
 

 

 University of Groningen

Local structure of reaction intermediates probed by time-resolved x-ray absorption near edge
structure spectroscopy
Smolentsev, G.; Guilera, G.; Tromp, M.; Pascarelli, S.; Soldatov, A. V.

Published in:
Journal of Chemical Physics

DOI:
10.1063/1.3125940

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2009

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Smolentsev, G., Guilera, G., Tromp, M., Pascarelli, S., & Soldatov, A. V. (2009). Local structure of reaction
intermediates probed by time-resolved x-ray absorption near edge structure spectroscopy. Journal of
Chemical Physics, 130(17), [174508]. https://doi.org/10.1063/1.3125940

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1063/1.3125940
https://research.rug.nl/en/publications/51115de1-1c71-4acc-b2bf-ae0cfe19c889
https://doi.org/10.1063/1.3125940


J. Chem. Phys. 130, 174508 (2009); https://doi.org/10.1063/1.3125940 130, 174508

© 2009 American Institute of Physics.

Local structure of reaction intermediates
probed by time-resolved x-ray absorption
near edge structure spectroscopy
Cite as: J. Chem. Phys. 130, 174508 (2009); https://doi.org/10.1063/1.3125940
Submitted: 12 January 2009 . Accepted: 07 April 2009 . Published Online: 07 May 2009

G. Smolentsev, G. Guilera, M. Tromp, S. Pascarelli, and A. V. Soldatov

ARTICLES YOU MAY BE INTERESTED IN

Solving the structure of reaction intermediates by time-resolved synchrotron x-ray absorption
spectroscopy
The Journal of Chemical Physics 129, 234502 (2008); https://doi.org/10.1063/1.3040271

 Localized holes and delocalized electrons in photoexcited inorganic perovskites: Watching
each atomic actor by picosecond X-ray absorption spectroscopy
Structural Dynamics 4, 044002 (2017); https://doi.org/10.1063/1.4971999

A setup for ultrafast time-resolved x-ray absorption spectroscopy
Review of Scientific Instruments 75, 24 (2004); https://doi.org/10.1063/1.1633003

https://images.scitation.org/redirect.spark?MID=176720&plid=1007006&setID=378408&channelID=0&CID=326229&banID=519800491&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=9f34f1cb620828b56eaf9bdebc7286d6c339bcff&location=
https://doi.org/10.1063/1.3125940
https://doi.org/10.1063/1.3125940
https://aip.scitation.org/author/Smolentsev%2C+G
https://aip.scitation.org/author/Guilera%2C+G
https://aip.scitation.org/author/Tromp%2C+M
https://aip.scitation.org/author/Pascarelli%2C+S
https://aip.scitation.org/author/Soldatov%2C+A+V
https://doi.org/10.1063/1.3125940
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.3125940
https://aip.scitation.org/doi/10.1063/1.3040271
https://aip.scitation.org/doi/10.1063/1.3040271
https://doi.org/10.1063/1.3040271
https://aip.scitation.org/doi/10.1063/1.4971999
https://aip.scitation.org/doi/10.1063/1.4971999
https://doi.org/10.1063/1.4971999
https://aip.scitation.org/doi/10.1063/1.1633003
https://doi.org/10.1063/1.1633003


Local structure of reaction intermediates probed by time-resolved
x-ray absorption near edge structure spectroscopy

G. Smolentsev,1,a� G. Guilera,2 M. Tromp,3 S. Pascarelli,4 and A. V. Soldatov1

1Center for Nanoscale Structure of Matter and Faculty of Physics, Southern Federal University,
Rostov-on-Don 344090, Russia
2ALBA Synchrotron, Barcelona 08193, Spain
3University of Southampton, Southampton SO17 1BJ, United Kingdom
4European Synchrotron Radiation Facility, Grenoble 38000, France

�Received 12 January 2009; accepted 7 April 2009; published online 7 May 2009�

A method for the analysis of time-resolved x-ray absorption near edge structure �XANES� spectra
is proposed. It combines principal component analysis of the series of experimental spectra,
multidimensional interpolation of theoretical XANES as a function of structural parameters, and ab
initio XANES calculations. It allows to determine the values of structural parameters for
intermediates of chemical reactions and the concentrations of different states as a function of time.
This approach is tested using numerically generated data and its possibilities and limitations are
discussed. The application of this method to a reaction with methylrhenium trioxide catalyst in
solution, for which experimental data were measured using stopped-flow energy-dispersive x-ray
absorption spectroscopy technique, is demonstrated. Possibilities and limitations of this
experimental technique are also discussed. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3125940�

