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Quantitative Interpretation of X-ray Absorption Near Edge Structure ‘

Continuation Progress Report for 1st year 9/15/98-9/14/99

DE-FG03-97ER45718 /AOO0, P.I. John J. Rehr

Co P. I.’s: Dr. Simon Bare, UOP LLC; Dr. Joachlm Stohr, IBM-Almaden

I. Personnel Associated with this Grant

A. Prof. John J. Rehr (P.I.); Dr. Simon Bare, Dr. Joachim Stohr (Co P.I.’s)
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B. Dr. Alexei L. Anlsudinov (Postdoctoral Research Associate)
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C. Alexei Nesvizhskii (Graduate Research Assistant)
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H. Summary of Proposed Topics and Rationale for Research Project
ic? .

We proposed to develop two industrial research collaborations, designated A and B

below, which further develop and apply our new FEFF8 x-ray spectroscopy code to achieve

a quantit ative interpretation of x-ray absorption near edge structure (XANES) in materials

of interest in energy research:

A) Quantitative interpretation of XANES for heterogeneous catalysts and dis-

ordered materials.

This work’ is carried out in collaboration with Dr. Simon Bare of the UOP LLC

Research Center. The tools and extensions proposed include the generalization of FEFF

for configurational averages, and tools for analyzing XANES including electronic structure

such as densities of states, charge transfer, etc. These will be tested by the analyses

of a number of materials of particular interest to UOP. Examples include Pt salts and

bimetallic clusters, both on alumina. We also proposed studying similar catalysts using in

situ XANES combined with FEFF calculations to better elucidate the role of Cl in these

modified cat alysts.

B) Quantitative interpretation of white-lines in XANES

This work is carried out in collaboration with Dr. Joachim Stohr of IBM-Almaden

Research. We proposed to develop a quantitative interpretation of the edge peaks known

as “white lines” in XANES, particularly in transition metals and magnetic materials.

A second goal of this collaboration is to achieve a quantitative treatment of the X-ray

absorption “sum rules”
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III. Significant Results from the 1st Grant Year

A) The work of Dr. Ankudinov focused largely on Project A with UOP. Regular visits are

an important part of the effort; the P.I. and the Postdoctoral Research Associated have

each visited UOP during the first six months of the grant and further visits are planned.

In accordance with our proposed research we have made efforts to improve preliminary

versions of our FEFF8 code for XANES calculations and we have carried out applications

of interest to our UOP collaborate or. The significant advantage of FEFF8 over other

XANES codes is that it simultaneously determines both XANES and electronic structure

(i.e., local density of electron states or LDOS), thus permitting an interpretation of XANES

in terms of electronic properties and charge transfer. A major accomplishment during this

grant period was the successful automation of various subroutines to make the FEFF8 code

faster, more robust and user friendly for industrial research. In particular the self-consistent

potentials were automated using the Broyden algorithm and the Lorentzian broadening of

calculated spectra was replaced by a more reliable complex energy plane integration. In

addition an algorithm for configuration averages over the XAFS spectra, which is needed

in this collaboration, was incorporated. Fortunately the spherical potential approximation

used in FEFF8 usually works reasonably well, even in non-symmetric systems. Thus

in general, the present FEFF8 code now leads to a good agreement between calculated

XANES and experiment in a wide class of systems.

Several applications of FEFF8 were then initiated for systems of specific interest to

UOP. To study the effects of Cl in the Pt XANES spectra, calculations of XANES for

(NH4)2PtClA, (NHA)2PtC16 and K2PtC16 crystals both for Pt L~ and Cl K edge spectra.

Remarkably the FEFF8 calculations are in good agreement with the observed experimental

XANES for these systems [Fig. 1]. More importantly, the analysis of calculated XANES

in terms of LD O S allowed us

L3 spectra as directly due to

with the unoccupied 3d DOS

to interpret the small peak next to the white line in the Pt

the presence of Cl, since the peak is found to be coincident

of cl.
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Fig 1. Calculations for (NHq)2 PtCIA with (dashes) and without (short dashes) dstates

on Cl vs experiment (solid) and the dDOS of Cl (dots). This clearly demonstrates that

the origin of the second peak in XANES is due to unoccupied d states of Cl.

This finding may turn out

the size of the peak provides a

during chemical reactions with

to be of great importance for catalyst investigations, since

direct way of monitoring the amount of Cl attached to Pt

XANES, We plan to publish these results in a joint paper

[A.I. Ankudinov, S. R. Bare, and J. J. Rehr, (in preparation)].

The determination of catalyst cluster size using XANES is also of practical interest to

UOP. An analysis of this problem with FEFF8 improves on earlier studies, (e.g., using the

FEFF7 code), since the self-consistent potentials generally give much more quantitative

XANES calculations. In a preliminary attempt to analyze the effects of cluster size we made

several simulations for Pt clusters of various shapes and sizes and noted significant changes
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in XANES vs configuration. These results are highly encouraging, and we are confident

that such simulations can be used to correlate Pt cluster shape and size distributions with

features in XANES experiment. We expect this investigation also to lead to a joint paper.

