Di-σ bonded ethene wa
observed after saturation at 200 K (i), while a weak signal of ethylidine appeared upon room temperature exposure of ethene (ii). The absence of ssignals
(iii) under reaction conditions (5 mbar C2H4, 5 mbar H2) suggests the presence ofπ -bonded ethene [64].
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In order to study particle size effects, we have carried
experiments for identical preparations varying only in
amount of deposited Pd, i.e., particle size.

Fig. 6b shows the plot of ethane production per
unit surface area as a function of particle size. This p
clearly demonstrates that the hydrogenation activity un
the coadsorption conditions studied is almost indepen
of the Pd particle size in the range 1–3 nm.

Such behavior can be understood by the fact that pr
sorbed hydrogen strongly inhibits the formation of di-σ -
bonded ethene and results in preferential formation of
π -bonded ethene for all particle sizes studied, thus neu
izing the overall particle size influence.

The size independence for ethene hydrogenation obta
in the present work agrees well with the general opinion
this reaction is structure-insensitive [62], and it seems
our system represents a suitable model system for stud
the mechanism of the reaction, even using UHV conditio

The influence of carbonaceous deposits on the part
size dependence of the ethene hydrogenation reaction
been studied by creating such deposits via dehydrogen
of ethene before exposing the model catalyst to the reac
mixture [63]. It is shown that carbonaceous deposits
not prevent adsorption but inhibit dehydrogenation of diσ -
bonded ethene. Using CO as a probe molecule, it ca
shown that the carbon deposits occupy highly coordina
sites on the surface. Ethene hydrogenation is inhibited by
presence of carbon deposits but the inhibition is indepen
of particle size in the range studied (1–3 nm).

Clearly, the results reported for ethene hydrogena
have been obtained under ultra-high-vacuum conditions
the question currently asked is, are the results compa
with results under realistic reaction conditions? We h
exposed the same model catalyst as studied above to am
conditions and measured turnover frequencies (TOF) via
s

t

t

chromatography as typically done in a catalytic study [1
At the same time, we can follow the species on the sur
with in situ vibrational spectroscopy, namely sum-freque
generation (SFG) that allows us to measure vibratio
spectra in the presence of a gas phase. The latter me
has been reviewed recently by Rupprechter [19] and app
to nanoparticle model catalysts by Dellwig et al. [17].

Fig. 7 shows turnover frequencies as a function of pa
cle size measured on model catalysts prepared in the
way as used for the ultra-high-vacuum studies [13,63,
The model catalyst was placed in a reaction vessel [65]
exposed to a mixture of C2H4 (50 mbar), H2 (215 mbar),
and He (770 mbar), with ethane production being monito
by on-line gas chromatography at various temperatures
reaction times [13]. Knowing the structure and morpholo
of the catalyst, turnover frequencies are calculated. The
tem turned out to be stable under reaction. The TOFs
rather independent of particle size and the activation
ergy for ethene hydrogenation from temperature-depen
data is ca. 55 kJ/mol [13]. There is a remarkable correspo
dence of particle-size-dependent properties under ultra
vacuum and ambient conditions, which already at this s
can be taken as indication that the mechanisms are sim
under both conditions. SFG spectroscopy can be applie
an in situ technique during reactions and spectra on Pd(
as a model surface are also shown in Fig. 7b [64]. To iden
the species involved, UHV adsorption studies were initia
performed (Fig. 7b, curves I and ii). At 200 K, a characte
tic spectrum of di-σ -bonded ethene was observed, whileπ -
bonded ethene shows no signal due to its parallel geom
on the (111) surface (with C–H bonds still being in plan
At 300 K, a small signal from ethylidyne appeared due
ethene decomposition. Under reaction conditions (Fig.
curve iii), no distinct signals are observed, suggesting
di-σ -bonded ethene and ethylidyne are not turning over
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that, rather,π -bonded ethene is the active species. The S
spectra provide considerable indirect evidence for this c
clusion. Experiments are being performed to try to cla
this issue. Therefore, so far, indications are that the spe
turning over under realistic conditions is the same as u
ultra-high-vacuum conditions.

