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An investigation of hydrothermal phase equilibria in the halide-containing (Cl, Br, I) systems of Sm,
Eu, and Gd has shown that diversities in behavior occur across the lanthanide (Lr) series and within
the halide group. In the chloride systems, the trihydroxide, two phases at a Cl/Ln ratio of 0.4, and
Ln(OH);Cl phases are found. Equilibria in the bromide systems are more complex; Ln(OH),,

Ln{OH),sBr;, a high-temperature phase at Br/Ln =

0.45, Ln;O(OH);Br,, and Ln(OH),Br are

observed. A single iodide-containing phase, Ln(OH); g;1 35, is found. X-Ray diffraction data are
reported for all the previously unreported phases and the thermal decomposition behaviors of
representative phases are described. The results of a single-crystal X-ray structure determination of
orthorhombic (Pmmn) Gd,O(OH),Br, are reported and discussed.

Introduction

The present study is a continuation of the
studies of equilibria in the pseudoternary
lanthanide hydroxide halide systems,
Ln(OH);_.X, (X = CI, Br, I). Previous
results (I—4) have contributed significantly
to an understanding of anion accommoda-
tion processes of second dissimilar anions
in binary systems. The stabilities of the
observed phases have been found to vary
with both the cation and the second anion.
This implies that substantial changes in the
phase equilibria, compositions, and struc-
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ture types of the hydroxide halide phases
might occur across the lanthanide series.
The present investigation was initiated in
an attempt to characterize the hydroxide
halide systems of Sm, Eu, and Gd. An
unanticipated result, the formation of oxide
hydroxide halide phases, has expanded the
number of independent parameters. The
effects of the preparative temperature have
been found to be of critical importance in
the present study. Although the phase equi-
libria are complex, the understanding of
these systems has been greatly enhanced.

Experimental

The hydroxide halides of Sm, Eu, and Gd
were prepared by hydrothermal reaction of
the respective oxide and hydrated halide in
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a manner analogous to that used for prepa-
ration of the hydroxide chlorides of La, Pr,
and Nd (3). Due to the temperature depen-
dence of the phase equilibria of the chloride
and bromide systems, two different isother-
mal sections were investigated for each
system. Chloride-containing samples were
reacted at 550 + 50 or 750 = 50°C and water
pressures of 1667 = 50 atm for 3 to 5 days.
The bromides were reacted at 350 + 25°C
and 1533 + 35 atm; or 550 = 50°C and 1333
+ 50 atm for 3 to 10 days. The iodides were
reacted at 550 + 50°C and 1400 = 35 atm for
3 to 6 days. The solid products were
washed with acetone and/or water and
dried in air.

The products were characterized by X-
ray diffraction methods, thermogravimetric
analysis, and chemical analysis. Powder X-
ray diffraction data were obtained with a
114.6-mm-diameter Guinier-Haegg camera
with CuK «, radiation (A = 1.54051 A) and
silicon (@, = 5.43062 A) as an internal
standard. Thermal decomposition reactions
were studied with a Perkin/Elmer TGS-1
thermobalance using nitrogen atmospheres
and heating rates of 4°C min~! to a maxi-
mum of 850°C. Metal contents were deter-
mined gravimetrically by dissolution of the
products in nitric acid, precipitation of the
oxalate, and ignition to the oxide. The
halide contents were determined by a gravi-
metric silver chloride procedure.

Single-crystal X-ray diffraction data were
collected and analyzed in a manner analo-
gous to that used in the determination of the
structure of Laj{OH);sl; (5). Weissenberg
and precession data were collected for ini-
tial characterizations; intensity data were
collected with a Syntex P1 diffractometer.
For the solution of the structure of
Gd;O(OH)sBr,, a total of 1625 unique inten-
sities were measured; 1215 of these intensi-
ties had F2 > 30. An absorption correction
(p = 327.7 cm™) was made for a cylindrical
crystal (length 0.53 mm, radius 0.043 mm)
in the bisecting mode.
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Difficulties encountered during initial at-
tempts to prepare gadolinium hydroxide
bromides in gold capsules required that
special procedures be used for that system.
The formation of substantial quantities of
the tetrabromoaurate(III) ion and an
unidentified gas along with corrosion of
the pressure vessel suggested the occur-
rence of a redox reaction involving the
sample, the gold capsule, and the pres-
sure vessel. The reaction resulted in de-
pletion of the bromide content of the
samples and their contamination by par-
ticulate gold. These difficulties were
avoided by use of a cylindrical graphite
container fitted with a press-fit tapered
graphite cap.