I. INTRODUCTION

For a long time one of the main dreams of chemists has
been to make three-dimensional movies of chemical reac-
tions at realistic working conditions. More precisely, it can
be formulated as the simultaneous determination of the struc-
ture of all the species involved in a given chemical reaction
�reactants, intermediates, and products� by one or more spec-
troscopic methods in time as the reaction goes along, thus
concurrently elucidating the related kinetic information. In
this way, reliable correlations between structure, kinetics,
and functionality can be drawn. Recent progress in the de-
velopment of the time-resolved synchrotron radiation tech-
niques and setups makes this dream achievable in many
cases.1–5

Time-resolved x-ray diffraction with resolution in the
range between picoseconds and milliseconds and above can
be used with crystalline samples when the reaction can be
initialized simultaneously in significant sample volume.6–11

X-ray powder diffraction in tandem with the calculation of
atomic pair distribution function is starting to play a very
important role for the dynamic and in situ studies of poorly
crystalline or disordered materials.12,13 By using a very short
wavelength ��0.1 Å� and an area detector to record the full
diffraction pattern in a single shot, the time resolution can be
reduced to just minutes, although in detriment of the angular
resolution and the background suppression. Picosecond
pump-and-probe x-ray diffraction or scattering experiments
in solution are also possible for simple molecules.14–18 Re-
cent developments in the field of ultrafast electron diffraction
make it possible to determine complex transient structures

and assemblies in different phases.19 Small molecules can be
studied using this method with time resolution of a few
picoseconds.20

On the other hand, and advantageously, x-ray absorption
spectroscopy �XAS� permits to study the structural and elec-
tronic information of the local environment of a selected-
type atom on any sort of condensed matter, crystalline or
amorphous, solid or liquid. It is therefore a very powerful
tool for structural investigations of chemical reactions in situ,
which are generally either highly heterogeneous or they oc-
cur homogeneously in solution. Heterogeneous reactions
with time, temperature, and/or spatial resolution were re-
cently studied.1–4,21

Currently, time-resolved investigations of liquid samples
using x-ray absorption at synchrotron radiation sources can
be performed in the range between 100 fs and minutes and
above. Ultrafast spectroscopic experiments in the femto- and
picosecond ranges are based on the pump-and-probe tech-
nique and synchrotron bunch slicing.22–25 This technique ap-
plied in the picosecond and nanosecond time domains per-
mits to obtain structural dynamic information of excited
states and transient molecular species of photochemical re-
actions of compounds in solution.26–29 Femtosecond regime
studies are now appearing at fourth-generation light
sources30,31 and such technique will allow capturing of the
bond-breaking and bond-making processes. Earlier photoin-
duced processes were investigated using constant
illumination.32,33 Ideally, the most propitious systems to be
studied with the pump-and-probe technique are reversible
reactions. However, also irreversible reactions could be stud-
ied within the same time resolution provided the sample can
be replaced continuously within two subsequent excitation
and x-ray absorption events.a�Electronic mail: smolentsev@yandex.ru.
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A good compromise for studying relatively fast reactions
from the structural-kinetic viewpoint is working at time reso-
lutions of the order of milliseconds to seconds. This time
domain permits in many occasions elucidating reaction
mechanisms and allows to determine structural and elec-
tronic parameters of some intermediate species that are
within this time scale. When the reactions in solution are
irreversible, which is the most frequent case, then the
stopped-flow technique combined with XAS proves to be in
many instances a good asset to investigate in situ the chemi-
cal processes and elucidating in turn the structural, elec-
tronic, and kinetic information. If the concentration of the
reaction compounds suffices to perform XAS measurements
in transmission mode the energy-dispersive x-ray absorption
technique can be used34 taking advantage of the parallel data
acquisition that allows to obtain an entire x-ray absorption
fine structure �XAFS� spectrum in a few milliseconds. A
typical experiment in this case is rapid and turbulent mixing
of two or three reactants in a microvolume cuvette and the
subsequent measurements of a series of experimental spectra
during the course of the reaction.35–39 The time resolution of
the experiment in this case is limited by the dead time �time
for the mixed solution to go from the center of the mixer to
the observation point�, which is about 3–10 ms depending on
the volume of the cuvette and the total flow rate. Very dilute
samples such as metalloproteins cannot be measured in
transmission and therefore for such materials it was proposed
to combine standard fluorescent XAS measurements with
stopped-flow freeze-quench methods.40–42 In fact, the reac-
tants are not in liquid phase in such experiments, but rapid
freezing allows to fix the system at different stages of the
reaction. Quick-XAS measurements with rapid scanning of
the incident energy allow to achieve time resolutions of a
few seconds and can be applied to “slow” reactions in
solution.43 Recent advances on the development of more ro-
bust and reliable monochromators for quick scanning, cur-
rently available only in a few stations, permits reaching time
resolutions of about 50 ms for an x-ray absorption near edge
structure �XANES� spectrum.43,44 In such case, experiments
of liquid reactions performed with a stopped flow and mea-
sured in fluorescence mode at higher time rates than those
normally achieved on a standard XAS beamline are possible.

