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£RE
The consept of pertial molal properties is of great velue in
providing some addiiiocnal basis for a better understanding of the
theory of ionie intersctions in aqueous medis, In the case of
entropies, several equations have been propused to correlaste the
values for vericus types of ioms with the charge of the ion, the
radius,and other psrameters, However, with the building of an
absolute scale of ionle entroples and the convincing evidence point=
ing to a dependence of the entropies on the square of the charge, ell
these equations, except the most recent one, proposed by Leidler for
monatomic icns, have lost their mesning, We have, therefore, in the
light of this evidence, investigated the entropies of the inorganie
oxy=anions in order to obtain a new equaticnm,
In the case of partiel molel volumes of ions, it seems tihat
there has been no ;Ln'berest in the problem for its own seke, Our
present purpose was therefore to obtain & relisble set of velues for
both monatomie lons and inorganie ocxy=-anions, and to enalyze the
dependence of these volumes on the various properties of the ioms,
The gre:ter part of this thesis has been published in the Canadisn
Journal of Chemistry under the titless
The Partisl Molal Volumes of Ions in Aqueeus Solution,
I. Dependence on Charge and Radius, Can, J, Chem, 24,1209 (1956)
II, An Empirical Equation for Cxy-Anions, Can,J.Chem, 35,207 (1957).
The Entropies of Ions in Agueous Soluticn, :
II, An Empiricael Equetion for Oxy-Anions, Cen.J,Chem, 35,202 (1957).
The anthor wishes to thenk Professor Keith J, Leidler for his |
very encoursging and inspiring direction, and the Onterio Research

Foundation for the award of & scholership during the periods 1956-37




and 1957-58, Ve are grateful to M, H, Sussmenn who worked out,
on the Digitel Computer at C,A,H.D.E,, Val Certier, the least squares
snalysis related to Lquetion| 34],
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ABSIRACT

Some methods of obtaining the partisl molel entropies of ions
are reviewed, end the equations proposed for monatomlc lons are dis=-
cussed, The entropies of oxy-enlons in aqueous solution ore shown
to obey the following relstiomship

80 = 4Pe2+ 3RInm-27.2 2 .,

-2 0,25 nr

In this oquati‘on, S:bs is the partial molal entropy relative to a
velue of =5,5 e,u, for ths proten, m 18 the molecular weight, & the
rumber of charges on the ion, n the mumber of charge-bearing ligends,
and r 18 equel to ¥y, + 1,40, where ry, is the interatamle distence
between the central at;m and the surrounding oxygens, and 1,40 is the
van der Waala radius of oxygen, Ihe significence of the empirical
equation is discussed, .

The density data for agueous solutions of electrolytes have
been analyszed, end the partiel molal volumes at infinite dilution
have been caloulated, The values are shown tc be additive, and a set
of volumes for individuel ions has been prepered, based arbitrarily
on a value of gero for the hydrogen ion, It is shown that for a
given velue of the chergs, the volumes vary linearly with the cube
of the ionic orystel radli, and that for a given radius, they wary
with the first power of the charge, In the case of monatocmie cations
the equation ¢beyed is

V= 16+ 4913 = 20 54
while for monatemis enions it is "
V_~4+4.9r3-m Be o




If the volume of the hydrogen ion is teken es =6,0 ml, instesd of zero,
the same equation is cbeyed for both monatomie ostions end emions,

nemsly

ii = 16 + 49 - 26 lz:l °

In the case of cxy-snions, the volumos relative to a value of =6,0 ml,
for the proton are represented by the equation

L = 58,8+ 0,89 (0,25 ur)? - 26 |a| ,
vhere ry, as with ent:;'opies, is given by ry, + 1,40. These empiriesl
equatlons ere explained in terms of a simple. model for ions in solution
and the significance of the effeetive radius used for oxy-anions is
discussed,

The importance of these equations is discussed with reference

to their application to reactions involving ioms in aqueous soluticm,

- S




INTRODUCTION

Although the velues for the partial molel entropies of ions in
aguecus . aolut:;.on heve been known for a few decedes, attempts to accurately
correlate them es a function of the atomie or moleculsr weight (m) of the
ion, of its eherge (z), of its radius (r) end, in the case of complex icns,
of the mmber of ligands (m), ere quite recent,

Powell and Latimer (1), by inspection of the data available on ionie
entropies, found it possible to write the followlng general equetion for

the entropies of agueous monatomlc ionss
' °
[ql] 8% onv -:_g_Rlnm-:-B’l-z'?O_gz
e

o
Here, 3o::on'ir

besed on & value of gzero for the proton, end r, the effeetive ionie radius,

refers to conventionel entropies, i.e, entropies arbitrarily

is the Penling (2) ionie erystal radius W‘;I.th en added correction of 2 X in
the case of cations, and 1 i in the case of enions,

A similar expression has been obtained by Cobble (3) for oxygenated
snions:

L 2] Bgonv -_%_nmmféa-ex%_

However, in contrast with Equetion{ 1), this equetion involves an inverse

dependence on the first power of the effeetive redius ( , which is related
to the interstomis distence (ry2) between the central atom and the peripherel

oxygens (2) by a suiteble structural constent f3
e '.?:L

These structurel parameters sre obtained by dividing the calculated velue
of 115 by the velues of ¢ nscessery to f£it Equation[ 2]e




Using & different approsch, Connick end Powell (4) have also
developed en empirical expressicn for the entropies of oxygenated anions,
Upon exsminstion of the values of those cutropics, they moticed that the
entropies ere approximately the seme for ions of the seme charge end the
sane mumber cf oxygen stoms, but that they become sbout 46,5 e.u, more
nsgative for ecch sdditicnsl negative cherge, and sbout 13.0 e.u. more
positive for each edditional oxygen surrounding the central atom, Cone
sequently they proposed thet the partisl molal entropy of an oxy=anion
could be falrly well estimsted from the empiricel reletion
(3] B0y = 435 = 465 (z - 0,28 1)
where n is the mumber of ciuerge=besring ligands,

The entropies of aquecus complex ions other then oxywanions have
also been studied, end empiricel expressicns have been proposed by Cobble

(5) and by George end sowworkers (6), although fewer dete are availeble
for these iwns,

It must be moted that in all these equations the entropy values
ere erbitrerily based on a value of gero for the protom. Beoentiy, hovever,
Gurney (7) hes proved quite convincingly the entropy of the proton to be
5.5 BJusy and therefore the ebove relationships,which involve g linear
depundence of the entropy on the first power of the cherge, and, in certain
cases, en inverse deperdence on the squere of a correeted radins, hsve no
fundemental validity, arising from the choice of erbitrary entropies and
from the use of arbitrarily correcoted redil,

In e recent paper, Laidler (8) showed that the entropy changes for
resctions of verious ionic types indicate that the ebsclute entropy of

i
|
}
!
?
i
1
!
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ions (related to a value of «5.5 e, for the proton) mst depend

2

on g, The equetion be proposes refers explicitly to monatomic ionss

[4] 8%, = 1o.2+_%_31nn-11.6_£ .

