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EMPIRICAL CONSIDERATIONS OF ENTROPY

“III. A STRUCTURAL APPROACH TO THE ENTROPIES

OF AQUEOUS ORGANIC SOLUTES AND COMPLEX IONS*
James W. Cobble |
Radiation Laboratory and
Department of Chemistry and Chemical Engineering . .
University of California, Berkeley, Calif arnia

February 3, 1953

ABSTRACT

| Ai’Method for estimating the centropy: of éomplex aqueous organic
solutes aml rel_af.ed species has;é beén developed by a sﬁructm'al
extension of a method of Powell arrl‘ Latimer for simple solutes. The
agreement between ca'lculatéd and cbserved values is, in general, good,
_although systematic deviations‘begin to occur for very cémplicated
and large solutes. The method is extended to the calculatién of the
entropies of éharged organo-metallic complex ions with good success,
and péssible applications to systems of bioclogical interest are |
indicated. | |

Subsequent to the development of the general meﬁhod fct:{ estimating

the eﬁtropies of aqueous :solutes s an empirical equation is also given '
for calculating gaéequs et ropies of both inorganic (ionic) and érganic

molecules from thelr structures..

#This work was performed under the auspices of the AEC:
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Department of Chemistry and. Chemical Engineering
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 INTRODUCTION
‘The success of our prgvious attempts, as well as otherspl’z to
correlate and calamlate the entropies of aqueous in’or'gan'ic ion33 has
led to an Ainvestigat.ion of 'a,' similar correlation for organic aqueous
spes:ieso 'Theéé molecules are of particular interest bdne to current

b

inter‘est in organic complexing and chelating agents and are much more
gérxeral and abundant and vaﬁed than inorgénic species. Further; the _
accumulati'on of the thermodynamic data for many types of organic' |
eompounds5 has now provided a sizeable amoant éf informtionlwith which

{when combined with suitable solubility determirations) one can

evaluate the absclute entropies for 'aqueous (:ompl;é;dng@g‘enﬁsﬂfﬁngmm@

#This work was performed under the auspl@es of the AEC.

E 1z, E. Pcwell amd W, L. Latimer, J. Chem. Phys. 19, 1139 (1951)
2R, E. Powell and R. E. Connick, Private Communication, 1952.
BJo W. Cobble;, J. Chem. Phys.; in press; papers I amd II of this

sequence.,

1".1&(> E. Martell and M. Calvin, *Chemistry of the Metal Chelate

Compounds, " Prentice-Hall, New York, 1952.

’Summarized in Volumes I-IIT, "Anmual Review of Physical
Chemistry," Annual Review, Stanford, California, 1950-=52.




b |  UCRL-2105

cases of neutr_a.l solut es, vthe activity coefficients and thermochemical
_heats of solution are also available so that as a class the data for
neutral'brgénic species are as accﬁra’oe as that available for inorganic
solutes.. ’V

An attempt is also made to correlate the data available for
metallo-organic complexes and chelates, although fhe data for fhis L
particular species‘are probably the least accurate yet treated. Never-
theless, we can semiquantitatively illustrate some general principles

which are believed will be generally applicable and useful.

STRUCTUR AL. DEPENDENCE

One ‘can conclude from the previous tréat.ments that the size of an
aqueous soiute is primarily responsible for the magnitude and sign of
its partial ﬁolal entropy. While the charge is also important, this
‘is probably due to the effect of prientation of nearby ﬁat,er molecules,
- which can Ee looked upon as a chénge in the effective size of thvev' solute.
In f.he inorganic jons, the size of an ion could be related to raﬁher ‘
well-defined interatomic distances in the ion. | This method proved
successful probably because of the -inherent simpiicity and limited .
number of atoms in the i»ridrganic bionso Further, those ions of larger.
size (i.e., complex ions) usually possessed high symmetry (PtClé.-.zg
Fe(CN)h'[‘) and coulldv also be well defined by a single interatomic..
distance. . With organic ions,; the simplicity and symmetry ra.pidly
disappears with increasing numbers of atdms, and it was clear that some
other method would have to be used for ofganic solutes. One perhaps
~could effectively use the partial molal volumes, but these data are

not generally available. A possible solution can be found in the
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1

recent treaﬁment that Poweil ard Latimer™ have proposed; which bases

- the aqueous entropy ﬁpon the molar volume of the pure liquid state

of the solute. The equation which they give is:

