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ABSTRACT 

A l l  t h e  hydrogen d i s u l f a t e s  M3H(S04)* (M = Nay K, Rb, Cs 
and NH4) d i s p l a y  broad i n f r a r e d  spec t ra  c h a r a c t e r i s t i c  o f  ve ry  

s t r o n g  0-H.0 0 hydrogen bonds over lapped by  SO4 group v i  b ra -  
t i o n s .  .Raman spec t ra  ( f o r  compounds w i t h  M = Nay K, Rb) d i s -  
p l a y  t h e  c h a r a c t e r i s t i c  SO4 modes more c l e a r l y .  An ordered 

s o l i d  s t a t e  a t  room temperature i s  suggested f o r  M = Na and 
p a r t i a l l y  f o r  K, w h i l e  d i s o r d e r  i s  p resent  when M = NH4, Cs and 
Rb. Deu te ra t i on  b r i n g s  about o r d e r i n g  f o r  M = K, NH4 and i n  
p a r t  when M = Rb, Cs. Order i s  a l s o  f a c i l i t a t e d  by l o w e r i n g  
t h e  temperature.  
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INTRODUCTION 
The compounds M3H(S04)2 (where M = Na, K, Rb, Cs and 

NH4) a re  ve ry  i n t e r e s t i n g  s ince  they  appear t o  c o n t a i n  ve ry  
s t r o n g  and unusual O - H * * - - O  hydrogen bonds . When M = NH4, 
t h e  s a l t  undergoes f i v e  phase t r a n s i t i o n s  a t  atmospher ic 
pressure2 and f e r r o e l e c t r i c  phases may a l s o  be s t a b i l i z e d  by 
a p p l i c a t i o n  o f  p ressure  t o  t h e  s o l i d  . I n  a d d i t i o n ,  phase 
t r a n s i t i o n s  have been observed f o r  t h e  s a l t  w i t h  M = Rb and 
a l s o  when t h e  s o l i d s  M = K, Rb have been d e ~ t e r a t e d ~ ' ~ .  Some 

1 v i b r a t i o n a l  spec t ra  have been pub l i shed  f o r  these compounds 
b u t  s t r u c t u r a l  da ta  e x i s t  o n l y  f o r  t h e  sodium6 and ammonium 
(phase 11) s a l t s .  

The i n f r a r e d  spec t ra  pub l i shed  so f a r  show ve ry  broad, 
low wavenumber f e a t u r e s  t y p i c a l  o f  s t r o n g l y  hydrogen bonded 
O - H * * * * O  systems 8-10 w i t h  " i n t e r n a l "  v i b r a t i o n s  o f  t h e  more 
o r  l e s s  d i s t o r t e d  SO4 groups superimposed. I n t e r a c t i o n s  be- 
tween t h e  va r ious  v i b r a t i o n s  g i v e  r i s e  t o  a number of  nega t i ve  
t ransmiss ion  windows (Evans ho les )  which y i e l d  spec t ra  of 
r a t h e r  unusual appearance"". The broad f e a t u r e s  a r i s e  f rom 
t h e  s t r e t c h i n g  mode, v(0-H) and t h e  i n -p lane  and ou t -o f -p lane  
bending f requenc ies ,  6(0-H) and y(0-H) , r e s p e c t i v e l y .  The 
SO4 group v i b r a t i o n s  a re  t h e  symnet r ic  s t r e t c h  (A1,vl) t h e  
bending frequency (E ,V2)  and t h e  s t r e t c h i n g  and bending modes 
(F,v3 and v 4 )  r e s p e c t i v e l y  and a r e  b e t t e r  s t u d i e d  i n  t h e  Raman 
spec t ra  where t h e  0-H v i b r a t i o n s  a r e  n o t  observed. 

Spectra have been employed t o  g a i n  i n s i g h t  i n t o  t h r e e  main 
areas. F i r s t ,  s p l i t t i n g  o f  t h e  s u l f a t e  v1 Raman band i s  a 
spec t roscop ic  c r i t e r i o n  f o r  an asymmetric hydrogen bond, a r i -  
s i n g  because t h e  two SO4 groups become d i f f e r e n t i a t e d  as t h e  
b r i d g i n g  p ro ton  moves c l o s e r  t o  one o f  them. Secondly, t h e  
f requenc ies  o f  t h e  va r ious  0-H modes have been c o r r e l a t e d  w i t h  
t h e  O * * * * O  d i s t a n c e  . F i n a l l y ,  t h e  presence ( o r  absence) o f  
subs t ruc tu re  i n  t h e  y and v4 bands may be employed as an i n -  
d i c a t i o n  of o rde r  ( d i s o r d e r )  i n  t h e  c r y s t a l l i n e  sol id '?.  
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Th is  l e t t e r  p resents  some r e s u l t s  f rom a d e u t e r a t i o n  s tudy  

compounds and discusses those i tems l i s t e d  above on M3H(S04)* 
wherever poss ib le .  

