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Spectroscopic and thermal contribution to the
structural characterization of vandenbrandeite
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The vibrational (IR and Raman) spectrum of Vandenbrandeite, Cu[UO,(OH),], has been
recorded and discussed on the basis of structural considerations through the use of
empirical expressions. As the H-bonding in the lattice is poorly known, the characteristics
of this bond has been analyzed with the aid of H/D isotope exchange, thermal assays and
electron microscopy. Samples are practically amorphous to XRD up to ~700°C whereas
crystals morphologically different by SEM microscopy and well characterized by XRD
technique are observed from ~800°C. Vibrational spectroscopy reveals that the atomic
arrangement in the structure remains largely unaffected as the dehydration proceeds,
suggesting a topochemically controlled process. EPR spectroscopy suggests a disordered
distribution of Cu(ll) ions as temperature increases. Finally, thermal dehydroxylation and
paragenesis of the copper-uranyl oxide hydrate are correlated.
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1. Introduction

Vandenbrandeite, the Cu[UO,(OH)4] hydrous copper
uranate, is a very rare mineral species that like another
uranyl oxide hydrates (UOHSs), appears as an alteration
product of uraninite. All the known structures of the
UOHs are based on structural sheet of edge sharing
polyhedra containing the U(VI) ion. The topology of
the UOH structural layers is remarkably similar to that
of the U30g oxide [1].

The crystallography of the dark green mineral
was analyzed by Milne and Nuffield [2] whereas
Rozenzweig and Ryan have determined the crystal
structure [3]. This basically consists of layers formed
by [Cu,O¢] and [U,01,] interconnected units [3]. The
U environment shows five U—O bonds in a pentago-
nal plane and two shorter ones, characteristic of the
uranyl group. The Cu-polyhedron is approximately
square pyramidal. As the location of the H atoms in
crystalline structures is usually unsatisfactory, except
for studies based on neutron diffraction, the nature of
the H-bond has been tentatively inferred by Rozen-
zweig and Ryan [3]. They suggested that the H atoms
are associated to the equatorial oxygen atoms of the
U-polyhedron (two U—O- - -H distances at 2.31 A, two
ones at 2.41 A and the remaining one at 2.44 A, propos-
ing the Cu[UO,(OH)4] formula (to replace the old
2Cu0-2U03-5H,0 one [4]). Distances of the two short-
est U—O bonds of the uranyl group are 1.77 and 1.78 A
respectively. The principal interactions between adja-
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cent layers seem to be between these uranyl groups with
the axial oxygen atoms of the Cu-square pyramids and
through the hydrogen bonding associated to the oxygen
atoms of the U-polyhedron. Hence, because the direc-
tional character of the O—H bonds, it seems to be nearer
to a hydroxyl group than to a water molecule [3].

Although the IR spectrum of vandenbrandeite has
been published, the vibrational spectrum has not been
analyzed in detail [5].

In order to characterize this secondary uranium-
mineral as well as to elucidate about the role of the
H atoms in the lattice, the IR and Raman spectra of
natural samples has been analyzed and discussed with
the aid of additional assays such as thermal and H/D
isotope exchange experiments. Thermal behavior has
also been studied by means of infrared (IR) and elec-
tron spin resonance (ESR) spectroscopy, X-ray diffrac-
tion and scanning electron microscopy (SEM-EDAX).
Thermal dehydroxylation and paragenesis of the stud-
ied UOH are correlated.

2. Experimental
The analyzed specimen is original from the Kalongwe
deposit, Shaba, province of Zaire and was kindly provi-
ded by Prof. M. Deliens from the Institute Royal des
Sciences naturelles de Belgique (Bruxelles, Belgium)
[6].

The material is mainly associated to the ochre-yellow
mineral kasolite (PbUO,Si04-H,0), also product of
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alteration of uraninite. Thin veinlets of kasolite are
randomly located within the massive green tabular crys-
tals of vandenbrandeite [7].

