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The researchers were staring at
100,000 possibilities to explore.
As described in a recent report

in the journal Applied Catalysis A,
scientists from Symyx Technologies
(www.symyx.com) were looking for
a new mixed metal oxide catalyst
for th
dehydrogenation of ethane (1). Even

e low-temperature oxidative

by limiting the field to only terna-
ry metal combinations (i.e.,
M1–M2–M3–O) in which the metal
concentrations vary by 10% gradi-
ent steps, there are millions of
unique compositions. They got it
down to the 100,000 figure only
after eliminating everything that was not likely to have the right
redox properties at the desired reaction conditions. 

In a matter of months, however, this number went down to
1: a Ni–Ta–Nb–O catalyst with an activity in a conventional bench
scale reactor (5 g) that was, according to the paper, 5 times that
of the current state-of-the-art catalyst. The strategy used to make
this sizable transition in such a short time falls under the gener-
al headings of combinatorial chemistry and high-throughput (HT)
screening—approaches that have been used for more than a
decade in the pharmaceutical industry to wade through the
immense possibilities of chemical space and unearth otherwise
elusive biological activity. Now these approaches are taking on
new forms in the field of catalysis, another endeavor where the
parameter space is huge and a fundamental understanding of
structure–activity associations is lacking.

“Modeling alone is insufficient at this point in time to
predict the next big innovation in catalysis,” says Troy Campi-
one, vice president of collaborations and strategic alliances at
Symyx. Therefore, catalysts must be experimentally screened to
find new activity and selectivity. “Once there is sufficient proof
that experimentation can be conducted 10 to 100 to 1000 times

faster and more efficiently than
what is [currently] practiced in
industrial labs,” says Campione,
“research leaders around the world
are compelled to rethink their strat-
egy and look into this transfor-
mational research opportunity.” 

Combi Solutions
Combinatorial synthesis and HT
screening “evolved for the catalyst
industry from previous applications
in the pharmaceutical industry,”
according to John Murphy, a
consultant with the Catalyst Group
(www.catalystgrp.com). “So it found

its earliest application and success in homogeneous catalyst screen-
ing and optimization,” he says. 

This seems natural enough—parallel or split-pool synthesis
of the organic ligands of a catalyst species is similar to the synthe-
sis of organic drug compounds. The paths can diverge substan-
tially with the addition of metal atoms to form organometallic
catalysts, but the screening steps have similarities. The develop-
ment of HT analytical techniques, such as HPLC, GC, NMR, IR,
and so on, for drug discovery efforts has fortuitously created tech-
niques that are also highly appropriate for screening certain
catalyst libraries for activity and selectivity in producing partic-
ular reaction products. Numerous applications of this sort have
been demonstrated in the literature for coupling reactions and
other chemistry that is of interest to areas such as pharmaceuti-
cal synthesis, where homogeneous catalysts are often used (2).

From an industrial standpoint, however, the most prominent
combinatorial work with homogeneous catalysis seems not to be
in the area of pharmaceuticals, but with polymers, which have
provided a new set of analytical challenges that had not been
addressed in pharmaceutical HT screening. 

Symyx, for example, in collaboration with Dow Chemical
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Forty-eight-cell parallel reactor for heterogeneous catalyst
discovery. (Photo courtesy of SINTEF. Copyright 2003.)



(www.dow.com) has discovered several single-site polyolefin cata-
lysts using HT that are in the pipeline for commercialization. For
the discovery process of these catalysts (3), the Dow–Symyx team
first performs a primary screen of several hundred catalyst candi-
dates at a time. To find catalytic “hits”, polymer yield and molec-
ular weight (MW) are measured for each library member using Symyx’s
patented high-speed gel-permeation chromatography (GPC) assay.
High-speed FT-IR is used to analyze copolymer incorporation. By
way of automated synthesis, the researchers produce a new opti-
mized library that is structurally based around these primary
screen hits and then carry out a
secondary screen in 48-cell paral-
lel pressure reactors. These reac-
tors, which are individually
controlled, closely mimic reac-
tion conditions the catalyst will
experience in real-world indus-
trial systems. The process can
be repeated with leads from
this screen to optimize the
libraries until sufficient candi-
dates are found to move to
the scale-up stage and toward
commercialization. 

