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EMPIRICAL CONSIDERATIONS OF ENTROPY o
1. THE ENTROPIES OF THE OXY-ANIONS AND RELATED SPECIES'
James W. Cobble |
Radiation Laboratory and
Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

Fefpi‘uary 3, 1953

ABSTRACT

The partial meolal éntmi:ies’ for ox#—anions and related .specieé_
have been corr.elavte‘d as a function of the charge, inﬁeratomic distanée a
and certain structural factors. An Vequa.tion is given by which the
’ entropy for unknown species can now be estimaﬁec; fairly accurat‘elj‘. '
In .the>f_ew cases where the nethod does not give gbod agreement, .tk.le‘_- E
data are open to s'ﬂspiéioh abs indicated by other independent |
observatiéns. ' Some appiicﬁa'tion's" .and extensions of the _rnéth¢d-are |

indicated for future study. k

#This work was p'erforz'xied'under the auspices of the AEC.
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] mmomicnom

fowell and Latimeg'have recently dénqnstrated‘that it is possible .,
to correlate the entropies of the mongtomic aqueous ions in a simple
maﬁner_as a function of t@eir mass, charge, and crystglliné radii.
The correlation is so striking that it suggegteq the possibility that
a‘similar situétion might exist for more complex aqueous;ions. Such a
correlation would.be generally useful in predictiﬁg the propertiqs of
as yet undetermined séecies, as well as indicating upon what types.ofA
ions further study might be fruitfulov‘One might also hopg thét such
an empiriéal treatment,coﬁld provide some additional basis for a |
better understanding of the ﬁheory-of ionic interactions in aqueous
media., To this end; it has been found possible to correlate the
entropies of aqueous complex ions similar to the methods bf Latimer :

2

et g;,}’ and this communication describes the method and results

obtained for the oxygenated anions and related species.

*This work was peffbrmed under the auspices of the AEC.

1. E. Powell and W. M. Latimer, J. Chem. Phys. 19, 1139 (1951).
2L, V. Coulter and W. M. Latimer, J. Am. Chem. Soc. 62, 2557
(1940). |
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Powell and Connick3 have also recently developed a,theory; for the
oxygenated anions based upon different reasoning, but which, except
in the case of large molecules, leads to quite similar results. The
comparison of these two theories will be the subject of a future
‘communication.

THE GENERAL METHOD |

The equation mroposed for the entropy of the oxygemted anions is

of the form: '

_3/2R1nM a—b(%) | | ()
where 8° is the partial molal entropy (based upbn §° (H ) = VO) '
a and b are genera.l constants for all of the oxy-anions, M is the 1onlc
mass,’ YA the absolute integral charge, and / the effective jonic radius
(in anéstroms), “ Ti’ie necessity for the linear dependence of the |
entr"opy'oh the chai'gé Z has been i:)reViously discusse’d,:L and is in
a.pﬁarent aisagreement with the Boml* electrostatic modél, Attempts
to fit the data to any other power of Z than unity were not successful.
We have also obse"rvéd that in the particular method we have chosen of

assigning the effective radii to the .ions, the data seem to agree
“better with a 1// father than a._l//:2 dependence, This is in digagreg- ‘
ﬁlent with :the model for simple .ionsl where it was observed that An_
inverse square-power of the radii rather than the inverse first power

seemed to fit the data better. The differencesmay arise from the

lesser amount of ion interaction of the oxygenated species with

surrounding water dipoles. The effect of hydrogen bonding between

<

3R. E. Powell and R. E. Connick, private, "o, ueian
communication.

bM, Born, Z. Physik. 1, 45 (1920).
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the peripheral oxygen atoms of the ion and the solvent will, of course,

be greater although the net interaction must _surely be smaller.

