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ABSTRACT 
The ammonium chloride route to anhydrous rare-earth 
metal trlchlorldes, RECI~, is a two-step procedure con- 
slsting in, flrstly, the (dry or wet)osynthesis of a 
complex chloride, (NH4)3REC16 (t~ 220 C) and, secondly, 
lts decomposition either directly (small RE, t~ 425 C)^ 
or via the intermediates (NH4)2RECls (large RE, t~ 385 v 
C) and NH4RE2CI 7 (medium-slze RE), respectively. 

INTRODUCTION 

Rare-earth metal trlhalldes, especially the chlorides RECI~, 
belong to the more important and extensively used compounds of 
the rare earths. They serve as starting materials not only for 
the production of metals, hut also for many other chemical pro- 
cesses. However, the preparation of samples of very hlgh purity 
has proven to be difficult. By far the most likely impurity one 
has to fight against is oxygen. This is because the oxychlorides 
REOCI are readlly formed by reactions such as: 

(I) REC1 s + H 20 - REOC1 + 2 HCl 

(2) 2 RECI, + 02 - 2 REOCl + 2 Cl~ 

(3) RECI, + RE 20, = 3 REOCI 

( 4 )  6 RECI~ + 3 SiO 2 = 6 REOC1 + 3 SiC14 

Of t h e s e ,  r e a c t i o n  ( 1 )  h a s  t o  b e  t a k e n  i n t o  a c c o u n t  e v e n  a t  am-  
b i e n t  t e m p e r a t u r e  when t r t c h l o r i d e s  a r e  e x p o s e d  t o  m o i s t  a i r .  

The m e t h o d s  u s e d  f o r  t h e  p r e p a r a t i o n  o f  t h e  a n h y d r o u s  r a r e -  
e a r t h  t r i c h l o r i d e s  may b e  d i v i d e d  i n t o  t h r e e  g r o u p s  ( s e e  f o r  
example [1-3]): 

A Direct chlorination of the metals with elemental chlorlne or 
hydrogen chloride [4] as chlorinating agents. 
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B Conversion of the rare-earth sesquloxldes using both a chlo- 
rinating and a reducing agent, for example chlorlne and car- 
bon, or preferably a compound containing both in one molecu- 
le such as COCIa, SOCI~, or $2C1 ~. 

C Dehydration of the hydrates of the rare-earth trlchlorides 
using for example hydrogen chloride to prevent hydrolysis, 
i.e. the production of REOC1. 

~mmonlum chloride has been used as a reactant in both groups 
B [5,6] and C [7,8]. This route is very effective and inexpensi- 
ve, especially when used on rather large scales. However, it 
needs careful control of the reaction conditions to achieve up 
t o  99 .8% c o n v e r s i o n  o f  t h e  o x i d e  [ 6 ]  ( v a r i a n t  1) o r  h y d r a t e  
( v a r i a n t  2) t o  t h e  a n h y d r o u s  c h l o r i d e .  

V a r i a n t  1, e s s e n t i a l l y  a o n e - b a t c h  s y n t h e s i s  [ 5 ] ,  was  s a i d  
t o  f o l l o w  e q u a t i o n  ( 5 ) :  

(5) RE20 s + 6 NH4CI - 2 RECI~ + 3 H20 + 6 NH~ 

The role of the large excess of NH4CI that has always been, and 
has to be, used (at least twice the theoretical amount following 
equation (5), i.e. 12 NH4C1) was attributed to the 'acidic' na- 
ture of NR4C1 [6], which should serve through the facile disso- 
ciation to HC1 and NH s as a local HC1 reservoir [7], thereby 
converting REzOa through a simple acid-base reaction to RECls 
and preventing hydrolysis of the REC1 s already formed. 

