Lawrence Berkeley National Laboratory
Recent Work

Title
EMPIRICAL CONSIDERATIONS OF ENTROPY Il. THE ENTROPIES OF INORGANIC COMPLEX IONS

Permalink
https://escholarship.org/uc/item/4sq567aq

Author
Cobble, James W.

Publication Date
1953-02-03

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/4sg567gq
https://escholarship.org
http://www.cdlib.org/

F

CALIFORNIA — BERKELEY

UNIVERSITY OF

RA

UCRL- 2104

UNGLASSH-ET

a )

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

DIATION LABORATORY




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-

UCRL~2104
Unclassified-Chemistry Distribution

UNIVERSITY OF CALIFORNIA
Radiation Laboratory

Contract No. W-7405-eng-48

a o
EMPIRICAL CONSIDERATIONS OF ENTROPY

II. THE ENTROPIES OF INORGANIC COMPLEK; IONS

James W. Cobble

* February 3, 1953

o
\

Berkeley, California



-2 | | - UCRL-2104

EMPIRICAL CONSIDERATIONS OF ENTROPY
II, THE ENTROPIES OF INORGANIC COMPLEX IONS™
James W, Cobble
Radiation Laboratory and
Depar't.ment of Chemistry and Chemical Engineering
University of California, Berkeley,. Callfornla

February 3, 1953

ABSTRACT

A method is proposed by which the partial molal entropies of

: aqueous canplex ions can be correlated in a simple manner as a

functlon of the ratio of their charge to 1nteratom:|.c <5.:Ls’r.a.nc:e° The
agreement obtained between the observed values and those calculated

by this method has been shown to be within the accuracy of the

experimental data. It is also demonstrated that when the complexing

agent is water alone (i.e.s no cdnplexi.ng) the proposed equation

reduces to an expression similar to that previously obtained by

Powell and Latimer for simple monatomic ions.

*This work was performed under the auspices of the AEC.
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EMPIRICAL CONSIDERATIONS OF ENTROPY
II. THE ENTROPIES OF INORGANIC COMPLEX IONS™
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- Radiation Laboratory and
Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

February 3, 1953

INTRODUCTION

" With the success of Powell and Latimer- in correlating the
entropies of simple ions, and the recent treatmerts of Powell and
Conni;:k2 and CobbleB'i'n correlatibns for the oxy-a_nions, it seemed :
desirable to search for a similar method of_ treating 'é.queous complex -
ions, if, indeed, any such correlation existed. Aithough there é.i'e a
large number of cémplex species wh:.ch have been identified, there are
few whi‘ch have been characterized by a.ccuratev determinations of .
stability constants, and sti]lj fewer for which heat or temperature
.coei‘ficient data are available so that entropy values can be calqﬁlé.ted;
In addition, many of the reported values are subject to large. errors‘
inherent in the conditions required for their study (i.e., high ionic
strenéth), a.rid fi'eciuently large discfepancies exist between values o
reportéd by different observers. We have, however, dserved. a
correlation which is believed té be ‘generally applicable to posit i_vel_y

and nega’tfi.vely éharged complex ions alike, A treatment for neutral

%This work was performed under the auspices of the AEC. :

lpowell, R. E. and Latimer, W. L., J. Chem. Phys. 19, 1139 (1951).
2Pcawell, R. E. and Connick, R. E.» Privéte commnication. -
3Cobble, J. W., Jo Chem. Phys., in press.
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nen_mdissociated- complex ions is »aiso_ presented. .