In parallel with the development of experimental tech-
niques for time-resolved XAS measurements a significant
progress has recently been achieved concerning the theoret-
ical analysis of the spectra. Extended x-ray absorption fine
structure �EXAFS� has been widely used for decades and its
theoretical ground is well understood. XANES is less known
as a structural method because the more entangled theoretical
background makes its analysis a more complicated task.
However, XANES is sensitive to much more structural pa-
rameters. For example, it is often sensitive to bond angles in
contrast to EXAFS, which normally gives only radial distri-
bution functions. The refinement of the local structure from
XANES data requires rather complex theoretical algorithms,
which have been developed recently.45–48 These theoretical
methods have been applied to different metal complexes.49–55

In particular, the application of multidimensional interpola-
tion of spectra as a function of structural parameters realized

in the FITIT code has allowed to perform the fitting using
non-muffin-tin XANES calculations,49,56 which is important
for the correct determination of the values of structural pa-
rameters of some kinds of metal complexes.49

In all of the above-mentioned theoretical investigations a
single XANES spectrum was analyzed at a time. In the
present paper we propose the method for the analysis of a
series of XANES spectra obtained in a time-resolved experi-
ment. This can be used to probe the structure of intermedi-
ates. Possibilities and limitations of the theoretical approach
and the energy-dispersive technique for time-resolved mea-
surements will be discussed.

II. METHODS

A. Method of calculation

X-ray absorption spectra in a series corresponding to dif-
ferent reaction times are the superposition of the spectra of
reactants, intermediate/s, and product/s. In order to extract
the structure of intermediate species it is necessary to extract
their pure XANES spectra and then fit their individual shapes
by varying structural parameters. Depending on the addi-
tional information available about the studied reaction the
spectrum of the intermediate can be extracted using different
criteria. Some methods for the analysis of chromatographic
and optical spectra rely on physicochemical confines only.
They usually include the requirements that all points of the
spectra have positive values and all concentration profiles are
also positive and have only one maximum.57–59 This class of
methods is known as self-modeling curve resolution tech-
niques. Possibilities and limitations of such an approach ap-
plied to x-ray absorption spectra will be discussed below.
Possible additional information is the percentage of different
states as a function of time �concentration profile�, which can
be obtained using an independent methodology. In this case,
the problem of extracting the individual spectra is reduced to
least-squares fitting. In the present paper we propose the
method assuming that a structural model for the intermediate
state exists, with some structural parameters that can vary.
Here, the purpose is to determine the values of these struc-
tural parameters and the weight of the XANES spectrum of
the intermediate in the time-resolved series on the basis of a
comparison of the spectrum extracted from the experiment
with theoretical simulations. Below, we will describe the ap-
proach mathematically. It combines principal component
analysis �PCA� of the experimental data, multidimensional
interpolation of XANES as a function of structural param-
eters, and ab initio XANES calculations. The corresponding
algorithms were implemented in the FITIT 2.0 software,
which is available free of charge for noncommercial research
and educational purposes.60

Consider a matrix of experimental XANES data with
elements symbolized as �ij, where subscript index i refers to
a particular energy point of the spectrum while j refers to a
particular time point. The singular value decomposition
�SVD� algorithm allows to decompose this matrix as
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�ij = siklkmvmj , �1�

where sik is an absorption coefficient for the component
number k, lkm are the elements of the diagonal matrix with
the diagonal elements sorted in decreased order, and wkj

= lkmvmj is the concentration dependence for the component
k. In a more general case when concentration is a function of
a few parameters, for example, spatial coordinate and time,
and additional index z which refers to this coordinate appears
but equations remain practically unchanged: �ijz=siklkmvmjz,
wkjz= lkmvmjz and mathematically jz can be considered as one
generalized time and coordinate index. Statistical and em-
pirical criteria known as embedded error function IE and
factor indicator function IND �Ref. 61� allow one to deter-
mine on the basis of the analysis of lkm how many compo-
nents correspond to real existing species with different ab-
sorption coefficients and which components contain only the
statistical noise of the experimental spectra.