EXPERIMENTAL 
C r y s t a l l i n e  samples o f  M3H(S04)2 w i t h  M = Na, K were pre-  

pared from supersa tura ted  s o l u t i o n s  o f  t h e  r e s p e c t i v e  MHS04 
s a l t s .  The ammonium d e r i v a t i v e  c r y s t a l l i z e d  f rom an aqueous 
s o l u t i o n  c o n t a i n i n g  40% (NH4)2S04 and 24% H2S04 a f t e r  s low 
evapora t ion .  The s a l t s  w i t h  M = Rb, Cs were a l s o  ob ta ined  by 

s low evapora t ion  a t  ca. 313K o f  aqueous s o l u t i o n s  c o n t a i n i n g  
MHS04 and M2S04. A l l  deu tera ted  samples were prepared by 

severa l  r e c r y s t a l  1 i z a t i o n s  f rom D20. 
I n f r a r e d  spec t ra  were ob ta ined us ing  a Perkin-Elmer Model 

580 spectrophotometer and a convent iona l  v a r i a b l e  temperature 
c e l l  was employed f o r  spec t ra  a t  lower  temperatures.  Raman 
spec t ra  were ob ta ined  on p o l y c r y s t a l l i n e  samples w i t h  a JEOL- 

IRS-S1B spectrophotometer i n  Skopje o r  w i t h  a Spex Ramalog i n -  
strument a t  t h e  U n i v e r s i t y  o f  Melbourne. 

RESULTS AND DISCUSSION 
The spec t ra  a re  g i ven  i n  F igures  1-8 and some assignments 

a r e  presented i n  Tables 1 and 2. Assignments o f  s p e c t r a l  fea-  
t u r e s  as due t o  hydrogen mot ion  a r e  conf i rmed by t h e i r  marked 
i n t e n s i t y  decrease on deu te ra t i on .  

1. Na3H( S04)2 

The i n f r a r e d  spectrum (F ig .  1 )  agrees w i t h  t h a t  p resented  
e a r l i e r  . The broad band envelope w i t h  submaxima near 940, 

860, 790, 700 and 570 cm” which i n t e n s i f i e s  on c o o l i n g  i s  
assigned t o  t h e  0-H s t r e t c h i n g  and those near 1610 and 1400 

cm t o  t h e  6(0-H) and y(0-H) modes r e s p e c t i v e l y .  The c ross-  
over  o f  t h e  s t r e t c h i n g  and bending modes i s  a general  e f f e c t  

1 
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TABLE 1 

Infrared and Raman Assignments: Na3H(S04)2 

1198 

1160 
1110 
1000 

6(  O-H) 
1530 
1400 Y (O-H/D) 

v 3 (SO41 
1178 
1100 

'1 (SO4) 
940 

:i: ] v(0-H/D) 
570 

1060 
1240 
1212 

1180 
1100 

950 
880 
790 
660 
580 
480 

TABLE 2 

(NH4)3H(S04)2: O-H Modes in I R  Spectra, lOOK 

1560 6 (O-H/D) 1060 
1350 Y (0-H) 960 

875 

685 690 
470 470 

430 
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FIG. 1 I n f r a r e d  spec t ra  o f  sodium s a l t  

A. Na3H(S04)2 a t  300K 6. Same a t  l O O K  
C. Na3D(S04)2 a t  300K D. Same a t  lOOK 

for compounds w i t h  v e r y  s t r o n g  hydrogen bonds 8913 and i s  ob- 
served i n  t h e  spec t ra  o f  a l l  compounds i n  t h e  se r ies .  The 
mean p o s i t i o n s  o f  t h e  v(0-H) and y(0-H) v i b r a t i o n s  c o r r e l a t e  
v e r y  w e l l  wi th t h e  O * * * * O  d i s tance  (2.432 A)  i n  t h e  c r y s t a l  . 