THE PROPOSED METHOD

Since thé'b'pfievi;o_us _entr"opy_"treétmenté of één@éns: ioﬂs_haire
involved functions of the charge to radius. ratio ,3 it was of _interesf.
to try a similar function for the complex ions. By "complex" ioﬁs,
we mean in this communieatién those jons in which "simple™ ions have
associated to _fo__fm a "complex." Thus, "'sul_fa‘l}e,ior.; would not normally
be thought .of ~a,union of agﬁeous _-S+6ﬂand O'2 ions; .a.lthoﬁgh ‘substarvxces
such as: Fe(CN) 6h. and _F_eBrf. are easily formed in this manner. Further,

-6
2 R4

etc., has not been observed. Our definition is ‘oc'ca‘sienally trouble-

partial complexing of these ions to give species sach as 503"1”, S0

some in the case of a few very stable ions (suchj as PtGlé'?).?.,In:
general, however, the distinction is clea}.i_!,, and for the mm jority of
sons little ambiguity exists in assigning them to either the oxy-anion
or complex ion class. .It is also clear that one vauld expect the
oxy-anions to dif fer from "complex ions" since their immersion in water .
will not disturb the st.ru_ctufe of the _solvérxt. as much as non-oxygenated
species of the same _Z/i'?'l2 ratio. It ﬁi]z-lvbe_se_env,. however, that the. §
hydfoxy complexes (M(OH)+n) fit well into the tre'at.ment.;n'qposed for
the. "complé:d' ions, but did not agree with the n‘e‘th_cd' proposed for the
oxy-anions. .This is br,obably related to the supposition that the band
distances are greater in the M(OH)+n ionic ‘qon_zpi_exes than in partially‘
covalent oxy-ions. -In -any -évent , our original classification which is,
in ‘re:‘ali'ty,f based up'on“ease‘ of dissociation, is as probably uséful

as any o_theAro:
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In Figure 1 the partial molal entropyl* has been plotted a.ga.inst

the ratio of the charge to 1uheratomic distance (rl2 =r ¢ r2) for
the ion, since this function had been found to be useful wlth the oxy=

a.nions . 3

The interatomic d:.stances were computed from the sum of the
appropriate ionic5 and cova.lem:.6 radii. In cases where ‘the . mgnetic
‘evidence was not ava.ilable to make such a 'classifica.tion, _vth'e_ decision

has been based upon chanical-reasoning. * _'I_‘he ‘di‘ stinction will cause

byalues obtained mostly from Latimer, W. L., "Oxidation-Potentisls,
2nd Ed.; prmiee.nm, New York; 1952; data for the aluminum fluoride
'cemplexes a.re from Latimer, private oonmunication (in preas), A3012

from Jonte, J. H., and Martin, D. 8., J. Am. Chem. Soc. ._’t’ 2053 (1952),
Sncl ) Sn012°, Sncl3 from Vanderzee, C. Ev and Rhodes, D, Ev) J , Am,
Chem, Soc, 15, 3552 (1952), SnBr > SnBr2 s sms,rB from Vanierzee, Co Eoy

given by Furman, 8. c. ‘and Garner, C.S.y J. Am, Chem. Soc, ‘_?'__, 1785
(1950), and assuming that §° of V 3, a.q,, :La —66 e.u. (calo. from
reference 1); FeF ? caleulated from Urd, N., Chem, Rev. 50, 375 (1952),
“Tonie Radii from compilation of Wyokeff, R. W, G,, "Orystal

Strue tures," Interscience, New Yerk, 1951, Vol. I; t.his comp:!.la.t.ion is
‘more camplete for :Lonic radii.than reference (6) |

, 6Cevalent. radii from Pa.uli.ng, Ly "Na.ture of the Ghemﬂ.cal Band,
Cornell Univeraity Press, Tthaca, New Yorlc, 1938, for the radii of .
’ molecules, we have used the radius of NHA for NHB(ZL A8 R) and
«L.1 & for No; the value of 1,40 & for OH” end 1,92 & for ON” ave from.
Wells, A. F., "St.ruetural Inorgan:l.c Ohemistry, " Cla;-endon Press,
- Oxford, 1.9&5._
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Figure 1, Tllustration of the absence of
correlatien of the aqueous entropies of comples

ions with the charge to radius ratio,
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little ambiguity in the’ flz‘values except'in those cases where the -
complexing agent is molecular (NHy, 50,72, ON, and NO). Tt can be
seen that the method illustrated in Figure 1 is of little use in
classify:vi.ng.érr comparing the species, since there is no obvious E
separatioh'inbo groups dependent upon su ch variables as radii, _charéé ’
nunber of ions malcmgup .t.h’e. complex, or structure. For éxa!fiplé,

art?