T

Herey, m is the atomie weight of the ion, z the valency, and 2, the
univelent radius as defined by Peuling (2). In view of the epplicability

of an equation involving 52 to the entropies of monatomic ions, we have
T

sttempted to develop & simllar expression for inorganie axy-snions,

In contrast to partial molal eutropies, eomperatively little work
has been done on partial molsl volumes of ions, slthough these are of
some conslderable theorstical and practical interest, perticularly with
reference to the effects of pressure on equilibria and rates, Owen and
Brinkley (9) snd Fajens snd Jobnson {10) have collected valuss for
certain ions, and a few others have been quoted from time to time. The
significance of these values hes oscasionally been discussed, but no
attempt eppears to have been mede to enslyze the volumes with a view
40 seeing how they depend on the valence (z) of the ion, the crystal
redins (r) end other factors, Our investigation has therefore been con~
cerned with obtelning a more complete and relisble set of values far
monatomic ions end oxygenated enions, end showing empiricslly how the
volumes of these lons very with the ehavge; the size, and the mumber

of ligsnds, if eny.
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Seversl methods are evaileble for measuring the standerd entropies
of ions, One of these is an eleotrocheuieal method, If the standard
rotential of an electrode ig known at two or more temperatu:ées, the

entropy chenge ean be c¢aleuletsd uesing

AS-th(%%>F

which, for & substence in its standard state, tekes the form
VR o de’ |

s 1
(5] As = nsh 22

the eonstent pressure condition being omitted as unnecessery (since the
work 1s carried out et atmosphberis pressure); im Equation| 5], n is the
mmber of electrons trensferred during the process end i is the Feradey,
For example, consider the cell

Hz(g) 1 etm | HOL (3517) AgOl (s) Ag(s)
for vihlch the overell resetion is

% Ha(g) + Ag CL(s) —> Ag(s) + H' + €17
and the stendard entropy change is

oz L o - 0 - (o]
L 61 AS®=83 +Spm *806) = TSu(e ~ Sigre)

where S’Kg ’ ng( g)® sigc:.(a) cen be determined from heat cepecity messure-

ments besed on the third law of thermodynemies, Since j?; ia known,
therefore, upon combining Equetions| 5] and| 6], we obtein the following
expression (n = 1 in this case)?

- ) ° - de® ° o . &°

L7 s e Bam =S B * Sagae) " Cagte

which gives the sum of the standard partial molal entropies of the hydrogen
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and chioride ions, If, by convention, the entropy of the hydrogen ion
is teken a8 gzero, it is possible to caleulate the entropy of the chloride
ion, and from this, to build a relative svale of standard ionie emtropies.

An alternative method of determining partisl molel entropies of
iong involves the use of solubility dsta, 48 en exemple, consider the
solid selt Agll in equilibrium with its ions in a saturated sciution:

Agll = hg + €17

In such a reaction, the equil.:lbrium constant is equal to the solubility
product, Ky, at a pressure of 1 atmosphers, end hence the stendard free
energy change is given by
[e] OG° =«RT Ink
Hovever, before esleulsting tle entropy cheange, ) H° is also required,
I% is enlculated in the following way. The totel heet content of the
products in their stenderd states is HZ'g‘-e + ng- whieh is equivelent
to ﬁ:, the stendard pertisl molel heat coh‘hent of the solute Agll in
solution; the standerd heat content or the reactent, which consists of
pure solid AgCl et a pressure of 1 stmosphere, is identical with the molex
heat eontent (HAgGJ.) of ths solid salt, Therefore it is seen that

L9o) A= G +Hy-) - B g

Sinee H3 is the partial molel heat comtent of the solute, it follows that
AH°, in this cese, is equel to the differemtisl heet of solution, But

the solution in question is & very dilute solution so that the differential
beat of solution is equal to the integral heat of solution per mole, Now
thet A G® and AH® ere knomn, A 8° for the process msy be caleulated from
the relation

[0] As° oL AP =5 -8,

where 82 1s the stendard partiel molel emtropy of the selt in solution
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end 8, 18 the moler entropy of the solid salt, But the stendard
partial molal entropy of the solute in solution mey be taken as ths
sum of the partial molal entropiss of the constituent lons, that is

20 o )
Sz-sAs.'.'rScl.’

so that

(1] s§,+ 8 ~af-46 +38
Agt.Q T . AgCl

Here agein, if the standard entropy of either ©f the ions end that
of the solid malt are kmown, the entropy of the other iom may be
calculated, If this is not possible, only a relsative scale of ionie

" entropies can be obtained,

The weekness of these two methods. comes from the erbitrary
nature of the division of the entropy changes, measursble only for
the eleotrolyte &s a whole, into seperste ionie values, Gurney (7),
by a very ingeniocus procedure involving the use of the B-coefficients
of viscosity, suesesds in obteining the absolute entropy of the proton
end hence, in building an’ absolute seale of ionis entropies. The
B-goefficients of viscosity is a eonstent whish sppeers in the following
equations
[12) 7 =7 @+ae +B)
where ’)) is the vie;oaiw of i'.he solution, 17, the viscosity of the
solvent, ¢ the concentration of the solute, and A and B constents
cheracteristie of the éoluta. This equation states thet a sclute alters
the viscosity of a solvent in two wayss the first effect is due to the
electrostatic forces between the ions and is escounted for by the term
A V—c_ ; the sesond effeet, given by the term Be, represénts the con-
tributions from the ¥co=-spheres of the ions® (co=sphere of the ion
referring to the little spherisel portion of solvent which encloses




w]l5e

the ion ard whieh is somewhet modified by the presence of the ion)s in

a dilute solution, the solvent between the eo-spheres of the iong is une
modifled, but the co~spheres of each positive end negstive ion contribute
to a change in the viscosity. In aquecus sclutiouns, st room temperature,
the B-coefficient is positive for the msjority of ions; for some, however,
it is negative, and for these ions the viscosity is the lowest, But the
lower the viscosity, the higher the mobility, in other words, the greater
the diserder, Since the entropy of eny system is to be regsrded ss some
meesure of the degree of disorder, Gurney examined the availeble data to
soe whether a decresse in viscosity wes in fact sccompanied by an increase
in entropy, and vice-versa, Figure 1 (a), whieh is a plot of the Becoeffi~
eclents of viseosity from Table I egainst the conventional partial molal
entropies from Table II, could hardly be more striking end convineing,

