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Abstract: High-throughput experimentation in hetero-
geneous catalysis has recently experienced nearly expo-
nential growth. Initial qualitative screening has evolved
into quantitative high-throughput experimentation,
characterization, and analysis. This allows high-through-
put catalysis now to rise above simple screening to the
level of fundamental understanding of reaction mecha-
nisms, which will lead on a faster path to the Holy Grail
of catalysis: rational catalyst design.
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Introduction

The theoretical parameter space for possible active catalytic
materials combinations is larger than 38 million combina-
tions for 10 elements at 25 different concentration levels.")
When one, in addition, considers the variety of preparation
methods and reaction conditions that a given catalyst could
be subjected to, the total number of possible experimental
combinations grows even larger. It is therefore easy to un-
derstand the appeal of high-throughput experimentation
(HTE) in catalysis. The application of HTE to the develop-
ment and study of heterogeneous catalysts in particular has
experienced significant growth recently. For instance, the
number of scientific publications referring to HTE in heter-
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ogeneous catalysis has grown exponentially since 1991, as
can be seen in Figure 1, which shows the results of a search
performed using the phrase “high and throughput and cata-
lyst*” on the ISI Web of Science database. Similarly, a large
number of high-throughput patents and pending applications
have been submitted by various companies and universi-
ties.”
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Figure 1. Numbers of papers published each year related to high-through-
put catalysis. The line shows an exponential fit to the frequency of papers
each year. Note: The data for 2004 are an extrapolation based on the
number of papers in the ISI database on May 15, 2004.

The Early Beginnings

The genesis of combinatorial experimentation in materials
science has been reviewed recently by Schubert et al.,”! in
which they discuss “combinatorial” experiments that have
been performed as early as the late 1800s. In 1970, Hanak
outlined the basic methodology still in use today in high-
throughput experimentation, seen in Figure 2,/ when he
searched for new binary superconducting compositions. To
our best knowledge, the first reference in the open scientific
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Figure 2. A representative flow chart of the high-throughput experimen-
tation paradigm. This Figure was first published in 1970. Reproduced
with permission from J. Mat. Sci. 1970, 5, 964-971. Copyright 1970 Chap-
man and Hall Ltd.

literature in heterogeneous catalysis that refers to the use of
parallel reactors to study catalysts appeared as early as
1980.°1 The authors later reported that the idea of testing
catalysts in parallel was not seen as very novel to catalysis
researchers at that time, and therefore few detailed reports
appeared about parallel reactors in the open literature. In
1986, Creer et al. published a detailed report about the im-
plementation and verification of six parallel reactors for
testing heterogeneous catalysts.”) Figure 3 is a reproduction
of the schematic of their “automatic catalyst screening mi-
croreactor system.” This publication clearly describes the
multiple sample concept in heterogeneous catalysis. It has
unfortunately not received much credit from the high-
throughput community, as can be seen from the fact that it
had only five citations as of May 2004. These initial studies,
however, already demonstrated the allure of high-through-
put experimentation to catalysis researchers.

An excellent review of the field of high-throughput heter-
ogeneous catalysis was published by Senkan in 2001, and
the majority of the work cited there will not be repeated in
this article. Likewise, the patent literature will not be re-
viewed since this was recently covered by Dar.” This article
will mainly focus on recent advances in the field of high-
throughput studies of heterogeneous catalysts, reported in
the open scientific literature, demonstrating the evolution of
the field from often qualitative studies to more quantitative
experimental studies incorporating chemical and statistical
models. This brings us closer to the development of new cat-
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alysts and, even more important, will aid us in acquiring
new scientific understanding of heterogeneous catalysts
using the high-throughput methodology.

The Maturation of High-Throughput
Experimentation

The argument has often been presented that data collected
through high-throughput experimentation has only modest
scientific value, because the data were not collected in the
traditional, one-at-a-time approach and therefore the quality
must be reduced. Indeed, initial studies in high-throughput
experimentation, as applied to heterogeneous catalysis, fre-
quently focused on rapid and qualitative yes/no answers to
catalytic activity questions. Researchers were chiefly con-
cerned with the development of techniques to screen very
large arrays of catalysts, a so-called primary screen. As the
field progressed, an increasing number of studies displayed
the development of experimental methodologies that were
more quantitative and comparable to the traditional single
reactor studies. In addition to quantitative catalytic testing
tools, high-throughput characterization techniques have also
been developed to aid in understanding catalytic behavior.
The large quantities of data collected, and the large parame-
ter space that can now systematically be investigated in
high-throughput experimentation, also led to the need to
implement experimental planning and data analysis tools to
navigate the multidimensional experimental space. All of
these recent developments demonstrate the evolution of
high-throughput catalytic science from high-throughput
screening.

