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Determination of two- and three-body
correlation functions in ionic solutions by
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The solvation structure of Sr2* ions in acetonitrile has been stud-
ied by x-ray absorption spectroscopy (XAS) and molecular dynam-
ics (MD) simulations. The extended x-ray absorption fine structure
(EXAFS) above the Sr K-edge has been interpreted in the frame-
work of the multiple scattering (MS) formalism and, for the first
time, clear evidence of MS contributions has been found for non-
complexing ions in solution. Molecular dynamics has been used to
generate the partial pair g(r) and the three-body g(r1,r2,6) dis-
tribution functions from which a model x (k) has been constructed.
An excellent agreement has been found between the theoretical and
experimental data. This result demonstrates the ability of the XAS
technique in probing three-body correlation functions in solutions.
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1. Introduction

The local structure of ions dissolved in aqueous and non-aqueous
solutions has been extensively studied by means of x-ray absorp-
tion spectroscopy (D’Angelo et al., 1996a, 1996b, 1996¢c, 1997,
Filipponi et al., 1994, Roccatano et al., 1998). This technique of-
fers the unique opportunity to probe the local coordination of ions
in solution. Whereas pair correlation functions can also be obtained
by x-ray and neutron diffraction, information on higher order corre-
lation functions can only be extracted from the XAS data. The pres-
ence of these contributions appears in the XAS spectra as multiple-
scattering effects whose quantitative analysis allows the presence
of angular correlation in the solvent to be investigated. The impor-
tance of accounting for the MS effects in XAS spectra of transition
metal ions in aqueous solution has been pointed out in several pa-
pers (Benfatto et al., 1986, D’ Angelo et al., 1997, Filipponi et al.,
1994). In this case highly stable octahedral or tetrahedral hydration
complexes are present in solution and the MS effects are associated
with the first hydration shell.

Alkaline and alkaline earth ions give rise to a non-regular co-
ordination in aqueous and non-aqueous solutions (D’Angelo et
al.,1996b, 1996¢c, Roccatano er al., 1998). Nevertheless, in some
cases the presence of three-body correlation functions can still be
detected. Here we present an extended x-ray absorption fine struc-
ture study of a dilute Sr®>*-acetonitrile solution with the aim of de-
termining the presence of MS contributions. Due to the linearity of
the acetonitrile molecules three-body distribution associated with
the first and the second Sr®* coordination shells may be present in
solution. Sr**-acetonitrile pair and three-body distribution func-
tions obtained from molecular dynamics simulations have been
used as relevant models in the calculation of the total x (k) signal
which has been compared to the EXAFS experimental data. This
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Figure 1
Sr-N, Sr-C and Sr-CHj3 radial distribution functions as derived from MD
calculations.

procedure has allowed us to determine from the EXAFS data the
three-body correlation functions describing the molecular associa-
tions existing in the solution.

2. Experimental details

2.1. EXAFS measurements

A 60 mM Sr** acetonitrile solution was obtained by dissolv-
ing the strontium trifluoro methansulfonate, prepared as described
by Hedwing et al. (1974), in acetonitrile. EXAFS spectra at the
Sr K edge were recorded in transmission mode using the EMBL
spectrometer at HASYLAB (Hermes et al., 1984). Measurements
were performed at room temperature with a Si(220) double-crystal
monochromator (Pettifer ez al., 1986). Three spectra were recorded
and averaged after performing an absolute energy calibration (Pet-
tifer et al., 1985). The DORIS III storage ring was running at an
energy of 4.4 GeV with positron currents between 70 and 40 mA.
The solution was kept in a cell with a 7 mm Teflon spacer and
Kapton film windows.

2.2. Molecular dynamics computational procedure

The MD simulations have been carried out using a three-site
acetonitrile model (Edwards et al., 1984). MD simulations have
been performed using an isothermal-isocoric simulation algorithm
(Berendsen et al., 1984). The system consisted of a Sr?* jon
surrounded by 215 acetonitrile molecules in a cubic box 26.4
A side length with periodic boundary conditions. The box di-
mensions were chosen to reproduce the density of the liquid ace-
tonitrile. The Lennard-Jones parameters used in the present paper
for Sr2* were reported by Aqvist (1990). All the MD runs were
performed using the program package GROMACS (van der Spoel
et al., 1994). The SHAKE algorithm was used to constrain bond
lengths of the acetonitrile model. After the initial minimization
of the system, the MD simulations were performed. The first
100 ps were used for equilibration; they were followed by 1 ns
that was used for the analysis. The time step used was 2 fs. The
temperature was kept constant at 300 K by weak coupling to an
external temperature bath with a coupling constant of 0.1 ps. The
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Figure 2
Representation of the three-body probability distribution of the Sr-N-C
triangles as derived from MD calculations.

