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Anomalous x-ray diffraction studies of Sr 2% hydration in aqueous solution
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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 fofthe Sr
coordination obtained. Fourier transformation of this function gave a modified total radial
distribution function for St*, which when analyzed showed that there are eight to nine nearest
neighbor water molecules sited at 2.67 A from thé'Sion. A second coordination shell is also
apparent in the range 45 (A) <5.5 which can accommodate Ctounterions and a second shell

of water molecules. The results obtained for the distance betweéena®id 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 foisSr
compared with the structure of two other ions in the alkaline earth serie$’(Mgd C&").

© 2003 American Institute of Physic§DOI: 10.1063/1.1555633

INTRODUCTION with results for Mg" and C&" in order to discern any

) trends in the hydration properties of the alkaline earth series.
Alkaline earth salts are commonplace throughout the

Earth's surface, and play active roles in many natural pro-

cesses, some of which occur within an agueous environment.
The dominant ions in the alkaline earth series includé'Be ANOMALOUS X-RAY DIFFRACTION
Mg?*, c&*t, SP', and B&", all of which show character-

s i ) ) _ The AXD method is now firmly established as an alter-
istic hydration properties when dissolved in water. The struct,4tive and complementary technique to NBfSwe have

tures of these ions in solution have been studied using e\ gy, that it has universal application to the determination

eral different techniques, including neutron diffraction with ¢ pairwise structure around atoms with atomic numier,

isotopic substitution(NDIS),*~* extended x-ray absorption - g (Nji). The formalism for the AXD method has already

fine structurd EXAFS),* total x-ray diffraction® and molecu- been published®5 and in this paper we will only present a

lar dynamics(MD) simulation studie$. _ ~ brief account of the relevant equations. The method exploits
In this paper we present anomalous x-ray diffractionihe fact that the x-ray atomic form factd,(q,E) changes

(AXD) results on the hydration of 3 in a concentrated appreciably around the absorption edge of an atom and al-

solution of strontium chloride. This technique was first ap-jows the means to obtain a difference functicmsér(q)

plied to the study of disordered materials in the 1980s. \yhich is a weighted sum of all partial structure factors asso-

However, due to technical limitations at that tiM®@ainly  cjated with the atom. In contrast to neutron scattering all the

insufficient fluy, it was not yet ready to become a widely yeighting factors are dependent @mergy as well asq

used probe of condensed mafféAs we have shown in our  through the total atomic form factor, which is defined as a

investigations of hydration structure in several other salt sopomplex function by

lutions, the third generation of synchrotrons has enabled

AXD to provide structural information at a level comparable f(q,E)="1o(q)+f'(E)+i-f"(E), (1)

to NDIS work!!~13 The development of the AXD method _ _ _

has been of particular interest to our group because it can Bi¥herefo(q) is the normal spherical atomic form fact@s-

applied to several atomic species that cannot be investigatéfpciated with the electron density in the ajoandf’(E) and
by NDIS due to the lack of suitable isotopes. f"(E) are the dispersion corrections to the x-ray scattering

In this paper we compare results from AXD on the hy- term® These two energy dependent contributions are known
dration of the St* ion with those obtained from previous 2S “anomalous terms” and account for the effects related to
techniques referred to. We also discuss them in conjunctioféSonant scattering by the atom. Their values change dra-
matically when the frequency of the incident radiation is at
) o . an absorption edge. When two measurements are taken in the

Jplzfesfﬂofgv‘:iréss?;gﬁzgog‘;’::ogg”ﬁ;‘;tgz” Radiation FadiBRB, Rue  naighphorhood of the absorption edge of a chosen ion, a first
PPresent address: Instituto de Estructura de la Materia, CSIC, Madrio‘?rder difference can be obtained of that ion’s hydration struc-

Spain. ture. Specifically
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AS$(q)=A(q,E,E")-(Sgrs(q)—1)+B(q,E,E") were tuned to 5 and 200 eV below the absorption edge of the
, sample, whose value was determined on the sample itself.
“(Ssix(9) —1)+C(q,E,E") - (Ssid ) — 1) There are two main reasons for measuring the value of the
/ dge experimentally instead of using the tabulated value.
+D(q,E,E')-(S -1), 2 NS .