IE�n� =�n� j=n+1
c ljj

2

rc�c − n�
, IND�n� =�� j=n+1

c ljj
2

r�c − n�5 . �2�

The minimum of IE and IND as a function of n corre-
sponds to the correct number of components present. Thus,
these criteria allow to reduce the size of the matrix in Eq. �1�
and to determine the number of observed intermediates. The
minimum will not be clearly defined if the errors are not
fairly uniform throughout, if the errors are not truly random,
if sporadic errors exist, or if systematic errors exist. Thus,
such contributions can lead to appearance of the nonchemi-
cal components.

The decomposition of �ij into multiplied matrices of
spectra and concentrations is not unique:

�ij = sipTpkTkm
−1wmj , �3�

where Tpk is any square matrix which can be inverted. The
couple sik� =sipTpk, wkj� =Tkm

−1wmj can be considered as another
set of spectra and concentration dependencies. The matrices
sik, wkj, which can be found numerically using the SVD al-
gorithm, will be referred to later as “mathematical” solution
of the problem, which should be transformed into the real
�observed in nature� spectra sik� and concentrations wkj� . The
latter is referred to “physical” solution. The matrix Tpk that
transforms the mathematical solution into the physical one
should be found during the subsequent steps of the algo-
rithm.

The number of unknown elements of the matrix can be
reduced taking into account that the spectra have to be nor-
malized and/or requirements that data at the beginning and
the end of the spectral series correspond to only the initial
and final products, respectively. Possible values of the re-
maining elements can be localized on the basis of physico-
chemical confines such as the following: �1� positive absorp-
tion coefficient for all energies and components within
experimental uncertainty, �2� all points in the concentration
profile must be greater than 0 and less than 1 within experi-
mental uncertainty, and �3� each concentration profile has
only one maximum. The later limitation is applicable to

nonoscillating reactions only and the presence of maximum
is determined taking into account error bars for the corre-
sponding concentration profile.

Further determination of physical spectra is based on the
comparison of the data extracted from the experiment with
theoretical XANES, which depends on structural parameters.
Simultaneously varying the structural parameters and values
of Tpk, which we will refer to as parameters of PCA, a dis-
crepancy between theoretical spectra �ik

th and sik� is minimized
using the standard mean-square deviation criterion.

In order to minimize the computational time during the
calculation of theoretical spectra for the component k a mul-
tidimensional interpolation of spectra as a function of struc-
tural parameters45 is used:

�int�E,p1 + �p1,p2 + �p2, . . . ,pn + �pn�

= ��E,p1,p2, . . . ,pn� + �
n

An�E��pn

+ �
m,n

Bmn�E��pm�pn + ¯ , �4�

where �int�Ei���ik
th is the interpolated x-ray absorption co-

efficient. Whereas ��E� is the absorption coefficient calcu-
lated ab initio, �p1 , p2 , . . . pn� is a starting set of structural
parameters, and �pn is the deviation of pn from the starting
value. The energy dependent coefficients, An�E� ,Bmn�E� , . . .,
are deduced from the results of ab initio calculations. For
such calculations the full multiple scattering algorithm real-
ized in FEFF8 �Ref. 62� or the non-muffin-tin finite difference
method realized in FDMNES code63 can be used. The interpo-
lation nodes �sets of structural parameters used for the en-
ergy dependent coefficients An�E� ,Bmn�E� , . . . calculations�
are chosen within selected limits of variations, so that the
influence of the corresponding terms of the expansion and
the distance between nodes in the parameter space are maxi-
mized. This avoids numerical instabilities that may occur.

B. Experimental

All chemicals were reagent grade and obtained commer-
cially: methylrhenium trioxide �MTO� was obtained from
STREM and hypophosphorous acid �H3PO2, 50% solution in
water� and trifluoromethanesulfonic acid �triflic acid, HOTf�
from Aldrich. High purity distilled water was used to prepare
the solutions. MTO was dissolved in distilled water by mild
heating and stirring, and it was filtered before being used on
the stopped-flow device. Solutions of HOTf were obtained
by carefully diluting the pure commercial material. The so-
lutions were freshly prepared before starting the experiment
on the beamline.

