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The preparation of hydroxide chlorides of lanthanum, praseodymium, and neodymium has been
achieved by hydrothermal methods at 550°C and 1530 atm. Three phases (La(OH);, Ln(OH),; s5-
Cly.4s, and Lo(OH),Cl) have been characterized by analytical and X-ray methods. The observed
compositions are closely defined by the x = 0, 0.5, and | members of th: homologous anion substitu-
tion series, Ln(OH);_,Cl.. The previously unreported Ln(OH), 55Cly 45 phases are clearly substoi-
chiometric in chloride and are described by the La,(OH),sCl; composition. X-ray diffraction data
for the phases at v = 0.45 show a pronounced UCI;-type substructure and complex superstructure
reflections that have been indexed on a hexagonal cell. For the lanthanum phase, @ = 17.662 (6) and
¢=3.914(1) A. Efforts to obtain single crystals have been unsuccessful. Thermal decomposition
processes of the hydroxide chlorides have been investigated, and the characterization of LaO(OH)-
0.55Cly 45, a monoclinic YOOH-type intermediate phase, is reported. Structural features and phase
cquilibria of the hydroxide chlorides are discussed and analogies with the hydroxide nitrate systems

are drawn.

Introduction

The hydrothermal chemistry of several
lanthanide + hydroxide + monovalent anion
systems (La**+OH + X~; X~ =F~, CI,
NO;™) have recently been described (/-5).
Wide regions of solid solution have been re-
ported for the hydroxide fluoride systems
(1, 2), but an initial study of the praseodymium
hydroxide nitrate system (4) has shown the
presence of two-phase regions and the pos-
sible existence of an anion substitution series,
Ln(OH);_, (NO;), (x =0, 0.5, 1), with struc-
tural similarities between the series members.
Subsequent investigation of lanthanide hy-
droxide nitrate systems (5) has confirmed
these findings, but indicates a pronounced
substoichiometry in nitrate content for the
phases near x=0.5. Single crystal X-ray
structures for the dimorphic forms of
La(OH),NO; (6, 7) show that their struc-
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tures are readily described by alternating
layers of Ln(OH),* and X~ and may be
derived from parent UCl;-type or PuBr;-type
structures. These correlations have contributed
to a general interpretation of phase equilibria,
anion substitution, and crystal chemistry in
metal (I11) + monovalent anion systems of the
lanthanides and actinides (8). Anion substitu-
tion processes which give hydroxide nitrate
phases near x =0.5 have been proposed (8),
but structural data are required for adequate
understanding of the crystal-chemical rela-
tionships. Difficulties with twinning and disor-
der of the hydroxide nitrates (4, 6) suggest that
investigation of other monovalent anion sys-
tems might be more productive.
Consideration of possible anion systems
suggests that a monatomicion such as chloride
might be a suitable substitute for nitrate. Al-
though structures of the Ln(OH),Cl phases
(x=1) have been thoroughly investigated
(3, 9, 10), the hydrothermal chemistry and
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phase equilibria in these systems have not been
reported. The chloride systems are of parti-
cular interest because they might show wide
miscibility ranges like those of the fluorides, or
the existence of a homologous anion substitu-
tion series, Ln(OH),_,Cl,, like the nitrates. In
an effort to define these systems and enhance
the understanding of the crystal chemistry
and anion substitution processes in monova-
lent anion systems, the present investigation
was undertaken.

Experimental

The lanthanide (Ln = La, Pr, Nd) hydroxide
chlorides were prepared by hydrothermal reac-
tion of the oxide and hydrated chloride accord-
ing to

(3 — x)LnOy 5+ xLnCl;-yH,0

(H,0)

—— 3Ln(OH);_, Cl, + (xy + 1.5x
—~4.5)H,0. (1

Mixtures (0.2-1.0 g) of the calcined oxide
(99.9 9 or higher purity, American Potash and
Chemical Corp.) and respective hydrated
chloride were prepared in the composition
range 0 < x < 1.5, welded in gold capsules
(4.5 mm i.d., 2040 mm long), and reacted in
cold-seal pressure vessels (4) at 550 + 50°C and
1530 + 35 atm for 3 to 5 days. For praseody-
mium, the trihydroxide was first prepared by
hydrothermal reaction of PrO, g;; (Research
Chemicals) with water and subsequently reac-
ted with the hydrated chloride. The hydrated
chlorides were obtained by dissolving the
oxides in excess hydrochloric acid (reagent
grade) and evaporating the solution to dryness.
After the reactors were cooled slowly (1-2 hr)
to room temperature, the products were re-
moved, washed with water and acetone and
dried in air.