However, no really sufficient explanation for the necessary 
2.0 to 2.5 molar excess of NH4C1 was given and also not for the 
observation that almos~ no NH4CI sublimes off at the reaction 
temperature (180 - 360 C) although theovapor pressure of NH4C1 
equals the atmospheric pressure at 340 C [9]. This is even at 
250 C and an ambient pressure of 1 arm about 50 Torrs. In a 
flow system within 20 hrs time (a usual reaction time), there 
should considerable amounts of NH4C1 be driven off. 

Additionally, in view of the phases formed in the alkali me- 
tal chlorlde (ACl)/rare-earth metal trichloride (RECls) systems 
[10-12], it seems rather unlikely that NH4CI and RECI s could 
coexist as a plain mixture even at temperatures around 250 - 
300°C, as was suggested. Also, as the sesquioxides REaOs and the 
oxychlorides REOCI are very stable compounds, a simple conver- 
sion of REaO a directly to RECI~ seems to be thermodynamically 
unfavorable. 

Therefore, an x-ray effort has been undertaken to follow the 
reaction pathway of the -mmonium chloride route dlrectly. 

RESULTS AND DISCUSSION 

The m a i n  r e s u l t  f r o m  t h e s e  i n v e s t i g a t i o n s  i s :  t h e  ammonium 
c h l o r i d e  r o u t e  c o n s i s t s  i n  two  s t e p s ,  o f  w h i c h  t h e  f i r s t  i s  t h e  
s y n t h e s i s  o f  a c o m p l e x  c h l o r i d e ,  a t  l e a s t  w i t h  s u f f i c i e n t  NH4C1 
o f f e r e d  t h i s  i s  e x c l u s i v e l y  (NH,)~REC16.  T h i s  s t e p  i s  i n d e p e n -  
d e n t  on t ~ e  s i z e  o f  ~he  R E ( I I 1 )  i o n .  The  r e a c t i o n  s t a r t s  a t  
a b o u t  220vC,  t h e  180 C p h a s e  t r a n s i t i o n  o f  NH4C1 (CsC1 ~ NaC1 
t y p e )  i s  a l w a y s  o b s e r v e d  on  ' d y n a m i c  f S i m o n - G u i n i e r  x - r a y  p a t -  
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t e r n s ,  b e f o r e  t h e  r e a c t i o n  t a k e s  p l a c e .  The r e a c t i o n  t h e r e f o r e  
f o l l o w s ,  f i r s t l y ,  e q u a t i o n  ( 6 ) ,  w h i c h  m a k e s  i t  c l e a r  a t  a g l a n c e  
why t w i c e  t h e  t h e o r e t i c a l  a m o u n t  o f  NH, C1 w i t h  r e s p e c t  t o  e q u a -  
t i o n  ( 5 )  i s  n e e d e d .  O b v i o u s l y ,  NH4C1 i s  c o n s u m e d  s o  r e a d i l y  a t  
t h e s e  t e m p e r a t u r e s  t h a t  no c o n s i d e r a b l e  a m o u n t s  o f  NH4C1 a r e  
s u b l i m e d  o f f .  

(6) 12 NH, Cl + REaO s - 2 (NH,)~RECI 6 + 6 NH, + 3 H20 

(NH4)~YC16 for example (prepared by the so-called variant 2a 
as outlined in the Experimental Sectisn) undergoes phase tran- 
sitions at about 1OO (I ~ If) and 360 C (II n III). Modifica- 
tions II and III are identical with those observed when starting 
wlth RE203 and NH4C1 (variant 1, Fig. 1). (NH4)3YCII-III crys- 
talllzes cubic face-centered wlth a- 1110 pm at 38OUC. This 
lattice constant obtained from the uncorrected high-temperature 
pattern is an approximate value because quenching t 8 room tempe- 
rature is not possible and a Guinier pattern at 380 C could not 
be obtained because of the narrow stability range of the phase 
(360 - 380°C) and the decomposition of (NH4)~YCI e which is com- 
pleted at that temperature during the period of time which is 
necessary to obtain the x-ray pattern. However, from a compari- 
son of the molar volume of (NH4)sYC16-III (205.9 cm~mol -x) and 
that observed for NH4Y2C17 (175.9), one derives a molar volume 
for NH4C1 of 47.2 cm3mol -x , in fairly good agreement with the 
value observed for the NaCl-type modification of NH4CI at 2OO°C 
( 4 3 . 3 ) .  

