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Abstract

We present a steady state and time-resolved fluorescence study of two 3H-indole molecules, namely 2-[ (p-amino) phenyl]-3,3-dimethyl-
5-cyano-3H-indole (1) and 2-[ (p-dimethylamino) phenyl]-3,3-dimethyl-5-cyano-3H-indole (2) in aqueous solutions of a-, 8- and y-
cyclodextrins. The stoichiometries and association constants of the molecules have been assessed in the different cyclodextrin (CD) systems.
The spectral characteristics, bandwidths and association constants show that molecule 2 experiences a stronger interaction with the host CDs
than molecule 1. Steady state fluorescence experiments show the presence of only one kind of complex for the molecules in a- and ¥-CDs,
whereas time-resolved fluorescence measurements and global analysis reveal the presence of two kinds of complex, thereby demonstrating
the higher sensitivity of the time-resolved experiments. Fluorescence quenching is observed for both molecules in y-CD, whereas in a- and
B-CDs fluorescence enhancement is found. This has been correlated with the lower quantum yield of the complex in the former case. The
observations of fluorescence quenching, together with the magnitudes of the association constants, show that the molecules form different

complexes with y-CD compared with a- and 8-CDs.
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1. Introduction

Cyclodextrins (CDs) are water-soluble cyclic oligosac-
charides which form hydrophobic cavities with hydrophilic
external walls { 1,2]. With their toroidal shape and relatively
apolar interior, CDs can selectively incorporate molecules on
the basis of size and polarity characteristics to form inclusion
complexes; this has led to the widespread utilization of CDs
in the pharmaceutical, food, cosmetic and other chemical
industrial areas [2-5]. CDs have been suggested as enzyme
mimics [6] and as models of protein-ligand interaction [7].
Hydrophobic forces and van der Waals’ interactions are con-
sidered to be the major forces involved in inclusion complex
formation. The commonly available CDs are a-, 8- and y-
CDs containing six, seven and eight glucopyranose units
respectively with inner cavity diameters of 5.7, 7.8 and 9.5
A. These cavities open at the primary and secondary hydroxyl
faces of the cyclic sugar network.

The inclusion of organic and organometallic compounds
within the CD hydrophobic cavity and its effect on the pho-
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tophysical properties of these molecules have been the subject
of many investigations [8-36]. These properties include flu-
orescence enhancement [8-14], intramolecular excimer/
exciplex formation [15-18], twisted intramolecular charge
transfer (TICT) phenomena [ 19-22], fluorescence quench-
ing phenomena [23-26] and excited state intramolecular
proton transfer reactions [27,28]. The restrictive shape and
size of the CDs also prompt changes in the excited state
geometry [22,29-31]. The complexed molecules can be
included wholly or partiaily in the CD cavity, and many
studies have focused on the ability of CDs to include guests
of varying size in different stoichiometric ratios [32-36].
Depending on the size of the host CD (a-, 8- or y-CD) and
the size of the guest molecule, different guest to host stoichi-
ometries are possible. A correct evaluation of the stoichi-
ometry of the complex is crucial for the accurate
determination of the formation constant, and an examination
of this value can provide a clearer understanding of the factors
affecting complexation.

In the last few years, we have been interested in examining
substituted 3H-indoles in different homogeneous and heter-
ogeneous environments [37-46]. It has been shown that
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these molecules are not rigid and that the phenyl ring can
librate within the kT energy barrier [37,39]. This torsional
motion is responsible for the geometric changes which take
place in the ground and excited states and provides an impor-
tant deactivation pathway. It has been observed that the spec-
troscopy and photophysics of these 3H-indoles are largely
influenced by the nature of the substituents in the para position
of the phenyl ring [ 38]. These molecules are sensitive to their
environment and thus can act as probes in the study of micros-
tructures [43-46].

Previously, we have studied the behaviour of 2-[(p-
amino)-
phenyl ]-3,3-dimethyl-5-cyano-3H-indole (1) and 2-[(p-
dimethylamino) phenyl]-3,3-dimethyl-5-cyano-3H-indole
(2) in B-CD and observed that they form inclusion com-
plexes with two different well-defined stoichiometries, i.e.
I:1and 2:1 (B-CD: substrate) [46]. In this paper, we
present a comparative study of these molecules in all three
a-, B- and y-CDs, and demonstrate that it is the size of the
host CD which affects the behaviour of the probe molecules
in the different host CDs.

