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Using a solution-reaction ca!orimeter the standard enthalpies of formation 
of crystalline caesium and rubidium diiromoiodides have been determined as 
-445.5+4.1 and -428.3+4.2 M mot”, respedively. Thermodynamic param- 
eters, including iattice energies, are calculated and the thermal stability of poi- 
yhalides d&cussed. Thermometric titrations have been used to investigate the 
mechanism of reaction of caesium dibromoiodide with aqueous silver nitrate. 

INTRODUCXION 

Although generally well characterised structurally*.* and readily preparable 
in a pure state3, thermodynamic measuremats on crystalline polyhalides are 
available only for a small number of triiodidesc6, a triiromide7, and two di- 
chloroiodides’F. In this communication we report the extension to CsIBr, and 
RbIBr, of a solution-reaction procedure which has been successfully developed 
and used with the polyhalides MIX, (M =Cs, Rb; X = Br, Cl). 

The mechanism of the reaction, shown in eqn (I) (mol ratio, 
GIBrz;AgNO, = 1~3) has been investigated using a thermometric titration and 
also by measuring the enthalpy of nzaction of CsIBr, with silver nitrate under dif- 
ferent conditions (mol ratio, CslBr2:AgN03 = 1:2, eqn (2)). 

3MIBr ,;9AgN03;3H,0 = 6AgBr+2AgI;AgIO,+6HNO,i-3MNO~ (1) 

SMIBr,+ lOAgN0,; 3HL0 = IOAgBr+HI03f5HNO~+5MNO~+21, (2) 

EXPEFUMENTAL 

MareriaL and~sydwses 
C%IBr*,. TO aqueous CsBr (10.6 g, 0.05 mol; 100cm3 _H,O; B.D.H., reagent 

grade) powdered I2 (6.4 g, 0.025 mol; B.D.H. AnalaRquality reagent) was added, 
and the mixture warmed to CL 60 SC with s&ring. Bromine (4.0 g, 0.025 mol; 
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B.D_H., mtgem grade) was added and stirred for ~a_ IS min, Giistening, orange- 
red crysWs m on cooling in ice; these were dried oti a sintered glass fun- 
nel and stored in a deskcator3 over P&. 

mz_ This was simihriy prepared using RbBr (2O_Og, O-12 mol; Koch-Light 
Laborarories Ltd.), ia3ine <15_3g) and bromine (9-66 gF_ 

A&se.s DupIicate sampIes were analysed gravimetrically for Cs (and Rb) 
as tetmphenyibomtes TotaI halide (I+Br) was measured voIumetricalIy (Voihard 
pmcedum) after redudion of each polyhalide with aqueous So,. Iodine was mea- 
sured in sparate samples by the pWadous iodide gravimetric procedure after rc- 
duction of the polyhafide by aqueous SOr. Bromine was rhen cafcufated by dif- 
ference, Results were: CsIBr-: cc;, 31.82 and 3f.80% (caIc_, 31.67%); I, 30-S% 
(caky, 30.24%); Br, 37.62 % (c&z. 38.09 %). RbIBr, : I, 34.02 % (caIc_ 34.09 %); Br, 
4276% (cak 4294%X 

calorimeter used in the ampouIe-breaking mode for the reac- 
tions with CsE’& and RbIBq is conventional and has been descrii eIsewhereS 
Check experiments went made, using the neutra&tion of Z-amino-2-hydroxy- 
methy@ropane-I,3 dioI in aqueous 0.100 moIdm-3 hydrochforic acid as a test 
reztion before and after the dibromoiodide reactions_ Results were: AH”= 
-29_87+0_05 kJ mol-*; 1296<nc.1780 (Iit_* AH”= --29.790+0.031 kI mol-I, 
Ix= x+45)_ 

