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Anomalous x-ray diffraction studies of Sr 2¿ hydration in aqueous solution
S. Ramos,a) G. W. Neilson, and A. C. Barnes
H. H. Wills Physics Laboratory, University of Bristol, BS8 1TL, England

M. J. Capitánb)

European Synchrotron Radiation Facility (ESRF), Rue Jules Horowitz, Grenoble 38043, France

~Received 27 August 2002; accepted 3 January 2003!

Anomalous x-ray diffraction experiments were carried out at two energies below the K edge of
strontium on a 3.5 molal solution of strontium chloride in water. The first order difference method
was applied to the corrected and normalized data sets, and a difference function for the Sr21

coordination obtained. Fourier transformation of this function gave a modified total radial
distribution function for Sr21, which when analyzed showed that there are eight to nine nearest
neighbor water molecules sited at 2.67 Å from the Sr21 ion. A second coordination shell is also
apparent in the range 4.5<r (Å)<5.5 which can accommodate Cl2 counterions and a second shell
of water molecules. The results obtained for the distance between Sr21 and O are in excellent
agreement with those obtained from standard x-ray diffraction, extended x-ray absorption fine
structure, and neutron diffraction isotopic substitution. The hydration structure obtained for Sr21 is
compared with the structure of two other ions in the alkaline earth series (Mg21 and Ca21).
© 2003 American Institute of Physics.@DOI: 10.1063/1.1555633#
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INTRODUCTION

Alkaline earth salts are commonplace throughout
Earth’s surface, and play active roles in many natural p
cesses, some of which occur within an aqueous environm
The dominant ions in the alkaline earth series include Be21,
Mg21, Ca21, Sr21, and Ba21, all of which show character
istic hydration properties when dissolved in water. The str
tures of these ions in solution have been studied using
eral different techniques, including neutron diffraction wi
isotopic substitution~NDIS!,1–3 extended x-ray absorptio
fine structure~EXAFS!,4 total x-ray diffraction,5 and molecu-
lar dynamics~MD! simulation studies.6

In this paper we present anomalous x-ray diffracti
~AXD ! results on the hydration of Sr21 in a concentrated
solution of strontium chloride. This technique was first a
plied to the study of disordered materials in the 1980s7–9

However, due to technical limitations at that time~mainly
insufficient flux!, it was not yet ready to become a wide
used probe of condensed matter.10 As we have shown in ou
investigations of hydration structure in several other salt
lutions, the third generation of synchrotrons has enab
AXD to provide structural information at a level comparab
to NDIS work.11–13 The development of the AXD metho
has been of particular interest to our group because it ca
applied to several atomic species that cannot be investig
by NDIS due to the lack of suitable isotopes.

In this paper we compare results from AXD on the h
dration of the Sr21 ion with those obtained from previou
techniques referred to. We also discuss them in conjunc
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with results for Mg21 and Ca21 in order to discern any
trends in the hydration properties of the alkaline earth ser

ANOMALOUS X-RAY DIFFRACTION

The AXD method is now firmly established as an alte
native and complementary technique to NDIS.14 We have
shown that it has universal application to the determinat
of pairwise structure around atoms with atomic numberZ
.28 ~Ni!. The formalism for the AXD method has alread
been published,13,15 and in this paper we will only present
brief account of the relevant equations. The method expl
the fact that the x-ray atomic form factor,f a(q,E) changes
appreciably around the absorption edge of an atom and
lows the means to obtain a difference function,DSSr

X (q)
which is a weighted sum of all partial structure factors as
ciated with the atom. In contrast to neutron scattering all
weighting factors are dependent onenergy as well asq
through the total atomic form factor, which is defined as
complex function by

f ~q,E!5 f 0~q!1 f 8~E!1 i • f 9~E!, ~1!

