An extended x-ray absorption fine structure study by employing molecular
dynamics simulations: Bromide ion in methanolic solution

P. D’Angelo, A. Di Nola, M. Mangoni, and N. V. Pavel?
Dipartimento di Chimica, Universitalegli Studi di Roma “La Sapienza,” P. le Aldo Moro 5,
00185 Roma, Italy

(Received 20 May 1995; accepted 17 October 1995

X-ray absorption spectroscopy is widely employed in the structural analysis of disordered systems.
In the standard extended x-ray absorption fine strudtdMAFS) analysis the coordination of the
photoabsorber is usually defined by means of Gaussian shells. It is known that this procedure can
lead to significant errors in the determination of the coordination parameters for systems which
present anharmonic thermal vibrations or interatomic asymmetric pair distribution functions. An
efficient method has been recently employed in the study of the hydration shells of bromide and
rubidium ions and brominated hydrocarbon molecules in diluted aqueous solutions. According to
this method, pair distribution functiong(r)] obtained from molecular dynamics simulations can

be used as relevant models in the calculation of the EXAFS signals. Moreover, asymmetric shells
modeled on they(r) first peaks, have been employed in the EXAFS analysis and the parameters
defining the asymmetric peaks have been optimized during the minimization procedure. In the
present paper this new procedure has been used to investigate the coordinationrofmthanol.

The analysis of this system is particularly interesting due to the presence of three well separated
coordination shells. We show that the inclusion of the hydrogen signal is essential to perform a
reliable analysis. A comparison of the analysis with asymmetric and Gaussian shells shows how the
accuracy of the EXAFS data analysis is improved by using asymmetric shells996 American
Institute of Physicg.S0021-960606)50404-4

I. INTRODUCTION sorber atom as compared to x-ray or neutron diffraction. A

limitation of the XAS technique which has to be mentioned

is its low sensitivity to the large distances. In fact, due to the

o broad correlation function towards the large distances and to

?enr?n:lr?: Itc:]glf:é?:l rz;jst??()sl}gﬁsfiggtitgrara)lri)fetrr?glgyzgartr? d?ﬁe finite mean free path of the photoelectron, the sensitivity
y of the XAS technique is limited to the neighbourha@thout

under study. The structural information contained in the 7 & of the bh bsorb Th . Ld
structure factor for a single component system is complete™, ) of the photoabsorber atom. The experimental deter-

and includes short-range as well as medium and long-rang@ination of theg(r) over the full range of distances is ham-
information. In the case of multicomponent systems the inPered by this short range sensitivity, providing no informa-

determination increases and the diffraction techniques, frelion on theg(r) long distance tail. However the XAS signal
quently, do not allow the assignment of specific pair distri-iS Very sensitive to the short-distance features ofifrg and
bution functions which contribute to the diffraction signal. in particular to the shape of its first rise allowing information
The increasing interest in characterizing disordered syson the short-range order. In the standard extended x-ray ab-
tems has stimulated the development of complementar§orption fine structur€EXAFS) analysis the coordination of
structural techniques. Among these, x-ray absorption spedhe photoabsorber is usually defined by means of Gaussian
troscopy(XAS) has acquired a central role due to its atomicshells. Earlier studies have shown limitations in this
selectivity. By analyzing the oscillating behavior of the ab-procedur® which can lead to significant errors in the deter-
sorption cross section above the excitation threshold, the lamination of the coordination parameters for systems which
cal structure around the photoabsorber atom can be detguresent anharmonic thermal vibrations or interatomic asym-
mined both for crystallineand disordered systeri$* This  metric pair distribution functions. The cumulant method has
technique is more selective than x-ray and neutron diffracheen employed to detect and measure the effects of anhar-
tion since the partial distribution functions around a singlemonicity and of asymmetric distance distributidhs12sev-
atomic type can be determined. Forldrcomponent system eral EXAFS studies have been devoted to the determination
theg(r) extracted from the XAS signal contains the overlapof the asymmetric distribution functions in liquid metals and
of N independent pail’ distribution fUnCtionS, against I'N((N amorphous Solid§.4'6'8'l3_1% Comparison of radial distribu-
+1)/2 pair distribution functions overlapped in the XRD tjon functions obtained from Monte CariMC) and molecu-
data. Therefore, itis easy to extract the structural information,, dynamics(MD) simulations or XRD and neutron diffrac-
related to different coordination shells around the photoabyign with the asymmetric peaks used in the EXAFS analysis
allows one to verify the reliability of the refined parameters.
dAuthor to whom correspondence should be addressed. In recent years MC and MD simulations have been widely

