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For many molecules the determination of molecular quantities, as electric dipole moments or
molar absorption coefficients, has to be based on measurements on solutions or other dense phases.
The evaluation of such data is rather involved due to the interactions between neighboring mole-
cules, and taking this into account, a general method is presented. Some quantities appropriate
for the description of a macroscopic system (bulk quantities) are defined and their properties are
discussed, especially partial molar quantities (PMQ’s) ,which are well known from thermodynam-
ics. To any PMQ some corresponding model molar quantities (MMQ’s) can be introduced, each
MMQ based on a particular molecular model. The MMQ'’s are related to the interesting molecular
quantities and may allow their estimation. The values of PMQ’s can be determined uniquely from
experimental data, if the investigated system meets just a very few general requirements, whereas
the values of the corresponding MMQ'’s are generally dependent on the chosen model and hence
unique only, if a true model is available. As examples, approximate molecular models are intro-
duced for MMQ’s corresponding to the Gibbs energy and to quantities convenient for the evalua-
tion of permittivity, optical absorption and electro-optical absorption measurements.

1. Introduction

The physical properties of macroscopic systems
may be described by means of suitable measurable
quantities; the definition of such quantities, called
macroscopic quantities, are operational ones. Many
of the macroscopic quantities are considered to be
the result of the corresponding properties of the
constituents of the system, that is ultimately of

can be extremely complex, and hence we will
restrict our further consideration to systems and
quantities meeting the following requirements at
least in sufficient approximation.

If there are two or more systems where all ob-
served macroscopic quantities have equal values,
then these systems shall be called identical systems.
The first requirement which should be met by all

properties of the molecules contained in the system.
The properties of molecules are described by molec-
ular quantities defined on the basis of some theoreti-
cal model. Hence there are relations between mo-
lecular quantities and macroscopic quantities, and
one often tries to determine the molecular quantities
from macroscopic quantities which can be measured
on the macroscopic system. A few methods suitable
for this purpose are treated here, and a few applica-
tions shall be reported in the following papers.
Some of the results reported in this paper (and also
in the fourth paper of this series [1]) have been
obtained previously by other authors, usually with
other methods or in another connection. To keep
the paper consistent, we repaet such results but do
not claim any originality.

In any arbitrary system the relations between
molecular quantities and macroscopic quantities

Reprint requests to Prof. Dr. W. Liptay, Institut fiir Phy-
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considered quantities is:

(1) Given are ! identical systems with the values
ygi (1=1, ..., Y) of Y macroscopic quantities. If
the [ identical systems (partial systems) are lumped
together to one system (total system), then the
value ysg; of each macroscopic quantity of the total
system is given by

ysgg =Wy (1=1,...,Y), (1)
where g is an integer (g € Z).

If requirement (1) is not met, either the partial
systems are not identical systems or the quantity y;
is of a kind not admitted in the following considera-
tions.

The further requirements which should be met
by all macroscopic quantities of the considered
systems are:

(2) The macroscopic quantities do not depend
continuously on the location.

(3) The macroscopic quantities either do not
depend on time or, if they depend on time, they
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can be represented by composite functions with
some time-dependent parameters, which at any
fixed time can be considered as macroscopic quan-
tities of the regarded kind.

Because of requirement (2), the systems consist
of one homogeneous phase or of some homogeneous
phases separated from each other by singular sur-
faces where discontinuous changes of macroscopic
quantities can occur. The considered properties
of the system do not depend on the shape of the
phase, and boundary effects are neglected.

If the macroscopic quantities are not time-
dependent, then the system is in a stationary state.
If, after isolating the system from its surroundings,
the quantities are still stationary, then the system
isin an equilibrium state. If the system is in a state
different from the stationary state, each macroscopic
quantity is assumed to depend on some parameters
B, which are functions of time.

The macroscopic properties described by quanti-
ties meeting requirements (1) to (3) shall be called
bulk properties, the corresponding quantities bulk
quantities; for these quantities, the thermodynamic
limit (infinite volume limit) is assumed to exist [2].
Each one of these quantities belongs to a definite
class of bulk quantities characterized by the
integer g. Of special interest are quantities of the
class g=1, called extensive quantities, and of the
class g =0, called intensive quantities *.

2. Primarily Measured Bulk Quantities, Primitive
and Independent Variables

To gain information on molecular properties
from measurements on macroscopic systems, some
appropriate bulk quantities have to be determined.
For some bulk quantities of a given system in a well
specified state, the values can be determined by a
single measurement with a suitable instrument.
Examples are (1) the total mass mg of the system,
(2) the masses moy, of the constituents k=1, 2, ..., E
used to generate the system, (3) the temperature 7',
and (4) the density g of a phase, (5) the volume V
of a phase, (6) the total volume, and (7) the pres-
sure p of a closed system. For other bulk quantities,
the values can be calculated from the values of a

* The expressions extensive and intensive quantities are
used by several authors for differently defined sets of
quantities. We will use them only in the above sense.
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few other macroscopic quantities, which need not
necessarily be bulk quantities. Examples are (1)
the amount of substance ngs of any pure substance
A used as one of the constituents of the system,
calculated from the mass mos of this substance
and its molar mass My **, (2) the volume of a phase
from its mass mg and its density, or reversely (3)
the density from its mass and volume, (4) the
absorption coefficient a of a phase from the radiant
flux transmitted through some absorbing probe,
the incident radiant flux and the length of the light
path in the probe, (5) the increase of the enthalpy H
of a system due to some electric work. There are
furthermore bulk quantities which have to be
determined from the functional dependence of some
bulk quantity. Examples are (1) any partial molar
quantity as the partial molar volume Vs of some
substance Ay, (2) the heat capacity of a phase
or of a system, (3) the increase of the entropy of a
phase with increasing temperature derived from
its heat capacity, (4) the temperature of a phase
from the dependence of the enthalpy of the phase
on its entropy. Any bulk quantity either measured
directly or calculated from independently measured
quantities can be regarded as a primarily measured
bulk quantity; a bulk quantity calculated from
primarily measured bulk quantities shall be called
a derived bulk quantity***.

In any experimental investigation of the kind
considered here, the values of some macroscopic
quantities are measured. All further evaluations
are based on that set of data. The choice of the
primarily measured quantities is determined by the
investigated object, the purpose of the investigation
and by the possibility, the accuracy and the con-
venience of appropriate measurements. Each pri-
marily measured bulk quantity yxr may be con-
sidered as an element of an ordered set Qp = (Ynx).

** The quantity ns, that is the amount of a substance
A actually present in a phase, can meet the requirements
(1) to (3) of Sect. 1, but generally it is no macroscopic
quantity, and therefore no bulk quantity. In a system,
where a chemical reaction occurs, the quantity n, cannot
be defined without introducing a molecular model, espe-
cially one about the chemical reaction. Hence = is to be
regarded as a molecular quantity.

*** The primarily measured bulk quantities are not a
class of quantities because one and the same bulk quantity
can be considered either as a primarily measured quantity
or as a derived bulk quantity depending on the system, the
kinds of measurements performed and the free choice of the
investigator.
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To each particular state s of the investigated system
corresponds a set of values (ynx)s of these quantities.
The totality of such values may be considered as a
set Dp={(ynk)s}, the set of available data. The
values of any primarily measured quantity or of
any other scalar bulk quantity p, are restricted
to some interval dg; c R, where R is the set of real
numbers.

If the set Qp can be partitioned into two disjoint
subsets Qv = (yvrx) and Q¢= (ytnx) With the prop-
erties

(1) QU Qr=
(2) QvN Q=

(3) for fixed values of all yyux € Qy the values of all
Ytei € Q¢ are uniquely determined,

Qp,

(4) each yynir € Qy can be varied arbitrarily without
causing a variation of any other ypygm € Qy,

Yvam == Yvhk >

then the quantities yg, € Qr can be regarded as
functions yte; = Ytei (Yvnk) Whose arguments are the
quantities yvyar € Qv. The quantities yypx € Qv shall
be called primitive variables. Usually there are
several choices for the set Qy of primitive variables.
One commonly chooses that set embracing the
quantities yypxr Whose values are most easily and
accurately determined, and which is most con-
veniently used for the further evaluation of data*.
Each arbitrary variation Ayvar of a quantity
yvak € Qv may be considered as a process leading
from a specified state of the system to another
specified state. It may happen that the state of the
system after any particular variation Ayvpx of pynx
is identical with the state after a sequence of
variations Ayyq of other quantities yvq € Qy, in
which case the former primitive variable yyzr may
be considered as dependent on the latter ones, i.e.
VYvhk = Yvhk (Pvq). If the interval dpi of the variable
yvhk is a subset of the cartesian product I—qu; of

the intervals dg; of all pyg, ie. dpk cqu;, the

quantity pvax can be eliminated from the set Qv,
reducing the number of primitive variables by one.

* For a phase consisting of the pure substances A;, As
and Ag, for example, it could be chosen Qp=(no1, 702,
nos, T, p, H, o, a, V), then a possible choice for the set of
primitive variables is Qy= (no1, 702, 703, T, p) and hence
the set of functions is Q¢ = (H, g, a, V). Derived bulk quan-
tities of this system are Vo1, Vo2, Vo3, for example.
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There may be further dependences between other
yvrm € Qv leading to a further reduction of the
number of primitive variables. For any given inter-

val dycdy= [ ]| dpx there is a minimal set
PvhkEQv
Qv.in € Qv of primitive variables, where all

yvik € Qy,,. are mutually independent and Q,_,.
or yvak € Qy,.., respectively, satisfy the above
conditions (1) to (4). The number of elements of
Qy..ia» that is the number of independent variables
Yvik € Qyoias Shall be vipin. The number vpin and
the individual variables yypx which have to be
chosen, can depend on the considered interval dy.
The interval dy is Vpin-dimensional and therefore
dw c R™", where R"™*® is the Vvmin-dimensional
point space. For the whole interval dy there is
similarly a minimal set Q,; of primitive variables,
their number is Vg . For any arbitary dy c dy c R
it 18 Qy,..C Qvam and Vmin = Vg .
If the set Qp of primarily measured bulk quanti-
ties includes all primarily measurable bulk quanti-
ties possible for the considered system, it shall be
called Q¢. A set of all independent primitive vari-
ables included in Q; and satisfying the above condi-
tions (1) to (4) shall be called Q,=:, and the number
of those variables shall be vgy;. The totality of the
variables ypvnr € QgE covers a vgg-dimensional
subset d;c Rv== where dy= [ ]| dvax is the

Vvrk€Qvmin
cartesian product of the intervals dyar of all

vk € Qvo:. If each dyag covers all possible values
of yvnr, then the set dt shall be called a complete
set of variables for the considered system. Any bulk
quantity yg ¢ Qy: of this system can be repre-
sented as a function with arguments from the set

ver in some set dy N Dy;, where Dy is the domain
of the function y4;.

If the set Qy; c Qp is a proper subset of Q, -,
ie. Qv c Qv but Qu; &+ Qvz, then vz <
Vian. In this case the set of primitive variables Qv
generally is not sufficient for a complete represen-
tation of all bulk quantities y¢; ¢ Qv. One commonly
assumes firstly, that the set Dy of available data
could be extended to a set Dy =Dy U De = {(y4i)s},
where De= {(yvim)s} is the set of values of all
variables yyim € (Qv==— Qyzy) for the system in
the particular state s, and secondly, that each of
those variables yvi,» has one and the same fixed
value 9%, in all considered sets (yg)s. If this
requirement is met, each bulk quantity yg ¢ Qv
can be represented as a function g4 =94 (yvar)
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with arguments yvar € Qv in some set dw N Dy,
where dw= Hdhk is the cartesian product of the
hE

intervals dpx of the primitive variables yvur € Qy,
and where d, c RV==,

To discuss two different systems we designate
any quantity by A’ if it relates to the first system,
by A" if it relates to the second one. If the two sets
of all regarded independent variables of the two
systems can be chosen so that they are equal, i.e.
Q;;,;: Qi—, we call the systems similar. One or
more of the variables 1, € Qy; describe the mass
of the system, the masses of the constituents used
to generate the system, or related quantities
describing the amount of the system. If y7,,= (.
for all quantities of this kind, the two systems shall
be denoted as equal systems. If

? 4 24 ’ ’
Ay =1ym forall 9,,€Qy- and
’’ 124
Vi € Qv »

where A € Ry, it is said that the two systems are
in an equal state. Two systems in an equal state
are necessarily similar systems. If two equal sys-
tems are in an equal state, and if this state is a
stationary state, they are called identical systems
with respect to the sets QI') and Q;,', where all
quantities meeting the requirements (1) to (3) of
section 1 have equal values.

