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The crystal structure of MoO,(0,)H,0O has been solved by analogy with the WO,(O,)H,O structure
and refined with synchrotron powder diffraction data obtained from beamline 08B1-1 at the Canadian
Light Source. Rietveld refinement, performed with the software package GSAS, yielded monoclinic
lattice parameters of a = 12.0417(4) A, b=3.87003(14) A, ¢ =7.38390(24) A, and S=78.0843(11)°
(Z=4, space group P2,/n). The structure is composed of double zigzag molybdate chains running par-
allel to the b-axis. The Rietveld refined structure was compared with density functional theory (DFT)
calculations performed with CRYSTALI14, and show strong agreement with the DFT optimized
structure. © 2018 International Centre for Diffraction Data. [doi:10.1017/S0885715618000118]
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I. INTRODUCTION

New production routes for Mo and daughter isotope
technetium-99 m (°**™Tc), the most widely used radioisotope
for medical imaging (Banerjee et al., 2001), are being devel-
oped to eliminate the need for expensive nuclear reactors
requiring highly enriched uranium and the associated secur-
ity and nuclear waste concerns (Van Noorden, 2013;
Wolterbeek et al., 2014). Emerging methods such as linear
accelerator (LINAC) and other accelerator-based production
of “Mo (Galea et al., 2014; Hoedl and Updegraff, 2015)
require complementary chemical processes for isotope sepa-
ration and molybdenum recycling to make these alternative
production routes viable (McAlister and Horwitz, 2009;
Chattopadhyay et al., 2010; Tkac and Vandergrift, 2016).
During the development of target processing and Mo chem-
ical recycling processes, unknown or poorly characterized
compounds are sometimes encountered because of the
diverse crystal chemistry of molybdenum (Reid et al.,
2017). The compound examined in this work was observed
during the development of target processing studies for
LINAC-based isotope production.

Il. EXPERIMENTAL

A specimen of molybdenum processing powder supplied
by the Canadian Isotope Innovation Corp. was examined
as-synthesized. The specimen was mounted in a 0.3 mm
ID Kapton capillary, which was sealed at both ends with
adhesive.

Powder X-ray diffraction (PXRD) patterns were collected
using a Canadian Macromolecular Crystallography Facility
beamline (08B1-1, Fodje et al., 2014) at the Canadian Light
Source (CLS). The 08B1-1 is a bending magnet beamline with
a Si (111) double crystal monochromator. Two-dimensional
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(2D) data were obtained using a Rayonix MX300HE detector
with an active area of 300 mm x 300 mm. The patterns were
collected at an energy of 18keV (1=0.68880 A) and a
sample-detector distance of 250 mm.

The 2D PXRD patterns were calibrated and integrated
using the GSASII software package (Toby and Von Dreele,
2013). The sample-detector distance, detector centering, and
tilt were calibrated using a lanthanum hexaboride (LaB6)
standard reference material (NIST SRM 660a LaB6) and the
calibration parameters were applied to all patterns. After cali-
bration, the 2D patterns were integrated to obtain standard
powder diffraction patterns. A pattern collected from an
empty Kapton capillary (using the same conditions) was sub-
tracted from the sample data during integration.

Initial search/match phase identification performed with
the Powder Diffraction File, PDF-4+ (ICDD, 2016), identified
an indexed experimental pattern for H,MoOs (PDF entry
00-041-0359). Subsequent reduced cell searches of the
Inorganic Crystal Structure Database (Hellenbrandt, 2004)
and the PDF identified a hydrated tungsten peroxide,
WO,(0,)H,O [unit cell parameters a=12.0710(8) A, b=
3.8643(2) A, c= 12.6568(9) A, B=145.470(3)°, space group
P2,/c], as a potentially analogous structure (ICSD entry
85609, PDF entry 04-011-4400, Pecquenard et al., 1998).
The unit cell and structure were transformed from the P2,/c
setting to the P2,/n setting with an acute f angle for the
final Rietveld refinement and DFT optimization.

