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Ba[(UO,)3(Se03),0,](H20)3
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ABSTRACT

The crystal structure of marthozite, Cu?* [(UOy)z (Se0s), Os] (H20)s, a 6.9879(4), b 16.4537(10), ¢ 17.2229(10) A, vV
1980.2(3) A3, Pbn2;, Z = 4, Deye = 4.37 g/lem?, has been solved by direct methods and refined to an R index of 5.7% for 4364
observed (|Fo| > 40F) reflections collected with a four-circle diffractometer fitted with MoKa X-radiation and a CCD detector.
There are three unique U sites, each occupied by U®* with two short U-Oyrany bonds (1.76-1.82 A) and coordination numbers of
[8], [7] and [7], respectively. There aretwo unique Sesites, each occupied by Se** and coordinated by three O atoms (Se-O = 1.70
A), forming atriangular pyramid with Se at the apex, indicative of stereoactive lone-pair behavior in Se**. Thereis one Cu site,
occupied by Cu?* in octahedral coordination by four (H20) groups (Cu-H,0 = 2.0 A) and two O atoms (Cu-O = 2.4 A). The
structural unit is a sheet of composition [(UOy)3 (SeOs), O,], comprised of chains of edge-sharing (Udy,) polyhedra extending
along [100] that are cross-linked in the[001] direction by (SeOs) groups; this sheet istopologically identical to the structural unit
inguilleminite, Ba[(UO,)3 (Se0s), O] (H20)3. Adjacent sheetsarelinked through interstitial Cu?* cationsvia Cu?*~Ogpica bonds
and via H bonds that involve both (H20) groups bonded to Cu?* and interstitial (H,0) groups not bonded to any cation.

The principal differences between marthozite and guilleminite involve the interlayer species. In guilleminite, the Baatomis
centrally positioned with respect to the chain of (UO,) polyhedra, whereasin marthozite, the Cu?* atom islocated off the pseudo-
mirror plane of the chain of (UQ;) polyhedra. This differential positioning of the interstitial cations results in an intersheet
separationin marthozitethat isnearly 1 A greater than that in guilleminite, despite the fact that Ba (in guilleminite) ismuch larger
than Cu?* (in marthozite). The H-bond arrangement in marthozite is very different from that in guilleminite. In marthozite, there
are eight uniqueinterlayer (H,O) groups; four of these (H,0) groups bond directly to Cu?* and four are heldin the structure solely
by H bonds. In guilleminite, there are two unique interlayer (H20) groups, both of which bond to the interlayer Ba atoms.

Keywords: marthozite, crystal structure, chemical formula, hydrogen bonding, uranium mineral, guilleminite.
SOMMAIRE

Nous avons résolu la structure cristalline de la marthozite, Cu?* [(UQ5,)3 (Se0s), O3] (H20)s, a 6.9879(4), b 16.4537(10), ¢
17.2229(10) A, V 1980.2(3) A3, Pbn2;, Z = 4, Dy, = 4.37 g/cm®, par méthodes directes, nous I’ avons affiné jusqu’ aun résidu R
de 5.7% pour 4364 réflexions observées (|F,| > 4cF) prélevées avec un diffractométre a quatre cercles (rayonnement MoKa)
muni d un détecteur de type CCD. Il y aquatre sites U uniques, chacun étant occupé par un atome US* avec deux courtes liaisons
U—Oyranyle (1.76-1.82 A) et une coordinence de[8], [7] et [7], respectivement. Il y adeux sites Se uniques, chacun occupé par un
atome Se** en coordinence avec trois atomes d’ oxygéne (Se-O = 1.70 A), formant une pyramide triangulaire ayant le Se a son
sommet, indication d’ un comportement de paires d’ éectronsisolés stéréoactifs sur I'ion Se**. Il y aun site Cu, occupé par le Cu?*
en coordinence octaédrique par quatre groupes H,O (Cu—H,0 = 2.0 A) et deux atomes d’ oxygéne (Cu-O = 2.4 A). L’ unité
structural e est un feuillet ayant lacomposition [(UO,)3 (SeOs), O,], comportant des chaines de polyedres (Ud,,) aarétes partagées
alignées le long de [100] qui sont liées transversalement dans la direction [001] par des groupes (SeOs); ce feuillet est
topologiquement identique a I’ unité structurale de la guilleminite, Ba [(UO,)3 (Se0s)2 O;] (H20)s. Les feuillets adjacents sont
rattachés par des cations interstitiels Cu?* grace a des liaisons Cu?*~Ogica €t & des liaisons hydrogeéne impliquant ala fois des
groupes (H-0) liés aux cations Cu?* et des groupes (H.0) interstitiels non liés & ce cation.

L esdifférencesprincipalesentrelamarthozite et laguilleminiteimpliquent I especeinterstitielle. Danslaguilleminite, I atome
Baadopte une position centrale par rapport alachaine de polyédres (UO,), tandis danslamarthozite, I atome Cu?* est deplacé par
rapport au plan du pseudo-miroir de la chaine des polyédres (UO,). Cette différence en position des cations interstitiels mene a
une séparation inter-feuillet supérieure a celle danslaguilleminite de presque 1 A, malgré le fait que le Ba (dans la guilleminite)
ait un rayonionique beaucoup supérieur acelui du Cu?* (danslamarthozite). L esréseaux desliaisons hydrogéne danslamarthozite
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et la guilleminite différent de fagcon importante. Dans la marthozite, il y a huit groupes (H,0) interfoliaires uniques; quatre de
ceux-ci entrent en liaison directe avec le Cu?*, et quatre sont maintenus dans la structure uniquement par des liaisons hydrogéne.
Dans laguilleminite, il y adeux groupes (H,O) interfoliaires uniques, les deux étant liés aux atomes Ba interfoliaires.