The Raman spectrum i s  g i ven  i n  F ig .  2A. The modes of  t h e  
SO4 group a re  q u i t e  i n t e n s e  and t h e  s u b s t r u c t u r e  which i s  e v i -  
dent  a t  bo th  l O O K  and 300K i n  t h e  v3 a n d v 4  i n f r a r e d  bands i s  
f u r t h e r  emphasized. Th is  i s  a c l e a r  i n d i c a t i o n  o f  an ordered 
s t a t e  i n  t h e  Na3H(S04)2 c r y s t a l l i n e  s o l i d .  
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FIG. 2 Raman spectra ( p o l y c r y s t a l l i n e ,  300K) 
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The e f f e c t  o f  d e u t e r a t i o n  has n o t  been e s t a b l i s h e d  unambi- 
guously, b u t  i f  t h e  deu te ra ted  analogs o f  6 (O-H) and y (O-H) a re  
assigned t o  fea tures  ca. 1200 cm" and a t  1060 cm" respec- 
t i v e l y ,  a p o s i t i v e  i so tope  e f f e c t  i s  observed w i th  vH/vD 
frequency r a t i o s  o f  1.34 [ f o r  6(0-H)] and 1.32 [y(O-H)]. There 
a r e  candidates f o r  t h e  deu te ra ted  analogs o f  t h e  940 and 700 
cm-'v(0-H) bands a r i s i n g  a t  660 (vH/vD = 1.42) and 480 cm" 
(vH/vD = 1.45) r e s p e c t i v e l y .  (See a l s o  Table 1 ) .  I n  any 
event,  i t  i s  C lea r  t h a t  o r d e r i n g  i n  t h e  s o l i d  i s  n o t  a f f e c t e d  
by deu te ra t i on .  

The broad p a t t e r n  o f  absorbances due 
O-H v i b r a t i o n s  toge the r  w i t h  t h e  severa l  
i n f r a r e d  spectrum o f  t h i s  compound a most 

t o  bo th  t h e  N-H and 
Evans ho les  g i v e  t h e  
unusual aspect.  Fur-  

thermore, t h i s  changes markedly on d e u t e r a t i o n  (F igu re  3).  The 
O-H v i b r a t i o n s  change w i t h  temperature i n  t h e  same manner as 
those f o r  t h e  sodium s a l t .  The r e l a t i v e l y  l a r g e  d i f f e r e n c e  
between t h e i r  r e s p e c t i v e  O * * * * O  d is tances  (2.54 A when M = 

NH4) does n o t  markedly a f f e c t  t h e  spec t ra .  The 470 cm" band 
which s h a r p l y  inc reases  i n  i n t e n s i t y  as t h e  temperature de- 
creases has been assigned t o  t h e  v(0-H) mode , w h i l e  l i k e l y  
assignments for  6(0-H) and y(0-H) a re  t h e  broad f e a t u r e s  a t  
1560 cm" and 1350 cm" r e s p e c t i v e l y .  

The v3 (ca. 1200 cm") and v4 (ca. 600 cm-') s u l f a t e  " i n -  
t e r n a l "  modes do n o t  show any s p l i t t i n g  o r  s u b s t r u c t u r e  and 
t h i s  can be taken t o  i n d i c a t e  a d i so rde red  c r y s t a l l i n e  s t a t e  a t  
room temperature.  A f t e r  d e u t e r a t i o n  and temperature lower ing ,  
however, bands due t o  both NH; and SO4'- groups show a sub- 
s t r u c t u r e  c o n s i s t e n t  w i t h  p rog ress i ve  o r d e r i n g  i n  t h e  s o l i d .  
Th is  may be t h e  spec t roscop ic  e q u i v a l e n t  o f  t h e  obse rva t i on  
t h a t  deu t e r a t i o n  promotes a pa rae l  e c t r i c - f e r r o e l  e c t r i c  t r a n -  
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FIG. 3 Infrared spectra o f  ammonium sal t  

A .  (NH4)3H(S04)2 a t  300K 
B. Same a t  l O O K  
C. 
D. Same a t  l O O K  
E. 
F. Same a t  l O O K  

ca. 50% deuterated sample a t  3 0 0 K  

ca. 70% deuterated sample a t  3 0 0 K  
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s i t i o n  and s t a b i l i z e s  t h e  f e r r o e l e c t r i c  s t a t e  i n  t h i s  com- 

pound . I t  i s  e v i d e n t  t h a t  mo t ion  of  t he  NH4+ i o n  a l s o  
c o n t r i b u t e s  t o  t h e  room temperature d i s o r d e r .  

