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Abstract

The positron annihilation technique has been applied to study cyclodextrin complexes formation.
Lifetime spectra have been measured in aqueous solutions of nitrophenol isomers, cyclodextrins,
and cyclodextrins mixed with nitrophenol isomers. The spectra were resolved into three lifetime
components. The intensity, I;, of the longest-lived component was found to be decreased linearly
with respect to the concentration of nitrophenol isomers in an aqueous solution. In the aqueous
solution of cyclodextrins, concentration had little effect on I,. However, I; increased with respect
to the concentration of cyclodextrins in aqueous solutions mixed with a fixed amount of nitrophenol
isomers. Several methods based on these findings are proposed to determine the formation
equilibrium constants for inclusion complexes of nitrophenols by cyclodextrins.

Introduction

The goal of the present research was to apply positron annihilation lifetime measurements to the
study of inclusion compounds, cyclodextrins. Inclusion compounds are substances which may play
"host" to other chemical species ("guests")/1/. These host compounds have a structure which
allows the guest molecule to be carried in the host molecule. The present work studied the effect
of cyclodextrins on positron lifetime spectra in an aqueous solution with nitrophenol isomers.
Several methods are proposed to determine the equilibrium constants of nitrophenol isomers with
cyclodextrins.

Nitrophenols (NPH) are diamagnetic compounds which are known to be good electron acceptors.
They are good inhibitors of positronium (Ps) formation. On the basis of the spur reaction model
of Ps formation, the good inhibition effects of these molecules can be accounted for by their high
reactivity toward solvated electrons.

Cyclodextrins (CD) are composed of «-(1,4)-linkages of a number of glucose units. They are given
a Greek letter designation to identify the number of glucose units. a-, - and y-cyclodextrin have
6,7,and 8 units respectively. The most important characteristic of cyclodextrins is their ability to
form inclusion complexes in which the guest compounds are included in the cavity. These guest
compounds range from polar acids to highly apolar aromatic hydrocarbons. The inclusion
complexes may be formed in solution or in the crystalline state. The molar ratio of the host
molecule to the guest molecule is usually 1:1 for complexes formed in solution.
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Inclusion Phenomena and Positron Annihilation Techniques

Materials which normally react with electrons, positrons, or ortho-Ps will lose most of their
reactivities when they are in a complexed form. The difference in reactivities between the
complexed and uncomplexed states make it possible to determine the equilibrium constants of the
systems. Jean and Ache resolved positron lifetime spectra into two lifetime components in their
study of inclusion complexes formation by the positron annihilation technique/2/. Their study
correlated changes in the annihilation rate of the second lifetime component with changes in
cyclodextrin concentration in the presence of a constant nitrophenol concentration.

Resolution of the lifetime spectra into three lifetime components may require a different
interpretation. If a lifetime spectrum consists of three lifetime components, a two-lifetime fit of
the spectrum may force changes in intensities of the second and third components to appear as
changes in both the lifetime and intensity of the second component. It is therefore very difficult
to compare results from the annihilation rate of the second component of a two-lifetime fit to that
from the annihilation rate of the third component of a three-lifetime fit.

In the present study, lifetime spectra were resolved into three lifetime components. Definite
changes were seen in both the intensity and annihilation rate of the third lifetime component.
However, changes in the intensity of the third component were more profound. Therefore we have
chosen to use the intensity to determine the equilibrium constants. Another reason is that the
interpretation of the intensity of the third component is well defined, that is, due to pick-off
annihilation of ortho-Ps.

Determination of equilibrium constants from positron annihilation data

The association of the cyclodextrin and guest molecules may be described by the reaction:

C+G s CG,
Kc

where C is the cyclodextrin molecule and G is the guest molecule. The equilibrium constant K.
is:
K, = [CG]
([CIHCGDAG)-{CGD

where [C], [G], and [CG] are concentrations of the cyclodextrin, the guest molecule, and the
complex, respectively; [C]-[CG] and {G]-[CG] denote the portion of the cyclodextrin and the guest
molecule in solution that are not complexed. To determine K. from positron annihilation data, the
following methods are proposed:

(1) When [G] is larger than [C], then [CG] is much less than [G]. K. can be approximated as:

__Icq]
Ke = {fcriconie) *

.. _KICIG]
[CG] T+ KJGl
If the intensity, I, of the third lifetime component is a linear function of the concentration of the
cyclodextrin, the guest molecule and the complex, then

