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e cnalogaphica secion LiNaSiB;0,(OH) — novel structure of the new
Science borosilicate mineral jadarite determined from

ISSN 0108-7651 laboratory powder diffraction data
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Correspondence e-mail:
pamela.whitfield@nrc.gc.ca 1. Introduction

LiNaSiB;0,(OH) is a new mineral phase named jadarite
(IMA number 2006-36) that was discovered in a drill-core
from a borehole in the Jadar Basin in Serbia. A full description
of the mineral and its characteristics will appear in Stanley et
al. (2007). It occurs as agglomerates of small plate-like crystals
that rarely exceed 5 pm in size. The small size of the individual
crystals severely limits the applicability of single-crystal
diffraction, so an attempt was made to solve the structure
using powder diffraction data.

Most mineral crystal structures are determined from single-
crystal techniques, but some mineral structures are found
using powder data, for example tinticite (Rius et al., 2000) and
kanemite (Vortmann et al., 1999). Most structure determina-
tions from powder data use high-resolution synchrotron data
(Wallwork et al., 2003), but laboratory data has been used
successfully, usually for simpler, high-symmetry structures
(Tettenhorst & Corbato, 1984; Plaisier et al., 1995), but triclinic
structures have also been solved successfully (Rius et al,
2000).

H atoms can be very difficult to locate within structures
using X-ray powder diffraction alone. Neutron diffraction of a
deuterium-substituted sample would be the conventional
method for accurately locating H atoms experimentally.
However, in this case the high boron content makes obtaining
neutron diffraction data extremely difficult because of the
very high neutron absorption cross section of '°B. An alter-
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Table 1

Experimental details.

Crystal data

Chemical formula

M,

Cell setting, space group

Temperature (K)

a, b, c (A)

B()

V (A%

z

D, (Mgm™)

Radiation type

@ (mm™)

Specimen form, colour

Specimen size (mm)

Specimen preparation cooling rate
(K min™")

Specimen preparation pressure
(kPa)

Specimen preparation temperature

)

Data collection
Diffractometer
Data collection method

Absorption correction
Trnin

max

26 ()

Refinement
Refinement on
R factors and goodness-of-fit

Wavelength of incident radiation (A)
Excluded region(s)
Profile function

No. of parameters
H-atom treatment

‘Weighting scheme
(A/0)max

B3HOgSi-NaLi
219.46
Monoclinic, P2,/c
298

6.7620 (1), 13.8016 (3), 7.6878 (2)
124.089 (1)
594.18 (2)

4

2453

Cu Ko

4.51

Powder, white

16 x 0.5 x 0.5
N/A

N/A

N/A

Bruker D8 Advance

Specimen mounting: quartz capil-
lary; mode: transmission; scan
method: continuous

For a cylinder mounted on the ¢ axis

N/A

N/A

20min = 15, 260 . = 90, increment =
0.01641

P

R, =0.028, R, = 0.042, R, = 0.016,
Ry =0.013,5=1.27

1.5418

N/A

Fundamental parameters convolu-
tion-based profiles in TOPAS

87

Mixture of independent and
constrained refinement

Unit

0.001

Computer programs used: TOPAS4 beta (Bruker AXS, 2006), DIAMOND3.1d

(Bergerhoff er al., 1996).

native approach to locating the H atoms within structures is
the use of quantum chemical calculations (Kaduk, 2002). In
addition, the ability to reproduce, or not reproduce, the
experimental cell data through ab initio optimization of a
tentative structure model constitutes a powerful argument for
or against the validity of the corresponding model, even in the
absence of a competing model (Le Page et al., 2002).

2. Experimental

The density of the mineral was measured as 2.45 g cm ™" using
a Berman balance (Stanley et al., 2007). Elemental analysis by
wet chemical methods and quantitative electron microprobe
yielded an empirical formula of Li;gNay ¢7Sig97-
B30¢.99(OH); g6 on the basis of three B atoms per formula
unit. This composition has been simplified to LiNaSi-

B3;0,(OH). IR absorption spectroscopy results suggested the
presence of triangular borate groups (Stanley et al, 2007), as
well as the expected tetrahedral BO, groups.