To select the correct primitive variables yyar € Qy
to form a set Q,,,, or the set Q,—, one has to have
some knowledge about the composition of the con-
stituents of the system and about the chemical
reactions occurring in the system. But such in-
formation commonly is obtained only from an
analysis based on the set Dy of data, and therefore
the sets Qy,,, and Qyz; can be determined only
after the results of the investigation of the system
are known.

An aim of many experimental investigations is
the determination of functions y4; € Q¢ correspond-
ing to bulk quantities and of further derived func-
tions leading to molecular quantities. For the
necessary evaluation of the set D, of data, any set
of primitive variables Qy > Q,,,, determined in
some interval dy and satisfying the above condi-
tions (1) to (4) may be used. Many functions
vgi(yvnr) are differentiable in any order at any
point (yvax) € da € (dw N D). In such cases, which
are met especially if the system consists of only
one phase, the function y4 is completely deter-
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mined in the space dq if it is accurately known
in any subspace dscdgq whose measure in dq is
different from zero. Because all quantities of the
set Dy of available data necessarily are associated
with finite errors, an accurate determination of any
function vy is impossible. To keep the disturbances
caused by those errors as low as possible, the
investigated range of the functions yg; should be
as large as possible; that is, one should choose the
interval dy of the set Qy as large as possible. For
the determination of many molecular quantities
the limits of some appropriate bulk quantities are
sufficient. In such a case the experimental in-
vestigation may be restricted to a smaller interval
of the appropriate primitive variables.

For a complete description of a system all pos-
sible independent bulk functions 4 should be
investigated in a range corresponding to the whole
interval of a complete set Q,=. Neither the number
of independent bulk functions yg; nor the number
of primitive variables in the complete set Q.
can easily be found even for simple systems. There-
fore a macroscopic system cannot be described
completely, and one has to confine oneself to the
description of a selected set Q¢ of functions vy
regarding only a selected set Qy of primitive vari-
ables Yhik-

3. Some General Relations for Maeroscopic
Quantities

For the description of macroscopic quantities
of a system meeting the requirements (1) to (3),
Sect. 1, v primitive variables yx; may be chosen;
they constitute the set Qy. Each other bulk quantity
ygi can be represented by a function

Vi = Vgi (Vhk) s (2)

which is assumed to be differentiable at (ypx) € da.
A function y;4; may be defined by

Vagi = M ygi, (3)

where 1 is any real number (==0) or any quantity
representing a bulk property. With the definition

Yank = M ynk (4)
it follows from eq. (1) that

Vagi = Ygi(Yank) = M9 vgi(Ynk)
= ygi (AP ynr) - (5)
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Under those conditions Euler’s theorem for homo-
geneous functions holds *

0
gygf(yhk)=z(ay”‘) hynk (6)
hk VhE [yne’

and furthermore it follows

0ygi 0%ygi
(b —9g) ( ) + (———“

OV )y z%: OYnk OYim
“lyim=0. (7)

For the representation of a bulk quantity yg
of the class g +0 according to (6) at least one
variable ypx of a class h =0 is necessary, for the
representation of an intensive quantity yo; (class
g=0) the primitive variables y5; may be of any
class. The derivatives of the functions yg are
related according to (6) and (7).

Of special interest are macroscopic quantities
of the class g=0 (intensive quantities), which are
according to (5) independent of the amount of the
system, and quantities of the class g=1 (extensive
quantities), which are proportional to the amount
of the system. If quantities of these classes are used
as primitive variables, i.e. the intensive quantities
M1, ..., Nw and the extensive quantities I, ..., I,
then according to (6) it holds true for any function
@ representing another extensive quantity

2 [ 0D
) (el K ®)
l=zl< a‘rl )Ft'.'lc l

and according to (7)

°©.( 2 arp) )
PR Fl:()a
IZ(an (a-[‘k I,/ Ty e

k=1,...,v. 9)

If the variable I3, corresponds to an extensive
quantity which can vanish, whereas the other
variables I need not necessarily vanish, then
according to (8) and (9)

i (aQ) I, 0 (10)
im |——— =0,
ra—so\ 00w Jrun
0 od
Iim | —|— I'm=0,
I'm—->0( aFm (ark)l“k',m)l‘m’,m o
kE+m. (11)

* The subscripts of a partial derivative denote the
variables to be kept constant when differentiating the
function, y%; abbreviates the set of all variables of the
designed kind but exclusive of the variable .
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4. The Phase and its Primarily Measured Bulk
Properties

A one-phase system can usually be generated
by mixing a number E of pure substances Ay
(initial substances, J=1, ..., E). The amount of
the phase and its composition in a stationary state
is completely described by the values of the initial
masses mog of the substances A;. Commonly mos
can easily and very accurately be .determined and
hence we shall consider these quantities as primary
ones. In many cases the molar masses My of the
substances are known, thus the values of the initial
amounts of substance ngs can be calculated accord-
ing to

nog = moJ/MJ. (12)

In such cases the information given by the set of
values {(nos)} is equivalent to that given by the
set {(mos)}. Both of these quantities are of class
g=1, and therefore both can be used equally well
as primitive variables if the dependence of other
bulk properties on the composition and amount
of the phase are investigated. For convenience we
shall generally use the set (nos); if desired, one or
all the nos can be substituted by the corresponding
mos according to (12). Commonly a set (3,)=
(T, p, 93, ..., ¥¢) of intensive bulk quantities (of
class ¢ =0), which are usually directly measurable
with appropriate instruments, is used as further
primitive variables. The set Qv = (nos, ¥,) of primi-
tive variables is usually sufficient for the descrip-
tion of other bulk properties in any stationary state.
A set (ngs, ¥,)s with fixed values for all variables
specifies a particular phase in a particular station-
ary state. Each other bulk quantity ysre Q¢ can
be regarded as a function.

Yhk = Yhk (o1, .., MoE, D1, ..., Te)

= Yk (nos, 1), (13)

as has been discussed in section 2.

If ypi represents a quantity of class b <=0 at most
E —1 of the set of variables ngy, which belong to
class g=1, can be replaced by other ones of class
g=0, as can be recognized from eq. (6). If yox is
a quantity of class h=0, any number of the £
variables nos can be replaced by variables of class
g=0. Such variables may be generated by any set
of independent functions homogeneous of zeroth
degree in nq1, ..., nog. Commonly they are defined
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by the formula

noJ

YoJ = XJT s (14)

where ¥ is some function homogeneous of first
degree in ngy, ..., nog and the same for all sub-
stances Ay, and y; is some constant possibly
different for different A;. The quantities pos shall
be called concentration variables. A few of the usual

E
choices are listed in table 1; mo= > mos is the
E J=1
total mass, ng = ZnoJ the total amount of sub-
J=1
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stance, and ¥ the volume of the phase. With the
values of the E concentration variables wos the
relative composition of the phase is completely
specified. One of the concentration variables may be
a constant, for example boy=M;! and rp =1,
or the sum

i 1
J=1'(POJ = TP—

may be a constant, for example Z wor = Z xor =1,
T I

E
> 27 tnos (15)
J=1

hence at most (£ — 1) of the set of £ concentration
variables wos and zos are independent of each other.

If E — E’ of the variables ngs of yni, Eq. (13), are replaced by o, the function is represented as

Yk = Yhk(No1, - .-, NOE’ s WOE'+15 -

"WOE) 017 LR

Pe) = yrr(nor, oa, ) - (16)

We assume the function yy; differentiable at the point (noz, Yo, ¥:) and in some neighborhood Anor,
Awoe, A9, enclosing that point, i.e. (nor, + Anor, Yoe + Ayoe, #.+ A7) € da, then it is true in linear order

for any arbitrary variation Anor, Ayoee, 49,:

vk (nor + Anor, Yoo + Awoa, 9 + A9) = ynx(nor, Yoc, 1)

+3

anOL

H=E'+1

0
(G
anOG noc’, 9

=1 H=E'+1

Yo7 is a partial molar quantity of ¥ as defined
by eq. (22) with @ =Y. From (17) follow formulas
for the transformation of the partial derivatives
of the bulk quantity yx considering it either as
function with the variables nos, as shown in (13),
or nor, and wog, as shown in (16), with any E’
(1 £ E' < E). Particularly for ' = E — 1 it is

(am)
GWOG noc’, %
Oy
= (1 — xepoe Poe)™! XG‘P( a}’ )
nOG noc |9‘
and for £’ =1

(18)

<L ) [( <5 )
N 19
( aWOG o1, Yo', P X anOG noc’, *u ( )
‘Poc 0 hlc TOG
Por \ 01 Juer,e, | 101 Por

where (6) was used. The derivatives of any function

2 z o E 2
< = ) + (1 — > XHYoH lAUOH) Yo . XH'I/JOH( il ) ]Anoz,
no', % H=E'+1 Onon nor’, B¢

E —1 E 0
> AHYoH Y’m{) Yoe D xmp()H( £ ) } Ayoc
non’,

H=E'+1

(17)

H=E'+1 Onog

& 0 E -1 ayl E 0
+ [( P ) + (1 - > waOHY’OH) ( ) > xnymz( Vhk ) } A49,.
nos, 9 =E' aﬁl nos, %" H=E'+1 anOH nou’, %

yrr With respect to two different concentration
variables, let us say

i = noc/7g" PV and yf=noc/y@ ¥,

are related as

(e
awglz(; noL, %

A
(1 — 2@ i3 ¥§2) (&)Sl/(l) OY6Q Jnoc, 0

In most cases, to gain knowledge of a further
bulk property of a phase, either the corresponding
extensive quantity @ or its adjoint density Dg,
defined as

D¢: ¢V_1, (21)

together with the mass density o of the phase are
directly measured with optimal accuracy. Hence
we shall consider the set (@) or equivalently the
set (Dg, o) of such quantities together with (nos, 9,)

(20)
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Table 1. Concentration variables and related quantities.
: - E mos

Name of quantity Yos 2 P4 Yo1 Yos(J +1) Yo mo/¥ 2Pos =2 —ur
J=1 J=1 ¥

molality bos 1 mo1 M1 0 M, mo/mor  mo/mo1

mole ratio ros 1 no1 1 0 1 mo/no1 no/no1

mass fraction wo.s Myl mg mo1/mo My M, 1 1

mole fraction Zos 1 no noi/ng 1 1 mo/no 1

concentration (density cos 1 v no1/V Vos Vo e no/V

of amount of substance)

as the set Qp = (nos, ¥, D) or Qp= (nos, %, Dg, 0) space spanned by the no1, ..., nog, P, ..., ¥, D,

of primarily measured bulk quantities. The set
(nos, %, Doy, Dgs, ..., 0)s with all known densi-
ties Dgy, Dgs, ... and particular values for all
those quantities is a collection of the information
known about the specified phase in its specified
state. The set Dp={(nos, ., Doy, Do, .., 0)s}
is the set of available data; all further evaluations
are based on that set.

The main goal treated in this paper, the deter-
mination of molecular quantities from macroscopic
quantities, may be reached rather easily if suitable
measurements can be made on gaseous phases at
sufficiently low mass density. If measurements on
dense phases as liquids, for example, have to be
evaluated, the situation is much more complex.
Generally the desired results can be obtained
easier if the investigated phases are dilute solutions
of the molecules of interest in some solvent, which
may consist of one or a few substances. We assume
that the solvent consists of the substances
A;,...,As, and that the initial solutes are
As+1, ..., Ag. If a chemical reaction occurs, some
additional substances Ag;1, ..., Ak can be present
in the phase. These substances and the effects
caused by them can be considered only on the basis
of a molecular model, and therefore they don’t have
to be taken into account as long as bulk quantities
alone are being considered.

