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SUMMARY

A theory has been developed that makes it possible to determine the com-
plexation constant between two non-volatile complexing molecules by gas-liquid
chromatography in an inert solvent as the stationary phase by use of gaseous alkane
solutes and gaseous complexing solutes. The calculations require that the constant
between a complexing solute and each complexing agent be determined separately in
the same inert solvent. The theory for such determinations has been presented earlier.

The theory has been used for the determination of the complexation constant
for a 1:1 complex between dodecyl laurate and l-chlorooctadecane at 50, 60 and
70 °C, with squalane as an inert solvent.

Ten complexing solutes were used in the investigations, giving ten different
values of the equilibrium constant between the non-volatile complexing agents. The
average values of the constant at 50, 60 and 70 °C were found to be 0.16, 0.13 and
0.26, respectively.

INTRODUCTION

Rapid development in the use of gas-liquid chromatography (GLC) for the
investigation of complexing reactions in organic solutions has occurred during the
past few years'~?. In all instances, models have been used for the calculations that
involve a complexing reaction between a gaseous solute, B, and a non-volatile com-
plexing agent, C, dissolved in an inert non-volatile solvent, S, as the stationary phase.
The method is limited by the requirements that B must, at the chosen temperature,
be sufliciently volatile to be eluted and that the bleeding of the stationary phase, at
the same temperature, can be neglected. It has therefore not been possible to study
the complexation between two non-volatile complexing agents. When different solutes,
B, are chromatographed over solutions that contain two complexing agents, C and D,
in an inert solvent, the contribution from the BC and BD complexes to the solubility
of B will be affected by possible complexation between C and D. It is therefore pos-
sible to study the complexation between C and D in an indirect manner, as outlined
under Theoretical Investigation below. If complexation constants between various
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solutes and two different non-volatile complexing agents, C and D, are known, it is
even possible to determine the complexing constant for a CD complex. By decreasing
the temperature, even at moderate temperatures, relatively volatile complexing agents
can be investigated, provided that sufficiently volatile complexing solutes for injection
at the chosen temperature are available.

In this work, the idea has been adapted to the system consisting of l-chloro-
octadecane and dodecyl laurate as complexing agents in the stationary phase with
squalane as the inert solvent. The gaseous solutes were different benzene derivatives,
alkene derivatives and alkanes. Equilibrium constants between the complexing solutes
and 1-chlorooctadecane and dodecyl laurate, respectively, were determined in previ-
ous work!+? and the equations derived in the theoretical section below are partly
based on equations from previous papers!'3,

EXPERIMENTAL

The experimental procedures used were the same as in the earlier investigations
on dodecyl laurate-squalane and l-chlorooctadecane-squalane systems!'+2, and in-
volved the same apparatus, glass columns, chemicals, support and column loading
and the same means of determining the loading and the stationary phase densities.
The flow-rate of the carrier gas (hydrogen) was about 55 ml/min, and the James and
Martin factor was about 0.90. One column of l-chlorooctadecane and dodecyl
laurate, each with a molar fraction of 0.250 in squalane, was run at 50, 60 and 70 °C.
The column loading was 19.79 % (w/w) of organic phase on a support of Supasorb,
40-60 mesh, acid washed and treated with hexamethyldisilazane (BDH, Poole, Great
Britain). A total packing of 0.62327 g was used.

All solutes previously investigated in both the l-chlorooctadecane-squalane
and the dodecyl laurate-squalane systems were used in this investigation, i.e., ten
complexing solutes and four alkanes (see Table I1).

THEORETICAL INVESTIGATION

Equations for the behaviour of a gaseous solute, B, in a stationary phase
consisting of two complexing agents, C and D, in an inert solvent, S, are derived
below. The symbols used are listed at the end of the paper.

I. C and D form a 1:1 complex with B but not with each other
The equilibria and equations below need to be considered.

_[B(AS)]
R = ~TB(g)] (M

where A is the mixture of C and D.

I2 ya(AS) Xy

[B(g)] = 2L L @

XA = XC ‘|"‘ t\,l) ‘ (3)
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[B(A.S)] = [B%A,S)] -+ [BC(A.S)] + [BD(A,S)] (@)
(B(A,S)] = Xy + Xpe + Xup (5)
VR.s

V2 ¢ is the molar volume for a mixture of C, D and S used as the stationary phase.