2.1. Data collection

The original LiNaSiB;0,(OH) sample was ground into a
fine powder before loading into a 0.5 mm diameter quartz
capillary. Data were collected on a Bruker D8 Advance
diffractometer using a primary Goebel mirror with a 0.6 mm
exit slit and a Vantec PSD detector. The detector was
equipped with radial Soller slits, and was used with a 3°
detector window. Data were collected between 10 and 90° 20
using the equivalent of a 0.0164° step size and a 10 s count
time. Cu Ko radiation was used, but no Ni filter was necessary
since the primary mirror removes the KB component. The
instrument profile and calibration was measured using a
0.5 mm diameter quartz capillary with SRM640b silicon. Full
experimental details are given in Table 1.

2.2. Data processing and structure determination

All data processing was carried out using a beta version of
TOPAS4.0 (dated 25/6/2006; Bruker AXS, 2006). The data
from the SRM640D silicon were used to model the instrument
function for further peak fitting. Convolution-based profile
fitting was used for all the work. Peak positions were deter-
mined using single peak fitting. The individual peaks were all
constrained with the same size broadening in order to high-
light possible peak overlaps. There were 42 reflections, up to
60° 20, which were used as input into the singular-value
decomposition-indexing algorithm (Coelho, 2003) in TOPAS.
The maximum ratio of calculated to observed reflections
(NJ/N,) was varied between 3 and 12.

The structure solution was undertaken with simulated
annealing in TOPAS. The SiO, unit was described as a
tetrahedral z matrix with allowable Si—O bond lengths
between 1.60 and 1.65 A. It was not possible to locate the H
atom individually, so it was attached to one of the O atoms
with a 0.96 A bond length, and refined as an (OH) unit. The
other atoms were refined individually. Soft bond-length
constraints between cations and O atoms were used, together
with a number of anti-bump constraints that were also used
between the different cations. The bond-length constraints
used approximately corresponded to those bond lengths
expected from bond-valence considerations. In order to
decrease the calculation time, the TOPAS option of using the
peak intensities, known in the software as ‘decomposition’,
was used instead of synthesizing peak profiles.!

The Rietveld refinements were carried out using a 5 times
greater weighting for the reflections above 39° 260, with a 2
degree overlap between 1x and 5x weighted portions. This
pseudo-variable count time approach was used to extract
more structural details than a conventional refinement might
support. Other than structural and microstructural variables

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: LM5008). Services for accessing these data are described
at the back of the journal.
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Table 2
Bond-valence analysis for the LiNaSiB;0,(OH) structure.

Atom Average bond length (A) Bond valence
Li 1.929 (23) 11
Na 2.484 (14) 1.0
Si 1.586 (10) 4.6
B1 1.513 (26) 2.7
B2 1.518 (21) 2.7
B3 1.379 (12) 2.9

(unit cell, atomic positions, isotropic displacement parameters,
Lorentzian crystallite size, Gaussian microstrain), corrections
for zero-point error and cylindrical absorption were also
refined. Additionally, anisotropic displacement parameters
were refined for the Na ion and one of the B atoms in the
structure. The displacement parameter of the H atom was
fixed to 1.3 times the parameter of the connected O8 atom. To
keep the hydrogen position within a reasonable range, the
O8—H bond length was soft-constrained to a distance of
0.96 A. All other bond-length constraints were removed for
the final refinement.

The stability of the final structure refinement and parameter
correlation was examined by analysing the least-squares
normal matrix with the program SV Ddiagnostic (Mercier et al.,
2000).

2.3. Ab-initio optimization

The refined structure was validated and the H atom located
in the structure using ab initio optimization. In this perspec-
tive, we have undertaken the ab initio optimization of the X-

ray cell and structure results from the initial Rietveld refine-
ment. Input data files for VASP (Kresse, 1993; Kresse &
Hafner, 1993, 1994) were generated by Materials Toolkit (Le
Page & Rodgers, 2005) from CIF files output by TOPAS4.0.
From valence summation (Brown & Altermatt, 1985), it was
clear that the H atom had to be attached to the O8 atom. Input
files were prepared for several stereochemically plausible
positions for the H atom. Ab initio optimizations with VASP
used the following execution parameters: GGA PAW poten-
tials (Kresse & Joubert, 1999); electronic convergence at 1 x
1077 eV: convergence for forces of 1 x 107% eV A’l;
Davidson-blocked iterative optimization of the wavefunctions
in combination with reciprocal-space projectors (Davidson,
1983); reciprocal space integration with a Monkhorst-Pack
scheme (Monkhorst & Pack, 1976); a Methfessel-Paxton
smearing scheme of the order 1 and width 0.2 eV for energy
corrections (Methfessel & Paxton, 1989). Spin-polarization
corrections were not used. The k-mesh grid used was
3x2x3. A total of 50 single-point energy-minimization
iterations was completed for each simulation to ensure proper
convergence of atom relaxation, calculated energy and stress.
The calculations required about 5d each on single 3 GHz
Athlon-64 PCs running serial VASP4.6.3 under Microsoft™
Windows®™ XP Professional, using the execution scheme
described above.