It is noticed that the points for the positive lons lie about a straight
line while the points for the negative ions lie sbout & neerly parallel
straight line, but, in both casecs, the ions with the largest ionis entroples
ere those with negative B-coeficients of viscosity, In view of the fact
that the entropy values of Teble II ere conventiomsl, i.e, sll based on
80+ = 0, it is not eurprising that the points for the positive and the
negative icns lie about seperate straight lines, If §§+ were assigned a
value of «5,5 e,u. instead of 0,0 e.u., the velue of each positive ion
would be diminished by 5.5 e.u. while the value of eash negative ion would
be increased by the same amount, so that the sum for any ion pair retains
the seme valne, namely the value derived from the experimental deta, When
these "sbsolute™ iomie emtropies (from Teble III) are plotted against the
Begcoeffisients of viscosity, the result shown in Figure 1 (b)‘ is obtained.
The points for tha atomie ions of both signs now lie ebout a single straight
line,
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Tt is of intorest to note that Lee and Tal (1l) heve devised &
method of determining the sbsolute entropy of the proton., They studied
the following cell

HCl Pt/H,
(e.coem) | ectivity = 1 :

where Hg (e.c.m.), 1.6, Hg polerized to cepillary maximum, refers to

the potentisl et whish the surfece tension is weximum and et which there
is no voltais potentisl et the interface (since there is no net charge
et the 'interface); the petentiel difference should therefore erice only
from H* | H, , From this, the standerd pertiel molel entropy of the
proton was found to be = 5.4 8.1., & value which compares very well with
that derived by Gurney,

An gccurate and convenient method of evalueting partisl molal
volumes mskes use of epperent molal volumes,which ere capeble of direct
experimental determination, Xf V is the volume of & mixture consisting

of nj moles of solvent end n, molee of sclute (n; ) mny), then the apperent

molal volume, (ys Of the solute is given by

va = V- nle,
n,

since, of course,
[ 13] Van¥ +0,Pv .

Combining this equation with the following equation

14 V, = 21’-)
[ 2 (anz T.P,.n,

a—ri



«]9=
which defines the partial molel volume of constituent 2, 1.e., the
golute, we obtain the expressions

35 Tpong (55) 1 -

From Equetion[15] we see that ¥, can be determined by messuring ¢
at various conc;entiatims and extrepolating to zero consentretlion where
1t becomes equal to ¥,, For ionio solutes, the Debye-Huckel thecry
predists (12) that q,. should very lineerly with the squere root of the
concentration, end mwany results heve confirmed this relationship

(9, 13, 14, 15; see, however, Reference 16); the extrapolation is
therefore bssed on this observatiam,

The determinstion of the gpparent molal volums at e number of
different concentrations is based on density measurements at these
concentrations, Consider one litre of pure solvent (of density 4,)
to which are added X moles of solute (of molscular weight M), thus
forming a solution of

(16} volume V= (1+Xq,) Llitres,
concentration c¢ = __X moles/litre,
1+,

and density (gm./ml,) -

(7] d = 1000 d, + XM R

N '('1 + X (p} 1000

Reerranging E@tion[l?] end converting ¢ into ml./mole, we gets
(18] = - 1000 (d-dg),

: L -% - d ( 5. )

(o]




Thers exist extensive date (17)(18) for densities of aqueous
solutions of electrolytes, and the apperent partisl molal volumes
were celoulsted from sueh demsities using the formula [ 18 |, The
procedure to obtain the pertiel molel wolumes at infinite dilution then
consisted in plotting thess () velues egainst |[ @ and extrapolating
to gero ¢, 7The velues obtained in this mamner ere shown in Teble IV,
This teble ineludes most of the selts for whish relieble date sre avail-
sble and which are kmown to be fully ioniged and unhydrolyzed in dilute
selutions, Compounds of B, Bs, Hg (ic), end Hg (ous), and salts such
as Fecl3 end Thﬁll., are not included bessuse there is evidenee that they
are not completely loniged in sclution, while the following sealts are
onmitted becsuse there is evidence that they do not ionize to form
simple ionss €d halides, Au halides, and Sn {ous) snd Sn (ic) helides,
For example, the fact that the cadmdum halides do not behave s normal
electrolytes 1s most cleerly shown by the faell in the molecular con=
ductivity with incresasing concentration as compared with that of normel
dieunivalent selts such es Cd (N03)5 and MgOly; electromotive force
meesurements indicate that thie sbnormelity is due to the imperfect
disgociation of the simple helide, i,e, to the presence of Cd X,,
€4 XT s and to the formation of the complex anions Cd X; and Cd X:.
NHo relisble data sppesr tc be availeble for selts of Tlf“, In ~H".ﬁ‘m&
@’

In an extremely éilu‘be solution, there will be a learge quantity
of solvent that is not neer any ion or modified by eny iom; in this
solution, the eo~spheres of the ions will not overlep except in those
very rare ceses where two lons happsn to be nesr to each other, If
the volume of such a solution could be measured, the contributioms from

the co~spheres of the positive ions would be indspendent of the




TABIE IV

PARTIAL MOLAL VOLUKES OF IONIC SOLUTES (ml/mole)

Solute ‘_'aolute “ Solute -v'solute
K1 18,1* p| AgF =3.1
LiCl 17.1* ! Agii0, 2843%
Libxr 24,0% MBCJ-Q 15.3*
Lix 35,6% Csll, 18,5%
Li0H 6.3+ | srGl, 18,0%
NeSl 16,6+ Be€ly 23.9%
NaBr 2.5 | Ca(m03), 38.0%
Rel 35,1% S0, =746
NaOH ‘6.8* Pb(HO3)2 4205
Na S0, 11,5% FeCl, 13,8
NasS =10,6 FeBr, 2340
KF 646 FeSQ,, =11,9
KC1 26, 8% Coll, 10,8
KBr 33.7* CoBry 23.8
KI 45.3* OO(N°3)2 3).6
KOH 3.4* CaSO, ~4e?
KNO3 38,0% LERN ~10.1
K80, 3L.9% 41(R03) 5 43,0
RbGL 31,.8% 41614 12,9
BbBr 38,7 Lebl, 16,0
RbI 50,3% Fe(03)3 4947
CsCl 39.2% Fe (NOB)B 3605+
CsBr 45,1% CrCls(violet) 13.9
CsI 57,7% Thel, 17,8
T1F 1045 Th(NO3) , 62,6 |

* Quoted by Owen and Brinkiey (9)

+ From lendolt-Bormstein (18); ell other values from the

- Internationsl Critieal Tables (17).
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contributions from the co=spheres of the negative ionsj in other words,
the volumes would be the sums of the comtributions for individuel ions,
The additivity of partial molal volumes of lons 1s demonstrated In
Teble V.