In  g~nera l ,  compound f o r m a t i o n  i n  the AC1/REC1 s (A- K,RbpCS 
a n d  NH4 ~ a s  w e l l )  systems i s  l i m i t e d  t o  t h e  f o r m u l a  t ypes  ARE a - 
C17, A~REaC10, A a R E C l s ,  a n d  AzREC1 e [ 1 0 - 1 2 ] ,  o f  w h i c h  t h e  f i r s t  
and the last are the most stable in this series. Their occuren- 
ce in a particular system (say CsC1/ErC13) is mainly governed 
by size/volume effects of the constituents. Coordination num- 
bers of the trivalent rare earths are 6 (octahedron, As RECle, 
A~RE=C10, partly A~RECls) , 7 (monocapped trlgonal prism, ARE2C17, 
partly A~RECls) , and 8 (AREaC17) , respectively. The present 
knowledge of the crystal structures of the former three compound 
types is rather extensive as compared with the A~RECI s type com- 
pounds. Here phase transitions ocsur frequently (for example 
three transitions in the 25 - 500 C range for K~ScC16 ) which 
make crystal growth and structure determination almost impossib- 
le. On the other hand, the highest-temperature modification 
(stable below the melting point) crystalllzes in most cases cu- 
bic face-centered (elpasollte (K~NaAIF6) or (NH4)~FeF 6 type) and 
is therefore easily detected. Roughly, the lower-temperature mo- 
dlflcatlons arise from distortions due to octahedral tilting and 
upon further cooling from the apparent inability to maintain the 
high-temperature structural arrangement that is based on a 1:3 
(A:C1) close-packing of spheres. The A:CI ratio of 1.5:3 in 

~ 3P~.Cle makes arrangements similar to those observed in Ins InC1 s 
13J necessary. Fortunately, the crystal chemistry of complex 

ammonium chlorides is very similar to that of the analogous ru- 
bidium and, to a lesser extent, potassium chlorides. Therefore, 
wlth the experiences made for A~RECI e compounds with A- K,Rb one 
is able to follow the reaction pathways and to, at least, iden- 
tify the compounds formed. 
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STEP ONE: 
SYNTHESIS 

STEP TWO: 

DECOMPOSITION 

1 2a 2b 

pYc 36H201 

"-...,air or HCI 

12 (NH,.I YC,  J 

FIG. 1 

A sketch of the variants and reaction pathways of the 
ammonium chloride route to anhydrous yttrium chloride 

S t e p  two o f  t h e  ammonium c h l o r i d e  r o u t e  i s  t h e  d e c o m p o s i t i o n  
o f  (Nit 4 )~REC16 t o  ( a t  l a s t )  RECI~, which s t a r t s  a t  a r o u n d  385vC 
u n d e r  t h e  c o n d i t i o n s  u s e d  h e r e  ( s e e  E x p e r i m e n t a l  S e c t i o n ) .  Fo r  
l a r g e  RE c a t i o n s ,  (NH 4 )2RECls compounds (RE- La-Eu)  were o b s e r -  
ved a s  i n t e r m e d i a t e s ,  which  f u r t h e r  decompose a t  a r o u n d  425 C 
t o  y i e l d  RECI~. 

(7)  2 (NH 4 )sltEC16 - 2 l~I, C1 + 2 (NH,)2REC16 

(8)  2 (NH,)~REC1 s = 4 NH4C1 + 2 RECI~ 

Med ium-s ized  RE c a t i o n s  (RE,= Gd-Yb,Y)  l ead  to  NI-I4RE2C1 T as i n -  
t e r m e d i a t e s ,  see Flg. I. 