2. Experimental details
2.1. Materials

The synthesis and purification of the two molecules (see
Fig. 1) were performed according to the modified methods
of Skrabal et al. [47] (reported in the M.Sc. thesis of A.
Popowycz [48]). Analytical grade reagent sodium hydrox-
ide, sulphuric acid and methanol were used as received. -
CD (Aldrich) was recrystallized twice using deionized triply
distilled water and dried under vacuum. a- and y-CDs
(Aldrich) were used as received. Deionized triply distilled
water was used to prepare the solutions.

2.2. Instruments

Absorption spectra were recorded on a Philips PU 8800
UV-visible spectrophotometer. Corrected fluorescence spec-
tra were measured on a Spex Fluorolog-2 spectrofluorometer
with an F2T11 special configuration. Fluorescence lifetimes
were determined on a multiplexed time-correlated single-
photon counting fluorometer (Edinburgh Instruments, model
299T). The time resolution of the system after deconvolution
was 0.1 ns.

2 R=CH,
Fig. 1. Molecular structures of 2-[ (p-substituted) phenyl]-3,3-dimethyl-5-
cyano-3H-indoles.

2.3. Methods

Fresh sample solutions were used in the absorption and
fluorescence measurements. Stock solutions of the a-, 8- and
7-CDs were prepared with distilled water and dilutions were
made from these stock solutions to obtain the differentdesired
concentrations. When preparing the CD solutions, the pH was
maintained by adding NaOH and H,SO, and no buffers were
used. Stock solutions of 1 and 2 were prepared in methanol,
and 0.1 ml aliquots of these stock solutions were added to the
CD solutions to maintain the final concentrations of both
molecules in the range (2-4) X 10~ ¢ M. The absorption and
fluorescence spectra and lifetimes of molecules 1 and 2 were
checked in the presence and absence of methanol to determine
the possible influence of the alcohol in complexation. It was
found to have no effect. Isosbestic points were used for exci-
tation to calculate the association constants. The fluorescence
quanturn yields were measured using the DM3H molecule
[37] as a standard in methanol (¢=0.24). To analyse the
lifetime data at different concentrations and fluorescence
wavelengths, a global iterative re-weighted reconvolution
program based on a non-linear, least-squares method was
used (Globals Unlimited, Urbana, IL) [49] (based on the
Marquardt algorithm [50]). The entire decay profiles were
analysed at different concentrations of the CD solutions and,
in the case of y-CD, at different emission wavelengths. Life-
time data were both individually and globally analysed using
single, double and triple exponentials.

3. Results and discussion
3.1. Spectral characteristics

The absorption spectra of molecules 1 and 2 (Fig. 1) are
very different in the three CD systems. When the concentra-
tions of the three CDs are increased, small red shifts are
observed, with a small change in the extinction coefficients
of the two molecules in B-CD. These changes are hardly
apparent in a-CD and the observed isosbestic points are scat-
tered. For y-CD, the shifts are very slight, but there is a
significant change in the band shape with respect to water and
the other CDs (Fig. 2). For molecule 2, a large increase in
the extinction coefficient is observed (Table 1), and a shoul-
der appears at the red edge of the absorption band (approxi-
mately 440 nm). This is not observed in any other CDs or in
water.

The 3H-indole molecules are stabilized in polar solvents
by hydrogen bonding involving the tertiary nitrogen atom.
For these molecules, the absorption energy decreases on mov-
ing from non-polar to polar protic solvents [37-39]. How-
ever, this energy increases from methanol to water and is
attributed to an additional hydrogen bonding interaction
involving the terminal nitrogen atom electron lone pair
[40,41]. Water acts as a hydrogen bond donor to the lone
pair of the terminal nitrogen atom, causing reduced conju-
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Fig. 2. Absorption spectra of molecule 2 in v-ater ( ).a-CD (- - -),
B-CD (---) and y-CD (- - - -). [CD] in all cases is 0.004 M.

gation of the phenyl ring with the indole moiety. As the
concentrations of the CDs are increased, the red shifts con-
current with a decrease in the bandwidth indicate that both
molecules form complexes with the CDs in which the mole-
cules experience a reduced polarity compared with that in
water. The changes are hardly apparent in a-CD, suggesting
that the interaction between a-CD and the molecules is very
weak. In y-CD, the changes are well defined and two clear
isosbestic points are observed at all concentrations.