On the basis of this property, it is possible to bulld scales of
ionie volumes, Various procedures for splitting the values for selts
into ionie contributions heve been suggested (10) (19), but since none
is above criticism, the arbitrery procedure|elso employed by Owen and
Brinklsy (9)] hes been used of teking the value far the proten es zero,
Based on this convention, our set of volumes, which confirm Owen end
Brinkley's values where they are given, is shown in Teble VIII foar
mongtomic icng, and in Table IX for oxy-anions, The velues in those
tables cen reedily bs converted into values besed on ancther stenderds
thus, if the volume of the rroten is actually X instead of zeroc, the
velues for cetions will be raised by z,X, where g«X, where %4 is the
velenge; the values for anions will similerly be lowered by 2. X,
where $. is the sbsolute ¥alue of the velence of the iom (e.g. + 2 in

the cese of 87)e
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TABIE Y
ADDITIVITY OF PARTIAL IMOLAL VOLUMES OF IONS
R e
Cl Br I
Li 17.1 “'-6.9"'"" 210-00('—]-1-6'——’ 3506
1 1 T
=0.5 =045 ~0.5
v
Na 16,6 €— 6,9—> 23,5 ¢—11,6—* 35,1
T 0 T
: 10,2 1.1.2 1(1.2
K R 69 B 16— 43
B
|

) E9i




I. Meopatondc Jopa
Although the equation for the entroples of monatcmic lons has been

doveloped by Laidler, pert of his paper will here be summariged in
soms detail since it has an important and direct bearing on the work
we did on the pertial moiel eutropies of oxy-anions,

In this peper (8), Laldler discusses the thecretical and
experimental evidence pointing to a dependence of entropies on the
square of the charge. Borm (21), assuming that ions behave like conduct-
ing spheree of charge ze (e is the charge on the slectron) end redius r,

found the eleetrostatis part of the entropy to be

[19] 8g = e dlaD
2D a4t

shere D is the dielectric constant, For ions in agueous solution et
259, 8¢ 18 given by
L2] 8 = 9.42_&_ esle
if the value of 15 in §. The experimental evidence, which also
points to a dependence on g2 is the following, In the reaction

A + B ¢ + D ,
the entropy cha.née, if one neglec%s, to a rough spproximation, size
effocts, will be related o

B2+ 22) (BF+ R 22

if ionis entropies depend on 3%, but it will be related to

(Zg + Zp) = (24 * %p) = =
if ionie entroi:iee depend tlm %, Leildler applied this test to & mumber
of reactions, and his results are shown in Teble VI, It is seen that,

[ SIS



TABIE VI

Entropy Changes for Reections of Various Ionie Types

— —
- e

S

V atvantis

Reaction 2z 222 éf)
1, Cgis08 + GCgs0" + Fy0 0 0 - 82
2. CgHsiEy + Hy0'— c@5m3 + g0 o o 14
3o B0 HO + 2 2 - 187
4o N OR—NIC oa‘ 2 2 - 189
5. Hx003 + Hy0—>Hy0" + HCO5™ 2 2 = 229
6. HSO, + Hp0—Hg0" + 50,2 2 4 = 26,3
7. EGOy + H,0—>Ey0" + C0,% 2 4 - 35,0
8. HPO,” + Hy0—>Hg0" + PO, 2 6 - 43,0
9. Uy T4 + " 2 8 = 520
10, €10,” + 25 + 2Fe°*—5C10g" +H0 + 2Fe>' 0 & - 735
11, M0, + 5Fe® + 8H'— " + 5Fe” + 4Ho0 -2 ® -23.6
12, 0% +3m” ¢ LE 200 + P 40 -4 2% - 2486
13 Ory0® + 6Fe® + LE20r + aFe* + THO -4 20 - 3392
Y. 20, + 571" + 16H> 2% + sm** + g0 -4 0 - 3592




26
in many ceses, predictionof 8 from g would Jield the wrong sign,
but that there is a close correlation between & snd 22 (see also
Figure 2 vhich i8 & plot of S ggainst s°), Such a correlation
over a wide renge of reactlion types strongly indicetes that the ionie
entropy is a function of z2,

On the basis of these conclueions, Laidler hes proposed the

following new empirical equation for the entropies of monatomic ionsi

4] 8%, "2-Blnn+10.2 - 11.6_z2

Tu

where m is the atomie welght of the ion, z the valency, and r, the
univelent redius given by Pauling (2), A plot of 89, ._a_alnm
against_:& is shown in Figure 3; the mesn devieticn here 15 48 @.u,
The firstutwo terns of Equation[4] meke up the noneelectrostatio
part of the entropy end correaporﬁzd to the free motion of jcus in a
free voluns of 0.73 §°; the last term represemts the electrostetic
pert of the entropy and is consistent with Equetion[20] which is
based on Born's electrostetic model for ions in solut.'ion, although
the eoefficient is slightly tut significantly different from thet
predicted by the Born equation, This is discuzsed in more detail in
a later paper by Laidler and Pegls (21), who developed a higher
aépraximation treatmont than that obtained from the simple Born modael,
by the application of the theories of the dielectric constant of water
and of its veriation with field strength to ths esse of monetomlc ions
in aqueous solution,
i, Qxy-anious

the Geta

The conventionel partial molal entropies of a mumber of oxy=-anions
(22), based on a velue of sero for the proton, are shown in the second
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Figare 2. A plot of the entropy chenge ogainst 22° for
reestions of vericus ionis types,. The mumbers
refer to ths reactions listed in Tehle VI,
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colum of Tsble VII, Thsse have been converted into sbsolute entropies
by the eddition of 5.5 |2-| , where |2.| is the mumber of negative
charges on the ion, end the results are shown in the third colum,

Also shown in the table are the velues of ryop the distance
between the center of the central stom and the center of the surround-
ing oxygen atoms; these values have bsen derived from Penling's covalent
redii (2)., The fourth column of Teble VII shows the values of rio * 1.40;
since 1,40 g is the van der Wesls rsdius of oxygen the distance rlzh-o- 1,40
repregents the redius of & sphere that completely cirecumscribes the ;nion.
An Eppiries] Eqation

An inspection of Table VII reveals that the entropy deereases
a8 the charge increases, but incresses es the interatomlc distance and
the number of charge-bearing ligands incresse, Further examination
shows thet the entropy shows & dependence on z9/r, where T = rip + 1.40.
Figure 4 shows & plot of 5%, ageinst 5%/T, end it is seen that the
poiuts ere grouped according to the muwber of charge-bearing ligends,n,
There is no grouping in terms of the totel mumber of ligands,

Since it is the mumber of charge~bearing ligands thet is im-
portant, it follows thet the distribution of charges plsys an importent
role, 4n attempt was made to correlate the emtroples with dipole
moments es well as with zz, but this proved unsuccessful, One can only
neke estimetes of the dipole moments of iors, but one knows that the
moments for certein symetricel ions (e.g. 50, , PO, NOB') mst
be zero, Even for these ions of gero moment there is still a grouping
with respect to the mumber of charge-besring ligends, More is there-

fore involved than the dipole moment,

CYLL DT
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1ABIE VII
CONVENTICNAL AND ABSOLUTE ENTROPIES OF QXY-ANIONS

= =

Ion S%onv  SCbs Interatomie 5%bs ..3.2__..