(9) 2 (NH 4)sRECI6 - 5 NH, CI + NH, RE~CI, 

(iO) NH 4RE 2CI 7 - NH, Cl + 2 RECI~ 

(NH 4 )sRECI6 compounds with small RE cations (RE- Lu,Sc) decom- 
pose without the formation of an intermediate. 

(II) 2 (NH4)3RECI 6 = 6 NH, CI + 2 RECl 3 

Equation (5) is therefore only a net equation which corresponds 
to the Initial and flnal states of the route and is obtained by 
summation o f  e q u a t i o n s  ( 6 , 7 , 8 ) ,  o r  ( 6 , 9 , 1 0 ) ,  o r  ( 6 , 1 1 ) .  

As e xa mple s  f o r  (Nit 4 )2RECls and NH4RE2C1 t t y p e  compounds and 
for identification purposes, the crystallographic properties of 
(NH 4 )aPrCls and NH4Y~C1 t are summarized in Tables 1 and 2, res- 
pectlvely. 

Rare-earth trichlorides that were obtained by this route had 
rather broad x-ray lines attesting to the high activity of the 
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TABLE 1 

C r y s t a l l o g r a p h l c  D a t a  o f  (NH 4 )a P r C l s  
( S i m o n - G u l n i e r  c a m e r a ,  Cu-K-~= r a d i a t i o n ,  c a l i b r a t l o n  w i t h  l o w -  
q u a r t z ;  l a t t l c e  c o n s t a n t s  w e r e  c a l c u l a t e d  w i t h  37 r e f l e c t l o n s ,  
t h e  f i r s t  20 l i n e s  a r e  given b e l o w )  

a = 1308.O(1) pm 

b = 8 8 6 . 8 7 ( 7 )  pm ,( ~z ~3 u 

c = 818.0(1) pm zT! 27, 
4 28 & 

V m- 1 4 2 . 8 6 ( 3 )  c m ' m o l  -= ~ 282 ~ = ~ ~ =  

Prima, Z - 4 ,  i s o t y p l c  zTs 
with KaPrC1 s [14] )] )1 
The [ P r C 1  s ]=-  
along EOlO] l l p r r l t  f l  k 12- 

. . . .  311~,~z, 1010]  - 

i i 

4 B o b s / °  I o b s  I c a  I d c a l / P m  h k 1 

2 5 . 4 9  v s t  100 6 9 3 . 5 1  1 0 1 
2 7 . 0 2  s t  59 6 5 3 . 9 8  2 0 0 
2 9 . 3 9  m 22 6 0 1 . 2 7  0 1 1 
4 0 . 0 4  29 4 4 3 . 4 3  0 2 0 
4 0 . 0 4  s t  17 4 4 2 . 6 2  2 1 1 
4 6 . 2 7  w 10 3 8 4 . 7 4  3 0 1 
4 7 . 5 9  m 23 3 7 3 . 5 9  1 2 1 
4 8 . 4 9  w 14 3 6 7 . 0 2  2 2 0 
4 9 . 7 9  w 10 3 5 7 . 2 7  1 1 2 
5 1 . 3 1  vw 9 3 4 6 . 7 5  2 0 2 
53.20 ~ 12 334.85 2 2 1 
54.49 w 11 326.99 4 0 0 
58.81 w 17 303.63 40 1 
59.40 vw 7 300.63 0 2 2 
59.87 vw I0 298.28 3 0 2 
6 0 . 9 5  m 18 2 9 2 . 9 9  1 2 2 
6 2 . 2 2  m 17 2 8 7 . 2 6  4 1 1 
6 3 . 2 5  w 13 2 8 2 . 7 2  3 1 2 
6 4 . 2 9  w 13 2 7 8 . 0 2  O 3 1 
6 5 . 5 3  m 29 2 7 3 . 1 5  2 2 2 

