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The structure determination of caesium oxalate monohydrate

using single-crystal X-ray diffraction, powder neutron diffrac-

tion data and a combination of both has been undertaken.

Results show that even for hydrogen-containing materials

data collected rapidly on a high-flux neutron diffractometer

improve the refinement such that accurate positional and

thermal displacement parameters can be extracted for all atom

types. This contrasts with structural models extracted from

either data set alone that demonstrate the inherent limitations

of the individual diffraction methods. The rapidity with which

useful neutron diffraction data has been collected from

hydrogen-containing compounds, 10 min in this study, indi-

cates that the technique should be widely applicable allowing

the facile and accurate extraction of hydrogen positions for

many compounds.
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1. Introduction

Hydrogen is a key element, with more compounds than any

other, and whose functionality in both inorganic and organic

compounds is central to controlling many of their structural

and physical properties. In inorganic systems hydrogen-

containing materials of interest stretch from geochemical

materials (e.g. clay minerals, cements; Welch et al., 2002),

through functional inorganic compounds (e.g. catalysts, coor-

dination complexes and hydroxides/hydrates; Hriljac et al.,

1995) and materials (e.g. ferroelectrics, hydrogen-storage

media, fuel-cell components; Belushkin, 1997) to framework

systems (e.g. zeolites, solvates and clathrates; Jobic, 2002). In

organic systems hydrogen bonding between molecules is often

crucial in determining crystal packing and the choice of

structure in a polymorphic system (Allen & Motherwell, 2002;

Aakeroy & Seddon, 1993).

For organic compounds and some light-atom inorganics,

such as borohydrides, modern single-crystal X-ray diffract-

ometers are normally sufficiently sensitive to scattering from

hydrogen to allow the accurate determination of the centre of

electron density associated with this atom. In many cases,

though, this X-ray diffraction-determined position is

perturbed from the nuclear centre producing artificially

shortened A—H distances, particularly for electronegative

elements, A, such as O and N. Previously, the determination of

H-atom positions using X-ray diffraction methods in inorganic

compounds with heavier atoms present has proved impossible

or has led to very inaccurate and imprecise extracted crys-

tallographic information for hydrogen. Neutron diffraction

methods are the obvious choice for locating hydrogen as its

scattering length (�0.3739 fm) is comparable in magnitude to

those of other atom types. Single-crystal neutron diffraction

techniques can be applied to provide accurate and precise



information on hydrogen positions where sufficiently large

(0.1–1 mm3), high-quality crystals are available, although this

technique often requires several days for each data-set

collection (Keen et al., 2006). For powder neutron diffraction,

the incoherent scattering of neutrons by the 1H isotope using

standard instrumentation leads to high backgrounds and noisy

data sets from which the extraction of hydrogen positions is

normally so poor as to be not worthwhile. Such problems have,

in some cases, been overcome by sample deuteration (for

polycrystalline materials) or by undertaking single-crystal

neutron studies. However, these techniques are of very limited

applicability owing to the cost and time for deuteration, the

difficulty of growing the large single crystals and the high cost

of lengthy experiments on neutron sources. In addition,

deuteration may perturb the hydrogen position, particularly

for strongly hydrogen-bonded systems, thus producing struc-

tural information of reduced relevance for materials whose

functionality is dependent on hydrogen, e.g. hydrogen-storage

materials, ferroelectrics and proton conductors (Deguchi et al.,

2005).

Studies of inorganic materials using a combination of X-ray

and neutron diffraction data have been reported previously,

although such work is rare. Most common are serial experi-

ments where a structure is initially determined using X-ray

diffraction and then specific structural elements, poorly

determined in the X-ray work such as the light atom positions

or the distributions of (near) isoelectronic species, fully deli-

neated in subsequent powder or single-crystal neutron

diffraction studies. Examples of such studies on hydrogenous

compounds include those of the barium halide monohydrates

BaX2�H2O (X = Cl, I; Moller et al., 1993) and of Tutton’s Salt,

K2[Co(H2O)6](SO4)2 (Kirfel et al., 1998). The material is

almost invariably deuterated prior to any powder neutron

diffraction investigation.