X-ray diffraction (XRD) and neutron diffraction are very
powerful techniques in the structural investigation of solid
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1780 D’Angelo et al.: EXAFS of Br~ in methanol

developed. Structural aspects of solids, liquids, andABLE I. Charges and Lennard-Jones parameters.
solutiong’*8 can be predicted and the results can be com-
pared with NMR, XRD, XAS and neutron diffraction experi-
mental data. MC and MD simulations have been used t®r —1.000 4.634 0.452

q O'(A) E(kJ morl)

determine radial distribution functions of aqueous saltg g'gig g'ggg 8'328
L 19-23 4 ; -0. : :
solutiong which have been compared with XR®Ref. CH, 0.150 3786 0754

24) and neutron diffraction experimerfts.
Computer simulations are less frequently employed in

the EXAFS data analysis. A “free style EXAFS fit algo- . ] ]

rithm” has been used to search for the best agreement be- 1he paper is organized as follows: in Sec. Il the results

tween the experimental and calculated signal, starting from §F the MD simulations are presented, Sec. Ill is devoted to

generic radial distribution function with free shape and vari-the description of the experimental conditions, in Sec. IV the
able coordination numbé®. A reverse Monte Carlo EXAFS dataanalysis is presented and the results are given in

procedurd’ which allows the fit ofg(r) functions by gener- S€C- V.

ating a three-dimensional structural model, has been applied

to the EXAFS analysi& Comparison between MD simula- !l MOLECULAR DYNAMICS COMPUTATIONAL

tions and EXAFS experiments have been performed in tthOCEDURE

study of high-temperature and high-pressure sdfiti¥*1® The MD simulations were performed using a rigid three
and metal clusters site methanol model. The equilibrium distances for C—O and

Recently, it has been shown that a deeper insight into th©—H were 1.43 A and 0.95 A, respectively, with a bond
structural organization of disordered systems can be proangle of 108.53°. An NPT ensemble was considered using an
vided by employing, in the EXAFS data analysis, some exisothermal—isobaric algorithf{.Weak coupling to an exter-
ternal input on the distribution functions derived from dif- nal temperature bath of 300 K with a coupling constant of
fraction data or theoretical simulations. Radial distribution0.1 ps, and to an external pressure bath okIL@® Pa with a
functions extracted from XRD and neutron diffraction mea-coupling time constant of 0.5 ps was used to maintain con-
surements have been employed to fit realigfic) functions  stant temperature and pressure. Model potential and geom-
to the EXAFS spectra of monoatomic systems such as’Hg, etry for methanol was taken from therRomos software
Ga?! Cu, and Pd(Ref. 32 liquid metals. Similarities and package library® The applied empirical potential energy
differences between the structural information obtained fronfunction contains terms representing bond angle bending,
EXAFS and diffraction signals are discussed in Ref. 32. Anvan der Waals, and electrostatic interactidh$he function
efficient method which has been employed in the study ofised in the present study for Bivas reported by Straatsma
the hydration shells of Br and brominated hydrocarbon and Berendseft The SHAKE algorithrfi® was used to con-
molecules in diluted aqueous solutions, uses pair distributiostrain bond lengths. A dielectric permittivity=1, and a time
functions obtained from MD simulations as relevant modelsstep of 2.0 fs were used. The cutoff distance for the non-
in the calculation of the EXAFS signal$.This procedure bonded interactions was 10 A. Charges and Lennard-Jones
has been successfully applied to the study of the structure gfarameters are reported in Table I. Simulations were carried
micellar aqueous solutions of rubidium salts of bile acfis. out using a cubic box consisting of one Band 124 metha-