In summary, we have presented an example whe
simple reaction has been studied under both ambient
ultra-high-vacuumconditions, and it is shown that the res
parallel each other to a large extent, so that ideas
be transferred between the two regimes. This is certa
a feature that is connected with the specific system
reaction under investigation and one has to check f
system to system whether transferability is given. On
other hand, it is clear that there are cases where rea
mechanisms and structure in both regimes are the s
There is accumulating evidence that this may be the cas
several systems. The example also illustrates the necess
further develop in situ spectroscopic techniques.

4. Heterogenized homogeneous model catalysts:
Ziegler–Natta low pressure ethene polymerization

The following example represents another case wher
application of in situ techniques to model catalysts al
a detailed view of molecular processes in a reaction
surfaces.

Transition metal (in particular titanium) halides a
organoaluminum compounds have been in use since Z
ler’s early work in the early 1950s [66] to (homogeneous
catalyze the polymerization of ethene [67,68]. With the
tension of Ziegler’s work by Natta et al. [69,70] to use th
systems in the synthesis of stereo regular poly(α)alkenes,
the basis for more than 10% of all profits made w
organometallic catalysts was laid [71]. Since the deve
ment of the first generation Ziegler–Natta catalysts, s
eral generations of such catalysts have been put in p
which exhibit activity and efficiency orders of magnitu
higher [68]. The third generation of Ziegler–Natta cataly
actually represents a supported catalyst which has bee
veloped and used since 1975 to increase the amount of a
Ti using inorganic chlorides, such as MgCl2 and CoCl2, as
supports [72]. The high activity of these catalysts permi
the use of low catalyst concentrations and, therefore, c
lyst residues can remain in the polymer [68]. The literat
on the topic of Ziegler–Natta catalysis is huge and still gro
ing since the development of the new generation of me
locene/methylaluminoxane catalysts has recently incre
interest in this field substantially [67,73–75]. There are s
eral excellent reviews on the subject and we refer to on
Kaminski and Arndt [68], in particular.

Interesting and important contributions to our und
standing have recently been gained through theoretical
ies by Parrinello and his group, e.g., [76].
.
r
o

-

-
e

-

The experimental characterization of supported third g
eration Ziegler–Natta catalysts has been mainly done
rectly in the past via polymer product analysis. Howev
knowledge of surface properties of such systems is of
damental importance to describe the process and its m
anism in detail. Surface science studies on polymeriza
catalysts are rather scarce. Model studies on the Phillips
alyst have been performed [77,78] and, most importa
Somorjai and co-workers [79–84] published a series of
pers on the preparation and characterization of model
tems for supported Ziegler–Natta catalysts. These m
systems have been used to polymerize ethene.

Following the work of Somorjai and co-workers [79–8
we have used a model system consisting of an epitax
grown MgCl2 film onto which TiCl4 was anchored a
the active component. The anchoring process has
studied by electron spectroscopy [83] and, recently in
group, by ESR spectroscopy; we have shown that sur
defects in the MgCl2 film are crucial in this process [16
The key step, however, is the so-called activation of
system by adding a co-catalyst, namely an alkyl alumin
compound (trimethylaluminum (TMA), triethylaluminu
(TEA)). In this process is it believed that Ti ions assu
a lower oxidation state and when TMA is used radic
(R•) are created according to Eq. (1), whereas the activa
with TEA takes place through a disproportionation reac
[85–87].

ESR spectroscopy as another in situ technique ca
favorably used to prove the formation of radicals accord
to

(1)TiCl4 + AlR3 → RTiCl3 → TiCl3 + R•.

In Fig. 8 the preparation of the model system is brie
summarized. A Pd(111) substrate is covered by a MgCl2 film
in the (001) orientation. It grows in a layer-by-layer mo
and the surface is terminated by chloride ions, as show
LEED and Auger spectroscopy.

Magni and Somorjai, in their pioneering work, alrea
realized that it is necessary to produce defects in the film
bind the TiCl4 precursor [79–83,88]. The idea really go
back even further [89,90], however. Early on it was no
that the uncoordinated edge and corner sites on a M2
crystallite bind TiCl4 [67,72,91], as is also corroborated
recent model calculations [76,92].