Improved definition of the structure can often be obtained

by combining the analyses into one refinement with a single

crystallographic description used to model both the X-ray and

the neutron diffraction sets. Such methods have most

frequently been applied to combined powder X-ray and

powder neutron diffraction data, and particularly to complex

oxide systems; examples of recent applications of this method

include studies of the lanthanum gallates (Guenter et al., 2006)

and LixV3O8 (Jouanneau et al., 2005). The recent ab initio

structure solution of the potential hydrogen storage material

Li4(BH4)(NH2)3 using combined powder X-ray and neutron

techniques is a noteworthy example of this approach (Chater

et al., 2006).

In some cases a combined single-crystal X-ray and single-

crystal neutron diffraction analysis has been undertaken, e.g.

the relatively recent study of (Ph4P)3[Zr6Cl18H5] (Cotton et al.,

1996) where a single crystallographic description has been

used to model data from both experimental techniques. For

data collection with single-crystal neutron diffraction

deuteration is unnecessary as peak intensities can easily be

integrated above the large incoherent background.

Very rarely has a combined analysis using single-crystal X-

ray and powder neutron diffraction been employed, despite

the quality of structural information inherent in such data.

One of the few examples is the study of the jarosite

NaV3(OD)6(SO4)2, where the combined approach enabled the

excellent definition of all the structural elements (with sensi-

tivity to all atom types present), although for the powder

neutron diffraction analysis deuteration was undertaken and

the data collection time was considerable, 18–24 h on a 4 cm3

sample (Grohol et al., 2003). Similarly, the modulated struc-

ture of Bi2Sr2CaCu2O8 + y has been more accurately delineated

using a combined powder neutron diffraction–single-crystal

X-ray diffraction method (SXD–PND; Gao et al., 1993). The

only previously combined SXD–PND work on a partly

hydrogenous systems is that on [Re4(m3-H)4(CO)12]�2C6D6

(Masciocchi et al., 1997), although with limited-quality

neutron data the definition in important bond lengths, e.g.

Re—H = 1.88 (12) Å, is poor despite the low hydrogen

percentage (7%) and extended experimental time.

Thus, a method that can yield accurate and precise

hydrogen positions in inorganic compounds, in their typically

produced forms and using reasonable experimental periods

and costs, would be widely applicable and of considerable

importance. In this article we describe how standard single-

crystal X-ray diffraction methods coupled to rapid powder
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Table 1
Experimental details for single-crystal X-ray diffraction.

Crystal data
Chemical formula C2H2O5Cs2

Mr 371.86
Cell setting, space group Monoclinic, C2/c
Temperature (K) 289 (2)
a, b, c (Å) 10.0748 (5), 6.6473 (3), 11.2997 (6)
� (�) 107.189 (3)
V (Å3) 722.94 (6)
Z 4
Dx (Mg m�3) 3.416
Radiation type Mo K�
m (mm�1) 10.04
Crystal form, colour Colourless, block
Crystal size (mm) 0.2 � 0.11 � 0.07

Data collection
Diffractometer Bruker–Nonius KappaCCD
Data collection method 2� and ! scans
Absorption correction Multiscan SADABS

Tmin 0.2060
Tmax 0.5005

No, of measured, independent
and observed reflections

4032, 809, 700

Criterion for observed reflections I > 2�(I)
Rint 0.0669
�max (�) 27.31

Refinement
Refinement on F2

R indices [I > 2�(I)] R1 = 0.0249, wR2 = 0.0513
R indices (all data) R1 = 0.0314. wR2 = 0.0536
S 1.168
No. of reflections 809
No of parameters 47
Weighting scheme w = 1/[�2(F2

o) + (0.0142P)2 +
1.8270P], where P = (F2

o + 2F2
c )/3

��max, ��min (e Å�3) 0.956, �0.904



neutron diffraction on a hydrogen-containing powder can

resolve this problem, and produce precise and accurate posi-

tions on all atom types present in a hydrogenous material. The

method employs short experimental times and would be

applicable to most materials, as

produced in the laboratory, i.e. poly-

crystalline, 0.1–1 g, and as small,

< 50 mm, single crystals.

2. Experimental

A sample of caesium oxalate mono-

hydrate, Cs2(C2O4)�H2O, a compound

previously unreported in the struc-

tural chemistry literature, was

prepared as follows: 8.196 g of

50 wt% CsOH (Aldrich; 27.34 mmol

of CsOH) was diluted with 25 ml of

distilled water and added to a solution

of 1.2302 g (13.67 mmol) of oxalic

acid dihydrate, C2O4H2�2H2O,

dissolved in 25 ml of water. The

solution was evaporated to dryness

either by heating to 343 K in a flow of

air or leaving it in a Petri dish in a

desiccator over concentrated H2SO4.