“These experiments must be
executed in a very fast, cost-
effective way,” says Campione.
“And I think clearly, in poly-
olefins, that we have proven,
with our partners and customers,
that this is a way to do that.”

In addition to Dow, anoth-
er industry giant—General Electric—is in the HT polymer
game. “GE is pretty notorious for having developed some of these
systems and capabilities early on and found success with them
for catalysts for the polymer intermediates that they need for
their plastics business,” says Murphy of the Catalyst Group.
Most recently, GE (www.ge.com) reported polycarbonate cata-
lyst screening in a 96-well plate format using fluorescence
spectroscopy and imaging to directly detect polymer character-
istics such as MW, branching, and selectivity without dissolution
or other sample preparation steps that are necessary for meth-
ods like GPC and IR (4).

Swiss-based Thales Technologies (www.thalestech.com), on the
other hand, avoids the isolation of polymers in primary screen-
ing altogether. Thales uses a mechanism-based screen where a
library of organometallic catalysts are pooled in a polymeriza-
tion reaction solution that is quenched and then injected into
an electrospray mass spectrometer. Collision-induced dissociation
targeted only at the catalyst–oligomer intermediate species
with MWs above a specified cutoff isolates the MS peaks for the
catalysts that formed the most favorable polymers (highest
MW). Subsequent parent ion scans of these catalyst–oligomer hits
offers access to more detailed polymerization properties.

Solid Combinations
Further removed from the pharmaceutical origins of HT experi-
mentation is the discovery of new inorganic materials, including
solid heterogeneous catalysts, which are the dominant tools of
activation in the chemical, refining, and environmental (e.g., catalyt-

ic converters) industries. Seemingly simple combinations of metal-
lic elements on solid supports or more structured architectures, such
as zeolites, account for the success of thousands of industrially
important gas- and liquid-phase chemical reactions. 

The pressure is growing to improve many of these reactions in
terms of efficiency, environmental friendliness, ease, and
expense or, in some cases, to produce new transformations alto-
gether, but the time and cost can be prohibitive. Predicting catalyt-
ic activity based on heterogeneous structures is generally even
less surefooted an exercise than doing so from homogeneous

systems. Furthermore, the
parameter space is generally larg-
er. According to a review paper
by Selim Senkan, a professor of
chemical engineering at the
University of California, Los
Angeles (www.ucla.edu), if you
assume 50 individual elements
from the periodic table that are
suitable candidates as heteroge-
neous catalysts, then the combi-
natorial equation gives 19,600
possible ternary combinations
and 1010 possible 10-element
systems (5). But this doesn’t
account for the multitude of vari-
ation in the relative concentra-
tions of the potential catalyst
components (e.g., 10/70/20%
Pd/Pt/Rh vs 20/60/20%
Pd/Pt/Rh, and so on) or the
widespread structural diversity

that is possible just from different preparations (e.g., tempera-
ture, pressure) of the same catalyst components. The situation calls
out for a combinatorial solution, and researchers from academia
and industry are working toward this goal, including a group of
companies such as Torial Technologies (www.torial.com), Avan-
tium (www.avantium.com), hte (www.hte-company.de), and
Symyx that are focused on the problem.

Miniaturized Metal Synthesis 
One of the first demonstrations of combinatorial synthesis of inor-
ganic materials was by scientists at the University of California
at Berkeley (www.berkeley.edu) using thin-film deposition and
physical masking techniques to make spatially addressable libraries
(6). This approach is becoming an important one for HT hetero-
geneous catalyst discovery, particularly at Symyx. But, Campi-
one warns, “significant technology development still is required
to scale down catalyst synthesis for miniaturized testing. The
underlying synthesis for heterogeneous catalysts is quite
distinct from those of the pharmaceutical industry.” 

Alternatively, many are preparing solid-catalyst arrays using
automated and miniaturized versions of solution-based meth-
ods—such as impregnation of elements onto Al2O3 pellets—that
are used in most conventional catalyst preparation techniques.