Rietveld refinement of the crystal structure was performed
with the GSAS/EXPGUI programs (Toby, 2001; Larson and
Von Dreele, 2004). The pseudo-Voigt reflection profile of
Thompson et al. (1987) was used, including the asymmetry
correction of Finger et al. (1994) and the microstrain broaden-
ing model of Stephens (1999). Anomalous scattering factors
were interpolated from the tables of Sasaki (1989) and input
into GSAS. The background was modeled using a three-term
Chebyshev polynomial and a nine-term diffuse scattering
(Debye) function. Positional parameters were refined with
no restraints for the Mo and O atoms, while isotropic
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TABLE I. The crystal data, data collection, and refinement parameters obtained for MoO,(0,)(H,0).

Crystal data
Formula, Z MoO,(0,)H,0, Z = 4
Molecular mass (M,) 17797 g mol ™!
Symmetry, space group Monoclinic, P2,/n (14)
Unit cell parameters a=12.0417(4) A, b=3.87003(14) A, ¢ =7.38390(24) A, B="78.0843(11)°
Volume 336.687 (33) A®
Density (0caic) 3511 gem™
Data collection
Beamline CLS 08B1-1
Monochromator Si (111) double crystal monochromator
Detector Rayonix MX300HE (300 mm x 300 mm)
Specimen mounting 0.3 mm Kapton capillary
Collection mode Transmission
Wavelength 2=0.68880 A
Collection range, step size 2-39° (26), 0.005°/step
Refinement
Number of data points 7400
Number of reflections 319
Background correction 3-term Chebyshev polynomial, 9-term Debye function
Number of refined parameters 66
R, 0.0354
Ryp 0.0484
Rexp 0.0309
7 247

o

]

Figure 1. (Colour online) The crystal structure of MoO,(0,)H,0, viewed along the c-axis (top) and b-axis (bottom). The polyhedra and atom types can be
identified by color including MoOg (purple octahedra), hydrogen (pink), and O (red). The unit cell is outlined in black. The figure was prepared with VESTA
(Momma and Izumi, 2011).
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TABLE II. The Rietveld refined crystal structure of MoO,(O,)H,O with lattice parameters a = 12.0417(4) A, b= 3.87003(14) A c= 7.38390(24) A, and

£=78.0843(11)°. All atoms were refined with fixed site occupancies of 1.

Atom xla ylb zlc Wyckoff Usso (A%
Mol 0.31547(8) —0.4956(7) —0.12770(12) 4e 0.01692(34)
02 0.4430(4) —0.4257(17) —0.2982(8) 4e 0.0072(8)
03 0.2228(4) —0.484(4) —0.3303(8) 4e 0.0072(8)
04 0.3710(7) —0.6887(26) 0.0777(15) 4e 0.0072(8)
05 0.3465(8) —0.3179(27) 0.0863(13) 4e 0.0072(8)
06 0.14147(35) —0.5500(20) 0.0557(5) 4e 0.0072(8)
H7 0.09967 —0.32443 0.07484 4e 0.0094(10)
H8 0.15071 —0.54395 0.19135 4e 0.0094(10)
TABLE III. The DFT optimized crystal structure of MoO,(O,)H,O with was refined, yleldmg a texture index of 1.0232, suggesting

fixed lattice parameters a = 12.0432 A, b=3.8699 A, ¢=7.3847 A, and
B=78.0960°.

Atom xla yib e

Mol 0.32567 —0.43503 —0.13786
02 0.45016 —0.44240 —0.29249
03 0.21910 —0.43717 —0.32737
04 0.36703 0.38010 0.08299
05 0.37373 —0.25402 0.08031
06 0.14773 —0.45755 0.05977
H7 0.09086 —0.27541 0.07774
H8 0.15004 0.45570 0.18310

limited preferred orientation.

The crystal data, data collection and refinement details are
summarized in Table 1.

A density functional geometry optimization (using fixed
experimental unit cell) was carried out using CRYSTAL14
(Dovesi et al., 2014). The basis sets were obtained from the
literature for the H and O (Gatti ef al., 1994) and Mo atoms
(Cora et al., 1997). The calculation was run on eight 2.1
GHz Xeon cores (each with 6 Gb RAM) of a 304-core Dell

TABLE IV. Mo-O bond lengths obtained from the Rietveld refinement and
DFT calculation.