THE EFECTIVE IONIC RADIT

" The key t'o the problem was in the a.ssignment of an effective
ionic radius to the i:on. - Powell <'a.nd‘L'za.t:'Lmer:L used thé Pauling5 ionic
crystal 'xb'a'dii v.i'or the simp.lle' idns plus an added one (fof anions) ‘and
two ’(fér cations) angstroms for f,he effects of hydration. No 'suchl
well—defined set of radii are available for oxygenated ions .' Further,
one camot simply add up either the appropriate covalent or ionic
radii df the ion since the 'observed crystal interatomic distanc es
usually lie SOmgwhefe between these two values. It is also clear tha't. "
thé effectivemivonic_radiﬁs will be different for the linear ions than
that for tetrahedral iori’s,' and ‘in genera.l will be.e‘xpe'cted to depend
in some manner on the structure of the ion. Fi_nally, the effective
radii will not be equa.l to the distance from the center of the central ,
atom to the periphery of the outer oxygen atom, since. this rad:l.us
would not allow for penetratlon of the ion by water mol-ecules_._ Indeed,
this distance could not be easily and accurately calculated, since the
oxygen diameter wili be some _function of its formal charge, and the .
crystal data in general would only give the interatomic distances.
After trying various sch-en'les, it was decided to fit the data using the
interat‘cmi.c distance between the central atom and thé peripheral |

oxygen atom, although it was obvious t hat this distance would be

5L Paul:.ng, The Na‘bure of the Chemical Bond, Cornell Univers:.ty

Press, Ithaca, New York, (1939)
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somewhat too small for the effective radius of some ions. These data
are readily available in Y»I;v;rcl'toff,-6 although the values observed ‘for
the distance; ‘12, usually var’y from O 1 - 0.2 X depending upon the
“ecatienic specles mvolved in the crystal .We have found it convem.ent,

therefore, to use the values of r calculated by the method of

12
'Paullng.7 In practlcally all of the cases t.hese calculated r12 values
fall betureen ‘the various observed va.lues ’ except in cases where there
is not enough da.ta on various catlonlc forms to obta.in a good average :
value for r12 (see Table l) Further, experimental r12 va.lues. are not
always a.vallable B a.nd may never be for some ions. ) The method must be

used m.th reserva.tlon for the estlmat-ion of interatomic dlstances

betweeu non-oxygen bo_nds .

THE EMPIRICAL EQUATICN AND STRUCTURAL FACTORS
The equation for the oxy-anions has been found by insp‘ection to

6R. W. G. Wyckoff, Crystal Structwes', Interscience, New York,
Vols I and IT (1951). | o q

L. Pauling, J. Phys. Chem. 56, 361 (1952); covalent radii from
reference 5 except for the case ofv the: firet‘ Tow elememnts, where we
have used’the values recommended by Schomaker and Stevenson (J. Am.:
Chem- .Soc., 6_3_', 37 (19141) Where covalent radii- were not available,
the metallic radii were used. For the special case of hydroxyl ion,
the‘ value of -1.40 & observed in solid hydroxides has been 'used (A. F.
Wells, "Structural Inorganic Chemistry," Clare_ndon Press,_Oxfm'd‘, ‘.
191;,5); this is not exactly equiva.lent to the interatomic distance,' but

thls latter quantlty becomes difficult to deﬁ.ne in aqueous solutioen,

for this specles o

&~
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Table 1
| Comparison of Some Observed
and Calculated Interatomic Distances
Ion Observed (R) (&) ?ﬁﬁﬁi?g method) |
c10,” 148 - 1,56 148
Mno),~ 1,52 - 1.86 ©1.81
Re0;,” 1.80 = 2,02 1.97
50,2 1,61 1.66
croh"2 | 1060~ 1,98 1.86
P0, 3 ‘1.56"1 - 1.56
sioh;‘f .1.627  a 163 |
C05™2 "1.'2,6 : 1;21;
NO3” 1.2 - 1,26 L2
Brog™ 1.54 - 1.78 1,67
No,” 1.13 - 1.23 Ty
oNs™ 142 1.37
50,72 1.39. 134