@this value is calculated since the line obviously coincides 
with the 49 - 53.28 line of low-quartz used for calibration 

materlals. These are for many practical applications sufficient. 
ly pure: they are free of any extra x-ray lines based on a Gui- 
nler level and dissolve completely in diluted hydrochloric acid 
solutlons without cloudiness. If one follows the dry variant 1 
(Fig. 1) starting with RE=O ~ and 12 NH4CI , the reaction condi- 
tions have to be observed very accurately (see [6]) to prevent 
(or revoke) the formation of oxyhalide, REOC1. In this perspec- 
tive, It is much easier to use variant 2a, although this is a 
two-step procedure and therefore more laborious at first sight. 
The advantage is, however, that as soon as one has prepared the 
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TABLE 2 

C r y s t a l l o g r a p h i c  D a t a  o f  NH4YaC1 ~ 
( S i m o n - G u i n l e r  c a m e r a ,  C u - K - a l  r a d i a t i o n ,  c a l i b r a t i o n  w i t h  l o w -  
q u a r t z ;  l a t t i c e  c o n s t a n t s  were  c a l c u l a t e d  w i t h  42 r e f l e c t i o n s ,  
t h e  f i r s t  20 l i n e s  a r e  g i v e n  b e l o w )  

a - 1 2 8 7 . 9 ( 2 )  pm " ~  ~ ~t,~ 
\ 

bc ] 1 2 6 4 . 4 ( 4 )  6 9 2 . 5 ( 1 )  pmPm ~ __~ 

V m- 1 6 8 ; 8 6 ( 4 )  cmamo1-1 

Prima, Z 4, i s o t y p i c  
w i t h  RbDyaC17 [ 1 5 ]  o ~  

The [Y2CI,]- layer.~...Dmp 
view onto (I00) Yl 

I 

4 % o b s / °  I o b s  I c a  I d c a l / P m  h k 1 

2 7 . 4 9  v s t  100 6 4 3 . 7 0  2 0 0 
2 9 . 2 0  s t  67 6 0 6 . 1 9  O 1 1 
3 1 . 2 0  vw 7 5 6 7 . 5 6  1 0  2 
3 2 . 2 4  vw 17 5 4 9 . 3 6  1 1 1 
3 9 . 3 0  vw 2 4 5 1 . 3 9  2 0  2 
4 0 . 1 5  s t  45 4 4 1 . 9 3  2 1 1 
4 3 . 7 0  vw 3 4 0 6 . 4 2  3 0 1 
4 9 . 4 5  w 5 3 5 9 . 7 7  0 1 3 
5 0 . 8 0  vw 2 3 5 0 . 3 6  3 1 1 
5 1 . 3 0  m 41 3 4 7 . 0 0  1 1 3 
5 7 . 2 0  w 11 3 1 1 . 8 5  4 0 1 
5 8 . 5 0  w 11 3 0 5 . 0 6  2 2 0  
5 8 . 8 0  vw 2 3 0 3 . 5 4  0 2 2 
5 9 . 3 6  vw 5 3 0 0 . 7 4  3 0  3 
6 0 . 2 6  w 9 2 9 6 . 3 5  2 2 1 
6 1 . 2 0  vw 2 2 9 1 . 9 0  4 1 0  
6 4 . 8 2  m 41 2 7 6 . 0 0  3 1 3 
6 5 . 1 5  w 11 2 7 4 . 6 4  2 2 2 
6 7 . 6 0  vw 1 2 6 4 . 9 6  4 1 2 
6 8 . 4 5  m 13 2 6 1 . 7 7  1 2 3 

