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We have gathered, critically evaluated, calculated, and tabulated thermo- 
dynamic properties and related equilibrium constants and standard potentials for 
compounds and aqueous species of scandium_ We have been explicit about sources 
of data so that interested readers can check the steps leading to tabulated thermo- 
dynamic quantities and thus form their own opinions about reliability and accuracy. 

In this paper we are concerned with the thermodynamic properties of scandium, 
its compounds, and various aqueous species derived from scandium. Thermodynamic 
data for al1 of these are usefui in chemistry and applications of chemical principles to 
other disciplines such as metallur_ey. Because many of these thermodynamic data are 
most useful when presented in the form of equilibrium constants or standard 
potent&&, we have listed several of these quantities that are related to our tabulated 
free energies. 

We have been critical in our tabulations and have recalculated many of the 
published results cited here. When data from several sources are in poor agreement, 
we have attempted to justify our choices. We have been explicit about the sources and 
treatment of data so that interested readers can check the steps leading to tabulated 
thermodynamic properties (also related equilibrium constants and standard poten- 
tials) and form their own opinions about reliability and accuracy_ 

In several cases we have combined experimental results from a cited source with 
an estimate of some thermodynamic property. Numerical cahes of estimates are gir-en 
in parenzlreses. We have consistently used auxiliary thermodynamic data [such as 
A& for Cl - (aq), etc.] from the National Bureau of Standards ‘. 

In spite of considerabIe discussion, general agreement is sti!! lacking on “sign 
conventions” for potentials_ Con&sion arises because “sign” can be either electrical 
or algebraic, as previously discussed ‘. All potentials listed here are reduction poten- 
tials with algebraic si_rms, and may aIso be taken to be electrode potentiaIs with 
electrical signs relative to the standard hydrogen eiectrode. 

*Permanent address: Chemical Center, Physical Chemistry 1. University of Lund, Lund. Sweden. 
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The symbols EC and K are ordinarily used for potentials and equilibrium 

constants that have been determined in very dilute solutions or in such ways that 
activity coefficients could be considered in treating the experimental results. 

Simikly, we use AG”, AH”, and S” to indicate quantities that refer to the usual 

standard states’ -3*4_ Other useful investigations have been carried out with solutions 
maintained at constant ioniti strength by means of an u inert” supporting electrolyte_ 

In some such cases it has i&en possibIe to make reasonable adjustments to obtain 

values that refer to the usual standard states- In other cases we adopt properties 

based on “uncorrected” data and call attention to the fact that the cited properties 

refer to soIutions having some stated ionic strength. 

Except where explicitly stated otherwise, all thermodynamic properties cited 

here refer to 298.15 K (25 “C)_ 

GEXERAL CHEWSTRY OF SCANDIUM 

Nearly all of the chemistry of scandium is concerned with the +3 oxidation 

state. The Sc3+ ion has the configuration _ _ .3s23 p6, is Iaruger than Al3 +, and is 

smaller than the M 3 i rare earth ions. As mi& be expected, the oxide of scandium is 
~SS acidic than A12O3, but more acidic than Y,O, or La2O3. 

Among compounds that may be precipitated from aqueous solutions are the 

hydroxide, the fluoride (appreciably soluble in excess F-), ScHP#, -3H20, and 
severaI doubIe salts. Scandium hydroxide is not compIeteIy precipitated by ammonia. 
presumably because of complex ion formation- 

Although organic complexes of Sc(II1) [also Y(III), La(IIl), and the other rare 
ear&s] are important because of their role in the separation chemistry of these 
eIements, we are here mostly concerned with tie G inorganic” chemistry of scandium_ 

THERMODYNAMIC DATA 

Our best senerai source of thermodynamic data for eIementary scandium, its 
compounds, and its aqueous species is the National Bureau of Standards Technical 
Note 270-5’. to which we frequently refer as NBS 270-5. 

We follow NBS 270-5 in taking AC: E 0 and A,“H= 0 for SC(C) at 298 K_ 

Heat capacity measurements from 6 to 350 K by Gerstein et aL6 Iead to S” = 

8.31 Cal K- ’ mol- I for SC(c) at 298 K, which is the value we adopt for our Table 1. 

This vaJue is in reasonable ageement with S” = 8.20 cal K- ’ mol- ’ reported by 
Weller and KelIey’ on the basis of C,, measurements down to 50 K and with 
S”= 8.28 cal K- ’ mol- I previously selected in NBS 270-5 

Calorimetric measurements* have led to reported vaIues of (Hg- H&,) and 

reiated quantities for riementary scandium up to 1600 K. 

