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Ab initio single- and multiple-scattering EXAFS Debye-Waller factors: Raman and infrared data

Nicholas Dimakis and Grant Bunker
lllinois Institute of Technology, Chicago, lllinois 60616
(Received 23 January 1998

The extended x-ray-absorption fine struct(E&XAFS) Debye-Waller factor is an essential term appearing in
the EXAFS equation that accounts for the molecular structural and thermal disorder of a sample. Single- and
multiple-scattering Debye-Waller factors must be known accurately to obtain quantitative agreement between
theory and experiment. Since the total number of fitting parameters that can be varied is limited in general, data
cannot support fitting of all relevant multiple-scattering Debye-Waller factors. Calculation of the Debye-Waller
factors is typically done using the correlated Debye approximation, where a single paréDedtge tempera-
ture) is varied. However, this procedure cannot account in general for Debye-Waller factors in materials with
heterogeneous bond strengths, such as biomolecules. As an alternative procedure in this work, we calculate
themab initio directly from the known or hypothetical three-dimensional structure. In this paper we investigate
the adequacy of various computational approaches for calculating vibrational structure within small molecules.
Detailed EXAFS results will be presented in a subsequent paper. Analytical expressions are derived for
multiple scattering Debye-Waller factors, based on the plane wave approximation. Semiempirical Hamiltonians
and theab initio density functional method are used to calculate the normal mode eigenfrequencies and
eigenvectors. These data are used to calculate all single- and multiple-scattering Debye-Waller factors up to a
four atom cluster. Thesab initio Debye-Waller factors are compared to those calculated from experimental
infrared and Raman frequencies. As an example comparison with experimental EXAFS data from
GeCl,, GeHCl gases are also reported. Good agreement is observed for all cases tested.
[S0163-18298)05430-1

[. INTRODUCTION eliminating the need to fit more parameters than data can
realistically support.
X-ray-absorption fine structuréKAFS) spectroscopy” is When experimental EXAFS data are available, calcula-

a technique used to provide information regarding structuralion of the Debye-Waller factor for single-scattering paths is
and electronic composition of a given sample. In XAFS,typically done as follows: experimentgl(k) data are fitted
long-range order is not required, thus crystalline and amorwith computationally simulateg(k), using scattering ampli-
phous materials can be treated on the same basis. tudes and phases obtained from compounds of known struc-
The XAFS Debye-Waller factor is an essential term thatture. Fitting is done by nonlinear least squares methods, and
appears, in the simplest case, as an exponential of the forfimulation is obtained using theoretical calculations or em-

—2k%62 : ; pirical standards.
e in the XAFS y(k) equation, and which accounts for : . .
) . When experimental EXAFS data amet available, single-
the structurza! and thermal d|sorder.0f.a given sam!ole. Thes‘cattering Debye-Waller factors can be estimated by the
parametew~ is the mean square variatigMSV) of a given

4 . . . . .
- ) FEFF6program, using either the Debye or Einstein approxi-
scattering path. The Debye-Waller factor iskadependent avions “Both are single-parameter models, depending upon