Sr?*-acetonitrile pair distribution functions g(r) were averaged
over | ns after the equilibration of the simulation. The Sr-N, Sr-C
and Sr-CHj3 radial distribution functions are reported in Fig. 1.
They show very sharp and well defined first peaks. The sharp-
ness of the peaks indicates the presence of a well organized first
solvation shell. The first maxima of the Sr-N, Sr-C and Sr-CH3
radial distribution functions are at 2.65, 3.70 and 5.12 A, respec-
tively. The number of acetonitrile molecules in the first solvation
shell has been found to be 9.0. The three-dimensional arrange-
ment of the linear acetonitrile molecules around the Sr** ion has
been determined on the basis of the MD calculations. The analy-
sis of the three-body distributions has been carried out on 20000

Figure 3
Representation of the three-body probability distribution of the N-Sr-N
triangles as derived from MD calculations.
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configurations which were taken from the trajectory every 0.1 ps.
The orientation of the acetonitrile molecules has been obtained
from the analysis of the Sr-N-C and N-Sr-N triangular configura-
tions with a w=1/r;r258inf weight. Three-dimensional represen-
tations of the Sr-N-C and N-Sr-N distribution curves are reported
in Figs. 2 and 3, respectively. In the former case only the Sr-N dis-
tance Rs,— v and the Sr-N-C angle 6 are shown as the N-C distance
is equal to the N-C acetonitrile bond length (1.17 A). The distribu-
tion curve shows a well defined peak with a maximum at § = 163°
and Rs,~n=2.65 A. In the latter case the N-Sr-N angle 4 and one
of the two symmetric Sr-N distances are reported. In this case the
distribution curve shows two peaks with maxima at # = 73° and
138° and Rs,-n=2.65 A.

3. Results and discussion
A method which uses MD radial distribution functions as relevant
models in the calculation of the EXAFS structural signal of dis-
ordered systems has been employed to study the solvation shells
of several ions in solution (D’Angelo er al., 1994, 1996a, 1996b,
1996c¢, Roccatano er al., 1998).

It has been shown that a thorough insight into the interpretation
of the EXAFS from liquid matter can be obtained by this method.
The first step of the analysis involved the calculation of the x(k)
theoretical signal starting from the Sr-N, Sr-C and Sr-CHjz pair
distribution functions obtained from the MD simulations, only. A
fitting procedure has been applied to optimize the agreement be-
tween the experimental and theoretical data. The fit analysis of the
EXAFS spectrum performed in the range k=2.9-15.0 A~ is shown
in Fig. 4. Note that the presence of double-electron excitations in
the Sr absorption background has been accounted for in the extrac-
tion of the x (k) experimental spectrum (D’Angelo et al., 1996b).
The agreement between the theoretical and the experimental sig-
nals is not satisfactory, especially in the low-k region of the spec-
trum. The amplitude of the residual curve is very large and above
the noise level of the experimental data, with a leading frequency
which corresponds to a path length of about 3.8 A. The origin of the
residual signal has to be ascribed to the presence of three-body (or
higher) correlation functions describing the short lived association
existing in the Sr>*-acetonitrile solution. Proof of the importance
of the three-body contributions has been obtained by applying a
fitting procedure to the experimental spectrum, including the MS
contributions.
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Figure 4

EXAFS experimental spectrum of Sr2* in acetonitrile (dots) compared
with the x(k) theoretical signal (line) not including the MS contribu-
tions.
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Figure 5

EXAFS experimental structural signal of Sr2* in acetonitrile (dots)
compared with the x(k) theoretical signals derived from the MD sim-
ulations. From top to bottom the following curves are reported: Sr-N,
Sr-C and Sr-CH3 two-body signals, Sr-N-C and N-Sr-N three-body sig-
nals, sum of the above curves compared with the experimental data and
residual curve.

The three-body signals associated with the Sr-N-C and N-Sr-
N triangular configurations have been calculated by means of the
GNXAS program (Filipponi et al., 1995). Least-squares fits of the
experimental spectrum have been performed starting from the re-
sults of the MD simulations and refining the two-body distribu-
tion average distances and the distances, angles and vibrational
amplitudes of the three-body configurations. Moreover, two em-
pirical parameters have been refined: S2 which accounts for an
overall intensity rescaling and Eq which alignes the experimen-
tal and theoretical energy scales. The results of the fitting proce-
dure including the MS contributions are shown in Fig. 5. The first
five curves from the top correspond to the Sr-N, Sr-C and Sr-CHj
two body-signals, and to the Sr-N-C and N-Sr-N three-body con-
tributions calculated from the MD distributions. The lower part of
the figure shows the total theoretical contribution compared with
the experimental data and the resulting residual. The agreement
between the experimental data and the theoretical signal is excel-
lent and the residual curve contains experimental noise only. From
Fig. 5 it is evident that the Sr-CHs and N-Sr-N signals are very
small, even if they are both above the noise level of the spec-
trum. However, the inclusion of these two additional signals in the
minimization procedure provides a significant improvement, as de-
duced from the statistical F test. It is important to stress that the
stronger MS contribution is associated with the Sr-N-C three-body
distribution while the N-Sr-N MS signal is very weak and is due
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to the peak centered at # = 138° (see Fig. 3).