5°-10+2R1nM+5, o -0.227n @

where S° is the partial molal entropy at 2‘50 for the hypothetical one
molal ideal solution of a solute of mass M which has a molar volwm,
Vm, in the pure liquid state at 25 C. S( nt, ) is the internal- entPOpy'

of the molecule; whlch is assumed to be the same for the dlssolved

- solute as for thmat of the gaseocus molecule, and is thus given by the

total entropy, sc(’g),_ less the translational entropy, 3/2 R 1n M + 26,00,
The gaseous entropys S?g) s can be approximted by the entropy of the -
pur e subétari'ce plus its entropy of vaporization, but the entropy of . |
vaporizatidn' is not always available for substances which are solids.

at ordinary temperatures; or which decompose easily when heated.
(sugars, amino-acids, et‘cq); Therefore, use has been made of the
obsérvationé previéusly made by others that the entropies of pure
organic compbunds are generally additive in some simple_ manner ._depgnd«=
ing upon the nunber of atoms in the moiemle, and in the way in which

it is put ’(;oge’c.!ner‘,é':’8 Thearetical justifiéations for these empirical

-6G° S. Parks and H, M., Huf fman, "The Free Energies of Scme Carbon

Compourd s;" Chem. Cat,alogue Co.s New Yorks 1932,
TH, M, Huffman ard E. L. Ellis, J. Am. Chem. Soc. 57, 46 (1935),

- 59, 250 (1937).

8Nati onal Bureau of Standards and American Petroleum Institute
Circuiar C=461, nSelected Values of Properties of Hydrocarbons," 3
Washington, D.C.s 1947. ' v
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‘ 10
.treatments have been discussed by others,% An equation which will
reproduce the entroﬁieé of gaseous molecules (standard state: ideal
gas at unit fugacity, 259 ¢.) has been found by inspection of the

entropies for a wide variety of compounds:

o ' -
S(g) = S?Tra.nso) + 9,2 (N) - s‘(’s)

3 ' o
=SRlnM+ 26,00 + 9.2 (N) - S(s) (2)

where N represents the nunber of "skeletaj." .borxied atoms in the
corﬁpound (total bonded atoms minus hydrogens), M isthe mss of the
molecule, and S?s) is the entropy loss computed emp:l'r icélly‘ 'frovm‘ the

" observation that dewle bonds, rings, and" vbranchedvchains all lower the
entropy from an equivalent "normal® linear molecule. The entropy-loss
values are givén in Table 1. It seems to make little difference
whether N is an niﬁrégen, sulfur, hydrogen, or oxygen atom instead of
carbon, and eqﬁation (2) will, for N = O, réduce to that‘required for
monatomic gases. Electronic contributions to the ground states of |

atoms and molecules have been ignored..

Table 1

Structural Correction Entropy Values

)
Structure - ' -S4 (e_.u,)
double-bond 3.5
triple-bond L5
ring : 14
branched chain ‘ 3.0

‘> 3 Adjacent -OH groups 16

- 9M. L. Huggins, J. Chem. Phys. 8, 181 (1940).

10K° S. Pitzer, Chem. Rev. 27, 39 (1940).
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The origin of the required subtraction of 16 e.u. ;or molecules
possessing > 3 neighboring -OH groups is interesting. It was first
noticed by inspection of the solution data and thought to be due to
some special type vainteraction of the sqlute molecule with the
solvent. Actuwally, howéver,hit can be demonstrated that the effect
is also present‘in the g&sebus'molecnlé, and therefore probably does
not consﬁitute a bona=fide deviation from equation (1), Thus;, the
-caléulated value for the entropy of gaseous glycerinlwithout the
correction is 92 e.u. and with it, 76 e.u. The observed value
(calcuiéted from Qapor pressure measurements and the entropy of
liquid glycerin) is 80 e.u.