ard Cé(NHB) 543 have abqu.t the séme Z/rlz values, yet they differ
in entropy by 120 entropy units; Zn(CN) 11::2 and. SJ'.F;”2 have the' same '.
clarge, but differ by 92 e.u.; Co(NH) 5> and Fe(CN) 6”." have the same
ent ropy:-but.no other obvious similarities; ete, ' -

' It thus aiap'eared that little, if any, correlation éxisted-until
the observatioﬁ was mde‘that the ert ropies of highly complexed species
(Gé(NHB) 5C1+2, AuBr,”, Zn(CN) 1:'2) appéar to be uniformly moré pésiti;ve'
than the entropies for lesser complexed ions- (FéBr?z, AlF‘+2) ;.. This
situation indicates, of cours?‘, less interaction of a restrictive.
nature between the highly comp,l‘exed ion and the solvent molecules,. .
than with the lesser complexed ions, and suggests that this fact should
be considered in the thermodynamic ehtropies under considefatidn;,

Therefore, we have defined a quasi-thermodynamic fuﬁcti'on > the
"correqted" partial molal entropy, §" ,.‘which arises from the following
conside;ations., In the complexing of a simple ion:

Fe*2, aq., + 6CN", aq. = Fe(GN)(% ag.s (1)
the entztop-y cﬁan‘gelfor the process is measurable, and the entropy of
the complex ferméyanide is given by

5° complex

5s + 68°(cN”, ag.) +

§°(Fe*2, aq.) (2)



S

s° represerxté the "normal," part:l.al, molal entroples for 1onic spec:.es
commonly in use. One ca.n, however, also treat equa.tmn (1) as a replace-»
ment of the water in a fully coor_da.mted aquated ferreus ion by cyanlde
» ions,‘thus: ‘ v o
+2 _ e L =l ' '
_Fe(H20v)6 > ag. + 6CN , ag. = Fe(CN)é s agq. * 6H20 (3)
for which: | o
. ey, . - R, =0, = o - +2 . .
S = s’ (Fe(CN) 4 b aq.) + 63?(H20) - 65°(cN, aq.) - 5%e.  aq.
PR -0, - -0, - +2 \ .0,
S. complex = AS + 65 (CN , aqs) + S (Fe , aq.) - 6S (H20), ~(5)
where St refers to the "corrected" entropy.
4S is the same in both cases, being an experimental ebs_ervation,
ard the-corrected. eht.ropy; aSS', is related to the "normal entropy, §° ’
by the relation: A
§ =8°- nS°(H20) - o (6)
where n represents the nwnber of water molecules replaced from the
normal coordinated aquated ion by the complexing e.gen‘c“-,’Z’8 In general,
whéther the complex ion can be f_orked by simpl_e replacement or not is
immaterial, as long as one 1s consistent in using the same f(end correct)
"n" value for a particular ion. |
. . . -
In Pigure 2, the corrected entropy values, S , have been plotted as

before against the same Z/r12 valwes, and it can be seen t.he.t there is a

7

This value of "n" is s:.m:Llar to t.he "charact.eristlc" and "nmnnnnn"
coordination numbers of Bjerrum, J., Chem. Rev. 46, 381 (1950)

8S:l.nce this paper was mtmd, Professor Latimer has- also
independently, although earlier, used this same method in treating the

entropies of hydration in the aluminum fluoride complexes {c. f., Jo Am,
Chem. Soc,, to be published).
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Figure 2. Correlation of the hydration corrected

entropies of complex ions with the charge to radius ratio.-
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linear rélafionship between S' and Z/r12 which is, by inspection:

5' =19 - 99 (2/ry,) ‘ ()]
This equation strictly holds only for oompleic ions which contain.
monatomic ions as ligands, ard not molecules. To fit the 'molecularly‘ :
complexéd species, it was necessary to introduce a structural factor;
f, so that ry, = r; + rp.  This procedure was_:ne'cessary :.n the case of
the oxy—anion33 and wouldv be expect'ed' to be nécessary_ in éomparing the
complexes involving complicated gmups (NO, 3,' étc;) ﬁth monatomic
-ions (er g,,(hallﬁés, etc.). The need for the ét;mcttral factor for.
the former is undoubtedly related to the fact that these complexes
have a more Yopen" structum_., The calter of gravity of the complexing
' molecule as a whole cannot approach the central ion as closel“y. ajs; a .
monatomic ion can because the charge distribution of the former.is. not
uniform. Thus the calc\;lat.ed interatomic distance does not represent
the effective radius of the ion, being too. small. At p:"r_esent, neither
the abu;;dange-..nor ‘accuracy of the data require but a single structural
factor'(f = 0..,65'_) for all of the known molecularly complexed ions for
which data are available: (vo, NH3’ CN , 303°2). ‘I‘his approximation
may hé.ve to be revised at some future date. It was not necessary to
use the facta for hydroxy complexes (M(OH)+n) because, apparently,

of the small éize of the hydrogen atom.’

The average deviation of the data given in Figuré 2 is about eight
entropy units. It should be noted that the exﬁe_rimental determinations-
of the entropies of complex ions are subject to much larger errors
than are the enﬁropie’s of the simple ions or oxy-anions. Many of the

entropy values have been cbtained from equilibrium studies at d:i.fferent



«1l- _ UCRL~-2104

temperatures in high ionic strength media. In an excellent review
article, Young9~ has pointed out the various difficultie:s‘ in obtaining
true thermodynamic c(mst.ant.s from such studies, since the values aﬁ
infinite dilution are required to calculate the S° (and hence, 5‘)
values. Furthef, while the stability constants determined by cells
with liquid Junctions are usually more accﬁrate and reproducible,‘- the
potentialls"x‘naj also suffer fram unknown juriction potentials as well as
"high ionic .s'trength corrections. Thus, the 4S data for cadmium chloride
obtained 'by Kinglg in 'squbilit.y studies were for 3 molar chloride
solutions, but absolute ent ropies wefe cal_éula.ted using standard state
part.ial molé.l entropies for the Cd-"‘2 and Cl; ions.' The se erlt.ropy- o
values reported seem rather low in .Figure 1, and we would assume that
when the. proper c,orrection‘s can be mde, the cadmiuni,daloride values -
will mmesp§nd _mdre closely to those mredicted by equation (7).
Fﬁrther,- we have no accmjate means b}:which’ to evaluate the true
interé.ﬁomic distances for aqueous complex species, and most certainly

the r12 valﬁe‘f‘- for SnCl. , for example, is not thé same as that in ,

5
snc1”, although this had to be assumed in calculating (Z/I‘lz)

gere ral, hcwever, ‘the radii are probably mare accurate than the
experimental errors and not greatly affected by solvation. . Cdnsider—
ing these difficulties, it is believed that the average deviation

corresponds rather well to what one expects from the accuracy of most

9Young, T. Fos "Annual Reviews of Physical Chem:.stry, n Vol III,
Annual Reviews, Inc., Stanford, Cal:.fornla, p. 275. '
10king, Eo L.s J. Am. Chem. Soc. 71, 322 (1949).
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of thé‘rlda.t.a-'.h

“There are four ions which ¢amot be treated by the proposed method,
and were omitted from Figure 2: 'A1F2-+,~ AlF;, -‘HgBrh"z,-and Au(cN)z'.'. |
In the case of the Iatfer,’ ~the va.lue»feportedll for the potential leads
to a value fo'rthe-'d:i.‘ssociation constant of 10"?9,' which seems
rem rhkably Tov (Cu(cN),~1 1 x 1076 ag(om),™r 1.8 x1072%). 1f it
is -assumed that the heat of formation is correct (AH? = 58.4 keal |
molé“"l')r 12~, then the predicted value of the entropy of 64 e.u. (exp. - .
value calc: “29.5 e.u.) l'ea.dis' to a much lciwér value of K ‘(»lO_BG).
Tilis value is still small bﬁt.'séems corrected in ‘the right direction.