B 4+ C = BC K; (equilibrium constant) (6)

B 4+ D =BD K, (equilibrium constant) (7)
X 2 .

K, == 5 n} ] YucA.s) (8)
noc VI?(A $) Yoy
X Y

K, — 8D, BD(A,S) 9

2 XB XD ( )

o
YuA.$) PYDAS)

As B is very diluted in the stationary phase, even BC and BD are very diluted, and
therefore the symbol oo is used to indicate infinite dilution of B, BC and BD in the
stationary phase.

By combining eqns. 1, 2, 4, 5, 8 and 9, we obtain

RT Yir Y C(A,S) YA YD(A.S)
KpVAs = w5 A Xy + K XX LBAS ZCAS | R XX 5 :
ROAS TR Vieas) Xun ( N enae Yocias nre Y BD(A ) )
RT , 1 T A sy
KR V!(\).S o - . ( — "l’" Kl /\/c, 7;‘(/\.5) _}_ KZXD . yal:,)(l\.s) ) (l 0)
/s YA Yucea.s) BD(A,S)
By combining eqn. 10 with eqn. 3, and
Vias) = dy 1y (1)
BAS)  BAS)
] 1 | |
. | — 12
ay ay + ( as az; ) Xa 12
B(A.S) B(S) B(A) B(S)
one obtains
RT 1 1 1 1
KR Vg.s = 5 7o : © + © " o) ‘XA -+
o ¢ a; a; a;
B(A,S) B(S) BrA) B(S)
’;:;(,\,s, VoA f;:;m.s, YD(A.S)
-+ Kl' ) 'Xc+Kz' = *Xp (13)
YA ) YBD(A ,S)
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with
1yaca,s) = yacs) (14)

proposed by Eon et al.3, one arrives at

a;)B(S) ?m‘ ye )
KpV3s = KpVs |1 -+ P — 1) Xp - K LRSLICAS) |y

v BC(A,S)
B(A)

+ KZ' yg)(s) YD(A.S) 'XD] (15)

o0
YBD(A,S)

where

ko _ [B°®)] __RT 6
R=TB(@] T8 vae VO (16)

assuming that the activity coefficients for C and D are constant, whichis approximately
true when the behaviour of the C - D + S solution is quasi-ideal, the infinitely dilute
solution of components C and D in S can be taken as the reference state and the
thermodynamic equilibrium constants K% and K%, referring to infinite dilution in S,
are obtained. This proposal was valid for complexing agents in inert solvent in earlier
work!—3, With the activity coeflicients for C and D constant, eqn. 15 will become

KpVR.s = KeVs (1 + pXa + K Xc + K Xp) (17)
where
e 1 (18)
P— —
! avB(A)
o
and

K = Yo . Xup (20)
) Y8 ¥ XuXp

Eqns. 3 and 17 give

KeV3.s = KVl + (w -+ K} Xc -+ (p + K Xp] 21
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w can be derived by means of the Flory—Huggins calculation of athermal activity coef-
ficients for components in a solution combined with an experimental procedure for
non-complexing reference solutes described earlier'. For infinite dilution of B. the
Flory—-Huggins treatment gives

1 23 0/ 1,0
—E-w =1 —,/-o—'exp (l "/ VA — l) (22)
YAy i
| Ve 01,0 o
P = “Po exp (Va/Vs — 1) (23)
Yuaes) ¢

Eqns. 18, 22 and 23 give

Peare = —V—‘E—'exp [V.? (——-!T)— —_ _1'6')] — 1 (24)
Ve V2 Ve
and, according to the previous paper!’

P = YPeure - A (25)

where
l A
AT/) = ,_7 Z (y)cxnulk:mc - V'PU*llculkunc) (26)

Pexpaikane 1S determined by setting K% and K% for alkanes to zero in eqn. 17 and # is
the number of alkanes used to determine the average value, <.
VAds and V2 can be calculated by means of the equations

VAs = Vs 4+ (VR — V)-Xa (27)
and

VS = Ve + (V) — V& X8 (28)

where X3 is the molar fraction of D in the C - D solution, which in this instance
means initial molar fractions calculated from weighings.

