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Solubilization by B-Cyclodextrin: A Fluorescence Quenching Study

M. Panda and A. K. Mishra*
Department of Chemistry, Indian Institute of Technology, Madras Chennai-600 036, India

Solubility of carbon tetrachioride (CCl,) in water increases appreciably in presence of B-cyclodextrin (BCD). CCl,
is a very good quencher of 1-naphthol (1ROH) fluorescence. By studying the quenching of fluorescence of IROH
included in BCD cavity, it was found that there is an increase in the availability of CCl,around BCD in the aqueous
medium. This could help to rationalize the enhanced solubility of CCl,.
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INTRODUCTION

A characteristic property of cyclodextrin is its ability to
form inclusion complexes with various compounds of appropriate
size called guests or substrates [1-6]. Its interior surface is
hydrophobic and substrates included in the cavity not only
exchange with free substrate molecules but also re-accommodate
themselves by presenting several molecular orientations.
Substituted naphthalenes such as 1- and 2-naphthol are known
to be included into B-cyclodextrin (BCD) cavity. In some
recent studies of fluorescence of naphthol-BCD complexes, it
has been observed that for the inclusion complexes in aqueous
medium, dual fluorescence from both the neutral and anionic
forms occurs [7]. Though 1-naphthol (1ROH) is an extremely
weak acid in its ground state (pKa=9.39) [8], when excited at
neutral pH, it loses one proton to water, its pKa' being 0.4 [9].
On excitation at 290 nm in water, it dissociates completely
exhibiting an emission peak at 465 nm due to the anion (RO™)
only. Being a very good complexing agent forming water-
soluble complexes with the non-polar compounds like 1ROH,
BCD can also be used to improve the aqueous solubility of the
compounds, which are sparingly soluble in water [10]. In the
present work, we have studied the ability of aqueous BCD
solutions to increase the solubilization of CCl, by using
fluorescence quenching as a technique. It is well known in
literature that carbon tetrachloride (CCl,) is a very efficient
quencher of 1-naphthol fluorescence {11,12]. Thus the solu-
bilization behaviour of CCl, in water in presence of BCD is
expected to reflect in fluorescence quenching. In this study, the
quenching of fluorescence for IROH-BCD inclusion complex
by CCl, has been monitored so as to understand the cyclodextrin-
induced solubilization of CCl,. Comparison of fluorescence
quenching by a water-soluble quencher copper sulfate (CuSO,)
has been made.
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EXPERIMENTAL DETAILS

Materials

1-Naphthol (Sisco-Chem) was purified by subliming twice
after crystallization from alcohol. Carbon tetrachloride (GR Grade,
Merck) was purified before use [13]. Copper sulfate (Sigma) was
crystallized from water. B-Cyclodextrin obtained from s.d. Fine
Chemicals Ltd. was used as such. Freshly prepared solutions
were used for all the experiments. The final mixture of 1ROH
and BCD was equilibrated overnight to obtain the inclusion
complex and then used for quenching studies. The quencher was
added to the equilibrated solution just before taking the fluorescence
spectrum. The solution was shaken well and spectrum was taken
immediately to prevent the possibility of any photoreaction.

Spectral measurements

Absorption and fluorescence spectra were recorded by Hitachi
220A UV-Vis spectrophotometer and Hitachi F-4500 spe-
ctrofluorimeter respectively. Lifetime measurements were carried
out using the IBH single photon counting fluorimeter. The
concentrations of 1ROH and BCD were maintained at 1X 10™*M
(0.05% methanol) and 1} 107M respectively. For quenching
study, the concentrations were varied in the range 0-0.01 M and
0-0.05M for CCl, and CuSO, respectively. The fluorescence
intensities of IROH (A,=290 nm, A.,=465 nm in water; A,=
290 nm, A,,=362 nm, 465 nm in BCD) were monitored at various
concentrations of CCl, and Cu** at 25°C.