13

' The»da.t.a of Sherill™ on the halide complexing of mercury do not,

i'na t.h‘é case of the chloride complexes, agréee with the more recent
vé.luef‘s of Johnson, Quarfert and S:'l.llen.]'-5 If the data for the HgBrl:2
‘are also incorrect, then the entropy value éal‘eulated for this 'spe’cies
by Laf.inierh_ is also: inéorrec£, “as indeed, equation (7) predicts (exp.
84 e.u.; cales: ‘39 e.u.). | | '

In the case vof | the two aluminum fluorides,:, no apparent explanation
seems very satisfactory in view.of th'e fact that the entropies of
A1F'6"’3 , MIF73, mF 2, BF, » Sipé."z,' TiFénz, and FeF'> seem to fit the

proposed treatment. Unless these species are dimerized or further

g, Bodl#nder, Ber. 36, 3933 (1903).
' 12National Burean of Standards, "Selected Values of Chemical
Thermodynamic Properties," 1948. | ‘ , | , ,
13sherill, M. S., 2. physik. Chem. 43, 735 (1903); 47, 103 (1904).
Lisohnson, Quarfort, and Sillen, Acta. Chem. Scand. 1, 46, 473 |
(2947). |
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hydrated, we are unable to acéount at presenb for this apparent .

- . +* .
discrepancy:: Ath , obs.: 5 e.u., calc.: 62; A].F‘2 s Obs.: =23 e.u.,

calc.: f28.>
+2 +
5 3 uo 5 are

also in agreement with the present treatment (not shown in Figures

It is of interest to note that the oxy-cations UO

1, 2), while they did not seem to fit well in the treatment of the oxXy-
anions.> This may be accidental, and much more data will be required
to see if this class in acﬁuality represents a complex ion of the type

15

under.discussién.
We have also included in Figure 2 some estimates ﬁade by Latimerh

which are based on only partially complete thermpdynamic data.

NEUTRAL SPECIES

The same genéraiAmethod can bé extended to'ﬁeﬁtréi speéies andu
seems to reasonably ébrreléte'the few dété which-afevavaiiable. Table-I'.
contains the calculated'and;observed‘entrqpies for five neutral hélide
-complex jons. The‘cdlculated values are from the équation obtained by
inspection: | _ v

5' =132 - 354(L). S (8)
12 ,

The mean deviation of the calculated and obserVed valués is w7 é.u.,"
although if the cd012° data are‘nbt used for reasons al ready giveﬁ,
then a revised equation ¢én‘be used with a much smal ler avérage devia-
tion, Much more -data on these speciés will have to be collected beforé

'_ the general validity of equation (8) can be established.

15 . ' 4 ' .
. See also: (Connick, R. E., and Hugus, Z. Z., J. Am, Chem, Soc.
Ths 6012, (1952). | -
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"TABLE I
" Neutral Aqueous Complex Ions

Species r12. & 5° obs. 5° cale. S ‘calc.
snBr® 2,98 4T W 13
ca, 219 @5
a® 2m 3w oAa 4
" .
A1F3° | 1.88 -6 -6 -56 .

GENERAL EQUATIONS FOR COMPLEX ION FORMATION
The general equation for the compleﬁhg of a simple ion by ionic

1igands can be written:

;;M?(HZQ)Y, + zN - = -MXNZ(.H2O‘) ‘ + :_‘.zH20 . (9 -

Reca]llng that Powell a.nd Lat:.merl have proposed for the simple :Lons |
the expressmn- o | o |

3/2R1nM + 37 - 210 Z/re ) (10)

for which we can sabstitute vﬁ.thotrb any 1oss of generality-and little
in accuracy:
= 49 = 270 Z/r

e’ (11)

where r =Ty +.1,00 M° for anions, and. Ty + 2,00 g-for cations. .
Combining equation (11) with (7) we. obtain for the reaction in equation

