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V I B R A T I O N A L  SPECTRA OF A R S E N A T E S  A N D  PHOSPHATES 

O F  THE T Y P E  KCaLn(X04)2 

Key w o r d s :  I R  s p e c t r a ,  Raman s p e c t r a ,  f a c t o r  g r o u p  

a n a l y s i s ,  i n f l u e n c e  o f  c a t i o n s .  

1 A r a c e l i  E . L a v a t l ,  Mo’nica T r e z z a  , I rma  L .Bo t to ’ ,D iana  

I .  R o n c a g l i a ’  a n d  E n r i q u e  J. Baran  2* 

‘Area d e  Qufmica ,  F a c u l t a d  d e  I n g e n i e r f a ,  U n i v e r s i d a d  
N a c i o n a l  d e l  C e n t r o  d e  l a  P r o v i n c i a  d e  Buenos  A i r e s ,  
7 4 0 0 - 0 1 a v a r r f a ,  A r g e n t i n a .  

’Depar t amen to  d e  Qufmica ,  F a c u l t a d  d e  C i e n c i a s  E x a c t a s ,  
U n i v e r s i d a d  N a c i o n a l  d e  L a  P l a t a ,  1900-La P l a t a ,  A r -  
g e n t  i n a  . 

A B S T R A C T  

The i n f r a r e d  and  Raman s p e c t r a  o f  p o l y c r y s t a l -  

l i n e  s a m p l e s  o f  d i f f e r e n t  compounds of t h e  t y p e s  

KCaLn(As04)’ a n d  KCaLn(P04)’, b e l o n g i n g  t o  t h e  hexa -  

g o n a l  LaP04 s t r u c t u r a l  m o d i f i c a t i o n ,  w e r e  r e c o r d e d  and 

d i s c u s s e d .  A c o m p l e t e  v i b r a t i o n a l  a s s i g n m e n t ,  b a s e d  

on  a f a c t o r  g r o u p  a n a l y s i s ,  i s  p r o p o s e d .  The i n f l u e n -  

c e  of t h e  d i f f e r e n t  l a n t h a n i d e  c a t i o n s  on  t h e  i n t e r n a l  

v i b r a t i o n s  o f  t h e  X04 g r o u p s  i s  b r i e f l y  d i s c u s s e d  and  

some c o m p a r i s o n s  w i t h  r e l a t e d  compounds a r e  a l s o  m a d e .  

I t  i s  w e l l  known t h a t  s i m p l e  l a n t h a n i d e  a r s e n a -  

t e s ,  p h o s p h a t e s ,  v a n a d a t e s  and  c h r o m a t e s  (V) of t h e  

t y p e  LnX04 b e l o n g  t o  two d i f f e r e n t  s t r u c t u r a l  t y p e s .  
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356 LAVAT ET AL. 

T h e  c o m p o u n d s  w i t h  t h e  b i g g e r  c a t i o n s  a d o p t  t h e  mono- 

c l i n i c  m o n a z i t e - l i k e  s t r u c t u r e ,  w h e r e a s  t h o s e  w i t h  t h e  

s m a l l e r  c a t i o n s  c r y s t a l l i z e  i n  t h e  t e t r a g o n a l  z i r c o n -  

s t r u c t u r a l  t y p e L s L ,  I n  t h e  l i m i t i n g  r e g i o n  b e t w e e n  t h e  

two s t r u c t u r a l  t y p e s  some d i m o r p h i c  p h a s e s  a r e  f o u n d .  
T h e s e  a r e  P m A s 0 4 3  , T b P 0 4 4 B  L a V 0 4 / C e V 0 4 5 ’ 6  a n d  P r C r 0 4  7 

r e s p e c t i v e l y .  

