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EMF-MEASUREMENTS WITH GALVANIC BROMINE CELLS IN THE SYSTEMS 

RBr/MBr~ (M= Sr, BaJ 

M. Paul and H.J. Seifert 

INORGANIC CHEMISTRY, UNIVERSITY Gh KASSEL, F.R.G. 

T h e  s y s t e m s  R b B r / S r B r  2 a n d  R b B r / B a B r  2 w e r e  r e i n v e s t i g a t e d  b y  D T A  

a n d  X-ray-crystal lography.  Addit ionally  t o  t h e  k n o w n  c o m p o u n d s  R b S r B r  a, 

R b S r e B r  5 a n d  R b B a 2 B r  5, t h e  p h a s e s  R b 2 . 2 a S r o . a a s B r  4 a n d  Rb2 .13Bao .93sBr  4 

w e r e  f o u n d ,  w h i c h  a r e  s t r u c t u r a l  r e l a t e d  t o  t h e  T h a P  4-  t y p e .  By E M F -  

m e a s u r e m e n t s  t h e  t h e r m o d y n a m i c  f u n c t i o n s  AG, AH a n d  AS w e r e  d e t e r -  

m i n e d  f o r  a l l  c o m p o u n d s .  

During the last decade we have measured thermodynamic functions of double 

chlorides AnMCIn+ x (A=Na,K,Rb; M= M 2+ and M 3+) using a self-developed galvanic 

chlorine cell for solid electrolytes [l]. 1987 we could present a poster at ESTAC IV 

in Jena, concerning measurements with an equivalent bromine cell in the systems 

KBr/MBro (M=Sr,Ba) [2]. In continuatior  of this work we now present the results  

for the Rb-compounds in the analogous systems RbBr/MBr 2. 

The utilized cells have the general set-up 

(graphite + Br2)/RbBr/Rb+-conducting glass / MBrz/(graphite + Br 2) 

for the formation reaction of the MBrz-richest compound in the system. The EMF- 

(E) is related to the free (Gibbs) enthalpy AG by AG=-n.F.E (n=transported charge; 

F=Faraday constant).  The temperature dependence of AG proved to be linear in 

the temperature-region, in which the EMF's could be approached in up to lOh 

(: 250~ So linear regression-calculations yielded directly the Gibbs-Helmholtz 

relation AG=AH-T.AS. 

Details of the material preparation, the procedure of the measurements (DTA- 

and X-ray-measurements for checking the phase diagrams RbBr/SrBr 2 and RbBr/ 

BaBr2, solution calorimetry for yielding the enthalpies for the reactions nRbBr+MBr2= 

RbnMBrn+ 2 ) and a detailed description of the galvanic cell can be found in [2]. 
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The system R b B r / S r B r  2 

According t o  Riccardi  e t  al [3] t w o  c o n g r u e n t l y - m e l t i n g  c o m p o u n d s  are ex is t ing:  

PJaSr2Br s and  RbSrBr  a. By ou r  ow n  i n v e s t i g a t i o n s  th i s  f ind ing  m u s t  be c o m p l e t e d  in 

two  p o i n t s  (fig. I): 

1) The  c o m p o u n d  RbSrBr  a is s t a b l e  on ly  a t  t e m p e r a t u r e s  h i g h e r  t h a n  350~ ind ica ted  

by a s t r o n g  e n d o t h e r m i c  e f f e c t  in h e a t i n g  c u r v e s .  In coo l ing  curves ,  no e f f e c t  

could be  d e t e c t e d ;  n e v e r t h e l e s s  RbSrBr  a c a n ' t  be y ie lded m e t a s t a b l e  a t  a m b i e n t  

t e m p e r a t u r e  by  quench ing .  Addi t iona l ly ,  t w o  t r a n s i t i o n s  o c c u r  a t  472 and  551~ 

The  t h e r m a l  e f f e c t s  are  sma l l  w i t h o u t  a h y s t e r e s i s  b e t w e e n  cool ing  and  hea t ing  

cu rves  - t h e s e  t r a n s i t i o n s  m u s t  be  displacive.  