High temperature vapor pressure results from Spedding et aL9 lead to 

N$ = 82 kcal mol- ’ for SC(~) at 298 K by a second law calculation and to 

AH; = 90 kcal mol- ’ by a third law calculation. Krikorian lo has reported AH: = 
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TABLE I 

THERMODYNAMIC PROPERTIES OF SCANDIUM AT 298 K= 

Subsrance AH,- ACi,o S” 
(kcal mol- ‘) (kcal moi- ‘) (cal K-’ mol-‘) 

WC) 
*0 
SC+(g) 
SC=+ <g) 
SC’+ (g) 
sc3+ (aq) 
SC4 + (g) 
SG cd 
SC0 (g) 
SC20 Ga 
SC203 (c) 

SNOW * (as) 
Scux-& (PPO 

ScFk) 
ScFZ+ (aq) 
ScFz b) 
ScFZ (aq) 
ScFs W 
ScF, (B) 
ScFs (aq. undissoc) 

ScF’; (as) 
~NI-LScF~(c) 
t-H&-Fe(C) 
ScciiM 
s&l2 (aq) 

~CIZO 
*at (as) 
=-a3 <cl 

scCf3W 

(sca3)2 (B) 

SCCI, - 6 Hz0 (c) 
QOcl(c) 
WOHL~ (PP~) 
Sc,(OH),~@pt) 
SCK~O~)~+ (aq) 
.%%I=-4NHs(c) 
!kC13-SNH,(c) 
SXl3-7NH,(c) 
ScBrW 
ScBr’+ (aqj 
ScBrz(g) 
ScBr,’ (aq) 
ScBr, (c) 
QBrsO 
*(Bfl3)’ + GW 

Sc(BrOa)f (aq) 
~Itg) 
S&W 

0 
91-s (refL 10-12) 

241 _Sb 
536.7b 

11 07.7b 
- 146.* 
2801.9b 

146 (ref. 15) 
- 12.9’ (ref. 16) 
-53’ (ref. 16) 

- 456.2 (refs. 2 1, 22) 

-32-i (refs- 38. 39) 

- 155 (refs. 38, 19) 

-394 (ref. 41) 
- 306 (refs. 46,47) 

- -517 (ret 50) 
- - 739 (ref. 50) 

27.7’ 

-221.I 
- 157 (rcfs. 53-55) 
-361 
-668.9 (ref. 59) 
-232 (ref. 62) 

-338 (ref. 25) 
- 362 (ref- 25) 
-406 (ref. 25) 

- 177.6 (rCf_ 24) 

0 8.31 (ref. 6) 
81.1 41.75 (ref. 13) 

- 140.2 -61 

133 61 
- 19.1 53.65 

- 4346 
- I91 (refs. 26-32) 
-293 (refs_ 33-35) 
-38-s 

- 216 (ret 48) 
-158 
-291 o-cf. 4s) 
-376 (ref. 41) 
-- 303 
-364 (ref. 48) 
-434 (ref. 48) 

w-471 (ref. 50) 
- - 640 (ref. 50) 

21.3’ 
- 174.2 (ref. 60) 

18.4 (ref_ 18) 

53.1 (ref. 40) 

66 (refs. 5, 40) 

22 (ret 4 1) 
i0 

-36 (ref. 50) 
-76 (ref. 50) 

sts.d.00 

725 
-207)7., (ref. 60) 
-202-t 
-153 
- 343 

25 
76.5 (ref. 40) 

118 

-218 
-276 (ref. 36) 
-571 (ref. 36) 
- 141.o (ref- 61) 
-249.s (ref. 25) 
-256., (ret 25) 
- 266., (ref. 25) 

(14) 

(-70) 
(-82) 

q-106) 
58.6 (ref. 40) 

- 167+ (ref. 60) 
77.6 

- 194. f (ref. 60) 

84.6 (ref. 40) 
- 140., (ref. 61) 
- 140+ (ref. 61) 

60.5 (ref. 40) 
81.6 

(T&b continued on p_ 92) 
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workers with considerable experience have had difficulties with determination of 

AH,” of Sc,O, (c)_ For exampIe, Mahlg has reported AHi = -447.3 kcal mol- ’ on 
the basis of combustion measurements, but subsequently2’ found that the alundum 

disk used to support the scandium meta for combustion affected the results. More 

recently Huber et al.” have reported AH,” = -456.16+0.50 kcal mcl- r on the 
basis of combustion calorimetry and AH: = -458.3&-O-7 kcal mol- ’ from solution 

calorimetry. Holley et aL2’ suggest that this Iatter value is probab!y too negative 

because the Sc,O,(c) used in the solution calorimetry experiments was not fired at 

a sufficientIy high temperature_ We therefore adopt AH,” = -456.2 kcal mol- ’ for 

SC,O~(C) and combine with the above S” to obtain its AG,O = -434.8 kcal mol- I. 
We also note that high temperature calorimetric measurements by Pankratz and 