In the present paper we have used this new procedure tool molecules subjected to periodic boundary conditions.
investigate the coordination of Brin methanolBMOH). It ~ The initial length of the box edge was set so as to agree with
is important to stress that this approach becomes extremethe experimental density. Configurations were saved every
useful when complex systems containing several pair distri25 steps and after equilibration, 2000 configurations were
bution functions are considered. In the presence of manused to calculate ion—solvent and solvent—solvent pair dis-
coordination shells around the photoabsorber atgir,) tribution functions. Theggy(r), 9eo(r), andgeme(r) pair
models obtained from MD simulations can represent an eddistribution functions are shown in Fig. 1, where the running
sential starting point for the EXAFS analysis. By combiningintegration numbers are also reported. These are 6.2, 6.3, and
EXAFS and MD information it is possible to perform an 7.5 up to the corresponding first mininta.2 A, 4.1 A, and
accurate analysis of complex systems. Such direct informad.8 A) of gg,(r), ggo(r), andggme(r), respectively. The
tion on the structural organization of disordered systemdvie solvation number is larger than those of H and O, indi-
would be difficult to achieve by means of diffraction tech- cating an interpenetration of outer molecules into the first
niques. The spatial separation among the pair distributiosolvation shell, as found in the case of chloride for° Re-
function first peaks is a favourable condition for a successfutently, an EXAFS study of bromide ion in various solvents
analysis of a polyatomic system. Previous MD simulations ofprovided a low valug3.7) for the Br—O coordination num-
MgCl, and NaCl in methand?3® have shown that the first ber in methanol, on the basis of a single Gaussian shell
peaks of the pair distribution functions related to the halogeriBr—0) analysis**
anion are well separated. Since the high absorption coeffi- The orientation of the methanol molecules in the first
cient of the solvent hampers the acquisition of reliable dataolvation shell can be deduced from the distribution of ¢os
at low concentration at the chlorin€-edge, we decided to shown in Fig. Zthe ¢ angle is defined in the insertiprMost
focus our attention on the brominé-edge. of the methanol molecules lie in &@—H-Br linear con-
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FIG. 1. Br—H, Br—0, and Br—Me pair distribution functions as derived from
MD simulations for B in methanol(left scal¢ and corresponding running  F|G. 3. O—H, H—H, and O—Qupper pand| Me—O, Me—H, and Me—Me

integration numbefright scalg. (lower panel pair distribution functions for methanol-methanol interactions
as derived from MD simulations for Brin methanol.

figuration demonstrating, as in the case of @ methanol, a ) ]

strong preference for a linear hydrogen bond formation of-75. 3.48, and 4.1 A, respectively. The Me-O first peak
the first solvation shell molecules with BrOn the other ~Yi€lds four oxygens within a distance of 4.2 A. Intermolecu-
hand, the cog distribution explains the sharpness of thelar bonding energy distribution of methanol monomers,

tightly structured first solvation shell. a bimodal profile was found.
The solvent—solvent pair distribution functions are re-
ported in Fig. 3. The first peaks of thg)o(r), gou(r), and 1l EXPERIMENT

Oun(r) reflect the hydrogen bonding. The locations of the
first maxima are 2.73, 1.82, and 2.48 A, respectively, and th
corresponding integrals are 2.2, 1.0, and 2.3, respectivel
These values are in good agreement with earlier studies
rigid liquid methanol obtained by MC simulatioA$The first

peaks of thegyen(r), Imeo(r), andgyeme(r) are located at

Tetramethylammonium bromid&luka purum was used
fo prepare a 0.15 M methanolic solution.
Y- The XAS spectrum above the bromieedge has been
%3corded at room temperature, in the transmission mode at
the ROMO Il station of the Hamburger Synchrotronstrahl-
ungslabor HASYLAB. The ROMO Il beamlinébending
magnet source, Doris storage ringas equipped with a Si
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FIG. 2. Distribution of cosy for the methanol molecules in the first solva- FIG. 4. Distribution of the binding energy of methanol monomers as derived
tion shell of Br. from MD simulations for Br in methanol.
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(311 double crystal monochromator controlled by a specialbbeen used to calculate the phase shifts. The values of the
feedback systerff The ionization chambers were filled with muffin-tin radius are 1.58 A, 0.40 A, 0.90 A, and 0.70 A for
argon at atmospheric pressure. The storage ring was runninfe Br~, hydrogen, oxygen, and carbon of the methyl group,
at an energy of 4.45 GeV with an electron current betweenmespectively. It has been verified that different configurations
80 and 20 mA. A third ionization chamber allowed possiblegive the same result. A Hedin—Lundgqvist plasmon-pole ap-
shifts in energy to be checked by recording a reference sulproximation is used for the self-energy part of the optical
stance together with the investigated sample. The analysis @fotential** Inelastic losses of photoelectrons in the final state
the edge region, performed as described in a recent Baperare accounted for intrinsically by complex potentiishe
allowed the determination of the monochromator resolutionmaginary part also includes a constant factor accounting for