In summary, our calculations to date have already proved to be important for catalysis

applications at UOP, and we plan to submit at least two joint papers with our UOP

collaborators by September 1999.

B) The work in our collaboration with IBM-Almaden has initially focused on quantify-

ing the relation between white lines and the d-hole count in 3d transition metals. It is

well known that the intensity of the white line of L3,2 edges in XANES of 3d transition

metals is correlated with the number of unoccupied d states. This relation has been ex-

tensively used by experimentalkts for studying charge transfer in catalysis and in XMCD

in transition metals and alloy systems. However, the accuracy of this correlation is limited

because the actual number of d-holes is not known accurately and because of ambiguit-

ies in the subtraction of the background intensity, many-body effects, etc. Therefore, it

is important to establish a more direct and reliable way of determining the hole count

from XANES. To this end we have developed a quantitative procedure based on the new

self-consistent FEFF8 code. The method is based on the formal similarity between the

absorption coefficient p(E) and the projected density of states p(l?)

/L(E) = po(lq[l + X’(E)]; P(E)= Po(m[l + x(~)].

where x(E) is the fine structure. In other words if x s x’, p w p, i.e., the XANES is

proportional to the unfilled dDOS. Therefore, an experimental estimate for the density

of unoccupied states (holes) pexPt can be obtained from XANES, simply by multiplying

the absorption coefficient by the smoothly varying ratio po(E)/po(E), i.e., p..Pt(~) N

[Po(~)/Po (~)lP(E). Altho@ x and X’ differ slightly due to self-energy corrections, we

find that it is a good approximation to neglect this difference. The result is illustrated in

Fig. 2. Note that the unfilled d DOS from experiment (dots) closely agrees with d DOS

from theory (short dashes).
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Fig. 2. Experimental L~ XANES of Cu (solid); theoretical ratio of dDOS/XANES (long

dashes); theoretical dDOS from FEFF8 (short dashes), and the theoretical estimate of

unfilled dDOS (dots) obtained from the experimental XANES.

III. Plans for the 2nd Year

A) UOP Collaboration

One of our priorities in

essary for this collaborate ion.

the 2nd year is to further improve the FEFF8 code as nec-

In particular we aim to improve the potentials used in the

FEFF8 code, adding corrections that go beyond the spherical approximation. Such non-

spherical corrections may be important in cases where the structure around an atom is

highly anisotropic, such as molecules or catalysts in which some atoms are located on

surfaces. Our proposed approach is based on overlapping, non-spherical potentials, as

discussed in a recently submitted preprint, “Multiple Scattering Theory for Overlapping
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Potentials,” by A. L. Ankudinov, submitted to J. Math Phys (February 1999). We believe

that a full potential development of FEFF8 based on such an extension may be necessary

to achieve a fully quantitative interpretation of XANES, which is import ant to both of our

industrial collaborate ors. The next phases of the UW- UO P collaborate ion will focus on two

applications:

(1) Understanding the sensitivity of the Pt L~ and Lz edge XANES to Pt cluster size and

morphology. The size and shape of supported metal clusters determines their catalytic

activity. We hope to understand the fundamental parameters that affect the Pt XANES

as the cluster size and shape are varied. Thk work will involve a careful study of the

various ways of implementing configurational averages in XANES. In addition we plan to

use FEFF to study the effect of adsorbed hydrogen on the Pt XANES of these clusters,

as there have been conflicting reports in the literature on the interpretation of this effect.

Improved potentials will likely be necessary to draw definitive conclusions in this case.

(2) Using FEFF to calculate the Pt L, and L, edge XANES of bimetallic clusters. In

many cat alytic processes the reactivity of Pt has to be attenuated in some way, and this

is often accomplished industrially by alloying with a second element, e.g. Sn or Re. We

plan to combine experimental XANES data with FEFF calculations to develop an in-

depth fundamental understanding of the modification of Pt with other metals in supported

catalysts.

B) IBM Collaboration

We now plan to apply a similar procedure to that developed for relating the DOS

to the XANES, to check the validlty of different sum rules derived for XAS and XMCD.

In particular, we propose to check procedures for evaluating the sum rules in systems

simulated with FEFF8 and its generalizations. The sum rules connect the integrated

intensity of the absorption spectra with the orbital and spin moments, thus providing a

practical and unique way for studying magnetic properties of transition- and rare-earth-

met al systems. However, these sum rules were obtained theoretically for very simple model

systems, and many important questions on their practical applicability y remain unresolved.

These sum rules can now be directly tested by simulations on more realistic systems with

FEFF8.
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CURRENT AND PENDING SUPPORT-JOHN J. REHR, PI

A. Current Support

1. Spin-Dependent X-ray Spectroscopy Theory

a.

b.

c.

d.

e.

2. XAFS

a.

b.

c.

d.

e.