(e.ous) CR'W dista.g;:e (*12) = (A) =(3/2)R 1n m 0.25 nr 0.2%nr

Clo 10,0 15.5 1.70 3.10 3.8 0.77 1.30
HOo™ 29.9 35e4 1.24 2.64 24,0 1,32 0.76
BOo” 20 25.5 1.37 2.7 14,3 1,38 0.72
€102~  24.1 29,6 1.52 2,92 17.1 1.46 0,68
A0~ 25 30,5 1,54 294  18.4 1.47  0.68
HO3~ 22,7  28.2 1.26 2.66 16,0 133  0.75
BSO3” 26 31,5 1.39 2,79 18.4 1.39 0.72
Bel3~ 0.4 359 1.63 3.03 215 1.51  0.66
HoPO,~ 21,3 26,8 1.55 2,95 13,2 1.47 0.68
Hads0y= 28 33.5 1,75 3.15  18.8 1.57 0.64
RO4™ 35.0 405 1e24 2,64 28,2 1,98 0.50
0183" 39.0 bbb 1.48 2,88 31,3 2,16 0.46
BrOqg™ 38,5 PR 1.68 3.08 2.6 2,38 0.43
o, 30,3 35.8 1.50 2,9 22,2 2,17 0.46
€10, 43.2 48,7 1.52 2,92 35.0 2,92 0.34
lﬁlﬂ4’ 4504 . 5009 1069 3009 36.7 3'09 0032
RQOA. 50 " 5505 1099 3030 3901 3.30 0030
C0y™™  =12,7 =1,7 1,26 2,66 =13.9 1.99 2,01
s03= 1 4.0 1.39 2,79 =9.1 2.09 1,91
8¢03™ 3.9 1449 1.70 3.0 0.5 2.32 1,72
HPOA-- .8.6 2.4 1.55 2.95 "1102 2'21 1081
%04-. 0.9 11.9 1075 3015 - 208 2.36 1069
304- 4-1 15.1 1.50 2090 105 2090 1038
SBOI;.- 5.7 1607 1065 3,05 1,9 3.05 1,31
0rQ;™ 9.2 20,2 1,60 3.00 6.1 3.00 1.33
HOOA-- 14- 2500 1083 3023 909 3-23 1024
Wo4.- 15 %.0 1095 3035 906 3035 1.19

4“- =520 ~=35e5 1,55 2,95 =491 2.95 3 006

5504--! '3406 18,1 1,75 3.15 32,8 315 2086
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Figure 4. A plot of ggbs ageinst zz/r, where r = r o * 1.40, The
points are seen to be grouped according ¥ the number
of charge-bearing ligands, n,
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The groups correspending to the different velues of n can be
brought together if the effective radius r (r = ryp + 1.40) is multi-
plied by nt in other words, if the entropies are plotted against zz/ In.
4s with the monstomle ions, the correlation is improved if ome subiracts

from the entropies the quentity %R In,n,where m is the molecular weight,

This term is related to the non~electrostatie contribution to the entropy.

Values of(éghs - 3R {n m)are shown in Table VII, and ere plotted egainst
2

___ 22 (elso listed in Tebls VII) in Figure 5, The use of __g°

insteed of z°/mr is purely e metter of convenience, For iomns like SO 4",
for vhich n is 4, _ g=  becomes g</r, while r is correspondingly
reduced for velues 02.12150? less than 4,

The points in Figure 5 are seen to lis close to a straight lire,
By the method of least squeres the equation of the line wes found to be

go . oy 2
[2] g =40.2+ 2RI B="72 i m“)
with a mean deviation of 3.6 e.u,

The use of ry, in place of r wes also investigeged, but the
correlation was then not qnité es satisfactory,
Riscuasion

Equetion| 21] is seen to be of the same gensral form es
Equation| 4], whiéh ves obtained for monatomic lons, It egain consists
of a non-électrostatic‘part (40,2 + %R in m) end an eleetrostatic part,
the £inal term. The corvelstion is sgeln with s? rather them with z,

The relstionships expressed in Equetion[ 21} msy be explained
on the basis of a very eimple model, The ionms with four charge-bearing
ligends may conveniently be regarded es stendard, end for them 0,25 nr
represents the ra&ius of the circumscribing sphere, If, for example,
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n is 2, the radius sppesring in the denominator, 0,25nr, is one half
the redius of the eirecumscribing spherej the behavior of such an imm
(28 far ms extropy is concerned) is therefore equivalent to thet of
an ion heving helf the redius of the circumseribing sphere, IThis 1s
not surprising, since for such en ion the water molecules have much
more sccess to the charge-bearing centers,

The fapt that it is the mumber of charge=bearing ligends
that counts, and not the totel mumber of ligemds, is of soms spesiel
interest end significense, 48 fer ss the eloetrcstatis econtribution
to the entropy ias concerred it is evidently only the total cherge =and
the distribution of charges thet are importent, For the ions undexr
consideration e non=charge~beering ligand can be only an OH group, and
the empirical equation implies thet the presense or sbsence of an OH
group is immaterial as fer as entropy is concerned, That this is really
the cese from the experimentel point of view is revesled by an inspection
of Figures 4 and 5 in whieh it may be seen, for example, that the ions
HoAsO,”, B30, and C10,7, with very simller 2%/r values, have almost
identieal entropiesy this is so in spite of the fact that the ions
contain 2,1, and O non=cherge-beering ligends (OH) respectively, These
CH groups will, of oourse, bchave very much like the OH groups in the
surrounding water moleculea, It is true thet they should contribute some
non=eleetrostatic entroi)y, but such a contribution is very small and 1=
partly taken into asgcount in the %R,ln n term,




Dependenge_op Charge_apd Rgdivg.