The empiricél constants given are based upon the following
generai considerations: a) A cyclic ring in a compound islﬁreated as
a single atqm when comﬁuting branched chains, thus methyl beniene and
dimethyl benzenes would be considered as having‘no branched chains,
while trimethyl benzene would'haQe one; b) a braﬁched (but not terminal)
v NH2 group is ignored in computing "NW énd 89(5)9 but not in "M", the
molecular weight (this effect has long been observed by others, and
we have also invoked this special exception); c¢) the number of double
and triple bonds in related cOﬁpounds are determined by classical

structures:s 0 =C =S, N= N = O, CHy ~ Nggf The justification for
all of these "rules" isfpux;elyxempir:‘i..cal° One could, of course, |
formulate so mah& rules that While the entropies could then.be exactly
calculated to a high préciéion, the method would soon lose its gen- |

erality and usefulness. With the above few generalizations, all of

the known gaseous entropies have been reproduced to an average .
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deviation of a few ent ropy units.
Combining equations (1) and (2) the following expression is
obtained:

5 -10+2RIn M+ 9.2 (N);s‘(’s)-o,zzv;n, (3

This eqﬁ_ation is a structural extémsion of eqﬁaﬁion (1), but generally
m_ore useful in the above. form since the entropies for many species can
now be calculated for which no detailed'infornativon is airailable} on the.
gaseous state. A test for equation (3) is afforded by Table 2 in which
the observed and calculated pé.rtial molal entropies for a wide variety
of species have .be'en summarized. The average deviation is abcut,,_;}ne.,g,,
tvhe largest uncertainty frequently resulting from the necessity of
apprqximating the molar volume, but this can ﬁsually be done vfc_sr_ simple -
molecules by the parachor method, by estimation from‘thevsolid (vy .
decreasing the density of the solid by ~10 percent), or from the
densities of corcentrated solutions; Fortunately, the lw_céeffieient,
0.22, removes the neqessit.y for khowing Vm very. accurately; although

some exceptions to this generalization will be found in a later section

nIt should be pointed out that the applicability of equation (2)

is nof. limited te organic inolecules., Thus, we compare the dbserved and
calculated values for the gaseous entropies at 2501 for a wide variety

of inorganic compounds: BBrB: 77.49, T7; KC1: 57.2, 57; IBr:

| 61.8, 60; O-,;Oh: - 65,65 693 vGeO: 52‘?6, 543 B3N3H3: 73.7, 803

Re,0,: 100, 943 SOz 6l.2h, 625 €O 47.3, 51.
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on neté.]lo=organic ions.
Table 2

Cemparlson of Calculated and Observed Aqueous
‘Partial Molal Entropies at 25° C

0 o |
refer- 0 @ LB ® @
ence Species 25 5(ebs.) cal.

12 | Hegy 303 -18.5 1.6 12 0
12 Ragy). 4210  -26.3 15.8 16 0
13 HE (5 W4T <155 26 2 2
13 H2S(g) 49,15 -20.0 29,2 23 6
13 Mgy k.01 -19.7 26.3 24 2
12, 14 CHy(p 4450 -23.8 2305 A 3
12 . Colly(g) O 47.997 -17.6  30.4 28 2
12 7 CHyp) 5245 -3 292 22 1
12, 14 CHgy *  5h.85 BB 265 26 =B
12 CHCL ) 55,97  =25.6  30.4 29. 0
13 HON(py 18.23 -17.h 30.8 33 -2
12 CH0H .y 56,8 -27.0 316 - 30 2
12 NO( ) 50,339 =2L.4 - 28.9 30 -
12 Os(g) 49,003 =23.3 25.7 23 3 |
12 CO(g) 47.30  -21.8 255 . 29 =3
13 coz(g) © 51,061 -22.5  29.0 3 -2
13 S0, 59.40 -21.4 38 36 2
15 ONI 626 -23.4 379 37 1
13 HCLOy8Qes - oo e — AR e B

- » 0082 ‘o ' .oAl 6
13 HCOOH( 0 3 8.3 -39 3 3
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Table 2 (Continued) .

. _ |
refer e @ B e ) o ()
ence Species~ , S25" . 83 s‘( obs.) cal;.
12 CHOH, 67.4 =328 3L.6. 36 <
25 (&) -

. 1[} CBHS(g) | 64051 “‘32eo 3295 32 0
12 COB 5y 55.34 -27.1 28.2 32 -h
13 _' ' H,N,0,5 aq. e - 52 : 50 2
15 (NH2)ZCO(C) 25«:00 16.6 41&6 ’ l-|-2 O
1; : (CHB)ZCO(g) 0672'.7 -27.1 45,6 43 3
12 1-C5HO0H 78.3 ~35:5 42.8 43 0
12 cm:1'3(g) 70.86 =35.8 3501 | 40 -5
13 . CH3COOH(y) 38.2 he8  43.0 39 =4