(q )-(Ss@)—1) @ First, the energy calibration of the instrument may not be
where accurate ta+5 eV. Second, the absorption edge of the ion in
A=c2 R fe(Q.E) F5(q.E)—felq.E)- FE(q,EN], an aqueous solution environment is bound to be different

sReTsla.E)-15(0.B)~1s(a.E") 15(a.E7)] from the calculated value for the neutral atom. Background
B=2cyxCs Re fs(q,E) - f%(q,E)—fs(q,E")-f%(q,E")], and empty container were also measured in order to correct
. . ) the data for attenuation.
C=2cocsRe fs(a,E)-fo(q,E) —fsdq,E") - fo(q,E")], Each of the four measurements consisted of several runs
D=2c,Cq R F(q,E)- F5(q,E)— fo(a,E") - £5(q,E")]. of 6 to 8 hours, which ensured that useful data were taken

even if the instrument was not stable for more than the mini-
The Fourier transform of Eq2), gives the x-ray modified mum 6 hours of counting time needed to gather data with a
distribution function, G§(r), which shows the structure reasonable signal to noise ratio. This counting method also
around the selected ion due to all the atomic species in thgrovided a check for the stability of the intensity of the beam
solution, and from which coordination numbers can be obon the sample over long counting times at this instrument. It

tained. Details on the derivation of this function are dis-was observed that the deviation from the average intensity of

cussed in the work by Ramads. the individual scans was below 3.5%.
The g-range accessible for the experiment ranged from
EXPERIMENTAL METHOD 0.1 to 13.2 A1, measured in 0.05 & steps. Measurements

of the empty container and background were also taken over

the same range.
A concentrated 3.5 molal aqueous solution of strontium

chloride was prepared by standard methods that involved thﬁata analysis

dissolution of a known amount 0£99.9% purity salt in a

known amount of doubly distilled water. It was then trans- ~ The IDO1 instrument was configured to count at the

ported to the ESRF in hermetically sealed plastic bottles. Théame angle until a certain number of counts was reached in

choice of CI' (Z=17) as the counter ion was made in orderthe monitor and then the detector was moved onto the next

to ensure that, although the hydration structure was dominaroint. By doing this, we ensured that the normalization pro-

in the total scattering pattern measured, it was still possibl€edure was unnecessary so long as the number of counts

to identify any correlations between the?Srion and the expected in the monitor and the position of the beam re-

anion that may occur. mained constanfwhich was true within the 3.5% maximum
The container used in the experiment was designed tgéviation mentioned aboyeThe data were corrected for ab-

provide a controlled environment for the sample under thésorption by the sample and contaifigiThey were also cor-

high flux x-ray beam (1% photons/s). The custom built as- rected for inelastic scatteringnainly resonant Raman that

sembly allowed the liquid to be peristaltically pumped could not be resolved by the analyzer crystatd standard-

through a quartz capillary tube during the diffraction experi-ized to electron units by fitting the highdata>6 A™* to the

ments. In this way, the possible perturbation of the hydratiorsum of self-scattering ternts.

structure of the sample due to the local heating at the spot

under the beam was avoided. The ideal diameter of the caf@alculation of coordination numbers

illary tube was determined by the absorption of the sample: it . I
. o . The calculation of coordination numbers from x-ray data
is necessary to optimize the ratio between the number of . S

always involves approximations due to thelependence of

photons being absorbed and the number of photons bei S . . . :
scattered when measured in transmission. In this case t%%e weighting factors(Fig. 1) in the difference function

capillary used hd a 1 mminternal diameter and 1.02 mm A'S{(q). The effect of this dependence on the real space data

external diameter. Quartz was the material of choice for th S to broaden the contributions of the pair distribution func-

capillaries in AXD experiments because of its good charac!ions to theGs,(r) and, consequently, diminishes the resolu-