(1.1ev. the known core—hole width.
The total x(k) theoretical curve is given by the sum of
IV. XAS CALCULATIONS the x(k) signals associated with different atoms of the sol-

vent. These have been calculated by means of Bgstart-

As shown in Sec. II, the solvent molecud¢r) distribu-  jng from the pair distribution functions obtained from the
tion function is made up of three pair distribution functions, Mp simulations. Fits of the XAS spectra have been per-
as calculated by means of MD simulations. For a gigén),  formed directly on the raw data using tREHEO program?®
the x(k) signal can be calculated by means of a well-For an accurate XAS analysis it is necessary to take into
established equation in the EXAFS filavhich is often ap-  4ccount the presence of discrete resonances and slope
plied to the study of disordered systems, changes in the atomic background associated with the onset

o ) of multielectron excitation channels. ThEN,j; KNy,
Xpaif K) = fo drampr?g(r)A(k,r)sir{2kr + ¢(k,r)], KM, s andKM, ; edges, corresponding to the simultaneous
(1) excitation of the $4p, 1s4s, 1s3d, and 1s3p electrons,
respectively, have been detected in the absorption spectra of
several brominated compounds. The background functions
have been modeled accounting for the double-excitation
edges by means of step shaped functions as previously
described? with energy onset values equal to those found

where A(k,r) and ¢(k,r) are the amplitude and phase
functions?! respectively. In spite of the apparent upper inte-
gration limit of infinity in Eq.(1), the sensitivity of they(k)
signal is limited to the neighborhood of the photoabsorber.
This is due to the finite mean-free patlik) of the photo- for gaseous HBr within the reported errdfs

electron which generates an exponential decay of the type As shown previousld? the backgroun d.parameters are

exp[—r/\(K)]. This effect, as well as the additional damp- ) . .

ingp[due té t)rle monochromator resolution which mainly zf_pracncally uncorrelated with the others._ Three |mp02rtant

fects the lowk region of the spectrum, is included in the nonstructural pa}rameters related to K&) S|gr1al areEo, Sp

A(k,r) function. Several EXAFS investigations on disor- and the reS(_)Iutlon of the m(_)r_10chr0mat55 'S the photon
energy required for the transition to the continuum threshold

dered systems assume that fi{&) signal is sensitive to the i .
first coordination shell around the photoabsorber, only. Th&@nd allows the Ztheoretu:al and experimental energy scales to
first-neighbor peak is often modeled with a Gaussian distriP€ comparedS; accounts for a uniform reduction of the

bution although, by considering the low-distance shape of éignallﬁ”as;ociated with many-body effects. As previously
pair distribution function, it is evident that the first peak can-SnoWn'" this parameter is equal to 1, when double-excitation

not be well described by one or more Gaussian functions. £fT€cts are properly included in the atomic background. The
method which employs Gamma like distribution curves tovalue of the mo_nochromator resolution has_been_ determined
describe the shape of tiugr) first peak has been previously frorr_l the expe_rlmental spectrum as explained in Sec. lll.
described?® According to this method each model peak is During the fitting procedure these three parameters were
defined by the mean distance R, standard deviaticasym- minimized. The monochromator resolution showed varia-
metry indexB, and coordination numbet. . This functionis  tions of less than 0.1 eV ar@ was practically equal to one.
used to calculate the EXAFS signal associated withgifre All the minimizations have been performed in the same
first peak. The asymmetric peak is subtracted from the MK range(3<k=16 A™%), including 418 experimental points.
g(r) obtaining a long-distance tail whose EXAFS signal is The fit indexR; is defined by Eq(5) of Ref. 47 and &
calculated by means of Eq1). This contribution is kept Weighting value of 2.5 was applied. The number of the struc-
fixed during the minimization, while the four parameters de-tural parameters used in the fitting procedure was 3 for the
scribing the asymmetric peak are refined in order to achievanalysis performed using the M8(r) functions, 9 for the
the best fit to the experimental spectrum. In this work threganalysis in the Gaussian approximation, and 12 for the analy-
asymmetric peaks, representing the Bnethanol pair distri- ~ sis with three asymmetric shells.
bution functions, have been employed in the EXAFS analy-  Arough estimate of the free parameters that can be fitted
sis. in the EXAFS data analy$i$is given by the AkAr/7+2
Phase shifts have been calculated in the muffin-tin aprelation>® which supports the present least-square fitting pro-
proximation starting from overlapped spherically averagedcedure Ak is thek-space range over which thék) signal is
relativistic atomic charge densities. One of the molecular disfitted andAr is the width of ther space Fourier filter win-
tributions obtained from the MD simulations of BMOH has dow. In our caseAk is approximately 13 A and Ar is
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limited by the mean-free path only, since we are not Fourier
filtering the data.

