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Refractive indices of the (Ag0.5~6, T10.4~4)N03-H20 and (A&3t6, Tlo,4g4)N03-DMS0 solutions have been 
measured at 90 'C over the whole composition range extending from the molecular solvents to the molten 
electrolyte. The molar refractivities of the melts were calculated from the refractive indices and a set of 
density values interpolated at the same temperature. Both systems were found to exhibit deviations from 
the ideal additive behaviour. The molar refractivities of the electrolyte (eutcctic mixture AgN03-TlNO3) 
and the solvent were calculated and their composition dependence and the deviations from the additivity 
are compared and discussed. The molar refractivity was found to be a complex, a less indicative, and a less 
sensitive indicator of the types and strength of ion-solvent interactions in these melts than the molar volume. 

Large number of experiniental a n d  theoretical studies have been devoted to the volu- 
metric properties of electrolyte solutions up  to now. The investigations performed in 
dilute solutions range have been rationalized by the concept of the apparent molar volu- 
me of the salt, which has helped to understand hydr;itioil/solvation phenomena. Parti- 
tioning of the apparent molar volunie values into individual ionic contributions a t  
infinite dilution brings a possibility to test the indcpciidcnce of ionic contributions. 

The refractive index and the derived molar rcfrilctivity yield a n  alternative source of 
infortilation on the volunietric properties of solulioils. The molar refractivity is in fact 
related to the actual voluiiie of the component i n  the solution and ciin be conipared with 
the apparent molar volunie calculated from density data '-*. 

concerned iiiainly solutions of nitrates and thio- 
cyanates in  water and in  diniethyl sulfoxide (DMSO). Nitrates are generally highly 
soluble both in water and in DMSO and expcritiiental results could be used to discuss 
volunietric behaviour in rather wide range of compositions. Diita of iiiediuiii and highly 
concentrated electrolyte solutions were frequcnfly treated i n  ternis of deviations from 
the ideal additive behaviour between 11ioleculiir solvent a n d  hypothetical supercooled 
liquid molten electrolyte. In these studics siiuplifying assuiiiptions were niade 

Some of our previous 
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concerning the iiiolar refractivity and the niohr voluiiie of the hypothctical undercooled 
liquid electrolyte, as only the iiiolar refractivity of the solid substance and the molar 
voluiiie of the molten salt a t  higher tenipcraturcs are known in  some cases5. 

In the present paper the rcsults of expcrimcnt;tl invcstigation and analysis of volu- 
metric and refractonietric properties of the (Ago.516, TIo~,84)N03-DMS0 and 
TIo~a4)N03-H,0 systeiiis a t  90 OC, a teiiiperature at which both the iiiolecular solvent 
and the salt mixture are liquid, are presented. 

This rather exceptional opportunity offercd by this low-tcniperature melting salt 
mixture is used for a discussion of thc deviations of both systcnls froni the ideal addi- 
tive behaviour. 

EXPERIMENTAL 

Reagent grade AgNO, and TIN03 (Lachema, Czechoslovakia) were vacuum desiccated at 120 'C and 
stored over P 4 0 t ~  Reagent grade dimethyl sulfoxide containing no more than 0.03 mass per cent  of water 
(Merck, F.R.G.) was kept i n  dry atmosphere and weighed in  syringes to avoid any exposure to moisture. 

In the system AgNOrllN03 the equimolar compound AgN03 . TIN03  formation with melting point 83 'C 
and two eutectic points with temperature 82.2 'C and 82.5 'C were described6. One of the eutectic mixtu- 
res at the A 0  ratio of 1.06 corresponding lo 0.515 for the mole fraction of &NO3 and eutectic tempe- 
rature 82.5 'C was used in  the present study. This choice allows to discuss our results i n  relation to the 
extensive investigations carried out by Abraham el a1?-8 on the corresponding aqueous systems. Aqueous 
solutions of the selected eutectic mixture are liquid at 90 'C over the entire composition range, while solu- 
tions of the salt mixture i n  DMSO exhibit a solubility gap in  the salt mole fraction range from 0.45 to 0.9, 
where the liquidus temperature of the solutions is in  the range between 90 and 120 'C. The temperatures 
above 90 'C could not be used for the measurement because of the apparatus limitations and high vapour 
pressure of solvents above the solutions which could significantly modify the composition of the solutions 
in case of refractivity index measurements. 

Solutions were prepared by weighing both the solid eutectic mixture (prepared in advance by melting 
together the salts) and the solvent (water or DMSO) into small closed glass containers. The vessels were 
first cooled down i n  liquid nitrogen, evacuated and slowly heated up to 90 ' C  thus  preventing any loss of 
the solvent during melting. No additional analytical control of the composition of the samples was made. 