The new bands which a r i s e  a f t e r  d e u t e r a t i o n  a t  ca. 1060 

and ca. 960 cm" may be ass igned t o  t h e  6(0-D)  and y(0-0) 
modes r e s p e c t i v e l y .  For these, t h e  vH/vD r a t i o s  a r e  1.47 and 
1.406 r e s p e c t i v e l y ,  b u t  t h e r e  i s  no c l e a r  i so tope  e f f e c t  on 

t h e  v (0-H)  bdnd. 

14 

(See a l s o  Table 2.) 

The c r y s t a l  s t r u c t u r e  o f  t h i s  compound i s  n o t  known, b u t  

w h i l e  i t  appears t o  be isomorphous w i t h  t h e  ammonium s a l t  , i t  
does n o t  d i s p l a y  any o f  t h e  d i e l e c t r i c  anomalies assoc ia ted  
w i t h  t h e  l a t t e r  as t h e  temperature i s  reduced . The Raman 
spectrum i n  F ig .  2 i s  e n t i r e l y  i n  agreement w i t h  t h a t  pub- 
l i s h e d  e a r l i e r '  and shows s i x  " i n t e r n a l "  modes as would be 
expected for a HS04 u n i t  w i t h  CgV symmetry. The s p l i t t i n g  

i n  t h e  v1 band may be cons idered as a spec t roscop ic  i n d i c a -  
t i o n  o f  an asymmetric hydrogen bond and t h e  separa t i on  

(143 cm-l) between t h e  two components which leads  t o  t h e  lower  
v1 frequency (937 cm-') suggests t h a t  t h e  hydrogen bonded 
O - * * - O  d i s t a n c e  w i l l  be l o n g e r  than t h a t  i n  t h e  sodium and 

ammonium s a l t s  . 
The broad bands near 700 cm-l and 1560 cm'l i n  t h e  i n f r a -  

r e d  spectrum were p r e v i o u s l y  assigned t o  v (0-H)  and 6(0-H) 
r e s p e c t i v e l y  . A l ow i n t e n s i t y  peak a t  1360 cm" which 
i n t e n s i f i e s  o n l y  s l i g h t l y  on c o o l i n g  ( b u t  which i s  removed by  

d e u t e r a t i o n )  i s  a l i k e l y  cand ida te  f o r  t h e  y(0-H) mode. The 

low i n t e n s i t y  p o s s i b l y  a r i s e s  because t h e  thermal mo t ion  o f  
t h e  H atom i s  a long t h e  bond i n s t e a d  o f  be ing  normal t o  i t  

(as  i s  t h e  usua l  case) . 
A f t e r  deu te ra t i on ,  t h e  band which appears a t  892 cm" 

(F igu re  4 )  may be ass igned t o  y(0-D) a l though  t h e  vH/vD 
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C. K3D(S04)2 a t  300K D. Deuteride, ca. 200K 
E.  Same, ca. 150K F. Same a t  l O O K  

r a t i o  i s  r a t h e r  l a r g e  (1.52). I t  i s  known t h a t  f o r  systems 
w i t h  c r y s t a l l o g r a p h i c a l l y  symmetrical hydrogen bonds, t h i s  
r a t i o  is(1.40 f o r  s t r e t c h i n g  modes bu t  2 1 . 4 0  f o r  bending 

9 modes . The 6 (O-D) v i b r a t i o n  may l i e  i n  the  reg ion  o f  the 
SO4 v 3  mode. 

The most i n t e r e s t i n g  behavior i s  e x h i b i t e d  by the  bands 
i n  the  1000-600 cm" region, c h a r a c t e r i s t i c  o f  t he  u(0-H) 
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FIG. 5 I n f r a r e d  spectra a t  300K 

A .  Rb3H(S04)* 8. C S ~ H ( S O ~ ) ~  

v i b r a t i o n .  The v(0-H) p a t t e r n  may be a f f e c t e d  by lengthen- 
i n g  o f  t he  O * * * * O  dis tance on deuterat ion,  b u t  i t  i s  n o t  
c l e a r  how the modes are co r re la ted .  Also, t he  i n t e r a c t i o n s  

between modes and the e f f e c t  of temperature lower ing i n  
t h i s  reg ion  a re  d r a s t i c a l l y  reduced (F igure 4C-F). The 
broad band around 800 cm" appears t o  be the  most tempera- 
tu re -sens i t i ve  and g ives r i s e  t o  a t r i p l e t  (860, 760, 
680 ern-') as the  temperature i s  lowered. The h igher  i n t e n s i t y  

( c f .  Na s a l t )  o f  the 860 cm" band ind i ca tes  s t ronger  coup- 
l i n g  w i t h  the O * * * * O  modes. I t i s  poss ib le  t h a t  t h i s  coup- 
1 i n g  obscures any e f f e c t s  o f  o rde r ing  a t  ambient temperature 
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A .  