p u r e  and  d r y  c o m p l e x  c h l o r l d e  (NH4)~REC14, t h e  f o r m a t i o n  o f  o x y -  
h a l i d e  d u r i n g  d e c o m p o s i t i o n  s h o u l d  be p r e v e n t e d  ( t h e o r e t i c a l l y )  
c o m p l e t e l y  i n  a r a t h e r  s l m p l e  a p p a r a t u s  a s  shown i n  F i g .  1.  The 
YC1 s o b t a i n e d  i n  t h i s  way c o u l d  be u s e d  w i t h o u t  f u r t h e r  p u r i f i -  
c a t i o n  f o r  t h e  s y n t h e s i s  o f  e . g .  InYaCly  [ 1 6 ]  and  i s  c e r t a i n l y  
s u f f l c l e n t l y  p u r e  t o  s e r v e  f o r  t h e r m o a n a l y t i c a l  p u r p o s e s .  

I f  t h e  t r i c h l o r l d e s  a r e  t o  be f u r t h e r  u s e d  i n  r e a c t i o n s  w h e r e  
t h e  o x y g e n  c o n t e n t  i s  c r u c l a l ,  e . g .  i n  t h e  s y n t h e s i s  o f  t h e  more  
r e d u c e d  r a r e - e a r t h  c h l o r i d e s ,  one  o r  e v e n  m o r e  d l s t i l l a t l o n  o r  
s u b l i m a t i o n  s t e p s  o f  t h e  t c r u d e t  p r o d u c t  i n  a f u l l - t a n t a l u m  appa-  
r a t u s  w i l l  be n e c e s s a r y  s u b s e q u e n t l y .  On t h e  o t h e r  h a n d ,  t h e s e  
p u r i f i c a t i o n  s t e p s  a l w a y s  h a v e  a s  a c o n s e q u e n c e  t h e  r e c r y s t a 1 1 1 -  
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z a t i o n  o f  t h e  f o r m e r l y  p o o r l y  c r y s t a l l i z e d  m a t e r i a l .  T h i s  a l s o  
l o w e r s  t h e  a c t i v i t y  o f  t h e  t r i c h l o r i d e  w h i c h  m i g h t  b e  f a t a l  i n  
v i e w  o f  r e a c t i o n s  w i t h  v e r y  s l o w  k i n e t i c s .  

I t  was  c o m p l a i n e d  t h a t  t h e  c o n v e r s i o n  r a t e s  o f  REaO ~ t o  RECI~ 
a r e  s o m e t i m e s  f a i r l y  l o w .  RECI~ was  s a i d  t o  be  t s w e p t  away  t w i t h  
t h e  e x c e s s  NH4C1 d u r i n g  t h e  s u b l i m a t i o n  s t e p  o f  t h e  d r y  r o u t e .  
As t h i s  i s  i n d e e d  t h e  NH4C1 t h a t  i s  p r o d u c e d  d u r i n g  d e c o m p o s i -  
t i o n  o f  (NH4)~RECle ,  i t  s e e m s  r a t h e r  l i k e l y  t h a t  t h i s  ~ s w e e p i n g  t 
away  i s  i n  f a c t  t h e  f o r m a t i o n  o f  g a s  c o m p l e x e s  s u c h  a s  NH4REC14 . 
A n a l o g o u s  c o m p l e x e s  AREC14 a r e  w e l l - k n o w n  i n  t h e  g a s  s t a t e  w i t h  
Affi K , R b , C s  ( s e e  f o r  e x a m p l e  [ 1 7 ] ) .  