The products were characterized by X-ray
diffraction and chemical analysis. Powder
X-ray diffraction data were obtained with a
114.6-mm diameter Haegg-type Guinier ca-
mera using CuKo, radiation and silicon (qg =
5.43062 A) as an internal standard. Composi-
tions of crystallographically pure products
were determined by chemicai analysis. Metal
contents were determined gravimetrically by

dissolution of the products in nitric acid, pre-
cipitation of the oxalate, and ignition to the
oxide. The chloride contents were determined
by a gravimetric silver chloride procedure.
Gravimetric analyses for hydroxide contents
were effected by pyrolysis of samples under dry
nitrogen and collection of product water on
anhydrous magnesium perchlorate. The final
values were obtained by difference.

Crystal growth experiments were conducted
for the lanthanum phases using several minera-
lizing agents (4 M NH,Cl, 6 M NH,C],
4 M NH,NO;, plus 2:1, 1:1, and 1:2.25 mix-
tures of 6 M NH,CIl and 4 M NH,NO;) at
500°C and 1150 atm or 700°C and 1530 atm
for reaction periods of up to 4 weeks.

Thermal decomposition reactions of the
hydroxide chlorides were examined with a
Perkin-Elmer TGS-1 thermobalance. Samples
(5-10 mg) were pyrolyzed in a Pt boat under
flowing dry nitrogen at temperatures up to
800°C and heating rate of 2.5° min~!. Inter-
mediate thermal decomposition products
were prepared by heating larger samples (0.1~
0.25 g) under dry nitrogen at selected constant
temperatures in a tube furnace.

Results

The products were polycrystalline solids
with the characteristic colors of the respective
lanthanides. X-ray data for samples in the
composition range 0 < x < 1.5 indicated pha-
sesat x =0, 1, and near 0.5. The coexistence of
two condensed phases was observed for
0<x<0.5 and 0.5<x< 1. For x> 1, the
x = 1 product, Ln(OH),Cl, was the only solid
phase. X-ray diffraction data for products at
the x = 0.5 composition showed the presence
of trace quantities of the x =1 product. The
composition of the lanthanum phase was de-
termined from metal and halide analyses to be
La(OH); 55:0.03Clo.45-0.01 (found La, 69.56 +
0.439; ClI, 8.00+£0.07%; theoretical La,
70.07%,; C18.05%).

Powder X-ray diffraction data for the
hexagonal UCI;-type trihydroxide (x=0)
and monoclinic Y(OH),Cl-type dihydroxide
monochlorides (x = 1) correspond closely
with previously reported values (3, 9-11).
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X-ray data for the phases near x = 0.5 show a
pronounced superstructure-substructure rela-
tionship. The strong substructure reflections
are indexable in a hexagonal system and indi-
cate the existence of a UCI;-type subiattice.
The refined substructure parameters presented
in Table 1 are consistent with the substoichio-

metric compositions obtained by chemical
analysis. Vegard's law graphs for the UCI;-
type Ln(OH);_,Cl, systems (Ln = La, Pr, Nd)
all indicate compositions in the range
0.4 < x<0.45. The weaker superstructure
reflections have been indexed on a hexagonal
system by comparison of the data with those

TABLE 1

REFINED LATTICE PARAMETERS OF THE L#(OH),; 55Cly. 45 PHASES”

Subcell parameters (A)

Ln a ¢

La 6.676(2) 3.914(1)
Pr 6.60(1) 3.825(2)
Nd 6.573(4) 3.794(1)

Lattice parameters (A)

a ¢
17.662(6) 3.914(1)
17.46(1) 3.823(2)
17.392(6) 3.793(D)

4 Uncertainties in last digit appear in parentheses.

TABLE 1l

POWDER X-RAY DIFFRACTION DATA FOR La(OH), s5Clg 45"

