To be gubmitted to ISTITUTO NAZIONALE DI FiSICA NUCLEARE
Solid State Comm. Laborstori Nazionali di Frascali

LNF -80/7(P)

20 Febbraio 1980

M. Belli, A.Bianconi, E,Burattini, S.Mobilio, L. Palladino,
A.Reale and A. Scafati: X-RAY ABSORPTION NEAR EDGE
STRUCTURES (XANES) IN SIMPLE AND COMPLEX WMn
COMPOUNDS,

Servizio Documentazione

dei laboratori Nazionsli di Frasceti
rie Daciala T . Fenerali IRoma)




INEP'N « Laboratori Nazionali di Frascati
Servizio Documentazione

LNF-80/7(P)
20 Febbraio 1980

X-RAY ABSORPTION NEAR EDGE STRUCTURES (XANES) IN SIMPLE
AND COMPLEX Mn COMPOUNDS(¥)

M, Belli, A, Scafati
Istituto Superiore di Sanita, Laboratorio Radiazioni, and
INFN, Sezione Sanita, 00161 Roma, Italy

A, Bianconi
Istituto di Fisica dell'Universita di Roma, and
'PULS', Laboratori Nazionali di Frascati, 00044 Frascati, Italy

S. Mobilio, L. Palladino, A. Reale
INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy

E. Burattini
Consiglio Nazionale delle Ricerche, and
Istituto di Fisica dell'Universitd di Napoli, 80100 Napoli, Italy,.

ABSTRACT : The X-ray Absorption Near Edge Structures (XANES)
of Mn compounds at the Mn K-edge have been measured with high
resolution at the Frascati Synchrotron Radiation Facility "PULS",

Molecular effects, such as "shape resonances", have been identi~
fied in molecular complexes. Experimental evidence of solid state
(or long-range order) effects have been found in spectra of simple
oxides,

The application of XANES for determining the local structure and
chemical bonding of Mn ion in unknown compounds is discussed.

(x) - Part of this work was performed at the Project for the Utiliza
tion of. Synchrotron Light "PULS" which is supported by CNR -
-GNSM and INFN., :



1. - INTRODUCTION,

X -ray absorption spectroscopy using synchrotron radiation
sources, is rapidly growing and it is now an important tool for in-
vestigating the local structures of materials and molecules by the
analysis of the EXAFS stru.ctures(l). The use of the analysis of the
X -ray Absorption Near Edge Structures (XANES), extending up to
~40 eV above the K threshold(z), to obtain structural information,
is growing more slowly. There is not a simple theoretical formula,
like for EXAFS<3'8), to fit the XANES and some fundamental aspects
of the physics of the near edge structures have been clarified only

recently(g\

_ If the XANES are determined by molecular effects, the
dependence of the oscillator strenght and of the energy shift of the
individual absorption peaks on the local symmetry and on the chemi
cal bonding, can be determined by measuring the K edge spectra of
several model compounds with known microscopic structure. After
such a study, structural information of unknown local structures can
be extracted from near edge spectroscopy. This approach requires
high resolution spectra, which are now possible to obtain by using
synchrotron radiation,

In some cases the simple molecular approach is not adequate
to explain XANES. For example in the case of metals and rare gas
solids the effect of long range order on the final state wave functions
cannot be disregarded. In tha case of transition metal oxides such
effects can be important due to the direct metal-metal interactions,
In fact we have found tha* solid state effects have to be taken into ac
count in simple Mn oxides.

In this work we have studied the XANES of Mn compounds to
understand *he physical origin and the effect of the chemical bonding
on these structures. The interest is focused on Mn ions octahedrally
coordinated to oxygens, in view of extending this investigation on mo
re complex biological molecules such as ribonucleic acids and ribo-

nucleoproteins,



We have measured the XANES of Mn compounds with higher re
solution and signal-to-noise ratio than previous measurements{10) ma
de with standard sources. We have found that the molecular approach
can explain the XANES of Mn complexes while solid state effects ap-

pear in the spectra of simple oxides.

2. - NEAR EDGE STRUCTURES IN MOLECULAR COMPLEXES.

