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Abstract. The fluorescent molecules 1-anilinonaphthalene-8-sulfonate (1,8-ANS) and 2-
anilinonaphthalene-6-sulfonate (2,6-ANS) are extremely sensitive to the polarity of their local
environment, making them excellent probes for the study of heterogeneous systems, including cyc-
lodextrin (CD) solutions. Both are only weakly fluorescent in a highly polar medium, such as water,
but are extremely fluorescent in a relatively nonpolar medium, such as within a CD cavity. These two
probes are isomers, with major structural differences: 1,8-ANS is much bulkier and more spherical,
whereas 2,6-ANS is much more streamlined and rod-shaped. Thus, they show major differences in
their formation of CD inclusion complexes. This is reflected both in the magnitude of the observed
fluorescence enhancement upon CD inclusion, as well as in the value of the association constant for
complex formation. The creation of a scale for each probe for their fluorescence in CDs relative to
that in ethanol allows for direct comparisons to be made between the two probes. These results are
obtained and compared for the host-guest inclusion complexes of 1,8-ANS and 2,6-ANS with six
CDs:α, β, γ , and their hydroxypropylated analogs.
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1. Introduction

Anilinonaphthalene sulfonates (ANS) are very useful fluorescent probes because
of the extreme sensitivity of their emission properties to the polarity of their local
environment [1–8]. In general, they are highly fluorescent in a nonpolar environ-
ment, but only weakly fluorescent in a polar environment, such as in water. For this
reason, ANS has found widespread application as a polarity probe in a variety of
heterogeneous systems, including proteins [9–11], micelles [12–14], polystyrene
microspheres [15], and cyclodextrin host–guest inclusion complexes [16–34].

Cyclodextrins (CDs) are cyclic amylose oligomers consisting of 6 (α), 7 (β),
or 8 (γ ) sugar units, with an overall truncated cone shape [35]. The CD molecules
have an internal cavity, accessible to other molecules by openings of 5.7, 7.8, and
9.5 Å forα, β, andγ , respectively [35]. This internal cavity is relatively non-polar,
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Figure 1. Structures of 1,8-ANS and 2,6-ANS.

therefore in aqueous solutions hydrophobic molecules tend to become included in
the CD cavity, forming supramolecular host–guest complexes. In addition to the
three naturally-occurring, or parent, CDs described above, there are a wide range
of chemically-modified CDs, commercially or synthetically available [36]. These
have been shown to have improved properties over the unmodified parents, in-
cluding increased solubility, increased binding capacity, and increased fluorescence
enhancement [28] of guest molecules.

If the guest molecule is a polarity-sensitive fluorescent probe, the complexa-
tion can be monitored by measuring the changes in the probe fluorescence upon
addition of the CD host. Upon complexation of ANS from aqueous solution into
the relatively less polar cavity of the CD, a significant increase in fluorescence is
observed. This fluorescence enhancement, if measured as a function of CD con-
centration, can be used to determine the association constant for the host–guest
complexation process.

There are a series of ANS isomers which have been used as sensitive fluorescent
probes; these differ only in the positions of the anilino and sulfonate groups on the
naphthalene fluorophore. Of these, the two which have found the most application
are the 1,8-ANS and 2,6-ANS isomers, which are shown in Figure 1. Both show
great sensitivity of their fluorescence and have been used in studies of CD inclusion
complexes, but are quite different in their geometries. Figure 1 illustrates that in
the 1,8 isomer, the sulfonate and anilino groups are substituted on the same side
of the naphthalene moiety, in close proximity, whereas in the 2,6 isomer, the two
groups are substituted at opposite ends of the naphthalene ring. Therefore, 1,8-
ANS is a much bulkier molecule with a more spherical overall shape (especially
when intramolecular mobility is taken into account [8]), whereas 2,6-ANS is more
rod-like; significantly narrower and longer. As a result of these large structural
differences, these two related probes are expected to exhibit significant differences
in their formation of host–guest inclusion complexes with CDs.
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In this paper, we compare the fluorescence enhancement and host–guest compl-
exation association constants for these two probes with six CDs:α, β, andγ , and
their hydroxypropylated derivatives. Although there have been previous reports in
the literature on the association constants for CD complex formation for 1,8-ANS
[18–20, 22, 27, 28, 34], and to a lesser degree 2,6-ANS [19, 31], these have been
mainly with the parent unmodified CDs, have shown some rather wide variations,
and have not been systematic.