There are several ways to produce defect-contai
surfaces. One way is to keep the Pd(111) surface temper
low, so that the mobility of the MgCl2 is too low to
produce a fully epitaxial film. However, the problem he
is that such films often contain pinholes, which change
reactivity of the system. Therefore, first creating a fu
epitaxial film and then producing defects by either elect
or ion bombardment has been considered [79–83,88]. F
compares the ESR spectra for the two cases, namely de
created at lower growth temperature (bottom) and a
sequential bombardment with electrons and argon ions.
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Fig. 8. Schematic representation of the preparation of the Ziegler–Natta model catalyst.
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Fig. 9. ESR spectra of color centers in a MgCl2 film for two different prepa-
ration conditions: (top) an initially well-ordered film after bombardme
with electrons and argon ions; (bottom) film grown at lower temperatu
Insets sketch the different environments of surface color centers for
situations.
Let us first consider the nonepitaxial film. Both, t
position of the band in the lowest trace and the tempera
dependence, which is Curie-like, favor the formation
color centers, i.e., removal of a Cl atom which leaves
unpaired electron behind. For a more detailed discussio
color centers we resort to the work of Giamello et al. on co
centers [93]. The position of the present signal is clos
that observed for color centers in MgO single crystals. P
of the ESR spectrum (40%) is quenched upon adsorptio
TiCl4, which suggests that they are located at the surfac
the film.

If we grow an epitaxial film as done for the upper tra
there is no detectable ESR signal before further treatm
of the film, which leads to a sharp LEED pattern w
low background intensity. Bombardment of the film w
electrons or argon ions does disturb the structure, as ju
by the background of the LEED picture as well as Au
spectroscopy, which shows a loss of chlorine, espec
for the electron-induced process. However, none of th
processes alone is sufficient to create an ESR active de
Subsequent argon ion bombardment (150 eV, 1 µA/cm2,
3 min) of a sample initially exposed to electrons do
produce an ESR signal, as shown in the upper trace, Fi
As compared to the spectra of the defects created by gr
at lower temperatures the signal is shifted to higherg-values.
Additionally, the linewidth increases from 4 to 14 G. Th
might be explained by the creation of color centers
the rough surface exposing different low coordinated si
which will have slightly differentg-values than the colo
center on the (001) terrace. This geometric situation of
color centers is sketched in Fig. 9.



232 H.-J. Freund et al. / Journal of Catalysis 216 (2003) 223–235

ole
-
i
ara
lms
the

s
rper
-

s

atta
ation
al
the
l of
t th

idth
ture
n
nts;

ider
ely
ay
rger
i
om-
clea

r-
tion
ave
to

r–
lyst,
yla-
.
eithe
ur-
0 L
the
wn
ere
lkyl

MA
e
ce.
r
ctor
ium
the
-like

pared
fold
thyl
at

of
ion

gh
ural
e–
the
n at
rly
icals.
artet
ated
es,

on.
ed
thyl

ated
3].

d by
the

rfine
ally
ong
up,
tion
face
the
od
higa
TiCl4 has a high enough vapor pressure to dose the m
cule from the gas phase. Adsorption of TiCl4 and subse
quent electron bombardment leads to the formation of T3+
centers, as monitored by ESR. Depending on the prep
tion conditions, two cases can be distinguished. For fi
showing the signature of paramagnetic color centers in
ESR a broad signal situated atg = 1.93 is found, wherea
films without paramagnetic defects exhibit a much sha
feature centered atg = 1.96. However, there is no indica
tion that the presence of the observed Ti3+ signals correlate
with the polymerization activity of the catalyst. Theg-values
found are situated among values reported for TiCl3 in octa-
hedral (g = 1.94) and tetrahedral (g = 1.97) environments
[94–96]. These values have been measured for Ziegler–N
catalysts, but also in those cases there is no clear indic
for a correlation with the catalyst activity. While the sign
observed on the surface with fewer defects is close to
value observed for tetrahedral environments, the signa
the surface showing paramagnetic defects is centered a
value for octahedral environments. Comparing the linew
of the signals measured here with the ones in the litera
the general trend of the signal atg = 1.94 being broader tha
the ones atg = 1.97 holds true also for these measureme
however, the linewidth of the resonance atg = 1.93 is con-
siderably broadened as compared to the literature. Cons
ing the stronger disorder of these systems, it is more lik
that isolated Ti3+ centers are formed in this case, which m
comprise different local environments and thus show a la
linewidth. The lack of an ESR signal corresponding to T3+
ions in cases where no additional argon or electron b
bardment has been applied cannot be interpreted as a
indication of the absence of Ti3+ at the surfaces. In the lite
ature there are discussions that small spin-lattice relaxa
times, dipole coupling, and super exchange may only le
a very small fraction of Ti3+ ESR active or detectable due
increase in linewidth [97,98].