Results

Phase Equilibria

The hydrothermal phase equilibria of
Sm, Eu, and Gd are complex and substan-
tial variations are observed within the
halide series. An overview of the results is
presented in Table I. Marked variations in
behavior are observed with temperature,
but measurable effects are not induced by
pressure changes. The polycrystalline
products were white or cream-colored pow-
ders. For each system, the phase with the
lowest halide content (cf. Table I) was
observed to coexist with the UCl;-type
trihydroxide. The peculiarities of each sys-
tem are discussed more fully in the follow-
ing sections.

The chloride systems. The phase equilib-
ria of the chloride-containing systems of
Sm, Eu, and Gd are identical. Four con-
densed phases are observed. The
Y(OH),Cl-type dihydroxide monochlorides
are readily identified by X-ray diffraction
data which agree with those of previous
reports (I, 2). Two phases observed at a
Cl/Ln ratio of approximately 0.4 exhibit a
definite temperature dependence on stabil-
ity. At this composition, two different
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TABLE 1
HALIDE-CONTAINING PHASES OBSERVED IN THE Sm, Eu, AND Gd SYSTEMS®

°C Observed phases °C Observed phases °C Observed phases
Cl:Ln= 0.4 Cl:Ln = 0.67 Cl:Ln = 1.0
500-600 Sm, Eu, Gd
[structure unknown]
500-700 None 500-700 Sm, Eu, Gd
700-800 Sm, Eu, Gd [Y(OH),Cl type]
[structure unknown])
Br:Ln = 0.43 Br:Ln = 0.67 Br:Ln =1.0
350-450 Sm, Eu, Gd
[La,(OH)y,l5 type]
450-550 Sm, Eu, Gd 550 Eu, Gd
[Gd;O(OH),Br; type] [Y(OH),Cl typel
450-550 Eu, Gd
[structure unknown}
I1:Ln =0.33 1:Ln =0.67 I:Ln = 1.0
500-600 Sm, Eu, Gd
[orthorhombic; 500-600 None 500-600 None

Cmem, Cmc2,]

¢ Temperature ranges are experimental limits and do not indicate complete stability ranges for the respective

phases.

phases are observed above and below
650°C. These phases have a UCl;-type sub-
structure, but could not be further
identified.

The bromide systems. The equilibria in
the bromide-containing systems are the
most complex encountered for any of the
lanthanide systems; each of the lanthanides
exhibits a slightly different behavior. All
phases have Br/Ln = 1 (cf. Table I), and
the equilibria of all systems are temperature
dependent.

Two phases are observed in the sama-
rium system. The identities of hexagonal
SmA{OH),;Br; and orthorhombic Sm,O
(OH);Br, were established by evaluation
of their powder X-ray diffraction data.
The SmyO(OH);Br, phase, which was
identified after completion of a single-crys-
tal structure analysis of Gd;O(OH),Br,, is
observed only at preparative temperatures
greater than 450°C. Sm,(OH),4Br, is found
only at temperatures below 450°C and is

best prepared at 350°C. The refined lattice
parameters of both phases are presented in
Table II. The failure to observe the
Sm(OH),Br phase is somewhat surprising.
Since the Y(OH),Cl-type hydroxide bro-

TABLE II

REFINED LATTICE PARAMETERS OF BROMIDE- AND
IoDIDE-CONTAINING PHASES?