'] [
Parameter correlations and standard deviations can be N
determined, for the free parameters used in the minimiza-
tion, by tracing constant chi-square boundaries, also known
as correlation maps. R, is calculated around the minimum
as a function of two parameters, keeping fixed the others
-

v=p—2 parameters. Three contours are drawnXA& con-

stant shifts from the minimunR; < (N—p)/N and corre- :;3( Total [ o010
spond to the 68.3%* o), 95.4%(*+20), and 99.73% +30)

confidence regions.AR is defined by the equation .
AR=x2XRy/(N—p). x2 represents the value of the re- Residual
duced chi-square corresponding to a defined confidence [ 0.010
level, andR, is an estimate of the experimental noise calcu- Total

lated in theFITHEO program, as described elsewhéte.

The confidence region ellipses that contain 68.3% of Residual
normally distributed data were used to determine the stan- AN A AR
dard deviations, which were obtained by projecting the 25 5 75 10 125 15
higher dimensional region onto the lower-dimension space. k (A7Y

From the correlation maps, drawn for different couples of
parameters, standard deviation values can be obtained. TRs. 5. Fit of the BMOH experimental spectrum. Upper panel: from top to
largest ones have been chosen to define the standard deviattom thexgu(k). xeo(k), andxemwe(k) theoretical signals corresponding

tion magnitudes associated with the parameters obtaind§ the MD pair distribution functions, their sum compared with the experi-
from the XAS analysis mental spectrum, and the residual are shown. Bottom panel: fit performed

without including theygy(k) signal. From top to bottom the total theoreti-
cal signal compared with the experimental spectrum, and the residual are

shown.
V. XAS ANALYSIS OF Br = IN METHANOL

The XAS analysis of the Br methanolic solution has
been carried out starting from the results described in Sec. lless, the inclusion of this low-frequency contribution has
The outstanding observation of this analysis concerns thbeen found to be essential to properly reproduce the experi-
strong amplitude of the B—H signal. Due to the well or- mental spectrum.
dered structure of the solvent molecules, it was possible to  Proof of the importance of the Br—H signal was also
identify, for the first time, the contribution of the hydrogen obtained by excluding this contribution from the fitting pro-
atoms of the solvent to the x-ray absorption cross sectiorcedure. The lower panel of Fig. 5 shows the comparison
Generally, the low scattering amplitude prevents the hydrobetween the total theoretical signal, including the Br—O and
gen signal to be identified, especially in the case of disorBr—Me contributions only, and the experimental spectrum,
dered systems. It is clear from the MD pair distribution func-together with the residuals. In this case, the agreement be-
tions that the presence of the negative charge of the Brtween experiment and theory is unsatisfactory
enforces the methanol molecules to take up a well ordereCRi=1.030><lO‘6) and the residual curve contains a fre-
structure with the hydrogen atoms directed towards the ionquency and amplitude component which is similar to the
This occurrence explains the unusually strong amplitude ojgy(k) signal shown in the upper panel of Fig. 5.
the hydroxyl hydrogen signal. The second step of the analysis was the substitution of