LS = L - pclC,

then



I3G = I3° - FG[G], and
L°¢ = L,° - u(ICI-[CG)) - uc([GI-ICGD) - peslCGl-
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Where I;¢, 1,9, ,°° and pc, ug, pcg are the intensities of the third lifetime component and inhibition
constants of the cyclodextrin, the guest molecule, and the complex, respectively. I,° is the intensity
of the third lifetime component in the solvent alone. By substituting [CG] in the equation for L,°C

which can be written as:

L% = 1p° - uc[Cl - uolGl + (oot pctpe)
The right side can be simplified by letting

b - mglG] and

KACHG]
1+ K JG]

Bo = -thcg T pic T Bos
and after factoring out [C], then

G _ _ K[G]
b+ Cuet e T xrGT X.G] )ICI.
If we plot I,°C verses [C], then the slope m is:
KdJG]

™= e TR TIKAGT
By measuring slopes for two concentrations of [G], and [G]z, K, can be solved as follows:

Ko = (my +p/[G]; - (M +pd)/[Gl,

- m *
1

(2) It is reasonable to assume that pog < < pg, then the above expression for m can be
simplified by using

Mo = -pcg t pc T ke = pc + pos

then G
m = -pc + (ﬂc+#G)1_§_C—I[(—C;II:G_].
Solving for K which can be expressed as follows:
- _mtp)
Ke = o~ miGI

The intensity I; for the aqueous solution of nitrophenol isomers and cyclodextrins was a very linear
function of concentration. In addition, the intensity I; for the mixed aqueous solution containing
cyclodextrins and a constant concentration of nitrophenol isomers was very linear in the low
concentration region of cyclodextrins. Therefore, both methods should render a good evaluation
of K¢ using the low cyclodextrin concentration region. Obviously, a problem exists for method (1)

when m; and m, are very close, in which case this procedure will give a very large error.

(3) When [C] is larger than [G], then [CG] is much less than [C]. ( [CG] is less than [C] even for

[C] = [G]). K, can be approximated as:

[CG]
Ke = te1061can

_ KCIG]
(81 = 75 ey

then
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and K [CI[G]
CG o _ _ —— =
I L% - plC - pglG) + ”‘01 + KJC]
Let LT = L% - (I° - pc[Cl - 16lGY) = L - (I - polGl), since experimental results have shown
that uc = 0. Then
LT = K ICIIG]
3 Ho 1 + KC[C] .
Taking the reciprocals of both sides, thus
1 1 1

= + .
LT Ho[G] rXKc[GIIC]
From the slope and intercept of the plot of 1/LT against 1/[C], K, can be determined by

__ intercept
Ke = slope

Experimental

The positron source 2Na of about 20uCi was heat sealed between two 8um Kapton films/3/. The
samples used in the experiments were prepared by one of the authors, Daniel W. Armstrong of The
University of Missouri-Rolla. A stock solution of known molarity was prepared and then the stock
solution was diluted with distilled water to make a solution of the required strength. Positron
annihilation lifetime measurements were made with a conventional fast-fast coincidence system with
a time resolution of .303 ns. Lifetime spectra have been obtained in aqueous solutions of different
concentrations of nitrophenol isomers, cyclodextrins, and cyclodextrins mixed with a constant
concentration of nitrophenol isomers.

Resuits and Discussion

Positron annihilation lifetime spectra were resolved into three lifetime components using the
program POSITRONFIT-EXTENDED/4/. The lifetime of the first component, corresponding to
para-Ps decay, was fixed at .125 ns. The lifetime of the second component, corresponding to free-
positron and/or bound-state annihilation, had values =~ .4 ns. The Lifetime of the third component,
corresponding to the pick-off annihilation of ortho-Ps, was around 1.8 to 2 ns.

Positron lifetime spectra were obtained for m-NPH and p-NPH of concentrations ranging from 0
to around .06 mM. The most significant result was that the intensity I, decreased linearly with an
increase of the concentration of both isomers. - Plots of the intensity I and the annihilation rate A,
as a function of p-nitrophenol concentration (o:L,. a:A;) are shown in Fig. 1. Since nitrophenol
isomers are known to be good electron acceptors, the primary mechanism responsible for the
decrease in intensity I, may be due to competition for electrons in the positron spur. Another effect
may be due to the formation of Ps compounds and their subsequent annihilation at a fast decay rate
which make them part of the second lifetime component. The inhibition constants p; were
determined for both isomers using a linear least-squares fit of the data.