g ; : P . . tion of the measured structure.
teristics regarding absorption: small capillaries with thin X .
walls are readily available, it has a low absorption coeffi- TheGs(r) calculated from the data presented here is the

cient, and the chemical structure is well known. It is there-.sum of the convolution of the four weighting factors shown

fore straightforward to compute absorption corrections. in Fig. 1 and the corresponding pair distribution functions,
g.p(r)—1. The aim of the approximation used in the calcu-

lation of coordination numbers is to minimize thedepen-

dence of the weighting factors for the component of interest
Diffraction experiments were carried out at ambient con-before the Fourier transform is calculated. To obtain the

ditions on the IDO1 instrument at the ESRBrenoble, number of HO molecules in the first hydration shell

France. Data were gathered at two different energies belowASé,(q) was divided by the sum ofC(q,E,E’) and

the K absorption edge for strontiuftabulated value for K D(q,E,E’) in Eq. (3). This results in an almost flat weight-

edge: 16.105 kel The energies of the incident photons ing factor for thegg,o(r) andgs.(r) contributions. Its Fou-

Sample preparation

Data acquisition
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FIG. 1. Calculated weighting factors fakS%(q) for the contributions
SPT-0, SF*—CI", SP*—H, SP*—SFP* [Eq. (2)] in a solution of 3.5
molal strontium chloride in water.

rier transform was calculated to obtain a modifiég(r),

suitable to calculate water coordination numbers by integra
ing the area below the corresponding peak. The results oq

tained are presented in the following section.

RESULTS
Inspection ofAS’S(r(q) (Fig. 2, shows that the 3t ion

t-

Ramos et al.

r&)

FIG. 3. Total pair distribution functiorGér(r) for SP* 3.5 molal SrC)
aqueous solution obtained by AXD. The full line represents the best fitting
function to the experimental data when a cutoff is applied in the region
between 0 and 1.96 A. The dashed curve corresponds to the Fournier trans-
formation of the dashed line in Fig. 2.

The calculated multiplication factors for each one of the
structure functions are shown in Fig. 1. By checking their
relative values, it is clear that the main peaksG'ﬁ(r) cor-
espond to the $f hydration, or more specifically, to the
SrP*—0 correlation.

It is also worth noting that the-space results in Fig. 2
underline the reliability of the experimental data. The back
(Fouriep transformation of the fitted;’s(g(r) shown in Fig. 3

possesses a high degree of structure. There is a large maas a full line shows a remarkably good fit to the directly

peak inASE(q) at 2.80 A* and two prepeaks at 0.90°A

obtainedASér(q), any difference being due to small inaccu-

and 1.55 A, the existence of which is often taken as anracies in multiple and inelastic scattering corrections which
indication of intermediate range order of the ion species ircontribute little to the structural aspects of the data.

the system. Similar features to those prepeaksspace data

In the real space datéiér(r) (Fig. 3 there are two clear

have been seen in other materials, most notably in 2:1 anféatures that can be taken as the first and second hydration
3:1 molten salts, and are taken as evidence of intermediategions of the S ion. The first shell is centered at 2.67 A

range ordefi.e., structure beyond the first hydration shéfl

and is clearly asymmetric, being wider on the side further

However, proper interpretation of structure can only be madeaway from the ion. The second shell ranges between approxi-

in terms of the individual correlation§,;(q) which will
contribute to these features.

The functionG’S(H(r) (Fig. 3 represents a weighted sum

of all four-structure functions of the &t cation[Eq. (2)].

QA"

FIG. 2. Corrected and normalized differena&s(q) in 3.5 molal SrC}

mately 4.5 and 5.5 A and is also well defined. The minimum

at 3.92 A between those two shells is not deep which, to-
gether with the asymmetry of the first peak, indicates that the
presence of Cl ions in the intermediate region between the

two shells cannot be ruled out.