Synthesis of Catalysts

Although the main focus of this article is the recent devel-
opment of high-throughput screening methods, we will brief-
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Figure 3. Six channel reactor for heterogeneous catalyst testing first published in 1986. Reproduced with permission from Appl. Catal. 1986, 22, 85-95.

Copyright 1986 Elsevier Science Publishers B.V.
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ly review synthetic methods for solid state material libraries.
For primary screens, continuous compositional spreads or
discrete compositions can be employed.® Such libraries are
typically produced using techniques such as rf sputtering,
pulsed laser deposition, molecular beam epitaxy, and chemi-
cal vapor deposition.[®!

Although useful for the primary screening of composi-
tions, it can be difficult to extrapolate final catalyst proper-
ties from thin film libraries to supported catalyst materials.
For supported heterogeneous catalysts, a typical synthesis
requires the reaction of solution precursors with support
materials. Liquid precursors can be used with automated
dispensing robots to synthesize libraries of more realistic
catalytic materials. Another approach was developed for
parallel hydrothermal synthesis for zeolites.!""

The design of libraries is another research area that con-
nects directly with the various synthetic methods. The syn-
thesis of supported catalysts has a multitude of variables, in-
cluding precursor materials, support materials, mixing tem-
perature, and calcinations parameters. Different approaches
within the design of experiments (DOE, see below) meth-
ods, such as split/pool synthesis can be used to initially de-
termine library composition and synthesis control varia-
bles.®

High-Throughput Screening

One of the first approaches reported in the mid-1990s in
high-throughput heterogeneous catalysis consisted of a reac-
tor capable of holding 16 catalyst pellets combined with an
infrared camera for analyzing the temperature of the pellets
under reaction conditions. The system was used to test the
catalytic activity of 16 catalysts for the oxidation of H,.['!
Temperature differences upon catalyst light-off were detect-
ed in parallel, as seen in Figure 4, indicating relative activity
differences. Later, IR thermography was extended to less
exothermic reactions™ and even to endothermic reac-
tions.™!

Another pioneering approach applied resonance-en-
hanced multiphoton ionization (REMPI) to rank various
catalysts for the conversion of cyclohexane to benzene.'
Although it was stated that quantitative studies were possi-
ble, no attempts to correlate the signal intensity to the con-
centration were shown. This technique was well suited for
the reaction studied, but has been found to be difficult to
apply to a larger diversity of reactions. To the best of our
knowledge, there have been no published reports detailing
the use of REMPI to study catalysts since these early re-
ports, possibly due to its difficulty in implementation.

These initial studies concentrated on the development of
screening tools for catalytic activity through heats of reac-
tion or the monitoring of a single reaction product. Howev-
er, this is often insufficient for more detailed studies and
consequently, more quantitative experimental methodolo-
gies that incorporated selectivity measurements were devel-
oped.

Chem. Eur. J. 2005, 11, 806—814 www.chemeurj.org
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Figure 4. The first implementation of parallel catalyst activity screening
employed IR thermography during H, oxidation. In this experiment, the
Ir, Pd, Pt, and Rh catalysts are identified as the most active. Reproduced
with permission from Ind. Eng. Chem. Res. 1996, 35, 4801-4803. Copy-
right 1996 American Chemical Society.

High-Throughput Experimentation under Realistic
Conditions

For most applications, the selectivity of a catalyst is more
important than its activity. To this end, the development of
high-throughput tools to test the activity and selectivity of
heterogeneous catalysts were developed. Research efforts
were focused on three fronts: the development of reactors
capable of testing multiple catalysts under realistic condi-
tions, the development of analytical techniques to quantify
the reaction products, and the development of analytical
tools capable of high-throughput characterization.

Most of the initial work on the development of reactors
for high-throughput testing of heterogeneous catalysts con-
sisted of the development of reactor systems amenable to a
specific analytical technique.'"'>'>!1 Many researchers
began to recognize the value in developing high-throughput
reactors that tested catalysts under nearly conventional con-
ditions."” The results from these reactors could be validated
using accepted techniques, and the confidence in the data
quality thereby increased. One of the first academic groups
to report on the development and testing of such a reactor
was the research group of Schiith.® They developed a flow
through reactor capable of testing 16 catalysts simultaneous-
ly under well controlled similar conditions, and compared
results to conventional catalytic studies. They found that
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their high-throughput experimental setup gave results simi-
lar to single reactor studies. They further developed a paral-
lel reactor that could be pressurized to 50 bar and test 25
catalysts in gas or liquid phase reactions.'”?"! Other research
groups also developed reactors to test catalysts under realis-
tic conditions.*'**!