Kellev23 Iead to values of (Hs- Hi,,) and related thermodynamic functions for 

sc,o; (c)_ 

We use the AH,’ for ScC13(c) that is discussed below with enthalpics of 

solutionZJ-2s (not near infinite dilution) to ca.Iculate AH: values for Sczt(aq) that 

are both larger and smailer than the vaIue listed in NBS 270-5. Noting that the 
uncertainty is several kcal mol- r, we adopt AH: = - 146-s kcal mol- * from the 

NBS 270-5. We are not aware of any experimental results that lead to the entropy of 
Sc3’ (aq). Because the S” = -61 cd K- ’ mol- ’ (possibly zn estimate) listed in 

NBS 270-5 seems “reasonable”, we adopt it and combine with the above AH,” to 

obtain AGF = - 140.2 kcal mol- I for Sc3’ (aq). This free enerm corresponds to the 
standard potential 

Sc3+(aq)t3e- = SC(C) E” = -2.02 v 

In connection with the AH,3 (and thence the Aq) for SC’+ (aq), note the 

further discussion later in connection with ScCI, - 6 H,O(c). 
Among the first thorough studies of the hydrolysis reactions of a metal ion were 

those of Kiipatrick and Pokras26 on Sc3+ (aq). Their results provided evidence for 

both SATIN (aq) and the hydrolytic dimer Sc2(OH)fi (aq). Equilibrium constants 
were evaiuated at three temperatures for formation reactions involving these species 

and approximate values of corresponding enthaIpies and entropies were calculated. 

Aveston’s later results2’ (interpreted in terms of monomers, dimers, and trimers) have 

provided general support for the picture first suggested by KiIpatrick and Pokrast6. 

Still further support has been provided by the equilibrium investigation of Akahn 
and &er2’ and the kinetic results of Cole et al.“_ Results of three investigations30-32 

involving very dihrte scandium solutions have been interpreted in terms of monomeric 

species. One of these investigations32 was also concerned with hydrolysis of Sc3 f (aq) 

in H,O-EtOH mixed solvent systems. 

The free energies in NBS 270-5 lead to K = I .I x 1Oms for the first hydrolysis 

represented by 

Sc3+(aq)+H20(liq) =Sc(OH)“(aq)+H’(aq) 

Our own extrapolation to infinite dilution of the results cited above2s-32 or the 



94 

equivalent estimation of activity coefficients Iead us to suggest that a somewhat 

smaller Kg 0.4 x IO-* may be better. Because equilibrium constants chosen for 

subsequent hydrolysis to such species as Sc,(OH)t* (aq) and Sc(OH)~(aq) depend 

on the value adopted for the equilibrium represented by the equation above, we 

refer interested readers to the original papers for such constants that are internally 
consistent with particular experimental results and assignment of reactions_ Cumu- 

lative uncertainties in all of this difficult work lead us to omit enthaipies and entropies 

for Z+Z(OH)~’ (a@ from our Table I _ 

Because of hydrolysis and poiymerization of Sc3+ (aq) as pH imzeases, it is 

difficult to interpret soIubiIity data for scandium hydroxide. A wide range of sombility 

products has been reported. Free energies in NBS 270-5 lead to Ksp = 2 x 10a3i, 

which is close to the value reported by Oka33_ More recent work carried out and 

reviewed by Aksel’rud’” suggests KsP = 2x 10-30. SiIICn35 have quoted KsP = 

9 x 1O-3o from the work of Kovalenko and Bagdasarov.. On the basis of all of these 

investigations we adopt the following 

Sc(OH)s@pt) =Sc3t(aq)+30H-(aq) &,=4x 10-30 

This solubility product Ieads us to AG,” = -293 kcal mol- ’ for Sc(OH),(ppt) and 

thence to the following potentiak 

Sc(OH)s@pt)+3e- =Sc(c)+30H-(aq) E’= -22.60 V 

Our free energies (TabIe I) correspond to 

~Sc,0,(c)+I.5H20(Iiq)=Sc3i(aq)i30H-(aq) &,=4x 10m3’ 

These K&, and AGF vaIues for Sc(OH),@pt) and Sc,O, (c) are consistent with the 

observation that Sc(OH),(ppt) is unstable with respect to the oxide and water and 

that the solubility of precipitated scandium hydroxide decreases on aging. The 
calculated potential for the Sc203/Sc couple is 

SciOs(c)+3H20@iq)+-3e- =2Sc(c)t60H-(aq) E” = -2.74 V 

Sillen3” have cited equiIibrium investigations by Aksel’rud that lead to the 

foIlowing 

Sc(Ol-l),Cl(ppt) = scs* (aq)+20H-(aq)+Cl-(aq) &,=2.2x IO-~’ 