5. Partial Molar Quantities and Some of Their
Properties

A function @ (= y1x) representing an extensive
bulk property is homogeneous of first degree in
701, ..., nog and depends on further variables
D1, ..., D¢, for which intensive bulk quantities can
be chosen. The function @ can be represented as a
hypersurface w¢ with dimension vpin <E+-¢ in a

which may be bound for several reasons as, for
example, restricted solubility. @ is assumed differ-
entiable in an interval dq. Then at any point
(nor, 9,) € da the partial derivatives (0D/0nos),,,, o,
exist. If two of the intensive variables 3, are the
temperature 7' and the pressure p, such a deriv-
ative is called partial molar quantity @o; (here-
after abbreviated as PMQ),

oD )
nos’, 9. i

Onos
191=T, ’192217,

¢0J=(

J=1,...,E. (22)

The functions @y are homogeneous of zeroth
degree in nq1, ..., nog and depend on the further
variables #1, ..., #. They can be represented as a
(Vmin— 1)-dimensional hypersurface in a space
spanned by the variables yoq, ..., YoE, 91, ..., P,
Dys, for example. The PMQ Dy is assumed differ-
entiable at any point (o2, ..., Yo, P, ..., ¥¢) € da.
For the limit ngy—> oo it always holds true

lim @y = Dy, (),

il for fixed 9,, nor, I=+J, (23)

where @3;(9,) is the corresponding molar quantity
of the pure substance Ay at specified values of
the 4/’s.

Due to their behavior at ng;—0 the PMQ’s can
be partitioned into two classes of quantities. For
the one class, called A, the values of @y are finite
everywhere,

lim ¢0J = finite 5 (24)
Nos —>0
and for the other class, called B,
lim @0_] = 0o, (25)
nos—>0




1376

for fixed 9,, nor, I =J, (no1 +0). For the PMQ’s of
class A

. [ 0Dos )
lim ( = finite (26)
nos —>0 anOJ noys’, &
or the limit does not exist
Do )
nw—>0( anOJ nos’, % ( )

depending on the kind of substance A considered.
The first case shall be called Aa, the second one Ab.
The PMQ’s of class B always satisfy eq. (27).

For the PMQ’s of both classes it holds true

@Dy nos = finite, everywhere, (28)
lim @gynoy =0, (29)
nos —>0
(o)
anoJ noJ', 19;
= finite for I 4 J, everywhere, (30)
and
. 0Dor
lim nog =0 for IJ. (31)
nos —0 Onos nos’, 9
Furthermore, for quantities of class Aa
0D
lim (— °") nor =0 (32)
nos—0\ ON0J nos’s &
and for quantities of classes Ab and B
. Doy .
lim nos = finite . (33)
nos—0 anOJ nos’, B4

These facts are trivial for the PMQ’s of class Aa,
while for those of classes Ab and B they follow
from egs. (8) to (11). From egs. (32) and (9), for
quantities of class Aa

0D
lim (—ﬁ) —0,
no—Nor anOI nor’, &,

but, for a phase containing three or more substances,
this derivative does not necessarily vanish for
nog —> 0.

(34)

In case of a solution of the substances
Asi1, ..., Ag in a mixed solvent generated from
the substances Ajp, ..., Ag, the definition of an
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average PMQ @3 of the solvent can be advanta-
geous,

1

S
D) = — > Dornor, (35)
Mo L=1
where
S
ng‘ = z noL (36)
L=1

Any quantity with a star as a superscript is the
limit of this quantity for the pure mixed solvent,
i.e. for nog—0, H=S8-41, ..., E, with fixed values
of nog,, L=1,...,8,and 9,, t=1, ..., &, whenever
this limit exists, or with any quantity yzr owning
this property

'}’I’szy;fk(nm,---,’”/05,191,”-,?95)
= hm '}’hk(nol,---,WOE, ?91’"')198)’
no—>no*
nOL,LZI,...,S, and 19,,
t=1,...,¢, fixed. (37)

For a solvent consisting of only a single substance,
let us say Aj, such a limit is equivalent to the limit
for the pure solvent, i.e. for ng—>no1. Any sub-
stance Ay, for which the mole ratio nos/no1 has a
fixed value in a set of data, may be considered as a
component of the solvent in the above sense or as a
solute and therefore, in such a particular case, J can
be included in one of the sets 1, ..., S (solvent) or
S+1, ..., E (solute), whatever is more convenient.

Another limit is denoted with a cross as a super-
seript; it is defined as

7};';;((;) == 72]}(0) (no1, .-+ MoE-1, D1, .., Te)
= lim ypx(no1, ..., noE-1, Mo, V1, ..., Fe)
noc —>0
nor, L=1,....,. B —1, and ¥,,
t=1,...,¢, fixed, (38)

that is ;g is the limit of yp for vanishing con-
centration of one of the substances, the subscript
in brackets indicates the vanishing kind of sub-
stance, i.e. Ag in (38). If in (37) it is chosen S=
E—1 and E =@, both limits are identical, i.e.
Yik@ = Vi in that particular case.

For the average PMQ @) there is according to
(9) a relation similar to (34), namely

(a@gﬂ)* 1 in (6¢0L )* 0
=— 0L =0,

e nog’, % n?f L=1 Onoe noc’, %

G=8+1,...,E. (39)
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Any PMQ can be represented as

Doy = Diy + Ray, (40)

where for PMQ’s of class A of the solutes
AS+17 seisy AE,
@6"@: lim @0(;,
Nno—>no*

G=S8+1,...,E (Do of class A),
hence lim Rg;=0, and for PMQ’s of class B

No—>no*
¢3‘G = lim (¢0G — R‘pg) "
no—>no*

G=8+1,...,E (Do of class B), (42)

lim Rg;|= oo, so that the values ®@F; are
no—>no*
finite for PMQ’s of class A as well as of class B.
If the solvent consists of only a single substance A;
it is

(41)

with

Df = DY, (Do1 of class A or B). (43)

For a mixed solvent the limit ®(9* of the average
PMQ &3, as defined by (35), may be used instead
of @Y, i.e. D) = B* + Ry, instead of (40). The
limits @F; are naturally independent of the con-
centrations of the solutes woe, G=8+41, ..., E,
but their value can be different for different sol-
vents or solvents with different composition. The
quantities R4y can be considered as functions of
the variables wos+1, ..., YoE, ?1, ..., F¢; their
values are different for different solvents. They
have to satisfy (24) to (34), respectively.

Assuming a PMQ @ of class Aa differentiable
everywhere, the corresponding quantity R4y can be
expanded in a series in Yos+1, ..., YoE,

(o] oo
e R X, Py .2
R¢J 53 z Z ({1W¢J&s+l...a8 w0§+-11-1 WOBE’

as+1=0 ag=
J=m(r1l), S+1,...,E
(Dos of class Aa), (44)

where the coefficients A,44s,,...o; are independent
of the composition of the phase, but their values
can be different for different solvents. Because of
(41) it is Aygpz00...0="0 and from (39) it follows

E
Aw¢mas+1...a:g =0, if z ae<2.
G=5+1
Since (9), (31), (32) and (39) have to be satisfied,
there exist relations between the coefficients
Aosesis..an - 08, J=mfor1), 8§+ 1,..., B.

(45)
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With fixed values of E — 1 variables ngg
(or mor/no1), L=1,...,E—1, and E=G, the
quantities Rg; depend on just one variable yog,
the concentration of the solute Ag. For quantites
of class Aa the expansion, eq. (44), can be simpli-
fied to

R(DJ = R;)-J(G) + Z 1{1;_¢J(G)flc 'Pg((;? ’ (46)

J=m(r1l), S+1,.... E—1,G
(Doy of class Aa),
where Ripg, I=8+1,...,E—1, G, and R}, ¢,
are defined by

D1y = Do + Rireys
I=8+1,...,.E—1, G,

(S)* S)* +
Didiey= Do+ Boms)-

(47)
(48)

For similar expansions with the variable nog the
coefficients in (46) have to be replaced by A,75.7(g)ac-
Since (0% Pom/092%)5. ) = %¢! AJor@ae> Tepeated
application of (18) leads to relations between the
different sets of coefficients. The first few are:

Aisren= (e P Ajore» (49)
Adorer2 (50)
= (xe P2 (Aja5@2— 2 26 Voo Ayor@) »
Ador6)3 (51)
= (xe V)3 {Ajos@3s — 6 x¢ ¥oe Afor @2

+ 3[2(xe ¥de)?
— xe Afereil Ajor@i} s

where particularly Apy @)= 0.

In dilute solutions, the first few terms of the
expansions (44) or (46), respectively, are usually
sufficient, at least if no chemical reactions occur.
At larger concentrations or when chemical reac-
tions happen, the expansion can become very long
and possibly cannot be applied any more.

For PMQ’s of class B the function R4y can be
represented by

Rpy = Bosln (pos[y®) + Coy s

J=m(rl), S+1,....E,
(Dog of class B),

(52)

where Bg; is a quantity independent of the compo-
sition of the phase, %° is some standard quantity
with an arbitrary value and a unit equal to that one
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of wos. The function Cg;=Cgy(por, ?,) is re-
stricted by the requirements according to eqs. (28)
to (31) and (33).

6. The Determination of Partial Molar Quantities

The fundamental equation for the determination
of a PMQ @¢ is the definition, eq. (22), or, after
substitution of a concentration variable o for noe
according to eq. (18),

{_ Y, 0D
1 — ey Poe. ( L ) . 53)
16 w alpoc: noL, %

Equations (22) or (53) could be used for the estima-
tion of Dyq, if the extensive quantity @ can be
determined. For the evaluation according to the
former equation a set of data {(nog, @)s} is neces-
sary, to the latter one a set {(yoa, D)s}, with fixed
values of nos, J =G, J=1,...,E, and &, 1=
1,..., & and various values of ngg or wog, re-
spectively.

For many bulk properties there are no experi-
mental devices in use to measure the corresponding
extensive quantity @ but rather others, measuring
the density Dy adjoint to @, as defined by (21). For
other bulk properties the quantities Dy are mea-
surable more easily and with less error than the
adjoint @. In all such cases it is preferable to obtain
the PMQ’s @g; by evaluation of sets {(nos, Dg)s}
of values of Dg for varying composition of the phase.
According to the definition of Dy, (21), the PMQ’s
@, are given by

¢0J= V(

Do =

oDy
E)nw

) - + DgVos. (54)

From (54) it can be recognized that for the deter-
mination of @gs by this method not only some sets
{(nos, Dg)s} with varying nos and fixed nor, I =J,
are necessary but also some sets of values {(nos, V)s}
measured under similar conditions. Usually the
measurement of the mass density p is much easier
and more accurate than that of V, especially if
modern equipment is used. In this case one intro-
duces V=p"1mg into eq. (54), so that after sub-
stitution of yog for nee it follows

(1— xGWOG'JVoc)mo( aD,,,g—l)
Xe v a’/’OG nor, %
+ Doo 1 Mg. (55)

Equations (22) and (53) to (55) allow the estima-
tion of @y¢ if an appropriate set of data Dy is

Do =
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available. For that purpose the number of data
and their accuracy must be large enough, to that
the derivatives with respect to nge or yoe can be
determined with an adequately small error. The
quantity (Reg— Rgg(e) corresponding to a PMQ
of class Aa as defined by (40), (41) and (47) is in
sufficiently dilute solutions necessarily small com-
pared to the limit @gy ) of the PMQ, whenever
this quantity is different from zero. Therefore mea-
surements in such solutions should allow a reliable
estimation of @gy ), which can be used for the
determination of molecular quantities, as will be
discussed in the next section. The values of any
extensive quantity @, density Dg or of p~1 mea-
sured in sufficiently dilute solutions show a linear
dependence as well on ngg as on any commonly
used yog for fixed values of nor, L==G, and 9.
Hence it seems easy to estimate the limits
(8Dg/2%06)5(6)> (0071/006)5,6)» (0Da0~1/poe)s(q)
or similar ones and calculate the limits @gg gy With
these values and the appropriate equations. If there
is an exact linear relation between a quantity
X(X=®, Dg, 071, Dy o1, for example) and a
particular one of the concentration variables, let us
say p{}), then generally with another one y{ the
relation cannot be strictly linear as can be re-
cognized from (20). Due to the unavoidable errors
of measurements the non-linear contributions can-
not be recognized from data obtained with suffi-
ciently dilute solutions. A linear regression leads
to an estimator for the limit of the derivative, its
deviation from the true value depends not only on
the statistical errors of individual data but also
on the non-linear contributions. Consequently, the
evaluation of data can be based on any one of the
Eqgs.(22), (563), (54) or (55), each evaluation leads to a
particular estimator of @ g, whose deviation from
the true value can be larger than its statistical
error. Hence, for a reliable evaluation of data,
especially for the estimation of the limit @Dgy g
these equations are not so well suited as the follow-
ing ones.