3. Results and discussion

The best indexing solution (GOF = 13.05) was found with a
maximum N, /N, ratio of 7 in the space group P2,/c. A Pawley
fit of this cell to the experimental data refined to a =
6.7651 (2), b = 13.8063 (5), ¢ =
7.6912 (2) A, B =124.099 (1)° with

25000 A 2500

20000 -

- =Y n
[$)) o (4] o
o o o o
o o o o

15000 -

Intensity (counts)

o

a fit of Ry, = 0.036. This unit cell
and space group corresponds to
the Parthé standard setting of a
monoclinic cell (Parthé & Gelato,
1984, 1985).

The simulated annealing was
stopped when a possible solution
with an R,,, value of 0.175 was
found. Visual inspection of the

10000 +
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Intensity (counts)

70 80

90 structure yielded a number of
tetrahedra and a triangular coor-
dinated B atom. Given the
suggested presence of three-coor-
dinate B from the IR absorption
data, a refinement of this structure

o
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was attempted. This refinement
ultimately yielded a background-
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Difference plot for the final refinement of LiNaSiB;0O,(OH). The inset shows a blow-up of the higher-

Figure 1

angle region.

subtracted Ry, value of 0.077
using  isotropic  displacement
parameters. From laboratory
powder diffraction data, confi-
dence in the location and bonding
of the H atom from this refine-
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ment was quite low. Consequently, these interim refined
positions were optimized using VASP.

One of the structures with different H-atom positions gave,
after ab initio optimization, a total energy that was 0.4 eV
lower than the next best structure, which is very significant.
The corresponding optimized cell deviated least from the
experimental one and the structure also displayed a straight
hydrogen bond to O3. The resulting optimized atomic coor-
dinates and cell parameters are summarized in Table 1 of the
supplementary data. The H atom was placed in the corre-
sponding position for the experimental cell for the final
refinement.

The final refinement with 87 variables yielded an overall
background-subtracted R, value of 0.0699 (conventional
Ry, = 0.0418) and an Ry of 0.0127. The fit and difference plot
is shown in Fig. 1. Analysis of the least-squares normal matrix
yielded a log;o(condition number) of 10 and 2 for the unpro-
cessed and preconditioned matrices (Mercier et al., 2006),
respectively. Together with a Durban—Watson statistic of
1.765, this indicated that there were no serious parameter
correlations and gave confidence in the stability and reliability
of the refinement. The refined phase density was
2.45321 (9) g cm >, which is in excellent agreement with the
measured density. The structural parameters extracted from
the refinement are shown in Table 2 of the supplementary
data. Given the very high proportion of light elements in this
naturally occurring mineral phase and the complexity of the
structure, the stability of the refinement and the relatively
small e.s.d.s with such a large number of variables is surprising.
Despite all the other satisfactory residuals, the overall good-

Figure 2
Polyhedral representation along the ¢ axis of the structure of
LiNaSiB;0,(OH).

ness-of-fit reported by TOPAS was 2.7, which is quite poor.
This high GOF can occur when the counting statistics of the
data are good enough that the misfit between observed and
calculated patterns becomes very large when compared with
uncertainties in the intensities (Toby, 2006). If this is the case, a
more realistic goodness-of-fit may be calculated using the R,,,
value of a structure-less Pawley fit to the same data (Toby,
2006), as opposed to the conventional Re,. In this case the Ry,
of the Pawley fit was 0.033, giving a goodness-of-fit using
Rexp = pr(Pawley) of 1.27.