The compound crystallized as a fine

white powder (solvent evaporation at

343 K) or as large crystals, typically

with several cubic millimetres in

dimension (desiccator evaporation).

Powder X-ray diffraction data

collected from the product showed no

match with JCPDS database patterns for caesium oxalate

dihydrate, Cs2C2O4�2H2O, 77-0629 (Kholodkovskaya et al.,

1990), or caesium hydrogen oxalate oxalic acid dihydrate,

Cs(HC2O4)(H2C2O4)�2H2O (Clegg, 1984).

3. Data collection and initial structure solution
(Sheldrick, 1997, 2003; Farrugia, 1999; Otwinowski &
Minor, 1997; Hooft, 1998)

Cell dimensions and intensity data were recorded at 289 K on

a Bruker–Nonius KappaCCD, Table 1. The structure was

solved using direct methods and refined using full-matrix

least-squares via SHELX97 (Sheldrick, 1997). All non-H

atoms were refined with anisotropic temperature factors and

the hydrogen positions were located from the difference map

and fully refined. Results are summarized in the supplemen-

tary material;1 Fig. 1 shows the asymmetric unit.

Powder neutron diffraction data were collected using the

D20 high-flux diffractometer operating in a high-resolution

mode (Convert et al., 1997), Table 2. No attempt was made to

optimize the data collection method in terms of wavelength or

sample mounting. The large incoherent scattering from

hydrogen contributes strongly to the diffraction profile, but is

isotropic and rapidly averaged to a smooth function on this
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Figure 1
The structure of Cs2C2O4�H2O as initially obtained from single-crystal X-
ray diffraction data alone. Displacement ellipsoids are drawn at the 50%
probability level with H atoms depicted as spheres with arbitrary radius.
The asymmetric unit is labelled.

Table 2
Experimental details for powder neutron diffraction and joint data-set refinement.

Sample data and
data collection Powder neutron diffraction data Joint data-set refinement

Neutron wavelength (Å) 1.36
Sample 1 g polycrystalline in 5 mm

diameter vanadium can
Temperature (K) 298 289/298
a, b, c (Å) 10.1126 (5), 6.6533 (4), 11.3255 (6) 10.1125 (5), 6.6535 (4), 11.3255 (6)
� (�) 107.190 (4) 107.191 (4)
V (Å3) 727.97 (7) 727.97 (7)

Data collection
Diffractometer D20, ILL Grenoble
Data collection method High-resolution mode, 10 min
� range (�) collected, used 0–154, 10–140, step size 0.1�, 1300

observations

Refinement
Refinement on Inet F2/Inet

Neutron
R(F2) 0.051 0.063
wRP (fitted), RP (fitted) 0.0124, 0.0090 0.0132, 0.0095
wRP (minus background) 0.0232 0.0252
RP (minus background) 0.0124 0.0134

Single crystal
R(F), wR(Fo) – 0.0247, 0.032
�2 2.08 2.80 (total)
No. of reflections 809 809/818
No of parameters 71 (including profile parameters) 73 (including profile parameters)
Weighting scheme w = 1/�(Yobs)

2 As single data sets; equal weighting
to neutron and X-ray data

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BK5052). Services for accessing these data are described
at the back of the journal.



high-flux instrument. Data were treated using the standard

data reduction protocols for the D20 instrument in LAMP. A

few data points were excluded from the data-set analyses

owing to inconsistencies in the normalization process resulting

from electronic noise.

4. Further and combined data analysis

Limited software is available for structure solution and

refinement using both single-crystal and powder diffraction

data. The GSAS suite of programs (Larson & Von Dreele,

2004) has this functionality; while this software is normally

used for the analysis of powder diffraction data, it has been

used successfully to solve single-crystal data (Grey et al., 1997).

For refinements using multiple data sets these may be read

into the structure refinement suite as separate histograms and

the weighting factors applied to the histograms may be

modified.