Our group developed a high-throughput reactor that ther-
mally isolated each reactor channel and maintained plug
flow conditions for all reactor channels.? For example, our
reactor is capable of following oscillations in temperature
and reaction products during reaction over supported transi-
tion metal catalysts during CO oxidation. Thus, it was dem-
onstrated that it was possible to investigate not only steady
state reactions, but also transient and non-linear phenomena
in a high-throughput fashion.

To progress towards high-throughput catalytic science,
chemically sensitive and quantitative high-throughput ana-
lytical tools must be developed to enable researchers to
study and compare the selectivity as well as the activity of
multiple catalysts. The majority of high-throughput analyti-
cal techniques consisted of the adaptation of traditional ana-
lytical tools to high-throughput experimentation. The mass
spectrometer has proven to be one of the most popular ana-
lytical tools due to its analysis speed, established technology,
and versatility. Various approaches have been developed to
transport the reaction products corresponding to different
catalysts to the mass spectrometer. These techniques ranged
from the straightforward use of switching valves,”>% to
the more complex use of x,y,z motion control devices.">*"

Other analytical tools followed similar methods of adapta-
tion of existing technologies to the analysis of multiple cata-
lysts. These techniques included the use of gas chromatogra-

hy, 221221 o35 sensors,™” and other analytical techni-
ques.'*23 One technique implemented the use of a focal
plane array detector in place of the standard single element
IR detector in traditional IR spectroscopy, allowing the col-
lection of spatially resolved IR spectra.’?! This instrument
was the first chemically sensitive, quantitative, and parallel
analytical technique applied to high-throughput experimen-
tation.”**33! More, recently this analytical tool has been ex-
tended to the analysis of multiple transient reactions in par-
allel.®! One of the important uses of this rapid chemically
sensitive parallel technique is the ability to observe transient
reaction products, as seen in Figure 5. Here the absorbance
intensity of the antisymmetric stretching band of nitrous
oxide (N,O) at 2240 cm™ is followed for 16 NO, storage
and reduction (NSR) catalysts®®! during a change in the re-
action conditions from fuel rich to fuel lean. The reaction
products were monitored using FTIR spectroscopic imaging
of the products from 16 parallel reactors. In Figure 5a, the
intensity of the N,O band is minimal in the effluent from all
16 reactors. In Figure Sb—f, the intensity of the N,O band in-
creases for 7 of the reactors and then decays to a small
steady state value. Without the temporal analysis, the identi-
fication of N,O would not have been possible and a key re-
action intermediate would have gone undetected. In a relat-
ed transient study development, a temporal-analysis-of-
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Figure 5. Spectral images of the anti-symmetric bending mode of nitrous
oxide for the reaction products from 16 NSR catalysts during a reactant
composition switch from fuel rich to fuel lean. The center circle is not
connected to the effluent from a reactor. The images are each separated
in time by 3s.

product (TAP) reactor has been constructed that permitted
the rapid sequential TAP testing of up to 12 catalysts.””)
These developments of analytical techniques that can per-
form transient studies in a high-throughput manner extend-
ed the usefulness of high-throughput experimentation fur-
ther into the kinetic modeling community. Transient studies
are beneficial for distinguishing between competing kinetic
models and in extracting kinetic and thermodynamic con-
stants.

High-Throughput Catalyst Characterization

To further advance the field of high-throughput experimen-
tation from one of empirical models to truly high-through-
put catalytic science, high-throughput characterization tech-
niques are necessary to understand the catalytic chemistry.
One of the first groups to report on the automated charac-
terization of combinatorial materials was Maier and co-
workers®™ using an X-ray diffractometer to characterize
bulk material properties. Similarly, one of the first groups to
develop a high-throughput surface characterization techni-
que was our group. In 1999 and 2001,**" reports were pub-
lished detailing the construction and use of a system capable
of analyzing adsorbates on 7 different supported catalysts
using transmission IR imaging, as seen in Figure 6. This
setup was used to observe how different IR absorption
bands of adsorbed molecules changed with temperature!®!
and dosing time.*” Recently, details about a similar reactor
system were published.” In this paper, a reactor capable of
collecting transmission IR spectra of eight samples simulta-
neously was reported. As a validation study, they probed
both physisorbed and chemisorbed pyridine on three differ-
ent zeolites.
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Figure 6. Parallel transmission FTIR imaging of adsorbates on pellets.
Here the characteristic CO adsorbed on Cu-ZSMS stretching frequency
of 2157 cm™' is shown. The three areas with high absorbance correspond
to the location of the three zeolite pellets. The white circles show the re-
maining members of the catalyst library with no absorbance at this fre-
quency. Reproduced with permission from Opt. Lett. 1999, 24, 1841-1843.
Copyright 1999 Optical Society of America.