term; its importance is enhanced ks's increased. FOK  pepye and Einstein temperature, respectively. These models
<3-4 A~! the effect of this factor on the XAF(K) is  have advantages and disadvantages, but they can be accurate
usually minimal and often can be ignored. Unless otherwisenough when bonds of homogeneous strength are involved.
stated, in this work, any reference to Debye-Waller factor Single-scattering Debye-Waller factors normally are de-
refers to thermal component only, and at the small disordefermined from experimental data, but only as an average
limit. over “shells” of atoms. In most cases it is not possible to
Quantitative analysis of EXAFS spectra requires the abildetermineo? for all individual single-scattering paths. Fur-
ity to determine Debye-Waller factors either experimentallythermore the number of important multiple-scattering paths
or computationally. Tremendous progress has been made imay number in the hundreds, so it becomes hopeless to de-
recent years in calculating the electronic single- andermine all of them by fitting. It can be shown that the maxi-
multiple-scattering effects in XAF$However, to date, there  mum number of independent parameters determinable from
has not been a corresponding improvement in calculatingAFS is 2AKAR/7=20-30 whereAk andAR are the use-
vibrational properties which are also critical for obtaining ful k- and R-space data ranges.
guantitative agreement with XAFS spectra. The focus of this Single scattering and two-atom multiple scattering are not
work is ab initio calculation of Debye-Waller factors, par- the only types of scattering appearing in the EXAFS spec-
ticularly for situations in which it is impossible to determine trum. Usually, three- and sometimes four-atom, or even
all relevant Debye-Waller factors by fitting data. This poten-higher multiple-scattering paths also may be significant. The
tially extends the range and power of the XAFS technique byelative importance of the multiple scattering depends upon
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the structure of the specific sample. If the scattering angl¢ors, uses the Debye model which does not require any ex-
defined by the central absorber, the first scatterer, and thensive force constant calculation beforehand, except for a
second scatterer is less than 140 °-150 °, three-atom scattesingle force constantDebye temperatujeprovided by the
ing is confined predominantly to the near-edg€ANES)  user. Ideally force constants would be generated by a SCF
region where, as discussed before, Debye-Waller factors anersion of the multiple scattering EXAFS codes. Until such
usually not important. But as this angle approaches 180todes become available, the approach presented here is prac-
(linear molecules multiple scattering is greatly enhanced tical for molecular systems.
and affects also the EXAFS region. This is called the “fo- In this work quantum-mechanical molecular calculation
cusing” effect. In highly symmetric systems large angle of force field constants and normal mode analysis is done by
multiple scattering may also be important in the EXAFS re-the use of the semiempirical Hamiltonians ANRef. 6 and
gion. MNDO (Ref. 7) and theab initio density functional method
Whenever the focusing effect is present, contributiondDFT).2 These, among others, calculate the normal mode
from multiple-scattering pathsnust be included in the eigenfrequencies and eigenvectors of a particular molecule,
EXAFS equation. Because of the large number of fitting pawhich in turn is used for calculation of MSV parameters.
rameters that would be required and the limited informationSemiempirical methods daot work well for every material,
content of EXAFS spectra, multiple-scattering Debye-Wallerbut they can be accurate enough for the same purposes when
factors cannot be obtained by the fitting technique. Howeverthey are applied to organic samples. Since their execution
viable alternatives include calculation of these parameters biime is only a fraction that of angb initio method they can
either an approximated model, by a full normal mode analybe used on large organics, e.g., biomolecules, where a DFT,
sis, by equation of motion methods, molecular dynamics, opn ordinary 1997 era workstations, may be impractical. We
other methods. expect this limitation to disappear as the cost of computing
As mentioned before, both Debye and Einstein approxipower decreases. If the speed of computers doubles every
mations are single-parameter models. These methods permito years and the time of execution scaleNdswhereN is
one to calculate the? of a single-scattering path only when the number of atoms in the cluster, then the cluster size prac-
all bonds are equivalent, or may be approximated by a suittically will double every six years. Algorithmic improve-
able average. In appropriate systems these models can pnments are also feasible.
vide accurate results. However, in systems that involve Density functional methods are preferred over the
highly anisotropic bonds, e.g., strong bonds in a plane an#iartree-Fock methdd®because they account approximately
weak bonds along the perpendicular axis, as in aromatitor both electron exchange and correlation terms. They re-
rings in amino acid residues, or high-superconductors, or quire almost the same amount of CPU time as the Hartree-
Jahn-Teller distorted transition metal coordination com-Fock method, but the inclusion of the electron correlation
plexes, neither of these models are able to accurately calcterm and its various nonlocal density approximations make it
late all single-scattering Debye-Waller factors. This is ex-suitable for a broad range of materials. Even when very weak
actly the situation for a typical three-atom multiple-scatteringbonds are present, e.g., hydrogen bonds, the addition of a
path: strong bondéstretching are vibrationally coupled with term dependent on the derivative of the electron density to
various weaker bondéending, and sometimes other defor- the molecular energy will systematically improve the results.
mationg. Therefore neither of these two approximationsThis is one example of what are called nonlocal corrections
should be used for three- and/or four-atom multiple-but, with the exception of thE, molecule, are not used here.
scattering Debye-Waller factor calculations in such systemdn general, for weak bonds or high temperatures, anharmonic
One approach to estimate these parameters is by meanseffects will be important and the methods described here
a normal mode analysis using force constants obtained fromwould need to be extended. For the systems of primary con-
various force field models, or better yet, to calculate them forcern here, which involve strong covalent bonds, anharmonic
specific structure under consideration. We have tried someffects are neglected. Other means of approximating an an-
tabulated force field models and found them to be insuffi-harmonic potential is by the use of the quasiharmonic
ciently accurate for our purpos@dlternatively, calculation method and is not discussed here. DFT provides a good bal-
of force constants can be done by a variety of self-consisterdgnce of accuracy, flexibility, and execution speed. It is also
guantum chemical methods that are available, which is thereferred over the more accurate but much slower second or
approach used in this work. These methods may be dividetburth order Mgller-Plesset perturbation methods referred to
into two main categories: theb initio and the semiempirical as MP2 and MP4, respectively.
approaches. The essential difference betwaennitio and The accuracy of the density functional method used here
semiempirical methods is that, in the latter, some of theselepends, as almost othab initio methods, on the basis
integrals are approximated using experimental results fofunctions. In this work, the more extensive Gaussian basis
calibration. This makes semiempirical methods much fasterset, where available, has been used.
approximately 18times, tharab initio, but also less flexible A variety of inorganic and organic molecules were chosen
and accurate. to estimate the accuracy of the various quantum chemistry
A question that arises here is why therF7program can- codes used. Diatomic molecules are examined first, triatomic
not be used to perform a moleculab initio normal mode and tetra-atomic inorganic structures follow. Aromatic and
analysis. The answer is simpleFF7is nota molecular self- nonaromatic organic structures are examined separately since
consistent field method and cannot be used to provide anthey usually appear in biomolecules, e.g., in amino acids and
information regarding the chemical structure of a moleculenucleotides, which are of particular interest to us. In this
This is why FEFF7, in order to calculate Debye-Waller fac- work we have continued on attention to noncrystalline mo-
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quular systems, but the method should also work in crystals, |Ri,|z|Ri2+2Ri(ui — o)/ |Ry||Y2=|Ri| + Ri(U; — Up),
using appropriate programs. (4)
Theoreticaly(k) data usinge? from semiempirical and
density functional methods are matched with computationwhere R; denotes the unit vector in the direction B
ally calculatedo? using experimental infrared and Raman Therefore the exponential factor in E&) may be written as
spectra. This is because the accuracy of ttfe depend
mainly on how well the normal mode frequencies are esti- e?ikiR] = g2IkR
mated. Future work also include comparison with experi- - -
mental EXAFS data. The density functional method prove%agseby thermally averaging the second exponential factor we
to be a broadly applicable material method whereas semi-
empirical AM1 and MNDO are limited to organic materials <e2i|kfzi<ﬁi—do>>:e—2k2|2<<ﬁzi(ﬁi—ﬁo))2>_ (6)
only. Some exceptions to this statement are also described.
The multiple-scattering Debye-Waller factor problem rep-Therefore the two-atom multiple-scattering Debye-Waller
resents an attempt to directly address the problem by meariactor for anynlegs=2l is written in terms of theaI ss
of a self-consistent approach. Recently Poiarkova and'Rehrsingle-scattering factor Debye-Waller factor as
presented an alternative method using the “equation of mo-