The experiment was performed using a stopped-flow/
energy-dispersive EXAFS �ED-EXAFS� setup. During the
online experiment, solutions of the reactants MTO and
H3PO2+HOTf were mixed in situ in the stopped-flow de-
vice. The role of HOTf was only to maintain constant the
electrolyte medium at a final concentration of 1.0M and to
slow down the reaction kinetics toward polymerization. The
solutions were mixed in the right proportion to get the final
concentrations of MTO �20 mM� and H3PO2 �1.6M�, and the
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reaction was measured in time by dispersive XAFS spectros-
copy.

The stopped flow used was an SFM-3 Bio-Logic device
equipped with isolast o-rings. This was connected to a Huber
ministat cc1 variable temperature bath, and the temperature
was maintained at 25 °C. Cuvettes �5�1 mm2� equipped
with vitreous carbon windows on the x-ray direction were
used.

Dispersive x-ray absorption spectra were recorded at the
European Synchrotron Radiation Facility on the undulator
beamline ID24 �Ref. 64� �operating with an average current
of approximately 200 mA in a 2/3 filling mode�. The mea-
surements were performed using a Si�111� polychromator in
Bragg configuration and measured in transmission mode.
The reaction was followed at the Re L3 edge �10.535 keV�
over a period of 90 s with a time resolution of 150 ms. A Re
reference foil was measured regularly to provide the energy
calibration for the spectra. Data were recorded using a
FReLoN2k �fast readout low noise� charge coupled device
camera working in kinetics mode.65

III. RESULTS AND DISCUSSION

In Sec. III A we will present the results obtained using a
numerical test of the approach. This test was performed us-
ing “pseudoexperimental” data. The data were obtained on
the basis of theoretical calculations with random noise nu-
merically added and were used instead of the experimental
data. This test allows to validate the method as well as to
discuss its possibilities and limitations. Since the concentra-
tion profile and values of the structural parameters, which
were used for the construction of pseudoexperimental data,
are known, we can compare this “correct” solution with the
result obtained using the proposed method, check if this so-
lution is unique, and assess if there are any correlations be-
tween the parameters.

Section III B describes the results of the method applied
to real experimental data that examine the polymerization of
the organometallic catalyst Re-MTO. Spectra were measured
using a stopped-flow/energy-dispersive XANES �ED-
XANES� setup. Besides demonstration of the theoretical
method we will also discuss possibilities and limitations of
stopped-flow XANES experiments for reactions in solution.

A. Numerical test

The reaction selected for the numerical test of the
method is one of the reaction steps of the isocyanide poly-
merization catalyzed by Ni�II� �Ref. 66� �Fig. 1�. The struc-
ture of the initial �1� and activated �3� species has been pre-
viously studied.52,67 The purpose of the current test was then
to refine the structure of the intermediate species as well as
to extract the concentration profile. We have constructed a
set of 15 pseudoexperimental spectra with signal-to-noise ra-
tio of 30 and maximal concentration of the intermediate of
50%. By applying SVD to these pseudoexperimental series
of spectra we have determined that three components are
mixed. Both IE and IND criteria have indicated this number.
In some cases, the IE function does not have a minimum and

then the IND criterion works better, exhibiting a more pro-
nounced minimum and allowing the determination of the
number of components.68

In the next step the determination of the XANES spec-
trum of the intermediate and concentration profiles is based
on physicochemical limitations, which were in our case as
follows: positive and normalized spectra, concentration pro-
files within interval of 0%–100%, percentage of initial reac-
tant maximally close to 100% at the beginning of the time-
resolved series of spectra, and percentage of the final product
maximally close to 100% at the end of measurements. These
restrictions allow to reduce the number of unknown elements
of the matrix Tpk from 9 to 2 and to select the limits of their
variations. In Fig. 2 two possible solutions are shown for
both the XANES spectrum of the intermediate as well as the
concentration profiles. As one can see, both solutions look
realistic. Thus, a unique solution cannot be found on the
basis of physicochemical limitations only. Therefore, self-
modeling methods, which rely on such limitations only and
are used in chemometry and optical spectroscopy,57–59 are
rather limited in the case of XANES. They can be used only
for rough estimation of spectral components as it was dem-
onstrated previously.69

In order to further refine the extracted XANES spectrum
of the intermediate reactant from the pseudoexperimental se-
ries, the former was compared with theoretical simulations,
which depend on the structural model. The cluster of atoms
for which calculations were performed is shown in the insert
of Fig. 3. The model has included two structural parameters:
p1 is the angle between the axial and one of the equatorial
groups of atoms, and p2 is the distance between Ni and the
axial N. They were varied within the following limits: 65°–
102° for p1 and 1.74–2.04 Å for p2. The influence of these
parameters on the theoretical spectra is shown in Fig. 3. As
one can see, a variation of the interatomic distance influences
the position of the main maximum and slightly redistributes
the relative intensities of minima at energies of 8355 and
8387 eV. In contrast, the angle changes the intensity of the
main maximum without any shift of its position.