For thermometric titrations, the calorimeter was equipped with an 8cm 
w-g&s titrant deIivery tube sealed into an entry ferrule with epoxy resin. 
This m to a polyeU~ykne tube. Q 1 mm diameter and 12m in length, 
co&d round a 5cm diameter brass tube immersed in the aonstznt-temperature 
bath (2S_OOiO-01 ‘C; Tronac, mod& 1040) holding the calorimeter, this acted as 
a -0ir of ca 134 capacity. The t&rant was supplied to the ESWvoir via 
a hvpodennsf needle from a 10cm3 pnxision syringe (“Re-pette”, Jencz>ns Ltd.) 
activated by a syring-motor (Razei Scientific Instruments, USA., type A-99). The 
&livery systfzm was caiii from the resuhs of eleven &icate measurements 
of weights of water deIivexed at measured times- 

The as_ thcrm&x brjdge was adjusted such that each thermometric titra- 
f..ioQux3?dberea3&zd wSin one ten inch potentZometric ;eander chart width. 
The pesonnance of the system was checked before use by &rating 100cm3 of 
ca&ona@-free aqueous N&H (O.O06moldm-3 with aqueous HCi (OJOmol 
dm-3, and cakuMng the enthalpy of neutzalisation, @Y& attt also by titrating 
KBr (~-l~~~-~ with AgNo, (1AlOmol dm-3P B_D_H_ vohunetric standard 
soWion) md caIc~&ting the enthaIpy of precipitation AH& ResuIts were: 
bH”n= -5X742036 kS moF (5 runs); (Iit” AH; = -55.80+0.06 kJ mol-*); 
AH;= -84-71 (singIts run) (lit” A&= -84.84 kJ mol-3. 



Siice the thermomeric apparatus was used to 
reactksn and not to measure precisely e&&pies of 
made to improve further tie performance. 
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investigzife mechanisms of 
reaction no attempts were 

RESULXS 

Stundmd en&&&s of forrnurion 
Using the ampoule-breaking mode, the standard enthafpies of reaction 

(Table 1) of RbI& and CslBr, with excess AgNO3, aq were measured according 

TABLE I 

ENTHM.PY OF REAClTON OF GB3r2(c), AND RbiBr2(cI. WITH SILVER E;IIRQIE 
IN WATER AT 298.15K’ 
3~~~c~)cKp+9~AgNOJmH~O+~q+3~H~~I~=6As&fc)+2Agl~c~i~~3glO,o-t- 
t-CpAsh~+6~03-i-3NNOJ(mt4~HzO(l) 

Mmr RblBrl nb -Lw, Mass CYBrz nb --tilt 
cs, (kJ moi- I) &I &I mol- !, 

029340 7026 149.37 0.3I460 7410 139.69 
0.2m82 7363 150.31 0.29318 7951 140.30 
026698 7745 151.10 0.32880 xl90 139.% 
040994 6671 150.68 0*2!?866 7805 I4ao6 
0.32852 6294 149.34 iK344s1 6761 139.00 - 
0.35326 5853 150.62 0.31829 7324 139.69 
a34mI 608I I50.4S 0.22705 IO261 140.55 
0.33173 6233 149.13 0.33177 7027 139.66 
0320% 
0.31522 z; 

149.61 0.31316 7444 139.32 
149.94 . 0.30744 7583 139.74 

Mean Mfg=-- 150_~~0_48cW m&-I; mmR=- 139.801-0.32ckJ mol-‘. 
BTfie calabdc liqu. was pre-saturated with AgIO3 co ensure complete precipitation of this com- 
pound upon nsction. bn is the moi ratio. H;cO:MfBr2. c Unaxainties are cakutated throughout as 
95% ICY&S. using a stttdent’s I distribution t.a& with the approprkte number of deggrzs of freedom. 

to tlxrmochemical eqn (1). Reactions we* rrtasonably fast, beiig thermally com- 
pkte in ca. 5 min. Considerable care was needed to ensue adequate and con- 
trolled stir&g of the dense precipitates of silver halides and Mate. Initial lib- 
eration of iodine, folIowed by its disa ppearance, was clearly seen. Using the fol- 

Iowiug an- data: 

du,qAgT, AgBr, and AgIOJ(c) = 1--61.84+0.1’3, -100.37-tO.1~3, 
- 166.24 -tO.7”, repectiveIy1; 

A&g:Os, (as) and CrNo,, 0i~#~J~ = [ie_ -458.061+,0.84 
and -465.0t0.84, mely]; 