i @2ikR;(Uj—Ug) (5)

. . . . . 2 _ 2

tion” method, which involves Fourier transformation of the oi(2)=1%07 ss. ()
time dependence of the molecular dynamics. Theytaba-

lated force constants to calculate the correspondifig The B. Three-atom multiple scattering

accuracy of this method depends on how well the tabulated Consid th ¢ lust I itiol
force constants resemble the actual ones. Clearly, reliance on onsider a three atom cluster andnegs=1 mullip'e
tabulated force constants lacks self-consistency, so that, ?fattermg path. W'th."legFa from the absorber 0 to atom
its nature, chemical differences in bond strength are not a llegs=p from i to j, andnlegs=y from j back to 0, such
curately taken into account. The normal mode frequency vart-hat
ies among different structures containing a particular bond. I=a+B+y. @)
Because tabulated bond strengths depend solely on the par-

ticular type of atom-atom bond, they cannot account forFollowing a similar discussion as in Sec. Il A the backscat-
chemical variation in bond strength. tered wave amplitude of such a path is proportional to

16, 4)T(8;. ¢;) (Ia*zi"ii'ﬂy‘zj‘éj’*iﬂﬁij'Fii’j).
klRO|| |R01|y|R|1|B

sing Eq.(4) the exponential factor in the last equation be-
The EXAFS equation, in the plane wave approximation, om(gs a.(4 P a

accounting for the two atom multiple scattering is written as

Il. THEORY

9

A. Two-atom multiple scattering

e(ialZi.Fii' +iy12j-|ij/+iﬁléij -ﬁ(j)