* - Wag7 - : S
12 n ChHgoH(g) 86.7 Ah..o 42,7 49 6
12 tert .~ a?n

: o =39.0:: 8. L2 -

C,HgOH( g) 78,0 -39.6- 38.4 L2 4

: : : e ’ o - 0
12 | 0014( g) 73.95 30 L | ‘ld+

12 (Colls)0(g) Wes.3  -u2.5 40.8 L =7

18 CH,,(NE,,)COOH 31.6 . 9.5 4.l 38 3
13 - HBPOl&’ aqe . 4201 l+6 ‘h
12 CH3CQOCZH5(g) . 856  -35.1 50,6 51 B
19 glycerol/y 49.7 -4.T 45.0. 46 -1
20 CéHé(l) [41030 "506'- 3507‘ 3[‘- : 2
18 P-CeH,0lo( ) 41.9 Lok 46,3 49 -3

| 21 CH306H5(£) 52.48 -8.1  Lh.4 : L3 1
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‘Table 2 (Continued)

o |
?‘Sefer- - <© (&) 250 (b) 50 - (b) §° A’('c)
ence Species 25 (obs.) Seal.

21 c 2H506H5( Pl 60.99 | f11,1 49 .9 46 | 4
21 pxylene(yy  59.12 -11.0 481 47 1
18 ‘phemol( .y 340 8.6 42.6 42 1
18 4, leucine(y) D95 1.3 50.8 50 1

2 C gH CO0H 40,8 5.95 46,8 49 2.
20 napithalens( ) 38.89 8.6 47.5 13 5
20 biphenyl(,)  49.2 Lo8  54s0 52 2
18 /-sorbose(c) @8 11 64 66 -2
18 memitol, 5.0 18 75 7 -2
18 Ltyrosin( o) (Ds3.0 6.9 59.9 62 -2
18 [cystinew) Meas 3.5 155.0 56 -1

18 Palmitic Acid)113.7 -9 105 120 -15
19 Sucrose(gy 861 10.1  96.2 127 =31

(a) Values taken from references 7, 8, 13, and 15 unless otherwise
indicated. ‘ :

(b) Underlined values indicate that 5° was calculated from sources
other than the entropy of solution.

() Afg‘(’ob'so) - S(()calco)'

J. A. V. Butler, Trans. Faraday Soc. 33, 229 (1937); Butler's

standard state (N2 =1, and p = 1 mm. Hg.) réquir es the subtraction

of 21,2 e.u. to conform to the ore used in this paper.

13W . L. Latimer, "Oxidation Potentials," 2nd ed., Prentice-Hall,
New York (1952).
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: ll“wo F. Clauséen ard M. F, Polglase, J. Am. Chem. Soc. 74, 4817

(1952) 3 corrected to our stardard state by- subtraction of 8.0 ecu. .

‘LNational Bureau of Standards s> "Selected Values of Chemical
Thermodynamic Proper'ties," Washington, D.C., 1949 . _ |

165, ¢, Schumann and J, G. Aston, J. Chem. Phys. 6, 480 (1938).

'17Gaseous? ertropies estimated from entropies of liquids given in
references inii caﬁed and vapor messure data summrized in.J . Timmermans,
"Physico-=Chenﬁ,cal Constants of Pure Organib Compounds," Elsenier, New
York, 1950, | |

18AS values eétimaf,ed from solubility-temperature data given in - "
A. Siedell, "Solubilities of Organic Compounds,® Van Nostrand, New
Y_ork, 3rd edition, 1941; supplméﬁt, 1952; for phenol and mannitol,..
heat of solution from I.C.T., Vol. 5, lst ed., p. 150. |

» 19Solubi'lity and activity coefficient data fi‘qﬁle‘catcmrd, Hamer, ~

and Wood, J. Am. Chem. Soc. 60, 3067 (193'8).; heat of solution data from
I.C. T., Vol. 5, lst ed., p. 150.