Recently, a different characterization technique was utiliz-
ed to probe surface acidity of 10 zeolites.*!! Temperature
programmed desorption (TPD) studies were carried out
using a 10 well reactor attached to a multi-stream valve and
a mass spectrometer. The results for an NH;-TPD are seen
in Figure 7. The authors claimed that almost all temperature
programmed techniques could be similarly carried out using
appropriately designed reactors. Other high-throughput
serial characterization techniques have also been developed
including XPS! and X-ray fluorescence.*

The development of parallel, chemically sensitive and
quantitative analytical methods and parallel high-throughput
characterization studies demonstrate the recent progress of
the high-throughput experimentation field towards high-
throughput catalytic science. High-throughput experimenta-
tion data can currently be collected in a fashion where the
quality is similar to traditional studies, and characterization
techniques are being developed to assist in understanding
the chemistry of the systems studied.

Methodological Developments

With the development of parallel reactors and quantitative
analytical tools for testing multiple catalysts under realistic
conditions, new testing methodologies and modeling ap-
proaches are needed that can keep pace with the rate at
which catalysts are tested. In the development of high-
throughput experimentation, it was realized that it was not
possible to collect data for all possible experimental combi-
nations. Several research groups therefore started applying
different experimental design strategies to reduce the
number of experiments required to sample the parameter
space.[>*%] Some have approached the experimental design
using well established techniques, such as response surface
methodology™®*! and D-optimal designs.[*"!

We recently displayed the use of statistical experimental
design during all stages of the high-throughput experimenta-
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Figure 7. The application of NH; temperature programmed desorption
for the high-throughput characterization of multiple catalysts. Repro-

duced with permission from Catal. Commun. 2004, 5, 55-58. Copyright
2003 Elsevier B.V.

tion process in optimizing NO, storage and reduction cata-
lysts.”**l In the screening design, the catalysts were synthe-
sized following a full factorial design®®! of the three metals
of interest, Pt, Ba, and Fe. In addition, the reaction condi-
tions were also considered as a variable of interest in the ini-
tial screening design. A fractional factorial design was im-
plemented in testing the catalysts for performance as a func-
tion of six different variables. Combining these two designs
led to a nested experimental design, where all catalysts were
tested at all reaction conditions. These screening experi-
ments led to the conclusion that all six reaction conditions
and metals were statistically significant in predicting the cat-
alytic performance and led to a more comprehensive re-
sponse surface study. The initial results from the response
surface study indicated that this statistical methodology
could be used to optimize the catalyst formulation."*" The
full response surface study for the reaction conditions and
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catalyst composition has recently been completed.*”) The re-
sults indicated that the influence of the reaction conditions
on the catalytic performance could also be statistically mod-
eled. An example of this for a 0.5% w/w, 7.5% w/w Ba, and
2.5% wlw Fe on y-Al,O; catalyst is seen in Figure 8, where

275 .
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Figure 8. Saturation NO, storage modeled for a NO, storage and reduc-
tion catalysts as a function of reactor temperature and the fraction of the
reducing that was carbon monoxide.

the saturation NO, storage is modeled as a function of the
reactor temperature and the composition of the reducing
gas. The maximum in the saturation NO, storage, which is
known to be between 350-400°C,*"1 depended on the
composition of the reducing gas. When the reducing gas was
carbon monoxide the maximum in saturation NO, storage
was around 370°C, while the maximum for ethylene as the
reducing agent was around 400°C and intermediate fractions
of the two reducing agents fall between these two tempera-
ture maxima. This example demonstrated that experimental
design techniques are beneficial for all stages of the high-
throughput experimentation process to maximize the infor-
mation obtained from the experiments performed.