X(k):Zi x21(K), 2) ~ eik(alR+¥IR)|+ BIR, )
wherey, (k) denoteslegs= 2l scattering. Generally speak-  giklaRi(Uj —Ug) + ¥Rj (U} ~g) + BRyj (Ui~ uj) . (10
ing any 24 scattering will produce a backscattered wave of .
the form A thermal average of the second exponential factor leads to
the MSV ¢, expressed as
! times 1
TZII 20k R+ + 2k - R 02252 [apgi(n)+Bpfi(n) +¥p/o(MIXQa), (11)
-2
kR | '
) Wherepi’j(n) are defined by
whereT? (k) is the scattering amplitude for thé path. The ﬁi. c&(n)  Ri-e(n)
. . oy — g€ ij" €
exponential term includes all phase factors that account for pij(n)= Jm - o (12)
the variation of the atomic potential. The instantaneous dis- m m
tancesﬁ)’i are defined as €;(n) are the normal mode eigenvectons, mass of thath
atom in the cluster, angQ?) is
Ri=ui—Up*R;, (€©))
Wn

whereﬁi are the displacement vectors from the equilibrium <Q”> _COH{ZK T) (13
positions Iii, Jo is the displacement vector of the central
absorber. Distancd?’i that occur in the denominator of Eq. C. Four-atom multiple scattering

2 may be replaced with the corresponding equilibrium val- Four-atom multiple scattering is generally the highest

lieSR The magnitude of the instantaneous vector positiortjyster multiple scattering to be examined. This is because a
R/ is approximated as path involving more than three scattering atoms tends to be
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TABLE I. Calculated single-scattering EXARS for diatomic TABLE Il. Calculated single-scattering EXARS? for triatomic
gases. and tetra-atomic molecules.
%, 10 3xA? o?, 103xA?
Molecule AM1 MNDO DFT Exp Molecule AM1 MNDO DFT Exp
Br, 1.345 1.286 2.281 2.064 F,0 1.724 1.230 2.255 2.314
0, 1.007 0.851 1.497 1.356 CcOo, 1.110 1.074 1.170 1.214
N, 0.871 0.878 1.067 1.033 SO, 1.613 1.138 1.296 1.250
F,? 1.303 1.048 2.227 2.191 SO; 1.367 1.245 1.281 1.230
Cl, 1.261 1.416 2.215 1.974 O0=cCcCl,? 1.216 1.135 1.326 1.364
CcoO 1.083 1.031 1.118 1.147 b 2.264 2.858 2.641 2.528
FCI 1.288 1.317 1.873 1.848 S—=CF,° 1.820 1.475 1.512 1.529
NO 0.932 0.867 1.150 1.202 d 1.595 1.398 1.863 1.913
CiBr 1.334 1.343 2171 1.940 O=CCIF? 1.209 1.160 1.262 1.306
BrF 1.363 1.217 1.873 1.710 d 1.581 1.402 1.916 1.926
b 2.162 1.918 2.537 2.467

8Becke nonlocal correction has been used.

iC=0.
of a much lower probability due to larger effective path®c—cC.
length involved. When focusing effect takes place, four-atonfc=s.
multiple scattering up tmlegs=6 can be observed not only 9C—F.
in the XANES but also in the EXAFS region of the spec-
trum. A general formula for a four-atomlegs=1 multiple
scattering is given by

tables, were derived by substituting the corresponding IR and
Raman frequencies tonoPAC file.

A. Diatomic gases

1
02252 [apgi(n)+Bpi;(N) + ¥Pji () + 8pio(M) 1 Q7). In order to make a first test regarding the accuracy of the
n semiempirical AM1, MNDO, and thab initio DFT method,
(14) ten diatomic molecules are examined. Diatomic molecules
wherea+ B+ y+d=1. have only one normal vibrational mode, which is a purely
stretching vibration, and therefore their single-scatteriig
comes only from one frequency. Therefore the accuracy of
Ill. PROCEDURE each method depends only on how well this normal mode

With the exception of the Gegl GeHCl all other fregl_Jenlcy apftm?‘:h‘;‘s ]Ehf_e e?eAri{nentg_l \zalu_e. ecul
model samples being presented in this work were built usin%r Ingle-scatiening”_ ot ive /A-A type diatomic molecules

the MOLECULAR EDITOR Ver. 3.8 by CAChe Scientific, now se?] tegzln 'Pzil;leFf, Aﬁlze,xaggrrfgﬁtg_ﬁeml?eli%iu%lzz i?]rceluzree_
part of Oxford Molecular Group. Their structure was opti- : P q

mized by minimizing the quantum-mechanically calculatedanharmonlCIty’ and have been recorded by spectrometers.

energy using either the AM1, MND@VOPAC package by This anharmonicity shifts the harmonic frequency by a few

cm ! but special attention has to be given to fiewhere a
CAChe, or DFT methodMULLIKEN package by IBM. Nor-  yqynahift of approximately 180 cht has been observed.