“We have tried to keep to what has become an industry stan-
dard within the pharmaceutical industry—that is, the Microtiter
plate format—so that we can tap into a lot of the instrumenta-
tion that is already available,” says Duncan Akporiaye, chief tech-
nology officer of Torial Technologies, which was formed last year
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FIGURE 1: Nickel–cobalt–niobium catalyst array screened in the
oxidative dehydrogenation of ethane. Pure metals are at each of the
three triangle intercepts, respectively, and gradient mixtures are at
the remainder of the spots. (Adapted with permission from Symyx
Technologies, Inc. Copyright 2003.)
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to commercialize the combinatorial technology produced in an
alliance between UOP (www.uop.com) and SINTEF (www.sintef.no),
an independent research organization in Norway.

From a practical standpoint, says Claude Mirodatos, a
research director at the Institute of Research on Catalysis (IRC,
http://catalyse.univ-lyon1.fr/0index.htm) in France and coordi-
nator of the European CombiCat consortium (www.ec-combicat.org),
the synthesis technology is generally mature. “[We] are almost
able to do exactly what we want to be done for any kind of differ-
ent recipe to prepare catalysts or solid materials.” 

Screening: Where to Start?
HT screening in heterogeneous catalysis, according to Mirodatos, in
terms of what is widely and affordably available, is less established
than the synthesis side of things, but the technology is progress-
ing rapidly. As this occurs, a question that has arisen for some in
the field is, in a sense, “Where should experimentation start?” 

For instance, Torial’s initial-discovery screens are closer, in terms
of scale, throughput, and reactor type, to Symyx’s secondary screens
than its much larger throughput primary screens used to probe
the 100,000 ternary mixed metal oxide catalysts for ethane oxida-
tive dehydrogenation. According to Akporiaye, Torial starts out test-
ing about 100 samples in a day (using the 48-plate format) in
reactors that are designed to mimic industrial reaction conditions
on a miniaturized scale. “We have tried to build a generic system
and have spent some time setting it up so that we can adapt it to
particular applications fairly easily.” Using this system (and any
one of a variety of analytical techniques, depending on what is
appropriate), they first try to span a wide parameter of chemical
space and then iterate toward increasingly optimized libraries. 

But, says Akporiaye, when you shift the throughput signifi-
cantly up to about 1000 catalysts per day (microgram-scale),
the reaction conditions will have to change, and the results may
not represent what will occur upon scale-up. “I see value in the
primary screen, but it has got to be the right type, otherwise
you will just generate false negatives. You will have catalysts that
would have good performance, but you wouldn’t know, because
you didn’t test them under the right conditions.” Torial, he says,
has developed a primary screen approach that it is beginning to
move forward with, but “it has taken us a while to be satisfied
with the results from the [subsequent] secondary screening.” 

Symyx, on the other hand, is a proponent of primary screening
strategy, for which it has two particular methods that it relies on
most. One is a fast serial screening technique called scanning MS,
in which a probe is mechanically moved over a quartz wafer array
containing more than 200 spots, each ~1.5 mm in size (formed by
either liquid dispensing or radiofrequency sputtering), varying in
catalyst composition. The spots are individually heated and exposed
to the reactant gas stream, and the product stream is sampled for
about 1 min for each catalyst. MS analysis of the products is used
to judge the activity and selectivity of the catalysts. 

The other primary screening approach for heterogeneous cata-
lysts is a massively parallel microreactor in which a quartz wafer
containing the catalyst spots is placed over a micromechanical gas-
distribution wafer that provides an equivalent flow of a reactant
gas stream to each spot. The product stream is then taken to a thin-
layer chromatography plate where products are selectively trapped
and then measured using selective dyes or more quantitative tech-
niques like IR. After exploration with either of these primary-screen-
ing tools, catalyst “hits” are scaled up and tested in larger-scale

multichannel microreactors at lower throughput but with more quan-
titative analysis, such as GC. These secondary-screening reactors
more closely represent an industrial reaction setting. 

According to Campione, the scanning MS method, which was
used for primary screening of the ethane oxidative dehydrogena-
tion catalysts, can synthesize and screen 500–1000 samples a
day. “One must take great care to ensure the synthetic methods
employed are relevant and scalable and that the screening results
are meaningful,” he says. “That is why Symyx typically performs
primary screening in conjunction with secondary screening to vali-
date the hits and make sure the materials that we are testing,
developing, and synthesizing at smaller scales are scalable. 