Other approaches in guiding high-throughput experimen-
tation include the use of artificial neural networks®'" and the
holographic research strategy.”?! A novel approach incorpo-
rating factor based methods from chemometrics,™ that is,
principle component analysis (PCA) was proposed to initial-
ly decrease the dimensionality of the experimental parame-
ter space.*** Once the parameter space has been reduced,
D-optimal designs are performed to maximize the informa-
tion content available in the experiments to be performed.
After the D-optimal design has been completed, factor
based methods such as principle component regression
(PCR) or partial least squares (PLS) are then used to corre-
late the experimental parameters with the characteristics of
interest. An adaptation of this methodology using chemo-
metric techniques at all levels of the high-throughput experi-
mentation strategy is presented in Figure 9. Another meth-
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Figure 9. Workflow for high-throughput experimentation in catalysis, in-
corporating the use of principle component analysis, experimental design,
and modeling techniques.

odological development of particular interest has been the
work presented by the group of Rothenberg,™ which focus-
es on the problem of the time at which species concentra-
tion data should be collected if one is determining reaction
rate constants for multiple catalysts in parallel using a serial
analytical device. Additionally, Caruthers et al. has investi-
gated the process of analyzing high-throughput data in
order to extract chemical understanding using a process that
was named “knowledge extraction.”

Conclusion

High-throughput catalytic science is the marriage of tradi-
tional catalytic research with the advances in high-through-
put experimentation and modeling. The advent of high-
throughput experimentation is not the demise of the think-
ing scientist, but it is another tool at the disposal of the re-
searcher to augment current research capabilities. Thomas
Edison was quoted as saying, “The only time I become dis-
couraged is when I think of all the things I like to do and
the little time I have in which to do them.” (as quoted in
ref. [8]). As scientists, we normally have more ideas to test
than time to test them. High-throughput experimentation
does not supplant thinking; it actually requires more think-
ing because it allows researchers to explore more ideas.

In the field of catalysis, HTE has evolved from high-
throughput screening to high-throughput catalytic science
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through the development of realistic parallel reactors, quan-
titative analytical tools, high-throughput characterization de-
vices, and new methodologies to track the data and guide
the discovery process. The use of HTE in the development
and testing of heterogeneous catalysts and other fields will
continue to grow as more research groups and companies
recognize the value in high-throughput experimentation and
implement HTE tools.

Acknowledgement

The authors acknowledge financial support by the National Science
Foundation, grant 0343758-CTS and grant 0071730-CTS, and by the
Chemical Sciences, Geosciences and Biosciences Division, Office of
Basic Energy Sciences, Office of Science, US Department of Energy*,
grant number FG02-03ER15468.

[1] S. Senkan, Angew. Chem. 2001, 113, 322-341; Angew. Chem. Int.
Ed. 2001, 40, 312-329.

[2] Y. L. Dar, Macromol. Rapid Commun. 2004, 25, 34—47.

[3] R. Hoogenboom, M. A. R. Meier, U. S. Schubert, Macromol. Rapid
Commun. 2003, 24, 16-32.

[4] J.J. Hanak, J. Mater. Sci. 1970, 5, 964-971.

[5] R. Thomas, J. A. Moulijn, V. H. J. Debeer, J. Medema, J. Mol. Catal.
1980, 8, 161-174.

[6] J. A. Moulijn, J. Perez-Ramirez, R. J. Berger, G. Hamminga, G. Mul,
F. Kapteijn, Catal. Today 2003, 81, 457—-471.

[7] J. G. Creer, P. Jackson, G. Pandy, G. G. Percival, D. Seddon, Appl.
Catal. 1986, 22, 85-95.

[8] J.N. Cawse, Experimental design for high throughput materials de-
velopment, Wiley, Hoboken, 2003, p. xviii.

[9] R. A. Potyrailo, E.J. Amis in High Throughput Analysis: A Tool of
Combinatorial Materials Science, Kluwer Academic, 2003.

[10] T. Bein, Angew. Chem. 1999, 111, 335-338; T. Bein, Angew. Chem.
Int. Ed. 1999, 38, 323-326; J. M. Newsam, T. Bein, J. Klein, W. F.
Maier, W. Stichert, Microporous Mesoporous Mater. 2001, 48, 355—
365; D.E. Akporiaye, 1. M. Dahl, A. Karlsson, R. Wendelbo,
Angew. Chem. 1998, 110, 629-631; Angew. Chem. Int. Ed. 1998, 37,
609-611.

[11] E C. Moates, M. Somani, J. Annamalai, J. T. Richardson, D. Luss,
R. C. Willson, Ind. Eng. Chem. Res. 1996, 35, 4801-4803.