mal mode analysis, using the same methods, was also P&y order to overcome this difficulty, a Becke nonlocal cor-
formed. GeCJ, GeHCl were built and analyzed with ection was included on the DFT runs. There was no equiva-
UNICHEM version 4.0 by Oxford Molecular GroupNICHEM  |ent correction for the semiempirical methods. All other mol-
has the option of using a double z&BZ) (Ref. 20 basis set  ecules are treated without nonlocal corrections.
that tend to give more accurate results than the Popple basis By examining Table |, in thé-A case, DFT relative error
set used by Mulliken. Auxiliary basis sél was also used. ranges from 10.8%(G) to 1.6%(F) where in theA-B case

A program written by the authors reads normal modethe corresponding range is from 10.6% (CIBr) to
eigenfrequencies and eigenvectors and calculafefor all  1.39% (FCI). Therefore in case of diatomic gases, with the
single- and multiple-scattering paths up to eight number okxception of CO whereas semi-empirical methods also pro-
legs. Since the number of multiple-scattering paths might bgide accurate results, for best accuracy, single-scattering
in the hundreds, our program reads a path.dat and a files.dpebye-Waller factors should be calculated using the DFT
file produced byrerr7for the same structure, assignd for ~ method. Since all multiple-scattering paths on two atom sys-
the corresponding path, and automatically saves them on thems depend on this one normal mode frequency, the above
files.dat file. By rerunningerrF7using this new files.dat file statement is relevant for their multiple-scattering Debye-
x(k) data that include Debye-Waller factors are obtained. \waller factors as well.

IV. RESULTS AND DISCUSSION B. Single scattering

In this section results from DFT and semiempirical meth- 1. Triatomic and tetraatomic molecules

ods are compared with results from IR and Raman frequen- The triatomic EO, CO,, SO, and the tetraatomic
cies. The experimental Debye-Waller factors, shown in thesO;, O=CCl,, S=CF,, O=CCIF are the next to be
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TABLE lll. Calculated single-scattering EXAF&? for organic TABLE IV. Calculated single-scattering EXAFS? for aro-
nonaromatic samples. matic samples. Central absorber is the upper left carbon for the first
ring and the upper right for the second ring. Rows denote shells.
a?, 107 3xA?
Molecule AM1 MNDO DFT Exp o?,107% x A?
CH,CI 2.268 2.075 2586 2601 Molecule® AMI MNDO  DFT Exp
HC=CH 1.205 1.220 1.289 1.322
H; CCN? 1.800 1.830 2.086  2.175 0o 1952 1.682 1.860 1.845
b 2.017 2.070 2.379 2.502 O@ w1713 1.763 1.988 1.960
H,C=C=0? 1.458 1.507 1675  1.702 N (9 5203 2914 2.340 2.333
b 1.729 1.746 1.950  1.954 1 ga ,
H,C=CCH; ¢ 1.196 1.208 1208 1.329 331 2481 2608 2678
b 2.122 2.157 2.486 2.547 G0 1742 1.719 1.894 1.927
- . S© (25) 1.943 2.018 2.110 2,109
8First C is the central absorber.
®SS second shell, where all hydrogens are ignored. @ 2.538 2.781 2.697 2.709
(2¢) 2.366 2.390 2.506 2.508
examined-® From now on, discussion of the single scattering 1.833 1.949 1.978 2.009
is separated from the multiple scattering. As the number o @ 2.651 2.841 2.083 2,049
atoms in a molecule is increased, an accurate single
3.406 3.630 3.939 3.856

scattering Debye-Waller factor do@®t guarantee accurate
multiple-scattering Debye-Waller factor, as in the case of, , . ]

. . A R . ssignments as follows:
diatomic molecules. This is mainly due to the fact that in the ua) ¢_ ¢,
three- and four-atom multiple scattering, various stretching® ¢ = ¢,
and bending modes appear in the spectrum. In order to obtaif:z ¢-N,
accurate results faall scattering paths, only a “variety” of (., g i_decn’tical to (B),
frequencies is actually needed. By “variety” we mean that a e» ¢ _ ¢,
precise description of the complete spectrum of poluatomic ?® is identical to ¥,
molecule isnot always necessary. @ c-s.