The XANES of molecules MX,, formed by the photoabsorbing
central atom M and its ligands X, have been theoretically interpre-
ted(11), The final states of core transitions are both empty valence
states and shape resonances extending both in the discrete and conti
nuum part of the spectra. Also the final states in the continuum are
localized inside the molecule. This occours when the amplitude pro
bability A(K) (where fg is the photoelectron wavevector) of the pho’ﬁg_
electron backscattering from the Xn atoms is large at low I?values.
In this situation the final state wavefunction at the resonance etier-
gies is confined inside the MX, molecule by an effective potential
which is due to the combined effect of the centrifugal potential acting
on the high 1 components of the final state wavefunctiom(g) and of the
Pauli exclusion principle which expels the photoelectron from the re
gion of high valence electron density localized on the electronegative
Xn atoms(11),

In condensed matter we can extend the same interpretation of
the XANES if these structures are determined only by the microsco
pic MX, cluster formed by the metal and its first neighbours X.
We expect that this occours when there is no long range order or it
is poor, like for ions in solution or complexes. If the XANES are do
minated by "shape resonances" or "inner well states" an empirical
approach can be used to determine unknown local structures, by com
paring XANES spectra of a number of model compounds of known lo
cal structure with the spectra of unknown samples. In fact if the
spectrum of the sample and that of one of the model compounds are

similar the local structure will be similar, This approachhas been



used also to determine the site structure of a metal atom in biological

molecu‘les(2: 12),

3. - EXPERIMENTAL,

The experiments were made at the Synchrotron Radiation Faci-
lity PULS at the Frascati Laboratories. Synchrotron Radiation emit-
ted by the Adone storage ring, working at 1.5 GeV and about 50 mA,
was mounochromatized by a Si(220) channel cut single crystal mono-
chromator, The energy resolution at 7 keV is AE/E 2 10~%, The
stated energy differences between two absorption peaks in the deriva
tive of absolute spectra are accurate to £ 0.1 eV, The high intensity
and the stability of the monochromatic X-ray beam allow exceptional
high signal to noise ratio and high resolution X-ray absorption spec-
troscopy in comparison with spectra taken with standard X-ray tubes,
The absorption coefficient has been calculated from transmission da-
ta T using the formula a = -(1/d)1InT where d is the thickness of
the sample, Samples were films, few microns thick, of powder laye-
red on a Kapton tape, Many of them were high purity products obtai-
ned from Merck and Alpha ; MnATP complexes were prepared by ad-
ding equimolar quantities of MnCl, to concentrated aqueous solutions
of 5'-Adenosin Monophosphate and 5'-Adenosin Triphosphate respectively,
supplied by Boehringer Biochemia; these preparations were then freeze-
-dried. The sample thickness was chosen in order to obtain the better
contrast at the K edge, Several samples of each compound of thick-
ness such that ad~1 have been used, ranging from 5 to 20 mg/ (:m2:;
the higher values were for organic samples due to their relatively lo
wer Mn concentration, Data acquisition and elaboration were done
by using a PDP 11 computer, The zero energy of the photon energy
scale has been taken at the first maximum of the derivative spectrum

of metal Mn.



4, - RESULTS,

Fig. 1 shows the X-ray ab
gorption spectra of the Mn com -
pounds. Fig. 2 shows the firstde
rivative of the X-ray absorption
spectra of the Mn oxides. In all
these compounds the Mn ions are
coordinated with 6 oxygen ions,
except for KMnO4 where Mn has
a tetrahedral coordination, The
structure called A is very weak
in the compound where the coor-
dination number is 6, on the con
trary it is very strong where the
coordination number is 4, In the
derivative spectra in Fig, 2 it is
possible to identify several weak
structures which are very diffi-
cult to see in the absorption spec
tra in Fig.1. In Fig. 3 the absorp
tion derivative of a series of Mn
phosphate compounds are plotted.
In all these compounds the form-

o

al state of charge of the Mn ions

FIG, 1 - X-ray absorption coef
ficient vs. photon energy diffe-
rence, E-Eg, where E = ho ,

and E, is the zero of the photon

energy scale, taken at the first

maximum of the derivative spec

trum of the metal Mn.
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FIG, 2 - First derivative of X-
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FIG, 3 - First derivative of X-ray
absorptlon coefficient of WMn pho-
sphate compounds. The molecular
excited states of (FeOB)"lo, which
in the (Z+1) analogy should cor-
respond to same final excited sta
tes of Mn at K-edge are also re-
ported.