%(oH)&l@Pt) =2Sc3+(aq)+50h--(aq)+CI-(aq) KsP =4.6x 10es3 

We use these values in calculating AG,” = -276 kcal moI- ’ for Sc(OH)2CI@pt) and 

AG = -571 kcal moI-’ for Sc2(OH)sCI(ppt). The former vahxe is in good agree- 

ment with the corresponding AGF in NBS 270-5, but it appears that there is an error 

in the AG listed there for Sc,(OH),CI(ppt). The equilibrium constants above and 
the free energies we have calculated are consistent with the observation that the basic 

chloride precipitates are converted to the hydroxide in alkaline solution, as indicated 
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by the following: 

Sc(OH)#J (ppt) -i-OH- (aq) = Sc(OH), (pptj + Cl- (aq) K=8x IO’ 

S%(OH)sCl(ppt)+OH-(aq) = 2S@H),(ppt) +cI- (aq) K=3x106 

In the absence of calorimetric data, we must rely upon the results of equilibrium 

investigations for the thermodynamic properties of scandium hydride_ Unfortunately. 

these investigations are sufficiently difficult that results of different workers are not 

in good agreement, Further, it is difficuh to interpret the published results. One 

measure of the collective difliculties is provided by the substantially different thermo- 

dynamic properties that have been calculated. For example, the NBS 270-5 lists 

AH,3 = - 32.2 kcal mol- * for SCH,_.~(C), while Beavis3’ (who cites references to 

earlier papers) has calculated AH,” = -47.8 kcal mol- ’ for ScH,(c). Because we are 

unable to justify any particular choice as ,best”, we omit scandium hydride from our 
Table I. 

Zmbov and Margrave 38 have made dissociation energy measurements on _ 

ScF(g), ScF,(g), and ScF,(g), all relative to CaF(g)_ We have combined their 

published results with properties of CaF(g) from NBS Tech. Note 270-63g to obtain 

AH: = -32+ kcal mol -’ for ScF(q) and AH: = - 155 kcal mol- r for ScFz(g)_ 

The NBS 270-S and Krasnov and DaniIova4’ have listed S” values at 298 K for these 

species. Our choices for these entropies and also the related free energies are listed in 

Table 1 for both ScF(g) and ScF,(g)). 
We have several routes to the thermodynamic properties of SCF~(C) and 

ScF,(g), as described below_ 
Rezukhina et al. 41 have made high tempe rature emf measurements that are 

consistent with AG,3 = -376 kca! mol- *, AH” = -394 kcal mol-‘, 2nd S” = 

22 cal K- r mol- ’ for ScF,(c) at 298 K. Other high temperature emf results from 

Skelton and Patterson4’ permit us to calculate AG: = -362 kcal mol-r, AH: = 

-375 kcal mol- ‘, and S” = 36 cal K-r mol-‘, all for ScF,(c) at 298 K. Both of 

the entropy values above are considerably Iarger than S” = (16.88) cal K- I mol- ’ 
estimated by Spedding et al. 43 by a method that has proven reliable for some other 

compounds. A third law entropy for ScF,(c) based on C, measurements would ‘be 

useful, as would a modem calorimetrically determined AH;. 

We also call attention to some high temperature investigations of vapor 

pressures of ScF,(c). The results of Fischer and Lange4” appear to contain sub- 
stantial errors. Other investigators4s-47 have reported results that lead to reported 

enthalpies of vaporization of ScF3(c) at 298 K as follows: 101+ 5, 87 +- I, and 
88.5f2.3 kcal mol-‘. The AH; values in NBS 270-5 correspond to 89 kcal mol- ’ 
for this enthalpy of vaporization. 

Dissociation energy measurements [relative to CaF(g)] by Zmbov and 
Margrave3* lead (as above) to AH: = -295 kcal mole1 for ScF,(g). 

We also note that Krasnov and DanilovaQo report S” = 68.487 cal K- ’ mol- ’ 

for ScF,(g), as compared to S” = 71.8 Cal K- t mol- r that is hsted in NBS 270-5. 
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There is no single set of thermodynamic properties of ScF,(c) and ScF, (g) 

that is consistent with all of the results cited above_ The best that we can do is make 

“reasonable” choices, based on our partly arbitrary preferences for the most recent 
hi@ temperature emp’ and vapor pressure”6-“7 results_ Our choices are listed in 

TabIe I. 

Spedding et aLa have made high temperature calorimetric measurements 

leading to (Hg- H&J and related thermodynamic quantities [based on their 

S” = (16.88) ca! K-l mol- ‘1 for ScF,(c). 
Potentiometric measurements on Fe’ ‘,/Fe2 f concentration cells have Ied to 

equilibrium constants (0.5 M NaClO,) and thence with estimated activity coefhcients 

to the following**: 

Sc3*(aq)+F-(aq) = ScF”(aq) K=1_2x107 

ScF’ i (aq) + F- (as) = ScFg (aq) K =6_4 x IO5 

ScFg (aq) + F- (as) = ScF, (as) K=3_0x IO4 

ScF, (as) + F- (aq) = ScF; (aq) K=7x 102 

Estimates of entha!pies and entropies for the above reactions have been based on 

equilibrium constants”s from 15-35°C. Subsequent measurements4’ with a fluoride 

specific ion electrode have led to equilibrium cons*Zmts in agreement with those above. 