“When critics muse that combichem involves checking one’s
brain at the door and randomly mixing things from the period-
ic chart, that is definitely not the case. However, high-through-
put practitioners do have the luxury of trying things on the fringe
of knowledge of what people think should work, and trying things
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Mining for Catalysts?

One sure result of combinatorial synthesis and high-through-
put screening is data, lots and lots of data. In the pharma-
ceutical arena, massive public and private databases of exper-
imental screening results, as well as software that helps
extract meaningful information (e.g., structure–activity rela-
tionships) from these collections, have become routine parts
of the drug discovery process—often, the place to start.

Is a similar model also developing for catalyst discovery?
Heterogeneous catalysis processes are often mysterious to the
researchers studying them, and clear-cut mechanisms are
commonly not available. “In some applications, it is complete-
ly wide open, where no one really understands why a partic-
ular composition produces a really good catalyst,” says
Duncan Akporiaye from Torial Technologies. This can hinder
the utility that screening results might provide to database
collections. But Akporiaye thinks that combinatorial research
will eventually attend to this problem. “One can accumulate
enough knowledge to start building structure–function rela-
tions, and combi is the way to do that.”

Claude Mirodatos, from the Institute of Research on Cataly-
sis and the coordinator of a European consortium for heteroge-
neous catalyst discovery, agrees. He thinks that the lack of
widely available data management packages—most current data-
bases are company-protected, he says—is a major barrier to
growth in combinatorial catalysis research. He and others are
working to rectify this problem. “Consortiums, including the Euro-
pean consortium, are producing new systems that will be public
or semipublic,” he says. His hope is that these large databases
will be able to find new correlations between composition, perform-
ance, and fitness and be “predictive tools for the future.” 

On the homogeneous catalysis side of things, however, the
usefulness of data mining is questionable, according to John
Hartwig, a chemistry professor at Yale University. “The activi-
ty of a catalyst is a lot more complicated than the binding of
ligand to protein,” he says, “in that it is a dynamic process.
There are many steps, and there are side reactions. I think
that structure–activity relationships in systems that are not
very well defined are more misleading than they are helpful.”



that the ‘experts’ would say would never work, that sometimes
do,” says Campione.

State of the Art
Several big high-throughput commercial developments have been
launched recently. In July, Symyx signed a five-year, $200-million-
plus alliance with ExxonMobil (www.exxonmobil.com) to apply
high-throughput techniques to the company’s entire downstream
and chemical portfolio and focus on accelerating ExxonMobil’s
strong core competency in catalyst R&D. 

In August, UOP sold its first catalyst developed using combi-
natorial techniques. The isomerization catalyst was discovered
after 5 weeks of screening, and a commercial prototype was devel-
oped within 15 months. “It is probably the first catalyst that
has actually been sold and commercialized based on combi,”
says Akporiaye. “It is a really good example of going from
discovery by combi, [to] optimization by combi, [to] supporting
the manufacturing by combi, and now it has been sold.”

Broader interest in these technologies is also evident from vari-
ous consortia that are being formed. The National Institute of
Standards and Technology has organized the Combinatorial Meth-
ods Center (http://polymers.msel.nist.gov/combi/index.html) to devel-
op technologies for HT materials discovery with a group of compa-
nies, including Symyx, Rhodia (www.us.rhodia.com), ExxonMobil,
and Dow. Efforts by the academic and industrial partners of the
recently ended CombiCat consortium (www.ec-combicat.org) in Europe
have led to several new patents and pilot plant tests for catalyst

systems, according to Mirodatos, who coordinated the endeavor.
He and others are now putting together a more permanent organ-
ization. In addition, the Catalyst Group has organized an annual
CombiCat conference over the past several years, the latest of
which took place at the beginning of November in Philadelphia.

Nevertheless, there are certainly people in industry who are
still skeptical about the applicability of the combinatorial approach
to real-world processes. “You have a limited number of methods
that you can apply in making catalysts on a large scale,” says
Akporiaye. “A lot of people consider that it is very difficult to
reproduce those conditions on a miniaturized scale. So the big
thing is trying to persuade industry that it is possible.” But, he
says, “there is probably not a major chemical company that hasn’t
seen it and [is not] evaluating it. I think it fairly quickly is
going to become state of the art for certain applications.”
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