is 2. The coordination number (CN) of the Mn2P207 compounds is 6,
but it is not well extablished for the Mn-Adenosine -Monophosphate and
Mn-Adenosine-Triphosphate, In these last compounds of biological in
tgres’c Mn is expected to be coordinated with PO,4. These spectra are
simpler than the spectra of oxides in Fig., 2. The peak A in MnATP

spectrum is weaker in comparison with the MnAMP spectrum,

5. - DISCUSSION,

5.1, - Molecular effects,

We have selected samples where Mn is always coordinated by
six oxigen ions in order to study the effect of structural environment
on the XANES. To establish the effect of long range order on the XA-
NES we have chosen a series of complex compounds in Fig. 3 where
the degree of structural order out of the first coordination shell is lo
wer in comparison with the spectra of simple oxides in Fig. 2, By
comparing the spectra in Fig, 2 and Fig. 3 it is clear that the spectra
of simple oxides exhibit more fine structures, These were not all ob-
served in previous measurements of simple oxides(10’ 13-18) with
showed only the main, A, B, C peaks, since they were made with lo-
wer resolution and signal-to-noise ratio, In order to obtain experi-
mental evidence of molecular effects alone we have measured the XA-
NES of Mn2% ion in water solution. The spectrum shown in Fig, 4 is
determined only by the MnO, cluster aand it is similar to the spectra
in Fig, 3. It exhibits only the main B, C, D structures. Also from a
theoretical ﬁoi.n‘t of view if the XANES are determined only by the MnOg
microscopic cluster (i, e. by molecular effects) only the structures A,
B, C, D are expected. The first excited states of the molecular MnO6
cluster can be derived by using the molecular (Z +1) aznalogy(m. In
this case the excited states calculated for the FeOg cluster should cor
respond to the same final excited states at the K edge of MnOg. The
molecular excited states of (FeOﬁ)"lo have been calculated by Tossel

(19)

et al, and are reported in Fig, 3. The average Mn-O distance in
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-9 -
Mn compounds (about 2.2 K) is similar to the Fe-O distance in
(Fe()G)'l‘O, Also the valency of the Mn ion is like that of Fe in the
(FeOG)_'lO cluster. A good agreement is found for the energy separa-
tion between the structures Aq, Az, B and the calculated empty anti-
bonding valence states t2g: g t1y respectively.

The shoulder B can be assigned(:”) to the continuum threshold
of core transitions to dipole allowed p-like states of ty, symmetry,
The peak C should be due to a "shape resonance" in the continuum
part of the slaectrufn(g’ 11). In Fig. 5 we report the energy separation
of these features, which is clearly dependent on the Mn-O bonding in
different compounds, Their energy position and intensity is a very
sensitive function of the interatomic distance(20) and SlW?ij;;try
The effect of the symmetry on the intensity of the peak A is clearly
observed in the spectrum of KMnOy. Also theoretically it has been
demoristrated that transition to final states of ty symmetry, d-like,
become partially allowed in tetrahedral symr’netry(21).

The peak D are due to more delocalized states and are more
sensitive on the second shell effects. In fact they are very weak in the
spectrum of the Mn2* ion in solution and in the spectra of MnATP and

MnAMP, On the contrary they appear clearly in the spectra of inorga-

nic compounds like MnO and phosphates.

5.2. - Solid state efféects,

We have found experimental evidence that solid state effects have
to he considered to explain the XANES of simple oxides in Fig, 2. In
fact the octahedral symmetry of the MnOg clusters in MnO and MnOs,
is about the same, but the XANES are completely different, both con-
cerning the number, intensity and relative energy position of the peaks.
In the derivative spectra of Fig, 2, the structure A is splitted in thres
components in the MnOg spectrum while only one peak is observed in
MnO. ILarge differences are also observed for the structures C and D,