. Bond Rietveld (A) DFT (A)
displacement parameters were refined for the Mo and con-
strained as equal for all the O atoms. The positions of the H ~ Mol-02 1.794(6) 1.687
atoms for the water molecule were added late in the refinement Mol-03 2.043(5) 2:080
based on the results of the DFT calculation, with the isotropic 1) o2 1980014 2047
ased on the results of the calculation, with the isotropic Mol_03 2.070(14) 2031
displacement parameter of the H atoms constrained to 1.3 \j51_04 1.930(9) 1.938
times the value of the O atom. A sixth order spherical har- Mol1-05 1.831(9) 1.951
monic preferred orientation correction (von Dreele, 1997) Mo1-06 2.257(6) 2.332
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Figure 2.
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(Colour online) A plot illustrating the final Rietveld refinement of MoO,(0O,)H,0 obtained with GSAS, zooming in by a factor of 5 for the region above 18° (26).
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TABLE V. Hydrogen bonds observed in the MoO,(0O,)H,O structure and their parameters as determined by the DFT modeling.

H-Bond D-H (A) H---A (A) DA (A) D-H---A (°) Overlap (e) E (kcal mol™")
06-H8---05 0.976 1.890 2.857 168.5 0.033 9.9
06-H8---04 0.976 2.362 2916 115.4 0.007 4.6
06-H7---02 0.973 1.957 2.859 153.3 0.027 9.0
06-H7---02 0.973 2.602 3.197 119.6 0.006 4.2
TABLE VI. The Bragg reflection list obtained from the final Rietveld refinement, prepared by summing reflections closer than 0.02° 26 as multiple reflections

and assigning a weighted average reflection position, then including all reflections with relative integrated intensities of 0.5% or greater up to 35° 26.

h k L dcalc (A) dobs (A) 2gc:alc (O) Zgobs (0) I/Imax (%) Aze (O)
1 0 1 6.81830 6.81784 5.791 5.791 20.4 0.000
2 0 0 5.89112 5.89107 6.703 6.703 69.0 0.000
1 0 —1 5.66025 5.65999 6.977 6.977 100.0 0.000
3 0 1 3.79495 3.79486 10.414 10.414 8.2 0.000
1 1 0 3.67677 3.67693 10.749 10.749 19.6 0.000
0 1 1 341143 3.41093 11.588 11.590 58.1 —0.002
2 0 2 3.40915 3.41093 11.596 11.590 58.1 0.006
2 1 0 3.23453 3.23464 12.224 12.224 0.5 0.000
1 1 -1 3.19469 3.19481 12.377 12.377 0.5 0.000
3 0 —1 3.18557 3.18558 12.413 12.413 29.3 0.000
2 1 1 3.08550 3.08557 12.817 12.817 49.6 0.000
4 0 0 2.94556 2.94555 13.429 13.429 3.1 0.000
2 0 -2 2.83012 2.83020 13.979 13.979 4.0 0.000
3 1 0 2.75659 2.75663 14.354 14.354 12.7 0.000
1 1 2 2.66405 2.66398 14.856 14.856 15.2 0.000
4 0 2 2.55589 2.55590 15.488 15.488 7.1 0.000
1 1 -2 2.49761 2.49757 15.852 15.852 2.5 0.000
1 0 3 2.46129 2.46087 16.087 16.090 1.9 —0.003
3 1 —1 2.45951 2.46087 16.099 16.090 1.9 0.009
5 0 1 2.39052 2.39048 16.567 16.567 2.1 0.000
3 1 2 2.36277 2.36273 16.763 16.763 2.4 0.000
3 0 3 2.27277 2.27271 17.432 17.432 22.1 0.000
4 1 2 2.13274 2.13273 18.586 18.586 0.6 0.000
4 1 —1 2.12917 2.12921 18.617 18.617 7.1 0.000
5 0 -1 2.11524 2.11525 18.741 18.741 4.3 0.000
4 0 -2 2.08199 2.08200 19.043 19.043 13.2 0.000
3 1 -2 2.05265 2.05264 19.318 19.318 1.6 0.000
0 1 3 2.04469 2.04467 19.394 19.394 1.8 0.000
5 1 0 2.01269 2.01271 19.705 19.705 4.5 0.000
6 0 0 1.96371 1.96369 20.202 20.202 3.5 0.000
0 2 0 1.93502 1.93498 20.505 20.505 10.5 0.000
5 1 2 1.90700 1.90702 20.809 20.809 2.7 0.000
6 0 2 1.89748 1.89746 20915 20.915 14 0.000
5 0 3 1.89069 1.89066 20.991 20.991 4.1 0.000
3 0 -3 1.88675 1.88675 21.035 21.035 0.8 0.000
0 2 1 1.86914 1.86910 21.236 21.236 0.7 0.000
1 2 1 1.86150 1.86147 21.324 21.324 8.1 0.000
4 1 3 1.83731 1.83712 21.608 21.610 18.3 —0.002
2 0 4 1.83639 1.83712 21.619 21.610 18.3 0.009
2 1 -3 1.83460 1.83461 21.640 21.640 5.5 0.000
1 2 -1 1.83098 1.83101 21.683 21.683 9.3 0.000
0 0 4 1.80620 1.80616 21.985 21.985 5.0 0.000
6 1 1 1.77851 1.77853 22.331 22.331 0.6 0.000
7 0 1 1.71961 1.71964 23.106 23.106 2.2 0.000
0 2 2 1.70572 1.70537 23.297 23.302 0.6 —0.005
4 0 4 1.70457 1.70537 23.313 23.302 0.6 0.011
2 2 2 1.68284 1.68281 23.619 23.619 6.8 0.000
1 1 4 1.66414 1.66413 23.888 23.888 0.7 0.000
3. 2 —1 1.65382 1.65383 24.039 24.039 2.7 0.000
5 1 -2 1.63957 1.63958 24.251 24.251 0.5 0.000
2 0 —4 1.63485 1.63447 24.322 24.328 7.4 —0.006
6 1 —1 1.63439 1.63447 24.329 24.328 7.4 0.001
3 1 4 1.62240 1.62239 24.512 24.512 8.4 0.000
2 2 -2 1.59735 1.59737 24.902 24.902 5.3 0.000