A n o t h e r  p r o b l e m  i s  w h e t h e r  t h e  r e a c t i o n  o f  REzO ~ w i t h  NH4C1 
i n  t h e  d r y  r o u t e  i s  a s o l i d - s o l i d  o r  a s o l i d - g a s  r e a c t i o n  w h i c h  
w o u l d  t h e n  make u s e  o f  t h e  f a c i l e  d i s s o c i a t i o n  o f  NH4C1 t o  NH 3 
a n d  HC1. The  d e p e n d e n c e  u p o n  t h e  f l o w  r a t e  o f  d r i e d  a i r  [ 6 ]  was  
i n t e r p r e t e d  i n  f a v o r  o f  a s o l i d - g a s  r e a c t i o n .  Our  x - r a y  i n v e s t i -  
g a t i o n s  show t h a t  t h e  s y n t h e s i s  o f  (NH,)zREC1 m c a n  t a k e  p l a c e  
w i t h o u t  a n y  f l o w  s y s t e m  w h i c h ,  on  t h e  o t h e r  h a n d ,  c e r t a i n l y  s u p -  
p o r t s  t h e  r e m o v a l  o f  w a t e r  t h a t  w o u l d  o t h e r w i s e  p r o m o t e  t h e  
REOC1 f o r m a t i o n  v i a  r e a c t i o n  ( 1 ) .  A l t h o u g h  t h i s  d o e s  n o t  r u l e  
o u t  t h e  p o s s i b i l i t y  t h a t  NH4C1 may r e a c t  o n l y  a f t e r  d i s s o c i a t i o n  
t o  NH~ a n d  HC1, i t  i s  c e r t a i n l y  c l e a r  t h a t  b o t h  c o m p o n e n t s  (NH~ 
a n d  HC1) a r e  m a n d a t o r y  t o  a c h i e v e  t h e  c o n v e r s i o n  o f  REaO 3 t o ,  
f i n a l l y ,  RECI~,  a n d  i t  i s  n o t  s i m p l y  t h e  a c i d  HC1 t h a t  r e a c t s  
w i t h  t h e  b a s e  REaO s . O b v i o u s l y ,  i t  i s  m o s t  i m p o r t a n t  f o r  t h e  
r e a d y  s u c c e s s  o f  t h e  ( d r y )  ammonium c h l o r i d e  r o u t e  t h a t  t h e  com-  
p l e x  c h l o r i d e  (NH,)~REC1 e i s  f o r m e d  c o m p l e t e l y  ( w h i c h  c o n s u m e s  
up  t o  20 h o u r s )  a n d  t h a t  t h i s  i s  d e c o m p o s e d  s l o w l y  ( t o  d i m i n i s h  
t h e  Wsweep ing  a w a y  * o f  REC1 s t h r o u g h  g a s  c o m p l e x e s )  a n d  c o n t r o l -  
l e d  t o  y i e l d  a h i g h  ( o v e r a l l )  c o n v e r s i o n  r a t e .  

EXPERIMEN'rAL SECTION 

The e x p e r i m e n t a l  d e t a i l s  o f  t h e  ( d r y )  ammonium c h l o r i d e  r o u t e  
h a v e  b e e n  d e s c r i b e d  [ 5 ]  a n d  t h e  r e a c t i o n  c o n d i t i o n s  i n v e s t i g a t e d  
e x t e n s i v e l y  [ 6 ] .  As was  m e n t i o n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  
u s e  o f  v a r i a n t  2a i s  e m p h a s i z e d  t o  p r e v e n t  o r  d i s r e g a r d  t h e  f o r -  
m a t i o n  o f  t h e  m o s t  l i k e l y  i m p u r i t y ,  REOC1. As a n  e x a m p l e ,  t h e  
s y n t h e s i s  a n d  d e c o m p o s i t i o n  o f  (NH4}~YC1 e i s  d e s c r i b e d  b e l o w .  
T h i s  s y n t h e s i s  f o l l o w s  a g e n e r a l  p r o c e d u r e  f o r  t e r n a r y  r a r e -  
e a r t h  h a l i d e s  t h a t  h a s  b e e n  d e s c r i b e d  r e c e n t l y  [181 . 