Determination of Equilibrium constant of [ROH-SCD
inclusion complexes

The equilibrium constants of the inclusion complexes can be
obtained by absorption and/or fluorescence spectrophotometric
methods. There was no perceptible shift in the A, of the
absorption spectra of 1-naphthol in BCD medium. However the
variation of fluorescence intensity of a fixed concentration of 1-
naphthol (I1X 10*M) with BCD concentration (concentration
range 0-0.007 M) showed saturation behaviour. This was made
use for the calculation of complexation constant. To obtain more
accurate values, the fluorescence intensities of IROH" peak was
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used instead of IRO ™" peak since the variation in the fluorescence
intensity of the neutral species was more pronounced. A method
suggested by Hoshino et al. [14] for some benzene derivatives
with BCD in aqueous solutions was used to calculate the
equilibrium constant (K). The expression used is

AR =((@,/D,)-1)"" (1+(1/yKCp) (1)

Here, ADz=(®/®,)-1, @ is the fluorescence quantum yield of a
fluorophore in aqueous BCD solution. Subscripts a and b refers
to the fluorophore and its inclusion complex respectively; y=g,/
€,, where € is the molar extinction coefficient; Cg is the
concentration of the BCD. Plot of Ad;' versus Cg' was made.
From the slope and intercept, the equilibrium constant was found
to be 917 (£ 20). This value agrees with the reported value of
1134 in pure water [6].

RESULTS AND DISCUSSION

Solubilization of CCl, inwater by BCD

The solubility of CCl, in water with increasing concentration
of cyclodextrin was determined by visual titration. It was
observed that the solubility of CCl, goes on increasing with
the BCD concentration and 0.082 M CCl, is soluble in (1x107
M) BCD, [CCl,] being more than 80 times to [BCD]. Thus it
can be said that the enhancement of solubilization of CCl,in
BCD is not due to the formation of inclusion complexes,
rather it is due to the solubilization CCl, in the aqueous phase.

Absorption and fluorescence spectra

The absorption and fluorescence spectra of IROH in water
with and without BCD are given in Figure 1. The emission
peak of IROH at 362 nm is due to the molecular species
(IROH"), whereas the peak at around 465 nm is due to the
dissociated 1RO~ [15]. Thus 1ROH dissociates completely in
water and partially in the BCD medium. Wu and Hurtubise [6]
have also obtained the fluorescence emission from both the
molecular and the anionic forms of IROH in alcohol: water
solvents with BCD. They have noticed that the fraction of the
molecular form of IROH in methanol:water (1:9) was
increasing in a nonlinear fashion with the addition of BCD.
They have suggested that the hydroxyl group was not buried
in the BCD cavity and could undergo ionization with a sizeable
amount of BCD present.

Lifetime of the excited fluorophore

In BCD, a bi-exponential decay has been observed indicating
two localization sites for the excited |ROH whereas there is a
single exponential decay in water. The lifetime of the two
species of the excited IROH in BCD were found to be 1.0 ns
and 8.73 ns, which are due to the neutral and the dissociated
species respectively. These values are comparable with those
obtained by Behera et al. [16] in the SDS microemulsion
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Figure 1 (a) Absorption Spectra of IROH in water (solid line) and

in BCD (dotted line) (b) Fluorescence Spectra of IROH in water
(solid line) and in BCD (dotted line).

system (neutral 1.65ns, anion 7.27ns). The lifetime value of
IRO™ in the cyclodextrin corresponds fo that in water (8.07ns)
indicating that the photo-dissociated naphthol has its phenolic
group exposed to water. Clark ef al. [17] have also obtained
the lifetime values 0.1ns and 8.0ns for the neutral and anionic
species respectively in water. The excited state lifetime value
for IROH" obtained by us is 0.5ns which may be due to the
presence of 0.05% methanol in water. By comparing the
measured excited state lifetime for IROH in BCD with that in
vartous aqueous mixture of ethanol [18], it can be said that the
environment of the molecule corresponds to about 85% ethanol
in water.