2. Experimental

1-Anilinonaphthalene-8-sulfonic acid (1,8-ANS) and 2-anilinonaphthalene-6-
sulfonic acid (2,6-ANS) were obtained from Molecular Probes;α, β, HP-α, HP-β,
and HP-γ were obtained from Aldrich Chemical Co.;γ was obtained from Cerestar
USA. All compounds were used as received. Tests of the water content of the CDs
showed values ranging from 3.3 to 11.8% for all of the CDs used (based on mass
loss after heating for 4 hours in a vacuum oven at 180◦C). The CDs were not
dried before use, however the calculated CD concentrations were corrected using
the determined water content values. Solutions of the ANS probes were prepared
in aqueous phosphate buffer (pH = 6.80± 0.10).

Absorption spectra were measured on a Cary 50 Bio UV-Visible Spectrophoto-
meter, to obtain the absorbance of the probe solutions at the excitation wavelengths
of 335 nm (1,8-ANS) and 325 nm (2,6-ANS), and to ensure that no significant
increase in absorbance occurred upon addition of the various CDs. Probe concen-
trations used were 3.0× 10−5 M (1,8-ANS) and 2.0× 10−5 M (2,6-ANS), giving
absorbances of 0.31 and 0.27, respectively.

Fluorescence spectra were obtained on a Perkin-Elmer LS-5 luminescence spec-
trometer, with excitation and emission monochrometer bandpasses set at 5 nm and
3 nm, respectively, in 1 cm2 quartz fluorescence cells. All spectra were obtained
at 21± 2 ◦C. Solutions were not oxygen-purged, as preliminary investigations
showed a negligible effect of purging on the observed fluorescence intensity (<

5%). Fluorescence enhancements (F/Fo) were determined as the ratio of the integ-
rated area under the corrected fluorescence spectrum (IF vs. wavenumber) of the
probe in the presence and absence of the CD of interest.

3. Results

3.1. FLUORESCENCE ENHANCEMENT

Large increases in the measured integrated fluorescence intensity were observed
for both 1,8-ANS and 2,6-ANS upon addition of the various CDs. The relative
fluorescence spectra of 2,6-ANS in the absence of CD and in the presence of vari-
ous CDs at 10 mM concentration are shown in Figure 2. Although the fluorescence
of both probes in the absence of CD is relatively low, it is significantly greater
than the negligible solvent emission, and provides an accurate value for Fo, the
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Figure 2. Relative fluorescence spectra of 2,6-ANS in various cyclodextrin solutions (10± 1
mM in phosphate buffer):1 no CD;2 α; 3 γ ; 4 β; 5 HP-α; 6 HP-β.

reference value for the enhancement calculation. The enhancements at 10 mM CD
concentration, F/Fo (10 mM), for the two probes in the six CDs are listed in Table I.