where f 0(q) is the normal spherical atomic form factor~as-
sociated with the electron density in the atom! and f 8(E) and
f 9(E) are the dispersion corrections to the x-ray scatter
term.16 These two energy dependent contributions are kno
as ‘‘anomalous terms’’ and account for the effects related
resonant scattering by the atom. Their values change
matically when the frequency of the incident radiation is
an absorption edge. When two measurements are taken i
neighborhood of the absorption edge of a chosen ion, a
order difference can be obtained of that ion’s hydration str
ture. Specifically

d,
2 © 2003 American Institute of Physics

IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



th
ob
is

um
t

s
Th
e
a

ib

th
-
d
ri
io
p

ca
:

r
ei

t

th
ac
in
ffi
re

n

ow

s

the
self.
the

lue.
be
in
ent
nd
rect

runs
ken
ini-
h a
lso
m

t. It
y of

om
s
ver

he
d in
ext

ro-
unts
re-

-

t

ta

ata
c-

lu-

the
n
s,
u-

est
the
ll

-

5543J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Anomalous x-ray diffraction of aqueous Sr 21
DSSr
X ~q!5A~q,E,E8!•~SSrSr~q!21!1B~q,E,E8!

•~SSrX~q!21!1C~q,E,E8!•~SSrO~q!21!

1D~q,E,E8!•~SSrH~q!21!, ~2!

where

A5cSr
2 Re@ f Sr~q,E!• f Sr* ~q,E!2 f Sr~q,E8!• f Sr* ~q,E8!#,

B52cXcSrRe@ f Sr~q,E!• f X* ~q,E!2 f Sr~q,E8!• f X* ~q,E8!#,

C52cOcSrRe@ f Sr~q,E!• f O* ~q,E!2 f Sr~q,E8!• f O* ~q,E8!#,

D52cHcSrRe@ f Sr~q,E!• f H* ~q,E!2 f Sr~q,E8!• f H* ~q,E8!#.

The Fourier transform of Eq.~2!, gives the x-ray modified
distribution function, GSr

X (r ), which shows the structure
around the selected ion due to all the atomic species in
solution, and from which coordination numbers can be
tained. Details on the derivation of this function are d
cussed in the work by Ramos.15

EXPERIMENTAL METHOD

Sample preparation

A concentrated 3.5 molal aqueous solution of stronti
chloride was prepared by standard methods that involved
dissolution of a known amount of.99.9% purity salt in a
known amount of doubly distilled water. It was then tran
ported to the ESRF in hermetically sealed plastic bottles.
choice of Cl2 (Z517) as the counter ion was made in ord
to ensure that, although the hydration structure was domin
in the total scattering pattern measured, it was still poss
to identify any correlations between the Sr21 ion and the
anion that may occur.

The container used in the experiment was designed
provide a controlled environment for the sample under
high flux x-ray beam (1012 photons/s). The custom built as
sembly allowed the liquid to be peristaltically pumpe
through a quartz capillary tube during the diffraction expe
ments. In this way, the possible perturbation of the hydrat
structure of the sample due to the local heating at the s
under the beam was avoided. The ideal diameter of the
illary tube was determined by the absorption of the sample
is necessary to optimize the ratio between the numbe
photons being absorbed and the number of photons b
scattered when measured in transmission. In this case
capillary used had a 1 mminternal diameter and 1.02 mm
external diameter. Quartz was the material of choice for
capillaries in AXD experiments because of its good char
teristics regarding absorption: small capillaries with th
walls are readily available, it has a low absorption coe
cient, and the chemical structure is well known. It is the
fore straightforward to compute absorption corrections.

Data acquisition

Diffraction experiments were carried out at ambient co
ditions on the ID01 instrument at the ESRF~Grenoble,
France!. Data were gathered at two different energies bel
the K absorption edge for strontium~tabulated value for K
edge: 16.105 keV!. The energies of the incident photon
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were tuned to 5 and 200 eV below the absorption edge of
sample, whose value was determined on the sample it
There are two main reasons for measuring the value of
edge experimentally instead of using the tabulated va
First, the energy calibration of the instrument may not
accurate to65 eV. Second, the absorption edge of the ion
an aqueous solution environment is bound to be differ
from the calculated value for the neutral atom. Backgrou
and empty container were also measured in order to cor
the data for attenuation.

Each of the four measurements consisted of several
of 6 to 8 hours, which ensured that useful data were ta
even if the instrument was not stable for more than the m
mum 6 hours of counting time needed to gather data wit
reasonable signal to noise ratio. This counting method a
provided a check for the stability of the intensity of the bea
on the sample over long counting times at this instrumen
was observed that the deviation from the average intensit
the individual scans was below 3.5%.