Using the average PMQ @) of the solvent as
defined by (35), any extensive bulk quantity @
can be represented according to (8) as

E
D‘p m9— = @82 no* 4+ z (DOG noG - (56)
e G=8+1

We can define a generalized density P, as

Poo =DV,

D —

(57)
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where ¥ is any extensive quantity wherefore we or, after introducing an average x5 of the yz’s
commonly choose the same one as used for the defi- of the solvent,
nition of the concentration variables yoe, Equation

s
(14)*. Tt is . £ = n¥ / > 7:?‘;{' (59)
Dgmyg n, E L=1
RO s A N Boc o, (58
ne v @ 0=§s:+icc oeYoc, (58) and (15)
29D z Z (e Poc — 79 BD) o . (60)
G S+1

For the determination of the limit @gg g, of the PMQ we choose S =E —1 and E =G in (56) to (60). Intro-
duction of (40) and (46) to (48) leads to

—1)+ .+ 2
D = OE B ndie) + Pogey Mo + (Adva@i + Adom@2 n6ie) Moe
3
+ (Afpa@2 + Avom@es o) moe + > (61)

9 0(0) )
Poo= Qgﬁ(ér + %6 Diee Yoe + (xa Afog@1 + Afom@2— 7] )'Poc

Mo (q)
+ (ZG Ajsgerz + Ayomes —g7—> Yoo+ s (62)
E-1) pE-D = N0 + (E—1) gy(E—1)*
Pyo = Im ¢0m(0) JZ1 w? + (26 Poc(e) — Xm ¢0m(a) ) Yoe
E  poy
+ (xc Ao+ 2150 Ajom@re ) Yo
do1 Y3 ¥
(E—1) & mos + 3
+ | e Afoa@z + 1 Afom@s . — Aoz || Yoo + > (63)
J=1
where
OE 8 16y = (Daey M)/ 0d@) (64)
and
4 E +  Dtoomt
PE-)+ "M@ _ x(E—1)¢(E—-1)+( noJ ) — Po@Mo@ (65)
e S e Zt w¥ e ol Ph

If a set of data Dy = {(noe, @)s} or Dp= {(noc, mo, 0, Dg)s} With fixed values of nos, J =1, ..., B, J @G
and 9, t=1, ..., &, is available, the further evaluation can be based on (61). With a multiple regression
analysis the number of coefficients significantly different from zero can be determined (F- and t-test, for
example). If only the linear term is significantly different from zero, linear regression leads to an estimator
for Dy e and the information that within the given errors of data all other coefficients are zero. With
a set of data Dp = {(yoe, Mo, 0, Dg)s} a similar multiple regression analysis is possible, based on (62) or (63).
A proper evaluation according to (62) is possible only with such concentration variables yoe, where the
corresponding ¥, Eq. (14), is independent of yoq, i.e. wog=roe or woe=bog, for example. Analogously,

E

for a proper evaluation according to (63) it is necessary that > nos/ys ¥ is independent of yog, as is the
J=1
case if either the concentration variable wog = wog Or Yoe= Zo¢ is chosen (compare Table 1).

* For a few special choices of ¥ the generalized densities ¥ =myg follows yo; = wos and Pws is the specific quantity
Pyo are well-known quantities: For ¥ =V follows poy=  adjoint to @; for ¥=ng follows yos ==os and Pzo is the
cos and Pco = Do is the common density adjoint to @; for  average PMQ D(E) adjoint to @ (Eq. (35) with §=E).
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If with the given set of data there is one term
or are more terms beside the linear term signifi-
cantly different from zero, the corresponding coeffi-
cients in egs. (61) to (63), respectively, can be
estimated, i.e. the limits

(0Doc/Oo6)s (@) - - -» (0" Poc/OWhe) i@

of higher order derivatives of @. In solutions with
more than one solute, these derivatives as well as
the quantity @gy g, are functions of the concentra-
tions yom of all other solutes. From the dependence
of D) and the derivatives on those variables some
further knowledge can be gained, for example,
about chemical reactions which may occur in this
phase.
Estimators for the quantities

, (07 Dog|Oyie)3. @)

of the solute molecules can be obtained from the
experimental data of phases meeting a very few
requirements listed in Sect. 1 without introducing
any further model or any additional assumption.
From such data the average PMQ’s (%) of the
solvent can be calculated according to

+
¢0G 5 QOG(G)’ S

D mo 1 E
P -2 2 Doenoc (66)
om Qn(’," Mo G=ZS+1

Analogous equations hold for the limits @{)* and
e ©- All further information which one wishes
to gain from the measurements, especially such
relating to some molecular behavior, have to be
based on a model usually founded on theory. We
will consider the problems for phases without a
chemical reaction in the following sections and for
phases with chemical reactions in paper IV of this
series [1]).

7. The Model Molar Quantities

The validity of (8) and (56) is based on the re-
quirement (1) of Section 1. According to this re-
quirement, the value @ of an extensive quantity
of the total system, which is the considered phase,
is equal to the sum of the values @®) of partial
systems. To guarantee the validity of requirement
(1) and hence of (8), the partial systems into which
the total system may be decomposed, have to be
sufficiently large, that the contributions to the
quantity @ due to interactions between molecules
in different partial systems are negligible. Accord-
ing to (8) and (22), a PMQ @y; may be interpreted
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as the average contribution of the molecules of the
initial substance Ay (per unit of amount of sub-
stance) to the quantity @, but the @  are defined
only for sufficiently large phases. The interactions
between the molecules in the phase contribute also
to @ and this causes the dependence of @g; on the
composition on the phase. The contribution to @,
due to the interactions between all molecules, is
partitioned onto the PMQ’s @g;, assigned to the
initial substances Ay, in a rather special way as
specified by the definition of the @os by (22).

A theoretical calculation of any macroscopic
quantity is usually founded on a molecular model.
For extensive quantities one generally assumes
that @ may be represented as the sum of the con-
tributions 7z, due to each molecule £ contained
in the phase, or as the sum of the contributions,
due to all the species Ay contained in the phase.
The contribution due to one species can be repre-
sented as the product of the number Ny of particles
of the species Ay and of the average 7; of the con-
tribution of one molecule A; to the quantity @.
Hence

K
S=>nm=pasNy. (67)
k J=1

Using the average molecular quantity 7z;, a molar
quantity ¢ can be defined by

(68)

where N, is the Avogadro constant. The quantity
@s shall be called model molar quantity (MMQ)
of the substance A; to distinguish it from the
PMQ @y as introduced by (22). From (67) and (68)
it follows

K
b => qyng,
J=1
where
ng = Ny/Na (70)

is the amount of substance of the species A present
in the phase. Using the quantities ns, concentra-
tions

@7 = Namy,

(69)

v =mnylgs ¥ (71)
can be defined similar to those in (14)*. The

E
* Choosing yps = :u we take Y= no = > mor as de-

fined in table 1. Then z Ty = Z nz / z nw, which is not
J=1

necessarily equal to one.
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density Dg adjoint to @ can be represented using
the MMQ’s ¢s by

K K
Dy=V"1 TJZIxJ PIYs = Z QIcs,

J=1

(72)

where ¢y = ny/V.

Whereas in the sum in eq. (8) only the initial
substances Ay composing the phase (J=1, ..., E)
are included, the sums in egs. (67), (69) and (72)
have to be extended over all species Ay actually
present in the considered phase (J=1, ..., K). If
no chemical reactions occur in the mixture of
initial substances, then usually K = E; otherwise
usually K = E.

The quantities 7y are average values of the cor-
responding molecular quantities ;5 contributing
to the bulk quantity @. In a gaseous phase at suf-
ficiently low density the quantities m; are those
of the individual isolated molecules; in a dense
phase they usually have to be modified to take into
account the effects due to the interactions with sur-
rounding molecules. The influence of neighboring
molecules on a molecular quantity can be treated
on the basis of a suitable model usually employing
a quantum mechanical perturbation method and/or
a classical electrostatic model. The contributions
caused by the intermolecular interactions to the
macroscopic quantity @ are partitioned onto the
quantities 77y, assigned to the individual species, in
a peculiar way determined by the model used for
the theoretical treatment. The partitioning of the
contributions due to intermolecular interactions
onto the average molecular quantities 7y and hence
also onto the MMQ’s ¢y is usually different from
the partitioning onto the PMQ’s @y even in phases
without chemical reactions (K =FE). Therefore
generally gs =+ @ .

The PMQ @¢s can be determined experimentally
from the dependence of @ or an equivalent quantity
on the composition of the phase as has been dis-
cussed in Section 6. With the knowledge of all
quantities of interest, @y, in dependence on all
corresponding primitive variables, the system is
in the space of those variables completely described.
The aim of some research is usually not restricted
to the knowledge of these quantities but one wants
to obtain an understanding of the system, that is
an interpretation of the properties based on a
molecular model. To reach this aim one has to
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obtain a quantitative knowledge not only of the
amounts of the initial substances used to generate
the system, but of the amounts of all species exist-
ing in the different phases of the system. Hence,
if chemical reactions occur in the system, they all
have to be quantitatively analyzed. Furthermore
the MMQ'’s @ (or equivalently the average molec-
ular quantities 7zy) should be determined and, if
possible, also the values of the molecular quantities
7y, assigned to individual molecules. The deter-
mination of the values ¢s will be treated in the
next section for a phase without a chemical reac-
tion; in the fourth paper of this series the method
is extended for a phase where chemical reactions
occur [1]. The values of the quantities ¢z, 7y and
7tx are always dependent on the molecular model
used for the evaluation of data, but the values of
the PMQ’s @Dys are independent of any molecular
model. Hence, in papers on experimental research
the values of @ps (or equivalent quantities) should
be reported also, so that a treatment of the data
on the basis of some other molecular model is still
possible at any later time.

8. The Relations Between Partial Molar Quantities
(PMQ’s) and Model Molar Quantities (MMQ’s)
for Phases Without Chemical Reactions

The molecular quantities 7x, 77y and the MMQ’s
@ have to be introduced on the basis of a theoretical
model. According to such a model they usually will
depend on some variables oy, ..., o, hence

®7 = @7 (%) - (73)
In a stationary state the variables o can usually
be chosen as some quantities of class g = 0, examples
are the permittivity, the refractive index or the
average distance between two molecules. Such
quantities can be represented by homogeneous

functions of the zeroth degree of ng1, ..., nog and
of some intensive variables 91, ..., J¢, i.e.
oty = ok (nor, 9,) - (74)

Consequently any MMQ ¢; may also be considered
as a homogeneous function of zeroth degree of
01, ..., Nog and of 91, ..., ¥¢, that is

@r = @g(nor, 9). (75)
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With those primitive variables it follows from (69)

D (nos + Anog, 9.+ A49,) =

+3 5

=1 J=1

D (no,

90+

which is correct in linear order for any arbitrary
variation Angr and A9, so that

(nor + Anor, 9.+ A49,) edq.

If there is no chemical reaction and K= E, then
ng=mnoy, J=1, ..., E, and from (76) follows that

E
Doy = @5 + an(

I=1

Ogr )
010 Jnoy, 0.

The case where chemical reactions occur is more
complicated and will be treated in the fourth paper
of this series [1]. In the case without chemical
reactions, the PMQ @y is, according to (77), a sum
of two contributions. The first part is the MMQ ¢,
the quantity needed for the determination of the
molecular quantities 77; and zx. The second part,
the sum on the right-hand side of (77), stems from
the dependence of the gy of all substances Ay present
in the phase on its composition*. This contribu-
tion vanishes if the theoretical model is so chosen
that

(77)

(0@1/0n00) oy, 8, = (07 OM01) oy, 0,

for I, J=1, ..., E. Only in this special case are the
MMQ’s @7, based on a true model, identical with
the PMQ’S ¢0J.