(Traduit par la Rédaction)

Mots-clés: marthozite, structure cristalline, formule chimique, liaison hydrogéne, minéral d’uranium, guilleminite.

INTRODUCTION

We initiated a structural study of marthozite while
working on the crystal structure of guilleminite, Ba
[(UO2)3 (Se03)2 O7] (H20)3 (Cooper & Hawthorne
1995). We have examined several crystalsof marthozite
during the past five years, and al have the unit cell of
“metamarthozite” (Cesbron et al. 1969), which has a
15.8 A repeat-distance perpendicular to the principal
cleavage. In dl cases, only a partia structure was re-
coverable, indicating that the structural unit is a sheet of
probable composition [(UO,)3 (Se0s), O], the same
sheet that is the structural unit in the guilleminite struc-
ture (Cooper & Hawthorne 1995). The chemical formula
reported by Cesbron et al. (1969) for fully hydrated
marthozite (a 16.4 A repeat-distance perpendicular to
the cleavage direction) is Cu (UOy)3; (SeO3)3 (OH),
(H20)7. As part of acontinuing study of marthozite, we
were fortunate to acquire a sample containing superior
crystals of fully hydrated marthozite; we report hereits
crystal structure.

EXPERIMENTAL

The fine crystals used in this study are from the
Musonoi mine, Shaba Province, Democratic Republic
of Congo, and were generoudly provided for this study
by Mr. William Pinch. A platy crystal (Table 1),
bounded by morphological faces, was mounted on a
Bruker four-circle diffractometer equipped with a 1K
CCD detector at a crystal-to-detector distance of 4 cm.
Aswas pointed out by Burns (1998), CCD data-collec-
tion strategy can be optimized for highly absorbing crys-
tals by taking into account the shape and orientation of
the crystal. We are not yet aware of any published ac-
count of such an optimized strategy for highly absorb-
ing crystals, and present here a detailed account of our
data-collection procedure. We note that the following
strategy is for an automated four-circle diffractometer
with total freedom in ys; this specific strategy is not ap-
plicableto athree-circle diffractometer, which hasfewer
degrees of freedom.

An important aspect to CCD data-acquisition is that
no unit cell is required to collect the data; this is a
double-edged sword in that one can mount any crystal
and collect intensity data regardless of crystal suitabil-
ity. In this regard, we have developed a set of five pre-
liminary frame-sequences in order to assess crystal
quality and help select suitable frame-widths and frame-

times. Reciprocal space is sampled in a mutualy or-
thogonal fashion over 6 to 25° of scan angle, depending
upon average spot-size and population of reflectionsin
a frame. For marthozite, analysis of the three-dimen-
sional shapes of spots from these initial frames showed
that we had a single crystal of high quality, and reflec-
tions taken from these frames gave a unit cell corre-
sponding to fully hydrated marthozite. The 60 s
frame-time used for these initial framesis sufficient to
give observed reflections to the edge of the frame (60°
26). More than a sphere of intensity data was then col-
lected with nine data-runs, using a frame width of 0.2°
and a frame time of 60 s. The data runs were designed
with the simulation program ASTRO, and use both ¢
and o as scan axes. Users can e-mail the senior author
for alist of dataruns, accompanying software collision-
limits and tel escope setting. The following geometrical
relations areimportant in conjunction with the nine data-
runsfor moderately to highly absorbing crystals of platy
morphology: (1) thin plates are mounted vertically onto
theend of aglassfiber; (2) the goniometer head is manu-
ally rotated around the ¢ axisuntil the plane of the crys-
tal plateis parallel to the line-of-sight of the telescope.
From this easily reproducible starting configuration,
intensity data for any thin plate can be acquired using
the nine data-runs with a guarantee of complete data-
coverage and adequate treatment of absorption. This
guarantee stems from the following points: (1) multiple
s-settings are used; (2) the angle between the beam axis
and plate surface is maximized during design of thedata
runs (a very high proportion of unique datais acquired
outside a plate-glancing angle of 20°, even in triclinic
symmetry); (3) in addition to complete coverage of the

TABLE 1. MISCELLANEQUS INFORMATION FOR MARTHOZITE

2{A) 5.9679(4) crystal size (om) 0,108 x L0890 £ 0.020
b 16.4537(10} radiation MokoGr
c 17 2226010} No. of reflections 33858
¥AY 1880.2(3) Mo in Ewald sphere 15305
Sp. Gr. Phn2, Mo, unigue 5754

z Fl Mo IF,| = 4dof|F,j] 4354

w tmmTy 283 [ -1 7.4
O Viglem® A4 Ry (IF,| = do) % 57
o, {giom®} 437 wit; (F.2) % 8.0
mirma. 0070 £0.5580

Callcontent 4 [Cu® (USQ,), (Se0,), O (HO),)

R=XIF - FIFA]
wiR = [EwiF? —F2 P EwE2E Y w=110F}

* from Cesbron ef af. (1959)
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Ewald sphere, four of the nine data-runs were specifi-
cally designed to sample redundant data (s sampling)
in regions of maximum and minimum transmission (to
provide appropriate information for adequate empirical
absorption-corrections).

After collection of al nine data-runs, frame se-
guences uniformly distributed through the entire dataset
were sampled to give intense reflections (~1000) for
|east-squares refinement of the cell dimensions and ori-
entation matrix. The resulting orientation matrix was
then fed into the SAINT program for three-dimensional
integration of the intensity data, and standard correc-
tions (for Lorentz, polarization and background effects)
were applied. The fina unit-cell parameters (Table 1)
are based on |east-squares refinement of 7,317 reflec-
tions (> 10 ol). Theinteractive on-screen face-indexing
facility inthe SMART program was then used to index
all of the crystal faces on the marthozite crystal, and a
numerical absorption-correction (using Gaussian
quadrature integration) was applied to all 33,899 reflec-
tions. Identical reflections (at different W angles) were
combined to give a total of 19,305 reflections in the
Ewald sphere. In the space group Pbn2;, thisgives 5,759
unique data with a Laue (mmm) merging of 6.9%
(Friedel pairs were not merged).