The q-range accessible for the experiment ranged fr
0.1 to 13.2 Å21, measured in 0.05 Å21 steps. Measurement
of the empty container and background were also taken o
the same range.

Data analysis

The ID01 instrument was configured to count at t
same angle until a certain number of counts was reache
the monitor and then the detector was moved onto the n
point. By doing this, we ensured that the normalization p
cedure was unnecessary so long as the number of co
expected in the monitor and the position of the beam
mained constant~which was true within the 3.5% maximum
deviation mentioned above!. The data were corrected for ab
sorption by the sample and container.15 They were also cor-
rected for inelastic scattering~mainly resonant Raman tha
could not be resolved by the analyzer crystal! and standard-
ized to electron units by fitting the highq data.6 Å21 to the
sum of self-scattering terms.15

Calculation of coordination numbers

The calculation of coordination numbers from x-ray da
always involves approximations due to theq dependence of
the weighting factors~Fig. 1! in the difference function
DSSr

X (q). The effect of this dependence on the real space d
is to broaden the contributions of the pair distribution fun
tions to theGSr

X (r ) and, consequently, diminishes the reso
tion of the measured structure.

TheGSr
X (r ) calculated from the data presented here is

sum of the convolution of the four weighting factors show
in Fig. 1 and the corresponding pair distribution function
gab(r )21. The aim of the approximation used in the calc
lation of coordination numbers is to minimize theq depen-
dence of the weighting factors for the component of inter
before the Fourier transform is calculated. To obtain
number of H2O molecules in the first hydration she
DSSr

X (q) was divided by the sum ofC(q,E,E8) and
D(q,E,E8) in Eq. ~3!. This results in an almost flat weight
ing factor for thegSrO(r ) andgSrH(r ) contributions. Its Fou-
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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rier transform was calculated to obtain a modifiedGSr
X (r ),

suitable to calculate water coordination numbers by integ
ing the area below the corresponding peak. The results
tained are presented in the following section.

RESULTS

Inspection ofDSSr
X (q) ~Fig. 2!, shows that the Sr21 ion

possesses a high degree of structure. There is a large
peak inDSSr

X (q) at 2.80 Å21 and two prepeaks at 0.90 Å21

and 1.55 Å21, the existence of which is often taken as
indication of intermediate range order of the ion species
the system. Similar features to those prepeaks inq-space data
have been seen in other materials, most notably in 2:1
3:1 molten salts, and are taken as evidence of intermed
range order~i.e., structure beyond the first hydration shell!.17

However, proper interpretation of structure can only be m
in terms of the individual correlationsSab(q) which will
contribute to these features.

The functionGSr
X (r ) ~Fig. 3! represents a weighted su

of all four-structure functions of the Sr21 cation @Eq. ~2!#.

FIG. 1. Calculated weighting factors forDSSr
X (q) for the contributions

Sr21 – O, Sr21 – Cl2, Sr21 – H, Sr21 – Sr21 @Eq. ~2!# in a solution of 3.5
molal strontium chloride in water.

FIG. 2. Corrected and normalized differenceDSSr
X (q) in 3.5 molal SrCl2

aqueous solution, derived from an anomalous x-ray diffraction experim
The dashed line represents the experimental data. The full line corresp
to the back Fourier transformation of the fittedGSr

X (r ) shown in Fig. 3. The
comparison between the two lines gives an estimate of the accuracy o
experimental data.
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The calculated multiplication factors for each one of t
structure functions are shown in Fig. 1. By checking th
relative values, it is clear that the main peaks inGSr

X (r ) cor-
respond to the Sr21 hydration, or more specifically, to th
Sr21 – O correlation.

It is also worth noting that theq-space results in Fig. 2
underline the reliability of the experimental data. The ba
~Fourier! transformation of the fittedGSr

X (r ) shown in Fig. 3
as a full line shows a remarkably good fit to the direc
obtainedDSSr

X (q), any difference being due to small inacc
racies in multiple and inelastic scattering corrections wh
contribute little to the structural aspects of the data.