Positron lifetime spectra were measured for aqueous solutions of «-, B-, and vy-cyclodextrins.
Concentrations ranged from O to .144 M for o-CD, from 0 to .0163 M for 5-CD, and from 0 to
.18 M for y-CD. B-CD has a very low solubility while v-CD has the greatest solubility in water.
All three cyclodextrins exhibited a slight decrease in the intensity I, with an increase in
concentration. Fig. 1 shows plots of the intensity L; and the annihilation rate A; as a function of
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a-cyclodextrin concentration (x:I, +:7;). Cyclodextrins appeared to be less effective as electron
acceptors than nitrophenols based on these results. The inhibition constants u. for cyclodextrins
were very nearly zero. Values of pg and . are listed in Table 1.
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Fig. 1 The intensity I; and the annihilation rate A; as a function of concentration in an aqueous
solution of a-cyclodextrin (x:I;, +:A;) and p-nitrophenol (o:L;, a:};).
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Fig. 2 The intensity I, and the annihilation rate A; as a function of concentration of o-
cyclodextrin in an aqueous solution with a fixed concentration of p-nitrophenol
(x:I;, +:A; for 35.6 mM of p-NPH; o:L;, a:\; for 23.1 mM of p-NPH).
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Table 1: Inhibition constants u

Solute MY
m-nitrophenol 195.1 4+ 1.47
p-nitrophenotl 208.5 + 1.32
a-cyclodextrin 5.45 + 0.78
B-cyclodextrin 4.32 + 8.75
y-cyclodextrin 3.04 £ 1.55

The effects of cyclodextrins on positron lifetime spectra in an aqueous solution with a constant
molarity of nitrophenol isomers were examined for three cyclodextrins. In all cases the most
important result was an increase in the intensity I, of the third component with an increase in CD
concentration, in contrast with a decrease in I in an aqueous solution of a single solute. The effect
can be seen in Fig 2. The graph plots the intensity I; and the annihilation rate A, as a function of
concentration of a-cyclodextrin in an aqueous solution with a fixed concentration of p-NPH (x:L,,
+:N\; for 35.6 mM of p-NPH; o:I;, a:A; for 23.1 mM of p-NPH). It clearly indicates that as p-
nitrophenol is complexed, it becomes less effective as an electron acceptor; the inhibition effect is
therefore reduced. Since the intensity I, exhibited a linear behavior in the low cyclodextrin
concentration region, the proposed methods (1) and (2) for determination of the equilibrium
constants K have been used. Fig. 3 plots 1/I, as a function of 1/[C). [C] is the concentration
of a-cyclodextrin in an aqueous solution with a fixed concentration of p-nitrophenol (o for 35.6 mM
of p-NPH; a for 23.1 mM of p-NPH). From these data the proposed method (3) was used to
determine K. Values of K, are listed in Table 2.
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Fig. 3 Plots of 1/LT as a function of 1/[C]. [C] is the concentration of «-cyclodextrin in an
aqueous solution with a fixed concentration of p-nitrophenol.
(o for 35.6 mM of p-NPH; a for 23.1 mM of p-NPH).
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Table 2 : Complex formation equilibrium constants K. (M)

CD NPH K Ko K& K
"D T wiw 325 9il mew
o@D i 132 MIEH g
P IS e BIE W wesw
oo pnee 0¥ i

K¢ @ calculated using method (1); K¢* : calculated using method (2); K¢° : calculated using method
(3); and K® : measured from other studies/5/.

p -NPH(x): »=1: 23.1 mM; 2: 35.6 mM; 3: 7.2 mM; 4: 23.1 mM; 5: 28.1 mM; 6: 42.2 mM.
m-NPH(x): x=1: 11.6 mM; 2: 24.6 mM.

In conclusion, the present experimental results showed that nitrophenol is a good Ps inhibitor. The
intensity of the third lifetime component, I,, which is due to the pick-off annihilation of ortho-Ps,
is reduced. As cyclodextrin is added to the solution, nitrophenol molecules form inclusion
complexes with cyclodextrin molecules, the inhibition effect is thus reduced, resulting in a
subsequent increase of the intensity I; of the third lifetime component. Based on these findings,
three methods are proposed to determine the complex formation equilibrium constants. Although
present results could not conclusively show which method gave the best result, the technique
appears to be promising. More data are required in order to get a more reliable determination of
these constants using the positron annihilation technique.
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