The fluorescence changes are rather interesting. An
increase in the fluorescence intensity is observed, together
with negligible changes in the energy of molecules 1 and 2,
in a-CD, in much the same way as in 8-CD [46]. However,
the changes are much less pronounced than with 8-CD. The
fluorescence bandwidths, fluorescence lifetimes and quantum
yields of the two molecules are increased in a-CD and the

Table 1

Stokes shift is decreased, confirming the lower polarity of the
CD cavity. For these 3H-indole molecules, the fluorescence
quantum yields and lifetimes are controlled solely by the non-
radiative rate parameter [ 42]. In pure water and acidic media,
the strong fluorescence quenching of these molecules has
been attributed to the occurrence of a TICT radiationless
channel on the basis of theoretical and experimental results
[40-42]. In the o- and B-CD complexes, the non-radiative
rate parameters or the ¢; values are close to those observed
in methanol-water mixtures [44-46], indicating that the
molecules on average are close to the alcoholic hydroxyl rim.

Unlike in a- and B-CDs, the fluorescence intensities of
molecules 1 and 2 are quenched in the presence of y-CD. As
the concentration of y-CD is increased, ared shift of the order
of 8-12 nm is observed, together with a broadening of the
fluorescence band and a decrease in the fluorescence intensity
(Fig. 3). This is accompanied by an increase in the Stokes
shift and a clear isoemissive point. These results are very
unusual in the sense that the fluorescence maxima of the
molecules are not very sensitive to the polarity [42]. This
leads to the conclusion that molecules 1 and 2 form inclusion
complexes with y-CD, whose characteristics are very differ-
ent from those of the complexes formed with a- and 8-CDs.
We can rule out the formation of excimers of 1 and 2 because,
on checking the fluorescence characteristics at low and high
concentrations of the molecules, no change in the trend with
regard to the wavelength shifts and fluorescence quenching
was observed. The formation of exciplexes between 1 and 2
and y-CD can also be eliminated on the basis of kinetic data
(see Table 4), where no negative pre-exponential factors are
observed. The occurrence of 2 : 1 (3H-indole : y-CD) com-
plexes must also be ruled out since, on varying the concen-

Spectral characteristics and quantum yields of molecules 1 and 2 in water, a-CD and y-CD at 298 K

Molecule  Medium va eM! Vi Stokes shift FWHM(abs) FWHM(flu) [
(cm™') cm™') (cm™') (cm™Y) (cm™") (cm™")

1 Water, pH 9.5 28 000 33000 21 100 6900 5700 3000 0.052

a-CD, 0.001 M, 28 000 33000 21 100 6900 5700 3000 0.054
H9.5
l;-CD. 0.1 M, 27 600 33 000 21 000 6600 5700 3100 0.073
H9.5

l'Jy-CD. 0.0004 28 000 33000 21 000 7000 5400 3000 0.046
M,pH95
¥-CD, 0.004 M, 27900 33000 20700 7200 4800 3400 0.031
pH95

2 Water, pH 9.5 25 600 39200 20200 5400 5200 2600 0.03
a-CD, 0.001 M, 25 600 39 200 20200 5400 5200 2600 0.033
pH9.S
a-CD, 0.01 M, 25 300 39 200 20 200 5100 5100 2600 0.045
pH 9.5
1-CD. 0.0004 25 600 43 500 20 000 5600 5100 2900 0.026
M,pH95
y-CD, 0.004 M, 25200 46 300 19 500 5700 3800 3200 0.024
pH9.:S

2Absorption wavenumbers taken at the centre of mass of the absorption band. ®Absorptivity coefficient at the peak intensity maximum. “Fluorescence

wavenumbers taken at the centre of mass of the fluorescence spectrum.
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Fig. 3. Fluorescence spectra of molecule 1 at different concentrations of y-
CD: 1,LOM; 2, 107*M; 3,4X107* M: 4, 8X10"* M: 5, 1073 M; 6,

2X107*M; 7, 1072 M (A =375 nm).

Table 2
Effect of excitation wavelength on the emission wavelength maxima for
molecules 1 and 2 in y-CD ([CD] =0.004 M)