[12] A. Holzwarth, P. W. Schmidt, W. E. Maier, Angew. Chem. 1998, 110,
2788-2792; Angew. Chem. Int. Ed. 1998, 37, 2644-2647.

[13] M. T. Reetz, M. H. Becker, M. Liebl, A. Fiirstner, Angew. Chem.
2000, 712, 1294-1298; Angew. Chem. Int. Ed. 2000, 39, 1236-1239.

[14] S. M. Senkan, Nature 1998, 394, 350-353; S. M. Senkan, S. Ozturk,
Angew. Chem. 1999, 111, 867-871; Angew. Chem. Int. Ed. 1999, 38,
791-796.

[15] S. Senkan, K. Krantz, S. Ozturk, V. Zengin, 1. Onal, Angew. Chem.
1999, 111, 2965-2971; Angew. Chem. Int. Ed. 1999, 38, 2794-2799;
P. Cong, R. Doolen, Q. Fan, D. M. Giaquinta, S. Guan, E. W. McFar-
land, D. M. Poojary, K. Self, H. W. Turner, W. H. Weinberg, Angew.
Chem. 1999, 111, 507-512; Angew. Chem. Int. Ed. 1999, 38, 483—
488; M. Orschel, J. Klein, H.-W. Schmidt, W.F. Maier, Angew.
Chem. 1999, 111, 2961-2965; Angew. Chem. Int. Ed. 1999, 38, 2791 -
2794.

[16] H. Su, E. S. Yeung, J. Am. Chem. Soc. 2000, 122, 7422 -7423.

[17] T. R. Boussie, G. M. Diamond, C. Goh, K. A. Hall, A. M. LaPointe,
M. Leclerc, C. Lund, V. Murphy, J. A. W. Shoemaker, U. Tracht, H.
Turner, J. Zhang, T. Uno, R. K. Rosen, J. C. Stevens, J. Am. Chem.
Soc. 2003, 125, 4306-4317; A. Hagemeyer, B. Jandeleit, Y. M. Liu,
D. M. Poojary, H. W. Turner, A.F. Volpe, W. H. Weinberg, Appl.
Catal. A 2001, 221, 23-43.

[18] C. Hoffmann, A. Wolf, F. Schiith, Angew. Chem. 1999, 111, 2971 -
2975; Angew. Chem. Int. Ed. 1999, 38, 2800-2803.

Chem. Eur. J. 2005, 11, 806—814 www.chemeurj.org

CONCEPTS

[19] S. Thomson, C. Hoffmann, S. Ruthe, H. W. Schmidt, F. Schiith,
Appl. Catal. A 2001, 220, 253-264.

[20] P. Desrosiers, A. Guram, A. Hagemeyer, B. Jandeleit, D. M. Poojary,
H. Turner, H. Weinberg, Catal. Today 2001, 67, 397-402.

[21] W. Huybrechts, J. Mijoin, P. A. Jacobs, J. A. Martens, Appl. Catal. A
2003, 243, 1-13.

[22] F. Schiith, O. Busch, C. Hoffmann, T. Johann, C. Kiener, D.
Demuth, J. Klein, S. Schunk, W. Strehlau, T. Zech, Top. Catal. 2002,
21, 55-66; J. Perez-Ramirez, R.J. Berger, G. Mul, F. Kapteijn, J. A.
Moulijn, Catal. Today 2000, 60, 93—109.

[23] 1. Hahndorf, O. V. Buyevskaya, M. Langpape, G. Grubert, S. Kolf,
E. Guillon, M. Baerns, Chem. Eng. J. 2002, 89, 119-125.

[24] R.J. Hendershot, S. S. Lasko, M.-F. Fellmann, G. Oskarsdottir, W. N.
Delgass, C. M. Snively, J. Lauterbach, Appl. Catal. A 2003, 254, 107—
120.

[25] H. Wang, Z. M. Liu, J. H. Shen, J. Comb. Chem. 2003, 5, 802-808.

[26] C. M. Snively, G. Oskarsdottir, J. Lauterbach, Catal. Today 2001, 67,
357-368.

[27] J. Klein, W. Stichert, W. Strehlau, A. Brenner, D. Demuth, S. A.
Schunk, H. Hibst, S. Storck, Catal. Today 2003, 81, 329-335; J.
Scheidtmann, P. A. Weiss, W. F. Maier, Appl. Catal. A 2001, 222, 79—
89; P. Claus, D. Honicke, T. Zech, Catal. Today 2001, 67, 319-339.