Continued
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TABLE VI. Continued

h k L dcalc (A) dobs (A) 29&:211(: (o) 260bs (o) I/Imux (%) A20 (o)
6 0 -2 1.59279 1.59277 24.975 24.975 2.3 0.000
1 1 —4 1.58133 1.58131 25.159 25.159 1.2 0.000
7 0 -1 1.56924 1.56922 25.356 25.356 1.0 0.000
6 1 3 1.55946 1.55949 25.517 25.517 5.5 0.000
4 1 -3 1.55670 1.55667 25.563 25.564 1.5 —0.001
7 1 0 1.54351 1.54278 25.786 25.798 72 —0.012
4 2 2 1.54275 1.54278 25.799 25.798 72 0.001
7 0 3 1.53661 1.53658 25.903 25.904 0.5 —0.001
5 0 -3 1.53343 1.53343 25.958 25.958 1.4 0.000
7 1 2 1.52773 1.52771 26.057 26.057 39 0.000
1 2 3 1.52120 1.52117 26.171 26.171 4.7 0.000
5 2 1 1.50403 1.50401 26.475 26.475 39 0.000
6 0 4 1.49166 1.49167 26.698 26.698 2.1 0.000
5 1 4 1.48028 1.48030 26.907 26.907 8.4 0.000
3 2 3 1.47335 1.47278 27.036 27.047 73 —0.011
8 0 0 1.47278 1.47278 27.047 27.047 73 0.000
1 0 5 1.47139 1.47139 27.073 27.073 0.5 0.000
3 0 5 1.45708 1.45708 27.344 27.344 0.5 0.000
5 2 -1 1.42773 1.42775 27917 27917 0.8 0.000
3 1 —4 1.41942 1.41943 28.084 28.084 2.5 0.000
4 2 -2 1.41738 1.41735 28.125 28.126 4.2 —0.001
8 1 1 1.40284 1.40284 28.423 28.423 1.6 0.000
1 0 -5 1.39972 1.39971 28.488 28.488 39 0.000
2 1 5 1.37879 1.37867 28.929 28.932 3.4 —0.003
6 2 0 1.37829 1.37867 28.940 28.932 34 0.008
5 0 5 1.36366 1.36364 29.258 29.258 1.8 0.000
6 2 2 1.35480 1.35481 29.453 29.453 0.5 0.000
0 1 5 1.35368 1.35369 29.478 29.478 2.6 0.000
3 2 -3 1.35087 1.35086 29.541 29.541 0.9 0.000
4 1 5 1.33162 1.33144 29.978 29.982 35 —0.004
7 1 -2 1.33122 1.33144 29.987 29.982 35 0.005
0 2 4 1.32037 1.32039 30.239 30.239 1.9 0.000
8 1 3 1.30880 1.30881 30.513 30.513 0.9 0.000
7 2 1 1.28539 1.28538 31.083 31.083 2.4 0.000
8 0 4 1.27794 1.27792 31.269 31.269 0.7 —0.001
3 0 =5 1.27355 1.27356 31.379 31.379 0.9 0.000
0 3 1 1.26993 1.26993 31.471 31.471 0.5 0.000
9 0 3 1.26498 1.26499 31.597 31.597 1.1 0.000
7 0 -3 1.26262 1.26262 31.658 31.658 0.6 0.000
2 3 1 1.25080 1.25061 31.965 31.970 5.4 —0.005
9 1 2 1.25042 1.25061 31.975 31.970 5.4 0.005
2 2 —4 1.24881 1.24882 32.017 32.017 1.6 0.000
9 0 -1 1.24389 1.24390 32.147 32.147 1.1 0.000
9 1 0 1.24011 1.24007 32.248 32.249 14 —0.001
5 1 —4 1.23996 1.24007 32.252 32.249 1.4 0.003
7 0 5 1.22893 1.22891 32.550 32.550 0.5 0.000
3 3 0 1.22559 1.22558 32.641 32.641 0.8 0.000
1 3 2 1.21712 1.21713 32.874 32.874 3.1 0.000
6 0 —4 1.21065 1.21065 33.055 33.055 0.7 0.000
5 2 -3 1.20181 1.20182 33.305 33.305 1.7 0.000
1 3 -2 1.19999 1.20000 33.357 33.357 1.3 0.000
4 3 1 1.18186 1.18173 33.884 33.888 1.2 —0.004
6 2 4 1.18138 1.18173 33.898 33.888 1.2 0.010
8 2 0 1.17194 1.17193 34.180 34.180 1.3 0.000
1 2 5 1.17124 1.17124 34.201 34.201 0.6 0.000
1 1 6 1.16678 1.16677 34.336 34.336 1.9 0.000
4 3 -1 1.15107 1.15107 34.819 34.819 0.5 0.000