The first step of the analysis involved the calculation ofthe pair distribution functions with three asymmetric shells
the theoretical signal by means of H@), starting from the representing theg(r) first peaks. Each peak is narrow
g(r) pair distribution function obtained from the MD simu- enough to be described by one asymmetric peak, only. The
lations. A fitting procedure was applied in order to improve,difference between the M@(r) and the asymmetric peak
as far as possible, the agreement with the experimental spedefines a long-distance tiiwhose contribution is calculated
trum. The upper panel of Fig. 5 shows the Br—H, Br—0, andby means of Eq(1). The three tail signals have been found
Br—Me theoretical signals, the comparison between the surto be negligible in the wholk-range and therefore they have
of these contributions and the experimental spectrum, andot been included in the calculated curve. This result con-
the residualgfrom top to bottom, respectivelyThe agree- firms the low sensitivity of the XAS technique to the large
ment between the experimental and the theoretical signal idistances. The¢(k) signals associated with the asymmetric
satisfactory and &;=0.495<10 ® has been obtained. From peaks were calculated by using the previously described
the minimization no significant shifts of thg(r) functions  procedure” During the minimization, the shape of the asym-
have been observed. From the upper panel of Fig. 5 it ignetric peaks has been optimized by varying the peak param-
evident that the total signal is dominated by the Br—O anceters. The upper panel of Fig. 6 shows the Br—H, Br—0O, and
Br—Me contributions, while the Br—H signal is weaker and Br—Me theoretical signals, the comparison between the total
mainly affects the lowk region of the spectrum. Neverthe- x(k) signal and the experimental spectrum, and the residuals.
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TABLE II. First solvation shell parameters of Brin methanol, for the

EREA RERAR AR R T minimizations with asymmetri€¢AS) and GaussiaiGS) shells. The stan-
/w dard deviations are given in parentheses for the minimizations including the
hydrogen shellR represents the average distance invAjs the vibrational
\/\/\/V”‘ variation in &, B is the asymmetry parameter, ahdis the coordination
number.
AS AS (without H) GS GS(without H)
/\/M Ry 2.46(0.03 2.34 (0.04)
= Tota] 10010 ot 0.072(0.013 0.031 (0.009
P Bu 1.58 (0.1
N, 6.8(0.9 5.9 (1.7
. Ro,  3.40(0.0) 341 3.28(0.0) 3.30
Yoo Residual g% 0.058(0.005 0.059 0.023(0.002 0.027
Bo 1.18(0.04 1.11
Total No 6.1(0.2 7.2 4.8(0.3 6.3
Rye 4.23(0.03 4.21 3.92(0.02 3.93
4. 0.124(0.016 0.125 0.067(0.013 0.047
v Residual Bve 1.32(0.09 1.15
| I IV P PPN I R Npme 7.0 (0.7) 7.4 9.0(2.9 7.6
25 5 75 10 125 15

k (A7Y)