The calculation of the number of water molecules in the
first hydration shell was carried out in two different ways in
order to check the effect of possible Ctontributions re-
lated to the asymmetry of the first shell. First, integration to
obtain the coordination number was carried out between 2.21
and 3.92 A, i.e., between the two minima that define the
peak. In this case, we assumed that this region corresponded
to water molecules andgfo was calculated to be @+-0.4)
water molecules. The second calculation was carried out as-
suming that the position of the main peak corresponded to
the position of the oxygen atom in the molecule. Then a
Gaussian curve was fitted to the peak to isolate the contribu-
tion of oxygen. The area delimited by this Gaussian was then
integrated to give a value f0'rgr of approximately §+0.4)

(i.e., eight water molecul¢sn the first shell. It is not pos-

aqueous solution, derived from an anomalous x-ray diffraction experimentgjple to conclude which one of these methods is more accu-

The dashed line represents the experimental data. The full line correspon
to the back Fourier transformation of the fitt€g(r) shown in Fig. 3. The
comparison between the two lines gives an estimate of the accuracy of t

experimental data.

fate for this particular system. In addition to the uncertainties

marising from theg-dependent atomic form factor contribu-

tions to the measured diffraction patterns, there could also be
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TABLE |. Hydration structure of $f" in aqueous electrolyte solutions. TABLE II. Comparison of AXD and NDIS structural results for several
cations.
First shell Second shell
f ioni r CN Second shell
Electrolyte  Conc. r(R) CN R(A) (f\';'g (A'())b (H,0)° A) Tech.
(Method 2
SrCl, 3.5 molal 2.67 9.09+0.4) (H,0) 4.96 Mg?* 0.57 2.07 6 X
(AXD)? ~8 (+0.5) (0) ca* 0.99 2.46 8 4.58 EXAFS
Sr(ClQ,), 3 molal ~2.65 15 (BO) +XD¢®
(NDIS®) ca’ 0.99 2.40 55 NDIS
SrCh, 3 molal 2.6482) 10.3 cat 0.99 241 6.4 NDIS
(EXAFSHP cat 0.99 2.41 7 NDI8
SrChL 0.10 molal 2.57 7.8 SsPt 1.18 2.67 9-8 4.96 RXD
SrCL/HCI  0.10/3.00 m 2.56 8.1
SrChL/HCI 1.00/3.00m  2.56 3.1 (J0) “#Pauling ionic radius.
(EXAFS) 2.0 (CI) bNealrest neighbor distance between cation and oxygen atom of water mol-
ecule.
(SEr)(&%S))% 0-2M 262 '3 Hydration number.
d
Ste 2.00 M 2.64 8 4.75 egg::gggg >
(XD)® . .
SrCh, 068m  2.640) 9.7-7.3 49 Reference 21.

9Reference 10.

(MD)! ~3.32(H) h
Srch, 1.1 molal 2.63 9.8 ~5.0 Reference 22.
(MD)?

®Reference 3 and 21.
PReference 4.

cReference 19. and 2.0 CT at 2.86 A’ The MD results in Table | also show
dReference 18. that ion pairs contribute about 21% to the first peak at much
‘Reference 5. lower concentration& Taking this possibility into account, a

'References 20.

9Reference 6. value of 8 water molecules in the first shell obtained by AXD

is also reasonable, as the presence of ion pairs cannot be
either confirmed or ruled out by this technique.
some ion pairing in the system. To resolve this difficulty it ~ The prominent second coordination shell centered at
would be necessary to carry out a second difference experground 5 A, is probably composed of both water molecules

ment along the lines of that used in NDIS. and chloride ions. On the basis of stoichiometry this peak
can accommodate approximately 8 Gbns and 14 water
DISCUSSION molecules.