In order to confirm that the single-crystal X-ray diffraction

data could also be modelled with the GSAS program package,

the solution and refinement was repeated using this software

with the raw 289 K diffraction data; the supplementary

material summarizes the refined model and refinement

statistics obtained from this analysis. Consideration of the

extracted crystallographic descriptions at 289 K using the

SHELX and GSAS analysis methods show only minor

differences, well within the s.u.s, in their extracted crystal-

lographic information.

Analysis of the powder neutron diffraction data was initially

undertaken using the single-crystal determined structural

model and this data set alone. Profile fitting was undertaken

using the standard methodology with the GSAS refinement

suite including all profile parameters (lattice parameters, peak

half-width descriptions, zero point etc.) and atomic positional

parameters; no constraint was used. Note that a slight differ-

ence in the data collection temperatures (298 K for neutron

versus 289 K for single-crystal refinement) results in a small

observed expansion in the extracted lattice parameter from

the neutron data. Anisotropic thermal displacement para-

meters were included for all atoms in the final stages of the

refinement. The intense background varies smoothly as a

function of angle and was well fitted using a simple ten-term,

cosine Fourier series. The final extracted positional para-

meters and derived bond lengths/angles of interest are

summarized in the supplementary material. Fig. 2 shows the

unit-cell content including the refined H-atom positions; Figs.

3(a) and (b) show, respectively, the profile fits achieved

without and with background subtraction.

The final refinement type undertaken involved fitting both

single-crystal X-ray and powder neutron diffraction data

within the GSAS suite. Weightings of unity were given to each

data set; lattice parameters were only determined using the

neutron diffraction data. Final cycles of refinement, which

converged rapidly, included all refineable profile, atomic and

thermal displacement parameters. The extracted positional

and thermal displacement parameters for this analysis are

given in the supplementary material.

5. Discussion

5.1. Structure description

The structure of dicaesium oxalate monohydrate,

Cs2C2O4�H2O, consists of chains of hydrogen-bonded oxalate

anions (C2O2�
4 ) and water molecules, which run in the ac

direction, and coordinate through the O atoms of both species

to caesium ions. The caesium ion is in tenfold coordination to

two water molecule O atoms and eight oxalate-group oxygen

sites. The water molecule lies on the twofold axis with

symmetry-related hydrogen positions. The hydrogen bond lies

between two O atoms separated by 2.727 Å and the off-axis

angle O—H� � �H is � 164�, which is typical of a hydrogen

bond of this length. The displacement parameter ellipsoid for

the water O atom is elongated along the direction perpendi-

cular to the water molecule plane and along the direction

between two caesium ions.

5.2. The methodology

The structural results extracted from the single-crystal X-

ray diffraction experiment alone demonstrate all the well

known limitations of this method for inorganic compounds

and particularly those containing moderately or very heavy

elements, Table 3. The hydrogen position is poorly defined

with s.u.s on its atomic coordinates over an order of magnitude

larger than those on the other atoms in this material. As would

be expected, it was impossible to model any anisotropic

thermal displacement behaviour for this atom. Furthermore,
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Figure 2
The structure of Cs2C2O4�H2O as extracted from the joint powder
neutron diffraction–single-crystal X-ray diffraction analysis, viewed down
the b axis. Cs cyan; C dark grey, O dark blue and H red. Displacement
ellipsoids are shown at 50% probability.



the extracted hydrogen position and derived O—H bond

length (� 0.8 Å) is typical of this contact which is artificially

shortened by the measurement of the electron distribution in

this bond (Bacon, 1975).

The structural parameters extracted from the neutron data

alone (Table 3) also reflect the inherent limitations in this

analytical method; these derive from the specific scattering

lengths of the nuclei present, a limited number of uncorrelated

data {with 1300 observable reflections covering 1033 reflec-

tions compared with 809 uniquely determined [I > 2�(I)]

reflections for single-crystal refinement} and problems in

determining the exact background position, particularly in the

low d-spacing range. The overall correlation between inte-

grated Bragg peak intensities and the true measure of

uncorrelated independent reflections has been discussed by

David (1999); in the case of this sample and the relatively low-

resolution data from D20 (Convert et al., 1997), the fraction of

independent peaks/total Bragg peaks is around 0.35. Thus, the

crystallographic model obtained

from the neutron data alone has

greater s.u.s (by factors of typically

2–3) on most positional and

displacement parameters, and on

the derived bond lengths, when

compared with the single-crystal

X-ray model. The exception is

obviously the H atom whose

position and thermal motion is

defined with similar accuracy to

that of the other elements, Fig. 4.