Fig. 2 shows a polyhedral representation of the LiNaSi-
B5;0,(OH) structure viewed along the [001] direction. The
structure consists of a two-dimensional layer made up of
corner-sharing borosilicate tetrahedra parallel to (010). The
hole within this layer is partially filled by a LiO, tetrahedron.
The inter-tetrahedral layer contains six-coordinate Na and
triangular-coordinated B, which share corners of the two BO,
and the LiO, tetrahedra. Following the silicate classification
terminology (Liebau, 1985), the borosilicate tetrahedral
network is an unbranched vierer single layer with a B,SiO;
layer composition (Fig. 3). The layer may be described as
edge-sharing six- and fourfold rings with a net topology of
(6%-4%)(64), (Fig. 4). This net topology is only for the BO,
and SiO, polyhedra. Within the borosilicate minerals (62
species), none were found that resemble that of LiNaSi-
B;0,(OH). Looking to non-borosilicate phases, aminoffite,
CazBe,Siz0,9(OH),, has a two-dimensional tetrahedral layer
of six- and fourfold rings, but the topology, (6*)(6>4), (Grice
& Hawthorne 2002), differs from that of the structure
described here. The only phase with a net topology matching
that of LiNaSiB;0,(OH) is Ba,CuSi,O; (Malinovskii, 1984)
with Cu having a tetrahedral coordination. The H atom is
bonded to the O8 atom at the apex of the BO;5 group, which is
shared with the LiO, tetrahedra. The refined H1 position did
not move markedly from that derived from the ab initio
optimization. The O8—H1 bond is approximately pointed
along the [201] direction parallel to the plane of the BO; plane

Figure 3
Polyhedral representation of the B,SiO; single layers

Acta Cryst. (2007). B63, 396—401
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and still forms a hydrogen bond to the O3 atom as shown in
Fig. 5.

The significant elongation of the anisotropic displacement
parameters of the B3 atom are illustrated in Fig. 6. These were
refined owing to the possible movement of the B atom out of
the triangular plane of the BO; unit. The successful refinement
of anisotropic displacement parameters with acceptable esti-
mated standard deviations (e.s.d.s) from laboratory X-ray
powder data for such a light element is somewhat unusual. The
size and shape of the ellipsoid is not unexpected, but the
direction has a significant in-plane component, which has no
apparent structural cause. It may be due to the unavoidable
simplification in this study of a naturally occurring phase that
has inherent inhomogeneities. The microstructural parameters
in the refinement produce a non-zero microstrain, even using
the strained SRM640b as the instrument standard, which may
be an indication of such imperfections. The displacement
parameters for the Na ion do not have a pronounced elon-
gation, although there is some movement towards averaging
the positional zigzag along the ¢ axis which is apparent in Fig.
2.

Results of bond-valence calculations for the cations are
shown in Table 2. The calculated bond-valence parameters are
reasonable given the inherently larger errors in the bond
lengths from laboratory powder diffraction of such a material.
Six-coordinate Na in a mineral structure is somewhat unusual,
so attempts were made to see whether the Na ion could be
forced to have a higher coordination number. In each case,
this resulted in unacceptable distortions in the corner-sharing
tetrahedral network. The possibility of partial occupancy of
the heavier cations was also examined. Refinements of the Na
and Si occupancies did not yield values below 1.0.

Mineralogists may wish to describe this structure using the
reduced non-Parthé cell in the alternative space group P2,/n
[a = 6.8300 (1), b = 13.8051 (2), ¢ = 6.7620 (1) A, B =
111.072 (1)°]. The P2,/n structure may be derived from P2,/c,
using the matrix transformation a + ¢, b, —a.

Figure 4
The (6>-4*)(6>-4), net topology of the B,SiO; layers

4. Conclusions

The structure of a new mineral jadarite, with the ideal formula
LiNaSiB;0,(OH) has been solved from laboratory powder
diffraction data. The structure was validated and the H atom
located using ab initio optimization with VASP. The structure
has a two-dimensional corner-sharing tetrahedral network
with Li, Si and two B atoms forming an unbranched vierer
single layer. The layers are bound together by a three-coor-
dinate triangular B atom and a six-coordinate Na ion. Notable
features of the structure (Na channels, ‘LiO,’, SiO4, BO;
chains, efc) occur roughly parallel to the c axis, whilst the
borosilicate layers lie in the (001) plane. The H atom is bound
to one of the O atoms in the triangular BO; unit, and forms a
hydrogen bond to one of the O atoms in the tetrahedral
network. The structure appears to be unique and has no
known direct structural analogues.

2.16 A
-y

Oo@3)  H()

Figure 5
Diagram showing the hydrogen bond to O3.

Figure 6
View along the 301 plane showing the displacement of the B3 and Na
atoms. The ellipsoids are shown for 50% probability.
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