1200 i ioo 1000 900 800 

FIG. 6 Raman spectrum o f  Rb3H(S04)*, 300K 

A .  1200-800 cm" r e g i o n  
B .  700-200 cm'l r e g i o n  

n50 600 560 400 3bo 200 

The d i s c o n t i n u i t y  a t  800 cm" i s  a s e n s i t i v i t y  
change on t h e  instrument.  
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. 2.000 . 1600 . 1200 800 400 

FIG. 7 I n f r a r e d  spectrum o f  Rb3D(S04)2, 300K 

s ince the v3 and v4 modes o f  t he  SO4 group c l e a r l y  d i s p l a y  
subst ructure once the compound i s  deuterated. 

4. Rb3H(S04)? and Cs3H(S04)? 

I n i t i a l  , ambient temperature r e s u l t s  are presented f o r  
these two compounds, n e i t h e r  o f  which has been inves t i ga ted  
s t r u c t u r a l l y .  I n  both cases, a f a i r l y  prominent, hroad v(0-H) 
f ea tu re  occurs near 860 cm-l, bu t  t he  usual Evans holes i n d i -  
cate t h a t  there are o the r  components o f  t h i s  mode, as ex- 
pected. The bands c h a r a c t e r i s t i c  o f  6(0-H) and y(0-H) v i -  
b ra t i ons  are c l e a r l y  a t  h igher  f requencies i n  the i n f r a r e d  
spectra (F igure 5)  than those i n  the  potassium and ammo- 
nium s a l t s ,  and t h i s  i nd i ca tes  s t ronger  hydrogen bonding 
(and sho r te r  O - - * * O  dis tances) .  Features which may be 
assigned from t h e  Raman spectrum o f  Rb3H(S04)* (Figures 6A, 
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FIG. 8 I n f r a r e d  spectrum o f  C S ~ D ( S O ~ ) ~ ,  300K 

B) are: V2(442 cm-l), ~ ~ ( 6 0 4 , 6 2 0  cmmi) and v3(ca. 1200 
cm-'). The s l i g h t l y  smal ler  separat ion (136 cm-l) i n  ~ ~ ( 1 0 7 2  
and 936 cm") i s  a l so  i n  agreement w i t h  a sho r te r  O * = * * O  
distance. 

Although the v3 bands are broad i n  the i n f r a r e d  spectra 
(Figure 5 )  t he re  i s  evidence o f  some o rde r ing  i n  Rb3H(S04)2 
from the Raman spectrum which shows a small s p l i t t i n g  i n  v4 

and some degree o f  f i n e  s t r u c t u r e  i n  v3. 
A f t e r  a s i n g l e  i n t e r a c t i o n  w i t h  D20, no l a r g e  isotope i s  

apparent i n  the  i n f r a r e d  spectra (Figures 7,8). The o r i g i n a l  
bending modes decrease in i n t e n s i t y  and new bands appear near 
1330, 1080 and 1050 cm'l, b u t  i t  i s  no t  c l e a r  whether these 
a r i s e  as a r e s u l t  o f  the deu te ra t i on  o r  from i m p u r i t i e s  (such 
as RbHS04). The s h i f t  o f  the v(0-H) band from 860 cm" t o  
890 cm" on deuterat ion and the  concomitant s h i f t  o f y ( 0 - H )  
from 1490 cm" t o  1470 cm" can be taken as an i n d i c a t i o n  o f  
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an inc rease  i n  the  O * * - * O  d is tance.  Whi le  t h e  v3 peaks be- 
come somewhat narrower and show s igns  o f  f i n e  s t r u c t u r e  a f t e r  

deu te ra t i on ,  t h e  v4 modes near 600 cm-l remain i n t e n s e  s ing-  
l e t s .  E v i d e n t l y  these species a r e  s u b t l y  d i f f e r e n t  f rom t h e  
potassium s a l t  i n  which v4 s p l i t t i n g  i s  c l e a r l y  p resent ,  even 
a t  room temperature . 

Such s u b t l e  d i f f e r e n c e s  i n  o r d e r i n g  may have pro found i n -  
f luences  on o t h e r  s o l i d  s t a t e  p r o p e r t i e s .  Consequently, a 
sys temat ic  s tudy  o f  these types  o f  m a t e r i a l s  i s  c u r r e n t l y  
con t i  n u i  ng . 
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