20, L, Bohon and W. F. Claussen, J. Am. Chem. Soc. 73, 1571
(1951). These authors give 4S instead of 4S° values and their data
have been recalculated; the 0H values from which AS° is calculated -
for maphthalene and diphenyl are gi.vm for the equilibria involving
supercooled liquids and have been corrected to the stable crysta].'l.fne
referencé state by the heats of fusion of these compounds and the
specific heats given in Spaght > Thomas, and Parks, J. .Phys. Chem. 36,
883 (1932). | |

2ly, Jones am H. N. Parton, Trans. Faraday Soc. 48, 8 (1952).

22:. W. Jack and G. Stegeman J. Am. Chem. Soc. 63, 2121 (1941).
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Simce the deviations of palmitic acid (N = 18) and sucrose (N = 23)
are both in tﬁe same direction, we would conclude that the proposed
treatment becomes mvalld for extreme ly la.rge aqueous solntes. This
deviation mrobably is due to the entropy of- solutlon factors, or
failure of the original Powell and Lati.mer equation (l) s since owr
empir,ical‘ equation for’ gaseous epe_cies agrees well with what experimental
data ere ave.ilable for large gaseous Ivno]_.ecules.‘,, Iﬁjne plet.s the S
‘function §0 - 3/2 RIln M+ S?s) against’ "Nf’, ‘_a smooth. curve can be ;
drawn through the values and is linear (in agreexrent with equation.-Bj
below H* 14, With such a "working" curve, values can still }?Je_ .
accurately estimted for large “ﬁ" values even though our origirze,l._,
express:.on is no longer valid.

It. is of interest that poorer agreenent is obtained between
caJ.cu]ated and observed aqueous enbm ples if the cycllc stmcture of

bl

~sugars ad been ignored:

CIJHZOH - (Fﬂzoﬁ,
c|:=o | HC
(H(I}OH)3 o (Hcl‘:OH)B
CH,OH HOC
. » . - H
calc.: 76 e.u. ' ‘ca‘lc,: 68 e.u.

([mSorbose. obs.: 64 €.U. )
The amino acids also present. a speclal class of oompounds, but. are
fm'mally well represented in the present treatment by asstmn.ng the
 wzwitteriom" is in effect a cycllc compound, by partial charge

cancel lation:
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-(CHg) 5°CH* CHp" (IIH-=‘COOH _ (CHs) °CH"’C’H§(|§H—*—G"‘=O
NH, | HNH---0
_ H
- cale.: 64 e.u. B calc.: 50 e.u.

_ (d,;@, leucine, obs.: 50.8 e.u.)

The contribution of the NH2 it sélf has, in ac:co‘i'd~ with our pr_evious )
- Mriles," been igriored. Comversely, ‘the general applicability of the
treatment my also be of relp to ideﬁtify the structwre of the solute
when its_en‘t‘m py is known. |

" It might be pointed out that a consequence of Powell and‘Latime'r's
original equation is that the enmtropy of solution of a gaseous sclute
is given by: ' |

08’ = =(16 + 0.22 Vm). - . (L)

This equation can théen be used to test AS data for which the absolute
entropy of the solute is not available. In general, ‘the agreement . -
between calculatéci and e:‘qaefimerrbal values is excelleént except in the
cases of soiutesr with large molar volumes midi have somewhat larger-AS

values than predicted.

IONIC ORGANIC SPECIES
The treatment given above can be exterded to ionic species by
diffeféntiating equation (3):

as® = 9.2 dN - d-S‘(’S) 0.2 d¥m+ Rd1n M (5)

2
Thus, ibhe_ ejnt:c:c:xpy of some member of an ionic homologue can be calculé,ted
frem ancther simpler member by gdding ‘the entropy required by equation
(5) for their differ’enées in structure,; numbers of atoms, and molar

