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Determination of the Stability Constants of Benzene and Alkylbenzenes with
a-Cyclodextrin by Static Head-Space Gas Chromatography
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The stability constants for the inclusion of benzene and alkylbenzenes with a-cyclodextrin (z-CyD) in aqueous
solution have been determined using static head-space gas chromatography (SHSGC). The 1:1 and 2: 1 (host : guest)
stability constants obtained by this method were in reasonable agreement with the corresponding values in the
literature. Therefore, it was concluded that the SHSGC method is useful for determining the stability constant of

the volatile compound/CyD complex.
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The stability constant is of fundamental importance in
understanding interactions in guest/cyclodextrin (CyD)
systems. Several methods such as solubility measurement,
NMR spectrometry and absorption spectroscopy have
been employed to determine the stability constant for
guest/CyD complexation.’’?) However, these methods
have both advantages and disadvantages. For instance,
the solubility method has some essential problems in
that a constant temperature cannot be maintained dur-
ing the separation of the excess guest phase; further-
more, CyD molecules are adsorbed on the surface of the
guest phase.® Also, the spectroscopic method is not ap-
plicable for complex formation involving only small spec-
tral changes.® The static head-space gas chromatography
(SHSGC) method has been used for determining the sol-
ubilization equilibrium constants of organic compounds
between bulk and micelle phases.>*® The method has
also been used for determining the stability constants for
the CyD complex system.”® However, to date there
is no detailed report on the usefulness and accuracy of
the method.

In the present study, we examined the applicability of
the SHSGC method for determining the stability con-
stants of benzene and alkylbenzenes with o-CyD. The
reason for choosing these hydrocarbons is that they are
known to complex with a-CyD and their concentrations
in gas phase can be measured conveniently using gas
chromatography.

Experimental

Materials The a-CyD used for the host was generously donated by
Nihon Shokuhin Kako Co., Ltd. (Tokyo, Japan) and was used after
drying in a vacuum. The benzene and alkylbenzenes used for the guest
were obtained from Waco Pure Chemical Industries, Ltd. (Osaka, Japan)
and were used without further purification. Distilled water per injection
JP (Japanese Phamacopoeia) was obtained from Ohtsuka Pharmacy Co.,
Ltd. (Tokyo).

Procedures Sample solutions (10 ml) containing various hydrocarbon
concentrations together with a fixed a-CyD concentration (10 mm) in
water were pipetted into 19.3ml head-space vials and sealed using sili-
cone septa and aluminum foil. The foil was placed between the silicone
septum and the vial’s contents to preclude absorption of hydrocarbons
by the silicone septa. The vials were then thermostated at 25+0.1°C
and shaken for 24 h prior to analysis. This time period was found to
be sufficient for attaining equilibrium. After equilibrium had been
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established, 200 ul of hydrocarbon vapor from above the solution was
drawn out from the vial using a gas-tight syringe. This sample was
then analyzed with a gas chromatograph (GC, Shimadzu Co, GC-14B)
equipped with a flame-ionization detector using a 1lm x 3mm i.d. glass
column packed with PEG-20M. The injection and detection temper-
atures were maintained at 250°C, and the column temperature was
110°C. Nitrogen gas was used as the carrier gas, and the flow rate was
kept at 30 ml/min. The area of each peak was measured by a Shimadzu
Chromatopac C-R 6A integrator.

Results and Discussion

Theoretical Raoult’s law and Henry’s law are com-
monly used for ideal solution systems. Conventionally,
Raoult’s law is applied to a bulk solvent, and Henry’s law
to a solute, however, either can be used according to the
standard state chosen.” In the real solutions, Raoult’s
law is defined by Eq. 1,

=ity m
where P, and P§ are the partial pressure of hydrocarbon
(B) over the solution and the vapor pressure of B in the
pure state, respectively. X is the molar fraction of B in
the solution and yg is the limiting activity coefficient
(extrapolated for the maximum dilution). The ratio of Py
and P§ is equal to that of the integrated GC peak areas
(Ag/AY), corresponding to the GC peaks obtained from
the head-space of B in the pure state and of its solutions.