K% and K% can be determined separately by mixing C with S in one investigation
and D with S in another, as outlined in previous papers!?, If eqn. 21 is satisfied for
solutions of C and D in S, this is evidence that complexation between C and D in the
stationary phase is negligible. Note that the initial molar fractions of C, D and S
calculated from weighings are approximately equal to equilibrium molar fractions, as
B is so diluted that the arithmetic values of X, Xuc and X,;p are very small.
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Il. C and D form a 1:1 complex with B and also a 1:1 complex with each other
Except in the rare instances where steric hindrance occurs, one usually expects
complexation between two complexing agents to occur on dissolution in an inert sol-

vent. Complexation between C and D affects molar fractions, molar volumes (V2 s)
and the value of » in eqn. 17.

The equilibrium in eqn. 29 must also be taken into consideration.
C+D=CD (29)
with an equilibrium constant given by eqn. 30:

Xcocq v
K = . CD(A.S)

Xceq Xpeq VoA YA

(30)

Xc and Xp must be replaced with equilibrium concentrations X¢,, and Xp,,, and X,

with X3 = Xc  + Xp,, + Xcp,,s Where Xcp,, is the equilibrium concentration of the
CD complex formed. Eqns. 12 and 17 are changed to

1 1 1 1 . .
) = 2) + ( =) - ) ) - XA (3 l)
a a a a
yB(A,S) YB(S) ‘yB(A) yB(S)
and
KoV3s = KAV (1 + 9'Xp + K¥Xcoy + K3 Xpog) (32)

The change in V2 ¢ and X, in eqn. 17, which follows upon the complexation between
C and D, is usually less than the change in X and Xp, and the change in KgV 3 s and
KQVQ (1 4+ pX,) is analogous. This is the case, for example, when equal molar frac-
tions of dodecyl laurate and l-chlorooctadecane are used as complexing agents in
squalane as inert solvent. It is therefore possible to calculate equilibrium concentra-
tions by an iterative procedure as described below.

To a first approximation, VA s = VA&s and 9'X = pXa. X, and Xp,,
calculated from eqn. 32, where Ky, is determined by GLC with a C + D + 8 solutlon
and K@ with pure S solution as the stationary phase. K and K are determined from
separate GLC investigations with C + S solutions and D + 8 solutlons as stationary
phases. From the calculated values of X¢,, and Xy, it is possible to calculate Xcpeqs
the new average molecular weight of the C -~ D 4 CD -+ S solution and the C -+
D 4 CD solution, and V3’5, X1 and ¢’ through eqns. 33, 34 and 35:

M,, = XeegMc + XpegMp + XepggMcep + XsMy (33)
Vs = (34)
da.s

MY, = X8, Mc + X3, Mp + X, Mcp (35)
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where X¢_, xg,q and X&, are equilibrium molar fractions of C, D and CD in a
C + D + CD solution. The values of X¢_, X§_, and X8, can be determined from
Xcoos Xb,, and Xep,, DY assuming that the quotient ycp/ycyp of the activity coefficients
for C, D and CD is the same in C + D + CD + S and C 4+ D + CD solutions.

o’
v = 36)
Xi = Xceq + Xpeg + Xcpeg (37)
1/’I == '/);ulc -+ A’/)' (38)
. 124 | 1
Yeute = —-—V’-‘g--exp [Vg (—,_/ET — —VE)] — 1 (39)
, 1 , .
":'w = ; Z (wcwulkunu - y"culcnlkune) (40)

In eqn. 40, Yopuikane IS determined as before by setting K} and K} for alkanes to zero
in eqn. 32 and n as before is the number of alkanes used to determine the average
value of Ady’.

The density of solutions that contain moderately complexing components is
usually unaffected by the complexation and it can therefore be calculated from
densities or molar volumes of pure components and initial molar fractions. This is
the case, for example, when dodecy! laurate or l-chlorooctadecane is used either
alone or in combination with complexing agents in squalane.