3

(a) some of these values for the ions containing heavier |
elements may be in error by 0.1 & or more.
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be:

- 3/2 R ln M = 66 - (%) @

where p is related to the interatomic cryétal ‘distance, r12, by a
suitable »struc tural censt.ant, £ |

_ N2
R o /=

It is to be expected for reasons already discussed that £ will be a
function of the ion structure, and this has been found to be the case.
It was also found tha.t within the limits of expermental error a.ll of
| the ions of one structural cla.ss (except. in one case to be dn.scussed)
have the same structural factor. If this were not 80, of course, the .
' method proposed here would be of lltt.le value. The exception occurs
in the tetrahedral class, where we find that the =3 ;Lens‘require a
scﬁnewhat different 'i:actor than the =1 or =2 jons. This need is .prbbably
not due to the failure of equation (1) since a linear dependenee on Z
was observed for the simple, highly | cha’#‘-ged ions .-l We have alse,.’-. '
ebserved the linea.r Z de\pencllence- in the case of- the highly charged
non-oxygenated cdm,falex ions, which will be dislcussed in the secqnd
paper.of t,his"seqm‘nce_. |

The. structural paraméterss»_.their a.v_erage: deviation, and the ions
from which they were. detemined are glven in Table 2. The nf" values
were obtained by d1v1d1ng the calculated value of 12

p necessary to fit the mass—corrected entropy to- equatlon (2)

by t.he value of

It may seem that the des:rablllty of basing a structural factor
in some cases only on the data of a few ions is questionable. This

practice has been used; hof#ever, since the method sugges_tis a structural_

o]
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dependence, and we wish to keep it as flexible as possible. Some '..
values may have to be revised slightly as new data \become avai]:ablé s
and yet the agreement obtained using the calculated values o_f-r.lz,
the factors in Table 2, and equation (2) is good, as is shown in
Figure 1. The average deviation is abaut 3 e.u. foz; some 30 e'Jcperi—:
mental values, and some 12 estimates taken frbm' Latimer 9 Cons_idering
that an error in r12 (or/b) of * 0.05 X. can cause in some cases an
error of up to 15 e.U. this agreenent,_ is a.s goéd as one could expect.

It is interesting that placing a ﬁroton on the ions reducés__ the
need for further strﬁctu:al differentiation, since the hydrogenated
ions now fall in grbupings dependent ‘upon only tﬁe‘total_numberh of -
hydrogen atoms in the ion. We have b.usedi-the _same 1412 values as
calculated fo'r the completely diss’ocia"ﬁed 'ions, igno’ring the effect
of_ the twdméen‘atom" on r12 "Thié is usualiy‘infagreeﬁent with the
erystal structure data. _

‘ It is believed that one of the entfopies of the two triatomic- |
s'hap'ed ions is.‘incorrect, since a much larger deviation in f is
observed for this class. It :Ls further believed that nitrite ibn is.
ﬁhe one in error sincé the independenf method proposed by Powell and
Conni ck also indicates this discrepancy. . Until other data for this
class are available, however, we have no recourse but‘ to .avera'ge the
values for both species. | "

Theré are a few isolated vcases wher‘e' the data cannot’be made to

f:Lt on the curve in F:Lgure 1. These are IO3 s HSeOh s and HCrO.,+ °

In view of the fact that Crouthamel et al. 8 have fcund Ioh to exist

3 ] . -
Crouthamel, Hayes, and Martin, J. Am. Chem. Soc. 72, 82 (1951).
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1n aqueous solution at room temperatures largely as the hydrated "
species, thoé"., it is clear tlat .103- canncgt be considered as ,a‘
failure of the method. Indeed,v this is a casé wheré‘the .theovry might
seemv to be useful in interpreting the data. Hall é.nd .Alexarxierg have
also reported that Ol8 will exchange/galtiggtelg IO3 and the -solvent'.,
suggestiﬁg that some hydration equilibrium does exist for this ion.