Molecule 1 Molecule 2

Aelc ( nm ) Amtsuon ( nm) Aexc ( nm ) Aelmsslan (nm )
380 476 380 500
400 477 400 501
420 484 420 498
430 488 430 498
440 503 450 502
45 509 460 502
450 SIS 470 503
455 515 475 505
460 516 480 506

trations of 1 and 2, no band characterizing higher order
species was observed. With this information in hand, we
checked the effect of the excitation wavelength on the emis-
sion characteristics of the molecules in the three CDs. We
found that there is no red edge excitation effect for the mol-
ecules in a- and 8-CDs; however, in ¥-CD, we observed a
very clear pattern for molecule 1 (see Table 2), for which
the emission wavelength maximum moved towards the red
side at higher excitation wavelengths. This pattern is not
reproduced for molecule 2, even though a small red shift is
observed. This observation, together with the fact that the
absorption band shape changes with the addition of y-CD (as
discussed above), indicates that the molecules form com-
plexes with -CD in such a way that many different confor-
mations may exist, which together contribute to the
broadened fluorescence spectrum. This kind of behaviour, in
which different conformations of the molecule in different
environmental conditions contribute to broaden the fluores-
cence spectrum, has been observed previously [51]. The
decrease in the fluorescence intensity may be due to the fact
that the quantum yield of the complex is low as a result of a
decrease in the radiative decay rate and/or an increase in the
radiationless decay rate. However, since the fluorescence life-
time increases in the presence of y-CD (see Table 4), the

fluorescence decay rate of the complexed species should
decrease. This is opposite to the behaviour observed for the
molecules in a- and 8-CDs, where the fluorescence quantum
yield increases. Thus the size of the CD cavity seems to be
the driving force behind the differeni behaviour of the mol-
ecules in the different cavities.

3.2. Association constants

To obtain the ground state association constants from the
fluorescence intensities and lifetimes of ground state species
which form a reversible equilibrium described by the inclu-
sion compound formation constant K, we must eliminate the
identifiability problem [52]. The following discussion is
based on the assumption that the composite decay rate con-
stants of the various species are much higher than the first-
order dissociation constants of each of the excited complexes.
We believe that this assumption is reasonable in view of the
small fluorescence lifetimes of the uncomplexed and com-
plexed species.

For an analysis based on complexation, a knowledge of
the association constants for CD complexes is necessary in
order to predict and better understand the interactions
between the CDs and the guests in solution. The association
constant provides a measure of the complex stability and an
understanding of the factors affecting the complexation.
Briefly, for a simple 1 : 1 complex, where S is taken to rep-
resent the fluorescence substrate, the equilibrium can be writ-
ten as

S+CD=SCD (1)
The equilibrium constant X is then expressed as
{SCD]
m— 2
'~Ts](cD] @

where [SCD] is the equilibrium concentration of the inclu-
sion complex for a given CD concentration. The classical
method for the determination of K, is the preparation of a
double-reciprocal plot [ 53], derived from the following equi-
librium equation

- [SCD]
({S]o—[SCD])([CD] - [SCD])

where [S],and [CD] are the initial analytical concentrations
of S and CD. In our study, the concentration of CD is large
with respect to that of the complex, i.e. [CD]> [SCD].
Thus Eq. (3) becomes

_ [SCD]
([Slo= [SCD)(ICD]D)

The fluorescence intensity of S in the presence (/) and
absence (I,) of CD is proportional to [ SCD] and [ S] respec-
tively [28]. The total fluorescence intensity observed from a
substrate molecule in a CD solution then becomes the
weighted average of the intensities from the free and com-
plexed molecules. Thus

K, (3)

4)
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Fig. 4. Double-reciprocal plot for molecule 2 complexed to y-CD at 298 K

following the application of Eq. (6).

[SCD} Iy—I
[S]o _Io“ll (5)

where I, and /, denote the fluorescence intensity in pure water
and in the complex respectively and / is the fluorescence
intensity at a given CD concentration. Combining Eq. (4)
with Eq. (5), we obtain

11 .
=1 K\(L—-1}) [CD] I—1,

This implies that a Benesi—Hildebrand plot of 1/ (I, ~1I) vs.
1/[CD] should give a straight line; from the slope and inter-
cept, we can estimate the values of K and I,.

Fig. 4 illustrates a double-reciprocal plot for molecule 2 i
v-CD. As can be seen, the plot is well described as a single
straight line, from which the values of the association con-
stants have been determined (Table 3). Similar plots were
obtained for both molecules in a- and y-CDs. This linear
behaviour is contrary to that observed for these molecules in
B-CD [46], where the plot is best described by two linear
segments each giving a different association constant. This
leads to the conclusion that molecules 1 and 2 form only one
type of complex, i.e. 1: 1, in a- and y-CDs, whereas, in 3
CD, two different types of complex are formed.