Wherever referenced carbon is taken to be the central ab-

sorbing atom. This is mainly for the following reason: since _ o~ _
the main purpose of this work is to treat organic rings similar_ C» HeCCN, H,C=C=0, and HC=CCH,, are pre-

to aminoacid side groups, we examine the behavior of ho%(/ented in Table Ill. For the same reasons as explained in the

well bending and/or stretching of organic bonds is estimate ‘T‘}t Sec“?r.]’ Icarbobn is taken as the celntrall att:sofr.blng att?m.
using the semiempirical or DFT method. In practice carbor}rorﬁthguléﬁ)g?ﬁ; gg:o?ggfar on a molecule the first carbon
is rarely chosen as an absorbing atom in an EXAFS experi- Inspection of the normal rﬁode frequendfe shows that
ment. This is because its edge is 284.2 eV relatively low H ? tchi q X q 30500 ont
compared to the keV range of most of the experiments don stretehing mo (,ajs OCCL,‘,r N a range, o,
today. Also in case of an organic sample with @rknown us consisting of a “group” of frequencies for this particu-

geometry, since more than one C atom will be absorber anldar vibration. This can also be confirmed for other types of

scatterer, there is no way of determining positions or angleﬁzrtz}'ogso' OI(]; acrg-lH tﬁgﬁtmgigﬁgge&%f Saebtsg)lu?gper?r)c(:;
of atoms in such a molecule. y , p g

Similarly, as in the diatomic molecules, by examining induced on the single scattering’ for any CX path (ex-

. o cluding hydrogenksis negligible. This statement is also valid
Table I, the DFT relative error ranges from 4.27% (Ofor multiple scattering. This is because MSV's depend

=CCl, C-Cl assignmentto 0.529%(C-CCIF, C-Cl as- o o0 modegstretching, bending, or combination of the
signmen}. Therefore regarding inorganic molecular samples, y 9, 9

a lesst u 1o tetatonic moleceDFT s accirate 119 [ [NOke s W b o e see bt of
enough for the calculation of the single scattering and two-, ' y group P

atom multiple-scattering Debye-Waller factors whereas thérurg Wél)l(;r?]?r:rilr?Ut$;g|éhﬁ|p?\/r|t|l\(|:gl(§r aDn%by'/Ae'\-/lvl\/allr%rV}‘ggt?;r
use of semiempirical methods is discouraged. This is a gen, org accurate 9:esults tha’n for the inorganic F():ase Specifi-
eral statement and exceptions to this rule, as in case of tHe 9 - 9P

: R . : cally, MNDO errors range from 25.34% (GBI) to
(I;/Icliltj)ro calculation of the Debye-Waller factor in 30night 7.01% (HG=CH), and AM1 emors range from

24.04% (H CCN, second shelto 9.7% (HG=CH). This

is fully expected due to the parametrization of these two

semiempirical methods. On the other hand, DFT is still far
Organic nonaromatic molecules are next to be examinednore accurate but at the cost of much higher CPU time. DFT

Organic molecules are the main purpose of this work, esperelative error ranges from 5.17% ¢BCN, second shélito

cially aromatic molecules that appear on protein structure0.2% (H,C=C=0, second shell

Aromatic structures are examined in Sec. Il B 3. Single scat- Therefore, with regard to organic nonaromatic molecular

tering o® of five nonaromatic molecules GBI, HC  samples, DFT is an accurate approach for the calculation of

2. Nonaromatic molecules
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TABLE V. Calculated double-scattering EXAF&? for tri- TABLE VI. Calculated double-scattering EXAF&? for aro-
atomic and tetra-atomic molecules. matic molecules.
a?, 1073x A2 o2, 10% x A?
Molecule AM1 MNDO DFT Exp Molecule* AMI MNDO DFT Exp
FO, 2.276 1.606 2.715 2.868 (1a) 1.975 1.949 2135 9129
CGo, 1.426 1.373 1.552 1.581 O© (1%) 2.185 1.976 2.990 2917
SO, 2.585 2.015 2.666 2.542 N (1¢) 2.100 2.157 2.475 2.416
SO, 2.444 2.553 2.442 2.272 (1) 2.165 2991 2.356 2.390
O=cCcCl,? 2.185 2.020 2.399 2.348 (1e) 2.211 2.231 2.403 2.398
b 2.490 2.671 2.185 2.242 af 2.138 2.159 2.293 2.296
S—=CF,°¢ 2.100 1.828 1.854 1.898 (29) 2.151 2.295 2.329 2.334
d 2.037 1.724 2.223 2.257 s© (28) 2.150 2.203 2.328 2.334
O—CCIF? 2.199 2.687 2.294 2.225 @ 2563 2.721 2.674 2.688
e 1.780 1.642 1.828 1.810 e 2184 2.027 2.283 2.292
f 2297 2128 2141 2083 (2e) 2.349 2.343 2.533 2.523
@n 2.602 2.494 2.741 2.745
aC_Cl—oO—C. (34) 2.197 2.329 2.496 2.496
bc_Cl—Cl—C. @ (3%) 2.873 3.051 3.333 3.313
‘C_F_S_C. (3¢) 2.198 2.328 2.498 2.498
dcC—F—F—C.
fC—F—0O—C. * Paths as follows:
fc—_F—cl—cC. (ie) ¢ — O — C (second shell) — C,