Supporting Agency: Department of Energy

Amount: $184,995

Period covered: Nov 15, 1996- Nov 14, 1999

Percentage of effort: 30% academic year,* 100% two summer months

Location of research: Univ. of Washington

Simulations in Biological Systems
Supporting Agency: National Institutes of Health (Subcontract from

SSRL NIH Biotechnology Resource)

Amount: $201,330 ($14,200 in 1999-2000)

Period covered: Mar 1, 1995- Feb 28, 2000

Percentage of effort: 30’% academic year,* 100% one summer month

Location of research: Univ. of Washington

*

3. University-Industry Grant: Quantitative Interpretation of XANES

(Collaboration between U. Washington, UOP LLC, and IBM-Almaden)

a. Supporting Agency: Department of Energy

b. Amount: $276,000

c. Period covered: Sep 15, 1998- Sep 14, 2001

d. Percentage of effort: 30% academic year,* 100’ZOone summer month

e. Location of research: Univ. of Washington

B. Pendin~ Support: None

C. Transfer of Support: None

D. Other a~encies this proposal submitted to: None

Note: Because of partial overlap of the activities of these grants, the net percentage of

effort will not exceed 509’0during the academic year and 100’%oduring the summer.
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UOP LLC . 25 East Algonquin Road ● Des Plaines, Illinois 60017-5017 ● Tel: 847.391.2000 ● Fax: 847.391.2253

2 March, 1999

Dr. Manfied Leiser
Division of Materials Sciences, ER-132
Office of Basic Energy Sciences
Department of Energy
Germantown, MD 20874-1290

DOE University-Industry Collaboration

“Quantitative Theory and Interpretation of X-ray Absorption Near Edge
Structure”

DOE Grant DE-FG03-98ER45718/AOO0

Dear Dr. Leiser:

This letter is in support of renewed funding fi-om DOE for the titled project in the
collaboration between Prof John J. Rehr (University of Washington) and Dr. Simon R.
Bare (UOP LLC]. I am strongly encouraged, and excited, by the initial results tlom the
collaboration and I look forward to continued progress over the next finding year. The
data generated through this collaboration will have a significant impact on our
understanding of the local structure of supported heterogeneous catalysts and this,
together with reactivity data on these same materials, will allow us to understand
structure-activity relationships.

The combination of theory and experiment provides a unique and powerful insight into
the molecular level structure of supported Pt catalysts under reaction conditions. I know
of no other method to obtain this level of detail and understanding of these catalysts. I
believe that the only way to make a significant breakthrough in this area of catalysis,
which has been well-studied, is to truly understand the fundamentals of the catalyst
preparation and activation. The data generated from this collaboration will provide us
with this fundamental knowledge.

Dr. Alexei Ankudinov, the talented postdoctoral associate working with Prof. Rehr has
had an extremely positive impact on the project. His previous familiarityy with the
problem has meant that he was able to “hit the ground running”, and is proving to be
most productive. He has already visited UOI? for two days, and will be visiting again in
the next couple of weeks. The close collaboration between Dr. Ankudinov, Prof. Rehr
and myself has contributed to the early successes of this research.

The initial problem we are addressing is to determine if the new self-consistent FEFF8
code can be used to provide insight in to the local structure of supported platinum
catalysts, a major class of heterogeneous catalysts used industrially in many different
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hydrocarbon processing reactions. The goal is to understand the near edge structure at
the Pt L3-edge and Cl K-edge of such catalysts. We have observed that in catalysts
prepared fi-om chloroplatinic acid a small but obvious feature was present in the Pt L3-

edge XANES spectrum at -15 eV above the main absorption edge. This feature
diminishes and finally disappears as the catalyst is heated in hydrogen causing
decomposition and reduction of the Pt-Cl complex on the alumina surface. The FEFF8
calculations have demonstrated that this resonance is indeed due unequivocally to the
presence of a chlorine atom at a bonding distance away from the Pt. This is critical
information as we now have a tool to use to determine under reaction conditions
(XANES is a photon-in/photon-out spectroscopy, so can be used in situ) whether there is
indeed chlorine directly bonded to the Pt particles. The new self-consistent FEFF8 code is
also being used to calculate the XANES spectrum at the chlorine K-edge of several Pt-Cl
complexes, and the initial results are very encouraging. At the Cl K-edge there is an
intense pre-edge peak present if the Cl is bonded to an open d-shell transition metal. We
hope to use the intensity and position of this peak as a measure of the strength of the Pt-
C1 interaction, in addition to learning something about the local geometry of the Pt-Cl
complex.

The next phases of the collaboration will focus on the sensitivity of the Pt L3 and L2-edge
XANES to Pt cluster size and morphology and on the XANES of bimetallic clusters, as
described in more detail in the Renewal request. We plan to combine experimental
XANES data with new self-consistent FEFF8 code calculations to develop an in-depth
fi.mdamental understanding of the modification of Pt with other metals in supported
catalysts.

In conclusion, I am fully supportive of this enabling research work. UOP will continue to
provide partial funding for the project for 1999. UOP will not only use the knowledge
gained to increase our understanding of proprietary processes, but also to enhance our
recognition by publishing the results in peer-reviewed journals.

Sincerely, A

Simon R. Bare, Ph.D.
R&D Associate

J

E-mail: srbare@uop.com