On t h e  o t h e r  h a n d ,  l a n t h a n u m  p h o s p h a t e  a n d  o t h e r  

l i g h t e r  l a n t h a n i d e  p h o s p h a t e s  c a n  e x i s t  a s  L n P 0 4 . 0 . 5  

H 2 0  i n  a m e t a s t a b l e  h e x a g o n a l  m o d i f i c a t i o n  . 8 

A s e r i e s  o f  t r i p l e  a r s e n a t e s  a n d  p h o s p h a t e s  o f  

t h e  t y p e  A B L n ( X 0 4 ) 2 ,  w i t h  A = K , R b , C s ;  B = C a , S r ;  Ln = 

t r i v a l e n t  l a n t h a n i d e  c a t i o n ,  b e l o n g i n g  a l s o  t o  t h i s  

l a s t  m e n t i o n e d  s t r u c t u r a l  t y p e  h a v e  beem p r e p a r e d  a n d  

c h a r a c t e r i z e d  r e c e n t l y  ’ - l l .  T h e r e f o r e ,  i t  seems i n t e -  

r e s t i n g  t o  i n v e s t i g a t e  t h e  v i b r a t i o n a l  b e h a v i o u r  o f  

t h e s e  new m a t e r i a l s  i n  o r d e r  t o  e x t e n d  o u r  k n o w l e d g e  

o n  t h e  s p e c t r o s c o p i c  p r o p e r t i e s  o f  l a n t h a n i d e  compoun- 

d s  i n  d i f f e r e n t  c r y s t a l l i n e  e n v i r o n m e n t s .  

I n  o r d e r  t o  s t a r t  a s y s t e m a t i c  s t u d y  o f  t h i s  t y p e  

o f  p h a s e s  w e  h a v e  p r e p a r e d  a n u m b e r  o f  a r s e n a t e s  a n d  

p h o s p h a t e s  o f  K / C a  w i t h  d i f f e r e n t  l a n t h a n i d e  c a t i o n s ,  

i . e . ,  K c a L n ( A ~ 0 ~ ) ~  w i t h  Ln = Nd,Sm,Eu,Gd,Dy,Ho 

K C a L n ( P 0 4 ) 2  w i t h  Ln = Sm, Eu,  G d , D y , H o , E r .  Compounds 

w i t h  o t h e r  l a n t h a n i d e  c a t i o n s  c o u l d  n o t  b e  o b t a i n e d  i n  

a d e q u a t e  p u r i t y  g r a d e s .  

a n d  

S t r u c t u r a l  C h a r a c t e r i s t i c s  

A s  s t a t e d  a b o v e ,  t h e  p r e p a r e d  c o m p o u n d s  a r e  i s o -  

s t r u c t u r a l  w i t h  t h e  h e x a g o n a l  LaP04 f o r m .  A c o m p l e t e  

s t r u c t u r a l  a n a l y s i s  o f  o n e  o f  t h e s e  p h a s e s ,  n a m e l y  

K C a N d ( P 0 4 ) 2 B  was p u b l i s h e d  some y e a r s  a g o ” .  T h e  s p a c e  

g r o u p  i s  P 6 2 2 2  ( D 4 ,  N r . 1 8 0 )  a n d  o n e  K1.5Ca1.5Nd1.5 

( P 0 4 ) 3  f o r m u l a  i n  t h e  u n i t  c e l l .  
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VIBRATIONAL SPECTRA OF ARSENATES AND PHOSPHATES 357 

T h e  s t r u c t u r e  i s  b u i l t  up b y  c h a i n s  o f  e d g e  s h a r -  

i n g  ( C a , L n ) g - p o l y h e d r a  a n d  t e t r a h e d r a l  X 0 4 - g r o u p s  i n t e r  

c o n n e c t e d  b y  c o r n e r  s h a r i n g .  T h e  s t r u c t u r e  is a l s o  c h a -  

r a c t e r i z e d  b y  t h e  p r e s e n c e  o f  l a r g e  t u n n e l s  w h i c h  r u n  

p a r a l l e l  t o  t h e  c r y s t a l l o g r a p h i c  5 a x i s .  T h e  l a r g e r  K 

i o n s  c a n  b e  a c c o m m o d a t e d  i n  t h e s e  t u n n e l s .  

+ 

A s  i t  was e x p e c t e d  t h e  v o l u m e  of  t h e  u n i t  c e l l  d i -  

m i n i s h e s  r e g u l a r l y ,  a s  t h e  Z - v a l u e  o f  t h e  i n c o r p o r a t e d  

l a n t h a n i d e  c a t i o n  i n c r e a s e s .  T h e  v o l u m e  c o n t r a c t i o n  i s  

m o r e  p r o n o u n c e d  i n  t h e  case o f  t h e  p h o s p h a t e  s e r i e s ,  

d u e  p r o b a b l y  t o  t h e  s m a l l e r  s i z e  o f  t h e  PO4 3- i o n .  