Preliminary elimination of impurities was carried out
washing and stirring with a mixture of water and ace-
tone. No alteration of green crystals has been observed
after this treatment. Although the bigger crystals show
inclusions of kasolite, difficult to eliminate by washing,
it has been possible to select carefully small and pure
crystals of vandenbrandeite.

The chemical analysis of selected material, perfo-
rmed by electron microprobe (Philips 505 with energy
dispersive detector EDAX-9100 electron microscopy
instrument), reveals metallic contents of 21.00% of Cu
and 79.00% of U (only traces of Pb and Si) in good
agreement with the theoretical values (21.07% Cu and
78.93% U). Likewise, the yellow crystals of kasolite
show the follow metal data: 43.3% Pb, 50.9% U and
5.8% Si, also in agreement with the theoretical values
(43.78% Pb, 50.29% U and 5.93% Si).

The phase analysis was performed by X-ray diffrac-
tometry by means of a Philips PW 1714 diffractometer,
Cu K,, radiation and Ni filter.

The IR spectra were recorded (4000-200 cm™!) on a
Perkin Elmer 580B spectrometer, using the KBr pellet
and Nujol techniques. No difference in the IR spectra is
observed. Spectra at liquid nitrogen temperature were
obtained in the RIIC-VLT?2 cell. The Raman spectrum
was obtained with the Bruker IFS-66 equipment, laser
Nd-YAG between 4000-100 cm ™.

The X band electron spin resonance spectra (ESR)
were recorded at room temperature (RT) on a Varian
E-9 spectrometer equipped with an on-line computer
for data treatment.

Partially deuterated samples were obtained by mix-
ing the mineral with D,O (99.9%) under hydrother-
mal treatment (150°C) during 7 days. However, only
isotopically diluted samples were obtained. Further at-
tempts to reach a greater deuteration were unsuccessful.

Thermal studies were carried out, on air, in a pro-
grammed temperature furnace between 300 and 950°C,
using the DTA-TG literature data [5].

3. Results and discussion

Cu[UO,(OH)4] belongs to the triclinic system with
a=784A,b=543A, c= 609 A, a=91°52, =
102° 00', y =89° 37, space group P1 and Z=2
(Ref. 3). On the basis of the existence of two types
of heavy metals in the unit cell, the proton vibrations
are very sensitive to the bonds to which are connected.
Hence, U—O, Cu—O and H—O typical vibrations can
be studied by means of IR and Raman spectroscopy

(Fig. 1).

3.1. The O—H vibrations
It is known that the H atom plays an important role in
the structure and chemistry of oxides and other mineral
species [8, 9]. The principal reason stems from the di-
rectional character of the chemical bonding in which H
is involved.

IR spectroscopy has proved to be an important tool to
study the presence of water and OH groups in mineral
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Figure 1 Vibrational spectrum of vandenbrandeite: (a) IR, (b) Raman.

species. So, it is possible to establish unambiguously
the difference between the water bands and those due
to hydroxyl-groups [8, 10]. In relation to their assign-
ment, acommon region, between 3600-3000 cm~! cor-
responds to the O—H stretching modes (depending on
the degree of H-bonding), while a second region, close
to 1600 cm ™!, is only attributable to H—O—H bending
modes of water. A third region, below 900 cm~! canbe
assigned to OH and water librations [11, 12]. Likewise,
the M—O—H in plane bending vibrations, (M = metal
atom with higher electronegativity), usually appear be-
tween 1100-800 cm~! whereas the yM—O—H out of
plane bending vibrations lie between 1000—-500 cm ™!
[5, 13]. A very weak IR-band in the 1600 cm™! re-
gion could be attributed to the bending vibration of
adsorbed water [5] although a series of another weak
absorption bands in the 1300—-2300 cm™! corresponds
to overtones and combinations as it is discussed above.
In fact, the difference in the intensity between the bands
in the 3500-3400 and 1600 cm™' regions is the main
support of the hydroxyl character of the H-bond in van-
denbrandeite (in agreement with Rosenzweig and Ryan
and more recently with Cejka [3, 5]).