The density of the aqueous solutions was measured at 60 and 70 'C with a DMA 40 digital vibration 
densimeter (Paar, Austria). The analysis of the calibration and the temperature control during measurement 
gave an estimate of the uncertainty of the measured density as being better than t l  . lo-' g c~n '~ .  The data 
were combined with the data at 98.5 'C reported by Abraham el al.' to get densities at, 90 'C by simple 
linear interpolation. 

Density values for solutions of the AgNO3-TINO3 eutectic mixture in DMSO taken from our previous 
work' were used to calculate the molar volumes, V,,, at 90 'C. The molar volume data reported i n  Table I 
were calculated from the smoothed V,,, vs x plot to reduce the influence of the scatter of the density values 
on the refractivity data calculated from refractive indices. 

The refractive indices were measured at a wavelength of 587.6 nm (tle, D-line) with a PR-2 Pulfrich 
refractometer (Jena, F.R.G.) with an uncertainty of *5 . lo-' units. The molar refractivity of the solution 
was calculated from the refractive index and the molar volume with a rcsulting uncertainty of 4.02 cm3 mol-I. 

Errors due to the uncertainty in  the composition of the solutions (*O.OOOl uni t s  of x )  did not exceed the 
above declared uncertainties. 
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RESULTS AND DISCUSSION 

The experimental values of the refractive index, n, together with the values of molar 
volume of the corresponding solutions of the AgNO,-TINO, eutectic uiixture, Vm, both 
in  water and in DMSO are summarized in Table I. 

The molar volumes of the solution, V,, were calculated frovi the density dah, d, by 
using the relation 

(1 - x ) M ,  + XM 
8 (3) Vm d 

wbere x is the salt (eutcctic mhmre) rude fracriocl, ht and M, uc rtre ladecub8 upscs 
of the eutectic mixture and of tbe sotvetit, nspeciivefy, ~d d is tbe density d the 
soiwion. 

Densities of aqueous solutions of the same eutectic AgNO3-nNO3 milure were 
measured a t  98.5 “C over tbe entire conyosition mmge from Okie sohrtioPs to the 
inolten salt end by Abraham et al.’. Tbe system was found to exbibit only a d l  
negative deviation from the ideal additive volutilctric behaviour. Tbis fact is svFptiehg 
if we take into account that tbe solution can be viewed as a result ef ufixiag ef a 
molecular coinpound with a iimtten ionic salt. The nearly ideal bebviour of this sysbem 
is ascribed to very weak hydration of both cations, a hypothesis which is supported ako  
by the results of previous studies by vapour pressure measurenieats of the same 
a u t h o d .  

The replacenlent of water with DMSO results in  a distinct deviation from tbe ideal 
additive behaviour of the solution due to niuch stronger iuterictioa between W S O  
(molecular coinpound) and ionic coniponelrts of the solution tbcn between water rad 
the same ions’. This conclusioa was caafirlned in ew previous str l ics bssed OR Wor 
pressure measwementlO, wkre war and DMSO were conrparcd ir )ow of rLtb k- 
factions with ionic compou&. 

The traditional approach to ditute electrolyte sdutim uses the coacept of the appa- 
rent molar volume of tbe salt, 0 ,  that is defiacd by tbe relation 

$ = [ v, - (1 - x )  / x  * 

In this equation is the molar volume of the pure solvent and the other quantities have 
the above defined meaning. 

Detailed discussion of the “apparent niolar voluiiie of the salt” concept aad its signi- 
ficance for electrolyte solutions data interpretation at low and niedium coacentrations 
was presented in our previous paper”. Of course, this conrcpt is used mainly for M u -  
ted solution of salts, but i t  can be used over iiiore extelldcd coniposition range. The use 
of this concept iiiiplies that all  the deviations froni the volunctric ideality, i.e. the 
simple additivity of the iiiolar volunies of the pure solvcnt, c, and of the molten salt, 
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e, are ascribed to the non-ideal voluiiictric bchiiviour of the salt itnd are included in the 
value of 4. 

In contrast to this generally used approach, our previous studics on the volutiietric 
bchaviour of highly concentrated elcctrolytc solutioiis wcre biised on the use of the 
concept of the aypareiit tiiolar voluiiie of the s o l v c ~ ~ ~ ~ ' ~ ~ ~ ~ .  