Using the variables yor, as defined by (14), and
(18) it follows from (77) that

1 — ysyos Pos
XJ

(ope)
Z A1 Yor ;
I=1 a¢0J nos’, &

The derivatives (0¢r/0%os)n,,, s, can also be re-
presented by (79)

(v b =2,
awOJ nos’, % x=1 Ooty ax’s B

* A particular case where the @¢;’s are related to data
from permittivity measurements has been treated by
Smith [3].

Doy =g+

(78)

aax )
-
OYos /nos, 0.
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0 0
Z @ (—l{) +nJ( W) Anor
I=1J=1 001 Jnor, . ON0I oy, ,

E)nJ Ly a(pJ
QJ 29, "W’W—r J o9

(76)

L
nor, &'

which is advantageously applied when the deriv-
atives (Octx/0Yos)n,,, 5, can be determined from ex-
perimental data, as is often the case.

For solutions in a mixed solvent consisting of the
substances Ay, ..., Ag one can introduce an average
MMQ ¢&) of the solvent, defined in a manner

analogous to the average PMQ @), Eq. (35), that
is

S
(pﬁ,f) = n—* Z @LNOL - (80)

0 L=1
A relation of this average MMQ to the correspond-
ing average PMQ of the solvent follows from (77) as
S E

> moLmoc
ng 121 6=5+1

S) +
=i
ONOL /oy, 0, 000G Jnoet, 8.

According to (81) it is @ =¢S*, where the
starred quantities are defined by eq. (37). For a
solvent consisting of only a single substance A; it
follows @ = @Y, = ¢f, i.e. the limit of any MMQ
of the pure solvent is equal to its corresponding
molar quantity.

For solutions of a single substance Ag in a mixed
solvent, the limit @f; of a PMQ Pog of class A
becomes according to (78) and (80)

nz)" ( aq,(s> )
X T* awOG nor, 19‘
The MMQ’s ¢g of quantities of class Aa can be

expanded in a series in Yos+1, ..., Yog similar to the
PMQ’s @y, as described by (40) and (44), i.e.

PJ = (pJ I Z zl @Jas+1..

as+1=0 aeg=0

DS = (81)

D = 9 (82)

Yot - Yok (83)
J=m(rl), S+1,...,E
(Dog of class Aa).

Also series expansions analogous to (46) are possible
with coefficients A.57()s- In dilute solutions the
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first few terms of such expansions are usually suf-
ficient.

From (77),.(78), (82) and (79) it can be recognized
that a further evaluation of data is possible only
on the basis of a suitable model which allows the
representation of the MMQ’s ¢; in dependence of
the variables «, and the calculation of the limits,
e.g. (0gr/0ax)¥s 5,- The derivatives (Oox/0pos)n,, . 5,
and their limits (Qot,/0pos) 5, . ., for example, usually
can be obtained from experimental data. Then
knowing the experimental value of ®F;, eq. (82)
together with the limit of an equation analogous
to eq. (79) but ¢S substituted for @7 can be used
to determine the value of ¢f and also of 7g=

lim 7g. Using the theoretical model again, the
No—>no*
molecular quantity 7x may be obtained from 7.

9. Introduction of Molecular Models

9.1. The Complete Molecular Model (CMM), the
Separated Molecular Model (SMM) and the
Lumped Molecular Model (LM M)

We consider a phase, where the substances
A;, ..., Ag constitute a mixed solvent and the sub-
stances Agy1, ..., Ag, ..., Ag are solutes. Usually
the molecular model is chosen so that any MMQ
@7 =@s(Yo2, ..., WoE, ) can be separated into a
sum of three terms

Q=0+ @ss+ g, J=1,...,K. (84)

@17 is the MMQ of isolated free molecules Ay, @gs is
the contribution due to the interactions between
the molecules Ay and their surrounding solvent
molecules Ay, ..., As to the MMQ ¢s, and ¢y is
the contribution due to the interactions between
the molecules A; and the solute molecules
Asii, ..., Ag. Hence

@s7 = @s7 (P02, -- -, Yos, i), (85)

Qo7 = Pg (Y02, -, Y05, Yos+1, ---, YoE, B.) (86)
and lim @y = ¢y =0.
no—>no*

For a gaseous phase at sufficiently low density
@s7=@gr=0 and consequently the MMQ’s ¢ of
quantities of type A, where the limits @, exist,
are independent of the composition of the phase,
so that according to eq. (78)

4
Doy = Doyny = Pt7 = 7 = QT (1)

b A o S (87)
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Under such conditions the value of the MMQ ¢g
is equal to the value of the PMQ ®ys; and the
determination of g7 is reduced to the determination
of (po,] .

In a dense phase, the MMQ’s ¢s are influenced
by the interactions between different constituents
of the phase. In spite of the general interactions
the molecules usually keep their individuality as is
well known. Otherwise, if there are specific inter-
actions between some molecules, new identities will
be formed as electron donor-acceptor complexes,
for example, and the phase has to be treated as one
where chemical reactions occur (fourth paper of
this series). Due to the individuality of the molecules
the vibronic states of a molecule are maintained
in the dense phase but more or less perturbed by
interactions with the surrounding molecules. The
intermolecular interactions inhibit the translational
and rotational motions peculiar to free molecules
and cause vibrational and torsional motions, called
librations, of a molecule relative to its neighbors,
i.e. displacements of the molecule as a whole from
its momentary equilibrium position. The momen-
tary equilibrium position drifts in physical space
causing translational diffusion and rotational dif-
fusion of the molecule and related phenomena.

For a solution of molecules Ag (G=8+1, ..., K)
in a solvent the molecular model used for a further
treatment usually belongs to one of three types.
In the first type, which shall be called complete
molecular model (CMM), the extensive quantity
@Dmoa corresponding to ¢y is calculated using an
appropriate molecular model for the complete phase.
From that quantity the MMQ’s ¢s can be obtained
by @s = (0Pmoa/0707) .y, ,- Then necessarily

(a¢J/anOI)nDI', 9 = (a¢1/ano‘])’no.l', ﬂl

and therefore @y =¢@;. The MMQ’s ps obtained
with such a molecular model can be compared
directly with the experimental PMQ’s @y .

In the second type, which shall be called sepa-
rated molecular model (SMM), the effects of the
solute molecules Ag on the MMQ’s are separated

into contributions ofindividual molecules Ay ,...,Ag,
Asia, ..., Ag, that is, the quantities
@gr =0 for J=1,....K, (88)

are calculated using an appropriate molecular
model, where usually (0¢s/0nr),,, 5, % (O@1/ON)p,, 6.
and (3gs/Opoc)f,. s, 40 for I, J=1, ..., K. There-
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fore even ¢ can only be obtained from @, using
(82) for example, after introducing a specified
model allowing the evaluation of (3¢S/0yo6)n,;. 5, -

In the third type of a molecular model, which
shall be called lumped molecular model (LMM),
all effects due to the solvent molecules and due to
the interactions between them are lumped together
and all effects due to interactions under participa-
tion of a solute molecule are assigned to this solute
molecule, that is one sets

ggs=0 for J=1,...,8 (89)
in eq. (84), or equivalently
pg=D% for J=1,...,8. (90)
According to egs. (78) and (90) it becomes
il = o)
Doc = p¢ + b
X6
' 0
S XH,/,OH( ‘F’H“) : (91)
H=S8+1 WPoe /noc, 0,

G=84+1,... ,E,

and therefore, when the limit of @¢¢ for the pure
(mixed) solvent exists, it is

96 = Dl (92)
hence the limit ¢ of the MMQ determined on the
basis of an LMM can be compared with the limit
@f, of the PMQ, which usually can rather easily
be estimated from experimental data.

In the following subsections we will consider a
few examples. The usage of PMQ’s is well known
from thermodynamics, a corresponding MMQ will
be formulated and discussed for the Gibbs energy,
as an example. Appropraite PMQ’s, convenient for
the evaluation of data obtained from permittivity,
optical absorption and electro-optical absorption
measurements will be defined and the connections
to MMQ’s will be shown. Suitable PMQ’s and
MMQ’s corresponding to other bulk quantities can
be introduced in a similar manner, as for refracto-
metric measurements and dispersion, for the Kerr
effect and Faraday effect, for measurements of
NMR, ESR, circular dichroism and rotation disper-
sion. Some applications of these methods to con-
crete systems will be presented in papers II [4],
IIT [5] and V [6] of this series, where also particular
molecular models are discussed.
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9.2. Model Molar Quantities for the Gibbs Energy

For the description of the Gibbs energy G, which
is a quantity of class B, the chemical potential is
quite commonly used. The chemical potential us

of a substance Ay in some phase is in many cases
defined as

( o ) G 93

Al e 0J 5 (93)
but in other cases also as

oG o4

wr =\ -~ (94)

According to the first definition the chemical po-
tential is identical to the PMQ Gos. In systems
where no chemical reactions occur, both definitions
are equivalent, in systems with chemical reactions
the quantity us defined by (94) should rather be
an MMQ. The reason is that the amounts of sub-
stance ny actually present in the phase are not
primitive variables, because they can be determined
only, if all occurring chemical reactions are com-
pletely and quantitatively known. In a chemical
equilibrium, necessarily [1]

( aG) ( oG )
g Juyo. \ 00T Jnoy. 5.

and therefore, under that particular condition, both
definitions, (93) and (94) are equivalent and the
chemical potential us is identical with the PMQ
Gos. Naturally (95) makes sense only for such
substances Ay, which can be used as pure sub-
stances to generate the considered phase. The
chemical potential of other species, as of ions for
example, could be defined only as by (94). Then u;
is a particular MMQ, wus=gs, with the special
property (0gs/0ng),, s, = (0g1/Ong),, 5, for all I,
J=1,..., K. To avoid any misapprehension, we
won’t use the expression chemical potential, but
rather specify a PMQ by Gos and any MMQ by g.

The definition of the MMQ’s g, has to be based
on some theoretical molecular model, allowing a
representation of the Gibbs energy G of a phase as

(95)

K
J=1
If it is possible to represent the Gibbs energy
G'=Gmoa of the phase by application of a model,
where all the constituents of the phase are taken
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into account as molecules (that is by application
of a CMM), then the MMQ’s gy = (0Gmoa/0%0s)n,,", 5,
correspond to the PMQ’s Goy, which can be deter-
mined from experimental data. Such a CMM is
applicable for a gaseous phase at sufficiently low
mass density, where any MMQ gs can be separated
into three contributions,

97 = 9t7 + grg + gvJ» (97)

where gt7, gry and gys are due to the translational,
rotational and vibronic (vibrational and electronic)
degrees of freedom, respectively. According to
statistical theory, for sufficiently large values of 7'
and 7

gJtg = RT ln (6J nJ/ V) s (98)
where
RNy
0= (gm) Ny, (99)

h is the Planck constant and R the gas constant.
Using (97), (98) and (77), the relation between
the PMQ Gos and the MMQ g becomes

E
> norVos
Gos =97+ BT I_H—V— : (100)

and hence, at sufficiently low mass density, where
E

V= Znoz Vos, the value of the PMQ is equal to
=1

the value of the MMQ.

In a dense phase a CMM is usually rather complex
and therefore cannot be developed in detail. A
molecular description of a homogeneous phase can
be based on an SMM. If the phase is considered as a
solution, the substances A;, ..., Ag constitute the
solvent and the substances Agy1, ..., Ag aresolutes.
If the phase is considered as a mixture, its com-
ponents are the substances Aj, As, ..., Ag. ny is

the amount of the substance Ay, N;y=mn; N, is the
K

number of molecules, n = Z ny is the total amount
I=1

K
of substance and N = ZN 7 the total number
=1

of molecules in the system.