As for the benzene and alkylbenzene/CyD systems, the
possible host : guest stoichiometric ratiosare 1:1and 2: 1,
as shown in Eq. 2.}%

CyD CyD
B——B-CyD —=B--CyD, (2)
K
1 2

Stability constants K, and K, for 1:1 and 2: 1 complexes,
respectively, are defined by Eqs. 3 and 4,

B-C
= L yD] 3)
[BI[CyD]
K= [B—CyD,] @

~ [B—CyD][CyD]

where [B] and [CyD] donate the concentrations of the
free solutes, respectively. [B—CyD] and [B—CyD, ] don-
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ate the concentrations of the complexes. The mass balance
of B and CyD in an aqueous solution is represented by
Egs. 5 and 6,

[B],=[B]+[B—CyD]+[B~CyD,] (©)
[CyD]=[CyD] +[B—CyD] +2[B~CyD,] (6

where [B], and [CyD], are the total concentrations of
CyD and B, respectively. Substituting Egs. 3 and 4 into
Eq. 5,

[B],=[B]+K,[B][CyD] + K, K,[B][CyD]* M

[CyD] can be deduced from Eq. 6 following the sub-
stitution of Eqs. 3 and 4, and rearrangement,

S L SN (K;[:] FDSKKBIODL
K,[B]

[CyD], and [B], are the known variables and [B] can be

obtained experimentally from the calibration curve in the

absence of CyD based on Eq. 1. Therefore, the stability

constants K; and K, can be estimated by nonlinear least-

squares program (MULTI) of [B] versus [B], using Eq.7.

Calibration Curve Figure 1 shows the plots based on
Eq. I for the p-xylene aqueous solution as an example.
The plot gave a straight line in accordance with Raoult’s
law. The same linear relationships have also been obtained
for the other guests. These calibration curves were used
to evaluate the [B] in the presence of a-CyD.

Stability Constant Figure 2 shows a typical plot of the
[B] vs. [B], for p-xylene together with the calculated curve
which gives the best fit of the experimental data. The
precision of the stability constant is commonly derived
from a single experiment consisting of a set of data points
fitted to a model function by least-squares analysis."

The stability constants determined by the SHSGC meth-
od are summarized together with values from the litera-
ture in Table 1. There are few reports concerning stability
constants of benzene and alkylbenzenes with a-CyD, how-
ever, a report by Sanemasa and Akamine'® appeared
using the volatilization rate technique which takes advan-
tage of the volatility of the guest. The results of our study
are in reasonable agreement with those of Sanemasa and
Akamine. As for benzene and toluene systems, however,
the precision of the stability constants obtained was not
good. This may be because the injection of a given vapor
sample into a gas chromatograph is difficult due to its
high volatility.

The SHSGC method has already been used to determine
the stability constant for the CyD complex system by Ito
et al.” and Hall et al® However, the usefulness and
precision of this technique were not examined in detail in
these papers. In this work, we showed that the SHSGC
method can be used as an unique tool for determining the
stability constant for guest/CyD complexation. The dis-
tinctive characteristics of this method are as follows:

1) Tt can be used to rapidly and accurately determine

the stability constant for the volatile guest.

2) Itis applicable even to guest which shows no change

in the spectra.

3) The thermodynamic parameter for formation of

complexes can be determined fairly accurately be-
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Fig. 1. Calibration Curve Based on Eq. I for p-Xylene Aqueous
Solution at 25°C
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Fig. 2. Plots of [B] vs. [B], for p-Xylene Aqueous Solutions in the
Presence of 10 mm a-CyD at 25°C

@, observed; solid line, calculated curve from Eq. 7.

Table 1. Comparison of Stability Constants of Benzene and Alkyl-
benzenes with a-Cyclodextrin Complexes

Guest substance K, (M1 K, (M
Benzene 1941 (17+2) 16413 (1743)
Toluene 36+4 (33+3) 41 +18 (11£5)
0-Xylene 18+1 (22+38) —
m-Xylene 60+5 (40+1) 39413 37+5)
p-Xylene 124 +4 (72+7) 10147 (140 1 40)

a) Literature values given in the parentheses are from ref. 10. b) Each value
is the mean and S.D.

cause the temperature of the sample solution is kept

constant throughout the experimental process.
However, the SHSGC method has a disadvantage as do
other methods, in that, as pointed out by Sanemasa and
Akamine,'® its application is difficult for a low volatile
guest. This problem can be solved, however, using the
new competitive SHSGC method we have established.
The value of this competitive technique will be dealt with
in a following paper.
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