Note that the residual curve of Fig. 4 contains a frequency com-
ponent which is similar to the Sr-N-C MS signal, even if the am-
plitudes of the oscillations are slightly different. This discrepancy
is mainly associated with a different extraction of the x(k) experi-
mental signal.

From the results of this analysis it is clear that the inclusion of
the MS signals is essential to properly reproduce the experimental
data. The three-body contributions are particularly important in the
k region < 4.5 A~!. This is the first direct experimental evidence
of the presence of triangular configurations involving the first and
second coordination shells in ionic solutions.

This study demonstrates that the combined use of MD simu-
lations and EXAFS experimental data allows the detection of the
local arrangement of the linear acetonitrile molecules around the
Sr** jon. The results of the present investigation provide a guide-
line for the correct structural analysis of the three-body correlation
functions present in ionic solutions.

The authors gratefully acknowledge H.-F. Nolting for his assis-
tance and useful discussions. We thank the European Union for
support of the work at EMBL Hamburg through the HCMP Ac-
cess to a Large Installation Project, Contract No. CHGECT930040.
Paola D’ Angelo was supported by an institutional EU fellowship,
Contract No. ERBCHBGCT930485. This work was sponsored by
the Italian Consiglio Nazionale delle Ricerche and by the Italian
Ministero per I’ Universita e per la Ricerca Scientifica e Tecnolog-
ica (Cofin. MURST97 CFSIB).

References

Aqist, J. (1990). J. Phys. Chem. 94, 8021-8024.

Benfatto, M., Natoli, C. R., Bianconi, A_, Garcia, J., Marcelli, A., Fanfoni,
M. & Davoli, 1. (1986). Phys. Rev. B 341, 5774-5779.

Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. F., Di Nola, A. &
Haak, J. R. (1984). J. Chem. Phys. 81, 3684-3690.

D’Angelo, P., Bottari, E., Festa, M. R.. Nolting, H.-F. & Pavel, N. V. (1997).
J. Chem. Phys. 107, 2807-2812.

D’Angelo, P, Di Nola, A., Filipponi, A., Pavel, N. V. & Roccatano, D.
(1994). J. Chem. Phys. 100, 985-994.

D’Angelo, P, Di Nola, A.. Mangoni, M. & Pavel, N. V. (1996a). J. Chem.
Phys. 104, 1779-1790.

D’Angelo, P., Nolting, H.-F. & Pavel, N. V. (1996b). Phys. Rev. A 53, 798-

805.
D’Angelo, P., Pavel, N. V., Roccatano, D. & Nolting, H.-F. (1996c). Phys.

Rev. B 54, 12129-12138.
Edwards, D. M. F., Madden, P. A. & McDonald, I. R. (1984). Mol. Phys.

51, 1141-1161.

Filipponi, A., D’ Angelo, P, Pavel, N. V. & Di Cicco, A. (1994). Chem.
Phys. Lent. 225, 150-155.

Filipponi, A., Di Cicco, A.. & Natoli, C. (1995). Phys. Rev. B 52, 15122~

15134.
Hedwing, G. R. & Parker, A.J. (1974). J. Am. Chem. Soc. 96, 6589—-6593.
Hermes, C., Gilberg, E. & Koch, M. H. (1984). Nucl. Instrum. Methods
Phys. Res. 222,207-214.
Pettifer, R. F. & Hermes, C. (1986). J. Phys. Collog. C8, 127-133.
Pettifer, R. F. & Hermes, C. (1985). J. Appl. Crystallogr. 18, 404—412.
Roccatano, D., Berendsen, H. J. C. & D’Angelo, P. (1998). J. Chem. Phys.

108, 9487-9497.
van der Spoel, D., van Drunen, R. & Berendsen, H. J. C. (1994). Gronin-

gen machine for Chemical Simulations. Groningen: Department of Bio-
physical Chemistry, BIOSON Research Institute.

(Received 10 August 1998; accepted 14 January 1999)