Fluorescence quenching by CCl,

Stern-Volmer Plots Usually in the case of collisional
quenching [19] the Stern-Volmer (SV) plot i.e. the plot of the
ratio of fluorescence intensities in the absence and presence
of quencher (I,/I) against the quencher concentration [Q] is a
straight line with an intercept 1 and slope as Ky, the Stern-
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Figure 2 (a) Stern-Volmer plots for the fluorescence quenching of
IRO™ in water (M), IRO™ in BCD (@) and IROH'in BCD (4 ) by
CCl,. (b) Plots of In(I,/I) versus [CCly] for IRO™" in water (H),
1RO™ in BCD (@) and 1ROH in B-CD (& ).

Volmer quenching constant. In the present study, as the data
points in Figure 2a show, none of the systems followed a
linear SV relation. Positive deviations from linearity were
obtained in all the cases even at low concentration of CCl,,
indicating that the quenching is not purely collisional. Similar
observations have been obtained by Behera er al. [20,21]
when they studied the fluorescence quenching behaviour of
some naphthalene derivatives by a series of water and oil-
soluble quenchers in the cationic and anionic microemulsions.
In the narrow concentration range of 0-0.01 M of CCl, used,
the change in the polarity of the medium would be negligible.
Deviations from linearity in SV plots have often been explained
satisfactorily in certain systems using a transient quenching
mechanism involving a ‘quenching sphere of action model’.
According to this model, the fluorophore assumes a ‘sphere of
action’ with varying dimensions, within which the probability
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Figure 3 (a) Stern-Volmer plots of IRO™ (M) and IROH (@) by
CuSO, in BCD. (b) Plots of In(I,/I) versus [CuSO,] for IRO™" (W)
and 1IROH" (@) in BCD.

of quenching is unity and outside the sphere it is assumed to
be zero. Once the quencher is present in this sphere, quenching
occurs before the fluorophore and quencher diffuse apart. The
expression describing this quenching process is represented
by eq. (2) [22-24].

L/I=exp (K¢ [CClLD)=exp (v N, [CCL]) )

Here, Ky is the transient quenching constant, v is the volume
of the quenching sphere of action and N, is Avogadro’s
number.

The plots of In (I,/I) versus [CCL,] (Figure 2b) are found to
be linear (r=0.99). The K values (Table 1) for all the IROH-
CCl, systems under study are in the order: IROH" (BCD)>
1RO~ (BCD)>1RO™" (water).

Probability distribution of CCl, in the quenching sphere
Assuming that the association of CCl, in forming a quenching
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Table 1. Values of transient quenching constant (Ky), radius of the quenching sphere of action(R) and lifetime of the excited fluorophore
(T,) in aqueous medium with and without BCD. [1-ROH] = 1 X 10™*M (0.05% methanol), [BCD]=1>X 107 M.

Medium Fluorophore T,(ns) Quencher

1IRO™ 8.07 CC};‘
Water ) i Cq -

T
(mol"'dm")

13.32 174 1

No. of bound quenchers in the quenching
sphere calculated for [Q}=0.1 M

R (nm)

N
P
S
i

(983

IROH’ 0.5 -

IRO™ 8.73 CC};‘
Cu

pCD o ccl
IROH" 1.0 o
Cu

sphere of action obeys Poission statistics, the probability
distribution (P;) that a fluorophore is bound with ‘i’ number
of CCl, is given by [25]

P,=(m'/i!) exp(-m) 3)

Here, m is the mean number of CCl, per volume v; m(1ROH")
=[CCL],/[IROH}, and m(1RO™")=[CCL],/[IRO™"],. Here
(IROH"), and [IRO™"], denote the total concentrations of
naphthol and naphtholate respectively and [CCL], is the
concentration of CCl, bound to the fluorophore within the
quenching sphere.