However, a clearly resolved doublet in the IR spec-
trum, at 3508 and 3423 cm~! suggest the presence of
clearly distinguished kinds of hydroxyl entities. The
sharp peaks located at the highest values of OH stretch-
ing region suggest a relatively “free” character of these
groups [14]. The values are similar to those observed for
strontium hydroxyde (3597-3496 cm™') or Al(OH);
(gibbsite) (3617, 3520, 3428, 3380 cm™!) where very
extensive H-bonds act as protons donors [10]. The ad-
ditional broad band centered at 3262 cm™~! should be
assigned to medium strength H-bonded (2.56 A for
the O- - -O hydrogen bonded distance of sharing edge
dimeric U-unit [3]).

The bands located at 1139, 1024 and 978 cm™!
and those located in the 900 and 840 cm™' region



are assigned to 6U—O—H vibrations, as it is observed
in metallic hydroxymetallates (Cu—O—H (~990cm™")
[14], U—O—H (1000-1100 cm~') [15], Te—O—H
(1200-1100 cm™1) [16]), M'—O—H (M = Al, Fe, Ga,
Sc) (1100-900 cm =) [10], Sn—O—H (1150-900 cm ™)
[L7D).

The ability to form strong H-bonds is inherent to
OH groups coordinated by metal atoms, depending on
either feature of metal and steric considerations. So, in
several copper hydroxyl sulfates the Cu—O—H IR-band
is shifted from 990 to 734 cm~! as the H-bond strength
is decreased [14].

The third type of bands related to the OH groups
(librational modes) appear below 700 cm~! depending
also on the nature of M—O—H bond. In general, an
increase of covalence is accompanied by an increase of
librational frequency [10].

The separation between H,O and OH librations is
performed by deuteration experiments due to HDO li-
brations occur only in the case of water molecule [18].

In order to obtain a wider insight into the vibrational
feature, the comparison between the IR spectra of orig-
inal and partly deuterated sample has been shown in
Figs 2a and b (4000-2000 cm~') and 3a and b (1200—
200 cm~!). They show the typical regions of OH or
OD vibrations. The highest stretching modes are dis-
placed to 28002500 cm~! and a series of weak bands
in the 2365-2330 cm™! correspond to the shifting of
the weaker OH bonds (~3200 cm™!). Some changes
are also observed in the middle region of the spectrum,
where the U—O—H bands shift on deuteration to 849,
760 and 724 cm™!, according to the Teller-Redlich rule
[19]. In fact, the splitting of the band (~850 cm~!) and
ashoulder at 760 cm~! account for this effect. Likewise,
the supposition that the band at 842 cm™! could be at-
tributed to §U—O—H is corroborated by the presence of
a weak band at 620 cm ™! in the spectrum of the deuter-
ated sample. Finally, the O—D librational modes appear
as very weak bands below 500 cm ™!, which practically
overlaps the other vibrational modes at lower wavenum-
ber. Table I gives the corresponding comparison.
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Figure 2 IR spectra of original (a) and partially deuterated (b) samples

between 4000 and 2000 cm ™! (registered at LNT): OH and OD stretching
modes.

TABLE I IR vibrations associated to the proton (in cm~!). Com-
parison between the vibrations of the original and partially deuterated

samples
Original sample Deuterated sample Assig. (vH)/(vD)
3508 (3508), 2855 O—H 1.23
3423 (3417), 2590 and 1.32
3262 2527, 2500 O—D 1.29-1.30
2845 ? stretching
~3100 2365
2342 ~1.33
2330
1643 H,0?
1139 (1122), 849 §U—O—H 1.34
1024 (1027), 760 and 1.34
978 (980), 724 §U—O0—D 1.35
897 (895), 664 1.28
842 (849), 620 1.35
655 (656), 480 yU—O—H 1.36
and
yU—0O—D
548 (550), 395 1.38
508 (508), 376 1.35
460 (455), 327 1.40
400 (395), 300 1.33
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Figure 3 IR spectra of original (a) and partially deuterated (b) samples
between 1200 and 200 cm ™! (registered at LNT): sU—O—H, sU—O—D
modes and OH and OD librations.