2) There  is ex i s t i ng  a t h i r d  so l id  phase ,  Rb2.2aSr0.sasBr 4, p roved  by t h e  f ac t  t h a t  t h e  

f o r m a t i o n -  and  t r a n s i t i o n - e f f e c t s  f o r  RbSrBr  a are d i s appea r ing  b e t w e e n  29 and  

28 tool-% SrBr  2 . A so l id  o f  t h i s  c o m p o s i t i o n  d i sp lays  a new X - r a y -  p a t t e r n  which  

can  be  der ived  f r o m  t h e  ThaP4-type.  The c o m p o u n d  does  n o t  d e c o m p o s e  by 

n o r m a l  coo l ing  u n d e r  DTA c o n d i t i o n s ;  a f t e r  annea l ing  fo r  t w o  days a t  ~270~ a 

strong e n d o t h e r m i c  e f fec t ,  co r responding ,  to  i t s  f o r m a t i o n ,  is f o u n d  a t  290~ in 

heating curves. 

EMF-Measurements 

a) The c o m p o u n d  Rb0.sSrBr2.s(RbSr2Br5) 

AG r fo r  t h e  r e a c t i o n  0.5 RbBr+ SrBr  2 =Rb0.sSrBr2.s n=O.5 

(AG r is ident ica l  w i t h  AG f, t h e  f ree  e n t h a l p y  fo r  t he  f o r m a t i o n  f rom the  

t w o  b inary  com pounds ) .  

Two s a m p l e s  w i t h  90 and  75 mol-% SrBr 2 resp. ;  t e m p e r a t u r e  r ange  = 530-750 K. 

E M F / m V  = 194.6 - O.0178-T/K 

Range o f  e r r o r  + 3.0 + 0,007 

AGr/kJ  �9 tool  - I  = 29.4 +0 .0009"T/K 

b)The  c o m p o u n d  RbSrBr  3 

AG r fo r  t h e  r e a c t i o n  0 .5RbBr+ Rb0.sSrBr2.5 n=0.5 

Two s a m p l e s  w i t h  60 and  65 mol-% SrBr 2 resp. ;  t e m p e r a t u r e  r ange  630-720K 
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a) 

b) 

E M F / m V  = - 204.2 + 0.3349" T / K  

Range of  e r r o r  • 9.0 • 0.02 

A G r / k J ' m o l  - t  = 9.8-0.0162"T/K 

For  t h e  r eac t i on  RbBr+SrBr2= RbSrBr  3 ; 

AGf/  kJ'mo1-1= 0 .4 -0 .0153"T/K 

c )The  phase  Rbz.szSrBr4.sz(Rb2.z3Sro.aasBr4) 

For  t h i s  phase  t w o  r eac t i ons  have to  be cons idered :  1) The f o r m a t i o n  f rom 

RbSrzBr s in t h e  t e m p e r a t u r e  r ange  ~(550-625)K and 2) The f o r m a t i o n  f r o m  

RbSrBr  3 a t  T>625K. The e x p e r i m e n t s  revea led  t h a t  t he  m e a s u r e m e n t s  cou ld  

be  car r ied  o u t  down  to  540K, becaus e  RbSrBr  3 r ema ined  m e t a s t a b l e .  

AG r fo r  t he  r eac t i on  2.02RbBr+Rb0.sSrBr2.5= Rbe.szSrBr,.sz n= 2.02 

Two samp le s  w i th  45 and  60mo1-% SrBr z resp." t e m p e r a t u r e  r ange  530-630K.  

