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SUMMARY

The basic expressions tfor the determination of complex association constants
from gas chromatographic data in terms of the activities of the reactants are derived. ¢

The advantage of using a reference compound in obtaining association constants
is shown.

INTRODUCTION

Gas-liquid chromatography (GLC) is developmg into a technique to be used
in the investigation of intermolecular interactions in solution.

One of the topics that are currently being investigated is the formation of
molecular complexes as a result of hydrogen bonding, charge transfer interaction, etc.

However, the equilibria involved are often formulated in terms of concentra-
tions rather than in terms of activities!-?. In other cases, the reference state to which
activity coefficients are related has been chosen inappropriately, so that association
constants of a series of volatile compounds A with the same (involatile) compound B
cannot be compared®. Other workers choose different reference states in the course
of their derivations and use concentrations for some of the reactants and activities
for others”19,

We therefore thought it worthwhile to present a formulation of these equilibria
in terms of activities, which is both simple and rigorous. The use of a reference com-
pound in obtaining association constants is also described.

THEORY

We can consider the formation of a complex AB from a volatile compound A"
and an involatile compound B. Generally, a mixture of the latter and an inert com-
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pound S is used as the stationary phase. The association equilibrium is governed by
the equation:

_ _%AB_ fam
K= Xa'%B  fa'fB ()

where x is the mole fraction and f is the activity coefficient. It is obvious that the
activity coefficients can be related to either of two reference states:

(1) the hypothetical ideal solution in the solvent S;

(2) the hypothetical ideal solution in the solvent B.

Convention I

Under GLC conditions, x4 is usually very small, hence its activity coefficient
in the solvent S is unity.

Therefore, when a stationary phase consisting of S and one consisting of S ++ B
are in equilibrium with a vapour phase containing A, it follows that:

- XA@B) = XA(8+B) fA(S+B) (2)

Further, it can be shown that the mid-peak retention volume, V, at the mean
column pressure and column temperature, corrected for the gas hold-up in the
apparatus, is given by:

VsiCst _ Nst¥st

V= Cwmob o Cmob (3)
where:

Vst == volume of the stationary phase in the column (cm?);

Cst = solute concentration in the stationary phase (mole-cm—3);

Cmob == solute concentration in the mobile phase (mole:cm~3);

Ngy == moles of stationary phase in the column;

xgt = solute mole fraction in the stationary phase.

, The .a.pplication of eqn. 3 to a stationary phasé consisting of S and one consisting
of S 4 B gives, respectively: :

N(g»x
Vamg = g == (4)
and:
N L4
Vas+p = (s+m) (%4 + FAn)@em) ' (s)

Cam

In eqns. 4 and 5, x4, xAp and C 4 do not have specified values: they range from
zero to a maximum mid-peak value. However, the ratios xa@)/Cam and
(*a + %AB)@4+8)/Cam) are independent of Cp when the latter is small. Therefore,
the value of Co may be chosen arbitrarily and, in particular, the values of C4 in
eqns. 4 and 5 may be chosen to be equal.

‘ ‘Combination of eqns. 2, 4 and 5 gives:
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Vases _ N | (%A + #AB)(s4B)
V As) N ' XA(S)
_ Neim (xA -+ xAB)
N(s) ¥Afa  /(s+B)
N I
— (S+B) | . (I + Kxp fAfB) (6)
N@  fases) fAB /(84B)

For a compound A* that is closely related to A but does not yield a com-
plex with B, it holds analogously that:

Va*sim _Neww T Neym | I )
Va*sy = N@  fa¥sep N@)  Sfasem '

Combination of eqns. 6 and 7 yields:

| 4 VA¥ : 14 Va¥
‘ﬁii;:}) ' VA¢<£1) - (V: )<S+B) d V‘}A )(S) =i KxB'(%{?)tsw) %)
or: _ .
V |4 T
[( V:"')(mm ( Vl:\ )<S) B I]/xn - (.;ﬁ}n)(sw) (8a)

TFrom eqn. 8a, K can be found by determlmng the left-hand side for a senes
of mixtures of S and B and extrapolating to xp ==

It follows from eqn. 8, compared with eqn. 6 that the use of the reference
compound A* has three advantages:

(x) Instead of absolute retention volumes, only relative retention volumes have
to be determined. This means that no knowledge of mlet and outlet pressures, gas
velocity and recorder chart speed is requn‘ed

(2) The amount of stationary phase in the columns need not be known.