There is some evidence for ScFz- and ScFz-, but we are unable to cite any thermo- 

dynamic properties. 
High temperature results from Mikhailov et al. 5o lead to the approximate values 

we list in Table 1 for (NH,)ScF,(c) and (NH,),ScF,(c)_ 
Shcheredin and SidorovS * have made measurements leading to AI-Ir 

31-O kcai mol- ’ for melting (NaP), - ScF, (c). We are unable to list other properties 

of this compound_ 

For S&!,(c) we have AH,” = -221.1 kca! mol-’ from NBS Tech_ Note 270-5 

and A& = -225.4 kcal mol- ’ from Stuve’ 2_ The former va!ue is consistent with 

enthalpies of solution of SC(c) and ScCI,<c) reported by Bommer and Hohmannz*, 

while the iatter va!ue is based on enthalpies of solution of Sc203(c) and ScCIJ (c). 
In the absence of further definitive measurements, we follow NU3S 270-5 and adopt 

Lw,” = - 221. I kcal mol- ’ for ScCl, (c) for our Table 1. 
Results of investigations of the vaporization of S&!,(c) and the dimerization 

of S&I,(g) are only in fair a_erement_ Vapor pressure measurements by Dudchik 

et aLs3 led (without consideration of dimerization) to AH2 = 67 kca! mol- ’ and 

AS” = 56 ca! K- r mol- ’ for vaporization of ScCl,(c) at 298 K. More recent 
measurements by Rat’kovskii et a!_5* led to AH” = 65.7 kcal mol- 1 and AS” = 

57.7 ca! K- ’ moI- ’ for the same vaporization process, with allowance apparently 
made for dimerization. We have used the vapor pressure equation reported by 

Patrikeev et Ass to calculate AH” = 63.4 kca! mol- ’ and AS” = 46 cal K- ’ mol- * 

for vaporization, w!t!~ allowance made for dimers. We also have a calculated 
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SQ = 76.549 cal K- ’ mol- ’ for ScCl,(g) from Krasnov and Danilova” and various 

“reasonable” methods for estimating the entropy of &Cl,(c). We choose S” = 

‘6.5 cal K- ’ mol- ’ for ScCI, (g). AH= = 64 kcal mol- * and AS” = 51 .s cal K- ’ 
mol- ’ for vaporization to monomer, S” = 25 cal K- ’ mol- * for ScCl,(c), and the 
corresponding properties for S&I, (c and g) listed in our Table 1 _ 

SchZfer and Binnewies 56 have carried out a high temperature mass spec- 

trometric investigation of dimerization of ScC13(g) and have reported AH” = 

-48.8 kcal mol-’ and AS^ = -36.Ocal K-’ mol-’ for 

2ScC1, (g) = (ScQ), (gj 

at 298 K. They also quote AH’ = -47.1 kcal mol- ’ and AS” = -37.0 cal K- ’ mol- ’ 

for this reaction from the work of Patrikeev et al.“, but our calclulations with the 

published’ 5 vapor pressure equations lead to AH” = -45.6 kcal mol- ’ and 

AS’ = -31.8 cal K- ’ mol- * _ Although Rat’kovskii et al. evidently obtained data 

for (%~Cl,)~(g), the short s~rnrna$~ of their results does not permit us to calculate 

quantities to compare with those we cite here. Our selected properties of @cc&(g) 

are listed in Table 1. 

Dworkin and Bredig” have measured (HT-H29s) for ScCl, up to 1273 K 

(melting point is I240 K). 

McColIum et al.” have investigated the Sc-ScCl, system and reviewed earlier 

work. They” report convincing evidence for SczCl,(c) and contradict earlier 

reports of other low oxidation state scandium chlorides. For ScCl(g) and ScCi,(g) 

we adopt the properties listed in NBS 270-5, and note that similar entropies have been 

calculated by Krasnov and Daniiova4’. 

Maier et al.” have reported AH = -7.06 kcal for dissolving one moIe of 

ScCl, -6H10(c) in 2580 moles of HzO(liq). We estimate the enthalpy of dilution to 
obtain AH” = -7-6 kcal mo!- ’ and combine with the AH: for Sc3+ (as) cited earlier 
to obtain AH: = -668.9 kcal mol- ’ for ScCI, - 6H,O(c). We compare these values 

with properties in NBS 270-5 in two ways. First, we use the NBS 270-5 enthalpy of 
formation of ScCl, in 5500 Hz0 with our estimated enthalpy of dilution and the 

