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Abstract 1t has been shown that activity coefficients of the components
of an (i+j) mixture have a simple topological base and that the same
(as well as GE (T, Xy ) and HE (T, X; ) data) can be well predicted, on the
strength of graph theoretical arguments when only H®(T,x; =0.4 and 0.5)
data for the binary mixture, of almost equal sized components, are
available. For (i+j) mixtures that are characterized by the presence
of 1:1 or 1:1 and 1:2 molecular complexes or have components that
differ appreciably in molar volumes the approach has been modified to
well reproduce the activity coefficients data when 1? datum alone is
available for the mixture. The versatility of graph-theoretical
arguments have further been made evident by rationalizing volumetric
and ethalpic effects in (i or i(S) (i.e. i saturated with a salt (S))
(i+j) mixtures to yield worthwhile insight into i) the molecular state
of i and or j (or of the salt S in i and the influence of j on it) and
ii) the energetics of molecular interactions that characterize these
mixtures.

Solution non-ideality has been attributed (ref.1) to either physical
intermolecular forces or to chemical reactions between the components
of (i+j) mixtures. Since laws of limited wvalidity (ref. 2) have been
employed to describe intermolecular potential functlions that
characterize interactions between the components of these mixtures,
almost all the present theories (ref. 3-9) of solutions of non-
electrolytes have limited applicability. Again the process of
binary mixture formation may trigger inter or intramolecular changes in
either one or both the components and this must be _reflected in the
molar excess volume VE and molar excess enthalpy H  data. In this
regard although, a few recent approaches (ref. 10-13) address themselves
specifically to this aspect of molecular interactions, yet they require
that the molecular states of the pure components be known and that a
proper itinery be maintained of the various entities that exist in
these mixtures; this may not be possible always. This calls for an
alternative. approach.

Topological aspects of the activity coefficients of the components of a (i + j) mixture:
conceptual aspects of approach and results

The structural formula of chemists 1is actuall molecular
graph (ref.l4)characterized by vertices (atoms) and edges (bongs) G(e v). If
the pure i and j are represented by G, (e, ,v ) (or G ) and G v )
{or Gp respectively, then the (1+J) mixture formation wogld be

charagterized by interactions between i and j in the G x G; molecular
graph (ref. 15). As activity coefficient of, say, the 1 th ‘component

e B YAY,
G, GJ G

in an (i+j) mixture varies as ¥,»1 as X1, e in fact reflects the
influence of the j th component on the {-i interactions of i in the

449



450 P. P. SINGH AND S. MAKEN

mixture and is related to the excess partial molar Gibbs free energy of
i,y? s in this mixture by RTln% = & . If E is assumed to arise dug to
thoSe interactions of the molecular surfaces of j that influence the
i-i interactions of i, gf. and hence¥; may be expressed by RTLlnY;=X.; Sy
where S; 1is the surface fraction of j and X,; is the molar’ {-j
interaction energy. If V; /V‘; is replaced by B, Zhould be expressible
(ref. 16) by /

RT1n Yi = Xij(ij/(xi+ij)) (1)

Activity coefficient of the j th component was then evaluated (ref.16)
via the Gibbs-Duhem equation, in the form

RTln7j=Bxij[1n( (xi+ij) /ij)—xi/(xi+ij)J (2)

A% the molar excess Gibbs free energy GE, and molar excess enthalphy
H*, of an (i+j) mixture should then be given by

GE=RTT x,1nY, 3)

E

H™ = X, .Bx, S .
and XlJBlen{(xl xJB)/xJB} (4)
(it bein% assumed that Xi. is practically independent of temperature),
GE and HE data_of (i+j) mixtures should be well described by equations
3-4 provided H® data at two arbitrary compositions are available. This
was indeed found (ref. 16) to be the case in about 44 binary mixtures
of non-electrolytes, of almost equal sized components.