799
STRUCTURE SOLUTION AND REFINEMENT

Scattering curves for neutral atoms, together with
anomalous dispersion corrections, were taken from
International Tablesfor X-ray Crystallography (1992).
The Bruker SHELXTL Version 5 system of programs
was used for solution and refinement of the crystal struc-
ture. Systematic absences are consistent with space
groups Pbn2; and Pbnm; the structure was solved in
Pbn2; using direct methods. Successive cycles of dif-
ference-Fourier synthesis and refinement gave the posi-
tions of all non-H atoms. Full-matrix |east-squares
refinement (based on F¢2 and all 5,759 unique data) of
all variable parameters for a model involving anisotro-
pic displacement of the cations and isotropic displace-
ment of the anions converged to an R; index of 5.7%
for 4,364 observed unique reflections (|JFo| > 40F). A
weighting scheme based on 1/oFy? gave wR; = 8.0%.
The absolute structural configuration was clearly estab-
lished [Flack parameter = 0.06(1)]. Final atom param-
eters are listed in Table 2, and selected interatomic
distances and anglesare given in Table 3; bond valences
areshownin Tables4 and 5, and details of the proposed
H bonds are given in Table 6. Observed and calculated
structure-factors may be obtained from The Depository

TABLE 2. FINAL ATOM FARAMETERS FOR MARTHOZITE

X ¥ Z U Uy Uz Ui sy Ui Uz
U 0.20563(9) 027827(7; 05 001372y 0.0098(3) 0.0155(4) 0.0157(3y 0.0012(2) 000814} 0.0018(5)
h2) 02022212y 02084506 0104838 C012002) Q0101(3p 0.0148(4) 0011103 -0.0007(3) 0.0073(4)  -0.0006(4)
LR3) 0.21002(11) 0.23414(5) 0.88322(6) 0013%(2) 0.0116(3} 0.0189(4) 0.0112(3y 0.0017(3) 0.0075(4) 0.0032{4)
Sel) 0.1820(3) 0.2877(2) 0.2989(1)  0.0160(4) 0.0087(9) 0.0243(9) 00139(8) -0.0009(8) 0.00608) -0.0006{12)
Soidy 0.1817(3) 0.3233(1 068881y 0.0148(4) 0.00681(8) 0.0261(12) 0.0125(8) -0.0007(7) 0.0D52(8) 0.003111)
Cit 0.1876(4) 0.4522{1) 011771y Q023105 G0225(11) 0.0236(12) 0.0232(11) - 0.0012(9) 0.0056(11}  0.0003{13)
O 0.2325(16)  0.2038(7) 02441(68) G OI73[28)
{3 0.0497016)  0.2486(8) 037186 Q.0170(27)
o3 0.3861(18) 0.205%9) 0.3580(7)  0.0284(33)
4] 0.2478(18) (1.2434(8) Q7s81(TY  0.0187(29)
Ors) 0.0458{15) 02807 05307 0.0126(27)
8] 0.3748{16) ( 3244(8) 0.8332(8)  0.0189(28)
o7 0.1670{14) (.3855(8}  0.48B8(Y)  0.0150{27)
O{B) 025100140 O170%8 0511908y  0.0188(33)
o8] 0.2493{15) 0.0988(8) 0.09%4(7)  0.0167(28)
Oy 0.1530{15) 039487y 01211(8) D027
o011y 0.2813{16) 12877y 088477y Q016629
o012y 01649418) 0 3393(8)  08848(v)  0.0Z70(31}
O3 0.382412) 02466 0.0030i7)  0.0118(22)
Q[14) 0.5155{(12) 0.2648(7) 0.4B65(8Y  0.0123(22)
OWwi1] -0.0018{(17) 248618 0.0303(7y  G.0Z26(30)
OWe2 05721018 2450108 0208207y 0.0307(32}
O3 -0.0051{18)  0.4934(9) 018617y 0.0Z50031)
OV 038030200 0.4242(9) 0.0456(7y 0 0372(36)
VWS D.T0453(21)  0.391009) OAETBITY 0 0342{32)
OVWE)  0.0287(22)  0.8091011) 0348609 0 0471(43)
CWWTY O 05051022 042430100 OFBE9(7Y O 03BS(39)
OW{E)  0.4841{15) 04867100 04276E)  0.0412(39)
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TABLE 3. BOND DISTANCES {A) FOR MARTHOZITE

U1-0{7} 1.60{1) LE21-O3 1.82{1
LI 10 B} 1.8101) (21~ 1.8001}
LA —CH2) 2.52(1) L2101} 24101}
Ui-003) 2.831) 2)-0i51h 2.43{1}
Ui 1-0(5) 2511 L{2)1-Oi6a 2.40{1}
Ui 13-0(8) 2.649(1) LE21-0{13}) 2.23(1}
UMm=onse  2.2001) L2)-Of 14 2.28(1%
L1004 21811 <20 1.81
<L{1-0_ > .80 <20, > 236
L0, 2.50
-0 2.3201) LHE)=3{11) 1.78(1}
Cu—C{10) 2.45(1) LH31-O12y 1.7G{1}
Cr—CWI 1) 2.05(1) L2)-Of2id 2.42{1}
Cu-OV2) 1.96(1) LE3-0{3)e 2.40{1}
Cu—WH3) 1.96(1) L53)-Cx4) 2 38{1)
Cu—Wa) 1.9801) 3)-0{13e 2.25{1}
<CU=0,,= 2.38 Li3)-0i1die 2.28{1}
“CurQ, 1.99 <30 = 1377
<UH=C, > 2.35
Se(11-01}) 17001 Sa(2)-Drd) 1.72{1}
Se(11-0(2) 1.74(1) Se(2-015) 1691}
Se(11-C43) LES(1) Bo{2)=0(5) 168{1)
<Se(1}-0= 174 <Se(2)-O 1.70
aw=Ve . pale zVe bnavis pel gV x=¥l prl 2+ W

[SHETS AT N S - SR & M R L RS S RS T
2= R R W a1 2 ) K Y 2=

of Unpublished Data, CISTI, National Research Coun-
cil, Ottawa, Ontario K1A 0S2, Canada.