volumes, For example, we calculate from acetate ion (go‘ = 20.8 e.u.)
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30 e.u. for b.enzoate ion_ (ébs.,:.27,9).°ll',' Formte ion was not used. - 3,
since it does not possess a--"hydrocar_bori!' group,; but from its entropy .
of 22,7 e.u., bicarbonate is calculated to be 26 e.u. (obs.: 22.7). ..
The difference between CNO™ and CNS is calculated to be 2.9 e.u..(obs.:
2,7 e.u.). The entropy .of malonate ion is estimated to be 17.6 e.u.;
from oxa.iaté ion, 10.6 e;uo, etc. When more data are available, this .
methqd can be tested more exactly for its genéré.l applicability. (See
also referenee»B.v,) |
 METALLO-ORGANIC TONS: COMPLEXES AND CHELATES
In a previous pa.per3 it was aénonstrated that the mtro.p‘)‘ies' of 1‘
‘ coinplex inorganic iens could ibe correlated when the '.'corrected".. -
entropies (8 ?-) were consi.dé;édz |
| 5 - 8% - a0, N
where n represents the number of water molecuies_repl:a:ced from the.‘
_central ion on .dompiexing s .and §° is the pértial molal entropy és,_‘
normally used. It is with some assurance, therefore, tha,t'the ‘same
,méthod can be applie_ci to the‘lorganic‘: ions, and thesé_ ermtropies can now
be calculated in the following manner: As the s:"i.mple‘ ioﬁ is covered
with &ganic ligands, the polar parts of the moleaule will be ofimted
towards the cent:'cal. ion, .so' that fhe organic | cqmplex now presen.t,s a
hydroca:bon "shell" to the solvent. The net effect is to screen or
insulate the charge of ‘the Vcéntra..l ion, providéd the.c;rganicv ligand
haé_a chain which is 2-3 atoms ].‘ong.e The éntm,py can be calculated :
by then assuming the complex is made up of hyd:}oéarbon équivaient
atoms by use of eq_uatioh (2). Thls enﬁr;py is to bé i;:léntifie’d with

=] =

S 3° being finally calculated by equation (6). It should be noted

“
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, thét »when erganic mole.cul.es forﬁl,chélates ,'» t_wp_ ﬁioie cules of water per
li’gaﬁd are replaced, cyclic structwes being formed in the process.
Thus; "nt cannot be simply detemixied‘by.the nuﬁzber of molecules in thé
cOﬁplex ion, althcugh usual}.y values are feported fbrvthe manmum
coordination," froxﬁ which the structure (simple coordination ar chelation)
can then be inferred. | o

There afe S0 fev} absolute entxo_picm for orgénic édmpléx ic,)ns‘_available ‘
that it seems desirable to btest the mthod proposed here by the entropy
23

change data.; 8S°, which are more available. There are two ways this
can be done: | “c*alculate .ASO-from 'estirriaﬁions "of the entropies of both

the ligand and complex species, or, estimate the éntropy of the ligand
and calculate 5° far the complex. The laite? will be used sincé it has.
several.advanbageé ,1 not the least being t.hat.'it illustrates t.h‘;a large_‘

pos:.tlve entroples which are involved.

24

As an example, consider the ASPvalue repcrted by M. Calvin™" for
the fqllomngo .
’ Ni‘+2 . 4
i gqo + 6CH;NH 2’ aq. = Ni(CH NH2)6
D i - ’ . AS = 73 e.u,

From equation (3) the entropy of CHgNH,, aq. is estimated to be 29 e.u.,

which is probably accurate ’oo a few entropy units. Using =25 e.u. for

23_It seems remarkable, hovever, with the large number of stability
constants known, that only a dozen or so 4S values have been reported
for organo-metallic species.

2l’As reported in H. S. Frank and M. W. Evans, J. Chem. Phys. 12,

507 (1945).
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N2, 8q.,> the entropy of i (CHNH,) 2 1s calculated to be 222 é.u.
(compared to'Ni(NH3)6+2, s® =11 e.,u;,)° The value_can easily be in
error by}lQ—lS etg,‘due to thé entn:py.of CHBNHz’ aqf,.and AS. is probébly.
accurate only. to :10 e.u. Thus the entropy of Ni(CHBNH2)é+2 is only
accurate to about 20 e,u.;'222 : 20. Large errors are, in general, to be
expected in these éystemé; since most entropy values for organic'complex
" ions have been obtained: from temperature ‘wefficient data, and previous
experience on- 1n0rganlc species indicates that such caleulated values . ‘
frequently,differ from direct Qalarinetric determinatlongfby slzeable
amounts; fﬁrtﬂgru little attempt has been made by investigators,in thig
field to correct their data to zero ionic strength. As Young has