A&‘[HNo,(3.000 Hp)]‘$ = -206.97 kO.46 
dH;H@(lY’= -285.83+0.04. 
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(a) m @aths Of aqueouS -03 against aqueous CslBrz were 
W-or=d;dW experiments gave identical rp;sufts, shown in Fii I. FOUR 
d%tisxt changes in slope are apparent, at mol ratios, CslBr..:Agl?0~ of 200 to 1; 
247:l; 2.67:1; and 3.00:1, the Iasz representing a~~~pkte reaction, 

Two further exp&ments were performed, (i) a tbernlob titfation of 
KIO,, OBO28 rnol WV and (iii a tk@on of uCsiBrz, aq" over the range 2qsified 
by the 26711 to 3AIO:l portions of the thermogrsn. For these appmpriate cali- 
~~W~~~~~f~~ enthaIpies of sestion were (a) 
AHo= -51-2, and (b) AH*= -51.9 kJ mol-l, 

@) Ampo*-br=ki4!3 mts: results are collated in .Tabk 2 Using 
. 

W zuxsasy data, vide sum together with AH; (HE&, 23000&O), 
= -221.9f0.4U’9 and LW; (I,, a@ = +22.59+0.42 kJ moPaD we cakuIate, as- 

suming therm&M eqn (2), Aff~(Mi3rz. c)= -450.15+6.41 kJ mol?. 
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lbsean Al&=- 9203%080 w RIoI-‘- 
=Q=4417_ 

DiSfXJSSION 

la) Lattice enetgies and &enna.l stability 

Using the we&known Yatsimirsk_ii-Kapustinskii procedure, values of Iattice 
energies and of standard enthalpies of formation of Group IA and Group IIA di- 
bromoiodides have been computed, Resuhs are as follows, and in Tabie_3: ther- 
machemical radius, &D$-) = 404 pm; A&‘(IEk,-, g) = -502 M moP_ Input 
data requind are: crystal radii, r(C$) and r(Rb*)= 168 and 147 pm21, respective- 
ly, mF(Cs+ and Rb+)=459_8 and 491.2 k3 mol-*, respectively21, and Lvl;“[CsIBr, 
and IZbIBrJ, (c), fmm above (Rest& section). Computer pmgramm es* wete writ- 
ten for soiution of the qua&c equation for the vahte of r, (Fortmn W, also for 
the HewWMMcard, Model 65, cakxlator). 

TAIR.E 3 

lATrlcE ENERGlE!s, tx AND !sTANDAKD ENTHALPES OF FORMATION 
OF ME@ AND M’@ir$ CRY!Si-ALS W md-‘f 

Ea 449 484 3# 346 Eiu I430 !349 437 94 

K 423 416 sr 1308 531 
E 413 399 445.5’ 42&3= %a 1247 621 

415 303 

- I- txpannantalw - 



218 

Anin~useofthesedataisthe~~aadrationalisatonof 
thermal stability- VaJues of AH~@41Bfz,c) are aJl substantially negative. However, 
for a&Gmetal salts thermal decomposition to the appropriate intexhalogen and 
binaryWide,viz,MIBr2 w MBr+IBr, is the preferred mode, a dissocktive process 
which IMS alsO been docutrxuted in non-aquexx~~ SO~RIHS~_ For this, the dis- 
sociation cnthaJpy, NT; = U(MIBr=)- U(lUBr)+AH~(_rBr, c)+AP(Br-. g)- 
AH,“(TBr,‘, g). Substituting acceprcd data for AH:@-, g) = -234 Ic3 ~oJ’~, 
GH(IBr, c) = -10.5 W mole ' and du,“(IBrg, & = -502 kJ mol- I (above), we 
derive AH; = AU(MZBr,- &M&)+%8 W mol-‘. For dissociative stabiJity AH;>& 
and hence the smbifty condition is AU> -2SK For the aJJcali metal series 
-232>AU> -324, and only CsZBr, and RbZBr, are predicted to be tbermo- 
dynamical& stabJe with respect to dissociation products with AH; ‘v - J for KZBr,, 