If the initial molar fractions calculated from weighings are X¢, Xp and Xj in
a C + D + S solution and X2 and X3 in a C + D solution, it follows from values
of V2 s and V} calculated from eqns. 27 and 28 that

XcMc -+ XDMD -+ XsMs

dA,S == 0 (4‘)
A,S

and

0 0
d, = XeMc '*V‘RXDMD 42)

Of course, da,s and d, can also be determined experimentally, e.g., by picnometric
measurements. The calculated values of V$ ¢, %' and X, are used in eqn. 32 to give
new values X¢, and X = of Xc and Xp_, and the iterative procedure is repeated.

The calculations can be considerabtiy simplified if one makes solutions with
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equal molar fractions of C and D in S. With X¢ and X, equal, X¢,, and Xp, eq Will
also be equal, and eqn. 32 can then be written as

KnVis = KRV [l + 9'Xp + (K + K3 Xcgg] (43)

Xc,, determined from the iterative procedure should be independent of the choice of
the complexing solute, B. If several solutes are investigated, one can use the average
Xc,, value in each step for the next iteration, and use the difference between two con-
secutive average values of X¢,, as a criterion for stopping the iterative procedure.

With X¢,, calculated and the initial number of moles of C, D and S calculated
from the weighings, Xcp., can be calculated and eqn.30 will give the value
of K*vYcas) * Ya.s/Yepia.s)-

If it is desired to take the infinitely dilute solution of C, D and CD in S with

activity coefficients " as a reference state, the equilibrium constant K*, given by eqn.
44, must be determined:

X,
Kb — o _YeD

(44)
X Ceq X Deq 78 ?;

Dividing eqn. 44 by eqn. 30 gives the relation between K and K*:

K*/K = Yén / YCD(A,S) (45)

Ye ¥D YcA.s YD(A.S)

K* can be determined either from the experimental value of Xcp,, /Xc,q Xp,, followed
by a calculation of p¥,/v¥ ¥8 from classical thermodynamic equatlons or by deter-
mining Xep,_ /Xe., Xo,, for different initial molar fractions of C and D in S followed
by an extrapolatlon to infinite dilution of C and D in S. The accuracy of the last
method is limited by the great uncertainty in the determination of Xc,, from eqn. 43
for low initial molar fractions of X¢ and Xp,, as the values of K V3 ¢ and K3V$e in this
instance will be nearly equal. It is probable that, by assuming the activity coefficients
for C, D and CD to be unity on going from dilute solutions of C and D in S to infinite
dilution in S, no significant errors arise in most instances. The stationary phase com-
ponents, C, D and S, are of similar size and, except for the complex-forming groups,

are often structurally alike. They therefore often give quasi-ideal solutions. In this
instance,

XCch

K =K=———-— 46
0 Xews Xoo (46)

Expressing the activity coefficients as products of athermal and thermal factors ac-
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cording to eqn. 12, and by setting the thermal factors equal to unity. which is a good
approximation for quasi-ideal solutions, one can write

Yip a;cn
== (47)
YEVH a;c ap

The Flory—-Huggins treatment for infinite dilution of C, D and CD in S gives, accord-
ing to Eon et al:

L ————Vg- e/l 1 48
av o exp (Ve/Vs — 1) (48)
LY C

[of

0

= sexp (VYW — 1) 49)
ay Ve

5] .

and

! = Vg- Ve, Ve 1 50
o = VSD exp (Vep/ Vs — 1) (50)

cD

Substitution of eqns. 48-50 into eqn. 47 gives

?'éo Vso Vgn 0/7,0 07,0 0 0
= —5 (,'exP(Vc/Vs -+ Vp/Vs — Vep/ Vs — 1) 51)
Yc¥p Ve vy

If it is assumed, as before, that the density of a solution of C and D is unaffected by
the formation of a CD complex, then Vg, can be estimated by means of eqn. 52:

Ve = V2+ V3 2

From eqns. 51 and 52, it follows that

Y¢p — Ve(Vé -+ Vi) .
rYeavh Ve s

e~! (33)

For a system with dodecyl laurate and l-chlorooctadecane as complexing agents in
squalane, vép/ve vn at 60 °C is calculated to be 1.02. For this complexation reaction,

the difference (1.02 — 1) in K* values calculated from eqns. 30, 45 and 53 or eqn. 46
is small.
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TABLE 1