In Table 3, it can be seen that molecule 2 forms much
stronger complexes than molecule 1 in y-CD. This is in keep-
ing with the more hydrophobic nature of molecule 2, and has
been observed previously when binding constants for these
molecules were determined in sodium dodecyl sulphate
(SDS) and cetyltrimethylammonium bromide (CTAB)
micelles [44,45] and in B-CD [46]. The association constant
of molecule 2 was found to be higher in SDS, CTAB and 8-
CD systems relative to that of molecule 1. This has been
related to the stronger hydrophobic interactions experienced
by molecule 2 due to its larger volume (383 A3 compared
with 332 A2 for molecule 1 [45]). When we compare the
values of the association constants in the hosi CD systems,
we see that they are very low in a-CD and highest in y-CD.
This shows that the interactions of the molecules are very
weak with a-CD and strongest with y-CD. Thus the sizes of

(6)

both the CD cavity and the guest molecule seem to be the
driving forces behind the complexation phenomena.

To date, detailed studies of the fluorescence enhancement
phenomena of CDs and aromatic compounds have been
reported, but few studies are available on the fluorescence
quenching of compounds by CDs [23-26]. Patonay et al.
[23] have proposed modified Stern-Volmer equations to
explain the quenching behaviour of pyrene in CD solutions.
According to Ref. [23], although the formation of a ground
state dark complex is an obvious explanation for the quench-
ing of the fluorophore, an equally plausible cause may be a
decrease in the quantum yield of the complex. In fact, the
formation of a dark complex can be considered as a special
case of the quantum yield change. If we rearrange Eq. (6) in
the form of a Stern-Volmer equation, we obtain

10"1=K|[CD](10“11) 7
I 1,+1,K,[CD] )

If we define the change in the quantum yield of the complex
compared with the quantum yield of the free system as d,
then

d== (8)

Introducing this into Eq. (7), we obtain

10~I=K.[CD](1—d)
1 1+K,[CD}d

(9)

This equation is exactly the same modified equation as
proposed by Patonay et al. [23] for the special case of the
quantum yield change of the complex formed. If a dark com-
plex is formed, then d =0, and we obtain the traditional Stern—
Volmer equaiion and the plot should be linear. When we
plotted the values of (I, —I)/1 vs. the CD concentration, the
data points followed a non-linear trend. This indicates that
the quenching may not only be static or that the complex may
also emit. However, since the average fluorescence lifetime
(see Table 4) in the presence of CD increases, dynamic
quenching does not seem to be operative here. We then plot-
ted the same values taking the factor d into account according

Table 3
Association constants K; (dm> mol ~') and K, (dm* mol~') of molecules
1and 2 in a- and y-CDs at 298 K

Molecule Medium K, K
1 a-CD 192
210 26
¥CD 1010°
1240° 16
2 a-CD 22°
17° 17
y-CD 5870
7810° 40

2Determined by the double-reciprocal method provided by Eq. (6).
*Determined by the lifetime method provided by Eqs. (13) and (14).
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to the modified Eq. (9), and used a non-linear regression
analysis program [54] to determine the value of d. The fits
converged very well with the data points with ~*=0.98 (see
Fig. 5). The quantum yield change d for molecule 1 is 0.55
and for molecule 2 is 0.85. Thus the most probable explana-
tion of the fluorescence quenching in y-CD is the decreased
quantum yield of the complex formed.

3.3. Lifetime measurements

The lifetimes of the molecules were measured at different
concentrations of the different CDs. The excitation wave-
lengths were 360 nm and 370 nm and the emission wave-
lengths were 470 nm and 475 nm for molecules 1 and 2
respectively. A total of 10 000 counts were collected for each
sample. The fluorescence decay profiles collected at various
fluorescence wavelengths were fitted to the expression

It)= Y. Bexp(~1t/7) (10)

i=1

where I{t) is the intensity of the fluorescence at time ¢, B; is
the p.e-exponential factor for that fraction of the fluorescence
intensity, 7 is the fluorescence lifetime of the emitting species
and n is the total number of emitting species. The analysis
was carried out using the Marquardt algorithm [50] which

Table 4

S. Nigam, G. Durocher / Journal of Photochemistry and Photobiology A: Chemistry 163 (1997) 143-152

0.44

034

a,-bHn

0.24

014

.
0.0
0000

0.003 0.004 0008 0606
[*CD] (M)
Fig. 5. Plot of (l,~1)/1 vs. [CD] for molecule 1 in y-CD. The full line is

the non-linear regression fit (Eq. (11)) to the experimental data points.
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provides estimates of the values of the residuals, autocorre-
lation and reduced y>.