It is of additional value to compare the structure ob-

Table | lists results for the hydration structure of Sin tained for the St" ion with the structures of two other ions
a number of solutions derived from EXAFS81° MD  (Mg?",C&™) in the alkaline earth serig3able Il). There is
simulation®?° x-ray diffraction® and NDIS® In general, a clear ion size effect in the position of the first shell. The
there is good agreement for the interatomic distances besenter of the ion—oxygen contribution is consistently about
tween the St" ion and the oxygen of the water molecules, 0.4 A larger than the ionic radius for the three ions consid-
although the EXAFS results of Sewarmt all® show a ered. The number of water molecules on the first shell
slightly lower value for this correlation. By contrast values changes appreciably in the series. A value of 6 is obtained
for the SF* hydration number range from about 7 to 10.  from x-ray diffraction and isomorphic substitution for

Values for the hydration number in different environ- Mg?*,?%2 while for CZ", a range of values has been ob-
ments (Table ) are seen to range from 7.3 in an EXAFS tained by different techniqué8-2° Combined x-ray diffrac-
study of a 0.2 molar solution of Sr(Ng, to 10.3 in an tion and EXAFS measurements give a value of 8 water mol-
EXAFS study & a 3 molal SrC} solution? Interestingly the  ecules in the first shell, which agrees with the value obtained
AXD results are intermediate between these values. Théor SP*. It is also worth noting that this study also shows
value obtained by AXD on a 3.5 molal SeCéystem when the presence of a second shell. Early NDIS studies indicate a
the first shell is assumed to be composed purely by water isoncentration dependence of the number of water molecules
9. However, a coordination of 8 is obtained by AXD on a 3.5in the first hydration shell, with the value ranging from
molal SrC}, system when cation—anion pairs in the first shell6.4(3) at 4.5 molal to around 10(6) at 1 molal* The latest
are considered possible. Obviously at higher concentrationsDIS study on CaGl by Badyalet al?® shows that the co-
(>3 mola) and in the presence of strongly coordinating an-ordination number for Gd at a concentration comparable to
ions such as Cl, often in excess quantities, the hydration that of the SrCGl system studied4 molal CaC} and 3.5
number of St© may drop with respect to the value obtained molal SrCh) gives a value of approximately 7 water mol-
in more dilute systemgas it is shown by the results in the ecules. When the results are considered together it appears
work by Sewardet al?) due to the formation of ion pairs. that the coordination number for the ions scales with ion
Significant ion pairing has been observed by EXAFS on syssize. This indicates that the ions in this series have a different
tems containing 1 molal Sr&hnd 3 molal HCI, where in the behavior to those in the alkali and halide series, where no
first hydration shell they found 3.1 water molecules at 2.56 Aappreciable dependence of this sort has yet been obskrved.
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CONCLUSIONS "P. H. Fuoss, P. Eisenberger, W. K. Warburton, and A. Bienenstock, Phys.

h I d above d learly the po,RE" Lett:46. 1537(1982.
The results presented above demonstrate clearly the pas, ucic, Ir. W, K. Warburton, L. Wilson, and A. 1. Bienenstock, J.

tential of the AXD method in the quantitative determination chem. Phys87, 604(1987.

of hydration structure of heavy cationg % 28) in solution,  °Y. WasedaNovel Application of Anomalous (resonance) X-ray Scattering
without recourse to sophisticated modeling of the structure for Structural Characterization of Disordered Materialedited by J.

of the system. As in the case of NDIS, the results from AXD Ehlers, K. Hepp, R. Kippenhahn, H. A. Weindenmueller and J. Zittartz

: : : (Springer-Verlag, Berlin, 1984
are dl.reCtly re.lated' th.rOUQh a Fourier transformation, to thqu. Bienenstock Proceedings of the ILL/ESRF Workshop on Methods in
experimental information.

. . the Determination of Partial Structure Factors of Disordered Matter by
The hydration structure of 3 in a 3.5 molal SrGl Neutron and Anomalous X-ray Diffractioredited by J. B. Suck, P.

solution shows two clear shells, the first one centered at 2.67 Chieux, D. Raoux, and C. RiekéWorld Scientific, Singapore, 1993p.