Table I. Fluorescence enhancements, F/Fo, for 1,8-ANS and 2,6-ANS in six
cyclodextrins, expressed in two ways: F/Fo (10 mM) (fixed CD concentra-
tion of 10± 1 mM) and F∞/Fo (100% guest complexation, obtained from
fit to Equation (3)). F∞/Fo values for cases in which the data did not fit well
to Equation (3) were estimated from the experimental data; these are given
in { }

Cyclodextrin 1,8-ANS 2,6-ANS

F/Fo (10 mM) F∞/Fo F/Fo (10 mM) F∞/Fo

α 1.6 {5} 4.7 26

β 7.6 16 31 32

γ 10 {17} 7.5 {20}

HP-α 6.6 35 36 70

HP-β 104 125 82 81

HP-γ 17 25 25 35
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Table II. Fluorescence enhancements, F/Fo (10 mM) and F∞/Fo, for
1,8-ANS and 2,6-ANS in six cyclodextrins scaled to F(ethanol)/F(water)
= 100 (see text)

Cyclodextrin 1,8-ANS 2,6-ANS

F/Fo (10 mM) F∞/Fo F/Fo (10 mM) F∞/Fo

α 1.3 {3} 4.1 22

β 4.4 8.6 26 27

γ 5.6 {9} 6.5 {17}

HP-α 3.9 18 30 58

HP-β 53 64 69 68

HP-γ 9.1 13 21 29

Since the 12 different ANS:CD complexes have different association constants,
a comparison of enhancement values for equal CD concentrations is of limited use,
as the fraction of guest which is actually complexed by each CD will be quite dif-
ferent. In order to eliminate this dependence on the fraction of guest complexed, a
second measure of fluorescence enhancement will be used, namely the extrapolated
value at 100% guest complexation (i.e., at infinite host concentration); this will be
referred to as F∞/Fo. These values can best be obtained by fitting the enhancement
data to Equation 3 (see below); the resulting values of F∞/Fo are listed in Table I.
In the case of three complexes, the data could not be fit well to this equation, so
F∞/Fo values were estimated by graphical extrapolation; these are indicated by { }
in Table I.

These enhancement results still do not allow for direct comparisons between
1,8-ANS and 2,6-ANS, as these two probes have different polarity sensitivity. In
identical environments, they will exhibit different fluorescence intensities relative
to that in water. Thus, in order to make direct comparisons of enhancements, the
fluorescence in ethanol relative to water (using the same excitation wavelength and
correcting for differing absorbance) was determined for each probe. These values
of F(ethanol)/F(water) were determined to be 197 and 120 for 1,8-ANS and 2,6-
ANS, respectively, indicating that 1,8-ANS is the more polarity-sensitive of the
two. The observed enhancements in the six CDs were scaled for each probe using
these ethanol results, by setting the enhancement in ethanolversuswater equal to
100. These scaled enhancements, both F/Fo(10 mM) and F∞/Fo, are listed in Table
II.

3.2. ASSOCIATION CONSTANTS FOR THE ANS:CD COMPLEXES

For a 1 : 1 ANS:CD complex, the association constant K can be defined as follows:

CD+ ANS
 CD:ANS, (1)
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Table III. Association constants, K, for
1,8-ANS and 2,6-ANS in six cyclodextrins,
from the fit to Equation 3 (assumes the form-
ation of a 1 : 1 complex only)

Cyclodextrin K/M−1

1,8-ANS 2,6-ANS

α ≤ 20 ≤ 20

β 80± 25 1350± 450

HP-α 21± 18 110± 20

HP-β 480± 80 7200± 1500

HP-γ 240± 80 250± 80

K = [CD:ANS]

[ANS][CD]
. (2)

The numerical value of K can be obtained from observed fluorescence enhance-
ment F/Fo as a function of added CD concentration ([CD]o) [37, 38]:

F/Fo = 1+ (F∞/Fo− 1)
[CD]oK

1+ [CD]oK
, (3)

where F is the integrated fluorescence intensity in the presence of CD, Fo is the
integrated fluorescence intensity in the absence of CD, and F∞ is the integrated
fluorescence intensity when all of the ANS probe molecules have been complexed
by CD molecules. This equation assumes that only a 1 : 1 complex is formed; this
assumption can be readily tested using a reciprocal plot (also known as a Benesi–
Hildebrand plot [39]) of Fo/F versus 1/[CD]. This plot will be linear if only a 1 : 1
complex is formed, but will show curvature if complexes of other stoichiometry
are being formed [37, 38].