For both molecules in a-CD, the molecular decay curves
could be fitted to double-exponential functions for all the
concentrations studied. The curves were also fitted using tri-
ple-exponential analysis, but x* did not improve. However,
it was observed that the two components of the lifetime
increased with increasing concentration. A global double-
exponential analysis was carried out for both :molecules at

Lifetimes, normalized pre-exponential factors and the fraction f* associated with the decay for molecules 1 and 2 at different concentrations of a- and v-CDs

Molecule  Medium  Concentration 7, B, h T B, f T B, f Individual ng
(M) (ns) (ns) (ns) X
1 a-CD 0 0.18 1.0 10 1.7 0 0 25 0 0 1.46 1.18
0.001 0.99 091 0.01 0.09 0. 0 1.26
0.002 0.97 0.75 03 0.25 0 0 1.13
0.006 0.95 0.67 0.04 0.28 0.01 0.05 1.1
0.0t 0.94 0.61 0.04 0.29 0.01 0.11 1.19
0.02 0.91 045 0.05 0.26 0.04 0.29 1.13
0.04 0.83 0.28 0.09 0.24 0.08 0.48 1.03
2 a-CD 0 0.21 1.0 1.0 1.7 0 0 26 0 0 147 1.14
0.001 0.93 0.66 0.07 0.34 0 0 1.01
0.002 0.93 0.64 0.07 0.35 0.01 0.01 1.11
0.006 0.90 0.52 0.08 037 0.02 0.11 1.13
0.01 0.87 043 0.1 0.39 0.03 0.18 1.11
0.02 0.78 0.28 0.15 043 0.07 0.29 1.12
0.04 0.71 0.2 0.17 0.38 0.12 0.42 1.11
1 +CD 0 022 1.0 10 14 0 0 5.0 0 0 1.08 1.14
0.0004 0.96 038 0.04 0.2 0 0 1.07
0.001 091 0.65 0.08 0.34 0.01 0.01 1.06
0.004 0.79 037 0.20 0.58 0.01 0.05 12
0.006 0.75 0.32 0.24 0.63 0.01 0.05 1.11
0.01 0.73 027 0.26 0.6 0.02 0.13 1.35
2 yCD 0 0.19 1.0 1.0 14 0 0 42 0 0 1.15 1.1
0.0001 0.96 0.74 0.03 0.16 0.01 0.1 1.13
0.0004 0.89 042 0.08 0.28 0.03 03 1.04
0.001 0.84 0.30 0.11 0.36 0.05 04 1.09
0.004 0.74 0.19 0.18 0.36 0.08 0.45 1.08
0.006 0.70 0.16 0.21 0.38 0.09 0.46 111
0.01 0.68 0.15 023 0.40 0.09 045 1.19

*f. is the fractiona! contribution from one species at one particular wavelength to the total luorescence intensity defined as f;= (B,7,)/(L.B;7,), where B is the

pre-exponential factor and 7 is the associated lifetime where Tfi=1
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different concentrations of a-CD, ranging from 0 t0 0.04 M,
in much the same manner as for 8-CD [47]. The lifetimes
were linked together and the pre-exponential factors were
allowed to float. The results were judged by the statistical
fitting parameters x? for the individual single curve analysis
and for global analysis (x°;). The statistical criteria for judg-
ing the quality of the fitincluded both graphical and numerical
tests. The global reduced x?, values were tabulated and used
as a numerical test. The normal deviate szg [55] corre-
sponding 0 x?, is obtained from Eq. (11)

Zyi=(v/2)"*(xz— 1) (11)

where v is the number of degrees of freedom. Z ng is always
less than 1.4 for our results. It should normally be less than
1.96 for a 95% confidence level in the fit [55].

The results of the above analysis indicate that two lifetimes
are obtained, but the x°; value is poor. Therefore we carried
out a global triple-exponential analysis with the same data
conditions; this led to a large improvement in the x°, value
and three lifetimes were observed with changing pre-expo-
nential factors. The data listed in Table 4 show that the short-
est component is close to the lifetime of the molecules in pure
aqueous medium [43], and the longest component is close
to the reported lifetime of the molecules in B-CD solution
[46}. This analysis indicates the existence of two types of
complex which could not be detected by steady state methods.
In addition, the longest component only appears at higher
concentrations of CD, but the shortest component has a sig-
nificant contribution even at 0.04 M. This indicates that a
certain number of molecules remain uncomplexed by the CD.
Indeed, up to 0.01 M, the fraction of molecules in water is
predominant, which indicates the exiremely weak interaction
between the molecules and a-CD. We have already shown
the magnitude of this complexation by the calculation of the
association constant (Section 3.2). Thus, unlike the com-
plexes formed with B-CD, complex formation with a-CD is
very weak.