A and the second one at 4.96 A. The first shell contains 123.

mainly water molecules hydrating the ion. However, ion pairlls' Ramos, A. C. Barnes, G. W. Neilson, and M. J. Capitan, Chem. Phys.
formation is possible in this system. If it is assumed thatlz258 171(2000.

fi . tact ist within the first shell di S. Ramos, A. C. Barnes, G. W. Neilson, D. Thiaudiere, and S. Lequien, J.
cation—anion contacts exist within the Tirst shell, a coordina- Phys.: Condens. Matter, A203 (1999.

tion number of 8 is calculated. 133, Ramos, G. W. Neilson, A. C. Barnes, and A. Mazuelas, J. Phys. Chem.
If on the other hand, there are no such contacts the num-B 105, 2694 (2001).

ber of water molecules in the shell is 9, a value that is in**N. Hewish, G. W. Neilson, and J. E. Enderby, Nat(irendon) 297, 138

better agreement with the EXAFS results obtained by (1982. S ,

D’Angelo et al* The results also show clear evidence of a,,> R2Mos: Ph.D. thesis, University of Bristol, 2001.

. . . R. W. JamesThe Optical Principles for Diffraction of X-ray¢Bell &
second shell which extends &7 A and which on simple Sons, New York, 1948

stoichiometric grounds must be composed of @ns and 173 ¢ wasse and P. S. Salmon, J. Phys.: Condens. M41t693(1999.
water molecules. However, at the resolution of the data it i$8D. M. Pfund, J. G. Darab, J. L. Fulton, and Y. Ma, J. Phys. Chea.
not possible to calculate coordination numbers. On the other 13102(1994.

hand, by carrying out a further experiment AXD at a differ- *°T- M. Seward, C. M. B. Henderson, J. M. Charnock, and T. Driesner,
ent energy it may be possible to resolve this structure ang,e°chim- Cosmochim. Acté3, 2409(1999.

. . T. Dreisner and P. T. Cummings, J. Chem. PHyd, 5141(1999.
calculate the number of Clions in the second shell. 2lIn the original NDIS papefRef. 3, the calculation of the coordination

number in the first shell was made with no assumptions regarding its exact
ACKNOWLEDGMENTS content and included the possibility of the presence of perchlorate ions. In

. the light of the results of the present experiments and those of computer
The authors wish to thank the personnel at the ESRF for simulation, the original value of 15 is clearly an overestimate; a recalcu-

their assistance during the performance of the experimentiation of the hydration number for 3t gives a value of 9.80.3, assum-

and Dr. P. E. Mason for useful discussions. One of the au- ing that there are no oxygen atoms of the perchlorate ions present in the

thors(S.R) thanks the organizers of the TMR Program of the Sr* first hydration shell. Since that time further NDIS experiments on

EU for the award of a grant to pursue her Ph.D. strontium nitrate have been carried out and a full corrected analysis is
planned.

22M. Magini, G. Licheri, G. Piccaluga, G. Paschina, and G. Pintaay

1 .
G. W. Neilson and J. E. Enderby, J. Phys. ChdQ 1317(1996. Diffraction of lons in Aqueous Solutions: Hydration and Complex Forma-

2G. W. Neilson, S. Ansell, and J. Wilson, Z. Naturforsch., A: Phys. Sci.

503 247(1995 tion (CRC, Boca Raton, FL, 19838

3G. W. Neilson and R. D. Broadbent, Chem. Phys. Lb87, 429 (1990. N. T. Skipper, G. W. Neilson, and S. C. Cummings, J. Phys.: Condens.
“p. D’Angelo, H.-F. Nolting, and N. V. Pavel, Phys. Rev58, 798(1996. 24Matte.r 1,3489(1989. S _

SR. Camaniti, A. Musinu, G. Paschina, and G. Pinna, J. Appl. Crystallogr.” I Jalilehvand, D. Spegberg, P. Lindquist-Reis, K. Hermansson, I. Per-
15, 482(1982. sonn, and M. Sandstno, J. Am. Chem. Socl23 431 (2002).

SE. Spohr, G. Palinkas, K. Heinzinger, P. Bopp, and M. M. Probst, J. Phys®®>S. Cummings, J. E. Enderby, and R. A. Howe, J. Phy43Cl (1980.
Chem.92, 6754(1988. 26y, S. Badyal, J. M. Simonson, and A. C. Barrigsivate communication

Downloaded 19 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