TABLE I 
Experimental values of refractive indices, 11, calculated values of molar volumcs, Vii, (cm3 mol-') and 
molar refractivities, [ R ] d o l n  (cm3 mol-') of solutions of the eutcctic mixture AgN03-11NOs ( A g l l l  = 1.06) 
at 90 "C i n  H20 and DMSO; x mole fraction of the salt 

0 
0.02 
0.027 
0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

1.3204 18.66 
1.3409 19.12 
1.3474 19.29 
1.3696 19.83 
1.4155 2 1.03 
1.4828 23.54 
1.5428 26.18 
1.589 1 28.92 
1.6218 31.74 
1.6478 34.62 
1.6749 37.52 
1.6938 40.44 
1.7118 43.34 
1.7274 46.20 

(Ag,Tl)NO3-DMSO 

3.71 
4.02 
4.12 
4.48 
5.27 
6.72 
8.25 
9.75 

11.18 
12.59 
14.10 
15.52 
16.97 
18.39 

0 1.4473 75.85 20.28 
0. I 1.4769 7 1.38 20.16 
0.15 1.4909 69.34 20.80 
0.2 1.5047 67.43 19.99 
0.25 1.5179 65.62 19..88 
0.3 1.5317 63.92 19.80 
0.35 1.5444 62.32 19.68 
0.4 1.5579 60.80 19.60 
0.45 1.5711 59.36 19.51 
0.9 1.6939 48.49 18.62 
0.95 1.7099 47.36 18.51 
1 1.7274 46.22 18.40 
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A rigorous thcriiiodynaiiiic description of volunictric propcrtics of binary mixtures is 
based on the use of the partial nic)lar volunics of the coniponcnts and of thcir dcpend- 
ence on composition of thc mixturcs. An analysis of thc prcsciit work's diita in t e r m  of 
thc partial niolar voluiiics is prcscntcd i n  Fig. 1. The valucs of niolar volunie of the 
binary mixturcs wcrc fittcd to thc polynoniial of the typc V,, = a t bx t c x z  + d.$ and 
the partial niolar voluiiics of the solvcnt and thc salt niixlurc wcre calculated as a 
function of the salt contcnt. Thc liniits of Ihc applicability oT both above nicntioncd 
siniplifying conccpts arc clcarly visihlc i n  Fig. 1 Tor both invcstigatcd systcnis. It is 
evident that the "a.ni.v. of the soIvcnt" ronccpt can bc uscd i n  ralhcr widc composition 
range, in fact the partial niolar volunic of llic salt niixture i n  the aqucous system is 
esscnlially indcpcndcnt of the coniposition i n  the wide rangc dcfincd by 0.3 < x < 1.0, 
while for the DMSO-bascd systcnis thc parti;il niolar voluiiic of thc salt niixture is 
indcpcndcnt of the composition i n  thc shorlcr, but still widc, rangc dcfincd by 0.5 < n < 1.0. 
Thc concept of thc c c a . ~ ~ ~ . ~ .  of thc salt" on the olhcr hand is strictly applicable only for 
dilutc solutions of the salt niixture, espcci;illy i n  thc ciisc of thc DMSO-based solutions, 
as i t  is visiblc froni the liiiiitcd coniposition raiigc whcrc thc p i r t i a l  niolar volunic of 
DMSO is indcpcndcnt of thc coniposition. 

The rcfractivc indcx and thc dcrivcd niolar rcfriictivity givc us a n  altcrnative source 
of information on intcractions i n  solutions as i t  corrcsponds to thc actual volunic of the 
ions, or niolccuIcs, i n  one niolc of the substance. 

The niolar refractivity of the solution, [R], , , , ,  cni3 lllol-l, is dcfincd by the wcll- 
known Lorc nz-Lorcnt z rc l i i  t ion 

whcrc n is the rcfractivc indcx for thc sclcctcd wiivclcngth of niciisurcnicnt and V,,, is 
the niolar voluiiie of thc solution. 

It is gcncrally assunicd th;it thc rcfractivity of a systcni could be calculiitcd as the 
s u m  of thc rcfractivitics of thc individu;il corii])oiirnls il Ihcy do not inlcriict bctwccn 
th~nisclvcs '~.  This assuoiptioo is siniilar to 1h;il applicd for the niolar volunics of the 
idcal solution. 

The niolar rcfraclivity data (scc Tiiblc I)  rcsulling froni the prcscnt work, which for 
the first time dcals with rcfractivity of clcctrolytc solutions covcring the wholc conipo- 
sition rangc from a purc solvcnt to a nioltcn salt, arc plottcd i n  Fig. 2 as a function of 
the molar composition of the niclts. Both systcnis show alniost the ideal additive beha- 
viour of the niolar refractivity cvcn i f  a dctailcd analysis rcvciils a very small positive 
deviations of the data points from the straight line. This rinding coiitrasts with the 
behaviour of the niolar v o l u ~ ~ ~ c s ,  which always exhibit distinct ncgative deviations froni 
the ideal additivity'. 