No such‘excha»nge- was observed for 0103- where thé entropy seems.to ‘t?e‘ '
normal. Further, the Raman spectra of the aqueous solution also N

, indicate the forlmila for the iodate species in aqﬁeoué solution ié nqt
e‘a‘.mpleal0 The data for HSeOh and“HCrOA—,‘ if correct, indicate a
sn.mllar s:Ltuat:Lon in that the formula written smply does. not correspond
"~ to the species Vp_resent,.,v "The cxygen exchange data are in agreement

with the hypothesis that hydration equilibria exist for these ions

also.

'THE ENTROPY OF IONIZATION
1
Powell and Latimer have also proposed that. the entropy of neutral
species in water can be represented by the equation: -

o _
ST o= Sint.,

+3/2R 1n M+ 10 - 0.22 7 (3v)‘

If one examines the'weak acids, in ,generél, it is found that _fhey'can

be represented fairly well by the equation: .
®-3/2R1nM=30%5. . W

Combining equation (4) with (2) it can then be shown that for the first

IN. F. Hall and 0. R. Alexander, J Am. Chem. Soc. 62, 3455 (l9h0).
lOJ . Ho Hibben, "The Raman Effect arxi its Chemlcal Appl:.catn.ons oM
Reinhold Pub.. Co.; New York, 1939, P. 381°
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ionization of a weak electrolyte, the entropy change is given bys

: AS_ . = 36 = §.1'—.
ionliz . r
12

£ . R . . ) . (5)
We have taken an average value of:_iz for the various specie's. "Equation
(5) is an extension of Pitzer's rule in which the entropy of ioniza-
tion of a weak electrolyte is about 22 e.u. Equation (5) predicts

o . . 0
values between 17 ard 25 e.u, for r 5 values between 1.6 = 1.4 A. The

1
agreement of the eﬁ:p erimental data with equation (5) is fair, é.lthough |
the equation AS':'.LO niz o‘\' = 20 - ?__ fits the (dat.a better to an average
deviation of 2-3 entropy units. The reél_int.efeSt in equation (5) is
that it "pre‘dicts“ the correct trend, so that low values. of ionization
(HZSeOB,"AS&-l%{T) and high values (HzBO3, AS ='_-3l) are now somewhat
easier to understand. -

It can also be shown that the entropies of successive ionizations
will also depgnd upon ;I./rl2 :Ln »g.meral agrgemnt with the few expéri—
mental observations avallable. These results should be generally

useful in estimating entzzjopies of various ionic and hydrated species,

espe gially vhere the 'entrépy for one member of the pair is available.

CONCLUSION -
The method given here may not nece'ssari_'l;y. be unique in systematiz-
ing the aqueoué entropy data, but for methods involving the charge to
radius ratio (Z/p) iﬁlseems to work very well. For ,example,. one can

also use an equation of the type proposed by Powell amd Latimerl for

‘1lg, 5. Pitzer, J. Am. Chem. Soc. 59, 2365 (1937).



=13= UCRL=2103

the simple ions invwhich 1,00 § is added to the interatomic distance
in a Z/(r + l.,OO)2 term, but the fit is not as good, nor can the acid
ions be treated simply in this manner, Another method which gives

fair results is to use the "thermodynamié" radii of Kapustinskii and

112 obtained from lattice energy calculations., The fit

Yatsimuski
becomes poorer for highly charged species, which is what one might.
expect from their treatment of the crystal energies.,

There seems to be no g)Egiggi reason why oxygenated cationie
species should not take on the same structural factofs as their
negative counterparts, but the data are not available to test this
hypothesi-s°

It should also be interesting to test the large amount of
entropy of activation data available from kinetic studies to see

whether the observed values for the transition states are in agree-

ment with those calculated by the method presented here,
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@ : Figure 1. Correlation of the mass corrected
agqueous entropies with the charge to effective radius
ratio.