Two key questions during simultaneous variation of
structural parameters and elements of the matrix Tpk, which

FIG. 1. Activation of Ni isocyanide complex by initiator of polymerization
reaction.
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both influence the shape of the XANES spectrum of the in-
termediate extracted from the experiment, are as follows: �i�
how many local minima in the space of these four variables
will be found and �ii� if there are any significant correlations
between these parameters. This can be studied graphically
utilizing contour plots of the discrepancies. Some of them
are shown in Fig. 4. Trends are similar for other couples of
parameters. It can be seen that there is only one minimum;
therefore, the solution is unique and there are no significant
correlations between parameters. Depending on the signal-
to-noise ratio of pseudoexperimental spectra the minimum
becomes deeper if random noise decreases and consequently
error bars for structural parameters become smaller. Never-
theless even for structural parameters, which influence the
spectrum relatively weakly, as in the considered case, the
best-fit structure is in agreement with the structure, which
was used for the construction of pseudoexperimental data.
The correct concentration profiles and the spectrum of the
intermediate species are shown as the thin lines in Fig. 2.

We would like to stress here the difference between the
proposed method and those also based on PCA, realized in
other codes such as WINXAS,70

SIXPACK,71
XANDA.72 These

are used in XAS research for a great variety of scientific
fields such as geochemistry73–75 and heterogeneous
catalysis,76 among many others.77–79 For these types of ap-
plication a set of standards is very often available. There can
be even more standards than components in the analyzed
spectrum. As soon as the actual number of components is
determined using PCA, it is possible to compare a superpo-

FIG. 2. �Color online� Ni K-edge XANES spectra �top� and concentration
profiles �bottom� extracted using PCA and applying physicochemical limi-
tations only. Top: spectrum of initial �dashed-dotted line�, final �dashed
line�, and two possible solutions for the intermediate �solid lines of different
thicknesses�. Bottom: percentages of initial �dashed-dotted lines�, interme-
diate �solid lines�, and final �dashed lines� states are presented. Solutions
corresponding to the different values of PCA parameters are shown using
lines of different thicknesses.

FIG. 3. �Color online� Theoretical Ni K-edge XANES spectra of the inter-
mediate corresponding to the starting model �solid lines� and models with
varied C–Ni–N angle �parameter p1� �dotted line� and Ni–N distance �pa-
rameter p2� �dashed line�. The structural model and varied parameters are
shown in the insert. Ni and N atoms are marked. Other atoms are C. H
atoms are omitted for simplicity.

FIG. 4. Discrepancy between theoretical spectra and spectra extracted from
pseudoexperimental XANES as a function of structural parameters and vari-
ables of PCA.
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sition of mathematical spectra with the experimental data of
the chosen standards and select those which can be success-
fully reproduced by such superposition. For homogeneous
reactions such standards are usually not available since, in
numerous instances, the reaction intermediate cannot be iso-
lated and measured. Therefore, in our case, we compare the
superposition of mathematical spectra with theoretical calcu-
lations based on the structural model.

B. Application to MTO catalyst

In the 1990s, a few decades after its serendipitous dis-
covery in 1979,80 MTO was found to be an important active
and selective catalyst, able to catalyze a vast variety of reac-
tions. Examples of that are the oxidation of a large amount of
compounds, such as olefins, alkenes, aromatic compounds,
sulfur compounds, and organonitrogen compounds, among
many others; aldehyde olefination and related reactions; and
olefin methatesis.81 Its paramount role in the world of cataly-
sis came not only from the myriad of reactions that MTO
catalyzes but also from the fact that MTO is very easy to
synthesize and handle and it is thermally stable and soluble
in practically all sort of solvents, ranging from pentane to
water. When dissolved in water, it has the additional key
advantage of making the process environmentally clean, so it
is sought out by present industries.