MOLAR VOLUMES (¥)), MOLAR WEIGHTS (M;) AND DENSITIES (d\,s, da) FOR THE
CALCULATION OF THE EQUILIBRIUM CONSTANT FOR A 1:1 COMPLEX BETWEEN
DODECYL LAURATE (C) AND 1-CHLOROOCTADECANE (D) IN SQUALANE (S)

A represents a mixture of C and D with equal initial molar fractions,

Temperature Vs Ve Vis Mc Mp Ms' - dAs

da
(°C) (1) () (1) (&) (g) (e) (ell)  (gll)
50 0.3920  0.5352  0.4636  368.65 288.95 422,83 810.6 8388
60 0.3953  0.5399  0.4676  368.65 288.95 422,83 803.7 831.8
70 0.3986  0.5442  0.4715 368,65 288,95 422,83 797.1  824.9
CALCULATIONS

Equilibrium molar fractions of dodecyl laurate (C) and 1-chlorooctadecane
(D) in squalane (S) were calculated from eqn. 43 by means of the iterative procedure
described above. The initial molar fractions in squalane for both complexing agents
were 0.250. The calculations were made with a program written in the BASIC language
for the four alkane solutes and ten complexing solutes, and involved fiveiterative steps.
The program is easy to change to any desired number of solutes and interative steps,
and is available as a paper-tape copy on request. The calculations were performed on
a mini-computer with a 16K memory (ALPHA LSI-2). Two sets of data were used
for the calculations (Tables 1 and I1). In Table 11, the set of data is valid for a tem-
perature of 60 °C. Similar sets of data were used at 50 and 70 °C. The same molar
volumes for solutes used in an earlier paper' were used in these calculations. Values
of KQV®, K¥ and K3 are taken from earlier papers!2. The KgV¢ values are average
values of the K3V values given by the regression lines in the previously investigated
system of dodecyl laurate and 1-chlorooctadecane in squalane.

With equal molar fractions of C and D in squalane, the equilibrium molar
fractions X¢  and Xp,, of C and D are equal. Using initial molar fractions of 0.25 for
each gives the relationship between X, and X¢p,:

1 — 4 Xc,,
Xepgg = ——5—— (54)

The values of X¢_ . XS, and X&  necessary for performing the iterative procedure
were calculated from eqns. 55-57

K= e (55)

when Xe, = Xp__ in eqn. 46.
Xcoeq = .____1._._ ' (56)
VK414 1

Xiogg = 1 — 2 X8, (57)
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TABLE 11

DATA AT 60 °C FOR THE CALCULATION OF THE EQUILIBRIUM MOLAR FRACTIONS
IN SQUALANE OF DODECYL LAURATE AND 1I-CHLOROOCTADECANE

Initial molar fractions were 0.250 for both complexing agents.

) == molar volume (l) of solute B.

Kw, K = partition coefficients of solute on a complex-forming stationary phasc and on pure
squalane, respectively.
v == molar volume (1) of pure squalane.

K?Y, K: = equilibrium constants for 1:1 complexes between solute and dodecyl laurate and solute
and l-chlorooctadccanc, respcctlvcly, at mﬁmte dllutxon in squalane

Salure V KR V; Kx + Kz
Cyclohexane 0.1137 191 1 105 6 —
Methylcyclohexane 0.1337 351.5 192.5 —
Ethylzyclohexane 0.1485 971.6 533.4 —
n-Heptane 0.1543 271.7 148.9 —
p-Xylene 0.1285 1296.9 606.8 0.638
Toluene o.1110 491.,7 230.1 0.643
Benzene 0.0934 177.7 83.2 0.659
Fluorobenzene 0.0998 180.7 81.3 0.806
Chlorobenzene 0.1057 963.2 427.4 0.877
Benzotrifluoride 0.1294 217.9 94.6 0.929
Octafluorotoluene 0.1453 120.3 534 0.741
Methoxybenzene 0.1128 1687.7 708.7 1.119
Trichlorocthene 0.0927 257.5 121.1 0.626
Tetrachloroethenc 0 1048 747.7 378.6 0. 325

Eqns. S5, 56 and 57 are valid for equal initial molar fractions of C and D in squalane
if the quotient y¢p/yc ¥p of the activity coefficients for C, D and CD is considered to
remain unchanged on going fromthe C + D 4+ CD -+ S solutiontoa C + D + CD
solution. The latter restriction does not seem to be important, as the complexation
in the system investigated is small and the molecules in the stationary phase are of
similar structure and size.