E M K / r n V  = - 47 .7+0.0864 'T/K 

Range o f  e r r o r  • 5.0 • 

AGr/kJ  �9 mo1-1= 9 .3-0 .0168 'T/K 

For  2.52 RbBr+SrBrz= Rbz.szSrBrr 

AGf/kJ  �9 tool- l= -O.1-0.0159"T/K 

AG r for  t h e  r eac t i on  1.52 RbBrz+RbSrBr3= Rbz.szSrBr4.sz n=1.52 

Sample  w i th  45 mol-% SrBrz; t e m p e r a t u r e  r ange  530-770 K 

E M K / m V  = 9 .9 -0 .0042"T/K 

Range of  e r r o r  +0.5 + 0.0008 

h G r / k J ' m o l  -t= -1 .45+0.0006"T/K 

For  2.52 RbBr+SrBr2= Rb2.szSrBr4.~z, 

A G f / k J ' m o l  - t=  -1 .0 -0 .0147"T/K 

The c o n f o r m i t y  of  t he  t w o  AGf-equa t ions  for  t he  r e a c t i o n  cycles  a) and  

b) is s a t i s f ac to ry .  

Solution calorimetry 

For  the  only  c o m p o u n d  s t a b l e  a t  r o o m  t e m p e r a t u r e ,  RbSrzBr5, AH f was a lso  

d e t e r m i n e d  by s o l u t i o n  ca lo r imet ry .  
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Measured solution enthalpies: AHI298 (1/2 RbSr2Br s) = -49.7 + 0.3 kJ'mo1-1 

Literature values: hH 1 (RbBr) = 23.0kJ'mo1-1 [7] 
2 9 8  

hH~98(SrBr2) = 70.4kJ "mo1-1 [8] 

hHf98(1/2 RbSr2Br 5} = {AHI(SrBr2)+I/2 h HI(RbBr)}-AHI(Rb0.sSrBrz.s)= -9.1kJ'mol -~ 

This value is in good correspondence with the -9.4kJ " mol -l  found with EMF- 

measurements. 

Thermodynamic stabilities and free enthalpies o f  synproportionation AG s 

At ambient temperature only RbSrzBr 5 is stable; thus AGr(=-AGf)=AG s. 

From AGr/kJ'mo1-1= -9.4+0.0009"T/K follows: hG~98= -9.1kJ'mol -I. 

For the phase Rb2.szSrBr~.52 beneath 530 K is AG r-=hG s 

(Reaction 2.02 RbBr+Rb0.sSrBr2.5= Rb~.52SrBr4.s2). With hGr/kJ'mo1-1= 

9.3-O.0168'T/K follows hGr=O at 553K (280~ That is the thermodynamic 

temperature of formation (decomposition). 

RbSrBr 3 is formed from its neighbour compounds by the synproportionation: 

0.248 Rb2.s2SrBr 4.sz+O.752 Rbo.sSrBr2.s = RbSrBr 3, 

With the &Gf-values of all three compounds hG s can be calculated: 

hGS(RbSrBr3)/kJ mo1-1= 7.8-0.0124 "T/K 

With AGS= 0 a formation (decomposition) temperature of 629K (356~ results. 

The s y s t e m  RbBr/BaBr 2 

According to older investigations two compounds are existing: the incongruently 

melting RbBazBr 5 and a congruently melting compound with the composition RbzBaBr 4 

[3] or Rbz_zxBal+xBr ~ [4] resp.. Our own DTA- and X-ray-measurements could 

confirm the existence of RbBazBr s, but revealed that the second compound, which 

has a transit ion near the melting point, again is a Th3P4-related compound with the 

composition Rbz.jaBa0.935Br4(fig. l). With DTA no decomposition could be detected, 

neither after long annealing at temperatures between 150 and 300~ 
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E M F - m e a s u r e m e n t s  

a) The compound  Rb0.sBaBr2.5(RbBaaBr s) 

AG r for the react ion 0.5 RbBr+BaBr2= Rb0.sBaBr2. 5 n=0.5 

Two samples  with 75 and 80 mol-% SrBr 2 resp.; t empera tu re  range 540-680 K 

EMF/mV = -2.77+ 0.0640" T / K  

Range of  error  + 1.0 + 0.002 

AGr/kJ" tool -t= 0.1-0.0031" T / K  

It  is hGr~AG f and at  ambient  t empera tu re  AGr~/~G s 

From so lu t ion  ca lor imetry  ins tead of  AH l= 0.1 k J ' m o r  t a hHr29a = 2.9kJ 'mol  - t  

was found.  (AH~98 (BaBra)= -23.5 kJ 'mol  - t  [ 8 ]; 5H19a (t/2 RbBa2Brs) = 

-14.9 kJ' mol- l ) .  