These differences in the spectra can be assigned to the different band
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structure of the crystals. We cannot distinguish if the crystal periodi-
city is determinant or it is sufficient to take account of larger cluster
which includes also the second and third shell, In the two compounds
the second and third coordination shell around the Mn ions are comple
tely different(22), The MnOy has only two Mn atoms at a 2,871 A di-
stance and four O-2 at 3.34 A> In comparison, MnO has twelve Mn
atoms at 3.14 L& distance. Such a large asymmetry in the second shell
may be responsible for the splitting of the structure A, Also the struc
tures C and D, due to electronic transitions in the continuum, have
largely different relative intensities, probably for the same reasons.
So it seems that the molecular approach is not sufficient(]'O’ 17,23, 29);,
and it is necessary to consider also the long range order to describe
the final state wavefunction,

The effects of the second and third shell are clearly observed in
the EXAFS part of the spectra of simple oxides, In Fig, 6 the modula-
ting part X(K) of the absorption coefficients of MaO, is plotted, and
its Fourier transform is reported in Fig, 7. The amplitude of the peaks
shows the contribution of neighbour shells, In Mn complexes only one
peak is observed in the Fourier transform. The poor crystalline order
in these compounds washes ouf the contribution of the second and third
shells in the EXAFS spectra. Probably for the same reason dlso the
XANES are determined only by the first neighbour shell in these com=

pounds,

In the case of MnyOg, which has a spinel structure, two diffe-
rent adjacent kinds of local structure with tetrahedral and octahedral
symmetry are present, The tetrahedral sites are expected to give a
very intense structure A, due to the alliowed transition to the typ final
molecular state like in KMnOy4. The fact that this strong peak A is not
observed in MngOg supports the idea that the final states of core tran
gition in these compounds are delocalized. In conclusion we have found
that in simple Mn oxides long range order is important for the final

state wavefunction. Solid state effects have been already observed main
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- 12 -

ly for metals where the spectra have been interpreted considering only

the local density of states and selection rules(24), Such solid state ap-

5
proach has been proposed also for a simple cubic crystal like Li]F(z“")

and molecular crystals like rare gas solids where the first peaks in

[y Al
core level spectra have been identified as core eXCIJCOl’l'S(Z'E’).‘

5.3, - Chemical shift,

The chemical shift of the X -ray absorption edges has been cor-
related with the effective (:har'ge(30) on the absorbing Mn ion(27, 28),

In poor resolution absorption spectra taken by previous authors the
"edge" is conventionally defined as the first derivative peak. Despite
the fact that our high resoclution spectra exhibit a large number of peaks,
we have asgociated the absorption edge with peak B. In Fig. 8 the ener
gy position of A, B, C peaks are reported as a function of the formal
oxidation state of Mn ion. Concerning peak A, which is due to transi-
tions to the final states of t2g symmetry except for KMnOy, the ener
gy shift is about linear but it is very small, The values of the energy
shift of the B peak in the derivative spectra are scattered around an
average straight line. The splitting of the peak B in MnyOq can be
associated with the two different Mn sites in this compound giving ri
se to two different continuum threshold. We think that these plots show
that not a simple relation(27) exists between the shift of the XANES
and the effective charge on the Mn ion since the shift of the peaks is
not determined only by the core level shift but also from the final sta-
te wave functions,

For example the peaks B and C of MnO are one below and the
other above all other compounds with thé same Mn valency and coor
dination number, A more physical quantity related with the chemical
Mn-O bonding is the energy splitting of peaks B and C which is re-
ported in Fig. 5. Their splitting is related with site symmetry and in

teratomic distance( 12,18) .
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6. - CONCLUSIONS.

We have reported high resolution X-ray absorption spectra of Mn
compounds. While molecular effects are enough to explain the XANES
of complexes, solid state effects have to be taken into account in sim-
ple oxides spectra, The shift of the XANES is only qualitatively depen
ding on the effective charge on the Mn ion., The splitting of the B-C

peaks seems to follow the covalency of the Mn-O bonding.
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where s is the valency, the sum over k is intended to all the
different kinds of neighbour ligands and ci is the degree of co
valence of a bond,

Lk, -x)?
-1 T47A B
¢, = 1-e

where xp is the electronegativity.
In ref, (27), the following formula has been used

q = n{l - 0.01185 [(z/r' + Z'/l“)‘l}

where z, r, n are the total number of electrong, the ionic radius,
and the oxidation number of cations,
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