We-_0-N-C,

the single-scattering and two-atom multiple-scattering ﬁd; g* gzﬂ?:lch NN
H . - ird shell) - N - C,
Debye-Waller factors. The semiempirical methods can be ., C — C (third shell) — O — C.,

used to provide a fast first estimation of thés. (19 ¢ — C (second shell) — N — C,
) (2¢) ¢ — ¢ (first shell) — C' (second shell) — C,
3. Aromatic molecules 2% ¢ — ¢ (third shell) — €' (second shell) — C,

. o (20) ¢ — C (third shell) — C (first shell) — C
Next we examine aromati¢ring) molecules under the (. C'—SECI'r(ﬁis:sl)lell) _(cfs shell) - C,

single-scattering scheme. Two five member rings and one si o ¢ — s ¢ (second shell) - C,
member(benzengare discussed. @) ¢ — § — ¢ (third shell) — C,
Nonplanar normal mode vibratiolts® tend to play no ;;: €~ C (first shell) — ' (third shell) — C,
significant role in the Debye-Waller factor calculation. This |, g:gg;‘fg‘;‘l‘lz}l‘)‘ﬂ?g gilfstth;;iljﬁle_llé'cv
is because these modes do not contribute to the planar MS ‘
o? single or multiple scattering, thus allowing us, arbitrary,
to set them equal to any nonzero value. This is also true for
some nonaromatic molecules on Sec. IV D but special car#h Table V. In the C@ molecule, one of the two oxygens is
must be taken there since there sometimes is no clear defiet as the absorbing atom, while carbon was the absorber
nition of a molecular plane. when single scattering was considered. Such a change intro-
Semiempirical methods, as in the last section, provideluced a shadow effect that, as discussed before, enhances
very good results for the aromatic molecules as well. Inmyltiple scattering. The DFT relative error is from
Table IV, the MNDO error ranges from 12.1%éecond ring,  .96% (SQ) to 0.98% (C=CCIF, C—F—0-C path
first shel) to 3.07% (benzene, first shell and AM1 error All organic molecules with more than two heavy atoms
[%ngetiirgogh (i,LI)4 ‘fll_oﬁg'rStF[;ng{e?ﬁggn;ripseug)n 1('3730/%((::;5%0/ presented before are also examined. Since, for linear struc-
9, : 9 ° tures, double scattering MSV coincides with the correspond-

(second ring, third shellto an extremely small 0.05%sec- . . X )
ond ring, second shallA peculiar result, as in Sec. Iv.c, N9 second shell single scattering’, MSV's for nonaro-

also appears here: the semiempirical AM1 provides a bettéfatic molecules are not repeated here. For contrast, MSV's
result than theb initio DFT for the third shell of the second for aromatic molecules are given by Table VI. The corre-
ring. For reasons similar to these discussed before, such a
peculiarity might also occur for other molecules.

All Debye-Waller factors calculated in this work, refer to ~ TABLE VII. Single-scattering EXAFS MSVo? for GeH;Cl
nominal “room” temperature, i.eT=300 K. The methods and GeCJ Gases.
used are expected to be adequate at temperatures for whieh

interatomic potentials are harmonic, including temperatures o? 107°xA?

at which the dominant contribution is quantize zero-pointMolecule AM1 MNDO DFT Exp.

motion. GeCl, 2.203 2.299 2052 2.070
GeHyCl 2.037 2.351 2.833 3.0

C. Multiple scattering

Similar to single scattering, double scattering MSV’s for 2+ 0.3x 107 3x A2,
all triatomics and tetraatomic inorganic molecules, are giveri=0.4x 10 3x A2,
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FIG. 1. (a) Four Fourier-transformed experimental EXAFS
scans for GeGlgas are plotted to show reproducibility of spectra.

Mean experimentaldotted ling vs DFT (dashed ling and o>=0
(solid line) for GeCl, gas (b) radial distribution and(c) filtered

x(K).
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FIG. 2. (&) Four Fourier-transformed experimental EXAFS
scans for GekCl gas are plotted to show reproducibility of spectra.
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(solid line) for GeH,;ClI gas (b) radial distribution andc) filtered

x(K).

modes or, vice versa, causing single-scattering MSV's to be
predicted accurately enough, but double and some higher
order scattering Debye-Waller factors mighdt be in the