Rel | dyos (R) deat (A)
w 7.715 7.648
N 5.805 5.781
VW 4.251 4.242
w 3.828 3.824
m 3.512 3.509
S 3.339 3.338
%3 3.241 3.241
w 3.106 3.105
w 3.053 3.059
m 2.920 2.929
m 2.876 2.877
m 2.747 2.747
w 2.732 2.735
m 2.612 2.613
m 2.538 2.540
m 2.512 2.516
m 2.446 2.449
m 2.340 2.352
s 2.326 2.325
m 2.252 2.249
m 2.186 2.185
w 2.138 2.136

hkl
(UCl;-type subcell)

hkl
(hexagonal supercell)

200
210
310
400
320
410
211

301

500
221

311

510
401
321

411
430
520
331

421
Shi
700
601

100

110
101

“s =strong; m = medium; w = weak ; v = very.
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of the corresponding lanthanide nitrates,
Ln(OH);_(NOs), (x=0.43 +0.03) (5). The
refined lattice parameters also appear in Table
1, and the diffraction data for the lanthanum
phase are presented in Table 1I.

Thermal decomposition reactions of the lan-
thanum and neodymium hydroxide chlorides
have been obtained from rg data. The two-
step decomposition observed for the
Ln(OH), 5sCly 45 phase is demonstrated by
the 7g curve for the lanthanum compound
(Fig. 1) and described by the reaction

Ln(OH); 55Clg 45 — LnO(OH), 55Clg 45
+ H,0(g) — 0.55Ln0O,; 5 + 0.45Ln0OCI

+0.275H,0(g).

The arrows in Fig. | define the theoretical
mass losses calculated for Eq. (2). X-ray
diffraction data indicate that the only solid
products are Ln,0; and LnOCI, but the mass
fosses in Fig. | deviate noticeably from the
theoretical values. These differences ap-
parently arise from the formation of hydrogen
chloride, which increases the ratio of oxide to
oxide chloride in the residue. Analysis of the
solid pyrolysis products showed lower Cl:La
ratios than those of the original samples. The
consistently low and irreproducible water
analyses observed for the intermediate hy-

Fic. 1. Thermal decomposition curve for La-
(OH)2.55C]0.45~

droxide chlorides are also consistent with the
loss of hydrogen as HCI at elevated tempera-
tures. The g curves obtained for a sample of
finely ground La(OH),Cl crystals showed a
single mass loss to LaOCI. The decomposition
temperature (350-375°C), which is markedly
lower than that (420°C) reported previously
(12), may result from differences in heating
rate or atmosphere.

Pyrolysis of La(OH), 55sCl, 45 at 320°C pro-
duced the intermediate phase in sufficient
quantities for chemical and X-ray analysis.
Within experimental error, the observed mass
losses were equal to the theoretical values;
elemental analysis show the composition
LaO(OH),.55Clg. 45 (found 8.74 9/ Cl; theoreti-
cal 8.859% CI). The X-ray diffraction data have
been indexed on a monoclinic YOOH-type
structure (/3). The refined lattice parameters
area =6.99(4) A, b =4.06(4) A, c = 4.46(3) A,
f=114.3(9)".

Although large crystals of the L»n(OH),Cl
phases are readily formed during the prepara-
tive procedures, all attempts to grow single
crystals of La(OH), 55Clg 45 were unsuccessful.
A slight coarsening of the product was ob-
served with aqueous media, but the use of
NH,Cl and NH,NO,; mineralizer solutions
only produced crystals of La(OH),Cl and
La(OH), s+(NO3)p 45 (3), respectively.

Discussion

A close correspondence is apparent for the
hydroxide nitrate (5) and hydroxide chloride
phases of the lighter lanthanides. Both systems
exhibit anion substitution phases, Ln (OH);_ -
X., with narrow compositions at x=0,
x ~ 0.45, and x = 1. At 500°C, the hydroxide
chlorides do not show broad miscibility ranges
like those of the hydroxide fluorides (/, 2).