The values of m has been calculated from the equation m=
K+ [CCl,]. The values of P; were obtained for different i values
(1,2,3,...) of CCl, at the concentration range 0-0.1 M and then
theoretical plots of P; versus the number of CCl; molecules
incorporated in the sphere were made. Some representative
plots are given in Figure 4. The maximum of each curve is
taken as the number of the CCl, molecules incorporated in the
sphere at a specific [CCl],. Calculated at the concentration
0.1 M, the ‘1’ values for the systems studied are in the order:
1ROH" (BCD) (i=6)> 1RO~ (BCD) (i=1)=1RO™" (water) (i=1).

The fluorescence of neutral IROH" is not observed in aqueous
medium in the absence of BCD. CCl, is sparingly soluble in
water, and in a homogeneous aqueous medium 1ROH and
CCl, molecules get distributed uniformly in the solution. Thus
the probability for the CCl, molecule to reside inside the
quenching sphere of action is less, which causes the lower
quenching efficiency. However when a BCD molecule is present
in water, the hydrophobic CCl, molecules would prefer to
crowd around it, thereby increasing the value of ‘i’. Thus the
K value for IROH"in BCD is highest amongst all the systems
studied. The higher quenching efficiency of IROH" as compared
to the 1RO~ could be a due to a greater hydration of the
charged species. The K1 of 1RO™ - BCD is much higher than
that of IRO™ in aqueous medium, although both show the
same value of ‘i’.

As mentioned in the introduction, the reasons for the choice
of 1-naphthol as a fluorescent probe were the following: (i) 1-
naphthol forms inclusion complex with BCD (ii) the neutral
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Figure 4. (a) Probability distribution curves for CCl, incorporation
into the quenching sphere of IRO™ in water (solid line) and in BCD
(dotted line); ([CCl4] = 0.1M). (b) Probability distribution curves for
CCl, incorporation into the quenching sphere of 1ROH" in BCD
([CCL] = 0-0.1M).

form fluorescence that appears as a result of this complexation is
specifically attributable to the BCD environment and (iii) the
fluorescence of 1-naphthol is efficiently quenched by CCl,,
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thus the quenching efficiency of the neutral form fluorescence
can be related to the availability of CCl, in the BCD en-
vironment. The amount of 1-naphthol used being very small
compared to the amount of quencher, any role of 1-naphthol
in the solubilization effect can be safely discounted. To have a
more clear idea about the solubilization of CCl, in aqueous
solution of BCD, its quenching efficiency is compared with
that of a water-soluble divalent quencher, copper ion (Cu*™).

Fluorescence quenching by Cu™*

Cu™ is known to be a very efficient quencher of fluorescence
[26]. It has been reported earlier that its quenching efficiency
for IROH in a confining system like microemulsion is less as
compared to water [24]. Due to its hydrophilic nature, CCl4-
like clustering of Cu** is not expected; rather it is expected to
be distributed uniformly in the aqueous region. The Ky values
(Table 1) of 1ROH obey the order: 1RO~ (BCD)=1RO™
(water)>1ROH" (BCD). At the concentration 0.1 M, the
number Cu™ (i) available near the fluorophore are in the order:
IRO™ (BCD) (i=3)=1RO"(water) (i=3)>1ROH" (BCD) (i=1).
As was expected, Ky of IRO™ is the same both in water and in
presence of BCD. The electrostatic effect of IRO™ and Cu**
as well as hydrophilicity of both result in a higher Ky value as
compared to that of IROH",

SUMMARY

Solubilization of carbon tetrachloride (CCl,) in water increases
appreciably in presence of B-cyclodextrin (BCD). This has
been rationalized by a fluorescence quenching method.

CCl, is an efficient quencher of I-naphthol (1ROH)
fluorescence. Emission from both the neutral and anionic
forms of 1ROH" included in BCD cavity get quenched by
CCl, by a mechanism involving ‘quenching sphere of action’
model. The presence of transient quenching indicates an
increase in the availability of CCl, around the BCD cavity.
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