Relative error ranges for the double-scattering case, fosame error range as the single-scattering ones. Since single
either the semiempirical or DFT approximations, remainscattering is more affected by stretching, and large angle
similar to the corresponding error ranges for the single-double scattering by bending modes, an acceptable predic-
scattering case. It is evident that there might be a case ition of both guarantees thail other three-atom multiple-
which a method predicts stretching better than bendingcattering paths will also be properly predicted.
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V. COMPARISON WITH EXPERIMENTAL EXAFS DATA be mentioned that theoreticak(k) were shifted by
As an example the methods described above are com- 9-5 eV for GeCl and—6.3 eV for GeHCI. This simply

pared with EXAFS experimental scans. These data refer t(r)(_aflects monochromator calibration and is of no fundamental

GeCl, and GeHC, both gases, taken by Bouldat all” at S|gn|f|ca_nce. This sh_n‘t was mducdmbforethel background _
. ; . subtraction and Fourier transform was made; also a Gaussian

the National Synchrotron Light Sourd®SLS) using the : . . )

. damping compatible to the experimental was introduced
X9-A beamline. Due to the structure of these moleculesm the theoreticak (k) data to reduce systematic errors due to
multiple scattering is only significant in the XANES area Fourier-filtering distortions Absenceyof this factor causes a
(“wide-angle” multiple scattering Therefore only single sudden dro ng the am Iitu-de of theék) at the high window
scatteringo?, which corresponds to the Ge-Cl path, is re- P P 9

ported. Hydrogen scattering in the GgH molecule is ig- end, inducing an absolute error Ar*=0.2x10"° A for
nored. both samples.
In order to calculate the single-scattering Debye-Waller
factor accurately by means of experimental EXAFS scans, A. The GeCl, case
more than one scan is required to permit at least a rudimen- GeCl, is examined first. EXAFS experimental Fourier-
tary statistical analysis. This means that experimemntakill transformedy (k) scans are presented in Fig(al Since
lie on an interval; the less the variation among the scans, thg 4"(k=0)=0.62 the McMaster correction is recom-
smaller this interval will be. Four experimentalE) scans mended. The effect of the McMaster correction can be as
for each sample are used in this example. high as 11% at largk. The inverse-transform range is taken
Experimental data analysis is performed as follows. Throm R=1.31 A toR=2.14 A. Experimental and compu-
background is subtracted from thg(E) scans® The tationally calculateds? are given by Table VII. A graphical

EXAFS x(k) data are calculated from the equation comparison of these results by means of the radial distribu-
tion and filteredy(k) is given by Figs. ) and Zc), respec-
()= M(k)_ﬂo(k). (15  fively. The DFT method, under the DZ basis set ahil
Ap auxiliary set provide an accurate estimation of te

The background spectrum is normalized by the absorption

edge jumpA u rather than the smooth backgroupg. This B. The GeH;Cl Case

normalization is done in order to avoid severe distortions in  GeH,Cl is also examined. Sincku'"(k=0)=1, the Mc-
the amplitude of the experimental data. However, since themaster correction is not necessary. Experimental EXAFS
oretical spectra are always normalized by the energygourier-transformeg,(k) are presented in Fig.(&. Similar
dependentuo(k), experimentaly(k) data must be divided to GeC), the inverse-transform range is taken froR

by the factor =1.20 A toR=2.15 A. Experimental and computationally
h calculatedo? are given by Table VIl whereas the Fourier-

Ap(k) (16  transformedy(k) by Fig. 2b) and the filteredy(k) by Fig.

Ap(k=0)" 2(c). The agreement here is even better than expected.

This adjustment is called the McMaster correction. The next
step is to Fourier transform thg k) data. Any Fourier range
can be chosen in this step, but the largest possible is pre- Single and multiple-scattering EXAFS MSV's? were
ferred. Any noise contributions due to a larger range can bealculated using the semiempirical AM1, MNDO, and tie
accounted for later. An optimum range for GgQdbt k initio density functional method for a variety of organic and
=4 A 'k=12 A"! while that for GeHCl is k inorganic samples. Expressions for various EXARS
=4 A 1 k=14 AL multiple-scattering paths were derived from first principles.
The first and only shel(low frequency contributions for An ab initio calculation of the single and multiple scattering
hydrogens are excluded from the Fourier transfoisnthen o2 is demonstrated and confirmed. This work achieved its
isolated from any other radial components by an inversgoal: to calculateab initio the complete EXAFS spectra in-
transform. The range of the inverse transform was just sufeluding both the electronic and the vibrational aspects via
ficient to isolate the desired shell. Theoretieakrsfiltered  methods presented here of the EXAFS equation. The meth-
x(k) data were matched with experimengglk), using the ods developed are practical for molecular systems and may
ratio method® and single scattering? is obtained. It should be generalizable to condensed matter and biological systems.

VI. CONCLUSION
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