In Table VIII is listed a set of pertial molel volumes of
monatonic ions; these values have been cbteined from the partisl
molsel volumes of ionie solutes glven in Teble IV, Table VIII elso
includes the arystel radius of the ions, &s given by Geldschmidt (23).
It is obvicus from an imspection of this table thet the charge on the
ion hes an important effeet on its partial molel volume, For e given
redius, essh unit of charge lowers the volume by approximately 20 nl,
In order to elucidste the effects of charge end radius the procedure
was to determine the effect of redius for groups of constant cherge,
and then to study the charge effect seperstely, The monatomic caticns
present the most complete set of date, and it wes found by trial that
the volumes of these very lineerly with the cube of the crystal radii,
the slope of the plot of ﬁ againsy :r'3 being 4.9, The same relation-
ship was found to apply to the other classes of ions,

In order to determine the dependence on z the values of
Ve = 429 r> were plotted egeinst g, The result, shown in Figure 6,
demonstrates cleerly thet V, varies lineerly with z, The intercept is
16 ml, end the slope =20, so thet the empiricel equation suggested by
the results is |
[ 22] V, =16+ 497 =20 2, .

A gimiler piot for.the enions is shown in Figure 7. Here the deta
exre less oxtensive (there is only one point for |z.] = 2) but the

velues ere consistent with the seme slope of =20, which leads to an
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TABIE VIII
PARTIAL MOLAL VOLUMES OF MONATOMIC IORS

(iH-lb = 0)
Im  r(h) ¥, (ﬁl.j';lﬁ) Remarks
; 14’ 0.78 -1,0 From Oven and Brinkley (2),
e 0,98 1.5 n n
: K 1.33 87 " "
Bb" 149 13,7 " "
; cs* 1.65 21,1 n "
ag* 1.13 =1,0 " "
T 1.49 147 From T1F
H30" 1.70 18,0 From Owen and Brinkley (9)
Ng** 0,78  =20.9 n n
Ca™ 1,06  ~17.7 n n
sr** 1.27 =18,2 . "
Ba'" 1.43 12,3 . "
ca*” 1,03 -20,6 From Ca(NO,),
Pb** 1,32 16,1 From Pb(NO3),
™ 0.83 =221 From ZnS0,
Fe'’ 0,83  ~25.3 Averege from FeGl,,FeBr,, PeSO
co** 0,82 =246 Aversge from Goll,,CoBro, Co(H03)2,00504
M 0,78 =246 From HiSO, -
" 0.80  =18,3 From MuBr,
att 0.83 =430l Aversge from AlCly and A1(NOg)s3
La™" 1,22 =383 From LeCly
Pe'™ 0,67 =446 From Fa(H05)3-average of (17) and (18)
o't 0,65 =44 From 6rC13(viclet)
T L300 =546 From ThCl, end Th(NO3),
oF" 1,40 =543 From Oven and Brixkley (9)
r 1.33 “2,1 " "
cx~ 1,81 18.1 u u
Br” 1,96 25,0 " "
- 2.20 36.6 " "
8" 1.8, «7.6 From Kags




et Voi16+49r3-202
Tl‘ -
7 R+ (VH«&'O)
or //
Li® - x*
-or- a)o<j7€
A No* Mo+ *+
++
C\L 20 ag* 2nt L Mg
- I n
v
: AN — e
q: - Pb’.‘NI"
—30 -
‘ Bo##
Cr+++
-' F#& b
'> -a0 et Sr ‘{
Al'&&é
_50—-
FQ"*
LR X
-6 La
ThE+++
| | | I
] 2 3 4
Z N

/7
Figure 6, A plot of\\h - 449 r3) against z for monatomic cations,
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Figure 7, A plot of (V_ = 49 r3)against z for monatomic anions,




intercept of 4. The empirieal reletionship obtsilned is thus
[ 23] V244490 =0 [2.] .

The appiicability of these reletionships is further
demonstrated in Figures 8 emd 9, which show plots of V + 20 | z|
egainst >, The linsarity observed is quite satisfactory, the mean
deviation of the volumes being 2.4 ml, in the case of the cations and
2,7 ml, in the cese of the anions, Such deviations mey be explained
in pert by errors in the volumes (es high es 5 ml, in the case of some
of the polyvelent ions), and perhaps more importently in terms of
errors in the crystal radii, These latter errors sre of course highly
magnified Ly cubing the redii., There are quite sericus discrepancies
between the crystal redii listed by Goldsechmidt (23) and by Pauling (2),
notebly in the case of lithium for which the vealues are 0,78 z and
0.60 Z respectively, In the presenmt work the Goldsehmidt velues were
found to give better correlastions, and have therefore been used, In
similer work on entropies (8), the univalent radil wers found to give
the best correlations, and there wes little to choose between the
Goldschmidt and Panling velues, presumebly becamse % was involved
instead of 22,

The empirieal equations for cations ard aenions are seen
to differ only in the constant term, This, however, is only a re=
flection of the arbiﬁ'ariness in the choice of zero ss the value
for the proton., The two equations cen be brought together if the
velues for all of the univelent caticns are lowered by ¥ (16=4) = 6 ml,,

end those for the univalent enions ere raised by the same smount,
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Figure 8, A plot of(\-f,,, + 20 z.,.) against r3 for

monatomic cations,
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This mesns that the new standerd is Fﬂ, = = 6 nl.,, and sccordingly
the values must be lowered for all cstions by 6 z, end reised for
ell anions by 6 (s.| « If we define a new partial molal volume by
?:, = ¥V, = 6 z,, equation| 22] is trensformed into
L 24] VI =16+ 491 « 26 z,.

A similer procedure converts equation| 23] into

[25] Tle 4+ 49102 -14 s,

These equations are not in genersl ldentiscel, but become so for the
particular case of |2.| = 1o There is estually only one iom (S™)
for whieh |s.|is other than unity, so thet with the exception of
this case we may vell apply the gemeral equation