Some empirical relations can be employed to es-
timate the O—H distances from spectroscopic data.
Hence, the expression given by Hartert and Glemser
[10] shows the relationship among the OH “effective
anion radius” in A, SU—O—H and v3 (OH):

do—n = 8.9 % 107* [4720— sU—O—H — 0.7v30m)] (1)

The mean value of 1.11 A is in agreement with data of
related compounds [20].

On the other hand, the stronger H-bond may be that
observed between two oxygen atoms of adjacent U
polyhedron, for which correspond a O- - -O distance of
2.56 A (bond valence (s) ~0.33 vu [21]). Such distance
practically represents the minimum bond length ob-
served in predicted bond valence (s) vs. O- - -O distance
curve, obtained from the fitting of a great number of
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experimental data [21]. As the remaining equatorial
O- - -O distances are higher than 2.56 A, from geomet-
rical considerations, it is clear the existence of, at least,
two type of H bonds in the structure.

3.2. The U-0O vibrations

According to the U—O bond-lengths in the U-
polyhedron, it is possible to distinguish between the
uranyl bonds (usually named (U—O); and the equato-
rial ones (UO) [10, 22, 23].

It is known that the uranyl ion usually has D, linear
symmetry. The v; symmetric stretching mode, located
between 700 and 900 cm~! is Raman active but IR
inactive. The v, bending vibration and the v; antisym-
metric stretching mode located in the 350-200 cm™!
and in the 1000-850 cm™! regions respectively, are IR
allowed but Raman forbidden. A deviation from the lin-
earity would lead to C,y or to a lower symmetry and
then, three non-degenerated vibrations should be ob-
served (both IR and Raman active) [24, 25]. On the
other hand, the equatorial (U—O)y bonds reveal typ-
ical absorption between 650 and 350 cm™' [26, 27],
although it seems to be more appropriate to relate the
bands in this region to the presence of y U—O—H out
of plane bending vibrations (506, 460 cm™") as well as
to OH librational modes [5, 10].

The Raman spectrum of vandenbrandeite, shown
in Fig. 1b, presents a sharp and very intense line at
805 cm™!, assigned to the uranyl symmetric stretching.
The IR band at 803 cm~! is also attributed to this vi-
brational mode, activated in vandenbrandeite probably
because the non-linearity of uranyl. Structural aspects
of vandenbrandeite, not well discussed in literature, are
surely responsible of this distortion, particularly the in-
teraction between the layers (linking an axial coordina-
tion site of the copper square pyramid with an uranyl
oxygen atom). The very intense IR band centered at
897 cm™! as well as the weak Raman line at 862 cm™!
can be assigned to the uranyl antisymmetric stretch-
ing vibration. According to the Mc Glynn’s expression
and using the v, value, the v3 position can be estimated
(Ref. 28):

v1 =21 + 0.89v;. 2)

The obtained value is 881 cm~!. The position of this
vibrational mode can be also calculated from the struc-
tural bond-lengths by means of empirical equations,
such as:

dy—o = 0.895 + 81.2v; > (3) (Ref.29)
dy—o = 0.975 + 74.750; 4) (Ref. 30)

dy—o = 1.236 +50.02v; 77 (5) (Ref.31)

The obtained results ranging between 878 and
910 cm ™! confirm our assignment and are also in agree-
ment with literature [9, 10, 32].

The position of the uranyl bending bands are related
to the antisymmetric stretching values. Their wavenum-
bers gradually decrease as vz increases [33]. Hence, v,
is expected at 250-200 cm~! in the vandenbrandeite
spectrum (252 cm™!), though it is impossible to a more
accurate assignment. A Raman line at 186 cm™! (not
shown in the figure) may be due to a vibrational motion
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of the group [34]. Additional weak bands associated to
uranium usually appear at highest wavenumbers (2233,
2018 and 1946 cm™"). They can be related to SU—O—H
overtones and combinations [5, 25].