Of the twelve inclusion complexes studied, six exhibited excellent linear re-
ciprocal plots: 1,8-ANS in HP-β and HP-γ , and 2,6-ANS inβ, HP-α, HP-β, and
HP-γ . These form only 1 : 1 inclusion complexes, and can be analyzed using Equa-
tion 3. For example, Figure 3 shows the plot of F/Fo versus[CD] for both 1,8-ANS
and 2,6-ANS in HP-β, along with the resulting fits to Equation 3 (using a non-
linear least squares fitting routine) of K = 480 and 7200 M−1, respectively. The fit
result values for K for all six of these 1 : 1 inclusion complexes are listed in Table
III.

In the cases where non-linear reciprocal plots were obtained, higher-order com-
plexes must be involved. Analysis equations for various types of higher-order
host:guest complexes are available in the literature, including 2:1 [40], and 1:2
and 2:2 [41–43]; a nonlinear least-squares fitting program was written for the 2:1
case, but not for the 1:2 and 2:2 case, due to the complexity of the equations. In
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Figure 3. Fluorescence enhancement of 1,8-ANS ( ) and 2,6-ANS (�) as a function of HP-β
concentration. The lines show the best fits to Equation 3: —— 1,8-ANS, K = 480 M−1; - - - -
2,6-ANS, K = 7200 M−1.

the case ofα, the curvature of the observed plots of F/Fo versus[CD] were too
small over the concentration range studied to obtain a proper fit; an upper limit to
the value of K can be estimated as K< 20 M−1. In the cases of 1,8-ANS inβ
and HP-α, although the reciprocal plots did deviate from linearity (R = 0.939 and
0.933, respectively), the data fit very well to a 1 : 1 complex model, but very poorly
to the model involving 2:1 complexes. Thus, the values of K obtained for these two
complexes, assuming the formation of a 1 : 1 complex only, are also included in
Table III, with the possibility of a minor involvement by 1:2 and 2:2 complexes.
Finally, the data for both probes inγ fit very poorly to both of the models tried.
This agrees with previous reports thatγ can include two naphthalene moieties,
with both 1:2 and 2:2 stoichiometries [42–43]. Thus, no association constants are
listed in Table III forγ .

Of the ten ANS:CD complexes listed in Table III, K values have been previously
reported for only four (values in M−1): α:1,8-ANS: (K from 0 to 26 [18, 22, 34]);
β:1,8-ANS (K from 64 to 115 [18–20, 22, 27, 34]);β:2,6-ANS (K = 2080 [19]);
and HP-β:1,8-ANS (K = 430) [28]. The values obtained in this work for 1,8-ANS
in α, β and HP-β agree well with the literature values, while that for 2,6-ANS inβ
is significantly lower than that reported in the literature.
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4. Discussion

Before discussing the enhancement and association constant results, it is useful to
review what is known from the literature on the mode of inclusion, i.e., orientation,
of ANS and other naphthalene derivatives into CD cavities. Harata and Uedaira
[44] showed that in theβ cavity, 2-substituted naphthalene derivatives exhibit axial
inclusion of the naphthyl moiety, whereas 1-substituted derivatives may exhibit
axial or equatorial inclusion. However, Muñoz de la Peñaet al. [37] proposed
axial-included naphthalene moieties for both 1- and 2-substituted naphthalene de-
rivatives inβ. Nishijo et al. [26] showed that in the case of 1,8-ANS inβ, the
preferred inclusion mode in fact involves the phenyl ring, with most of the naphthyl
ring outside of the cavity. Similarly, Schneideret al.[22] found thatα weakly binds
the phenyl but not the naphthyl moiety of 1,8-ANS, whileβ andγ show equal or
greater affinity for binding the phenyl as compared to the expected naphthalene
moiety.