The extracted O—H distance of

0.98 Å is typical of the true inter-

nuclear separation and the water

molecule internal angle at

111 (1.0)� is much more realistic

than the 101 (6)� (average value

for the two analyses) extracted

from the X-ray diffraction data.

The structural model extracted

from combined data-set refine-

ment benefits from the informa-

tion inherent in both diffraction

techniques. This leads to a full

structural model with all atom

positions well defined, and derived

bond lengths and angles accu-

rately and precisely measured,

Table 3.

6. Conclusions

Combining X-ray and neutron

data sets in structure determina-

tion has been used previously,

albeit not widely. Examples of its

recent application are mainly

limited to powder X-ray and

powder neutron diffraction data,

and in the studies of oxides and

some framework structures. In

such cases the combined refine-

ment often helps with specific

structural problems, such as

distinguishing neighbouring

elements or defining accurate

oxygen positions in heavy metal
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Figure 3
Profile fit achieved to the powder neutron diffraction data from Cs2C2O4�H2O (a) including the
background counts and showing a smooth background function from the incoherent scattering and (b)
with the background subtracted. The crosses show measured intensity, the upper continuous line the
calculated profile and the lower continuous line the difference. Tick marks show the reflection positions.
Small excluded regions corresponding to electronic noise are marked.



oxides. Previously, experiments combining single-crystal X-ray

and powder neutron diffraction data have not been under-

taken; in essence, such studies have rarely been worthwhile as

the desired structural information has either been available

from one such technique alone or the time and effort involved

in carrying out two diffraction experiments deemed unneces-

sary or problematic. Where the full structural information is of

importance it usually pertains to hydrogen positions and

researchers have where possible resorted to single-crystal

neutron diffraction or powder neutron diffraction on deuter-

ated materials. However, application of either of these

methods is often challenging or impractical.

Single-crystal neutron diffraction requires the growth of

large crystals and/or extended experiments; even with high-

flux modern instrumentation, e.g. VIVALDI at ILL and SXD

at ISIS, a crystal of a volume of a few cubic millimetres and 3–

7 d beamtime are typical. In some cases growing crystals of

sufficient size and quality is extremely time-consuming, in

many others it is just not possible. Effort to tackle these

problems is still ongoing and involves, for example, the

construction of even higher flux instrumentation, and the

development of methods for analysing data sets

obtained from multiple crystals and of partial data

sets. Currently the method remains of limited

application and relevance but is crucial for some

systems, such as hydrogen-containing organome-

tallics and complexes as it can yield information

unobtainable by any other technique. For structu-

rally complex hydrogenous materials, with very

large asymmetric units, the application of single-

crystal neutron diffraction is still likely to be

necessary if the crystal can be easily obtained.

Powder neutron diffraction studies of hydro-

genous materials generally require deuteration,

which is time consuming, expensive and difficult to

ensure. In some cases deuteration may also affect

the properties of the materials under investigation,

for example many hydrogen-bonded ferroelectrics,

(Wilson et al., 1991) and also their formation, e.g. in

zeolite synthesis (Burkett & Davis, 1995). Further-

more, using such powder diffraction data alone for

structure refinement limits the complexity of the

system that can be studied, even with high-resolu-

tion instrumentation.

By combining the techniques of single-crystal X-

ray and powder neutron diffraction (on a high-flux, medium-

resolution instrument) we have shown that very high-quality

structural data on all atom types, including hydrogen, can be

obtained. With a high-flux neutron diffractometer, moderate-

resolution data sets of sufficient quality to bias the refinement

appropriately in terms of accurate (the hydrogen nuclear

position) and precise definition of the H atom may be

collected rapidly and on reasonably small samples. The inco-

herent scattering from hydrogen is rapidly averaged on a high-

flux instrument to a smooth background function that can be

fitted easily as part of the profile analysis. Thus, the complete

diffraction data can be obtained very quickly – in this case

with total data collection over � 1 h – and a full structure

solution completed soon thereafter.

We are extremely grateful to the ILL for providing beam-

time for this study and Professor C. C. Wilson, University of

Glasgow, for useful discussions.
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