S t e p  1 :  S y n t h e s i s  o f  (NH4)~YC16 
A p p r o x i m a t e l y  50  mL o f  c o n c .  h y d r o c h l o r i c  a c i d  a r e  a d d e d  t o  one  
mmole o f  YaOs.  A c l e a r  s o l u t i o n  i s  o b t a i n e d  a f t e r  some m i n u t e s  
o f  b o i l i n g .  6 m m o l e s  ( o p t i o n a l l y  m o r e )  o f  NH4C1 a r e  t h e n  a d d e d  
a n d  t h e  c l e a r  s o l u t i o n  i s  e v a p o r a t e d  s l o w l y  t o  d r y n e s s .  C a r e  
s h o u l d  b e  t a k e n  t o  a v o i d  a n y  s p a t t e r i n g ,  o r  s u b l i m a t i o n  o f  NH4- 
C1.  The  r e s i d u e  i s  t r a n s f e r r e d  t o  a c o r u n d u m  b o a t  a n d  i n s e r t e d  
i n t o  a g l a s s  t u b e  i n  t h e  c e n t e r  o f  a t u b u l a r  f u r n a c e .  A s l o w  
s t r e a m  o f  d r i e d  HC1 ( d r i e d  w i t h  c o n c .  HaSO 4 o r  a d r y - i c e  t r a ~ )  
i s  t h e n  a d d e d  a n d  t h e  t e m p e r a t u r e  r a i s e d  s l o w l y  t o  a b o u t  2OO-C 
a n d  a l l o w e d  t o  s i t  o v e r n i g h t .  (NH,)~YC1 e i s  o b t a i n e d  a s  a w h i t e  
d e l i q u e s c e n t  p o w d e r  w h i c h  s h o u l d  n o t  be  e x p o s e d  t o  m o i s t  a i r .  
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S t e p  2:  D e c o m p o s i t i o n  o f  (NH4)~YC16 
(NH4)~YC16 i s  t r a n s f e r r e d  t o  a p l a t i n u m  c r u c i b l e  u n d e r  d r y  c o n d i .  
t t o n s .  The  c r u c i b l e  I s  i n s e r t e d  i n t o  a g l a s s  t u b e ,  w h i c h  i s  f u -  
s e d  t o  a c o n d e n s e r ,  c o o l e d  w i t h  w a t e r  ( s e e  F i g .  1 ) ,  a n d  t h i s  i s  
j o i n e d  t o  a t r a p  c o o l e d  w i t h  d r y - I c e  o r  l i q u i d  n i t r o g e n .  ~ l l e  
e v a c u a t i n g ,  t h e  t e m p e r a t u r e  i s  r a i s e d  s l o w l y  t o  350  - 400  C. A 
f e w  h o u r s  a r e  u s u a l l y  s u f f i c i e n t  t o  e n s u r e  c o m p l e t e  d e c o m p o s i -  
t i o n  t o  YCI~.  

(NH 4 )aREC1 s a n d  NH4REaC17 c o m p o u n d s  a r e  a n a l o g o u s l y  o b t a i n e d  
v i a  s t e p  1 w i t h  a p p r o p r i a t e  a m o u n t s  o f  NH4C1 a n d  REaOs (NH, :RE 
- 2 : 1  i n  t h e  f o r m e r  a n d  1 : 2  I n  t h e  l a t t e r  c a s e ) .  D e c o m p o s i t i o n  
o f  t h e s e  c o m p o u n d s  v i a  s t e p  2, t o o ,  r e s u l t s  i n  t h e  f o r m a t i o n  o f  
RECI~. 

For x-ray investigations either the pure complex chlorides 
obtained vla step 1 or t to elucldate the reaction pathways of 
the dry route, mlxtures of NH4C1 and RE20 ~ (12:1 molar ratios) 
were fllled In quartz caplllarles of O.2 mm o.d. under dry Ar. 
These were then inserted Into a Slmon-Gulnier camera (FR 553, 
Enraf-Nonlus, Delft/Netherlands) equlpped for hlgh-temperature 
exposures. Typlcal heating rates were 10 degrees per hour, typl- 
ca1 fllm speeds 2 m m/hr. 
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