(3) The factor fa.n), to which the right-hand side of eqn. 6 is proportional,
is eliminated to a good approximation.

It is advantageous to choose the reference solvent S to be as similar to B as

possible*. In that case, fA* &~ fa =~ I in eqn. 7 and the concentration dependence of
fAafu/fap & 1 in eqn. 8a is small.

Convention 2
Analogous to eqn. 2, it now holds that:

XA@®) FAG) = YA@S+B) FAS+B) (9)
Combination of eqns. 4, 5 and g gives:

Vasim _ Nesp) | (%4 + XAB)(S+B)
V As) N XA(8)
__ Ny, _fae (xA + %aB

N@)  SaB+p) XA ) (8+B)
N@eipy  fA® ¢ SfAafe

= . I Kxg « 2222 10
N@)  fasen) ( + A7s Jas )(S+B) (x0)

* E.g., when studying the hydrogen-bonding of alcohols when B is 1-chlorohexadecane,
the ideal reference solvent S is hexadecane or heptadecane.
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For the reference compound A*, it holds that:

Va*sim _ Nesim | Sa*es Neww | Sas (11)
V¥ Ny  fa¥s+m Ny fasem

Combination of eqns. 10 and 11 gives, once again, eqns. 8 and 8a. /i can now
be found from eqn. 8a by determining the left-hand side for a series of mixtures of
S and B and extrapolating to ¥p = 1.

Again, it is advantageous to choose S to be as similar to B as possible.

When this convention for the activity coefficients is chosen, the association
constant can be found from measurements on the stationary phases B and S only.

In the solvent B, fa, fasn, fB and xp are unity because under GLC conditions x, and
xap are usually very small. Therefore, eqn. 8 simplifies to:

| 4 | 4
(VAA )(B) ( V‘: )(S) =1+ K (12)

In some cases it may be impossible to use pure B as a solvent, e¢.g., when B is
solid at the chosen temperature. A well known example of this situation is the forma-
tion of a complex between olefins and a solution of silver nitrate in ethylene glycol.
In these cases the mixture of B and S can be formally. considered as a single-compo-
nent, complex-forming solvent B’.

Further, it may be advantageous to use as the reference solvent a mixture of
an inert compound C and S (in the above example, a solution of lithium nitrate or
sodium nitrate in ethylene glycol). The mixture of C and S can be formally considered
as a single-component, inert solvent S’,

Activity coefficients can then be related to hypothetical ideal solutions in the
solvent 8’, or to hypothetical ideal solutions in the solvent B’.

Eqns. 1-12 still hold, with one minor exception: in eqn. 8 xp is not unity and
therefore eqn. 12 becomes:

(o (P =2 =

Comparison of conventions I and 2

The activity coefficients resulting from conventions 1 and 2 are completely
analogous to the activity coefficient f = f°-f*, which is generally used in the charac-
terization of electrolyte solutions. f° describes the ‘‘primary medium effect’’ and f*
the ‘‘salt effect’’.

The usefulness of this approach in the study of association constants by means
of gas chromatography appears from the example of the formation of a complex
between olefins and silver nitrate solutions in ethylene glycol.

The use of convention 2 (combined with eqn. 12) reduces the amount of experi-
mental work required, as measurements on mixed stationary phases are not necessary.

. However, convention 2 has the'disadvantage that results obtained for a series

of compounds B are difficult to compare, in view of the series of different reference
states involved.
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A further disadvantage is as follows:
when convention 1 is used, a factor:

Ja¥ sim)
FA D)

is neglected in eqn. 8 (see eqns. 6 and 7). In the extrapolation to xp = o, this factor
approaches to:

Sa¥
fA (‘%)

b

as act1v1ty coefficients in the solvent S are unity, according to conventlon I.
When convention 2 is used, a factor:

Ja* sy | Sas)
fa¥sy  fases)

is neglected in eqn. 8 (see eqns. 10 and 11). In the extrapolation to xp = 1, this factor
approaches to: '

-

Satey fas) _ fas
Sa¥s) Sfam) fa¥* ) '

as activity coefficients in the solvent B are unity, according to convention 2. So, this
factor is only approximately equal to 1 if A and A* are very closely related. If this is
not so, a correction should be attempted”.
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* E.g., when studying hydrogen bonding of A = ecthanol with B = 1-chlorohexacdecane
and S = hexadecane, using ethylchloride as the reference compound A®, a correction must be
applied for the difference in dipole moment of A and A%,
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