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A lthough the basic concept of com-
binatorial chemistry (combichem)
has been around for decades, there

has been an explosion in combichem
methodologies in recent years as its appli-
cation range has expanded to everything
from chemical catalyst synthesis to the
creation of new therapeutics.
But throughout the develop-
ment of this technology, one of
the greatest challenges has
remained the identification of
the compound synthesized on
a given resin bead once it has
been shown to be active in an
assay. Because so little com-
pound is typically generated on
a bead in combichem reactions,
researchers prefer not to use
destructive techniques for
identification.

Over the years, scientists
have tried a variety of meth-
ods to tag the resin bead. In
some cases, these tags take the form of
secondary compounds that are synthesized
in parallel with the product of interest.
The researcher can then deconvolute the
code contained within the secondary
compound by cleaving it from the bead
to identify the components that comprise
its primary partner. Alternatively, scien-
tists have used radio-frequency tags to
mark the various resin beads. More recent-
ly, however, some researchers have start-
ed to use a technique that is more typi-
cally at home analyzing circuit boards and
authenticating paintings than in chemical
synthesis labs—X-ray fluorescence (XRF).

The Technology
XRF takes advantage of the fact that an
electron can be thrown from its orbital if
it is bombarded by a photon that carries
more energy than that which keeps it
bound to the nucleus (Figure 1, 1). When

this happens, a second electron from a
higher orbital transfers to the lower-ener-
gy orbital, releasing a photon whose
energy is the difference between the two
orbital energies. Because this energy differ-
ence is characteristic of the element in
which the electrons reside, it is possible to

identify the element from the energy of
the photon emitted. Similarly, for a partic-
ular fluorescent wavelength, the number
of photons emitted per unit time (also
known as the peak intensity or count rate)
is related to the amount of analyte pres-
ent in the sample. Thus, by exposing a
sample to an X-ray source, researchers
can examine both the emitted wavelengths
of light and the peak intensity to deter-
mine the identity of the elements in the
sample and the quantity of each one.

XRF has been used extensively to study
elemental composition in a variety of
samples. In medicine, researchers can use
XRF to determine the level of heavy metals
in bodily fluids such as blood. Similarly,
scientists have used XRF to authenticate
paintings by examining the elemental signa-
tures of the resins and paints used by the
original artist, a restoration specialist, or
a careless forger.

Often, however, the initial X-ray beam
is too large for the sample being studied.
It would be difficult, for example, to study
a 50-µm bead using a 10-mm beam. Thus,
researchers have modified the original XRF
instrumentation to use a beam with a much
smaller cross section, creating microXRF
(MXRF) in the process. MXRF systems use
special X-ray tubes with a smaller spot size
to limit beam spread after collimation,
producing spots in the 50- to 200-µm range.
Samples can then be placed on a stage
similar to that used for microscopes to

move in the X, Y, and Z planes,
where they are exposed to the
beam and the emitted light is
detected.

According to George Havril-
la and his colleagues at the
Los Alamos National Laborato-
ry (www.lanl.gov, 2), “The pri-
mary advantage of [MXRF] is
the ability to fill the gap be-
tween bulk elemental analysis
(tens of square millimeters) by
XRF and high-resolution ele-
mental determinations (<10
µm2) by scanning electron mi-
croscopy, secondary-ion mass
spectrometry, and synchrotron-

based technologies.”

Carping on Catalysts
One area in which combichem has proved
particularly useful is in the development
of heterogeneous catalysts. Early efforts in
this direction focused on spatially address-
able libraries that used discrete arrays in
which the synthetic parameters are system-
atically altered. Thus, each member of
the library can easily be identified by its
position on the array. This method, howev-
er, suffers from several drawbacks, not
the least of which is limitations on the
array size, which restricts the number of
library members to typically no more
than a couple of hundred compounds on
any one array.

To address this problem, Thomas Mallouk
and colleagues at The Pennsylvania State
University (www.psu.edu) and UOP LLC
(www.uop.com) took a cue from the efforts
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Micro-X-Ray fluorescence spectroscopy and
combinatorial chemistry are leading the way to
new catalysts.

FIGURE 1: Schematic explanation of XRF physics.
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of bioorganic chemists, many of whom use
a split-and-pool methodology to develop
combinatorial libraries (3). In split-and-
pool, researchers divide a collection of beads
into several vials, each containing a specif-
ic reactant. Upon completion of the reac-
tion, they rinse, mix, and redivide the beads
into vials for a second reaction. The
researchers then repeat this process as
many times as desired. Thus, after two
rounds of split-and-pool with reactions
involving two compounds—A and B—there
would be three types of beads: AA, AB,
and BB.