CHEmICAL FORMULA

Cesbron et al. (1969) reported the formula of fully
hydrated marthozite as Cu (UO,)3 (SeOs)s (OH)»
(H20)7. Asis apparent from Table 2, the U:Seratio in
marthozite is 3:2, and al H atoms in the structure are
associated with eight (H,O) groups; this is in accord
with local bond-valence sums (Table 4) and satisfiesthe
requirement of overall electroneutrality. Hence the for-
mulafor marthoziteis Cu?* [(UO,)3 (Se0s)2 O,] (H20)s.
This gives a calculated density of 4.37 g/em®, in good
agreement with the measured value of 4.4 g/cm3
(Cesbron et al. 1969).

Cesbron et al. (1969) noted asmall deficiency in Cu
content in their chemical composition relative to their
ideal formula. Site-occupancy refinement at the Cu site
gave full occupancy by Cu, giving one Cu?* apfu (atom
per formulaunit). The chemical composition of the sheet
(structural unit) is the same for both marthozite and
guilleminite. The two minerals differ in their interlayer
compositions: Bais coordinated by three (H,O) groups
in guilleminite, and Cu is coordinated by four (H,0)
groups [with four additional (H,O) groups] in
marthozite.

TABLE 4. BOND-VALENCE TABL F FOR MARTHOZITE"

1A ITMBE H2A H2ZE H3A H3B H4A H4E HSA HSB HEA HSB HFA HYE HBA HEE I

Ui L2 s Cuo Se{1) Sedy I

ot .49 135 1.84 0z 204
o2) (a9 048 131 208 208
oE 022 ¢ 50 142 214 2.4
0i4) 052 128 180 n.2 200
5] 040 0.45 130 224 2.24
Cif) 028 0S50 tdz 220 220
o7 181 161 02 01 1.91
OfE) 58 +.58 0.1 (X1 01 188
oG] 1.55 0.8 173 173
10 162 R P74 1.74
O 168 158 o1 01 1.88
12 175 175 ¢ 185
013 061 087 087 1.5 195
Q14 078 083 062 201 2.01
w1y 0.57 037 08 09 207
awizy 047 047 0% 207
oI 0.47 047 0.8 2.07
a4y 044 044 as €43 2.14
QWIS 0.00 0.2 0E ca 2.10
OVWiE} [ifib] 0.2 08 G 203
QWiT} 000 05 o 02200
QWi 000 0.2 i G2 08 0B 200
I 585 591 £522 205 398 409 ‘o 14 10 10 10 10 10 10 10 1C 10 10 10 10

* Bond-valence curves, U-00 Burs af gt (1547), Cu—). Se—0 Brown & Altermalt {19G65)
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TABLE 5. BOND-VALCNCE TAGLE FOR GUILLCMIITC®
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TABLE 6. PROPOSED H-BONDING FOR MARTHOZITE AND GUILLEMINITE

L U ) Se z Hia  HiE  HzA  HIB z

i1y 1.65 013 84 220 204
M2y OEC 0EZE. 0aT zm 2m
Oidy 084 X 200 2050
oy 18 013 s z 10 187
OiF) 1EE D1, 157 oos 192
i) 158 Doyt 18 noE 183
QiTy o330St 1385 z2°g 215
iy 04% 142 % @i oic 241
©(9) 002", DAE 150 230 2.3
WL 0,32 030 81 LEd 250
i o2 o0 D63 0BC 280
I 5BC  GDE 1.8 427 150 189 13 c ol

° Bord-vd ence curves J-00 Buag eral (85T Ba O Se O Brower & Alterman
(THED).

DESCRIPTION OF THE STRUCTURE
Coordination of the cations

There arethree unique U sitesin marthozite (Fig. 1):
U(1) is surrounded by eight O atoms in a hexagonal
bipyramidal arrangement; U(2) and U(3) are each sur-
rounded by seven O atomsin a pentagonal bipyramidal
arrangement. The presence of the uranyl ion, (UO,)?*,
with U-O bond lengths of ~1.8 A (Table 2), indicates
that all U in the structure is present as U%*; thisresult is
in accord with the bond-valence sums at the U sites
(Table 4). There are two unique Se sites, each occupied
by Se** and coordinated by three O atoms (Se—O = 1.70
A), with the Se atom displaced above the plane of the O
atomsto form atriangular pyramid with Se at the apex;
this arrangement is typical for Se** exhibiting
stereoactive lone-pair behavior. The Cu siteis occupied
by Cu, which isbonded to four (H,0) groups[Cu—H;0)
=2.0A] and two O atoms (Cu—O = 2.4 A) in an octahe-
dral arrangement; the four short bonds are approxi-
mately coplanar, a[4 + 2]-coordination that istypical of
octahedrally coordinated Cu?* exhibiting Jahn-Teller
distortion.