Although the polarity of the water-solvated cavities probably increase in the
order ofα < β < γ due to the number of water molecules included, if inclusion of
a probe molecule results in removal of these included waters, then the polarities of
the three CD cavities are relatively similar, due to the identical chemical structures.
For example, Lichtenthaler and Immel [45] conclude that the three CDs have very
similar polarities. Coxet al. [46] reported ET(30) values of 57 and 58 forα andβ,
respectively. Street and Acree [47] reported the dielectric constants of theβ and
γ cavities to be 48 and 55, again quite similar. Thus, it will be assumed that the
polarity of the bare cavities of the three parent CDs is roughly the same, and that
differences observed in fluorescence enhancement can be attributed to differences
in the degree of encapsulation of the probe into the CD cavity, or in the number of
waters co-included with the guest.

The measured fluorescence enhancements F∞/Fo provide a direct indication of
the local polarity of the probe. A larger enhancement for a given probe in the
presence of one CD as compared to another indicates that the probe is in a more
nonpolar environment, either because the cavity itself is less polar (modifiedvs.
parent), or because the fluorophore fits inside the cavity better. Comparisons of
the fluorescence enhancements for the two probes reveal a number of interesting
trends. The HP-substituted CDs provide substantially larger enhancements than do
the corresponding parent CDs; this is true for both probes. For example, HP-β

enhances 1,8-ANS by a factor of 125, whereasβ itself results in an enhancement
of only 16. Similar comparisons can also be made for both probes in the case of
HP-α vs.α and the case of HP-γ vs.γ . These observations of larger enhancements
by modified CDs are in agreement with previous reports [25, 28], and have been
explained previously as resulting from the relatively less polar cavity provided by
the replacement of hydroxyl groups in the parent CD by hydroxypropyl groups, and
the extension of the non-polar cavity provided by the alkyl chains of the HP groups
along the rims of the cavity [28]. This would be particularly important if it is the
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phenyl moiety which is included in the cavity, with the naphthalene fluorophore
mainly outside.

When the enhancement trends of the two probes are compared, significant dif-
ferences are observed. In terms of the unmodified CD cavity size, there is little
difference for 1,8-ANS betweenβ andγ , as indicated by the very similar enhance-
ment values of 16 and 17, respectively. However, in the case of the HP derivatized
CDs, HP-β gives a much larger enhancement than does HP-γ : 125 vs. 25. This
must be a result of the effect of the HP groups on the two cavities. In both cases,
the substitution with HP groups results in a larger enhancement; however, this
increase is much more pronounced in the case of theβ cavity. The cavity size ofα
is too small to significantly encapsulate the 1,8-ANS naphthalene moiety, giving a
very small enhancement of 5.0. The extension of theα cavity by HP groups does
however result in a significant enhancement of 35 for HP-α. It is also interesting to
note that the order of increasing enhancement of 1,8-ANS is different in the parent
(γ ≈ β > α) and modified CDs (HP-β > HP-α > HP-γ ). This indicates that the
addition of the hydroxypropyl groups is not a simple additive effect of decreasing
the cavity polarity, but must involve specific interactions of the HP groups with the
host–guest structure.

In the case of 2,6-ANS, the probe matches best with theβ cavity, with larger
enhancements than inα or γ , for both parent and unmodified CDs. Theγ -cavity is
apparently too large, so that the 2,6-ANS molecule is not held as tightly, and more
water molecules can presumably be included in the cavity along with the probe.
This results in the significantly smaller enhancement inγ as compared withβ (20
vs.32), as well as in HP-γ as compared with HP-β (35 vs.81). In the case of HP-
γ , the HP groups must be able to hold the 2,6-ANS more tightly, or prevent the
presence of water molecules, resulting in the significant (but smaller than in HP-β)
enhancement. Unlike the case of 1,8-ANS, the enhancement of 2,6-ANS inα-CD
is very significant (26), and that in HP-α (70) is even larger. These differences in
the two probes are clearly a consequence of the narrower shape of 2,6-ANS, which
is a much better match to the size of theβ-cavity. Furthermore, 2,6-ANS would
be more likely to be included axially, whereas 1,8-ANS would have to be included
equatorially, leaving more of the naphthalene exposed.