NBS 270-5 AH: of ScCl,-6HzO(c) to obtain AHs = -7-6 kcal mol- ’ for dissolving 

ScC13-6H20(c), in agreement with the AH” we have obtained above. Second, we 

combine the AH,3 for Sc3 i (aq) f rom their AH; of ScCl,-6H20(c) to obtain AH* = 

-4-9 kcal mol- ’ for dissolving ScCl, -6 H,O(c). In order to maintain consistency 

between the cizlorimetric enthalpy of solutions9 and the AHi of Sc3* (as) listed in 

NBS 270-5 and adopted for our Table 1, it is necessary to reject the NBS 270-S 

AH: value for S&lx-6H,O(c) and accept instead the value we have listed earlier in 

this paragraph. Because we might have maintained consistency by rejecting the AII; 

for Sc3+ (aq) that was listed in NBS 270-5 and is also adopted here for our TabIe I, 

we must recognize that this latter quantity may be in error, xVhich might also involve 
an error in the AH: of &Cl,(c). 

Orlovskii and Tananaev ” have reported that the equilibrium pressure of 

NH,(g) over a mixture of ScCl,-5NH,(c) and &Cl,-4NH,(c) is 2.60-2.90 n-m Hg 
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and that the pressure over a mixture of ScCI, -7NHS(c) and ScCI, -SNH,(c) is 

I26 mm Hg, both at 25°C. Their calorimetric results also lead us to the following: 

SdZi,(c)+4NHj(_g) = S&i,-4NHB(c) AEi” = -73 kcal mol- ’ 

ScCI, (c) + 5 NH,(g) = ScCI, - 5 NH, (c) AH”=-86kcalmoI-’ 

ScCI,-5NH3(c) = S&l,-4NHj(c)i-NH3(g) AH0 = 13 kcal mol- r 

Our combination of this third AH” with AG” from the equilibrium vapor pressure 
cited above leads to AS” G 32 cal K- 1 mol- 1 for this .-zction, which seems to be a 

“reasonable” value. 
We now use the AH; values above to calculate AH; = -338 kcal mol- I for 

ScCI, -4NH,(c) and AH,’ = -362 kcal mol- ’ for ScCI, - 5NH, (c). Combination of 
these AH: values with estimated entropies leads to the corresponding AC values 
that are listed in Table I_ We also use the second equilibrium vapor pressure given 
above with the AG of ScCl, - 5NHa (c) to calculate the AG,” of S&l, - 7NH3(c). 
Combination of this latter Aq with an estimated entropy leads to the tabulated 
AH,30fScC13-7NHs(c). 

The AG for ScC12*(aq) listed in NBS 270-5 corresponds to K, = 6.7 for 
formation of this ion from Sc3*(aq) and cl-(aq). Paul’s6’ measurements lead to 
K, = 1 l-7 for this reaction in 0.5 M NaClO, solution and she has calculated K, = 90 
ffor infinitely dilute solution. The NBS 270-5 AGF for ScCl,f (aq) corresponds to 
K 2 = 26 for formation of this ion from ScCl’+(aq) and Cl-(as) as compared to 
K2 = IO.9 for OS M NaCIO, and K2 = 37 for infinitely dilute solutions from Paul6o. 
The K, and Kz values from several other investigations cited by Sillen3’ refer to 
different conditions, but all are consistent with K2-zKI. We believe that Paul’s6’ 
results are the best ones presently availabie and adopt the followings 

sc3*(aq)icl-(aq) = &Cl”*(q) K, =90 

ScC12* (as) +Ci- (as) = ScCir (an) &=37 - 

We use these K values in calculating our AG: values for ScC12+ (as) and ScClz (as). 
Paul’s6@ K1 and K2 values at 15, 25, and 35°C permit estimates of AH” and AS” 
values for the corresponding reactions. Because of cumulative uncertainties, we omit 
&se latter values from our Table I_ 

hflorris et aL6’ investigated formation of scandium chlorate complexes at 
several temperatures. For 25°C they reported the following (1 M HCIO,): 

sC3i(aq)icIO~(ap)=sc(cI0,)2~(aq) K = 0.95 

Without trying to adjust this K value to our infiniteIy dilute standard state, we use it 
in obtaining AG; = -141_,, kcal mol - l for Sc(C103)z* (as). Estimates of the 
enthalpy and entropy can be obtained from the variation of K with temperature_ 
Morris et al. ‘I aIs reported less preci se K values for formation of Sc(ClO,)f (as). 