If a thermodynamically based value is used in the determination of X¢, ., the
value of K in eqn. 56 should be replaced with K-([¥&o/7& ¥3)/[¥cp/¥c ¥bl)s Wwhere 9
refers to activity coefficients in a C -+ D - CD solution and y, to activity coefficients
ina C + D +4 CD + S solution.

TABLE Il

COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED (FROM EQNS. 3, 27, 28
AND 41) DENSITY VALUES AT 50, 60 AND 70 °C FOR A SOLUTION OF DODECYL
LAURATE AND |-CHLOROOCTADECANE IN SQUALANE WITH MOLAR FRACTIONS
OF 0.2494, 0 2498 AND 0, 5008 RESPECTIVELY

Tumperamre l)ensuy ( g/l)

OC o et e et 1 0n e
) Experinwmal Calculatad
50 8105 " 810.6
60 803.7 803.7

70 797.4 797.2
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However, the possible error in the determination of X¢  when changes in the
quotient between the activity coefficients are not taken into consideration will cause
less error in the determination of Xc, from eqn.43. In order to illustrate this
behaviour, a calculation was made by using values at 60 °C for the stationary phase
investigated with p-xylene as the solute. Note that the only variable affected in eqn. 43
is »’. With K = 0.25 and the quotient (¥25/¥2 ¥8)/(¥cp/Yc ¥p) = 1.10 instead of 1.00,
the value of K-([v2p/92 ¥3)/ [¥en/yc ¥o]) changes by 109, but the change in the value
of X, is only about 0.9 7.

The density of the stationary phase investigated was considered to be unaf-
fected by the complexation, as stated earlier, and could therefore be calculated from
eqns. 3, 27, 28 and 41,

The molar volumes for the three stationary phase components necessary for the
calculations were determined earlier!"2, A comparison between the calculated values
and those determined by picnometric measurements at 50, 60 and 70 °C for a solution
of composition almost identical with that investigated by GLC is given in Table 11I.
Table 111 shows very good agreement between the experimental and calculated values,
which indicates that it is valid to consider the density of the stationary phase to be
unaffected by complexation, as postulated above.

In the derivation of eqns. 17 and 43, 1/ay’ A, Was substituted by the expres-
sions given in eqns. 12 and 31, respectively. The validity of this approximation was
investigated for some solutes. By setting the value of the equilibrium constant to zero
and with p-xylene as solute, a deviation between 1/ay’ 4 5, calculated from

0
1 Vas
7] - )
a, Va
B(A,S)

exp (Vg/Vas — 1)

and from eqn. 12 was found to be less than 0.1 9 for molar fractions of X, < 0.50.
With a value of the equilibrium constant of 0.25 and with the same solute, a similar
calculation gave a deviation of less than 0.99 for the same molar fraction range.
This difference is so small that a refinement involving the replacement of eqn. 31 with
a polynomial function does not seem to be necessary, especially as even the Flory—
Huggins treatment of activity coefficients is approximate,

RESULTS AND DISCUSSION

The values of X obtained from the calculations for different complexing
solutes are given in Table 1V for the five iterative steps at 60 °C. Average values of
Xc,, and standard deviations of the average value in each iterative step are also given.
The value of Xc,, derived from octafluorotoluene was rejected in the /ast iterative
step. However, the rejection of Xc, for octafluorotoluene after the firsz calculation.
does not change the average value of X¢,, in the last step. Note that the difference
between the average values of Xc, in two consecutive steps decreases rapidly as the
iterative process proceeds.

The iterations at 50 and 70 °C were carried on in the same way, and they were
as satisfactory as that at 60 °C. The calculated Xc,, values at 50, 60 and 70 °C with
average values and 95% confidence intervals are given in Table V.