If some molecules Ay are brought into the mix-
ture, the interactions of each molecule A; with its
surrounding molecules will cause a change of the
local structure and hence of the energy states of
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the system. The change of the local structure is a
time dependent process, which may be separated
into a few processes because their characteristic
relaxation times are quite different. The introduc-
tion of a molecule Ay causes a change of the elec-
tronic distributions with a relaxation time 7Tgre A~
10155, it causes a change of the distribution of
the nuclei of the molecules with fixed orientation
and location in physical space with a relaxation
time Try~10-13 s, it causes a change of the dis-
tribution of the molecules relative to their momen-
tary equilibrium positions with a relaxation time
Tr1~ 107125, If the orientational distribution of
the ensemble of molecules A; brought into the
mixture is anisotropic at the initial time, then there
is also a time-dependent process, namely the ro-
tational diffusion leading to an isotropic orienta-
tional distribution of the molecules A; with a
relaxation time Tro Which is in a mixture with low
viscosity at room temperature of the order 10-11 g
and which may become arbitrarily long at sufficient-
ly high viscosity and low temperature. If the spatial
distribution of the ensemble of molecules Ay is not
homogeneous at the initial time, translational
diffusion is leading to a homogeneous distribution.
The relaxation time Try &~ l/v; of this process de-
pends on the diffusion velocity v; and on the size
of the phase (length ). For macroscopic systems
usually 7g; is much larger than tre. In a system
in contact with a temperature reservoir (heat bath)
and with a sufficiently large heat conductivity, a
local thermal equilibrium state is obtained at a
time ¢> tg1 after introducing an ensemble of
molecules Ay and after a time £ > tr; the state of a
phase without any chemical reaction is a complete
thermal equilibrium state. Corresponding to the
relaxation processes with different relaxation times,
the internal energy U of the phase can approxi-
mately be separated into several parts

K
U=> Ni(gevi + €o1 + €r1) + Us + U1, (101)
I=1

where geyr is the average vibronic energy of the
molecule A7, ¢ the average rotational energy,
and &7 the average translational energy correspond-
ing to the drift of the momentary equilibrium posi-
tion of Ay in physical space (rotational and trans-
lational diffusion, respectively). U is the interaction
energy of the ensemble of molecules averaged over
all fixed configurations (momentary equilibrium
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positions), and U] is the contribution to the internal
energy caused by the librations of all molecules, i.e.
by the translational and torsional vibrations of the
molecules as wholes. The interaction energy can be
represented as

N N
U1 = z (%— Zejk + h.O.),
j=1\ k=1
k#*j

(102)

where e;; is the pair interaction energy of the
molecules j and k£ and by h.o. are abbreviated
contributions due to triple and higher interactions.
Since the interaction energy between noncharged
molecules decreases faster than 753, where ;5 is
the distance between the molecules j§ and k, only
those molecules in a rather small neighborhood of
any molecule contribute to the interaction energy.
Hence

N / a+N; K
Ui:z(% Zejk+h0-)=ZNIéI’ (103)
I=1

j =1 k=aj

k*j
where N; is the number of molecules in the neigh-
borhood of the molecule j contributing to the interac-
tion energy and é; is the average interaction energy
of a molecule of substance A; averaged over all

fixed configurations,

1 bj+N:1/ a;+N;
ey = — Z (% Z ejk—l—h.o.>.

NI 7 bj k=a,
k*j

(104)

The first sum in (104) has to be extended over all
molecules of the substance A;.

The librations are translational and rotational
vibrations of one or more molecules in the potential
energy field caused by the surrounding molecules.
Hence one may assume that librations can be re-
presented by contributions due to pair, triple and
higher interactions, and therefore similarly to
(102)—(104) the quantity U, is represented by

N | N Ly
=S (%sz” + h.o.) = >Nl (109
= =1

i=1
k+j

where [ is the average libration energy of a molecule
of substance A;. Using (101)—(105) the MMQ u{
of the internal energy becomes

u(Is) = NA(8ev] + £QI+ 8‘[1 + él + ZI)

= Uevl + Uor + Urr + Uit + U1y . (106)
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For the MMQ A% corresponding to the enthalpy

follows
BP = up) + pop, (107)

where o) is the MMQ of the volume, and for the
MMQ s of the entropy

S(Is) = SevI + Ser + Sz1 + SiI

+ 811 + Sar + Sor (108)
where
ser(T, p) = s¢1(0, p) (109)
T
1 ahgj(T p) .
+ f T ( R
0
§=ev,p0,7,1,1, a,

and hevr = Na €evr, hor=Na&or, her = Nager, hir=
Naér, hir=Nal; and har=pv$). The quantity
sor = Sor (0, p) contains contributions to the entropy
by any other causes at 7'=0 K and is chosen to be
independent of the composition of the phase.

The MMQ ¢ corresponding to the Gibbs energy
can be partitioned similarly,

g(ls) — h(ls) = TS(IS) = gevI + Jor + g1

+ gir + 911 + gar — T'sor (110)
where
ger = her — T'sex,
E=ev, p,7,1,1, a. (111)

The quantities g¢r are dependent on the compo-
sition of the phase, ger=ger(yps). In the limit

Z nog=>nor, the MMQ ¢ becomes the molar

GlbbS energy ¢7 of the pure substance Ay,

lim ¢ = g% = g% + 951 + 951

No —>MNor K ggl + 9?1 + ggI — TSon (112)
where

gér= lim ggr. (113)

no—>nor
The limit of ¢ for n;—0 vsith fixed values for

ZnOL (pure mixed
L=1

nos,J =1, or for no—n¥
solvent) does not exist,

lim ¢ = —c0, I=8+1,...,K,

no—>no*

(114)



W. Liptay et al. -

and hence the Gibbs energy G is a quantity of
class B. This fact is caused by the term g7 in (110);
the limit of all other terms for no—ng§ does exist,

lim g =g¥, £=ev, g,i,1,a. (115)

no —>no*
The quantity g,r contains the contribution to the
Gibbs energy due to the different realizations of the
molecular arrangements in space, which may be
created from any one of the possible configurations
by possible translations of all molecules of the
system. It is represented as usual by

I
Gz = Gtr + gm (') 7+ RT In z— ,

(116)
where y° is a standard quantity with an arbitrary
value and a unit equal to the one of yr. The
quantity gir is chosen independent of the choice
of the concentration variable y; and with the

properties
lim g7 =g (117)
No—>no*

(1)

] 0o
Lim gy = ¢71,
No —>Nor

The quantities gm and g, can depend on the choice

of yr. If g7} is chosen so that
lim gf,’,) =0,

No —>Nor

(118)

then choosing g(,,t} as a constant it follows from

(116) to (118)
¢ = — RTIn ("’—?)
vl — we ’

where 3= lim gy, i.e. the concentration in the
no—>nor
pure substance A;. Introducing the quantity

(119)

gmI = JevI + JorI + gir + g1

+ gar + gtr — T Sor (120)
with the limits
lim gmr = ghr (121)
No—>Nor
and
im gmr = g7, (122)
no —>no*
the MMQ g% can be written
9% = gmr — RTln(w ) + 952
Yr
+ RTIn ( ) , (123)
U
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where all terms but the second one on the right-
hand side may depend on the composition of the
phase. According to (123) all choices for the con-
centration variable y; are equivalent, each choice
leads to a particular value of g{. If it is possible
to distinguish one or a few of the choices as the
most appropriate ones, the selection has to be
based on an additional requirement. The quantity
gmr defined by (120) describes the contributions
to ¢ caused by the molecules Ay and by all inter-
actions between any Ay and any other molecule
of the system. If a change of the solvent or of the
composition of the mixture causes a change of
these interactions, the value of g,y will vary. Let
us consider two solutions (phase’ and phase’’) con-
sisting of the solvent A; or Aj, respectively, and
the solute Ay. The size of the solvent molecules
shall be different, i.e. V| ==V, . Let us assume that
the solvents A; and As have very similar average
interactions between the solvent molecules and the
solute molecule A; and nearly equal volume den-
sities of all properties, i.e. @'/V'=®"|V" or
equivalently co; @y = cooPpo for all bulk quanti-
ties *. According to the model considered above
one has to expect for one and the same solute Ay
in the two solutions equal values of g and of gmr
if the number density or equivalently if the density
of the amount of substance ¢y is equal in both
phases. Hence for ¢;=c7 = ¢y it is

98 (cr) = ¢§" (c1) and

Imr(cr) = gmr(er) . (124)

Introducing egs. (124) into eq. (123) and choosing
wr = ¢y leads to

g% (e1) = g (ex) - (125)

According to the considered model all concentration
dependent interaction effects are included in the
quantity gmr(cr). Hence with the choice yr=cs
and in agreement with (125) the quantity ¢? is a
constant and because of (118) it follows g =0.
For other choices of the concentration variable
it may be g%} = 0.

With the considered MMQ’s g¢§ generally

(g [Ong)n,, 5, &= (095 [On1),y 5, and hence a quantity
91) cannot be compared with the corresponding

* An example of two solvents satisfying the conditions
at least approximately is ethylcyclohexane CgH¢ and
1,4-dicyclohexylbutane Ci¢Hso-
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PMQ Gor, even if there is no chemical reaction
occurring in the phase. Therefore we define further
MMQ’s g1 by

g5
.(]I — g(“) _+_ Zn ( 4> 5 (126)
= anl nr', 9
I=1,....K.
Necessarily
(0g1/Ong)ny, 0, = (0g7/ONI)ny, 0, > (127)

whenever g7 and gy are differentiable. If ¢ is based
on a true model of the mixture and if there is no
chemical reaction occurring in the phase, then
g1 =Gor. Hence the values of the MMQ’s g based
on any suitable model can be compared with the
values of the PMQ’s Gyy.

It is customary to describe the concentration
dependence of gr by suitable defined activities or
activity coefficients. An activity coefficient fy,r
related to the pure substance Ay as standard state
is defined by

"Plfwl). (128)

=¢34+ RTIn (
or=9i VI
Since lim gy =g¢%=g% it follows from (128), if
o —>Norx

the same units are used for y; and p%,
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and from (123), (126) and (128)
RT Infypr = 2 RT1 z(ry
»I = gmI — Ymr + o\
OJm. vr

K
+ > n RT(1 — — 130
J§=:1 J( ong )m',o. T ( ”m)’ S

where vy = (0V/0ng),, s, is the model molar volume

of the substance Ay and vy, = V/ z ng is the average

model molar volume of the phase The activity
coefficients defined by (128) for different concen-
tration variables y{!) and ¢ are related by

w@) [P
_—(—) fw“’l' (131)

foor= o) \pe
An activity coefficient 7w1 related to the pure

mixed solvent consisting of the constituents Aj,

S
A;, ..., As with amounts noz, = ngy, and n§ = > ngy,
as standard state is defined by Tk
91 = gyr + BT In (y1 fyr/y°) (132)
and
gyr = lim (g7 — RT In (y1/y°)). (133)

no—>no*

From the definitions (132) and (133) it follows

lim f,7 =1 (129) lim fyr =1 (134)
Nno—>nNor no—>no*
and from (132), (133), (123) and (126)
* S * %
g,ﬂ_ng—RTlnﬂ—}— RTIn MY’ + Z (agmL) +RT(1 = ”_;) (135)
TP ® L=1 anl nr', &, Um
and
oy
BT Infor = gms — g%+ BT In XIc;)V (w)
) ST -2
+ 2 n = nL +RT(— ——|> (136
.12=:1 J( g Jny, 0, sz ong Juy, s, U Vm )

where the starred quantities are as usual the
limits for the pure mixed solvent (ng—ng or equiv-
alently o7 —0 for fixed values of ng1, ..., nos) and
xr> ¥© and ¥ are those quantities as are used
defining y7 by (71). The quantities g¥;, defined by
(133), and the activity coefficients wa, defined by
(132), for differently chosen concentration variables
v and y? and standard quantities y©(1) and y°(

are related by

(2)1)0(2) [P (@) \*
* S xln y
Jyo 1= Gy + RTIn ;&1)“w9(1’ P (137)

v we (P \* .
fv(z)I = W W fw‘“l =

and (138)

A relation between f,r and fu,l may be obtained
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from (130) and (136). Equation (135) allows the
calculation of the quantity g¥; and (130) and (136)

of the activity coefficients f,; and f,r, respectively,
of any molecule A; in a solution or a mixture, if a
suitable model is chosen for the representation of
the quantities included in gmr according to eq. (120).
Choosing yr=c; as concentration variable simpli-
fies (130), (135) and (136) since the third term of
the right-hand side of each of these equations be-
comes zero under this condition. A molecular model

Molecular Quantities from Measurements on Macroscopic Systems. I
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for the calculation of activity coefficients will be
treated in detail and applied for some binary mix-
tures in paper VI of this series [9].