Lattice parameters

Phase and
space group Ln ad) b (A) ¢ (A) B (deg)
Ln(OH),Br,  Sm  17.564(7) 3.733(1)
P6y/m Eu 17.523(4) 3.706(1)
Gd 17.497(7) 3.679(DH
Ln,O(OH),Br Sm 14.06(2} 3.779(3) 8.37%T)
Pmmn Eu 14.018(6)  3.752Q2) 8.332(4)
Gd 13.95(1) 3.762(2) 8.352(6)
Ln(OH),Br Eu 6.257(3) 3.812(1) 6.967(4) 110.18(3)
P2 /m Gd 6.255(4) 3.795(3) 6.956(4) 109.37(4)
Ln{OH)s.e115.39 Sm 18.898(7)  3.7464(9) 16.680(5)
Cmcm or Eu 18.807(7) 3.7224(7) 16.603(4)
Cmc2y Gd 18.681(9)  3.715(1) 16.531(6)

9 Uncertainties in the last digit are given in parentheses.
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mides are observed for La-Nd (4) and for
Eu and Gd (cf. Table I), preparation of the
Sm phase should be possible.

The phase equilibria in the europium
system are more complex than those for
samarium. The Eui{OH)sBr; and Eu,O
(OH);Br, phases have the same temper-
ature dependence of preparation as the
Sm analogs. Three other phases, a mono-
clinic Y(OH),Cl-type europium dihydrox-
ide monobromide, and an unidentified high-
temperature phase at Br/Eu = 0.45 were
found. The refined lattice parameters of
the Eu,O(OH);Br,, Eu{OH),;Br;, and
Eu(OH),Br phases are presented in Table
II.

All of these phases are observed for
gadolinium. Refined lattice parameters of
the Gd;O(OH);Br,, Gd{OH),sBr;, and
Gd(OH),Br phases appear in Table II.

The Gd,O(OH);Br, phase was analyzed
by chemical and thermogravimetric
methods. The chemical analysis of crystal-
lographically pure bulk samples shows a
composition of 61.52 + 0.21% Gd and 29.21
+ 2.31% Br (theor., 64.39% Gd, 21.82%
Br). The percentages of mass loss observed
in the thermal decomposition analysis were
not reproducible, but the pattern of multi-
ple mass losses (first loss, 370-430°C; sec-
ond loss, 600-700°C; third loss 850°C) is a
consistent feature. The representative
results in Fig. 1 are consistent with the
formula Gd;O(OH);Br, and with formation
of the successive products Gd;O,(OH)Br,
+ 2H,0 and Gd;O,Br + HBr. Inconsisten-
cies between the chemical and thermo-
gravimetric analyses are probably due to
variations in composition of the bulk mate-
rial. The most reliable composition is prob-
ably obtained from results of a single-crys-
tal structure determination (see below).

The iodide systems. In the iodide-con-
taining systems a single hydroxide iodide
phase has been identified. Comparison of
the crystallographic data of this phase with
those of the hydroxide nitrate substitution
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FiG. 1. Thermal decomposition curve for
Gd;O(OH),Br,.

phases of approximate composition Ln
(OH), ANOQOj),; (6) indicates that the two
phases are isostructural. Weissenberg and
precession data show that all the selected
crystals exhibited orthorhombic symmetry
(Cmcm or Cmc2,), but that they contained
two or more crystallites with parallel ¢
axes. Discoloration and decomposition of
the crystals in the X-ray beam were also
observed. Consequently, a single-crystal
structure determination was not pursued.
Chemical analysis of the gadolinium
phase gave a composition of Gd
(OH); gg+0.0410.32+0.02 (found, 64.58 = 0.17%
Gd, 16.72 = 0.69% I), which is in good
agreement with that of the corresponding
hydroxide nitrate. Although a composi-
tion for the hydroxide iodide cannot be
precisely determined by chemical or ther-
mal methods, a theoretical stoichiometry
can be defined on crystallographic consid-
erations. Knowledge of the approximate
composition (Gd(OH), ¢le32), the equi-
point restrictions of space group Cmcm,
and the measured density (4.563 g cm™3)
yields a composition of Gdy(OH)l
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(Gd(OH), 471533) and an X-ray density of
4.254(1) g cm™3,

The thermal decomposition data for
Gd(OH), ¢;1y33 in Fig. 2 also agree very
well with those of the hydroxide nitrate
analog. The decomposition is character-
ized by a loss of water between 265 and
500°C and formation of GdO, .;(OH), ;s
I,;.. A second mass loss beginning at
825°C corresponds to the loss of H,O,
HI, and/or I,. The total observed mass
loss (18.00%) is less than the theoretical
value (25.55%) for Gd,0, because of in-
complete oxidation in the nitrogen
stream.