FIG. 6. Fit of the BMOH experimental spectrum performed with asymmet-and 6% can be observed for the oxygen and methyl coordi-
ric shells. Upper panel: from top to bottom theg.(k), xso(k), and  nation numbers, respectively. The standard deviations are not
XBrl\_/le(k) asymmetric peak contribu_tions, their sum compared with thg eX'reported, as the low agreement with the experimental spec-
perimental spectrum, and the residual are shown. Bottom panel: fit per- .
formed without including theygy(k) signal. From top to bottom the total trum does not allow a measure of reliable errors from the
theoretical signal compared with the experimental spectrum, and the recorrelation maps.
sidual are shown. The EXAFS analysis of disordered systems is often car-
ried out by using Gaussian peaks to model the photoabsorber
coordination shells. The reliability of this approach can be
The agreement between the calculated and the experimenteecked by comparing the results of this method with those
signal is satisfactory and this result is confirmed by the fitobtained from the asymmetric peak analysis. The minimiza-
index value(R;=0.490<10°%), 1.6 times greater thaRy. tion performed in the Gaussian approximation gives rise to
Notice that the residual curve shows a high frequency oscilmore dumped calculated signals and to a poorer agreement
lation which is above the noise of the spectrum. The highbetween the total calculated and the experimental signal
frequency of this signal could be associated with a long-patliR;=0.608<10 %), compared to the previous analysis. Sig-
contribution and in particular with multiple scatterigglS) nificant differences have been observed in the structural pa-
effects due to well-defined three body arrangements. Thisameters obtained from the two methods. The parameters
oscillating behavior is less evident, but still detectable in thedescribing the Gaussian shells and standard deviations are
residual curve shown in the upper panel of Fig. 5. The preslisted in Table Il. The iteration procedure has been carried
ence of triplet correlations in the hydration shell of aquaionsout starting from fitting parameters similar to those obtained
has been already evidenced in other syst&isis finding  from the asymmetric shell analysis.
suggests the necessity of a deeper investigation on the triplet As in the above-mentioned cases the fit index of the
correlation contributions to the XAS spectra of liquid sys-analysis omitting the hydrogen contribution was
tems. R,=0.998<10 ® and the structural parameters are given in
The parameters describing the three asymmetric shell§able Il. A comparison of the structural parameters obtained
together with the standard deviations are shown in Table llfrom the analysis with the inclusion and the exclusion of the
The standard deviations of the refined parameters are olwdrogen shell, shows significant variation of the oxygen and
tained from the correlation maps, as explained in Sec. IV. methyl coordination numbers. These values are similar to
The importance of the hydrogen contribution has beerthose obtained from the asymmetric shell analysis. This co-
pointed out also by performing a minimization without the incidence is due, merely, to the low sensitivity of the mini-
Br—H signal. The results of this analysis are shown in themization procedure to the variation of the coordination num-
lower panel of Fig. 6. The agreement between theory antbers. Minimizations carried out using different starting
experiment is not satisfactoffr, =1.093x10 °) and the re-  coordination numbers failed to show any significant shift
sidual curve contains a low-frequency oscillation which isfrom the initial values.
due to neither the oxygen nor the methyl coordination shell. A more direct description of the differences between the
The Br—O and Br—Me asymmetric shell parameters, showmoordination shell parameters obtained from the two EXAFS
in Table I, are similar to those obtained from the previousanalysis can be obtained by comparing the refined asymmet-
analysis with the exception of the coordination numbers. Irric and Gaussian peaks. In Fig. 7 these peaks are shown
the absence of the hydrogen shell, an increase of about 18%gether with the MDg(r)’s. Strong differences between the
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T carbon atoms, such shells give rise to non distinguishable
] EXAFS signals.

Br-H - The statistical significance of the inclusion of the hydro-
gen signal can be checked by performing the Fidst the

] three cases under stutfyln all these cases, the F-test ap-

. plied for the 95% confidence level, assesses that the decrease
] of the fitting index after the addition of the hydrogen shell, is
statistically significant.

At this point, the problem of the accuracy of the struc-
_] tural parameters shown in Table II, needs to be addressed. By
neglecting systematic errors in the experimental data and in
the theory, the errors affecting the fitted values can be esti-
] mated on the basis of standard statistical concepts. Neverthe-
' less, correlation effects can increase the standard deviation of
the parameters and a deeper insight into this problem can be
provided by using contour maps for each couple of
parameters? In Figs. 8—11 some of the most meaningful
correlation maps calculated for the asymmetric and Gaussian
o shells can be compared.
R e The correlation betweek, and the shell distances is
shown in Fig. 8E, appears to be strongly correlated with the
Br-Me | shell distances. The errors &y and on the hydrogen and
oxygen distances, shown in Table Il, have been obtained
— - from the Rg, correlation maps. This result is consistent with
A the well-known indetermination on distances producedpy
(see for example, Refs. 1%3

The Ro? correlation maps are shown in Fig. 9. The dis-
tance and the Debye—Waller factors are strongly correlated
FIG. 7. From top to bottom: asymmetridashegiand Gaussiarfull) peaks i the case of the asymmetric shells. However, it has to be
obtained from the EXAFS analysis compared with ¢lag(r), 9g,o(r), and . . .
Ganme(), respectively, obtained from the MD simulations. stressed that the FWHM of a Gaussian shell is determined by

the o value, only, while the width of an asymmetric shell is

determined by two parametefs and 8). The narrow confi-
gence regions of the oxygen shells point out that the accu-
racy of the minimization depends mainly on the oxygen con-

g(r)