In the real space data,GSr
X (r ) ~Fig. 3! there are two clear

features that can be taken as the first and second hydra
regions of the Sr21 ion. The first shell is centered at 2.67
and is clearly asymmetric, being wider on the side furth
away from the ion. The second shell ranges between appr
mately 4.5 and 5.5 Å and is also well defined. The minimu
at 3.92 Å between those two shells is not deep which,
gether with the asymmetry of the first peak, indicates that
presence of Cl2 ions in the intermediate region between t
two shells cannot be ruled out.

The calculation of the number of water molecules in t
first hydration shell was carried out in two different ways
order to check the effect of possible Cl2 contributions re-
lated to the asymmetry of the first shell. First, integration
obtain the coordination number was carried out between 2
and 3.92 Å, i.e., between the two minima that define
peak. In this case, we assumed that this region correspo
to water molecules andnSr

H2O was calculated to be 9~60.4!
water molecules. The second calculation was carried out
suming that the position of the main peak corresponded
the position of the oxygen atom in the molecule. Then
Gaussian curve was fitted to the peak to isolate the contr
tion of oxygen. The area delimited by this Gaussian was t
integrated to give a value fornSr

O of approximately 8~60.4!
~i.e., eight water molecules! in the first shell. It is not pos-
sible to conclude which one of these methods is more ac
rate for this particular system. In addition to the uncertaint
arising from theq-dependent atomic form factor contribu
tions to the measured diffraction patterns, there could also

t.
ds

he

FIG. 3. Total pair distribution functionGSr
X (r ) for Sr21 3.5 molal SrCl2

aqueous solution obtained by AXD. The full line represents the best fit
function to the experimental data when a cutoff is applied in the reg
between 0 and 1.96 Å. The dashed curve corresponds to the Fournier t
formation of the dashed line in Fig. 2.
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some ion pairing in the system. To resolve this difficulty
would be necessary to carry out a second difference exp
ment along the lines of that used in NDIS.

DISCUSSION

Table I lists results for the hydration structure of Sr21 in
a number of solutions derived from EXAFS,4,18,19 MD
simulation,6,20 x-ray diffraction,5 and NDIS.3 In general,
there is good agreement for the interatomic distances
tween the Sr21 ion and the oxygen of the water molecule
although the EXAFS results of Sewardet al.19 show a
slightly lower value for this correlation. By contrast valu
for the Sr21 hydration number range from about 7 to 10.

Values for the hydration number in different enviro
ments ~Table I! are seen to range from 7.3 in an EXAF
study of a 0.2 molar solution of Sr(NO3)2 to 10.3 in an
EXAFS study of a 3 molal SrCl2 solution.4 Interestingly the
AXD results are intermediate between these values.
value obtained by AXD on a 3.5 molal SrCl2 system when
the first shell is assumed to be composed purely by wate
9. However, a coordination of 8 is obtained by AXD on a 3
molal SrCl2 system when cation–anion pairs in the first sh
are considered possible. Obviously at higher concentrat
~.3 molal! and in the presence of strongly coordinating a
ions such as Cl2, often in excess quantities, the hydratio
number of Sr21 may drop with respect to the value obtain
in more dilute systems~as it is shown by the results in th
work by Sewardet al.4! due to the formation of ion pairs
Significant ion pairing has been observed by EXAFS on s
tems containing 1 molal SrCl2 and 3 molal HCl, where in the
first hydration shell they found 3.1 water molecules at 2.56

TABLE I. Hydration structure of Sr21 in aqueous electrolyte solutions.

First shell Second shel

Electrolyte
~Method!

Conc. r~Å! CN R~Å!

SrCl2 3.5 molal 2.67 9.09~60.4! (H2O) 4.96
~AXD !a ;8 ~60.5! ~0!