Topology of the structure

The structures of marthozite and guilleminite are
based on the topologically identical sheet of (Udy,) and
(Se03) polyhedra; their principal structural differences
involve the interlayer (interstitial) species. Below, we
compare various aspects of the two structures side-by-
sidein Figures 1to 4 [(a): marthozite, (b): guilleminite]
in order to help understand how distortionsin the sheets
and the stereochemistry of the two interlayers are re-
lated.

The sheet: In both structures, the sheet has the com-
position [(UO,)3 (Se0s), O,] and iscomprised of chains
of edge-sharing (Udy,) polyhedraextending along [100]
that are cross-linked in the [001] direction by (SeOs)
groups (Figs. 1a, b). Thissheet isrelated to the [(UO,)3
(PO4)2X7] sheetsin phosphuranylite (X = O), upaliteand

marthozite
DWW -H1A .O{Tg 279(2) & Q{7)g-0W(1)-HBla 114.2(5)°
(1 =HIB... .Oif)s 2.B6(2)
CAW2-H2A . OWS)  2B0(2) OWIS-OW(Z-OW(RY  98.006)
OWAZ-H2B. . OWT) 285
OWI{3)-H3A . OWE)i  2B7(2) OW(SH-OWI-0WHED 105808
OWH{Z-HIB . Owe) 27202
OWI(d)-HaA . OW(B)  2.84(2) OB -0MA4-01B)E 83.5(5)
OWi(d)-HIB  Ci8ih 2.87(2)
CW(S)-HSA . Ola)h 2.70(2) Qi4)b=0W(51-0(81b 102.8(6)
OW(5}-H5B.. .O(B)h 2.88(2)
OW(B}-HEA . O{11ja  3.01(2) O{11 e OWA{SH0{1213  106.8(B)
OWis-HEB. . O12)g 2852
OWITHTA . Of 2.75(2) Ora=OWIT-OWETh  128.6(6)
OW(?}-HTB . OW(BIh  2.80(2)
OWiB-HBA . (7} 2.8712) O HOWHE-OWIT i 128.116)
OW(R}-HBA . O(111b  281(2) O[11I-OWHE-OW(T))  B8.48)
CWHEBHHBB. . OWT)  280(2)

Guilleminite
WH{T-H1A . Of1) 2.76(8) O 11 1-0{4) B3(2]
WH{T-H1B... Ofd) 2.88(8)
WIZHZA . Q5 3.0005) 005 W Z-0(8) 75(1)
WIZHZA . OB} 3.15(5} O(5WI21-0[8) 831}
WI2T-HZE . O 3.03(5} OB W(21-0(8) 1462}

frangoisite~(Nd) (X, = O{OH}), dewindtite (X = O +
additional H), vanmeersscheite (X = OH), dumontite (X
= 0), phurcalite and phuralumite (X = OH), and
althupite (X = O{OH}) (Burns et al. 1996). In
guilleminite (P2;nm), thereismirror symmetry at z= 0,
and the chains of (Udy) polyhedra are bilaterally sym-
metrical (Fig. 1b). In marthozite (Pbn2,), there is no
mirror present, and the chains of (Udy) polyhedra lack
bilateral symmetry; the edge-sharing pentagonal
bipyramids are symmetrically distinct, athough thereis
significant pseudosymmetry present (Fig. 1a).

Comparison of the a and c cell-dimensions of these
two minerals shows that marthozite has a shorter repeat
along [100] and a longer repeat along [001] than
guilleminite. In marthozite, the approximately linear
(UO,)?* groups show agreater departure from alignment
along [010] than in guilleminite. These tilts alternate
along the chain of (Udp) polyhedrain the [100] direc-
tion, resulting in acorrugation along [100] in marthozite,
consistent with its marginally shorter a dimension. In-
spection of Figures 1a and 1b indicates that there is no
significant contraction within the chain of (Udy) poly-
hedra in the [001] direction; the relative lengthening
along [001] in marthozite (relative to guilleminite) must
occur by a different mechanism.

Inspection of the Se sites relative to the three O at-
oms of the (SeO3) groups showsthat the Se atom ismore
centrally positioned relative to the three O atoms in
marthozite than in guilleminite. In marthozite, extension
of the sheet along [001] is coupled to rotation of the
(Se0s) groups, which in turn is promoted by flexing of
the U-O-Se bond angles, resulting in an overall flatten-



802

v oy 4
v
Gav

Ay AVaVY
W\
O
\/Y
ay

el

o
V
S

o5
L
AV
. \‘

&
A%
3

VAVN%VAV

V4
V‘éﬂ

S
-
ava

\

2

e e BB St

| =

1G.1. Thestr
atoms are shown as small black circles.

ing of the entire sheet in marthozite relative to that in
guilleminite (cf. Figs. 2a and 2b). In Figure 3, parts of
the chain of (UO,) polyhedra are compared in terms of
the bond valences of the U-O(equatorial) bonds. Com-
parison of al bond valences associated with the pen-
tagonal bipyramids shows that the U(2)-U(2) dimer in
guilleminite has essentially the same bond-valence dis-
tribution asthe U(2)—U(3) dimer in marthozite. The key

The structural units of (a) marthozite and (b) guilleminite projected onto (010); Se

difference between the two structures occursin the bond
valences associated with the hexagonal bipyramid
[U(2)Og]. The values of the bond valences are much
more evenly distributed around the U(1) site in
guilleminite [with O(7) and O(9) receiving 0.33 and
0.32 vaence units (vu), respectively] than around the
U(1) site in marthozite [with the analogous O(2)—O(5)
and O(3)-0O(6) pairs of O atoms receiving an average
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Fic. 2. Thecrysta structures of (a) marthozite and (b) guilleminite projected down [100]
and down an axis 7° from [100], respectively; legend asin Figure 1. Cu?** and Ba are
shown aslight blue and dark blue circles, respectively, and (H20) groups are shown as
red circles.