If. however. the producz Z6r is written in its gas state, then AHE = ( - 232 to - 324) + 
309, and thermodynamic stztbiJity is predictad for all except LiIBr,, In general, for 
solid phase products. the entropy contribution is quite unJikeIy to make any sign&ant 
&an= i_e- AH;= AC& A: eJevared temperatures this w-ill not be so. since both 

factors in tie (7s& contribution wiJJ increase_ E?g will be positive, and AC$ will 
decrease correspondin&_ 

Estimates for all thermodynamic quantities are avaitable for the three series 
MIX2 (X = I, Br, CJ; M = Li, Na, K., Rb, Cs) and, hence, it is instructive to attempt 
to assess the rclarive importance of such parameters, cspeciaJJy since as differences arc 
considered. uncertainties introduced by cakulations based on approximations such 
as the Kapustinskii procedure should largely cancel- Somewhat surprisingly, when 
considcrkg Jattiot cueqg values, U(MZBrr)> U(MZCJ,)> U(MZZ& over all metals. 
Li to Cs- The inequalities. however, arc rehtively small, from ca_ 40 to 60 W moJ- ‘_ 
For the _eas ions. -AH,“(ICJ& g)> -AH,(ZBrg, g) = -A&(11;, g) with the first 
number Q- JO0 W more negative than the second_ This paraJJeJs in order, but not in 

magnitudes, the single-halogen ions for which: -AU,“(cI’, g) z -Aff,“(Br-. ,g))> 
-AH;(Z- _ z E)- TOWS it seems that no single parameter predominates, and hence in 
isolation is JikcJy to bt unhelpful. Experimental polyhalide stabitity studies are 
neither comprehensive nor in a_mment ==-z’V thou& a concensus view is 
probably 1, < IBr,’ < ICJ; _ TJUIS a genera!. conclusion might be that while a rank 
order k satisfactorily given by inspection of values of AH,“(MZX,, c), the thermo- 
d_Ynarnic stability of an individual compound is best predicted by a calculation based 
on the dissociation proass, 

($1 N&a of reacfion 
aetaiIed earty WOIP has strongJy indicated that in the reaction of CsIE8rz with 

aqueousAgP!O~a transientrevemblehydrolyticequillbriumisestablished: 

SIBr~+3HI0 s 2I,+JO,‘-f-IOBr’*-6H’ (3) 

AreasonabZesequenaeofsecondary,irreversible,processes which fallow is:(a)quanti- 
tativeprecipitationofAgBroaly,(b)simuItansousp~~tionofI~,resachingamaxi- 
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mumconcentrationat a mol ratio, AR+ :I&,- - - 2I1.(C)react~onofr,withAgi,and pm- 
cipitation of AgIQ, according to 3 I,-+6 Ag’ r-3 HIO -* 5 AgI t6 H’ +AgI03. The 
overall process is hence that given as thermochemical eqn (l), and for which there is 
abundant chemical evidence. 

Theabovesequenceis fully consistent with the results of the thermometric titra- 
tions. The f&t portion of the reaction trace in Fig. f CIearIy represents proczss (a) since 
thestoichiometryat theend-point isasexpected,IBr,-:Ag+ = 1:2.00. Inaddition,from 
theresuSts~U~ttedinTabIe2,avalueofLiYif”(CsIBr,,c)= -450.2,6.4kJ mol-r,is 
caiculaled ingood agreement withthatderived from theoverall reaction.ofestablished 
stoichiometry, viz, A&‘(cSIBr,, c) = 445.5 -t4 W mol”. The second and third por- 
tions of the curve from the 2.00 to the 267 mof point, presumabIy reflects process (b), 
together with simuitaneous precipitation of AgI. Precipitation of AgI03 is not expected 
until removal of all Br- is complete, since the ratio of solubilities of AgIO, and AgI is 
f:10_~impIies~tthefinalportionofthecurve,f~mthemolpoint2.67to3.00,rrt- 
presents precipitation of ail IO,-. Thii was confirmed by the close agreement of the en- 
thalpy change measured over thii range? (51.9 W mol-s) to that obtained from a sepa- 
rate experiment in which aqueous AgFQ was titrated against aqueous Iuo,, 
(51.2 k3 mot-r). 
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