Linux cluster at the Illinois Institute of Technology (IIT), used  refined and DFT optimized atomic coordinates are given
8 k-points and the B3LYP functional, and took less than 1 day. in Tables II and III, respectively. The final Rietveld refine-
ment, yielding a reduced y* value of 2.47, is illustrated in

Figure 2. The root-mean-square Cartesian displacement

lil. RESULTS AND DISCUSSION between the Rietveld refined and DFT optimized structures
Figure 1 illustrates the DFT optimized structure from two for the heavy (non-hydrogen) atoms is 0.1330 A, well within
views along the c-axis and the b-axis, while the Rietveld a reasonable range for correct crystal structures. The largest
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peak and hole in the difference Fourier map were 0.513 ¢ A2
(at two locations; 0.49 A from Mol and 1.15 A from 03) and
—0.480 e A~ (between adjacent molybdate chains, 1.77 A
from O2) respectively.

The crystal structure is characterized by double zigzag
molybdate chains running parallel to the b-axis, where adja-
cent molybdate octahedra share edges and a corner of each
octahedron has been replaced by a peroxo ligand oriented
nearly parallel the b-axis. The octahedra are distorted and
the Mo—-O bond lengths obtained from both the Rietveld
refinement and the DFT optimization are given in Table IV.
The bond valence sum (Brown, 2002) values for Mol are
6.057(60) and 5.954 for the Rietveld refined and DFT opti-
mized structures, respectively. Hydrogen bonds based on the
DFT optimized structure are shown in Table V. Both hydro-
gen bonds through H8 connect to a single adjacent molybdate
chain with the peroxo ligand oxygen atoms (04 and O5) as
acceptors. One hydrogen bond through H7 connects to a sec-
ond adjacent molybdate chain (via O2 as an acceptor), while
the second bond is within the same chain.

A Bragg reflection list, shown in Table VI, was prepared
by summing reflections closer than 0.02° (26) as multiple
reflections and assigning a weighted average reflection posi-
tion, then including all reflections with relative integrated
intensities of 0.5% or greater up to 35° (26). The Bragg reflec-
tion list and raw data are contained in a crystallographic infor-
mation file (CIF) in the online Supplementary material.
Individual CIF files containing the Rietveld refined and DFT
calculated structures are also included as Supplementary
material.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
https:/doi.org/10.1017/S0885715618000118
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