From the vibrational data, the UO;’Jr estimated force
constants are:

F, = 6.31 mdyn/A
Fy = —0.20 mdyn/A

where F; is the stretching force constant while Fi; is the
interaction constant [19]. These values are similar to
those calculated from vibrational data of some uranyl
compounds [35-37]. However, the negative value of
F; implies weak attractive forces between the oxygen
atoms and the partial non-validity of the linear symmet-
rical model. The U—O bond length of 1.75 A estimated
from the F; constant by means of the Badger’s rule [38]

(du—o = 1.08F'/* + 1.17) (6)

moderately agrees with structural information [3].

In relation to the Cu—O bonds, their vibrations are
located below 500 cm™! either in isolated polyhedron
also in condensed systems [13, 39]. So, some band in-
cluded in the group of them below 500 cm™! in the
IR spectrum and the Raman line at 474 cm~! can be
associated to the divalent metal.

3.3. Thermal behavior

TG and DTA plots of natural vandenbrandeite have
been reported by Cejka [5]. The mineral shows
endothermic signals between 390-395°C and 950-
1025°C, whereas an exothermic signal is observed at
~550°C [5].

The greatest mass-loss is associated to dehydroxyla-
tion processes; in our samples it is observed in the range
of 250-380°C (9.04%; theoretical mass loss = 8.96%)

The mineral continuously decomposes by further
heating with a whole mass loss of ~10% at ~950°C.

The interpretation of the thermal process, given by
Cejka[5] from combined DTA and TG results, suggests
a first step of dehydroxylation, a second one of crystal-
lization of oxides (CuU30;¢ and CuUQy,) and finally a
series of not clear overlapped reactions, such as decom-
positions, phase transitions, sintering and melting [5].
Based on these results and specially due to the low crys-
tallinity of the samples (in our case X-ray amorphous
up to ~600°C), the thermal process has been analyzed
by means of IR and ESR spectroscopies and SEM and
EDAX microscopy.

Fig. 4 shows the comparative IR spectra of samples
heated at 300, 600 and 950°C respectively and includes
that of an untreated sample. It can be inferred that the
dehydroxylation process takes place in steps, in agree-
ment with the asymmetry of the DTA low-temperature
signal, assuming a different type of H bonding in
the structure. Although the intermediate product at
300 and 450°C are X-ray amorphous, the IR spectra
are similar. They are related to those of U-oxides with
a similar structural arrangement of U-polyhedron to
that observed in vandenbrandeite. The spectra of UO3
and U3Og are showed in dashed line for comparative
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Figure 4 Comparative IR spectra in the course of thermal treatment
(registered at RT) Original sample (a); mineral species heated up to
300°C (b); UOs3 as reference (c); U3Og as reference (d); sample heated
up to 600°C (e); sample heated up to 950°C ().

purposes. The spectrum of the sample heated at 450°C
(not shown in the figure) still shows a broad band (with-
out splitting) in the O—H stretching region (centered at
3450 cm~!) whereas no band in the OH bending re-
gion is observed. When the dehydroxylation is accom-
plished (600°C), the spectrum more clearly resembles
to those of uranates, where the bands are attributed to
(U—0); and (U—O)y; stretching modes and to (U—O);
bending vibrations respectively (800-700, ~550 and
~450 cm™') [40]. The corresponding X-ray diffrac-
tion pattern is yet poorly resolved. However, the sample
heated up to 900°C clearly shows the CuUQy diffraction
lines although, although some very weak reflections
corresponding to CuU3 O and U3Og are also present.
Similar behavior was observed in the decomposition
of some other natural copper and uranium compounds
[41] as well as during the synthesis of these oxides from
the respective copper (II) and uranium (VI) oxides [40].