of 0.39 and 0.25 wu, respectively]. The two equatoria
bonds to U(1) oriented along [100] are of nearly equal
strength in guilleminite [0.64 and 0.60 vu], compared to
unequal values [0.61 and 0.76 vu, respectively] in
marthozite. This asymmetrical distribution of bond va-
lence around the U(1) sitein marthozite has two conse-
guences: (1) it is responsible for the corrugation along
[2100] in the (UOy) polyhedral chain; (2) the O atom at
O(14) in marthozite has its bond-valence requirements
met solely by contributions from the three neighboring
U atoms. In guilleminite, the analogous O atom at O(2)
receives only 1.84 vu from the neighboring U atoms;
however, the interlayer Ba atom contributes an addi-
tional 0.17 vu to bring the total valence incident at the

O(2) siteto 2.01 vu. Stereochemically, it would be un-
reasonable for interlayer Cu?* in marthozite to mimic
the behavior of the Ba atom in guilleminite, as this
would produce an unfavorably close approach of the
equatoria (H»0) groups of the (Cudg) octahedron to the
three uranyl O atoms. In this regard, the distinctively
different bonding environments of interlayer Cu?* and
Ba2* are directly related to the different distortions in
the neighboring U-Se sheets in marthozite and
guilleminite.

The interlayer: Meshing of the U-Se sheets around
theinterlayer congtituentsin marthozite and guilleminite
is shown in Figure 2; interlayer (H,O) groups not
bonded to Cu?* in marthozite have been excluded for
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Fic. 3. Linkage of U and O atoms of the structural units of (a) marthozite and (b) guilleminite; bond valences and some bond-

valence sums (in yellow boxes) are shown.

simplicity. In marthozite, the repeat distance along [010]
is twice that in guilleminite; the ends of the chain of
(UOy) polyhedra have opposing tilts in adjacent sheets,
and the marthozite sheet is relatively flattened in the
a— plane.

In guilleminite, the Ba atom is centrally positioned
with respect to the chain of (UO;) polyhedra (Figs. 2b,
4b), whereas the Cu?* atom in marthozite is located off
the pseudo-mirror plane of the chain of (UO;) polyhe-
dra (Figs. 2a, 4a). Figure 2b shows the guilleminite
structure rotated 7° off [100] so that all ligands of the
[10]-coordinated Ba site are visible. These ligands in-
volvethreeinterlayer (H,0) groups, six uranyl O atoms
in adjacent sheets, and one O atom at the O(2) site [cf.
Fig. 3b]. In guilleminite, Bais nearly equidistant (2.90
—-2.97 A) from seven O atoms of the structural unit, and
closely surrounded by the threeinterlayer (H,O) groups
in a triangular arrangement (Figs. 2b, 4b). The H,O
groups occur over the topographic lows in the underly-
ing sheet, forming aregular clinomesh of (H,0) groups

along (301) and (301). In marthozite, the situation in-
volving Cu%* isvery different: there are only two bonds
(2.32 and 2.45 A) between the interlayer Cu?* and ura-
nyl O atoms of the [U(2)d7] polyhedra.

The interlayer in marthozite is more expanded than
that in guilleminite, and linkage through the long apical
bonds to Cu seems to provide only tenuous structural
support. Perhaps because of the expanded interlayer, the
topography of the sheet in marthozite (Fig. 4a) seemsto
exert less of a constraint on the positions of the (H,0)
groups than in guilleminite. The separation of adjacent
sheets in marthozite is half the repeat distance along
[010], 16.454/ 2 = 8.227 A; the corresponding intersheet
separation in guilleminite is equal to the translation
along b (7.293 A). Thus although Bais a much larger
cation that Cu?*, the different siting of these two inter-
stitial species in the interlayer results in an intersheet
separation in marthozite that is nearly 1 A greater than
that in guilleminite.
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Fic. 4. Hydrogen bonding in (a) marthozite projected onto (010), and (b) guilleminite,
projected down an axis 8° from [010]; legend asin Figure 2, H-bond linkages are shown
as heavy black lines, the arrows denoting the acceptor anions.

Hydrogen bonding

Several factors commonly combine to make the deri-
vation of H-bonding patterns quite difficult in uranium
mineras: (1) The actual H-atoms are not usually ob-
served in final difference-Fourier maps; (2) inadequate
correction for absorption, which can result in inaccu-
rately determined positions for the anions in the struc-
ture; (3) apparent disorder of, or vacancies associated
with, interlayer components; (4) cal culation of incorrect
bond-valences at the uranyl O atoms owing to use of
inaccurate bond-valence curves; (5) the occurrence of
several possible H-bond acceptor-anions. Although as-

signment of H bonds can be quite difficult, it isimpor-
tant that this be done, asiit is the H bonds that hold ad-
jacent sheets together and control the stability of the
mineral. Both guilleminite and marthozite are well-re-
fined structures with fully ordered sheets and fully or-
dered interstitial constituents. They are suitable
candidates for detailed examination of their H bonding,
and we present a full description of the proposed H-
bonding schemes in each structure.

Inspection of the bond-valence tablesfor marthozite
and guilleminite (Tables 4, 5) shows that the following
O atoms have their bond-valence reguirements met
without any bond-valence contribution from H bond-
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ing: (1) those O atoms that bond to three U atoms; (2)
those O atoms that bond to two U atoms and one Se
atom. The O atoms that bond to one U atom and one Se
atom do not receive sufficient bond-valence from these
two cations to satisfy their bond-valence requirements,
and accordingly, we have designated these O atoms as
H-bond acceptors. Inspection of Figure 2 shows that
these O atoms, via the corrugation of the [(UO,)3
(Se03), O;] sheet dlong [001], can accept H bonds from
theinterlayer (H,O) groups. We haveillustrated thisre-
lation on the right-hand side of Figure 2b with dashed
H-bonds from the W(2) site to the O(8) sites in
guilleminite.