A n a l y s i s  a n d  D i s c u s s i o n  o f  t h e  S p e c t r a  

I n  t h e  i n v e s t i g a t e d  c o m p o u n d s  t h e  t e t r a h e d r a l  oxo- 

a n i o n  l i e s  o n  s i t e s  o f  D2-symmetry .  T h i s  f a c t  i m p l i e s  

a t o t a l  r e m o v e m e n t  o f  d e g e n e r a c i e s  o f  a l l  t h e  v i b r a t i o -  

n a l  m o d e s ,  b u t  t h e  s y m m e t r i c  s t r e t c h i n g  a n d  b e n d i n g  mo- 

d e s  r e m a i n  i n f r a r e d - i n a c t i v e .  

A s  t h e  u n i t  c e l l  c o n t a i n s  t h r e e  X 0 4 - g r o u p s  i t  see 
ms a p p r o p r i a t e  t o  a n a l y z e  t h e  v i b r a t i o n a l  b e h a v i o u r  o f  

t h e  f u l l  c e l l t h r o u g h  a c o r r e l a t i o n  w i t h  t h e  f a c t o r  

g r o u p  D 6 '  
T a b l e  1 s h o w s  t h e  c o r r e l a t i o n  b e t w e e n  t h e  p o i n t  

g r o u p  o f  t h e  " f r e e "  i o n  w i t h  i t s  s i t e - s y m m e t r y  a n d  a l s o  

w i t h  t h e  c o r r e s p o n d i n g  f a c t o r  g r o u p .  

A s  t y p i c a l  e x a m p l e s  o f  t h e  m e a s u r e d  s p e c t r a , F i g . l  

s h o w s  t h e  I R  s p e c t r u m  o f  K C a E u ( A s 0 4 ) 2  w h e r e a s  F i g u r e s  

2 a n d  3 s h o w  t h e  Raman s p e c t r a  o f  KCaSm(As04)2  a n d  

KCaDy(P04)2  r e s p e c t i v e l y .  T h e  o t h e r  s u b s t a n c e s  show 

v e r y  s i m i l a r  s p e c t r a ,  

I n  t h e  I R  s p e c t r a ,  t h e  V 3  r e g i o n  u s u a l l y  s h o w s  

t h r e e  w e l l  d e f i n e d  b a n d s  o r  two b a n d s  a n d  a s h o u l d e r .  

No e v i d e n c e s  were f o u n d  f o r  t h e  V 1  b a n d ,  i n  a g r e e m e n t  

w i t h  t h e  p r e d i c t i o n s  o f  T a b l e  1. On t h e  o t h e r  h a n d ,  

i n  t h e  d e f o r m a t i o n  r e g i o n ,  o n l y  two o f  t h e  t h r e e  p r e -  
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FIG.l. I n f r a r e d  Spectrum o f  KCaEu(As0 ) 4 2  
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F I G . 2 .  Raman Spectrum o f  KCaSm(As0 ) 4 2  
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FIG.3. Raman Spectrum o f  KCaDy(P04)2 

TABLE 1 

Correlation Between the Point Group Td, the 

6 Site-Symmetry D2 and the Factor Group D 

Td D2 D6 Mode 
~~ 

V 1 A1 A A1 + E2 
E 2A 2A1 + 2E2 2 V 

A +B1+B2+2E1+E2 B1+ B2 + B3 

B1+ B2 + B3 A2+B1+B2+2E1+E2 

2 3 F2 

v 4  F2 

V 
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360 LAVAT ET AL. 

d i c t e d  V 4 - c o m p o n e n t s  a r e  o b s e r v e d ,  a l t h o u g h  i n  some 

c a s e s  o n e  o f  t h e s e  b a n d s  is r a t h e r  a s y m m e t r i c .  T h e  v 2  
mode s a t i s f i e s  a l s o  t h e  s i t e - s y m m e t r y  a n d  f a c t o r  g r o u p  

p r e d i c t i o n s  a n d  c o u l d  n o t  b e  o b s e r v e d  in a n y  o f  t h e  I R  

s p e c t r a .  