To determine whether this would work
for the development of catalysts, the scien-
tists tried to create a split-and-pool library
of noble metal-containing compounds on
a support of porous γ-alumina, materials
that resemble those used in heterogeneous
catalysis. The researchers combined unmod-
ified beads with platinum, iridium, and
rhodium chloride solutions overnight, to
a final loading of 0.3 wt%. After remov-
ing the excess fluid, they dried the beads
under high heat to limit desorption, and
then pooled and split the beads for anoth-
er round of synthesis, for a total of three
cycles.

Using a ThermoNORAN Omicron MXRF
system on beads from each of the final
vials, the researchers were able to identi-
fy the possible combinations of the three
metals at levels close to the expected 0.1,
0.2, and 0.3% (Table 1). This result indi-
cates that the method works as they had
hoped and can be applied to more exper-
imental systems.

The Potential of Peptides
Of course, noble metals aren’t the only
materials that can catalyze reactions.
Like their longer-chained siblings, which
in the form of enzymes can catalyze a vari-
ety of biochemical reactions, short polypep-
tides are also able to promote reactions. In
the search for homogeneous peptide-based
catalysts, Havrilla and colleagues used MXRF
to screen two libraries of polypeptide
sequences attached to resin beads for their
ability to trigger phosphate hydrolysis in
the presence of a Lewis acid and to bind
the degradation products of organophos-
phate chemical warfare agents (2).

In the first experiments, the researchers
pretreated a library of 625 resin-bound
peptides with a solution of ZrCl4 (the Lewis
acid) and then combined the beads with
a solution of 5-bromo-4-chlorindolyl phos-

phate in buffer. In the pres-
ence of the Zr4+ ion, a
catalytic peptide will
promote the hydrolysis of
the phosphate bond, leav-
ing an insoluble indigo dye
that will precipitate onto
the bead. The researchers
then isolated and washed
the beads and scanned the
library for the presence of
Br, P, and Zr (Figure 2). The
presence of Br but not P
or Zr indicates that the
bound peptide is a good
catalyst, but the detec-
tion of both Br and P is a
sign that the bead is simply
contaminated with start-
ing material.

The researchers identi-
fied two beads that carried

sequences that effectively catalyzed the
phosphate hydrolysis. They then performed
amino acid sequencing on the peptides and
discovered that one of them was identical
to a peptide that had been previously iden-
tified by another method as having the
same ability to catalyze phosphate hydrol-
ysis, providing an external proof of concept.

The researchers used the same method-
ology to identify peptides that were able
to bind the degradation products of VX, a
chemical warfare agent. In the presence of
water, VX degrades to ethanol, methylphos-
phonic acid, and a mercaptoamine, the last
of which distinguishes VX from other nerve
agents such as sarin, which do not carry
a sulfur atom. Using MXRF, the scientists
looked for peptides that bound compounds
with P and S, and were able to identify two
beads with binding capacity—one that was
selective for the methylphosphonic acid
(P) and one that was selective for the
mercaptoamine (S). Given this success, the
researchers are hopeful that the second
peptide can be used as the basis of a new
library that they will screen to find more-
specific mercaptoamine binders. If they are
successful, these peptides might then be
able to serve as the basis of detectors for
chemical warfare agents.

The Next Step
One of the drawbacks of MXRF in these
applications is that it is labor-intensive.
The technology also suffers from provid-
ing results that are qualitative. To address
these limitations, Havrilla’s group is work-
ing toward making the method more quan-
titative and developing chemometric
software that will automatically sort
through the spectral images to more quick-
ly determine hits. They also foresee a
time when MXRF is combined with other
analysis techniques such as Raman and
IR spectroscopies to provide a more
complete picture of molecular interactions.
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TABLE 1: XRF Analysis of a Combinatorial 
Pt-Ir-Rh Library.

Bead XRF analysis Expected Identity
number Element Composition composition

1 Pt 0.08% 0.1% Pt1Rh2

Ir
Rh 0.2% 0.2%

2 Pt 0.23% 0.3% Pt3
Ir
Rh

3 Pt Ir1 Rh2

Ir 0.09% 0.1%
Rh 0.14% 0.2%

4 Pt 0.05% 0.1% Pt1Ir2
Ir 0.19% 0.2%
Rh

(Adapted with permission from Ref. 3.)

FIGURE 2: Using MXRF to identify beads
containing phosphorus (P), bromine (Br),
and/or zirconium (Zr), researchers were
able to identify peptides from a combinato-
rial library that could catalyze phosphate
hydrolysis. (Adapted with permission from
Ref. 2.) 