On the other hand if i and j components differ appreciably in
their molar volumes then Y; would be .determined not only by the i-j
interactions but also by the work, done in accomodating the j th
component into the matrix of j. But G has been shown (ref. 17) to be

given by G5= Cx x;V; Ve (1-V; [V, ) /(Ix, W)_where C is a constant. Y in that
case has been ,expressg (ref. " 17) (in view of lnY¢=(lnY¢) .
+(In¥) o Ly ) by i-3,VeVy
w,V.$ i
RTln ¥, = X xV/xV+VVZx2(1—V/V)/(ZxV) (5)
L R M A A D AR L AR LA 11

The activity coefficient of the j th component should then have been
evaluted via Gibbs-Duhem equation but the resulting expressions became
so involved that it was hoped that expressing Y. (in view of 1ln Y, =

J J
(ln1j)i-j,Vi=Vj+(ln1j)w,Vi¢ sz by
RTInY) = (X; jV,/V,) [In(TxgVy /x V)=V /5%, V]
sCx2VY (1-V,/V.) [Fx.V (6)
17173 i’ i i'i )
would not have introduced significant errors in the values of ;. This was

indeed found to be true (ref. 17) in some 30 binary mixtures of non-
electrolytes (some of which even were characterized by the presence of
1:1 or 1:1 and 1:2 molecular complexes) when their ( Y, ¥ x¢ =0.5)
datum was used to evaluate their X, and C parameters and subsequently
employed to well predict their (%,41;, X, ) data. This suggested that
not much error is introduced by expressing Y, for the j the component
of an (i+j) mixture by equation 6. Again as x,»o0, the activity
coefficient of i at infinite dilution"would be given (ref. 17) (in view
of equation 5) by

Yw (
RTInY; = xij +C Vi(1~vj/vi) 7)
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so that the activity coefficients of the components of an (i+j) mixture
can be expressed in'terms of 1n Y¥by

o 22 2
InY, - (Xijxjvj/RTinVi)[1—ijj/inVi]+(ln'(i)ijj/(}:xiVi) (8)
and
1Y, = (X, V./RTV ) [1n(Zx,V, /x,V.,)-x,V, [Ex,V, -x2V2/ Fx,V,) %]
3 1373 i RS MY M A K7 A R A i

_od
+(1n Yi) xivivj/(}:xivi)2 (9)

Since the standard state of i has been taken to be that of pure 1,
equations 8,9 should reproduce the experimental (Y;,% ; x.) data of an
(i+j) mixture when Yf"datum for it alone 1is available or can be
determined experimentally by gas-liquid chromatography. It was,
however, found (ref. 17) that ( ¥, Y;; x;) data evaluated in this manner
compared well with the corresponding experimental data for those (i+j)
mixtures that were not characterized by specific interactions between
their components; for those (i+j) mixtures that contained 1:1 or 1:1 and
1:2 molecular species, barring the two extreme ends of the composition
scale the calculated (Y, Y,; x;) data well reproduced the corresponding
experimental data. ¢

Again if the boiling temperatures of i and j in an (i+j)
mixture do not differ significantly and if X_; and C parameters of
equations 5 and 6 are taken to be independenf of temperature (the
effect of pressure on liquid phase properties is usually small except
at higher pressures and at conditions near the critical temperature),
then it should be possible to predict ( Y, YJ-; x;) data for the mixture
when (VY ; xg0.5)data or ¥° datum at moderate pressures and molar volume
data at ‘ordinary temperatures are available. This was found to be
rgasgnﬁbly true (ref. 17) of the (n-propanol (i) + water (j)) system at
101. ar.

At this stage it may be pertinent to investigate if the
topological approach can yield any information about i) the molecular
state of the pure components and ii) molecular entities in binary
mixtures of non-electrolytes.

Topological aspects of the state of aggregation of the components of an (i + j) mixture

Since molar excess volume VE, of an (i+j) mixture reflects
interactional effects on the packing of molecules and as (%, ) of i
determines {ref. 18) the effectiveness with which the molecular surface
of i interacts with that of another i1 molecule, the interactional part
of the molar volume of pure i has been taken (ref. 18) to be
proportional to its (32,‘ ). The ideal interactional molar volume of an
(i+j) mixture would then be proportional toZ (x; /34, where x. and 3§,
denote mole fraction and connectivity parameter of the third degree
respectively of i. Further 2; is defined (ref. 19) by

3 VaVavev,y-0.5
g = m;m:“p (smsnsosp) (10)
where 8V reflects (ref. 20) explicitaly the valency of the m th etc.
vertex in the molecular graph of i in forming bonds. The interactional
part of_,the molar volume of the mixture should also be proportional
to (%) of the mixture. If 3%, of the real mixture in the GyX G,

molectiiar graph is expressed bnyfl."‘.' (where 3{,’2 denotes ¥ Gf i in
the mixture) and if the proportionality constant is assumed to be the
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same for both the mixture and its pure components then VE may be
expressed (ref. 18) by