L 26] Vi=16+ 4917 -26 s,

to both cations and anions, Figure 10 shows a plot of('-\f-i + 26 lz-.,_._ |)
egainst r°, The carrelation is satisfactory, end even the point for
™" is not too badly off the lins, The meen deviation in this cese

is 2.7 ni,

Rigcugsion
The physical significence of the empirieal equations that

have been developed is not hard to understand, The volume oscupied
by an ion in aqueous soiution may be considered to be mede up of two
termss (1) = term related to the intrinsie volume of the ion itself,
end (2) a term related to the electrostriction of water molecules in

the neighborhood of the lcn, On the simplest view the first of these

terns would simply be & 1Y 3, which works out to be 2.5r% ml, per

mole, where r is expressed in sngstroms, The item that actuslly
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gppeers In the equation 1s 4.9 r‘? the mumerical factor being.apprcm'.m-
ately twice as great, The difference msy be due to several ceuses,
In the first place, the crystel readil ere significantly smaller then
the trué redii owing to the distortion of the electronie orbitals in
the crystel; if it is supposed, however, that the iocnie radii in
solution sre 25% lerger than in the crystal, the two terms correspond,
Secondly, as indicated by the snalysis of the entropies of lons (8),
there is a free volume (of about 0,7 2 ) essocisted with the ions

in soluticn, end this must be added to the apparent volumes, These
two factors ssem to be quite sufficlent to account for the apparent
discrepaney betwesn the coefficients of 2,

In this ecnnection, it is of interest to note that Lee (24),
on the besis of the pertisl molel volumes of wni-univelent electrolytes
in aqueous solution, has proposed the equ.atim
L 27] V=1,8 (V, + V.) - 20,7
where ¥, and V. gre the volumes of the ions in the crystels,

Our aquaticns| 22 and| 23] leed to

L 28] v'i+*?.=m+4.9(r§+r§)-20(z++lz.\).
For the specisal cese of a uni-univelent elsctrolyte this sequation
becomes, vith Vi = 2.5 1'2 and V_ = 2.5 r.3. ’

[ 29] V=19 (% +V,) - 20,
| This equation closely resembles that of Lee,

It msy be noted in conclusion that the present trestment
mekes no explicit refercnce to ionie hydraticn, The elestrostristion
terms in the empirical equations do in e sense cover the effects of
hydration, but in our view the concept of ionle hydration has not
proved to be a particulerly useful one, The electrical field in the
neighborhood of en ion fells contimously vdth increasing distance,
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and it is therefore srbitrery to rogerd some of the water molecules
as ssuociated with the ion and others not. It is no doubt for this
resson thet different methods of messuring ionie hydration munbers

lead to suck videly dqifferent results,

11, Oxy=sniong

Empirigal Equation

Since the equation correlsting the partiel molal volumes of
ell monatomic cetions and anions,
[26]  T=16+4097 -2,
is made up of two parts, one relasted to the intrinsic volume of the
ion end the other to the electrostriction of the water molecules
surrounding the ion, an equation representing the volumesof the oxy-
anions ghould also eonsist of the same tvo terms. |

These volumes, both on the scele of GH" = 0 and ?l'i"' =-0,0 ml,
are listed in Table IX; they have been celculated from density date (17)
and agree with the few velues given by Owen and Brimkdey (9). The
problem with oxy-snions is to define a suitsble effective radius and
to elucidate the effect of charge-besring ligends. Since the use of
0.250r | where n is the mumber of charge-besring ligends end r the sum
of the Penling (2) interatomie distanse, rjp, and the van der Waels
redius of the oxygen atom] wes very suitsble in the cese of entropies
(8), we have attempted fo employ it here es an effective radius, These
values of 0.,25nr are also included in Table IX, From the study of the
verietion of the volumes with the cube of this redius and vith the
cherge, vie arrived at th; following equetion for the volume related

to the value of «6,0 ml, for the protons

LTy




PARTIAL MOLAL VOLUMCGS AND EFFECTIVE RADII OF (KT-ANIONS

/2w

TABLE IX

Ion V conv v 112 0.25nr Soures of V ccav
Nez” 26,5 3.5 1.2 1.32  KeNOp end KHO,
HaPO,, 29:4  35.4 1455 1,47  BeHyP0, end KHpPO,
BphaOy” 355 4S5 LTS 1,57  HeHpdsO,
HCO3~ 3.5 29,5  1.26 1.33  NaHCO3, KHGO3 end (9)
C103™ 3604 42,4 148 2,16  1LiC10;, HeCl03, KC103, and (9)
Brog~ 35.6 41,6 1.68 2,38 ReBr0y, KBrOz, and (9)
B0 34 374 150 2,07  KaBSOy KBSO, HxS0y end (9)
ESe0y" b 34 1,65 2,29  HSeQ
HO4~ 9.3 35.3 1.24 1,98  HNO3, KHO3, emnd (9)
803~ 9.5 25 1.39 2,09  HegS03 and K803
HPO,"" 83 203 1.55 2,20 HagHPO,
o3~ =17 10,3  1.26 1.99  Hegl03, K005 end (9)
€10,~ 46k 52,4 1,52 2.92 1610, NellO;, and NH,C10,
n0," 43.2 492 1.9 3.09 Km0, end (9)
S04~ 16,4 284 150 290 14580, K0y (NE,),80, end (9)
Se0;™ A5 33,5 165 3.05  HegSe0 end KzSeO,
Cr0=~ 20,3 323 160 3.00  Liglr0;, NajOr0,,K0r0, end (9)
HeQ ™ 29.5 415 1,83 3.3 HaploO; and KpkoOy
m4— 2603 38.3 1,95 3.35 l&2m4 ard K2m4 .
As0;~=  ~14s9 31 175 3.15  NagdsO,
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L30] =588+ 0,89(0.25mr)° = 26|e| «

A plot of(?l + 26[2_[) versus (0.25nr)°> appemrs in Figure 11 end
the mean devietion in the volume is 3.5 ml, The corresponding
equation for V_ (related to zero for the proton) is

[31] V. =58,8 + 0,89 (0.25n)° = 32[2.]

Di .

Although the redius (r = ry, + 1.40) is corrected empirically

to teke into aceount the eifect of the cherge~bearing ligands, the
efiective redius thus obteined is easily visuelized, The ion with
four cherge-besring ligends is teken es the stendard end its effective
redius is r. As the rumber of charge~besring ligends decreases the
effective radius is reduced in the same proportion; hence
re =4r if n = 3,

i; Ty = 3T if n =2,
| rg=4r ifn=1,
The ligands (—OH) whieh cennot have & cherge are discarded as they
make no more contribution to the volume then if they belonged to 'Ehe
water molecules surrounding the ion,

An effective radius mey be cslculated by considering only

the volumes of the atoms involved, i.e.