The enhancements scaled to ethanol allow for the direct comparison of the en-
hancements for the two probes in the same CD. These numbers in effect represent
the degree of nonpolarity of the probe medium on a scale where water equals 1
and ethanol equals 100. 1,8-ANS and 2,6-ANS show a similar scaled enhancement
(64 and 68) in HP-β, signifying that a similar environment is being experienced
for both probes. The larger value of 125vs.81 for 1,8-ANSvs.2,6-ANS in HP-β
given in Table I is thus a result of the greater sensitivity of 1,8-ANS to polarity.
However, in the parentβ, there is a large difference in the enhancements: 8.6 for
1,8-ANS and 27 for 2,6-ANS. This is a reflection of the difference in shape of the
two probes, with 2,6-ANS fitting better into theβ cavity; this effect is diminished
in the HP substituted CD.
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The association constants determined for these CD:ANS complexes provide
different information. Whereas the enhancements as described above indicate the
polarity of the ANS environment in the complex, the association constants indicate
how strong the complex is, i.e., how tightly bound the probe is in the CD cavity.
These are related properties, but are not necessarily the same. In all of the meas-
ured CD:ANS complexes, there is a correspondence between these two properties:
complexes with a large enhancement invariably have a large K value, indicating
that the probes are bound more strongly in the less polar cavities. For example,
for both probes, HP-β gives the largest value of both K and F/Fo. Thus, a larger
difference in polarity between the bulk water solution and the CD cavity results
in a larger enhancement (fluorescence increases as polarity decreases), as well as
a greater affinity of the hydrophobic part of the probe for the cavity as opposed
to solution, and hence a larger association constant. However, the correspondence
is not direct. For example, in the comparison of the results for HP-β vs.β, in the
case of 1,8-ANS, K increases by a factor of 6 (480vs.80), whereas F/Fo increases
by a slightly larger factor of 7.8 (125vs.16). By contrast, in the case of 2,6-ANS,
K increases by a factor of 5.3 (7200vs.1350), whereas F/Fo only increases by a
factor of 2.5 (81vs.32). Thus, the relative increases in K and F/Fo depend on the
specific host–guest pair involved.

Comparison of the K values for the two probes in a given CD dramatically
indicates the differences in their ability to form CD host–guest complexes. In the
case ofα, both probes have very small K values, indicating that theα cavity is too
small in both cases. For HP-α, K is still very small for 1,8-ANS (21 M−1), but has
increased significantly in the case of 2,6-ANS to a value of 110 M−1; the addition
of the HP groups has extended this small cavity enough to result in a significant
binding of the less bulky probe. In the case ofβ, K = 80 M−1 for 1,8-ANS, but K =
1350 M−1 for 2,6-ANS, an increase of a factor of 17. This result again indicates that
the size and shape of 2,6-ANS provide a much better match for theβ cavity than in
the case of the bulkier 1,8-ANS. This is seen again in the case of HP-β, in which
K = 480 M−1 for 1,8-ANS, but K = 7200 M−1 for 2,6-ANS, a similar increase by
a factor of 15. However, in the case of HP-γ , the cavity size is large enough that
there is very little discrimination between 1,8-ANS and 2,6-ANS, giving K values
that are identical within experimental error.

The results discussed above for both relative fluorescence enhancements and
association constants for these two probes in the six CDs are in general agreement
with the “size-fit” concept for host–guest complexation [48]. This simply states
that the host/guest pair with the best match between the overall size and shape of
the guest and the size and shape of the host cavity will form the strongest complex.
This is a result of the distance dependence of the van der Waals forces, the main
forces of attraction between the host and guest, and hence the driving force for the
complexation processes. These are extremely short range forces, and are greatly
increased by close contact between the host and guest, especially if the size match
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allows contact at various positions on the guest. This is analogous to the well-
known “lock and key” model for enzyme/substrate behavior.