The comparison of thc rcsults of volu~iictric and rcfractivity studies reveals that 
while the niaxiniuni expcriliiclitiil dcviations of [R],,,, from thc additivc bchaviour are 
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about 0.1 ~ 1 1 1 ~  niol-I (i.e. ca 0.8%), deviations of iiiolar voluiiies are 0.75 and 3.0 cm3 
niol" for aqueous and DMSO systems, respectively, i.e. 2.3 and 5.1%. 

To evaluate changes in polarization or dcforiiiation of electron shells with changes of 
surrounding, i.e. with changes in  composition of the system, the approach similar to 
that adopted for the molar voluiiie data interpretation is used. 

If we follow the same line of data interpretation as for the iiiolar volu~~ie,  we would 
calculate the values corresponding to the partial iiiolar volunie froni the niolar refracti- 
vity data. Unfortunately the deviations of the refractivity of the solutions froni the ideal 
additive bebaviour are very siiiall and individual values of the deviations are only by 
one order higher (see above) than the uncertainty of the data. In such situation any 
discussion of the resulting partial niolar refractivities would be highly speculative. 

The niolar refractivity of the salt, [R,], is calculated from the riiol~r refractivity of J e  
solution [R],, and that of the pure solvent [R:] 

This procedure strictly resenibles the calculation of the apparent iiiolar volunie of the 
salt, $ (see above). 

The eutectic mixture AgNO,-TINO, is liquid above 83 "C and the iiieasurenient of 
its refractive index give us not only experiiiiental value of the iiiolitr refractivity of the 
molten salt end of the solutions i n  water and DMSO, [R:], but also a possibility to 

FIG. 1 FIG. 2 
Partial molar volumes, V of the AgNO3-llNO3 
eutectic mixture and solvents as a function of 
the mole fraction of the salts i n  the solution: 
7 DMSO, 110 'C; 2 H20, 98.5 'C; 3 (Ag,TI)NO3 
in H20; 4 (Ag,TI)NO, in DMSO 

Variation of the molar refractivity of the solutions 
of the eutectic mixture + "IN03 (Agl'll 
= 1.06), [RlWin, with composition in aqueous and 
DMSO solutions at 90 'C ( x  mole fraction of the 
salts). The full lilies represent the ideal additive 
behaviour: 0 salts + HzO, 0 salts + DMSO 
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calculate the apparent refractivity of the solvent (water or DMSO), [R,] by means of the 
equation 

[RYI = ([~l,," - x [ R 3 )  / (1 - 1) * (5) 

The composition dependencies of [R,] and  [R,] are presentcd in Fig. 3 for both the 
aqueous and the nonaqueous systenis. 

For niost of the aqueous systenis previously itivestigntcd it was found that [R,] is a 
linear decreasing function of the salt mole fraction, while it increases linearly with the 
salt content when DMSO is used as the niolecular solvent instead of water' - '. This 
finding was ascribed to the forniation of "COIII~CI ion pairs" i n  the aqucous solutions, as 
the possible niutual direct interactions of Ihe cations with tlic anions provoke a signi- 
ficant decrease of the electronic polarizability and then the refractivity of the ions3. In 
the case of DMSO-based systenis the incrcase of refractivity should be ascribed mainly 
to a remarkable effect of interactions of the anions on the solvent niolecules, which 
should not work substaiitially in  the case of water as a solvent'. The only exception was 
found for solutions of NHJ and AgNO, i n  DMSO. This was explaincd by weak inter- 
actions between aiiinioniuiii and silver cations and DMSO molcculcs. 

In the case of the (Ag,TI)N03-solutions (Fig. 3) both the aqueous and the non- 
aqueous systenis show a quite siniilar negative slope for thc [R,] vs x del)endence in the 
dilute solutions range; in  both cases, however, no simple straight-line approximation 
can be used over the whole coniposition range. Of coursc, i n  previous studies' on the 
refractivity of such kind of nielts the trcnd with coiiipositioii could not be fully 
understood and discussed due to the rathcr limited coniposition rangcs accessible for 
the different binary systcnis. On the contrary, i n  the present cases refractivity data are 
available over the whole composition range, that is up  to the iiiolten salt end (x = 1). 
Two iniportant aspects are to be stressed in this line. First, the v;ilues of [R,] a t  infinite 
dilution, [R,"]$o and [R,"lDMSO, which are easily obtained by a short extrapolation froiti 
the low-concentration data  are essentially the sanie within the limits of their 