[28] W. Li, E. J. Gracia, E. E. Wolf, Catal. Today 2003, 81, 437-447; J. M.
Serra, A. Corma, D. Farrusseng, L. Baumes, C. Mirodatos, C. Flego,
C. Perego, Catal. Today 2003, 81, 425-436; Y. Yamada, A. Ueda, H.
Shioyama, T. Kobayashi, Appl. Catal. A 2003, 254, 45-58; J. M.
Serra, A. Chica, A. Corma, Appl. Catal. A 2003, 239, 35-42; A. Ha-
gemeyer, R. Borade, P. Desrosiers, S. H. Guan, D. M. Lowe, D. M.
Poojary, H. Turner, H. Weinberg, X. P. Zhou, R. Armbrust, G. Fen-
gler, U. Notheis, Appl. Catal. A 2002, 227, 43-61; C. Hoffmann,
H. W. Schmidt, F. Schiith, J. Catal. 2001, 198, 348—354; M. T. Reetz,
K. M. Kuhling, S. Wilensek, H. Husmann, U. W. Hausig, M. Hermes,
Catal. Today 2001, 67, 389-396; J.N. Al-Saeedi, V.V. Guliants,
Appl. Catal. A 2002, 237, 111-120; S. Gomez, J. A. Peters, J. C. van -
der Waal, T. Maschmeyer, Appl. Catal. A 2003, 254, 77-84; P. Des-
rosiers, S. H. Guan, A. Hagemeyer, D. M. Lowe, C. Lugmair, D. M.
Poojary, H. Turner, H. Weinberg, X. P. Zhou, R. Armbrust, G. Fen-
gler, U. Notheis, Catal. Today 2003, 81, 319-328.

[29] A. Corma, J. M. Serra, A. Chica, Catal. Today 2003, 81, 495-506.

[30] Y. Yamada, A. Ueda, Z. Zhao, T. Maekawa, K. Suzuki, T. Takada,
T. Kobayashi, Catal. Today 2001, 67, 379-387.

[31] S. Senkan, S. Ozturk, K. Krantz, I. Onal, Appl. Catal. A 2003, 254,
97-106; P. Kubanek, O. Busch, S. Thomson, H. W. Schmidt, F.
Schiith, J. Comb. Chem. 2004, 6, 420; T. Johann, A. Brenner, M.
Schwickardi, O. Busch, F. Marlow, S. Schunk, F. Schiith, Catal.
Today 2003, 81, 449-455; O.M. Busch, C. Hoffmann, T.R. F
Johann, H. W. Schmidt, W. Strehlau, F. Schiith, J. Am. Chem. Soc.
2002, 7124, 13527-13532; C. L. Staiger, D. A. Loy, G. M. Jamison,
D. A. Schneider, C. J. Cornelius, J. Am. Chem. Soc. 2003, 125, 9920—
9921.

[32] P. Colarusso, L. H. Kidder, I. W. Levin, J. C. Fraser, J. F. Arens, E. N.
Lewis, Appl. Spectrosc. 1998, 52, 106A-120A.

[33] C. M. Snively, S. Katzenberger, G. Oskarsdottir, J. Lauterbach, Opt.
Lert. 1999, 24, 1841-1843.

[34] C. M. Snively, G. Oskarsdottir, J. Lauterbach, J. Comb. Chem. 2000,
2, 243-245; C. M. Snively, G. Oskarsdottir, J. Lauterbach, Angew.
Chem.. 2001, 113, 3117-3120; Angew. Chem. Int. Ed. 2001, 40,
3028-3030.

[35] R.J. Hendershot, P. T. Fanson, C. M. Snively, J. Lauterbach, Angew.
Chem. 2003, 115, 1184—1187; Angew. Chem. Int. Ed. 2003, 42, 1152
1155.

[36] N. Takahashi, H. Shinjoh, T. Iijima, T. Suzuki, K. Yamazaki, K.
Yokota, H. Suzuki, N. Miyoshi, S. Matsumoto, T. Tanizawa, T.
Tanaka, S. Tateishi, K. Kasahara, Catal. Today 1996, 27, 63—69.

[37] A.C. van Veen, D. Farrusseng, M. Rebeilleau, T. Decamp, A. Holz-
warth, Y. Schuurman, C. Mirodatos, J. Catal. 2003, 213, 135-143.