b) The compound  Rb2.2aBaBr4.2a(Rb2.13Ba0.93sBr ~) 

AG r for the  react ion 1.78RbBr+Rb0.sBaBr2.s = Rb2.2aBaBr4.28 n=1.78 

Two samples  with 40 and 55 tool-% SrBr2resp.; t empera tu re  range 540-740K 

EMF/mV= -29.1+0.0666'T/K 

Range of  error:  + 2.0+0.002 

hGr/kJ  ' mol  - l= 5.0-O.0[14"T/K 

It  is AG r =-AG s ; consequen t ly  with AG r =0 the t empera tu re  of  fo rmat ion  (decomp.o- 

si[ion) is ca lcu la ted  as 438K (165~ 

For the  react ion 2.28 RbBr+SrBr= Rbz.zaSrBr4.2a; 

LXGf/kJ-mo1-1= 5.1- 0.0145" T / K  

Crystal structures 

According to  a private communica t ion  of Jessen  [4], RbSr2Br 5 is crys ta l l i s ing with 

the  NH4Pb2Cls-s t ructure  [5] (R.G. P21/c) with the  monocl inic  cell parameters :  

a=9.431(8)~- b=8.344(5)~- c=13,303(6)~' 8=90.33o; Z=4. The same holds  for RbBa2Br~: 

monocl inic  cell with a=9.758(7)~; b=8.571(6)~; c=13.669(1)~; 8=90,01~ Z=4. 

RbSrBr 3 has th ree  h igh - t empera tu r e  modif ica t ions  ana logous  to RbCaBr a [6]: 

it crys ta l l izes  f rom the  me l t  with the  cubic perovsk ' i te -s t ruc ture ,  t h e n  a t e t r agona l ly -  
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d i s to r t ed  pe rovsk i t e  s t ruc tu re  f o l l ows  and finally the  o r tho rhombic  GdFeOa- type  

resu l t s .  All da tes  were  ca lcu la ted  f r o m  S imon-Guin ie r -pho tos .  

H-RbSrBr3: 604-551~ cubic: Pm3m 

M-RbSrBr3: 551-472~ t e t r agona l ;  P 4 / m b m  

D-RbSrBr3: 472-356~ or thorhombic ;  Pnma 

a= 5.921 ~; Z=l 

a= 8.309~; c= 5.919~; Z=2 

a= 8.328.~; b= 11.766~[; c= 8.223~;Z=4 

The s t ruc tu re  o f  the  th i rd  phase could  no t  yet  be solved,  however ,  the  pa t t e rn  is 

s imilar  to  t hose  o f  o the r  phases  A2+2xMI_xX 4, we previovsly have found with  X=CI 

for  M= Sr,Ba,Pb [6] and with  X=Br for  A=K and M= Sr,Ba [2]. The s t ruc tu re s  o f  these  

phases  are r e l a t ed  to  the  ThaP4-type,  according to  B~irninghausen they  are c rys t a l -  

l ising with incommensurab le  cel ls .  

Table  1 Energy p ropor t ions  ( k J ' m o l  -I) for  the  fo rmat ion  of  ternary bromides  f rom 

ABr z and the  r ight  ne ighbour+compound at  298 K. 