The Crystal Structure of Gd;O(OH)sBr,

The solution of the crystal structure of
Gd;O(OH),Br, was facilitated by the obser-
vation of similarities with the chemical and
crystallographic data of Y,O(OH),Cl, (7),
i.e., halide content, lattice parameters, pos-
sible space groups. In space group Pmmn,
positional coordinates of the metals,
halides, oxides, and four of the five hydrox-
ides were consistent with those of the chlo-
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ride-containing phase. However, in the
Y;O(OH),Cl, structure, one hydroxide has
been refined on a twofold position (24). In
Gd;O(OH);Br, the anion at this site appears
to be highly disordered. A broad region of
electron density is found along [010] near
the x and y positional coordinates obtained
for the Y,O(OH);Cl, structure. For the bro-
mide phase, the disorder has been approxi-
mated by placing the hydroxide on a four-
fold site, (4¢), which splits the electron
density across a mirror plane located aty =
+1. The true random position was modeled
by fractional (50%) occupancy of the mir-
ror-related position.

The final refinement for this hydroxide
position was obtained with a 35% occu-
pancy factor for the (4¢) site. Reasonable
temperature factors were obtained, but the
final residual electron density synthesis
showed a significant residual density along
[0 1 0] at the x and z coordinates of the site.
The final refinement gave a value of the
residual, R, of 5.1% including unobserved
reflections (R, = 6.6% including unob-
served reflections). The refined atomic co-
ordinates and anisotropic temperature fac-
tors are listed in Table III. Selected values
of bond lengths and angles with standard
errors are presented in Table 1V,

The two compounds, Gd,O(OH);Br, and
Y,0(0H);Cl,, clearly have similar struc-
tures, but their respective refinements sug-
gest that they have different compositions.
In the Gd;O(OH),Br, structure, the (4¢)
hydroxide is disordered, and the site is only
partially occupied. Consequently, replace-
ment of hydroxide by oxide on a fraction of
the hydroxide site is necessary for charge
compensation. Similar difficulties were en-
countered with the Y,O(OH);Cl, structure
(7), in which a significant substitution of
hydroxide for chloride is reported. Because
of anion substitution, the formulas of the
two compounds are more precisely written
as Gdy0,,(OH);_,,Br, and Y;O(OH);,,
Cl,-,. The structural refinements for the
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4 °2 Gd;O(OH),Br, STRUCTURE®
[
(i) Interplanar distances (from Gd(1) or Gd(2) to anions) (&)
Gd(1)-OH(2) 2.416(9)  Gd(2-O(I) 2.262(7)
P = Gd(1)-0H(3) 2.391(5) Gd(2»-Br(1) 3.077(2)
> T S% Gd(1)-OH(1) 2.332)
9 =5
é § oo § § o (ii) Intraplanar distances (from Gd(1) or Gd(2) to anions) (A)
A 8 ? & Gd(1)»-0(1) 2.32¢8) Gd(3-OH(3) 2.394
S ° - Gd(1)-OH(®) 2.449(6)
(iii) Interatomic angles (among atoms in distorted trigonal prisms)
(deg)
% OH(2)-Gd(1)-OH(3) 71.4(2) O(1)»Gd(2)-Br(1) 77.9(2)
N
g Q| PPeocoe OHQR)-Gd(1-OH(1)  77.4(7) Br(1-Gd(2}-Br(1)  70.78(8)
5 OH(3»-Gd(1-0H(1)  67.1(5)
2
!m" @ @ — N ¢ Numbers in parentheses after the atomic symbol refer to atoms
ol 2| ESEFSE labeled in Fig. 3.
m Q. o o § § [sa s} a ® Uncertainties in the last digit of distances and angles appear in
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In general, the systematics of equilibrium
and structure established by the lighter
lanthanides do not continue across the se-
ries or down the halide group. As shown by
Table I, the phase with the lowest halide
content has a different structure and/or
composition for each halide. In contrast,
the same La;(OH)l;-type structure is ob-
served for the lowest phase in the chloride,
bromide, iodide, and nitrate systems of La-
Nd. The same structure types are observed
for the first half of the lanthanide series
only for the Ln(OH),Cl, Ln(OH),Br, and
Ln;(OH),4Br; phases.