For y-CD, we measured the lifetimes in a similar manner
to that described above. For molecule 1 in y-CD, the fluores-
cence decay curves could be fitted to a double-exponential
function at concentrations below 0.004 M; however, above
this concentration, a triple-exponential curve was necessary.
For molecule 2, the curves could be fitted to a triple-e:po-
nential function at all concentrations, thereby showing that
the interactions experienced with y-CD are stronger than
those for molecule 1. On carrying out a global triple-expo-
nential analysis of the two molecules over a wide concentra-
tion range, three lifetimes were obtained with changing
pre-exponential factors and excellent values of x°g. The
shortest lifetime corresponds to the lifetime in pure aqueous
medium [43], whereas the middle lifetime (approximately
1.4 ns) corresponds to the lifetime experienced by the 1: 1
complex formed in B-CD [46]. The longest component of
the lifetime is the anomalous behaviour here. Lifetimes of
this order of magnitude have never been observed previously
for these molecules in any medium [42-46]. Obviously this

lifetime corresponds to a higher ordered structure, possibly a
2 : 1 complex. It should be noted that the contribution from
the third component is very small for molecule 1. In addition,
even at the highest concentrations of the CD, there is a sig-
nificant contribution from the smallest component, i.e. the
molecule in water. This shows that some probe molecules are
always present in the y-CD solution in the free and uncom-
plexed form, and demonstrates that ihe interactions are dif-
ferent compared with those in 3-CD where, at the highest
concentrations taken, there is only a contribution from the
highest lifetime species.

The above results show that there are at least two kinds of
complex formed, one of which may be too weak to be detected
by steady state measurements. Jobe et al. [34] have devised
amethod for the calculation of the association constants using
the lifetime measurements. Since we were unable to calculate
the association constant of the second complexed species
using the steady state technique, we use their method to assess
the second association constant. In addition to the equilibrium
described by Eq. (1), we must consider the following equi-
librium for which the equilibrium constant is K,

K2

SCD+CD=S(CD), (12)

Usually, K, can be calculated from Eq. (6), when only one
kind of species exists. In our case, where it appears that two
complexes are formed, the fraction of intensity contributed
by the 2 : 1 complex, [ B;(Ip—1,) ], must be subtracted from
the total intensity to obtain the change in intensity due to the
formation of the 1: 1 complex, where Bj is the normalized
pre-exponential factor for the 2 : 1 complex in the fluores-
cence decay. Therefore the corrected expression for the
evaluation of the overall association constant K; becomes
[34}

1 1 1
= +
[(10"1)—33(10—12)] (]()_Il) KI(IO_II)[CD]

(13)

where (I,—1,) can be obtained by extrapolating, to the y
axis, plots of 1/(lo—1I) vs. 1/[CD] (see Fig.4). Fig. 6
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Fig. 6. Plot for molecule 2 complexed to y-CD following the crrrected Eq.

(13).
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Fig. 7. Plot for molecule 2 complexed to y-CD following Eq. (14).

depicts the linear plot described by Eq. (13) for molecule 2
in %-CD from which the K, values are obtained. The overall
formation constant for the 2 : 1 complex, as given in the
equilibrium shown in Eq. (12), can be written as [34]

R (<) P B, _ B,
27 [SCD][CD] (B,+B,)[CD] (1-B;)[CD]

(14)

and can be obtained from the slope of a plot of B;/ (1 —B;)
vs. [CD] as in the above equation. Fig. 7 shows such a plot
for molecule 2 in y-CD.

Using the method described above, we have determined
the association constants for molecules 1 and 2 in a- and -
CDs, which are given in Table 3 together with the association
constants determined by the steady state methods. As can be
seen, there is excellent agreement between the values of K|
deteriained by the two methods for both CD systems. In
addition, we have determined the second association con-
stants for a- and y-CDs which could not be detected earlier
by the steady state methods. The magnitude of the second
association constant (K,) is very small in -CD compared
with K. This may be the reason why we were unable to detect
the presence of the second complexed species in the steady
state experiments. This result shows that the molecules asso-
ciate with -CD in two different ways. The first complex is
strong on the basis of the magnitude of the association con-
stant and the second complex is very weak. This behaviour
is very different from thatin 8-CD, where the second complex
is the stronger of the two [46].