GLC INVESTIGATION OF COMPLEXATION EQUILIBRIA 59

TABLE 1V

VALUES OF EQUILIBRIUM CONCENTRATIONS AT 60 °C OF DODECYL LAURATE
(Xc..)» AVERAGE VALUES X¢,, OF X¢,, AND STANDARD DEVIATIONS (s) OF X¢,, FOR
THE FIVE ITERATIONS

Sointe Xor,

fteration mumber

1 17 nr v 4
p-Xylene 0.23608 0.23708 " 0.23695 0.23697 0.23697
Toluene 0.24129 0.24176 0.24170 0.24171 0.24170
Benzene 0.24174 0,24171 0.24171 0.24171 0.24171
Fluorobenzene 0.24593 0.24632 0.24627 0.24628 0.24628
Chlorobenzenc 0.24076 0.24134 0.24126 0.24127 0.24127
Benzotrifluoride 0.24547 0.24663 0.24648 0.24650 0.24650
Octafluorotoluenc 0.27000 0.27170 0.27148 0,27151 0.27151"
Methoxybenzene 0.24039 0.24126 0.24115 0.24116 0.24116
Trichloroethene 0.24771 0.24762 0.24763 0.24763 0.24763
Tetrachloroethene 0.24938 0,24868 0.24877 0.24876 0.24876
Xcm 0.24588 0.24641 0.24634 0.24635 0.24635

s 9.36-10-1 9.60-10-3 9.57-10-3 9.57-10™3 9.57-10-?

* The value of };ce in_s_fep V_f:o; octaﬂuorotolﬁ;r{e" éan be rejected by Dix_c;fln’;-‘r:-test atas:gmﬁ
cance level of 0.05. In t‘his instance, the values of.i’ceq and s are 0.2436 and 3.9- 103, respectively.

The equilibrium constants for the CD complex at 50, 60 and 70 °C were cal-
culated by means of eqns. 54 and 55. As stated earlier, the difference between constant
values calculated from eqns. 54 and 55 or 45, 53, 54 and 55 is small. Values of the
complexation constants at the three temperatures and limits for the values of the
constants are given in Table VI.

TABLE V

VALUES FROM THE FIFTH ITERATION OF EQUILIBRIUM CONCENTRATIONS AT 50,
60 AND 70 °C OF DODECYL LAURATE (Xc,), AVERAGE VALUES X¢,, OF X, AND 959,
CONFIDENCE INTERVALS (/) FOR K¢,

Solute Xcen
50 °C 60 °C 70 °C

p-Xylene 0.2390 0.2370 0.2325
Toluene 0.2446 0.2417 0.2384
Benzene 0.2384 0.2417 0.2345
Fluorobenzene 0.2434 0.2463 0.2394
Chlorobenzene 0.2457 0.2413 0.2402
Benzotrifluoride 0.2426 0.2465 0.2480
Octafluorotoluene (0.2639)" 0.2715)" 0.2608
Methoxybenzene 0.2407 0.2412 0.2345
Trichloroethene 0.2509 0.2476 0.2454
Tetrachloroethene 0.2437 0.2488 0.2203
Xeeq 0,243 0.244 0.239
7 . - 0.003 4-0.003 -+ 0.008

" * The values of Xeo, for octafluorotoluene at 50 and 60 °C can be rejected by Dixon’s r-test at
a significance level of 0,05 and were not used in the calculation of X¢, and /.
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TABLE VI

VALUES OF THE EQUILIBRIUM CONSTANT (K#) AT 50, 60 AND 70 °C FOR A 1:1 COM-
PLEX BETWEEN DODECYL LAURATE AND 1-CHLOROOCTADECANE

Upper and lower limits of the constant at the three tempcratures, calculated from the limits of the
95 9% confidence lntervals for Xc,q in Table V, are also given,

Temperature K} Lo wer and upper
(°C) limits of K¢

50 0.16 0 09-0.23

60 0.13 0.07-0.21

70 - 0.26 0 07-0 47

A study of Table V shows that the variation between the X values deter-
mined from different solutes is small, except for octafluorotoluene at 50, 60 and 70 °C
and tetrachloroethene at 70 °C. The behaviour of octafluorotoluene can be explained
by the unexpectedly low value of the complexation constant for the octafluorotoluene—
I-chlorooctadecane complex?, as an underestimation of K3 will give an overestimation
of Xc., when eqn. 43 is used. The low value for tetrachloroethene at 70 °C is probably
due to an accidental error in the experimental determination of K. The values of
Xc., obtained from octafluorotoluene and tetrachloroethene, respectively, can be re-
jected with Dixon’s r-test at a significance level of 0.10. In this instance, ch = 0.239
and / = 0.004, that is, the average value is the same but the confidence interval is
now considerably smaller and about the same as at 50 and 60 °C. The interval for
Kg at 70 °C is now 0.16-0.36.