I n  t h e  Raman s p e c t r a ,  t h e  two c o m p o n e n t s  e x p e c -  

t e d  a c c o r d i n g  t o  t h e  f a c t o r  g r o u p  a n a l y s i s  f o r  t h e  V l  

mode a r e  a l w a y s  o b s e r v e d  a l t h o u g h  t h a t  o f  l o w e r  f r e -  

q u e n c y  is i s u a l l y  weak  o r  b a d d l y  d e f i n e d .  I n  t h e  p h o s -  

p h a t e s ,  V 3  c a n  b e  g e n e r a l l y  o b s e r v e d  as  a t r i p l e t  o f  

l i n e s  o f  weak  o r  medium i n t e n s i t y ,  b u t  i t  r e m a i n s  un- 

o b s e r v e d  i n  a l l  t h e  a r s e n a t e s .  I n  t h e s e  cases  t h e s e  

b a n d s  a r e  p r o b a b l y  o v e r l a p p e d  b y  t h e  s t r o n g e r  Vl-com- 

p o n e n t s  ( r e m e m b e r  a l s o  t h a t  i n  t h e  " f r e e "  A s 0 4  i o n  

v 3  a n d  v 1  a r e  p r a c t i c a l l y  ~ o i n c i d a n t ' ~ ) .  T h e  Raman 

s p e c t r a  i n  t h e  d e f o r m a t i o n  r e g i o n  s h o w s  V 2  a n d  v 4  a s  

s t r o n g  a n d  medium i n t e n s i t y  d o u b l e t s  r e s p e c t i v e l y . H o -  

w e v e r ,  i n  t h e  c a s e  o f  t h e  p h o s p h a t e s ,  two a d d i t i o n a l  

w e a k e r  l i n e s ,  l o c a t e d  a t  h i g h e r  f r e q u e n c i e s ,  a r e  s e e n  

n e a r  t h e  V 2 - d o u b l e t  ( c f . F i g . 3 ) .  i n  a g r e e m e n t  w i t h  t h e  

f a c t o r  g r o u p  p r e d i c t i o n s ,  I n  m o s t  c a s e s ,  some o t h e r  

weak l i n e s ,  p r o b a b l y  a s s i g n a b l e  t o  e x t e r n a l  ( l a t t i c e )  

o r  c o m b i n a t i o n a l  m o d e s ,  a r e  a l s o  d i s t i n g u i s h e d  i n  

t h i s  r e g i o n .  

3- 

T a b l e s  2 a n d  3 show t h e  v a l u e s  m e a s u r e d  i n  a l l  

t h e  i n v e s t i g a t e d  c o m p o u n d s  t o g h e t e r  w i t h  t h e  p r o p o s e d  

a s s i g n m e n t s .  

I n  c o n c l u s i o n ,  t h e  g e n e r a l  s p e c t r o s c o p i c  b e h a v i o -  

u r  c l e a r l y  i n d i c a t e s  i m p o r t a n t  f a c t o r  g r o u p  e f f e c t s ,  

w h i c h  s u g g e s t  i m p o r t a n t  i n t e r a c t i o n s  b e t w e e n  t h e  X 0 4 -  

a n i o n s  i n  t h e  u n i t  c e l l ,  a p o i n t  o f  v i e w  w h i c h  i s  s u p -  

p o r t e d  b y  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h i s  s t r u c  

t u r a l  t y p e .  

F u r t h e r m o r e ,  i t  i s  i n t e r e s t i n g  t o  i n v e s t i g a t e  

i n  some d e t a i l  t h e  i n f l u e n c e  o f  t h e  d i f f e r e n t  l a n t h a -  
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VIBRATIONAL SPECTRA OF ARSENATES AND PHOSPHATES 361 

TABLE 2 

Assignment of the IR and Raman Spectra 
of the KCaLn(As04)2-Phases (values in cm-') 

Ln Mode I R  RAMAN 

N d  

Sm 

Eu 

Gd 

DY 

Ho 

--- 871vsS845m 
cl 345w --- 

875vsa810vs,788sh --- 
455vs,385vs -445 w 

--- 875vsS847sh 
385w , 345s, 320m --- 

865vs,810vs,785sh --- 
450vs.390~~ 461ms452m,445rn 

--- 8 76v s ,844sh 
34 4 s ,3 19w --- 

865vss805vs,780m --- 
445vs.375vs 4 6Ow, 44 5m 

--- 878vs , 845m 
335mS340m,312m --- 

870vss815vss795sh --- 
4 4 0 ~ s .  37 3vs 4 6 2 ~ ~ 4 3 7 ~ 1  

--- 881vs,840sh 
--- 387w,348s,322m 

870vs,812vsS795sh --- 
455vs,395vs 463w,448sh 

--- 882vsS840sh 
--- 347sa 320m 

870vs,815vs,797sh --- 
452vs. 393vs 462m,444m 

VS = very strong; s = strong; m =medium; w = weak;  
sh = shoulder 
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362 LAVAT ET A L .  