The above discussed model leads to MMQ’s of
the entropy sy, the enthalpy k7, the internal
energy %y and the volume vy, where equations
analogous to (127) hold true. Therefore each one
of the MMQ’s is equal to the corresponding PMQ,
if the molecular model is a true model. The rela-
tions for the MMQ’s based on (132) are

ogr Wl‘wl
'*’——(FT—)M S Bl

og1/T
hr=gr+ Tsr= (al/T V-——hi,
Ny, Vo

d RT [ 0¥
=)= =T (Tt
where
Sy1= ( %g;,[ )m .’ (142)
b =gk + Tskr = ( ag;‘r;/TT )m ., 1w
and .
o= ( a“a’;’ )m, . (144)

Similar relations may be obtained based on (128).
The values of the quantities s, Af; and v},

commonly called standard MMQ’s, defined with

differently chosen concentration variables y{) and

¥ and standard quantities @) and yS@), re-

spectively, are related as

) o) 44 (1)

mx‘”

3 In (P*) [ P*®)
ki RT( oT )nw B ’

d1n (P*M) [ P*@)
oT

8$(:)1 = S:(I)I + RIn

(145)

h::(z)l = h$(1)1 +RT2(

) , (146)
nos, 9
dln (P Pr@)
) . (147)
ap nos, &’

From (137) and (145), respectively, it may be
recognized that the standard MMQ’s of the Gibbs
energy g7 and of the entropy s}; can obtain any

‘v::(a)l = ’U;',‘(u[ — RT(

RT ( 0¥ 1n fyr
4 ( oT )n.x, 4’ i (—aT )n.r, ®' ¥ (139)
RT? [ oW oln for
et e St ALY 2
PO
0ln wa )
RT 141
( ap ns, 9’ ( )

value (gf; € R, s¥; € R), their values are unique only
if some particular standard state is defined by a
fixed value of the standard quantity y°. Hence,
if values of such MMQ’s are reported, the chosen
quantity for the concentration variables yor and
the chosen value for the standard quantity y°
should also be reported, otherwise those data would
be worthless. To simplify the comparison of differ-
ent data, one should agree on one particular quan-
tity for the concentration and one particular value
for the standard state. We recommend wos= cor
(with the unit mol - m—3) and ¥°=1 mol - m-3.
This choice is adapted to SI units. It has two
further advantages: (1) The standard state, which
is a solution with a concentration co;y =1 mol - m=3,
lies within the interval of concentration variables
usually encountered in practice. (2) In the standard
state the contribution to gy and sy caused by the
term RT In fcr is negligibly small, if the solution
does not contain ions, or can be approximately
calculated using Debye-Hiickel theory, for example.

According to (134), 7,’:,‘,: 1 for any choice of the
concentration variable 7 in the limit no—>n3‘ or
equivalently yoe—0, G=S8+1, ..., E. One usually
assumes that 7,,1 =1 holds true not only in the limit
for the pure solvent but also for values of yog 0,
G=8+41,..., B, in a rather wide interval, at least
if there are no ions in the solution. From (138) it can
be recognized, that if this is correct for a particular
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choice of the concentration variable, let us say i,
then it will be true for another one, let us say w(l‘“),
if and only if ¥®)/¥® is independent of the yo¢,
G=8-+1, ..., E, at least in sufficient approxima-
tion. If we assume, for example, };I: 1 (choosing
wr=cy) in some concentration interval, then 7,1

and f,; (choosing yr =y or yr=rs) usually are not
constant in that interval, because the quantities

K
vV / Z ng and V/ng; commonly depend on ¢ [10].
J=1

Assuming Henry’s law strictly satisfied for some
solution of a substance Az in a one-component

solvent (Aj), i.e. le =1 for all z;, it becomes
according to (138) fr1 =z, for example [11].

9.3. Partial Molar Quantities and Model Quantities
Pertinent to Permittivity Measurements

The dielectric property of a phase without an
electric dipole moment in absence of an applied
field is characterized by its relative permittivity
egr, a quantity which can be measured directly
with suitable instruments. The quantity eg, is
related to the dielectric polarization P of the phase,
created in an applied uniform electric field E,, by

P — &y (egr — 1) E,, (148)

where ¢ is the permittivity of vacuum. The quantity
P can be identified with a vectorial density anal-
ogously defined as (21). The adjoint extensive
quantity is PV, the electric dipole moment of the
phase, induced by the applied electric field. For
phases, isotropic in absence of an applied field, egr
is a scalar. Then a scalar density equivalent to P
can be defined, that is the electric susceptibility, ye.

D it B OE, P 149
z=ge=(er—1)= €0 E.lfil»o aE§ nw,&', ( )

where ¢ = lim egr. The adjoint extensive quantity
E\2—0

is xe V, the magnitude of the dipole moment of the

phase at unit field strength. The corresponding

PMQ’s Zs are according to (22) defined by

" der— 1)V
w=|—gm—) (150)

anoJ
thus the susceptibility can according to (8) and (21)
be represented by

E
e — 1= Zoscos, (151)
J=

1
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where the sum has to be extended over all sub-
stances Ap, ..., Ag used to generate the phase. The
relative permittivity & and usually also the
PMQ’s Zys depend on the composition of the phase.
Knowledge of the values of ¢ and of the mass
density p for varying compositions allows the
determination of the PMQ’s Zo; by applying (55).
Its limit Zggg for woe—0 and fixed values of
nor/no1, I =@, can be obtained from (63), choosing
the concentration variable po¢ = woq, for example *,
" Z:8r—1:89?(;)—1 Zige) o —1
“ 0 2@ Me @

+ MGt Agzgon + 28~ Aizm@2) woe + -
(152)

The relative permittivity ¢r and the PMQ’s Zoy
describe bulk properties of the phase and therefore
are independent of any molecular model. To relate
the PMQ to molecular quantities necessitates the
introduction of an appropriate molecular model
allowing the definition of corresponding MMQ’s.
In an SMM it is assumed that the dielectric polari-
zation P of the phase can be represented by

woa

K

P= NAJZII’EJ CEJ (153)
where pgy is the average electric dipole moment of
a molecule and cgs; the concentration of substance
A in the presence of the applied field and where
the sum has to be extended over all substances
A1, ..., Ag present in the phase. This assumption
allows one to introduce an MMQ (s, defined by

=Dy (ﬁa’”:@ﬂ)

€0 E.2—0

o (154)

* The generalized density Puz is related to the well-
known ‘‘specific polarization” p [3, 12] as Pwz = p(er+ 2).
We do not use this quantity because firstly, if the quantity
P as defined by (148) is called polarization, p is not the
corresponding specific quantity, and secondly, the factor
(er+2) introduces an additional dependence on the com-
position of the phase, which actually is introduced only
due to a particular model [4]. The quantities py used in

K

p = > psjwy are related to the MMQ’s (s, Eq. (154), as
J=1

s =psMs(2ée +1). Similarly the generalized density

Pzz, which is equal to the average PMQ Zgﬁl), is related to

K

the “molecular polarization” P = 3 Pyxs as

Pzz= P(er+2) and (y= (er+2) Py.
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Based on such a model the electric susceptibility
will be represented by

K
ea—1= L. (155)
I=1

For a phase where no chemical reaction occurs,
the MMQ’s s are related to the PMQ’s Zyy by (78),
for example. For a gaseous phase at sufficiently
low density, {; is independent of the composition of
the phase and according to (89) ‘

lr=Zos. (156)

In a dense phase the MMQ’s {; depend on the
composition of the phase and (156) does not hold
true any more. The further treatment has to be
based on some molecular model. If it is assumed
that the {;’s depend on the parameters «y, ..., %,
Egs. (78) and (79), choosing the concentration
variable yoe = wog for example, leads to the follow-
ing relation for the limit (g, of the MMQ

9 O
4 %
L@ = Zowey — Me D, ( ~)
Qwog noc’, 9.(G)

x=1
: % j"ffﬂ( o1 )+ (157)
=1 Mp Ooty ox’, 94(@)

In most of the commonly used models it is assumed
that the {;’s depend only on &, at least for fixed
values of 7 and p, but not on any other bulk
quantity of the phase. Then the first sum of the
second term on the right-hand side of (157) is
reduced to one term, (Jer/0wog), ., .- Using (21),
(18) and (63) (with g =woe and @ =7V), (157)
becomes

Lde = Zoaw) — 0@ [Zowe — (eriey — 1) Voo
i’ﬁlﬂ(a& 5
My - \ O¢r /o6

(158)
I=1

The limit Vg g, of the partial molar volume of Ag
can be estimated from (63) with yoe=woe and

d="V,i.e.
P V:—:—
e e
+ (MG* Afveen

+ 2ED Atym@2) woe + -

1 1 ( Via) L )
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All the quantities in (158) except the derivatives
(01/0er)5; (@) can be determined from experimental
data. For solutions of a single substance Ag in a
mixed solvent Ai, ..., Ag it is {gg)=CE and also
all crossed quantities on the right-hand side of (158)
are equal to the corresponding starred quantities,
i.e. to their limits for no —>n§. In this case the one
factor in the second term of (158) is reduced to

S
0* > (wig/ML)(0L/%)3, and hence depends only
i=1

on properties of the solvent, but not on any property
of the solute Ag. Therefore, if this quantity is
determined once, it can be used for the evaluation
of the MMQ’s (7 of different solutes Ag in the same
mixed solvent. This statement is based on the as-
sumed molecular model and for this reason it is
only necessarily true, if the model is a true one.
An essential presupposition introduced was the
assumption that {7 =_{_r(er), i.e. the MMQ’s depend
on just one parameter ¢ . Particularly for mixed
solvents this does not have to be true. Any inter-
action between a solute molecule and the sur-
rounding solvent molecules causing some effects
on their distribution makes the introduction of
further parameters o, necessary, which lead accord-
ing to (157) to additional terms, each one being a
product, where the first factor is dependent on
properties of the solute and the second factor only
on properties of the solvent. If the solvent consists
of only a single substance A;, one usually assumes
that (158) is a sufficient approximation. In this case
the sum is reduced to a single term and the solvent-
dependent factor becomes (9(1/d¢r)3/V§,. Compar-
ison of experimental data indicates, that this is
almost but not quite true; we will discuss this in a
later paper.

The derivatives (0(7/der)s, g or (0(1/0er)s, have
to be determined on the basis of a particular model,
their values being dependent on the chosen model.
A particular model is also needed for the further
evaluation of the MMQ (g, or (& to obtain molec-
ular quantities intrinsic to the isolated molecule
Ag such as the permanent electric dipole moment
and the electric polarizability. Some models will
be discussed and a few applications will be reported
in the second and fifth paper of this series [4, 6].

Analogous equations to the above ones can be
derived for the evaluation of refractometric mea-
surements by substituting the square of the re-
fractive index n2 for &, Zog for Zog and g for Zg [4].
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9.4. Partial Molar Quantities and Model Molar
Quantities Pertinent to Optical Absorption Mea-
surements

With devices used to measure the optical ab-
sorption of some phase usually the ratio 7 (trans-
mittance) of the radiant flux transmitted through
the absorbing system to the incident radiant flux
is primarily determined or the ratio 7’ of the former
flux to the flux transmitted through a similar
system, where the phase does not contain the species
whose optical behavior is investigated (reference
system). Correcting for boundary and container
influences and for contributions caused by scatter-
ing of light or neglecting those effects, which usually
is allowed when 7’ is determined, leads to the ab-
sorbance A = —10g (7)¢orrectea 0T A’ = — 102 (T') corrected
of the considered phase. Knowing the length I of
the light path in the phase, one can calculate the
absorption coefficient a=A4/l or a’=A4'[l. If the
absorbance of the reference system is Arer, then
a' =a— Aret/l. The quantity @ can be identified
with a density as defined by (21). The adjoint ex-
tensive quantity is eV and the corresponding
PMQ’s, Koy, are according to (22) defined by

oal)
K()J == —a— B
NOJ  [nos', 0

With the PMQ’s Koy the absorption coefficient a
of a phase can be represented by

(160)

E
a= ZK()JC()J, (161)
J=1
where the sum has to be extended over all sub-
stances Ay, ..., Ag used to generate the phase. The
absorption coefficient @ and usually the PMQ’s Ko
depend on the composition of the phase. Knowlelge
of the values of a and of the mass density o for
varying compositions allows the determination of
the PMQ’s Koy by applying (55). Its limit Kgy g
for woe —0 and fixed values of nor/no1 (I =2, ..., E;
I=G@) can be obtained from (63), choosing the
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concentration variable yog =woe for example,

- +
t &) { Koaﬂ

4
Pk =—=— = a(f) ]woc
0 0@ M 2@
+ M5! Adxe@n
+ 2&FY Axm@2] vhe + -+

() is the absorption coefficient of the phase with-
out substance Ag (wog=0).