The structures of the hydroxide chlorides
and hydroxide nitrates are similar and consis-
tent with the concept of anion substitution
into the parent trihydroxide structures. The
monoclinic Y(OH),Cl-type structure is easily
derived from the structure of the hexagonal
trihydroxide (8). The UCl;-type hydroxides
aredescribed by alternatinglayers of La(OH),*
and OH~, which lie parallel to (1010). The
Ln{OH),Cl composition is attained by com-
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plete replacement of OH~ by Cl~ in the anion
layers. The monoclinic structure is derived by
translational shear parallel to layers, i.e., shear
along [1010] of the hexagonal structure. The
ensuing reduction in metal coordination from
nine- to eightfold is consistent with radius
ratio effects of chioride substitution. The
structure of the monoclinic Lr(OH),NO,
phases (5) has recently been determined (7)
and is very similar to that of the Y(OH),Cl-
type structures. Because of the geometry of
the nitrate ion, the metals remain nine-coor-
dinate in the hydroxide nitrate structure.

A maximum value of x = 1 is observed for
both the nitrate and chloride systems. For
x> 1, anion substitution destroys the in-
tegrity of the infinite Ln(OH),* layers. In the
absence of a Ln(OH),* backbone, higher mem-
bers of the substitution series are soluble in the
aqueous phase and are unobserved.

The results indicate that the hydroxide
chloride phases at x = 0.45 and their nitrate
analogs (5) are apparently isostructural. This
assignment is consistent with the observation
of a similar, but less pronounced hexagonal
substructure for Pr(OH), s-(NOs)o 43 (4) and
is supported by the close agreement of the cal-
culated and observed d values in Table I
Theoretical considerations require that the
space group of the superstructure be the same
as that of the substructure (P6;/m) or a sub-
group of that spacegroup (/4-16). The ob-
served systematic absences for both the hy-
droxide nitrate (5) and the hydroxide chloride
are consistent with space group P63/m or P6,
and provide additional support for the pro-
posed indexing.

It is interesting to consider the rather unu-
sual compositions of the Ln(OH), 55Cl; 45
phases in light of preliminary crystallographic
data for La(OH), s;(NQj)g.43. X-ray single-
crystal results (/7) have shown that Z =14
and that the empirical formula is La,(OH),s-
(NO;);. The corresponding theoretical com-
position for the hydroxide chloride, La(OH)-
2.571Clo 429, agrees well with the experimental
value. The chloride ions apparently occupy an
ordered arrangement of hydroxide positions,
but the relationship to the layered structures
and the proposed anion substitution model
(8) is not known.

The loss of water by the La(OH),Cl and
Ln(OH), 5sCl, 45 phases in one- and two-step
process, respectively, seems somewhat in-
consistent. Formation of the intermediate
LnO(OH), 55Clg 45 compositions may be de-
termined by the thermodynamic stability of
the YOOH-type structure, or by favorable
kinetics associated with the lacile intercon-
version of UCI;- and YOOH-type structures
(8). The metal ion positions are essentially
unchanged by dehydration of the trihydroxide.
Formation of LnOOH compositions and
YOOH-type structures during pyrolysis of the
trihydroxides can be achieved by removal of
allOH™ ions from the intervening anion layers,
conversion of half of the OH™ ions in the
Ln(OH)," layers to O*~, and collapse of the
resultant LnOOH layers. Since the substruc-
ture of the intermediate hydroxide chloride is
also UClI;-type, an analogous decomposition
process presumably occurs. The Lu(OH), s--
(NOj)o.43 phases (Ln = La-Nd) also pyrolyze
to form the corresponding oxide hydroxide
nitrates, but the YOOH-type structures are
not observed (5).

A close correspondence between the hy-
droxide chloride and hydroxide nitrate sys-
tems of the lighter lanthanides has been found.
A discontinuity in the structural features and
compositions of the intermediate hydroxide
nitrates occurs between neodymium and
samarium (5). A similar situation exists for the
hydroxide chloride systems, and an investiga-
tion of the phase equilibria and structural
properties of the hydroxide chlorides of the
heavier lanthanides is in progress. Although
attempts to obtain single crystals of the inter-
mediate phases and to elucidate their struc-
tural features have not been successful, efforts
to further characterize these and other ma-
terials are continuving.
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