The TiCl4/MgCl2 system is, as it is called in Ziegle
Natta catalysis, activated by exposing it to the co-cata
i.e., an aluminum alkyl compound. We have used trimeth
luminum (TMA) and triethylaluminum (TEA) for activation
The compounds have been dosed from the gas phase
at room temperature for a prolonged time or at 40 K s
face temperature for a much shorter time. Typically, 340
of TMA or TEA was exposed. The infrared spectrum of
condensed film showed the typical FTIR spectrum kno
from condensed and matrix isolated species [99]. Th
are bands that can be assigned to dimeric aluminum a
species.

Fig. 10 shows ESR spectra after reaction of the T
with the TiCl4/MgCl2 system [14]. A typical low coverag
of TiCl4 leads to the spectra shown in the upper tra
Increasing the amount of TiCl4 on the surface by a facto
of 3 increases the intensity of the ESR spectrum by a fa
of 1.7, which indicates that the number of surface titan
centers increases with the total amount of titanium on
surface. This can be understood by means of an island
-

-

e

,

-

r

r

Fig. 10. ESR spectra of alkyl radicals (a) after adsorption of AlMe3 at 40 K
on a model catalyst. Spectrum is enlarged by a factor of 2.5 as com
to (b). (b) Equivalent procedure to (a), for a catalyst containing a three
higher titanium content as compared to (a). (c) Ethyl radicals in an e
chloride matrix at 77 K [103]. (d) Methyl radicals on a silica surface
77 K [102].

growth mode of TiCl4 on the surface. The spectrum is free
any Ti3+ signal. This is in accordance with the observat
in the literature of the formation of mainly Ti2+ species due
to the reduction with aluminum alkyls [100,101]. Althou
it might be thought that methyl radicals are the most nat
products in the reduction of a mixed titanium–chlorin
methyl species, a comparison of the line shape of
observed spectra with spectra of methyl radicals (show
the bottom of Fig. 10) taken from the literature [102] clea
shows that the species present here are not methyl rad
Whereas the ESR spectrum of a methyl radical is a qu
of lines, the spectrum observed here, though domin
by a quartet structure, shows a couple of additional lin
pointing to additional interactions of the unpaired electr
By comparing the lineshape to other alkyl radicals it turn
out that the present spectrum can be attributed to e
radicals. Fig. 10 shows for comparison ethyl radicals cre
in an ethylchloride matrix generated by photolysis [10
The lineshape of the ethyl radicals can be understoo
assuming that the protons of the methyl group adjacent to
spin containing the methylene group, which cause hype
interaction with the unpaired electron, are magnetic
equivalent due to a fast rotation of the methyl group al
the C–C bond. The two protons of the methylene gro
however, give rise to anisotropic superhyperfine interac
because the adsorption of the molecule on the sur
hinders the rotation of the molecule in space. Assuming
anisotropic interaction to be axially symmetric allows a go
description of the observed lineshape, as shown by S
et al. [102].
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There are two key questions that have to be answere

1. How have the C2H5 radicals been created?
2. Have the radicals been created at the TMA/TiCl4–

MgCl2 interface or in the TMA activating materials?

The second question can be answered by studying
number of radicals formed as a function of the amo
of TiCl4 at the interface and as a function of expos
TMA. As a function of TiCl4 the ESR intensity increase
for a low TiCl4 concentration regime, but it shows cle
saturation behavior, when plotted versus the amount of T
adsorbed. Both observations are compatible with a rad
creation process at the TMA–TiCl4/MgCl2 interface, where
alkylation of the TiCl4 by ligand exchange is supposed
occur. Assuming this ligand exchange to occur, the prim
radical that can be created is a methyl radical. For this rad
there are several possibilities for consecutive reactions g
the size and high mobility, even at low temperature, in
solid state [104].

The most likely reaction yielding ethyl radicals is

CH3• + Al(CH3)3 → H3C–H2C• + AlH(CH3)2.

Even though such a reaction has not been investigated s
it can be crudely estimated that it is energetically possi
Above 50 K the intensity of the ethyl radicals is attenua
irreversibly and decreases below the detection limit ab
80 K. This can be explained by assuming the ethyl radi
to diffuse and recombine at these temperatures, as has
observed for methyl radicals above 45 K [105] and N2
radicals on an oxide surface above 75 K [20].