Only the hydroxide iodides and corre-
sponding hydroxide nitrates of Sm, Eu, and
Gd behave in a consistent manner. A
change in the structure type and composi-
tion is encountered between neodymium
and samarium for both the hydroxide ni-
trate and hydroxide iodide phases. How-
ever, this change is more dramatic for the
hydroxide iodides, which all have the same
composition and centered orthorhombic
structure; whereas the hydroxide nitrate of
samarium has a unique, primitive
orthorhombic structure (6). Since data are
not available for promethium, it is uncer-
tain whether a similar abrupt change in
structure type and composition occurs for
the hydroxide iodides.

The observance of Lrn(OH),NO, phases
and absence of any corresponding Ln
(OH),I phases for Sm, Eu, and Gd is
apparently the result of properties of the
anion, The nitrate ion is planar and able to
pack within the Pr(OH),NO,-type structure
which is very similar to the Y(OH),Cl-type
structure (&). Advantage is taken of its
planar geometry and its multidentate abil-
ity. On the other hand, the spherical iodide
ion is not versatile and apparently cannot
stabilize a Y(OH),Cl-type or a similar struc-
ture.

The observation of only one stable phase
in the hydroxide iodide systems is probably
due to radius ratio or packing effects of the

363

large iodide ion with small cations or with
cationic metal hydroxide layers. The rapid
growth of large Ln(OH), ¢,1.3; crystals in-
dicates that like La{OH)l;, the growth
rate of the phase is promoted by its coex-
istence with the iodide-rich aqueous
phase.

The formation of Ln,O(OH),Br, phases
is unique to the bromide systems and is
obviously temperature controlled. In hy-
drothermal systems, dehydration processes
are generally enhanced by higher tempera-
tures. The formation of an oxide-containing
phase is first observed at samarium, and it
appears that shrinking cation size plays a
dual role in promoting the formation of
quarternary products. The decreasing ba-
sicity of the metal ion with decreasing ionic
size tends to stabilize oxide-containing
phases (9). Such behavior is observed in
the binary lanthanide hydroxide systems.
The stabilities of the trihydroxides decrease
relative to the oxide hydroxides, LrOOH,
across the series; the trihydroxide is not
known for lutetium (/0). In the chloride-
containing  systems, Y;O(OH);Cl-type
phases are observed only for lanthanides
with ionic radic similar to that of yttrium
(2). In the present study, analogous bro-
mide phases are observed for Sm—Gd. An
examination of the crystal structures shows
that the packing efficiency should be greatly
influenced by the X~/ Ln®* radius ratio. The
Cl7/Y?** and Br=/Eu?* ratios are both equal
to 2.06. A particularly interesting aspect
of the bromide equilibria is that the
Ln,;(OH),sBr and Ln,O(OH),Br, were never
observed to coexist. This behavior estab-
lishes an oxidation temperature of 450°C
and marks the first deviation of the halide
systems from the pseudoternary (Ln—-OH-
X) behavior of the lighter lanthanides.

The thermal decomposition of Gd;O
(OH);Br, is markedly different from that
reported for Y3;O0(0OH);Cl, or YbO
(OH),Cl, (2, 7). The thermal decomposi-
tion of Y;O(OH),Cl, has been described
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as a two-step process:
2Y,0(0H),Cl, —~» 6YOOH
+ 3HC1 =255 3Y,0, + 3H,0.