TABLE 3 
Assignment o f  the IR and Raman Spectra 

o f  the KCaLn(P04)2-Phases (values in em-') 

Ln Mode IR RAMAN 

S m  

Eu 

Gd 

D Y  

Ho 

Er 

v *  1 '  
v2 : 
v *  
v -  
3 '  
4 .  

v1 : 

v *  
v .  
v *  

2 .  
3 .  
4 -  

v 1  : 

v3 : 

v1 : 
v2 : 

v .  2 '  

v -  4 .  

V '  

v *  
3 .  
4 .  

v1 : 

v -  2 .  
v ' :  3 
V '  4 .  
v *  1 '  
v *  2 .  
v -  3 '  
V& : 

--- 991vsB977sh 
--- 485sh,458w,428s9388m 

1075vs,1000vs,941m 1091s,1060sh,1048m 
605vs,530vs 625m, 600m 

--- 993vs9974m 
-- - 478sh,458~,427~,390m 

10 75vs , 1 OOOvs ,940m 
600vs, 517vs 

1095m91055w 
62 6m , 6 Olm 

--- 995vs9978m 
--- 484sh,460m,430~,390m 

1087vs,1010vs,965m 1095s,1057sh,1047m 
610vs,530vs 627mB602s 

--- 997vsB977sh 
--- 478sh,462wB431s,393m 

1085vs,1010vs,965s 1097s,1057shB1048m 
625vs ,560~s 62 7m , 603s 

9 9 7vs , 9 75m --- 
--- 466wB432s,393m 

1090vs .1010vs , 960sh 1099m,1060w 
6 1 5 ~ ~ ~ 5 3 5 ~ s  629wn604m 

--- 1000vs.985sh 
--- 476w,464w,434rnS396w 

1087vs,1010vs,975m ? ?  

615v~,53Ovs 6 3 0 ~ ~ 6 0 5 ~  

vs - very strong; s * strong; m - medium; w =weak 
sh - shoulder 
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U, (cm-1 

1000 

995 

990 

88 0 

8 75 

8 70 

1 1 I I 1 I I 1 I I I 1 'v( l*3;  

270 265 260 

A r s e n a t e s  

FIG.4 .  D e p e n d e n c e  o f  t h e  v l - s t r e t c h i n g  mode o f  t h e  

XOL-groups  f r o m  t h e  u n i t  c e l l  v o l u m e .  

4- n i d e  c a t i o n s  o n  t h e  i n t e r n a l  v i b r a t i o n s  o f  t h e s e  XO 

a n i o n s .  A s  i n  o t h e r  c a s e s ,  i n  w h i c h  t h i s  a s p e c t  w a s  

a n a l y z e d ,  t h e  v a l u e  o f  t h e  s y m m e t r i c  s t r e t c h i n g  m o d e s ,  

o b t a i n e d  f r o m  t h e  Raman s p e c t r a  seems t h e  m o s t  s u i t a -  

b l e  f o r  s u c h  s t u d y ,  d u e  t o  i t s  h i g h  i n t e n s i t y  a n d  v e -  
14-16  

r y  g o o d  d e f i n i t i o n  ( c f . f o r  e x a m p l e  ) .  