To obtain the decay associated spectra (DAS) of each of
the species formed, we also studied the dependence of the
fluorescence lifetime on the emission wavelength at a partic-
ular concentration of y-CD (0.004 M in this case). We ana-
lysed the decay profiles at different wavelengths globally
using the same procedure as for the concentration depend-
ence. From the normalized pre-exponential factors, we cal-
culated the fractional contribution to the fluorescence
intensity of each species and, subsequently, using the steady
state emission spectra, we recovered the DAS of the individ-
ual species. It should be noted that, for ground state equilib-

rium only, DAS and SAS (species associated spectra) have
the same meaning [49]. Fig. 8 shows the DAS for molecule
1 in y-CD. Thus it can be seen that the first complex formed
(approximately 1.4 ns) is the main contributor to the total
fluorescence intensity, whereas the second complex formed
is the smallest contributor. This second complex is also
largely red shifted relative to the fluorescence in water. This
explains quite well the increase in bandwidth observed in the
steady state fluorescence spectra when y-CD is added to solu-
tions of 1 and 2 (see Table 1). Such time-resolved spectra
and global analysis have also recently been used to assess the
existence of different emissive species in the observed fluo-
rescence spectrum [56,57].

If we plot the fraction of molecules in water for 1 and 2 in
a-CD (Table 4), an exponential form is obtained and the
fraction reaches zero at approximately 0.1 M of a-CD. This
result correlates well with the small equilibrium constants of
the two complexes in a-CD. However, if we do the same for
1 and 2 in y-CD, it becomes impossible to predict the con-
vergence of the plots, since the maximum concentration of
v-CD that can be safely used is 0.01 M. Nevertheless, we can
see from Table 4 that saturation is nearly attained at 0.01 M.
This is not normal behaviour in view of the large equilibrium
constants calculated with both steady state and time-resolved
methods.

Since ¥-CD is much less soluble than a-CD, an obvious
artefact would be a contribution from light scatteving to the
close-to-resolution short lifetime component. Iirstly, we
checked that, at 0.01 M of y-CD, all compour.ds are dis-
solved. Secondly, molecule 2, which produces stronger com-
plexes than molecule 1 in both CD systems, shows a lower
contribution of the short lifetime component in both CDs.
Thirdly, equilibrium constants were calculated by both steady
state and time-resolved methods, and are approximately the
same within experimental error limits. We thus believe that
this possible artefact can be safely eliminated.
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Fig. 8. Steady state fluorescence spectrum (A,,. =375 nm) and decay asso-
ciated spectra (DAS) of molecule 1 in y-CD (0.004 M): B, 0.22 ns decay
associated spectrum; v, 1.4 ns decay associated spectrum; @, 5.0 ns decay
associated spectrum. All points in the DAS were obtained by global analysis
(global x*=1.11) and the lines are the cubic spline fitting of these data
points.
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It may be possible that, aithough Egs. (6), (7), (13) and
(14) seem to apply to Figs. 4-7, stoichiometric complexes
may not be formed. We emphasized this possibility in Sec-
tion 3.1, where ared edge effect was clearly shown, at least
for molecule 1 in y-CD (see Table 2), indicating that 1 forms
complexes which may exist in many different conformations.
We are currently working on this point.

4. Corclusions

The absorption and fiuorescence studies of molecules 1
and 2, together with lifetime measurements, show that they
form complexes with a- and y-CDs. Steady state experiments
detect only one kind of complex, whereas time-resolved
measurements reveal the presence of two kinds of complex.
The results in a-CD are very similar to those in 8-CD, but
the interactions are much weaker. The two association con-
stants have the same magnitude.

The results in y-CD are different from those in a- and -
CDs. Unlike the fluorescence enhancement experienced in
the iatier systems, fluorescence quenching is observed in y-
CD. This has been related to a possible decrease in the quan-
tum yield of the complexes formed. The association constants
for the molecules in y-CD are very high, but a number of the
molecules always remain in the bulk water phase. This again
1> contrary to that observed in B-CD. The association con-
stants for the second complex have been determined by time-
resolved measurements; the values are always higher for
molecule 2, which has been comelated with the stronger
hydrophobic nature of this molecule. The global analysis
carried out in y-CD at different wavelengths has enabled the
DAS of the different species formed to be determined. This
study shows that the size of the guest molecule and the restric-
tive environment of the host CD are the main driving forces
behind complexation.
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