In the thermal decomposition of
Yby(OH);Cl,, a single loss is observed at
500°C. The initial loss of hydrogen chloride
is not normally observed for lanthanide
hydroxide chloride phases. The lanthanide
oxide chlorides, LnOCl], are very stable and
in all other cases are the final decomposi-
tion products (2, 3). For Yb;O(OH);Cl,, a
mixture of LnOCl and Ln,O; would be
expected. The decomposition of Gd;O
(OH);Br, is more typical; an oxide hy-
droxide bromide intermediate, Gd;O,
(OH)Br,, and an oxide bromide, Gd,O Br,
are formed. The tetraoxide monobro-
mide has been characterized for gado-
linium (/1) and is known for other lantha-
nides. The formation of Gd,O, is slow;
the rate of oxidation is apparently con-
trolled by the concentration of residual
H,O and impurities in the nitrogen
stream.

The Structure of Gd;O(OH)sBr,

The Gd;O(OH)sBr, structure is a com-
plex arrangement with similarities to both
the lanthanide oxide and the lanthanide
halide structures. An ORTEP diagram of
the structure is shown in Fig. 3. A two-
dimensional projection along the b axis
showing the packing of the coordination
polyhedra is given in Fig. 4. The unit cell
is composed of two units of composi-
tion Gd,O(OH);Br,, though the actual
asymmetric unit has the formula
Gd, s0,5(OH), ;Br. The idealized formula
is adopted as it more truly represents the
identities found in the coordination poly-
hedra and corresponds with the formula-
tion of Y;O(OH),Cl, (2, 7).

An examination of the projections in
Figs. 3 and 4 shows that the structure can
be described in several ways. It is obvious
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Fic. 3. ORTEP diagram of orthorhombic

Gd;O(OH)sBr, projected on (010). The thermal ellip—
soids are at the 95% probability level. Light circled
atoms are at y = }; heavy circled atoms are at y = §.
The partially occupied OH(1) sites at x =} and x = §
are at a level of y = 0.07, 0.43 and y = 0.57, 0.93,
respectively.

from Fig. 4 that Gd;O(OH),Br, is a layered
structure composed of [Gd;O(OH);]?* and
[Br~1 layers normal to [001]. An alternative
interpretation is realized by identification of
columns of OLn, tetrahedra normal to the
projection plane. These structural units,
which have been well defined for the [LnO]*
layers of the lanthanide oxide and oxide
anion structures (/2), are outlined by the
dashed triangles in Fig. 4. If the adjacent
columns of Ln,O and hydroxides on the
OH(1) sites are replaced by columns of
edge-shared metal octahedra, the resultant
structure closely resembles that of Gd,Cl,
8).

A particularly instructive structural inter-
pretation is provided by identification of
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Fi6. 4. Two-dimensional representation of the struc-
ture of GdyO(OH);Br, projected on (010). Light
circled atoms are at y = 4, heavy circled atoms are at y
= 4. The hydroxide OH(1) is drawn half light and half

dark to indicate its double position along [0 1 0];a =
13.95 and ¢ = 8.352 A.

trigonal prismatic coordination polyhedra
for the lanthanide ions Gd (2). Trigonal
prisms are the characteristic structural
units of the halides and pack efficiently
with high cation coordination numbers (8).
In Gd;O(OH);Br,, the isolated prism
(GdOBr3) is found. The other structural
unit consists in part of two distorted edge-
shared prisms of Gd(OH),;, which combined
have a total composition of Gd,(OH){ as
shown in Fig. 4. The unshared corners of
the prisms are occupied by the atoms la-
beled OH(2) and OH(3) in Fig. 3. The apex
is atom OH(1) which lies along the shared
edge. Atom Gd(1) lies on the mirror plane
between the prisms at a level b/4 from
OH(2) and OH(3). The two prisms share
atom OH(1), which lies approximately in
the same plane as the atom Gd(1). The

365

GdOBr; unit is bisected by the mirror; the
Br(1) positions are related by the mirror
while the Gd(2) and O(1) are in the mirror
plane with OH(1). The oxide ion occupies
two adjacent faces of the Gd,(OH); polyhe-
dron and acts as a bridge between the
anionic and cationic units. An examination
of Fig. 4 shows that packing of given
Ln(OH)? and LrnOBr; units should be
greatly influenced by their relative dimen-
sions. Since the size of the LnOBr~ unit is
largely determined by the Br=/Ln?®* radius
ratio it is not surprising that the
Ln;O(OH);Br, and Ln,0(OH),Cl, phases
are observed over limited regions of the
lanthanide series. The possibility of extend-
ing the stability ranges with mixed lan-
thanide systems is intriguing.