- recently pointed out,26 such data not correéted cannot be cohsidered.hr
but as an aﬁproximation to the correct therm§dynamic properties,A.Nevqre
theless, the data is semi-quantitatively useful since such- large numbers
are involved and %20 e.u. in 200 e.u. is only a 10 percent error, The.
ealCulated:value is obtained from équation (2) with N = 13, andfcénsidera
ing the CHy - NH, - Cu"® - M, ~ CH, to have four branched NHj - CH,
‘groups. To approximate the molar volume, a value can be obtained by
assuming the volume of six CHBNHZ molecules remains unchanged vihen
added to the Cu*? ion, it that its added mass changes the density and

hence lowers the molar volume. Thus,

Estimated by the method given in reference 1; (for comparisons

‘Gufz,-=23.6 e.u.; Mn*2

+
s “520 eouo;'Fe‘ 2’ 32701 eoue).
267, F. Young, "Annual Review of Physical Chemistry," Vol.3,

_ Annual Reviews, Stanford, California, 1952, p. 275.
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Vo » 6(40) = 184 cc.
| : ' : A 1.3 . , .
5 is then calculated to be about 94 e.u., and s° - 9 + 6s°(H20)'z,
194 e.u. Comparison of this value with the one observed above;
‘222 L 20, seems to be satisfactory in view of the fact that the latter
“was obtairg-d from data not corrected to infinite dilution.

" In a s:.m:.lar manner, entropies have been -calculé.ted for other-s_peciés
érd are given in Table 3., No attempt has been made to include all of the
data available, and Tablé_3 conta.ins only some selected systems to
illustrate ih'e priﬁciples involved. Since many 6f the values reported
by ﬁrious observers are frequently in d:i.sa.greement‘,,’27 it is believed
- that the average agre_emenﬁ obtained of 10-20 percént' is all one .can
expect. The method proposed here for the calclation of entropy,cannc;t
- be rigorously teéted until the true thermodynamic constamts are available,
including ca.lqrimetri‘c data on complexing. |

The detemination of the densities of pﬁre- complex species or similar

species will also be necessary for the close estimation of the molar

27 .
To illustrate this point, M. Calvin and R. Bales (J. Am. Chem., -
Soc. 68, 953 (1946)) report AS = 2 @i, for the reaction Ni*2 4 3 emis -
Ni(en)3+2., while F. Basolo and R. K. Murmann (J. Am. Chem. Soc. 74, 5243
(1952)) report A4S = 41. Further, Basolo and Murmann cbtain 34 e.u. for
L2 o8 2 . -
the reaction NI = + 2en = Nl(en)2 s while H. Irving (private communica-
tion in ;previous referehce) ‘reports =27 e,u. We find it hard to under-

stand the small or negative ent ropies of reactions for these ‘systems and

{
have accordingly used Basoclo's and Murmamn's results in Table 3. The

2

value they report for similar cu'? ion complexing is also in agreement.

(See also reference 26.)
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(revised page 19)

volumes, especially for the more'complex ions where the term 0,22 Vm

becomes important.

Table 3

Comparison of Observed and Calculated Entropies for Metallorganic Ion.

=t =0 i
AS 3 -0 Scomplex npt (number S 0= S ,+
_ obs, ligand complex calc. of Hy0's n5"(H,0)
System (eco) (eoue) {(eau.) (e.u.) replaced) (eou.§
6CH4NH, +
Nit* (24) 73 29 222 9 6 194
Trien? + Nitt 24 8L -
28)yntt )3 85 102{ 92 49 2 82
Mottt 12 77 +10
ca*t 38 108
Diene + Ni**(28)10.2 5
Zntt 15.9 72 62t 54 69 2 98
]}41’1++ 502 55 ié ’
Fe++ “’103 L!-LI'
3 en + N7 Al L6 154 63 6 163
(29) A
3 triene + ' (2) '
24 0 215\ 125'\3/ (1, rings) 4 190
) ca™ o 85 2250 209 (a)
(28Jpe** 12 189) 10 -40"*/(14 rings) 12 160
gott 2 207
2' diene +.Mn*t 3.7 120\ .
- EzZS)Fe‘”‘“ 7.7 72 1095 114 83 L 150
ottt -5.4 114/ +3
Nitt -6,0 11;:@ ”
3 Dipy(30)+ pe™ 527 w130 s0(2) 6 150
pipy(30) + H* 13 52 65 38 2 ol
(a?The entropies for these specigs weré estimated from the expression

3° =10+ 3/2 RlaM + 10.1(n) - 0.1(n)

- S1s)

= 0,22 Vm instead of equation

(3) which is no longer valid for large "n" values (see text)., In the case
of Fe(dipy)%Q, the value predicted by equation (3) is approximately 100 e.u.

too large.