Because of its transcendental impact we have decided to
investigate one of the solution reactions based on MTO.82

The reaction studied using the herein proposed approach is
shown in Fig. 5. Our main interest was to reveal, for the first
time, the structure of the intermediate state, known as meth-
ylrhenium dioxide �MDO�, as the reaction goes along. MDO
is a strong two-electron reducing agent able to extract an
oxygen atom from many substrates and, like that, it is known
to play an important intermediate role in several catalytic
reactions. However, up until today, its transient life made it
impossible to isolate as a sole structural compound. Instead,
its existence was confirmed by trapping MDO with
2 ,2�-bipyridine and by phenylacetylene.83

In order to elucidate in situ this structural information,
the reaction of 20 mM of MTO with 1.6M of H3PO2 in water
and acidic medium was followed using the time-resolved
stopped-flow/ED-XANES/UV-visible setup. This setup has
several advantages and limitations. ED-EXAFS permits to
obtain an entire EXAFS spectrum in a few milliseconds, al-
lowing the elucidation of structural and electronic informa-
tion of intermediate species with lifetime within this tempo-
ral range and to draw conclusions on reaction mechanisms

that have been studied under operando conditions. However,
it has also some limitations, which arise from the character-
istics of the technique itself and the experimental complexity
associated with the reactions under study. These limitations
can be overcome if they are acknowledged, controlled, and
backed up with ancillary knowledge and techniques. For ex-
ample, the concentrations of the reaction species are limited
to those that permit the measurements of dispersive EXAFS
in transmission mode. The researcher needs to be aware of
the possible physicochemical changes that suppose to ex-
trapolate the results of the reaction when some original con-
dition has been modified. Moreover, high-flux third genera-
tion synchrotron sources have the known peculiarity of
influencing, in some cases, the state of the materials being
studied because of the intense heat load impinging on a very
localized sample spot for relatively long periods of time.
This influence and, in some situations, damage by the x-ray
beam is particularly acute for compounds in solution, and
they need to be examined case by case.37 Examples of radia-
tion effects and difficulties that can be encountered on a typi-
cal stopped-flow experiment are decomposition of the com-
pound, influence on the kinetics of the reaction, change of
the reaction mechanism, formation of gas bubbles, and pre-
cipitation of reaction species.

For this reason, the implementation of the setup with a
secondary technique �UV-visible absorption� synchronized at
the millisecond time scale is very significant.37 This has not
only the advantage of gaining correlated and complementary
structural, electronic, and kinetic information but also proves
the reliability of the experiment by the cross-checking of
spectroscopies. All these aspects were taken into account and
controlled in our experiment, within the limits of the experi-
mental conditions. This paper focuses on the analysis of
XANES data only.

In Fig. 6 ten experimental spectra, which correspond to
the step in time of 9 s, are shown. They were selected from
the series of 50 analyzed spectra measured with time reso-
lution of 1.8 s. The first step of our investigation was to
verify the right structure of the initial reactant �MTO� once
this is dissolved in water �20 mM� and to check the accuracy
of the obtained best-fit geometry. Possible starting structural
models were generated on the basis of optimization of mo-
lecular structure using density function theory �DFT� real-
ized in the ADF2008 code.84 A polarized triple-� basis set85 of
Slater-type orbitals with the relativism taken into account
within the ZORA formalism86 was used. For the initial state a
few alternative models with different numbers of solvating
water molecules in the third coordination shell were consid-
ered. In Fig. 7 the XANES spectra calculated for such mod-
els are presented. As one can see, the number of water mol-
ecules influences mainly the intensity of peak B. Taking into
account the relatively high intensity of this peak in the ex-
perimental spectrum �see Fig. 8� the model with three water
molecules was used in the subsequent refinement. The en-
ergy position of peak B is sensitive to the average length of
the Re–OH2 bonds, while the Re=O bond length influences
the relative position of the maximums A and C. The shape of
maximum C and the intensity of maximum A also depend on
these two parameters. The variation of the Re–CH3 distance

FIG. 5. Polymerization reaction of MTO.
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within reasonable limits is less visible in the XANES spec-
tra. Hydrogen has a very small backscattering amplitude and
the scattering from one C atom is significantly less than from
three oxygen atoms. Therefore, this parameter was fixed to
the value obtained by DFT. Re=O and Re–H2O average
distances were varied within the limits of 1.67–1.81 and

2.46–2.76 Å, correspondingly. Using a strategy of polyno-
mial construction described elsewhere,45 we have found that
a relatively simple polynomial is enough for a correct inter-
polation of the spectrum as a function of structural param-
eters,

�i�E,p1 + �p1,p2 + �p2� = ��E,p1,p2� + A1�E��p1

+ A2�E��p2 + A3�E��p2
2

+ A4�E��p1�p2.

The best-fit values of structural parameters are Re=O
distance of 1.69 Å and average Re–OH2 distance of 2.85 Å.
The corresponding theoretical spectrum is compared with the
experimental one in Fig. 8. The obtained geometry is in
agreement with x-ray diffraction87,88 �Re=O distance is
1.70–1.71 Å� and EXAFS fitting results �Re=O distance is
1.705�5� Å�.