In guilleminite, each uranyl O atom receives signifi-
cantly lessthan 2 vu from its coordinating U atom (1.77—
1.87 vu), and hence must be a H-bond acceptor;
inclusion of the H-bond contribution to the incident
bond-valence sums givesarangein valuesfrom 1.83 to
2.04 vu. In marthozite, only the uranyl O atoms associ-
ated with the [U(2)d+] polyhedron bond to the intersti-
tial Cu?* atom, and incident bond-valence sums at the
uranyl O atoms range from 1.58 to 1.74 vu from U and
interstitial Cu?*; hence all uranyl O atoms not bonded
to Cu must be H-bond acceptors, and the resulting bond-
valence sums range from 1.73 to 1.91 vu.

The strengths of all assigned H-bonds have been
partitioned into two groups based on the distances be-
tween the donor (Op) and acceptor O atoms (On): Op—
O, distances of 2.60 to 2.80 A correspond to a bond
valence of 0.2 vu; Op—O, distances of 2.80 to 3.01 A
correspond to a bond valence of 0.1 vu. The H bonds
associated with the (H,0) group at W(2) in guilleminite
are more complicated and are discussed in greater de-
tail below. The geometrical indicators of potential H-
bonds include a maximum Op—Oa separation of 3.2 A
and an Op—Op—O, angular range from 70 to 150°. Hy-
drogen bonding along an edge of the (Cu?*¢s) octahe-
dron is not considered possible; H bonding along an
edge of the (Badig) polyhedron is considered possible
(Baur 1972, 1973). In general, theincident bond-valence
sums at the uranyl O atoms are somewhat low; thisis
likely dueto slight underestimation in the bond-valence
calculation for the short Us*—Oy, bonds using the curves
of Burns et al (1997). For the structure of rutherfordine
(Finch et al. 1999), which contains auranyl O atom that
bonds only to US*, application of this bond-valence
curve gives asimilar low valence (1.80 vu for the ura-
nyl O atom).

Hydrogen bonding in guilleminite

The H-bonding scheme in guilleminite is relatively
straightforward. Hydrogen bonds involve the uranyl O
atoms above and below the W(1) and W(2) sites at
which the interstitial (H,O) groups occur (Fig. 4b). The
H atoms of the (H,0) group at the W(1) site[H(1A) and
H(1B)] link to the acceptor anions O(1) and O(4), with
donor—acceptor distances of ~2.8 A. The W(2) sitelies
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on a specia position, and two constituent H atoms oc-
cupy only one symmetrically distinct site. This site is
~3.06 A from three anion sites, O(5), O(6) and O(8),
which are feasible H-bond acceptors (Table 6). Bond-
valence considerations suggest that all of these anions
are probable H-bond acceptors (Table 5), and thus we
have represented the H bonding associated with W(2)
as a bifurcated bond involving O(5) and O(6), and a
single bond involving O(8).

Hydrogen bonding in marthozte

In marthozite, there are eight unique (H,O) groups
occupying the W sites. The (H,O) groups at the W(1-4)
sites are bonded to Cu?*; the O atoms associated with
W(5-8) are held in the structure solely by H bonds. It is
clear from Table 4 that the four short bonds from Cu?*
to W(1-4) provide sufficient bond-valencefor the O at-
oms of the (H,O) groups, and hence the O atoms of the
(H20) groups occupying W(1-4) do not function as H-
bond acceptors. The H bonds from W(1-4) are directed
toward the uranyl O-atoms of U(1) and to the O atoms
of the (H20) groups occupying W(5-8). The H bonds
from W(5-8) are directed toward a variety of acceptor
anions: (1) uranyl O-atoms of the U(1) and U(3) poly-
hedra; (2) other O atoms of (H,O) groups occupying
the W(5-8) sites; (3) sheet O atomslinked to one U atom
and one Se atom (Fig. 4a, Tables 4, 6).

The H-bond arrangement in marthozite is very dif-
ferent in character from that in guilleminite. In
marthozite, uranyl O-atoms not bonded to Cu?* receive
from oneto three H-bonds, whereas the uranyl O-atoms
of the U(2) polyhedron (that bond to Cu?*) receive noH
bonds. In guilleminite, each uranyl O-atom receivesone
bond from Ba and one H bond from an (H>O) group. In
marthozite, if one excludes the possibility of H bonding
along the edge of the (Cu?*¢¢) octahedron by one of the
(H20) groups at W(1 — 4), then the uranyl O-atoms be-
longing to the {U(2)¢7} polyhedron cannot be H-bond
acceptors, as the (H,0) groups at the W(5-8) sites are
too distant (= 3.47 A). The low incident bond-valence
of 1.73 and 1.74 vu at the O(9) and O(10) anions must
be afeature of this region of the structure. Asindicated
in Table 4, the assigned H-bonds result in bond-valence
sums from 1.85 to 1.91 vu at the uranyl O-atoms of the
{U(Q)dbg} and {U(3)d7} polyhedra.

Each of the four (H,0) groups at the W(5-8) sites
receives two H-bonds, except for W(6), which receives
a single H-bond from the (H,0) group at W(3). How-
ever, W(6) is quite far (3.01 and 2.95 A) from the ac-
ceptor anions [O(11) and O(12)], indicating relatively
weak (0.1 vu) H-bonds and strong (~0.9 vu) donor
bonds. Reception of asingle H-bond from W(3) by W(6)
is consistent with the valence-sum rule: 0.9 + 0.9 + 0.2
= 2.0vu; moreover, no other (H,0) group issufficiently
close to W(6) to act as an additional H-bond donor. For
the (H20) group at W(8), there are two possible H-bond
arrangements; H(8A) could form a H bond either with



THE STRUCTURE OF MARTHOZITE

the O(7) or O(11) uranyl O-atoms. In the absence of
any indication of which arrangement is preferred, we
have assigned a disordered configuration (Table 6).