[ 32 T 10 “‘W:ov slent (centrsl atom) + 11(1.40)3

i (where 1.40 3 is the ven der Wasls radius of 0), If this Teale end
the r, obtained empirieslly are compsred, they ere found to sgree
very closely for n = 3; T, i8 smeller then r, when n = 4 but is

lgrger when n = 2 or 1, These differenees arise in part from the
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uncertainty in the radii of the atoms combined to form oxy-enions
owing to a certein emount of interpé‘etation. llorcover, depending
on the mumber of stoms involved, there is some dead space unsvail-
eble to water molecules, and this deed space is included in rg bub
not in Poale®

It is interesting to note that the cowfficient of |zl is
the same in Equation| 30] as in Equetion| 26|, The |z| term is re-
lated in both cases to the electrostriction of the water molecules in
the neighborhcod of the ion, end the fact that two empirieel equetions,
obtained independently for two types of ions, egree in the coefficient
of this term is very probably more then a coincidences it is en indi-
caticn that the scale on vhich the volumes sre based is en ebsolute
scele and hence that ~6.0 ml, is the true partiel molal volums of the
proton, On the scale where ?H. = 0, the coefficient of |z|is = 20 for
mongtomic cations but =32 for bxy-anions. The coefficient of lzlfor the
monatomis anions should also be =32, which it is not (it is =20),
However, it mst bs pointed out that all the monstomic enions are pm‘.-
velent with the exception of 8 , so that the accursey of the slope in
a plot of (V. =4.9r°) sgeinst g depends sclely on the accuracjr of the
volume of the volume of S7; if it were not for 8~ the slope, which is
the coefficient of \zL ecould have sny velue. There are seversl ressons

for doubting the sccuracy of i’szx (1) it is derived from the pertisl

molal volume of only one solute, NajS;(2) if en attempt is mede to bring
together monetomic cations end enions, 8% does not agree with the general

equation, tlus leeding to the conclusion that this equaticn epplies only

to monastomie cations and univalent monatomic anionsy (3) the equation




ff=

for oxy~anions points to a dependence on =26 \z.\ for V' and on
~32 || for V, and sll monatomic snions except S~ can be made to fit
such a dependence, The evidense thus points to -6,0 ml, as the
abgolute volume of the proton,
The ecoefficients of x> do not correspond, but this wes not
expected since the two r's are different, one being the crystel radius,
and the other being derived empirically.

III, Other Equationg

Very recently, there sppeered a peper (25) slsc concerned with
the problem of ionic volumes for its own seke, The amthor, L. G, Hepler,
proposes, for monstomic ions, the following equaticns
[ 33 _V-ion=Ar3-B_§_2
according to which the volume consists of two terms., The first term,
& positive contribution to the ionie volume, is proporticnal to the
cube of the crystel redius of the ion sxd represents the volume of
the sphericel cevity, in the water, conteining the ion; the constent A
hss been evelusted as 5.3 for cations and 4.6 for anions, The second
term is the decreese in volume ceused by electrostriction, i.e. by
compression of the solvent molecules around the loms; bhere egein,
the constent B wes found to have a different value for caticns and
enionss 4.7 in the first cese and 19 in the second.

Al though the difference in the B constants for cations and
enions oen be understood, = since 1t is possible for eniona to inter-
aot with the water molecules by the formation of hydrogen bonds, -

the differenze in the A constants is not sc sasily ssen, It must
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be pointed out that the average of Hepler's A velues is very near to
4s9, whioh is the coefiicient for r> in our equation| 26],

From the figures inserted in (25), it would seem thet Equaticm
{ 33] approximstes very closely the aseepted velues for the ionie
volumes, However, these plots ere rether mislesding sinee they in-
volve, for example, ii%a es sbscissa. If we plot(?ion - Arj)against
;’:2, we £ind that the correlation, execept for enionsg, is in fact not
quite us good as the other plots suggested:s the average devietion from
the straight line is sbout 6 ml., With our equation, this deviation
wes less than 3 ml,

Hepler's equation has the advantage of being the result of a
theoretieal derivation and of containing only two parameters, in
comparison with three in our squetion, However, our equation fits
the date mueh better then his, Furthermore, a least squares analysis
of the following equstion
L 34] §=MB*B§2+C§+DZ

gives
A= 8,40; B=0,40; C=9,24; D==21,07,

fhe aversge devimticn in V being slightly less then 3 ml, This

simply indicates thet, empiricelly, the volumes depend very little

on a term involving %2,
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GENERAL PISCUSSION
It is of interest to note that the ionie entropies depend
on z° whils the volumes depend on z, In view of this fact, the
entropies end volumes of sctivation, whioh sre the entropy end
the volume changes referring to the activetion process

Za

A +B‘25v____:: (ABZA +z,,)*
ere expected'to depend on Az2 and Az respectively.

For the entropies of activation (AS*), A22 is seen to be
equal to 2 z,zp. However, a kinetie analysis (26) of a reacticn
between ions in aqueous solution shows that AS* should be given
by the spproximate relstionship
L35 AS*=-10 zpzg
which has been verified experimentally (26). Equaticn{ 35) there-
fore provides further evidenes in favour of a dependenee of entropies
on the square of the charge,

The volume of sctivation ( AW) is expeeted to be small if
the ions are of the seme sign (Az being zero in this case); but if
the reecting ions are of opposite sign, a positive volume of seiivetion
is expected since Az 1s negative; while a negative AW is expected
when neutral molecules form ar astivated complex in which there is
a separation of charges (since A z is positive), Such a behaviour
hes slsc been verified experimentally (27),

In other words, the entropies and volumes of activatiun ean
be expleined on the basis of the eleetrostristion theory, If, in

the course of the se¢tivstiion process, there is an intemsifieation of




the eleetrical field (as when ions of the same sign come together,
or when neutrsl molscules unite to form a polar substance), there
will be en increase in the binding of solvent molecules, and hense
a2 negative AS* and (W, On the otber hand, if the electrisal

fiold is weekensd during the activation reaction (es when two ions
of opposite sign come together), there will be a release of bound

weter molecules and, as & result, O S* gnd AW will be positive,

Partial molal volumes are also of interest with reference to
the effects of pressure on equilibrium constents and on reaction
rates (28, 29), since these effects depend respectively upon over-all
volume chenges { AV) and upon volumes of sctivation (AW). From

the following equations, derived by ven't Hoff (30),
[ 36) (__u.!s.’a' ) =- A7
T

op RT
and
L 37] (‘alnk) =-0An
: DP - RT

it is seen that the problem of understending pressure effects on
equilibrie and rates reduces to ons of understanding the volume
changes that oecur in the over-all reaction or in the activeted

process,
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1.

2.

3.

CLAIMS TO QRIGINAL RESEARCH

The partial molal entropies of the inorgenie oxy-anions have
been analyzed from the point of view of the factors on which
théy depend.,

An equation correlsting the entropies of these cxy=snions has
been found,

A relisble set of partisl molel volumes for the monatomie
cations and anions end the inorgenie oxy-anicns hss been
obtained, snd these values have been investigated.

Equetions correleting the volumes of both the monstomie

ions snd the oxy-snions have been found,
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