As it is shown in the insert of Fig. 6 the minimum of the
IE function corresponds to the three components. It means
that there are three independent spectral components includ-
ing the spectra of initial and final products. Preliminary cal-
culations have shown that theoretical spectra of polymers
with different numbers of structural units �different final
products� are very similar which explains why only one in-
termediate is observed experimentally. The structural model
for the intermediate state is shown in the insert of Fig. 8. In
addition to parameters p1 �Re=O distance� and p2 �Re–OH2

distance�, we have varied two parameters of PCA, which
correspond to the situation when there is only the initial
compound at the beginning of the time series and assuming
that during the measurement time the reagents have reacted
completely. For the variation of distances within limits of
1.68–1.82 Å for p1 �Re=O distance� and 2.07–2.37 Å for p2

�Re–OH2 distance� the same polynomial as in the case of the
initial compound is sufficient. Applying physicochemical

FIG. 6. �Color online� Experimental time-resolved Re L3-edge XANES
spectra measured during polymerization reaction of MTO. A step in time
between the spectra is 9 s. Insert: IE function, which was used to determine
the number of observed spectral components.

FIG. 7. �Color online� Theoretical Re L3-edge XANES spectra for the mod-
els with three water molecules �solid line�, two water molecules �dashed
line�, one water molecule �dotted line�, and without water �dashed-dotted
line�.

FIG. 8. �Color online� Re L3-edge XANES spectra of initial �top� and in-
termediate �bottom� complexes. Experimental �solid line� and theoretical
�dashed line� spectra are shown. Structural models are shown in the insert.
Re and C atoms are marked, small spheres are H, and other atoms are O.

174508-7 Structure of intermediates probed by XANES J. Chem. Phys. 130, 174508 �2009�



limitations to the parameters of PCA we have obtained the
following best-fit values: p1 is equal to 1.71 Å and p2 is
equal to 2.13 Å. In Fig. 8 the calculated spectrum of the
intermediate is compared to that extracted from the experi-
mental data. The agreement of theoretical and experimental
differences between the spectra of initial and intermediate
products is also quite good. Concentration profiles are pre-
sented in Fig. 9. The rather scattered concentration profiles
are due to some difficulties related to the intrinsic features of
the experiment. During reaction, and at the period of time of
the measurement, the formation of first oligomers and then
polymers of MTO come up as small particles floating inside
the cuvette. These particles are in constant movement and
therefore, we are always probing a slightly different condi-
tion of the overall sample, which is reflected in this higher
scatter on the concentration profiles. The tendency of these
profiles though is still discernible. Regarding the proposed
computational algorithm we can conclude that it allows to
determine the structure of the intermediate species success-
fully for a real set of experimental data.

There exist a few other methods for the analysis of time-
resolved XAS spectra. Diaz-Moreno and co-workers used
two component fitting of a time-resolved series and subse-
quent Fourier transformation of the EXAFS part of the re-
sidual function.89,90 This approach allows to determine the
presence of an intermediate species and highlights the key
structural motif of the intermediate state. Nevertheless, it
does not give the number of intermediates and therefore its
application can be problematic for reactions with more than
one intermediate state. Frenkel et al. used the combination of
several methods, which includes PCA, multiple data set fits
of EXAFS, and residual phase analysis.91 Such an approach
is suitable for those cases where many intermediates are ob-
served and the number of measured points in time is compa-
rable with the number of intermediates. This method was
successfully applied to complex biochemical reactions.41,42 A
recently proposed approach92 is based on PCA and the as-
sumption that at certain time the percentage of the interme-
diate state is 100%, which is reasonable in some cases but
does not allow to apply it to the reactions which branch out
into several simultaneous steps. Nonetheless, neither of these

methods involved the quantitative analysis of the XANES
region of x-ray absorption spectra and thus these methods
cannot usually deal with important structural parameters
such as bond angles.

IV. CONCLUSION AND OUTLOOK

It is demonstrated that the proposed method for the
analysis of series of experimental spectra is efficient for
studying reactions in solution. Its field of application is not
limited to homogeneous reactions. The same approach can
be applied to samples which are significantly inhomogeneous
if spectra from different space points of the sample are mea-
sured. Moreover spectra in the series can correspond to the
different samples, which were obtained by varying the con-
ditions of synthesis. Any mixture of different phases or states
can be studied. The main advantage of the method is the
possibility to fit the structure of phases, which cannot be
isolated experimentally.
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