The absorption coefficient @ and the PMQ’s Koy
describe bulk properties of the phase and therefore
are independent of any molecular model. To relate
the PMQ’s to molecular quantities necessitates the
introduction of an appropriate molecular model
allowing the definition of corresponding MMQ’s.
In an SMM it is assumed that the absorption coeffi-
cient a of a phase can be represented by

K

a = Z%JCJ,
J=1

(162)

(163)

where x; is the molar absorption coefficient of the
substance Ay, which can be identified with an
MMQ, and where the sum has to be extended over
all substances Aj, ..., Ag present in the phase.

For a phase where no chemical reaction occurs,
the MMQ’s % are related to the PMQ’s Kos by (78),
for example. For a gaseous phase at sufficiently
low density, »; is independent of the composition
of the phase and according to (89)

ry = K()J = (164)

In a dense phase the MMQ’s »; generally depend
on the composition of the phase and therefore (164)
does not hold true any more. A further treatment
has to be based on some molecular model. In some
models it is assumed that x»; does depend on the
relative permittivity e and on the square of the
index of refraction n2 of the phase only (at least for
fixed values of 7' and p), but not on other bulk
properties of the phase, that is x;=7x7(er, n2). In
the range of such models it follows similarly to (158)
for the limit xg g, of the absorption coefficient for
woa —0

- + + 7+ + + & wor (O%r \*
#é@) = Kea@) — 0@ [ Zos@) — (eriey — 1) Vig@] 2 —p
Jn,0.@)

E .+
’ 2 U)OI(G)
— 06 [Zotey — gy — 1) Vil 2 —n-

M[ aé’r
O g Y’

2 Jo. s

I=1

(165)

I=1 MI

The PMQ’s Zoe and Zg are explained in Sect. 9.3 and in the second paper [4]. All the quantities
on the right-hand side of (165) can be determined from experimental data except the derivatives
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(0o1/er),f 5, and (Ox1/On2),,, 5,()- For solutions of
a single substance A¢g in a mixed solvent or a one-
component solvent, (165) is simplified analogous to
(158) and the terms depending on (0x7/0&:), 5,(¢)
and (0x7/0n2).f 5, can be discussed similar to the
terms depending on (9(7/0er)s; (g in (158), as has
been done there. The determination of the deriv-
atives of s is rather intricate. Models which could
be used for such a purpose have been discussed
previously [7, 8, 13]. For many systems the values
of the second and third terms of (165) are rather
small compared to the value of Kgy ) and therefore
they are disregarded altogether in most spectro-
scopic investigations. But one should realize that
this neglect can introduce errors which may cause
misinterpretation of physical facts.

To avoid the outlined difficulties in the evalua-
tion of molar absorption coefficients, one usually
tries to choose the solvents and wavenumber
intervals so that the absorbance of the phase with-
out substance Ag vanishes, i.e. ag= 0. Under this
circumstance, necessarily »;=0 (I=1,...,E,
I @), so that with a very large probability all de-
rivatives (Oxz/Oer)y,, o,q) and (Oxr/On2),, s,g) Vanish
too, so that xgg = Kgg(g- In such solutions with
sufficiently small concentrations of the solute Ag,
the generalized density P,x=a/p is usually pro-
portional to wog to a very good approximation, and
then Beer’s law holds and g can be determined
as is commonly done by g = a/cog O #g =
a’'[coe . From solutions of a single substance Ag in a
mixed solvent or a one-component solvent the limit
#g can analogously be obtained.

The quantity »3 is the limit of the molar absorp-
tion coefficient of the solute Ag in the considered
solvent. Its value usually differs from the value
of the intrinsic molar absorption coefficient of an
isolated molecule, the differences are caused by the
interactions of the molecule Agz with the solvent
molecules in its environment. Relations between
%% and the intrinsic molar absorption coefficient
can be developed using the same molecular models
as are used for the evaluation of the derivatives
(0%1/O€r),, 5, and (Oxr/On?), 5,. A dependence of xg
on coe (departure from Beer’s law) can be caused
by chemical reactions or by the change of & and n2
with varying cog. In the former case the dependence
is only fictitious, it does not occur, when the
chemical reaction is taken into account and the
molar absorption coefficients are well defined as by
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(163). In the latter case the effect can be treated
again on the basis of a suitable molecular model.

9.5. Partial Molar Quantities and Model Molar
Quantities Pertinent to Electro-optical Absorp-
tion Measurements

With devices used to measure the electro-optical
absorption [14, 15] the change of the absorption
coefficient Ada= (ag—a) can primarily be deter-
mined, where a and ag are the absorption coefficient
in the absence and presence of an applied electric
field. For phases isotropic in the absence of an
applied field, 4a has for symmetry reasons to be
an even function of the field strength. If the
strength of the applied electric field is not too large,
the quantity Aa is proportional to the square of the
field strength; for solutions of not too large mole-
cules this holds true up to the largest possible static
field strength (Ea~2-:107 Vm~-1). Therefore it is
advantageous to consider the quantity M, defined

by

M = lim (E";) 5
Ea2—0 aEa nor, 4

as the original experimental quantity character-
izing the electro-optical absorption of phases iso-
tropic in absence of an applied field. E, is the
magnitude of the applied uniform electric field.
The quantity M can be identified with a density
as defined by (21). The adjoint extensive quantity
is MV and the corresponding PMQ’s Y are accord-
ing to (22) defined by

AMY) )
0107 Jnoy, 8,

(166)

Yoy = ( (167)
With the PMQ’s Yos the quantity M of a phase
can be represented by

E

M =J21Y0JCOJ, (168)
where the sum has to be extended over all sub-
stances Ay, ..., Ag used to generate the phase. The
quantity M and usually the PMQ’s Yo; depend
on the composition of the phase. Knowledge of M
and of the mass density for varying compositions
allows the determination of the PMQ’s Yos5 by
applying (55). Its limit Yy g) for poe—0 and fixed
values of nor/no1 (I=2,..., E; I+=G) can be ob-
tained from an equation similar to (162) with a
replaced by M.
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The quantities. M and Yoy describe bulk proper-
ties of the phase and therefore are independent of
any molecular model. To relate the PMQ’s to
molecular quantities necessitates the introduction
of an appropriate molecular model allowing the
definition of corresponding MMQ’s. In an SMM it is
assumed that M can be represented by

K
M= vses. (169)
J=1
The sum has to be extended over all substances
present in the phase. The MMQ vs can be repre-
sented by intrinsic molecular properties of the
molecule A;. According to the definition of M
by (166) it is sufficient to develop the molecular
model up to square terms in Ej, leading to [8, 14]

vy = %g(Ly + q7 + sE), (170)
where
T i > ( a"E;) , (171)
B0 #EJ \ OE; Ju, s
g7 = lim 7( Ores ) (172)
E.2—>0 TEJ nor’ !91
and
sg = lim [ ( ) (173)
E 2—>0 a Nor, 19,

( mEo ) ( (mgo1/mEgo) ™) ) ]

mEoL B2A nor', 0]
The equations apply for the commonly used ex-
perimental device [14, 15]. %7, %gs, 7, 78S, CJ, CEJ,
0, g, are the molar absorption coefficients, the
mole ratios and the concentrations of the substance
A and the mass densities in absence and presence
of the applied uniform electric field E, respectively.
The quantity Ly is the relative change of the molar
absorption coefficient of substance Ay in unit field
strength. It is in the considered molecular model
[8, 14] dependent on some bulk properties of the
phase as 7', & and n2 and on intrinsic properties
of the isolated molecule Ay such as the permanent
electric dipole moments and polarizabilities in the
ground state and the excited vibronic state cor-
responding to the wavenumber of the applied
radiation field, the direction of the transition dipole
moment relative to the direction of the dipole
moments and axes of the polarizability tensor, and
the transition polarizability. Hence knowledge of
the MMQ vy can allow the determination of these
quantities in favorable cases. The quantity ¢ is the
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relative change of the mole ratio of substance A;
in unit field strength. In a phase where a chemical
reaction occurs, this change can be caused by the
electric field dependence of the corresponding
equilibrium constant [6]. Some contribution to ¢
can also be caused by a change of the relative num-
ber densities of the different molecules in the phase
inside and outside of the electric field, but this
usually can be neglected. The first term of the
quantity sg describes the effects caused by the
electrostriction of the solution and usually is as-
sumed negligibly small. (mgo1/mgo)®™ is the ratio
of the mass of the solvent A; and the total mass
inside of the electric field, its derivative is negligibly
small at least in sufficiently dilute solutions.

For a phase where no chemical reaction occurs,
the MMQ’s vy are related to the PMQ Yoy by (78),
for example. For a gaseous phase at sufficiently
low density vy is independent of the composition
of the phase and according to (89)

o= Yo (174)

In a dense phase v; is generally dependent on
the composition of the phase and therefore (174)
does not hold true any more. A further treatment
has to be based on some molecular model. In the
common models it is assumed that vy depends on &r
and #2 in a manner similar to the molar absorption
coefficient »,;. Then the limit vg g, of ve for yoe—0
can be obtained by an equation similar to (165) with
Kog replaced by Yog and %7 by vr. If one or more
of the derivatives (Ovz/Oer), 5, or (Qvr/On?), s, are
appreciably different from zero, the accurate eval-
uation of vgg from the experimental data is as
tedious as the evaluation of gy under similar
circumstances and for similar reasons. To avoid
this difficulty one usually chooses the solvents and
investigated wavenumber intervals so that the
phase without substance Ag does not show an
electrochromic effect, i.e. M =0 (and usually
also agy=0). Under this circumstance it is neces-
sarily vy=0 (I=1, ..., E, I §=G), so that with a
very large probability all derivatives (0vs/0er), 5,@)
and (Ovz/n2),, 5, vanish too, so that vgg = Yg(a)-
If such solutions are furthermore sufficiently dilute,
the generalized density P,r= M/p is usually pro-
portional to woe to a very good approximation and
then vg g, can be determined according to

MJecoc . (175)

+
Ve@) =
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Similar to eq. (57) we can define a particular
generalized density

Pria (7) = M (¥)a (7).

With the relative contribution ¢y of the molecules
A to the optical absorption coefficient a,

(176)

K
6y = xjCJ qucI (177)

=1
one obtains from (169), (170)—(173) and (176)

K
Mla =J210'J (Ly + q7) + sE. (178)

Under the above conditions, where v; =0 and »; =0
for J G, it is 6¢g=1 and 6;=0, J =G. Neglecting
the terms g¢ and sg, as can usually be done for a
solution where no chemical reaction occurs, leads to

M/a = Lg. (179)
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According to (179) the quantity Lg can be deter-
mined even if the concentration cog of the solute Ag
in the investigated solution is unknown.

The limit L§ of Lg differs from the value of the
corresponding intrinsic molecular quantity of an
isolated molecule, the differences being caused by
the interactions of the molecules Ag with the solvent
molecules in its environment. Relations between L
and the intrinsic molar quantities have been pub-
lished previously [8, 14]. Examples of a few applica-
tions will be reported in the third paper of this
series [5], a more complicated case concerning the
investigation of two coupled chemical reactions
will be presented in the fifth paper [6].
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