E % -1
Ve s ATy BT ST xg /0 (11)

where &£ is a constant characteristic of the (i+j) mixture. As vE
reflects changes in the packing of i and j in the (i+j) mixture, useful
information about the state of aggregation of pure i and j and of the
molecular species in these binary mixtures should be obtainable
(ref. 21-28) from their VE data if 3£} and 5. parameters of 1 etc. are
regarded as adjustable parameters and are evaluated fref. 21-28) by
fitting equation 11 to the experimental vE data; only those %¢andﬁg etc.
values should be retained for which the variance of fit was minimum. A
series of structures are then assumed for the pure i and j and of i and
j in the mixture and their 3’ parameters evaluated from equation 10.
Any structure or a combination of structures that yield 3 values which
best reproduce the coresponding 3§ values obtained from VEdata via
equation 10, 1is taken (ref. 21-28) to be the best representative
molecular state of the pure components and of the components in the
mixture. In this respect analysis (ref. 27) of VEdata at 308.15 K of
water (i) + formamide(j) mixture in terms of equation 11 has suggested
(ref. 27) that while water in the pure state exists as an equilibrium
mixture of I-IV (CNDO/2 studies (ref. 29) have inferred that water
exists mainly as open chain trimers V-VII (VII to be the most stable
structure); Hoyland et al (ref. 30) however regard V to be more stable
one), formamide should exist (ref. 27) as an equilibrium mixture of
monomers and dimers (this is consistent with Davies views (ref. 31)
about the state of aggregation in lower amides). This approach has
also been employed to investigate the state of anhydrous cupric
chloride in pyridine and of the influence of formamide (FD) (or N,N-
dimethylformamide (DMF)) or aniline (An) (or o-toluidine (OT)) on it by
analysing (ref. 24) VE data of pyridine (i) (saturated with anhydrous
CuCly, (S)) (i(8) + j ( j= FD or DMF or An or OT) mixtures. This
analysis has revealed (ref. 22,24) that while i(S) in 1i(S)+FD(j)

mixtures is an equilibrium mixture of pure i (VIII) and IX, FD in the
pure state exists as an equilibrium mixture of FD and (FD), , the
mixture should contain the molecular entity X; infra-red and molecular
weight studies (ref. 24) (Rast method) on the solid that is left behind

H-- '
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when this mixture 1is allowed to evaporate slowly in vacuunm
substantiated the existence of X in this mixture, Further if 1i(S)+FD{j)
mixture formation is visualized (ref. 26) to involve a) the
establishment of unlike (i-i)---j, and i, (S)(IX)--j, contact formation
b) these unlike contacts then cause rupture of i) self association in j
to yield monomers ii) intramolecular interactions in pure i to yileld
monomers of i and i1i) intermolecular displacement in i(S)(IX) to yield
1(S)(IX(a)) and i and c¢) the monomers of j then interact with i) 1(S)
(IX)(a)) to yield ijS and ii) with i to yield 1j entities, If the
various molar interaction energies, A, are as

A, .
a) -1+ jy—dy (1-i)-=-j,
A'
. 1] . .
1,(SI(IX) + 3, —=dy 1,(8)===J,;
. . A, . .
b) 1) 3, ——J3J525;
A,
11) i-i—=%3 21,
Ciiy Ais ,
iii) 12(8)(IX)—————)1(S) (IX(a)) + iy
Asas
¢) 1) 1(S)(IX(a)) + j—23dui35(X);
L I
ii) i+ —51j;
then HE for this mixture should be expressed (ref. 25) by

HE = (x.%.B/(x,+x.B) [ A, +A, +4KX, A, +KxX, A, ;+KX, A, +KX.A, o, +K%.A, ]
X 3B/ *x 1AL XA PR Ay KRR Ay g *RX A g 5 TRXGA

J
(12)
3 . ‘
where B = (33_/ §; ). Further if Ay = KAjgy = Aj;
0
KAiS = KAjj = KAii = KA12 = Al’ and Aij =0
then equation 12 reduces to
E
H" = (xiij/(xi+ij)[(1+xj)AO + (1+2X1)A1] (13)

Equation 13 contains only two unknowns (A, and A,) and if HE data at two
compositions are available then it should be possible to predict HE
data of this mixture over the entire composition range. This was
indeed found (ref. 25) to be the case. The present analysis thus has
also revealed (ref, 25) that exchange process also plays an important
role in the mixing process in i(S)+FD(or DMF or An or OT) mixtures.

Topological approach thus provides an alternative view point of
molecular interactions in binary liquid mixtures of non-electrolytes.
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