Whether the variations of X¢,, determined from the other solutes at the three
temperatures are due to experimental errors, differences in the structures of the
solutes or a combination of both is difficult to say. In any event, it should be borne
in mind that the value of the equilibrium constant is small, which makes the deter-
mination rather uncertain, independent of the method used. The GLC measurements
in this investigation give about the same precision as optical and NMR methods.

The value determined for the equilibrium constant is of the expected magnitude.
The magnitudes of the constants at 60 °C between the solutes used in this investigation
and dodecyl laurate and 1-chlorooctadecane were 0.20-0.68 and 0.11-0.44, respective-
ly. As the solute molecules are considerably smaller than either of these complexing
agents, it is not surprising that the equilibrium constant between a solute molecule
and one of the complexing agents is in general larger than the constant between the

two long-chain moleculesin the stationary phase containing only one functional group
each.

_CONCLUSIONS

It has been shown that equilibrium constants between two non-volatile com-
plexing agents can be determined indirectly by GLC. The method described, which
avoids the previous necessity for the use of one volatile and one non-volatile com-
plexing agent for determinations of complex constants by GLC, has further increased
the usefulness of GLC for the study of complexation in organic solvents.
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LIST OF SYMBOLS

A .
B

[B°(S)]. [B°(A,S)]

[B(A,S)]
C, D

BC, BD, CD

[BC(A,S)], [BD(A,S)]

dA.Ss dA
I8

Kls KZ
K?. Ky
K

K*

KR

Kr

M,

M, MY,
S

4

VR V3.s
Ve Vs
Xls X(I)

Mixture of two complexing agents, C and D.

Volatile solute.

Concentration of uncomplexed solute in pure solvent S and
A -+ S solution, respectively.

Total concentration of B in an A + S solution including
complexed species.

Complexing agents in the stationary phase.

1:1 complex between B and C, B and D and C and D, re-
spectively.

Concentration of BC complex and BD complex, respectively,
in an A -+ S solution.

Density of a solution of C 4+ D -+ S and of a solution of
C -+ D, respectively.

Fugacity of pure B vapour in equilibrium with pure B liquid.
Equilibrium constants for the reactions between B and C in
S, and B and D in S, respectively.

Thermodynamic equilibrium constants for the reaction be-
tween B and C, and B and D, respectively, using an in-
finitely dilute solution of each chemical species in solvent S
as the reference state for chemical potentials.

Equilibrium constant for the reaction between C and D in
a C + D -+ S solution.

Thermodynamic equilibrium constant for the reaction be-
tween C and D using an infinitely dilute solution of each
chemical species in solvent S as the reference state for chem-
ical potentials.

Partition coefficients of the solute between the pure inert
solvent S and the gas phase.

Apparent partition coefficient, i.e., the ratio of the total con-
centration of solute B (including complexed species BC and
BD) in the liquid phase to the concentration in the gas phase.
Molecular weight of the species i,

Average molecular weights of a C + D -+ S solution and a
C + D solution, respectively, when complexation occurs be-
tween C and D,

Solvent.

Molar volume of species i.

Molar volumes of C + D solutions and C -+ D + S solu-
tions, respectively, if complexation between C and D does
not occur.

Molar volumes of C + D solutions and C 4 D -+ S solu-
tions, respectively, if complexation occurs between C and D.
Molar fraction of species i in a C +~ D -+ S solution and a
C -+ D solution, respectively, if complexation between C and
D does not occur.
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Equilibrium molar fraction of speciesiina C + D - S solu-
tion and a C 4 D solution, respectively, if complexation oc-
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cient Y.
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tion) or a C + D - S solution (A - S solution).
Athermal and thermal contributions to the activity coef-
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