A peculiar feature of the Gd,;O(OH);Br,
structure is the apparent absence of strong
interactions in one crystallographic direc-
tion. The Gd;O(OH),Br, groups formed by
Gd,(OH)?Y and GdOBr; units interact
strongly with each other along [100] (cf.
Fig. 4). The hydroxides in OH(2) recipro-
cally occupy the faces of the adjacent
Gd;O(OH),Br, groups and their strong in-
traplanar interaction with Gd(1) (2.449 A)
gives rise to layers of Gd,O(OH);Br; coinci-
dent with (110). The eightfold cation coor-
dination which is achieved for Gd(2) is
typical for the lanthanides with anion-to-
cation radius ratios in the range 1.96-2.17
(13), but the nearest-neighbor anions are all
within the same Gd;O(OH),Br, layer. The
shortest intralayer distances are Gd(1)-
Br(1) and Gd(2)-OH(1), which are 4.33 and
4.41 A, respectively. Although this obser-
vation is consistent with the crystal growth
habit (rectangular platelets with coinci-
dence of the thin dimension and ¢ axis) it is
not well understood.

Additional insight into the crystal chem-
istry of the oxide hydroxide bromide can be
gained by further examination of the struc-
tural data. The atoms labeled OH(3) in Fig.
3 and Table VI refine with bond distances
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to Gd in a range (2.391-2.449 A) similar to
that observed in Gd(OH), (/4). The values
are clearly different from the 2.262-A dis-
tance obtained for Gd(2)-O(1). This dis-
tance is consistent with the Gd-O distances
(2.318 A) observed in Gd,0, (I5). How-
ever, the refined value for the Gd(1)-OH(1)
distance (2.33 A) is substantially shorter
than expected for a hydroxide. This may be
an inherent consequence of the disorder
model employed in the structural re-
finement; displacement of the atom on
OH(1) out of the y = % plane automatically
gives a shorter bond distance to the Gd(1)
site. The situation is further complicated by
an apparent 35% occupancy of the (4¢) site
and the resulting requirement that the
composition be formulated as Gd,
0,.,5(OH), 70Br,. Several interrelated fac-
tors may be operative. Oxide substitu-
tion and the concomitant occurrence of a
shorter Gd—O distance may actually be the
origin of the structural disorder. Although
ordering of substituted oxides and the cor-
responding vacancies might be realized
within a given channel of OH(1) sites along
[001] (cf. Fig. 4), the ordering sequence of
the isolated channels is independent and
random. Accommodation of unsubstituted
hydroxide on OH(1) causes further disorder
and may account for the fact that residual
electron density is observed in the final
difference map.

Although the possibility of oxide substi-
tution on other hydroxide sites such as
OH(3) cannot be excluded, the OH(1) site is
crystallographically unique and amenable
to substitution. It is less dependent on
packing and bonding constraints than any
other position in the structure. Virtually no
anionic repulsion is created by shifts in the
y value along [010], and the distance to the
Gd(1) site is free to assume a wide range of
values. It is apparent that oxide substitu-
tion and disorder are inherent conse-
quences of the high preparative tempera-
tures.

LANCE-GOMEZ AND HASCHKE

These studies complete a preliminary ex-
amination of the hydroxide halide substitu-
tion systems of one-half of the lanthanide
series. Additional work is clearly needed.
The Sm, Eu, and Gd systems are character-
ized by a complex behavior involving hy-
droxide halide and oxide hydroxide halide
phases. This type of behavior is to be
expected for the halide-containing systems
of the heavier lanthanides.
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