A p l o t  o f  t h e  h i g h e r - f r e q u e n c y  c o m p o n e n t  o f  t h i s  

s t r e t c h i n g  mode a s  a f u n c t i o n  o f  t h e  u n i t  c e l l  v o l u m e  

s h o w s  a l i n e a r  r e l a t i o n  b e t w e e n  b o t h  v a l u e s  a s  c a n  b e  

s e e n  f r o m  F i g . 4  f o r  t h e  t w o  i n v e s t i g a t e d  s e r i e s  o f  corn 
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p o u n d s .  T h i s  b e h a v i o u r  i m p l i e s ,  t h a t  as  a d i r e c t  c o n s 2  

q u e n c e  o f  t h e  v o l u m e  d i m i n u t i o n  f r o m  Nd t o  Ho, t h e  X - 0  

b o n d s  a r e  r e i n f o r c e d  a n d  g e n e r a t e  t h e  o b s e r v e d  i n c r e a -  

s e  i n  t h e  s t r e t c h i n g  v i b r a t i o n ,  f o l l o w i n g  t h e  same d i -  

r e c t i o n .  A t o t a l l y  s i m i l a r  b e h a v i o u r  was f o u n d  a n d  ex-  

t e n s i v e l y  d i s c u s s e d ,  i n  t h e  c a s e  o f  t h e  l a n t h a n i d e  o r -  

t h o v a n a d a t e s ,  LnV04, b e l o n g i n g  t o  t h e  z i r c o n - s t r u c t u -  

r a l  t y p e  17 '18.  T h e  p r e s e n t  r e s u l t s  c o n f i r m  a l s o  o u r  

p r e v i o u s  s t a t e m e n t :  f o r  o x o a n i o n s  j o i n e d  t o  l a n t h a n i -  

d e  c a t i o n s ,  t h e  e f f e c t  o f  t h e  c o n t r a c t i o n  i n  t h e  u n i t  

c e l l  d i m e n s i o n e s  o v e r r i d e s  t h a t  o f  t h e  i n c r e a s e  o f  t h e  

e f f e c t i v e  n u c l e a r  c h a r g e  o f  t h e  c a t i o n s .  

I t  is a l s o  i n t e r e s t i n g  t o  n o t i c e  t h a t  a s i m i l a r  

d e p e n d e n c e  o f  V 1  f r o m  t h e  c e l l  d i m e n s i o n s  h a s  b e e n  r e -  

c e n t l y  o b s e r v e d  i n  a l a r g e  s e r i e s  o f  p h o s p h a t e s  b e l o n -  

g i n g  t o  t h e  e u l y t i t e - s t r u c t u r a l  t y p e  . 1 9  

F i n a l l y ,  i t  is i n t e r e s t i n g  t o  c o m p a r e  t h e  v a l u e s  

of  T a b l e s  2 and  3 w i t h  t h o s e  r e p o r t e d  f o r  s i m p l e r  o r -  

t h o p h o s p h a t e s "  a n d  o r t h o a r s e n a t e s 2 '  o f  t h e  l a n t h a n i -  

d e s .  D e s p i t e  t h e  d i f f e r e n t  s t r u c t u r a l  t y p e s  i n v o l v e d ,  

t h e  f r e q u e n c y  v a l u e s  a r e  f o u n d  i n  v e r y  s i m i l a r  r a n g e s .  

EXPERIMENTAL 

1 . S y n t h e s e s  o f  t h e  compounds ,  The  compounds  w e r e  p r e -  

p a r e d  by  s o l i d  s t a t e  r e a c t i o n s  b e t w e e n  a p p r o p r i a t e  a- 

moun t s  o f  CaC03, K2C03, As205 ( o r  (NH4)2HP04) a n d  t h e  

r e s p e c t i v e  l a n t h a n i d e  oxideg- ' ' .  Maximum h e a t i n g  t e m -  

p e r a t u r e  was 900°C and  t h e  h e a t i n g  t i m e  a r o u n d  4 8  h s .  

2 . S p e c t r a .  The  I R  s p e c t r a  w e r e  r e c o r d e d  on  a P e r k i n  

E lmer  580  B s p e c t r o p h o t o m e t e r  u s i n g  t h e  K B r - p e l l e t  

t e c h n i q u e .  Raman s p e c t r a  of  t h e  c r y s t a l  p o w d e r s  sea- 

l e d  i n  g l a s s  c a p i l a r s  w e r e  o b t a i n e d  on  a SPEX-Ramalog 

1 4 0 3 - d o u b l e  monochromato r  s p e c t r o m e t e r  e q u i p p e d  w i t h  a 

SCMP c o n t r o l 1  u n i t  and  e m p l o y i n g  t h e  488  n m - l i n e  o f  

a n  a r g o n - i o n  l a s e r  f o r  e x c i t a t i o n .  
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