Although the ESR technique seems not to be a use-
ful tool to clarify the thermal process, some of these

results are worthwhile to comment. The ESR spectrum
of original sample, registered at RT show a symmetric
and broad band with a g value of 2.18 (A Hy, ~ 300 G).
The integrated area practically corresponds to all the
copper (II) present. The resolution of the ESR spec-
trum of a sample heated at 500° C decreases. The band
is weaker and broader (~480 G). This can be attributed
to the variability in the local symmetry of copper atoms
or the presence of a disordered structure or a mixture
of uranium and copper oxides. However, the resolution
increases with temperature; the shape of the signal be-
comes intense at 900°C; with a g value of 2.10 and
AH,,=187G.

On the other hand, Fig. 5a shows a SEM photograph
of vandenbrandeite (surface parallel to the ¢ axis (plane
001)), whereas SEM photographs 5b and ¢ show an
inclusion of triclinic crystals of kasolite (at different
magnification) in a developed vandenbrandeite face.

Changes in the crystal morphology, by effect of tem-
perature, are show in the sequence of Fig. 6 (a to d).

The morphological characteristics of the intermedi-
ate products can be directed by the water loss from the
H-bonded to equatorial O atoms of the U-polyhedron.
Incipient fissures parallel to the sheets (plane 001) are
originated by thermal treatment from ~300°C, which
evidences that the bonding across the layers is sub-
stantially weaker than the bonds within the layers and
showing the cleavage parallel to the layers.

Between 500 and 700°C the morphological changes
resembles those of other UOHs such as vandendriess-
cheite (PbU;03;-12H,0) and schoepite (UO3-2H,0)
where the loss of water is observed as a slight increase of
the interlayer 001 spacing. The process leads to a sepa-
ration along cleavage surfaces and the formation of gaps
along grain boundary [1]. The formation of subspecies,
having nearly the same metal composition as starting
material has shown in these cases [1]. The presence of
different type of interlayer H-bonds can be supported
by the DTA and TG data [5]. Between 500 and 700°C
the structural rearrangement within the layers seems
to be small, because the U- and Cu-distribution within
the grain boundary is homogeneous by EDAX analysis
(copper content between 21 and 24%). However, the
efforts to obtain crystallized samples in this range of
temperature have been unsuccessful, remaining prac-
tically amorphous to XRD. Crystals morphologically
different, are observed from 800°C and they are well
developed from 900°C, (21.10% Cu and 78.90% U by
EDAX analysis). The structural rearrangements within
the sheets, as dehydration proceeds, leads to a Cu/U
atomic ratio ~1, (CuUOQy), although a small proportion
of U30g (UO, 67 remain still at 950°C [5]). In this sense,
it is interesting to notice that in a similar way to the
UOHs paragenesis (determined by the crystal chem-
istry), the thermal decomposition path of the studied
mineral seems to be also directed by the topology of
structural sheets. The electron microscopy analysis al-
lows support a topochemical process to interpret the de-
hydroxylation of vandenbrandeite, which is difficult to
show by another technique due to the poor crystallinity
of the samples. Likewise, the formation and stability
of CuUQO; is facilitated by the atomic arrangement in
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Cc

Figure 5 SEM photographs of: (a) vandenbrandeite (magnification x 500, scale bar = 100 pm); (b) kasolite inclusion at magnification x 1200, scale
bar =10 pum; (c) idem at magnification x 2000, scale bar =10 pum.
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Figure 6 SEM photographs of the thermal dehydroxilation: (a) sample heated up to 300°C (magnification x 1000, scale bar =10 um). The arrow
shows an incipient fissure; (b) sample heated at 500°C (magnification x 500, scale bar = 100 xm), (c) sample heated at 700°C (magnification x 1000,
scale bar = 10 pum, (d) sample heated at 950°C (magnification x 600, scale bar = 100 pm).

th
m

e layers as well as the polarizing properties of the
etallic ions.
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