After unreacted TMA has all been desorbed, carbon
to the successful alkylation of the TiCl4 is still found on the
surface. It is, however, important to note that after remo
of the reacted TiClx moieties from the surface, e.g., b
soft argon sputtering, and redosing with TMA, new C2H5
radicals can be created.

An interesting observation is made if TEA is used inste
of TMA. Even though the catalyst can be activated
a way similar to TMA, radicals created from TEA ha
never been observed. This is in line with expectations fr
the literature because here a disproportionation has
proposed according to:

AlEt3 + TiCl4 → AlEt2Cl + TiCl3Et,

2TiCl3Et→ 2TiCl3 + C2H4 + C2H6.

Because ethyl radicals have been observed in the prece
experiment, which also suggest that these radicals
stable at the given temperature, the initial formation
ethyl radicals would undoubtedly lead to observation of
radicals. The absence of an ESR spectrum therefore stro
suggests a disproportionation reaction in accordance
the interpretation in the literature from indirect eviden
[85–87,106].

The model catalyst was exposed to ethylene at 15
150 mbar; the gas was introduced into the IR cham
r

n

g

Fig. 11. IR spectrum of polyethylene polymerized on the model cata
(Inset shows kinetics of the ethylene polymerization at 300 K as meas
by IR spectroscopy. The full line represents the kinetics measured
rough catalyst; the kinetics of a smooth catalyst with fewer defect
indicated by the dotted line.)

through the gas-dosing system. Fig. 11 shows the IR s
trum of the generated polyethylene. Characteristic are
stretching modes at 2852/2924 cm−1, the doublets of the
deformation modes at 1473/1463 cm−1, and the rocking
modes at 730/720 cm−1. In comparison with the literatur
the observed frequencies of the stretching modes are situ
at the higher end for dominatingtrans-configurations. This
was taken as an indication that the polymer chains have l
range order intrans-configurations but also contain som
gauchedefects.

The course of the reaction has been studied by evalua
the IR band at 2852 cm−1, which is the one least influence
by the presence of gaseous ethylene. The polymerizatio
been followed for 12 to 150 h.

Two different kinds of behavior have been observed. T
ical results are given in the inset of Fig. 11. The determ
ing factor is here the degree of disorder in the surface of
model catalyst. While a catalyst with a high degree of dis
der shows a monotonic increase of the polyethylene am
with time, catalysts prepared on a smooth surface with fe
defects show a self-terminating reaction after approxima
50 h, leading to film considerably less thick than the form
case. This can be explained in a straightforward way by c
sidering that on a smooth surface a rather smooth poly
film forms, which in a relatively short time becomes imp
meable to ethylene from the gas phase, so that the rea
is self-limiting. In the other case, the growing film possib
has a sufficient number of pores so that the monomer
continue to reach the catalyst and the reaction keeps g
This assumes that the polymerization reaction takes p
at the interface of the polymer and the magnesium chlo
support, which has been recently corroborated experim
tally [107]. The latter behavior can be modeled by assum
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that the monomer molecules are transported by diffusio
the interface. The amount of polymer,ne, increases with re
action timet according to

ne = δ
√

t,

where the constantδ is a function of the diffusion coefficien
the surface area, the molar volume of the polymer and
concentration at infinite timet .

Therefore, we expect that the IR intensity increa
as

√
t . With δ = 4.6×10−2 mol s−1/2 the fit given in Fig. 11

has been obtained. In conclusion, a combination of ESR
IRAS allows us to follow the polymerization of ethene
some detail.

5. Synopsis

This brief overview was intended to demonstrate t
studies on model catalyst systems can lead to a ra
detailed understanding of processes involved in the com
operation of heterogeneous and heterogenized homoge
catalysts. Of course, this work represents only two c
studies and one cannot generalize the findings at
point. However, by combining model systems of increas
complexity with in situ spectroscopic methods, such as
frequency generation and ESR spectroscopy, employe
the studies described here, it can be foreseen that u
new solid information on model systems under reac
conditions may be extracted that will bring us closer to
closing the gaps between catalysis and surface scienc
the future the complexity of model systems will increa
For example, oxide particles grown on oxide supports
the focus of several groups. A close look at kinetics on s
systems is likely to be possible using molecular beam
other standard methods employing gas-chromatograph
techniques over the entire pressure range from UHV to 1
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