Possible polymorphism in marthozite

In marthozite, the incident bond-valences at all ura-
nyl O-atoms (from the U®* atoms alone) are similarly
low. Individua bond-vaence contributions on the or-
der of 0.1 to 0.2 vu can be provided to these uranyl O-
atoms by H bonds or by bonds involving the interstitial
Cu?*. From a geometrical perspective, there seems no
obvious reason why Cu?* must assume a position be-
tween the uranyl O-atoms of the {U(2)¢$7} polyhedra
The separations across the interlayer between opposing
uranyl O-atoms of the {U(1)dg}, {U(2)db7} and
{U(3)db7} polyhedraare 4.75, 4.75 and 4.79 A , respec-
tively, and there seems no reason why Cu?* could not
easily be located between any of the three pairs of op-
posing uranyl O-atoms. Also, there seems to be little
controlling the exact positioning of the four equatorial
(H-0) groups [W(1-4)] bonded to Cu?*, relative to the
positions of the uranyl O-atoms.

Totest the possibility of Cu?* being located between
{U(D)dg} or {U(I)d7} polyhedra, we collected rapid
diffraction-intensity datasets on three other marthozite
crystals from the same sample. All three crystals gave
the same atomic arrangement as that presented here.
Although we were unable to find a different polymorph
of marthozite, it isdifficult to put aconvincing case that
the current observed structure is the only possible ar-
rangement in crystal-chemical terms.

“ Metamarthozite”

Cesbron et al. (1969) reported the occurrence of a
phase that forms spontaneously at room temperature by
dehydration of marthozite; they named this phase
“metamarthozite”. This phaseis also orthorhombic and
has the same translation periods parallel to the [(UO,)3
(Se03), O] sheet (a= 7.0, ¢ = 17.2 A) as marthozite.
The translation perpendicular to the sheet in
“metamarthozite’ is15.80 A, disti nctly shorter than the
analogous 16.45 A in marthozite. The separation be-
tween adjacent sheets in “metamarthozite” is 15.80/ 2
=7.90A, compared to 8.227 A in marthozite. The <Cu—
Ouica> distance in marthozite is 2.385 A. If Cu were
similarly positioned between uranyl O-atoms in
“metamarthozite”, the resulting <Cu—Ogica> distance
would be ~2.22 A, and the associated bond-valence
would be about 0.23 vu, a reasonable contribution to a
uranyl O-atom. If this were the case in
“metamarthozite”, Cu would have a different type of
coordination than in marthozite, as2.22 A israther short
for atypical <Cu—Ogjica> distance.

Thermogravimetric analysis of marthozite gave an
early low-temperature weight loss of 3.05wt.%, and the
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X-ray pattern of this partly dehydrated phaseis consis-
tent with that of “ metamarthozite” (Cesbron et al. 1969).
Theideal H,O content for marthozite is 11.06 wt.%. A
weight loss of 3.05wt.% H,0 is consistent with a con-
tent of 5.8 H,O groupsin “metamarthozite”, suggesting
that the correct formula for the latter phase is Cu?*
[(UO2)3 (Se03)2 O7] (H20)e-

ACKNOWLEDGEMENTS

We thank Bill Pinch for again providing us with
samples of superb quality, Bob Finch, an anonymous
referee and Associate Editor Peter C. Burns for their
comments on this paper. This work was supported by
Natural Sciences and Engineering Research Council of
Canada Major Facility Access, Maor Equipment and
Research grants to FCH.

REFERENCES

BAur, W.H. (1972): Prediction of hydrogen bonds and hydro-
gen atom positions in crystalline solids. Acta Crystallogr.
B28, 1456-1465.

(2973): Criteriafor hydrogen bonding. I1. A hydro-
gen bond in the edge of a coordination polyhedron around
acation. Acta Crystallogr. B29, 139-140.

BrRowN, I.D. & ALTERMATT, D. (1985): Bond-valence param-
eters obtained from a systematic analysis of the inorganic
crystal structure database. Acta Crystallogr. B41, 244-247.

Burns, P.C. (1998): CCD area detectors of X-rays applied to
the analysis of minera structures. Can. Mineral. 36, 847-
853.

, EWING, R.C. & HAWTHORNE, F.C. (1997): Thecrys-
tal chemistry of hexavalent uranium: polyhedron
geometries, bond-valence parameters and polymerization
of polyhedra. Can. Mineral. 35, 1551-1570.

, MILLER, M.L. & EwING, R.C. (1996): U%* minerals
and inorganic phases: acomparison and hierarchy of crys-
tal structures. Can. Mineral. 34, 845-880.

CEesBRON, F., O0sTERBOSCH, R. & PIERROT, R. (1969): Une
nouvelle espéce minérale: lamarthozite: uranyl-sélénite de
cuivre hydraté. Bull. Soc. fr. Minéral. Cristallogr. 92, 278-
283.

CoOPER, M.A. & HAWTHORNE, F.C. (1995): The crystal struc-
ture of guilleminite, a hydrated Ba-U-Se sheet structure.
Can. Mineral. 33, 1103-1109.

FincH, R.J., CooPER, M.A., HAWTHORNE, F.C. & EwING, R.C.
(1999): Refinement of thecrystal structure of rutherfordine.
Can. Mineral. 37, 929-938.

Received October 28, 2000, revised manuscript accepted
March 17, 2001.