Patrikeev et aL6’ have reported AH&, =86.0 kcal mol-’ and AS&, = 
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62.7 cal K- 1 mol- 1 for the reaction 

3 ScOCl (c) = sc,o, (c) + SCCI, (g) 

We combine these values with the properties listed in Table 1 for Sc,O,(c) and 
S&i,(g) to obtain AH; = - 233 kcal mol - 1 and SC = 11 cal K- * mol- ’ for 

ScOCI(c). In order to make this entropy a_ere with our estimated S” = (14 or more) 
caI K- ’ mol- ‘, it is necessary to decrease the AS” above by 9 (or more) cal K-i 

mol- I, which corresponds to a change of some 3 kc-al mol- ’ in AH” and/or AGo_ We 
arbitrarily make such changes and list the resulting (quite uncertain) properties of 

ScOCl(c) in Tabie I. 
The NBS 270-5 free energies of ScBr’* (aq) and ScBr’ (aq) Iead to equilibrium 

constants (K, =7 and Kz =2) in poor agreement with the results of Paui6’, from 

whom we adopt the following: 

SC3 i (aq) + Br- (aq) = ScBrzi (aq) Ki =120 

ScBr2 t (aq) + Br- (aq) = ScBrf (aq) K,=lO 

Our tabulated AG; values for ScBr” (as) and ScBr: (as) are based on these K values. 
Paul’sso K values at other tempe raturea lead to estimates of corresponding enthalpies 
and entropies that we do not Iist in Table 1. 

McCollum et aLs8 have investigated phase relations in the ScScBr, system 
and characterized Sc,Br, (c). 

We adopt S” for ScBr,(g) from NBS 270-5, while noting that Krasnov and 
Danilova” have calculated a slightly smaller value_ Our S” values for ScBr(g) and 
ScBr,(g) are from Krasnov and Danilovaio_ 

The AH,” for ScBr,(c) in NBS 270-5 and our Table I is consistent with the 
calorimetric results of Bommer and Hohnlann24_ 

Orlovskii and Tananaev2 ’ have reported that the equiiibrium vapor pressure 

of NH,(g) over a mixture of ScBr,_7NHj(c) and ScBrs- 5NH3(c) is 94 mm Hg at 

25 T and that the equilibrium pressure over a mixture of ScBr, - 5 NH3(c) and 
ScBr, - 4 NH,(c) is less than 2 mm Hg. 

Morris et aL6 i have investigated formation of scandium bromate complexes 

at severai temperatures_ Fcx 25T they report the following (1 M HCI0.J: 

Sc3 + (aq) + BrO; (aq) = sc(B10,)~ * (as) K=4.5 

Sc3 i (aq) +2 BrOj (aq) = Sc(BrO,)f (aq) K = 5.6 

Without trying to adjust these A’ vahxs to our infinitely dilute standard state, we use 
them in obtaining AGF = - 140., kcal mol- ’ for Sc(B&,)**(aq) and AC,’ = 
- 140_, kcal mol- ’ for SqBrO,)z(aq)_ Estimztes of the enthalpy and entropy can 

be obtained from the variation of these equilibrium constants with temperature. 
We adopt S’ for ScT,(g) from NBS 270-5, ahhough Krasnov and Danilova40 

have calculated a smaller value. Our S” values for ScI(g) and Sc1,@~ are from 
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Krasnov and DaniIovaJo_ McColIum and Corbett63 have reported SCI~_~~(C), which 

appears to have metaUic properties. 
Our tabufated AH,’ and AG,3 for &S(g) are consistent with the results of 

Coppens et a16& and Steigerbs. 

The NBS 270-5 AG,’ of Sc(SOA)i(aq) corresponds to Kr = 3.9 x IO2 for 
formation of this ion from its constituent ions, in agreement with the v&e fiOIEl 

Kolosov et al. cited by SiIICn 35 as referring to 0.5 M NaCIO, solution. Apphcation of 

the same kind of activity adjustments previously usedss*60 for halide compIexes Ieads 
to the conclusion that the 1;;‘, referring to infinitely dilute solution should be sub- 
stantiahy greater than the values referring to 0.5 M soiution. Similarly, the AG; for 

Sc(SO,),(aq) listed in NBS 270-5 leads to Kz = 22, in agreement with the results of 

Kofosov et aL3 5 for 0.5 M solution, and again we conclude that the & referring to 

infiniteIy dilute soIution should be greater than this vaIue_ Since the K vahres reported 

by Izatt et aI. (intended to refer to our infinitely dilute standard state) are 

quahtativeiy in accord with the activity adjustments suggested above, we adopt the 

fo!Iowing from their work: 

SP(aq)fSO:-@q) = Sd[SO,)* (a.4 K=f.lxIO* 

Sc$S04)‘(a&CSO~-faq) = Sc(SO&(aq) K=46 

These K values lead to our A@ vahres for Sc(S0,)’ (a* and Sc(SO& (as) that are 

Iisted in Table I along with AH," and S” values that are also derived from the resuhs of 
fiatt et aI_66_ 

For S&e(g) we take the dissociation energy (at 0 K) from Ni and WahIbeck6’, 
who have reviewed earIier determinations. Combination of this Do0 with the AH,O 

for Se@ from rUI3S 270-3 and auxiliary data for scandium and selenium from NBS 
270-5 and NBS 270-3 and with (H&8-W~ for S&e(g) from MiII@* Ieads us to 