(9):

h9 + 16,7 z - 49(z + x) - 99(xa - bZ) + 270[ bz +,,,xa
T12 I_(r2 ’ l) {ry +2)°

xa\bz (12)
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Diffe?entiatlon of this expression with respect to any one of the five.
variables (x, a,by, %z, b) results in still complicated expressions which
contain more thanvone term and freqﬁently four variables. It thus
appears that any "rules" or generalizations for entropy charges on
complexing, in order ﬁo be accurately in agreement with equation (125
are not simply formulated, since the eign of the dif ferential will
'depend‘upon the felative»maghitudes of the various tems. This expﬁes—
sien should be useful in eomparing A5 values of one cationic SeQuence
and a partlcular anion complexing agent, 'with another series of the
same catlonlc sequence and a different anion. In these cases, it might
be hoped that the expression would be applicable even in non-ideal
situations of high ionic Strengih |

One generallzatlon is evident, however, from: our replacement model:
The entroples of complex ions of the same catlon-anlon palr which have
| the same charge will differ by the dlfference in thelr number of llgands |
tlmes the entropy of.water, the-more hlghly complexed'species hav1ng the_

- . . o e = elles bo' H
larger enpropy,bthus, SnB ry - 59 — =25 (H20) 33 e u., (obs. 45);

25(snCl; - 5nC17) = 33 e.u., (obs. 39);
As(A1F5"2 - aF" ) 67 e.u., (obs. 52)»

If the general hypothe51s of hydration which has been outllned here is

valid, then it ought to be possible to calculate the entroples of the

monatomic, aquecus ions.by ourfsane‘geheral method. For ﬁhese ions,

8° = § by equation (6) eince n' = 0. Thus the general expreesion (7)

5° =49 -99(2_\ |
| 12/ | - - (13)

becomes:
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~ which we can compare to the modified Powell amd Latimer equation (11)
_‘fbr:monat-'bmifé' ‘jons. - These two equations’ are strictly compatible only

if 270 2 5 99(2_). Tdentifying r g, withr), gives r, % 27X ;
r2 . \Fp, T T

=1y +2 X for the cations, then -rl_*‘a' 0.7 & for which these two

expressions are exactly equivalent. However, equati_on _(ll)" is somewhat -

since re
insensitive to changes in r, and since most of the simple ions have o
radii lying between 0.55 (Al'f3 ) amd 1,70 (‘C.sf) %, equation (13) -

effectively (though not as accm'at_ely__) also reproduces the entropies
for most of the monatomic ions. - This fact is illustrated in Ta‘p_le' 2. ..

The Vagreem‘entis_- obviously poor for extreme ,«ziyalues?

Table 2

‘Calculated Values of §° for Some Monatomic Cations

: .- o '.;.o | - a h
Speq;tes S . ~S.-',("obs,-)u . 5 .:(rcalc-.,) ’('. ). o
st a2 o 20
= o | g 14 o | 15
gt . 18 14
et :
Sr -9 ~15
e 13 -49
+++ (R
A =70 =75
PN a7 " -8

:(a) Cale. from equation (13) using ionic radii of reference 5, -
and r, = 2.0 &.

The general usefulness of the method will perhaps be greatest' in
obtaining bond strengths for complex'épecies from 'equilibrium measure-

ments at single temperatures. Thus, it is now possible to estimate
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heats of formation for many complex‘_ions for ymigh__-only _frée’ ‘energy data
at one temperature are now available. It is aiso ‘.possible that the
method may be useful in aiding the ext;-apolation of thermodynamic functions
%o infinite dilation. |

Although the heats of fqrmation will> be in error by only a few
kilocalories due to an error of.'S-lQ ‘e.uf. :m the estimat.ion‘ vof 4S values,
- the need for much more accurate ertropy determimations .(‘and rédétermina—-
tions), propérly corrected to s’panda_rd state cbn’dition‘s is vaidus fromvb
the scatter of the data 'in-Figurve 2 and lack of agreement in the litera~

ture between various observers for sane species.
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