FIG. 3 
Molar refracti\..y of the sal& mixture, [R,], and 
of the solvcnts, [R.], as  a function o f  the mole 
fraction of the s a l t s  mixture,  x, at 90 'C: 

DMSO. The curves are visual aids only 
W [RDMSO], 0 [Rtifi], 0 [Rx] in HzO, 0 [Rx] in 0.0 0.4 .1 0.8 
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uncertainties. This behaviour is similar to that previously found for the AgNO,-H,O 
and &NO3-DMSO systcnis’, where the values were found to be 16.01 and 16.09 c11i3 
niol-l, respectively. Second, the trend of the of the [R,] dependencies are very siiiiilar 
throughout the whole coiiipositioii range, and i n  both cases there is a n  indication of a 
tendency of [R,] to be independent of x i n  the high-salt-concentration range, that is 
above x = 0.4 - 0.5. Moreover, the total change of [R,] is quite sniall, -0.5 cni3 rtiol-’ 
over the whole range and about -0.4 from x = 0 to x = 0.5; these chaiiges can be 
compared with the chaiigcs of [R,] for AgN0,-DMSO, i.e. about -0.1 cni3 mol-’ from 
x = 0 to x = 0.5, and about -0.5 c1ii3 niol-’ i n  the same coiiipositioii range for the 
AgN03-H,0 system as it can be argued from Fig. 2 i n  ref.’. From the above consi- 
derations i t  appears th;it the presence of TINO, i n  the mixed salt with AgNO, does not 
greatly niodify the iiiain features of the ion-ion and  ion-solvent interactions. 

The two entitled solutions represent two distinctly different systen~s froiii the theriiio- 
dynaiiiic point of view. While the aqueous solution is oiie of few systcnls where posi- 
tive deviations from the Raoult’s law were found’, the (Ag,Tl)NO,-DMSO systeiii 
behaves like a typical electrolyte solutions showing negative deviations from Raoult’s 
ideal behaviour’. 

In our previous study on voluiiictric bchoviou? we showed thi i t  ncg;itive deviations 
from the volumetric ideal additive behaviour should be gcncr;iIIy found for solutions of 
electrolytes and this prediction was confiriiicd by investigation of both s y s t e ~ i i s ~ ~ ~ .  

The molar refractivity of a solution is a coiiiplcx function of the refractive index and 
the molar voluiiie of the system (Eq. (3)). Dcvi;itions of these two quantities of electro- 
lyte solutions from additive bchaviour are of opposite sign and the slight positive devia- 
tions of the molar refractivity from the ideal additive bchaviour (see Fig. 2) indicate 
that these two effects do not bal;iiice each other. It is evident, thilt a n  almost ideal 
additive molar refractivity can be found for these systeiiis which are markedly non- 
ideal from a voluiiietric point of view. 

Apart from a coiiiplcx character of the information about the structure of solutions 
provided by refractivity, i.e. by [R],,,,, the sciisitivity of this value to the deviation of 
the systeni from a n  ideal bchaviour is lower tha t  sensitivity of molar volume. 

The character of changes of the “appc?rcnt” molar rcfriictivity [R,] and  [R,] with 
increasing content of the salt indicates tha t  a straight line approxiniiition used for calcu- 
lation of refractivity i n  infinitely dilute solutions [R,”],120 and [ R 3 D M s 0  can be used 
only in  a restricted interval of cosiposition. 

CONCLUSIONS 

Mola r refractivity is a coiii p 1 ex c ha rii c t c ris t i cs of ion-io n a nd io n-so I vc II t i n tc ra c t ions 
i n  electrolyte  solution^ tha t  reflects not only poliirimbility and dcforiii;ibility of the 
solution components, but also the voluiiictric pr;iiiieters of the componcnts. 
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Both system with positive and negative dcviatioiis froiii the Riioult’s law bchaviour 
exhibit positive deviations from the additivity of rcfrictivitics of the components. 

The strength of the ion-solvent iiitcractions rclated with diffcrcnt ViIlUCS of the 
solvent dipole iiionicnt of water and  DMSO aiid easier dcforiuability of the DMSO 
niolecules have no significant cffcct to the dcvi;itioils of rcfrdctivitics froiii the additivity. 

Molar voluriies are preferred as the iiiore scnsitive characteristics of deviations of the 
systeni from a n  ideal behaviour. 
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