5. Conclusions

The fluorescent probes 1,8-ANS and 2,6-ANS both form host–guest inclusion
complexes with parent and modified CDs in aqueous solutions, with significant
enhancement of their fluorescence upon complexation. In all cases, the modified
CDs provide larger enhancements than do their corresponding unmodified parents,
by providing an extended nonpolar cavity allowing for more of the fluorophore to
be included. There is a significant effect of the relative size and shape of the guest
and host molecules, with those pairs with the best match in these properties giving
the strongest-bound complexes. The more streamlined 2,6-ANS probe was found
to form much stronger complexes than the bulkier 1,8-ANS analog. However, the
1,8-ANS was found to be more sensitive, and gave the highest fluorescence en-
hancement. The establishment of a polarity scale for the two probes relative to
ethanol provided a means for the direct comparison of results for the two probes in
a given CD; this should prove to be a generally useful method for comparing the
encapsulation of different guests (with different fluorescence sensitivities) in the
same host CD. The use of the two probes in complementary fluorescence enhance-
ment experiments is recommended for investigating inclusion complexes of host
molecules, since the differences in results for the two probes will provide useful
information on the size and shape of the cavity of the host of interest.

Acknowledgements

Financial support for this work was provided by the Natural Sciences and Engin-
eering Research Council of Canada (NSERC), and by the UPEI Senate Committee
on Research.

References

1. S. K. Chakrabarti and W. R. Ware:J. Chem. Phys.55, 5494 (1971).
2. E. M. Kosower, H. Dodiuk, K. Tanizawa, M. Ottolenghi, and N. Orback:J. Am. Chem. Soc.97,

2167 (1975).
3. R. P. DeToma, J. H. Easter, and L. Brand:J. Am. Chem. Soc. 98, 5001 (1976).
4. E. M. Kosower, H. Dodiuk, and H. Kanety:J. Am. Chem. Soc.100, 4179 (1978).
5. G. W. Robinson, R. J. Robbins, G. R. Fleming, J. M. Morris, A. E. W. Knight, and R. J. S.

Morrison:J. Am. Chem. Soc.100, 7145 (1978).
6. T. W. Ebbesen and C. A. Ghiron:J. Phys. Chem.93, 7139 (1989).
7. A. Upadhyay, A. T. Bhatt, and D. D. Pant:J. Photochem. Photobiol. A: Chem.89, 201 (1995).
8. G. L. Mendz, R. J. Vandenberg, and S. B. Easterbrook-Smith:Mag. Res. Chem.28, 104 (1990).
9. L. Stryer:J. Mol. Biol.13, 482 (1965).

10. V. N. Uversky, S. Winter, S., and G. Löber:Biophys. Chem.60, 79 (1996).
11. N. Poklar, J. Lah, M. Salobir, P. Maçek, and G. Vesnaver:Biochemistry36, 14345 (1997).



478 BRIAN D. WAGNER AND SHANNON J. FITZPATRICK

12. M. Wong, J. K. Thomas, and M. Grätzel:J. Am. Chem. Soc.98, 2391 (1976).
13. K. Tamura and N. Nii:J. Phys. Chem.93, 4825 (1989).
14. E. Bismuto, I. Sirangelo, and G. Irace:Biophys. Chem.44, 83 (1992).
15. U. Pfeifer-Fukumura, H. Misawa, H. Fukumura, and H. Masuhara:Chem. Lett.1589 (1994).
16. F. Cramer, W. Saenger, and H.-Ch. Spatz:J. Am. Chem. Soc. 89, 14 (1967).
17. I. Tabushi, K. Shimokawa, N. Shimizu, H. Shirakata, and K. Fujita:J. Am. Chem. Soc. 98, 7855

(1976).
18. J. Franke, T. Merz, H. W. Losensky, W. M. Müller, U. Werner, and F. Vögtle:J. Incl. Phen.