Gaussian and the asymmetric shells are evident from thi
figure. In particular, the Gaussian shells do not reproduce the’ -7
shape and the integration numbers of the M) first ~ trpution. _ o

peaks. The Gaussian methyl peak is shifted towards lower The_ cor_relatlons between the Coordln_atlon numbers, as
distances, giving rise to a partial overlap with the oxygenShOWn in Fig. 10, are more pronounced in the case of the
shell, while the integration number and the full-width at half- hydrogen and methyl shells, both in the Gaussian and in the
maximum(FWHM) values are both increased for the methyl asymmetnc_ shell analysis. _The narrow confidence region of
shell, as opposed to the decreased values observed for ithe correlation maps associated with the. oxygen.shell is due
oxygen one. From these results it is evident that the analysi® both the large difference of the scattering amplitude of the
performed with Gaussian shells does not allow a good debydrogen and oxygen atoms, and the long Br—Me distance.

scription of the distribution of methanol molecules around ~ The existence of a strong correlation between the coor-
the bromine anion. dination numbers and the Debye—Waller factors is a well

Notice that the constraint ruleN=0 (AN represents the established phenomenon in the EXAFS data analysis. This
variation of the sum of the coordination numbers during theeffect is responsible for the large uncertainty on the coordi-
minimization suggested for the refinement of monatomicnation numbers which is a characteristic of EXAFS per-
systems with more coordination shelfscannot be applied formed in the Gaussian approximation, and in general of
in the case of a polyatomic system, in particular in the casdliffraction techniques. A strong correlation betwedp and
of the Gaussian approximation. In the present case, the totaf” is evident from the maps associated with the Gaussian
coordination number varies of 0.2 onfgoing from 19.9, for ~ shells shown in Fig. 11. On the other hand from the correla-
the asymmetric shell analysis, to 19.7 for the Gaussian shelion maps associated with the asymmetric shells a smaller
analysi$ in spite of the difference between the agreementorrelation between these parameters can be observed. In
indexes. It is evident that for systems with coordinationaddition, the confidence regions are narrower, showing a bet-
shells constituted by atoms with similar phases and scatteter reliability of the refined parameters. The most interesting
ing amplitudes, the constraint ruleN=0 cannot be applied conclusion which can be drawn from a comparison of the
in the minimization procedure. As in the case of oxygen anctorrelation maps is that the correlations between the Gauss-
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FIG. 8. Correlation maps of theHg couples for asymmetric and Gaussian shells minimizatiefisand right column, respectivelyThe contours correspond
to the 68.3%(*0), 95.4%(*20), and 99.73% +30) confidence regions. For the asymmetric shells, R represents the average value shell distance.

ian parameters are not equivalent to those of the asymmetrimportance of refining EXAFS data using realisgi@) mod-
shells. Moreover, these maps allow the identification of theels. In the case of polyatomic disordered systems, a proper
most correlated parameters and of the couples which givdescription of the photoabsorber coordination shells is diffi-
rise to the maximum standard deviation for each parametecult to achieve by means of the standard EXAFS analysis. In
These results provide new insight into the limits of the EX-particular, the strong correlation between the parameters
hampers an unerring set of coordination shells to be identi-

AFS data analysis of polyatomic systems.

J. Chem. Phys., Vol. 104, No. 5, 1 February 1996

The last remark we would like to make concerns thefied. Minimizations carried out using peak parameters far
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to the 68.3%(*0), 95.4%(*20), and 99.73% +30) confidence regions. For the asymmetric shells, R represents the average value shell distance.

from the MD ones failed to provide a definite description of (1) The importance of using realistg(r) models as a start-

the studied system. ing point for the EXAFS analysis of disordered systems,
has been shown. This approach becomes essential when
VI. CONCLUSIONS complex disordered systems are considered.

The results presented in this paper represent a step fof2) It has been shown that the inclusion of the hydrogen
ward in the EXAFS analysis of disordered systems. Some signal is essential to perform a reliable analysis of the
outstanding results can be deduced. studied system.
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(3) A proper method, based on well-established statistical and asymmetric peak analysis has been accomplished. In
concepts?! has been used to calculate statistical errors of  particular, for the first time the most significant correla-
the fitting parameters. Due to the strong correlations be- tion maps obtained from the asymmetric peak and the
tween some parameters the necessity to use correlation Gaussian analysis have been compared. This analysis al-
maps in the EXAFS error evaluation has been pointed lowed the limit of the Gaussian approximation to be as-
out. sessed; in the case of disordered multicomponent sys-

(4) A comparison of the results obtained from the Gaussian tems, the accuracy of the EXAFS data analysis is
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