Sr(ClO4)2

(NDIS3)
3 molal ;2.65 15 (D2O)

SrCl2
(EXAFS4)b

3 molal 2.643~2! 10.3

SrCl2 0.10 molal 2.57 7.8
SrCl2 /HCl 0.10/3.00 m 2.56 8.1
SrCl2 /HCl 1.00/3.00 m 2.56 3.1 (H2O)
~EXAFS!c 2.0 (Cl2)
Sr(NO3)2

~EXAFS!d
0.2 M 2.62 7.3

SrCl2
~XD!e

2.00 M 2.64 8 4.75

SrCl2 0.68 m 2.64~O! 9.7–7.3 4.9
~MD!f ;3.32 ~H!
SrCl2
~MD!g

1.1 molal 2.63 9.8 ;5.0

aReference 3 and 21.
bReference 4.
cReference 19.
dReference 18.
eReference 5.
fReferences 20.
gReference 6.
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and 2.0 Cl2 at 2.86 Å.19 The MD results in Table I also show
that ion pairs contribute about 21% to the first peak at mu
lower concentrations.20 Taking this possibility into account, a
value of 8 water molecules in the first shell obtained by AX
is also reasonable, as the presence of ion pairs canno
either confirmed or ruled out by this technique.

The prominent second coordination shell centered
around 5 Å, is probably composed of both water molecu
and chloride ions. On the basis of stoichiometry this pe
can accommodate approximately 8 Cl2 ions and 14 water
molecules.

It is of additional value to compare the structure o
tained for the Sr21 ion with the structures of two other ion
(Mg21,Ca21) in the alkaline earth series~Table II!. There is
a clear ion size effect in the position of the first shell. T
center of the ion–oxygen contribution is consistently ab
0.4 Å larger than the ionic radius for the three ions cons
ered. The number of water molecules on the first sh
changes appreciably in the series. A value of 6 is obtai
from x-ray diffraction and isomorphic substitution fo
Mg21,22,23 while for Ca21, a range of values has been o
tained by different techniques.24–26 Combined x-ray diffrac-
tion and EXAFS measurements give a value of 8 water m
ecules in the first shell, which agrees with the value obtain
for Sr21. It is also worth noting that this study also show
the presence of a second shell. Early NDIS studies indica
concentration dependence of the number of water molec
in the first hydration shell, with the value ranging fro
6.4~3! at 4.5 molal to around 10.0~6! at 1 molal.4 The latest
NDIS study on CaCl2 by Badyalet al.26 shows that the co-
ordination number for Ca21 at a concentration comparable
that of the SrCl2 system studied~4 molal CaCl2 and 3.5
molal SrCl2) gives a value of approximately 7 water mo
ecules. When the results are considered together it app
that the coordination number for the ions scales with
size. This indicates that the ions in this series have a diffe
behavior to those in the alkali and halide series, where
appreciable dependence of this sort has yet been observ11

TABLE II. Comparison of AXD and NDIS structural results for sever
cations.

r ionic

~Å!a
r IO

~Å!b
CN

(H2O)c
Second shell

~Å! Tech.

Mg21 0.57 2.07 6 XDd

Ca21 0.99 2.46 8 4.58 EXAFS
1XDe

Ca21 0.99 2.40 5.5 NDISf

Ca21 0.99 2.41 6.4 NDISg

Ca21 0.99 2.41 7 NDISh

Sr21 1.18 2.67 9-8 4.96 RXD

aPauling ionic radius.
bNearest neighbor distance between cation and oxygen atom of water
ecule.

cHydration number.
dReference 18.
eReference 20.
fReference 21.
gReference 10.
hReference 22.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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CONCLUSIONS

The results presented above demonstrate clearly the
tential of the AXD method in the quantitative determinati
of hydration structure of heavy cations (Z.28) in solution,
without recourse to sophisticated modeling of the struct
of the system. As in the case of NDIS, the results from AX
are directly related, through a Fourier transformation, to
experimental information.

The hydration structure of Sr21 in a 3.5 molal SrCl2
solution shows two clear shells, the first one centered at 2
Å and the second one at 4.96 Å. The first shell conta
mainly water molecules hydrating the ion. However, ion p
formation is possible in this system. If it is assumed th
cation–anion contacts exist within the first shell, a coordi
tion number of 8 is calculated.

If on the other hand, there are no such contacts the n
ber of water molecules in the shell is 9, a value that is
better agreement with the EXAFS results obtained
D’Angelo et al.4 The results also show clear evidence o
second shell which extends to 7 Å and which on simple
stoichiometric grounds must be composed of Cl2 ions and
water molecules. However, at the resolution of the data
not possible to calculate coordination numbers. On the o
hand, by carrying out a further experiment AXD at a diffe
ent energy it may be possible to resolve this structure
calculate the number of Cl2 ions in the second shell.
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