Mol. Rec. Chem.3, 471 (1985).
19. G. C. Catena and F. V. Bright:Anal. Chem.61, 905 (1989).
20. J. W. Park and H. J. Song:J. Phys. Chem.93, 6454 (1989).
21. F. V. Bright, G. C. Catena, and J. Huang:J. Am. Chem. Soc. 112, 1343 (1990).
22. H.-J. Schneider, T. Blatter, and A. Simova:J. Am. Chem. Soc.113, 1996 (1991).
23. J. Nishijo and N. Mayumi:J. Pharm. Sci.80, 58 (1991).
24. J. Nishijo, M. Yasuda, and M. Nagai:Chem. Pharm. Bull.39, 5 (1991).
25. H. J. E. M. Reeuwijk, H. Irth, U. R. Tjaden, F. W. H. M. Merkus, and J. van der Greef:

J. Chromatogr.614, 95 (1993).
26. J. Nishijo, M.Yasuda, M. Nagai, and M. Sugiura:Bull. Chem. Soc. Jpn.65, 2869 (1992).
27. N. Ito, N. Yoshida, and K. Ichikawa:J. Chem. Soc. Perkin Trans. 2, 965 (1996).
28. B. D. Wagner and P. J. MacDonald:J. Photochem. Photobiol. A: Chem.114, 151 (1998).
29. H.-J. Buschmann and T. J. Wolff:J. Photochem. Photobiol. A: Chem.121, 99 (1999).
30. J. Huang and F. V. Bright:J. Phys. Chem.94, 8457 (1990).
31. A. Nakamura, K. Saitoh, and F. Toda:Chem. Phys. Lett.187, 110 (1991).
32. J. Huang, G. C. Catena, and F. V. Bright:Appl. Spectrosc.46, 606 (1992).
33. S. G. Penn, R. W. Chiu, and C.A. Monnig:J. Chromatogr. A680, 233 (1994).
34. I. K. Chun and M. H. Lee:J. Korlan Pharm. Sci.19, 71 (1989).
35. J. Szejtli:Chem. Rev.98, 1743 (1998).
36. A. R. Khan, P. Forgo, K. J. Stine, and V. T. D’Souza:Chem. Rev.98, 1977 (1998).
37. A. Muñoz de la Peña, F. Salinas, M. J. Gómez, M. I. Acedo, and M. Sánchez Peña:J. Incl.

Phen. Mol. Rec. Chem.15, 131 (1993).
38. C. N. Sanramé, R. H. de Rossi, and G. A. Argüello:J. Phys. Chem.100, 8151 (1996).
39. H. A. Benesi and H. Hildebrand:J. Am. Chem. Soc.71, 2703 (1949).
40. S. Nigam and G. Durocher:J. Phys. Chem.100, 7135 (1996).
41. N. Kobayashi, R. Saito, H. Hino, Y. Hino, A. Ueno, and T. Osa:J. Chem. Soc. Perkin Trans II,

1031 (1983).
42. S. Hamai:Bull. Chem. Soc. Jpn.69, 543 (1996).
43. S. Hamai:Bull. Chem. Soc. Jpn.69, 2469 (1996).
44. K. Harata and H. Uedaira:Bull. Chem. Soc. Jpn.48, 375 (1975).
45. F. W. Lichtenthaler and S. Immerl:Liebig’s Ann.21 (1996).
46. G. S. Cox, P. J. Hautman, and N. J. Turro:Photochem. Photobiol.39, 597 (1984).
47. K. W. Street, Jr. and W. E. Acree, Jr.:Appl. Spectrosc.42, 1315 (1988).
48. M. V. Rekharsky and Y. Inoue:Chem. Rev.98, 1875 (1998).