28Jonassen, Hurst, LeBlane, and Meibohm, J. Phys. Chem. 56, 16

(1952),
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29p, Basolo and R. K, Murmann, J, Am, Chem, Soc. 7L, 52L3

(1952), see also reference 27..

,30J, H, Baxendale and P, George, Trans, Faraday Soc. L6, 55

(1950) .
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- There are.a few interesting features to be noted in Table.3. A
criteria for interhal consistency of a sequencé of cations with a given
complexing agent can be found in the oonstancy‘of the sum of the AS
value and thg ertropy of theAiori being complexed. 'This_results frém
the fact that ﬁhe theory does not distinguish between ions forming
the same 1;,y'pe of cqmplex, except f_pr' the small changes in Vm dﬁe_ to.
differencgs__in ﬁéss, | This is borf:e out by the experinental'result_.s in .
'Tab]_.e 3;, Further, the requirement that ‘bhe structure of thve ien _neéa'
be known in deta.j.l :"Ls not crucial, especially ﬁth chelate compounds. b_
In thvesevla_ttér compounds further coordination is aided 5y the gain of
2(16.7 e.u.) per two water molewleé_released; but hindered by the
| loss of 14 e.u. per éhelate ring forme‘d,. Also, in sofqe strmt&:es;

- the ent,_ry of the metallic ion into further coordination may -produce more
than one ring with the net result being little change in the total
entroponf the compound, as illust.fat.gd in Table 3 by the MztrienB.
chelates, _ As one proceeds to smaller and fewer organic ligands, the
observed entropies will :m gémeral be smaller than the calculated values‘ s
due ﬁo the fact that our lorliginal hypothesis of "burying" the charge
of the ion in a hydrocafbon matrix is no longer valid. The datav have

also been summarized in Figure 1.
‘COMPLICATED SYSTEMS
It is of interest to extemd the treatment to some very complex

species. Klotz and Curme3 1 have reported on the successive complexing

1 ' : -
3 I‘o‘an KthZ and Ho_ Gb cuI‘meg Jb Amm Chemo SOGo Z_O., 939 (19[’8)0
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of bovine serum albumin by ceypric ions, from which we shall choose
. the reaction:

3

Protein + 16 Cu'' = Protein(Cu++)16 ' AS = 380 e.u.

While this value is very large ,. it représenbs only a very émall éfiaﬁgé
in thé.v total entropj";jf the protein: (§(()est.-) v 2x 1.0.1+ e.l).
Neverthéless ,v the AS value can be thoﬁght of‘as involving the iéreation 'A
of a ring .ﬁrith each Cu."h2 ion thvat. goes on the vproﬁein molecule wvithv a_.
losé of two water moiecules per bound ion, 'Therefore; the calculafeci
value for AS above is 16(9) , change in numbers of atoms, minus 16(14),
formation of rings, plus 32(16.7); loss of water molecules from cu'?
ions, giving AS = L5 e.u., compared té 380 observed. The discrepa.névy.
proba'bly_ lies in our inabil‘:‘i.t.y to aCcurately canpute the small molar
‘volume chénge, althéugh even a véry sméll éhange in this value might.-
affect the eﬁtropy nﬁrked]_.y for such macrb—moleac':ule:‘=.x° Neverthe'less,
we believe that the average ertropy change per cuprde: ion, 28 e.u.
(obs.: 29-18), is in reasonabie’ agreement with the observed values,
especially when it is considered that the solutions may be exbreniely :
non-ideal. The method should be gererally useful in estimating tempera-

ture coefficients for systénis of biological interest. .

CONCLUSION
An extensiori has been developed to the'equa.tion of Powell and
Latimer for the calculation of the entropy of aqueous solutes from
structural considerations. The applicability and accuracy of the-
proposed method have been demonstrated amd some applications have. been
made to the calailation of the entropies of organo-metallic complex

ions and biological systems.



=23~ ' : UCRL~2105

Acknowledgment

The author would like to express his thanks to Professor R. E.
Powell, who has kindly discussed the problem at length and has

of fered many helpful suggestions.



-2l UCRL-2105
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Figure 1. Comparison of observed and calculated

partial molal entropies for organo-metallic complex ions
and chelates. o :