~Gr(298 K) = AH r ( T ' ~ S )  

t/-" RbSr-"Br s -9.1 = -9.4 +03 

1/2 K Sr2Br 5 -6.9 = -6.9 -*0 

RbSrBr  3 +5.1 = +9.9 

K.Sr Br 3 non e x i s t e n t  

-4.8 

Rb2.;3Sro.BasBr r +4.3 = *9.3 -5.0 

+1._ -5.8 K2.1a Sro.ol Br ,  ~5.4 = ~I 

I/z  RbBaoBr s -0 .8  = § 

I / .  KBa2Br s non ex is ten t  

-0.9 

Rb2.13Bao.o~sBr~ +1.6 = ~5.0 -3.4 

K2.o4Bao.osBr 4 *4.9 = "10.6 -5.7 
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Discussion 

As p rev ious ly  s h o w n  [2], t h e r e  is a s t r o n g  ana logy  b e t w e e n  t h e  f e a t u r e s  of  d o u b l e  

c h l o r i d e s  and  b r o m i d e s  KnMXn+ 2 (M=Sr,Ba).  A c e r t a i n  s imi la r t iy  a l so  e x i s t  b e t w e e n  

K- and  R b - d o u b l e  b r o m i d e s  of  t h e  t w o  a lka l ine  e a r t h  m e t a l s ;  as t h e  e n e r g y - v a l u e s ,  

compi l ed  in t a b l e  1, d e m o n s t r a t e .  H ow eve r  w i t h  p o t a s s i u m  a l : l - c o m p o u n d  o f  

s t r o n t i u m  and  a 1:2 o f  b a r i u m  does  n o t  ex i s t .  

Thus ,  t he  s ame  c o n c l u s i o n s  a b o u t  t h e r m o d y n a m i c  s t ab i l i t i e s  can  be  d rawn ,  as i t  

was  done  w i t h  t h e  p o t a s s i u m  c o m p u n d s .  

F u r t h e r m o r e ,  a c l o s e  awa logy  b e t w e e n  d o u b l e  c h l o r i d e s  and  b r o m i d e s  RbnMBrn+ ,  

(M=Br,Ba) e x i s t  ( compare  t a b l e  1 o f  t h i s  p a p e r  w i t h  t a b l e  2 in [2]. 

This  work  was s u p p o r t e d  by t h e  D e u t s c h e  F o r s c h u n g s g e m e i n s c h a f t  and  t he  Fonds  

de r  C h e m i s c h e n  Indus t r i e .  
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Z u s a m m e n f a a s t t n g  - Die Sys t eme  R b B r / S r B r  2 u nd  R b B r / B a B r ,  w u r d e n  m i t t e l s  DTA 

und  R 6 n t g e n a u f n a h m e n  an  K r i s t a l l p u l v e r n  neu  u n t e r s u c h t .  Zus~itzl ich zu den  s c h o n  

b e k a n n t e n  V e r b i n d u n g e n  RbSrBr  3, RbSr2Br s und  RbBazBr 5 w u r d e n  die P h a s e n  

Rb2,2aSro,assBr 4 und  Rb2,~aBao,gasBr 4, die sich s t r u k t u r e l l  vom Th3P4-Ty p a b l e i t e n  

l a s sen ,  neu  ge funden .  FUr a l le  V e r b i n d u n g e n  w u r d e n  d u t c h  E M K - M e s s u n g e n  in 

g a l v a n i s c h e n  F e s t s t o f f z e l t e n  die t h e r m o d y n a m i s c h e n  F u n k t i o n e n  AG, AH und  AS 

b e s t i m m t .  
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Pea~xe- MeTo~o~ ~TA x peHTreHoBc~o~ ~pHc~a~orpaSHx BHOB~ 6~qX 

xccle~omaHH C~OTeM~ RbBr/SrBr 2 H RbBr/BaBr 2 . B Aono~Ke~e 

K payee zsBeCT~ coeA~HeHH~ RbSrBr 3, RbSr2Br 5 z RbBa2Br 5, 

6~K Ha~eHH ~asH RB2,25Sr0,885Br 4 z RB2,I3Ba0,955Br4, XO- 

Topee oTpyRTypHO CB~3aH~ O coe~HHeHze= Tzna Th3P 4 . 0 nOMOm~ 

8~0 KsMepeHKH A~ Bcex ooe~HHeH~H GH~H onpeAe~eH~ TepuO~HHa~-- 

qecKHe ~yHK~HH ~G,  ~H H dSe 