[38] J. Klein, C.W. Lehmann, H.-W. Schmidt, W.F. Maier, Angew.
Chem. 1998, 110, 3557-3561; Angew. Chem. Int. Ed. 1998, 37, 3369 -
3372.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 813


www.chemeurj.org

CHEMISTRY—

J. Lauterbach et al.

A EUROPEAN JOURNAL

[39] C. M. Snively, J. Lauterbach, Catal. Today 2001, 67, 357-368.

[40] O. M. Busch, W. Brijoux, S. Thomson, F. Schiith, J. Catal. 2004, 222,
174-179.

[41] H. Wang, Z. M. Liu, J. H. Shen, H. C. Liu, Catal. Commun. 2004, 5,
55-58.

[42] http://www.avantium.com/admin/filess CHEM/case/4/Nitrile % 20ca-
5% 20 study.pdf

[43] J. Klein, T. Zech, J. M. Newsam, S. A. Schunk, Appl. Catal. A 2003,
254,121-131.

[44] 1. E. Maxwell, P. van den Brink, R.S. Downing, A.H. Sijpkes, S.
Gomez, T. Maschmeyer, Top. Catal. 2003, 24, 125-135.

[45] L. Harmon, J. Mater. Sci. 2003, 38, 4479-4485; J. L. Spivack, J. N.
Cawse, J. Whisenhunt, Donald W. , B. F. Johnson, K. V. Shalyaev, J.
Male, E.J. Pressman, J. Y. Ofori, G. L. Soloveichik, Appl. Catal. A
2003, 254, 5-25; M. L. Bricker, J. W. A. Sachtler, R. D. Gillespie,
C.P. McGonegal, H. Vega, D.S. Bem, J. S. Holmgren, Appl. Surf.
Sci. 2004, 223, 109-117.

[46] R.J. Hendershot, W. B. Rogers, C. M. Snively, B. A. Ogunnaike, J.
Lauterbach, Catal. Today 2004, in press.

[47] J. Urschey, A. Kuhnle, W. E. Maier, Appl. Catal. A 2003, 252, 91—
106.

[48] J. Lawson, J. Erjavec, Modern statistics for engineering and quality
improvement, Brooks/Cole-Thomson Learning, Pacific Grove, CA,
2000, p. xi.

[49] R.J. Hendershot, R. Vijay, B. J. Feist, C. M. Snively, J. Lauterbach,
2004, unpublished results.

[50] H. Mahzoul, J. F. Brilhac, P. Gilot, Appl. Catal. B 1999, 20, 47-55;
E. Fridell, M. Skoglundh, B. Westerberg, S. Johansson, G. Smedler,
J. Catal. 1999, 183, 196—209.

[51] A. Corma, J. M. Serra, E. Argente, V. Botti, S. Valero, ChemPhys-
Chem 2002, 3, 939-945; U. Rodemerck, M. Baerns, M. Holena, D.
Wolf, Appl. Surf. Sci. 2004, 223, 168—-174.

[52] L. Vegvari, A. Tompos, S. Gobolos, J. Margitfalvi, Catal. Today
2003, 81, 517-527.

[53] R. Kramer, Chemometric techniques for quantitative analysis, Marcel
Dekker, New York, 1998, p. 203; M. Otto, Chemometrics: statistics
and computer application in analytical chemistry, Wiley-VCH, Wein-
heim, 1999, p. xvi.

[54] B. McKay, M. Hoogenraad, E. W.P. Damen, A.A. Smith, Curr.
Opin. Drug Discovery Dev. 2003, 6, 966—977; http://www.avantium.
com/admin/files/fCHEM/case/3/Generic-Rational % 20Design.pdf

[55] D. Iron, H. F. M. Boelens, J. A. Westerhuis, G. Rothenberg, Anal.
Chem. 2003, 75, 6701-6707; H. F. M. Boelens, D. Iron, J. A. Wester-
huis, G. Rothenberg, Chem. Eur. J. 2003, 9, 3876-3881; G. Rothen-
berg, H. F. M. Boelens, D. Iron, J. A. Westerhuis, Chim. Sc. Chim.
Oggi Chem. Today 2003, 21, 80—83; G. Rothenberg, H. F. M. Boe-
lens, D. Iron, J. A. Westerhuis, Catal. Today 2003, 81, 359-367.

[56] J. M. Caruthers, J. A. Lauterbach, K. T. Thomson, V. Venkatasubra-
manian, C. M. Snively, A. Bhan, S. Katare, G. Oskarsdottir, J. Catal.
2003, 213, 98-109.

Published online: October 29, 2004

814 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org  Chem. Eur. J. 2005, 11, 806-814


www.chemeurj.org