A& o = 52., kcaI mol-’ for ScSe(g). We combine this AK with the S” from MilIs6’ 
to obtain our AG- 

Leary and WahIbeck6’ have investigated the high temperature vaporization of 

Sc?#% (c)- 
The NBS 270-S AG; vaIues for Sc@eO,J*(aq) and sc(SeO,)~(aq) correspond 

to the foI.Icwing: 

Sc3+ (as) ;SeO~-{aq) = Sc(!TeO,)’ (aq) K=68 

SC”+- (a@ +2Seu- (a@ = Sc(Seo& (a@ K =368 

These equilibrium constants are in reasonable agreement with vzluw from Kolosov 

et aI_ quoted by SiII&r3’ as referring to 0.5 M NaClO, solution. Because the AH: and 
S” values in NBS 270-5 are not consistent with the quoted3s enthalpies and entropies 

of reaction, we omit values of these properties from our Table I. 

Maier et aI.” have reported the enthalpy of precipitation of sC_(S4~0,)~- 
(amorph), We combine their resuIt with our AH,O for Sc3+(aq) [or the corresponding 

AH,0 for S&I,@@] and the AH: = -230_05 kcal noI-’ cited by Ma&r et ~4.~’ for 
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Na,SeO,(c) to obtain AH: = - 655 kcai mot - 1 for Sc&%zO,),(amorph). lf we 

assume that the precipitated material was Scz(SeO,),- 10HzO (c or amorph). we 
calculate its AH,” = - 1338 kcal mol- I_ The NBS 270-5 has listed - 1326.5 kcal mol-’ 

for this latter AH:_ Because we are unaware of any other reIevant experimental 

investigations and have no way of ascertaining the “best” AH: value for Na,SeO,(c), 

we omit scandium selenite from our Table 1. 

The dissociation ener=T of ScTe(g) from Bergman et al_” leads‘ us [with AH,O 

for Te(g) from NBS 270-31 to AH’ = 66.i kcal mol- 1 for ScTe(g), which we combine 

with the entropy from Mills6* to obtain the AGf3_ 

The AG: for SC(NO#~ (aq) in NBS 270-S corresponds to 

SC’ f (ad f NO, (aq) = SC(NO,)~ + (aq) K= 15 

This value appears to be based on a reasonable activity adjustment of the equilibrium 

quotient reported by Morris et al.” for I.0 M perchlorate solution. The K value 

above shows that it can be unwise to use NO, (aq) as a “non-completing” anion in 

investigations of SC3 + (aq). The rtzsuIts at several temperatures reported by Morris et 

al.” permit calculation of approximate enthalpies and entropies for the reaction 
above. 

Yagiov et al.” have reported Ksp = 1. I x lo- ” for scandium orthophosphate 

represented by ScPO,(c)_ This quantity has led them to AG,” of ScPO,(c), which has 

been combined with their estimated S” to yieId a AH,“. In the same paper7’ it is 
reported that scandium phosphate crystallizes from aqueous solution as the dihydrate, 
Sc(PO,), -2H&(c) and that AN’ = 34.4 kcal mol- ’ (from vapor pressure measure- 

ments) for dehydration of this substance. If the solid phase in equilibrium with 

saturated soIution is indeed the dihydrate, the calculations described above for 

ScPO,(c) are incorrect_ Because further information is needed to justify thermo- 

dynamic calculations that can be taken seriously, we omit scandium phosphate from 
our Tabie I. 

The NBS 270-5 AH,0 for ScAs(c) is consistent with the high temperature results 

of Hanks and Faktor”_ We take AH,” = - 31 kcal mol - ’ for ScSb(c) from the work 

of Pratt and Chua74_ 

The NBS 270-5 lists AH,? = 143.6 kcaI mol- 1 for ScC,(g), but we choose 
AH; = 152 kcal mol- I from the work of Kohl and Stearns”. Their results also lead 

us to AH; = 198 kcal mol- I for S&,(g). 

Although we are here primariiy concerned with inorganic compounds and 

ions of scandium, we provide brief mention of some organic systems as follows. 

MoelIer et aL76 and Melson and Stotz” have written genera1 reviews of co- 
ordination chemistry, with considerable emphasis on organic compIexes. Marte1135-36 

have compiled many stability constants. Most investigations of organic complexes of 

scandium have been limited to determination of stability contants at a single 

temperature. We therefore call particular attention to the \vo?-k of Grenthe and 
Hansson”, who made potentiometric measurements leading to K values and 
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calorimetric rneasure&nts leading to AH” values for formation of malonate, di- 
giycolate, and dipicolinate complexes of scandium. 

Wood and Jones” have measured heats of combustion of the acetylacetonate 
and dibenzoylmethane complex of scandium (and other metais) and provide references 
to some related investigations. 
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