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Abstract

Naphthalene excited dimer (excimer) fluorescence is observed in the presence of β- and γ -cyclodextrin (CD) at elevated
naphthalene (NAP) concentrations (100 µM) but not at low NAP concentrations (5 µM). This is attributed to formation
of 2:2 CD:NAP complexes in the former situation. Complexes of NAP with hydroxypropyl β-CD are exclusively 1:1 and
no excimer emission is observed. Complexes of NAP with α-CD do not show excimer emission either but the complex
stoichiometry is 2:1 CD:NAP in this case. The formation constants for both the 1:1 and 2:2 β-CD:NAP complexes have
been determined and they have been found to depend on the ionic strength of the salting out agent NaCl. K1:1 = 377 ±
35 M−1 in the absence of salt and 657 ± 60 M−1 at 1 M NaCl. The corresponding values for K2:2 are (1.0 ± 0.2) × 104

and (4.0 ± 1.0) × 104 M−1, respectively. Stern-Volmer fluorescence quenching studies of the 1:1 and 2:2 species by water-
based quenchers (NaI and CsBr) show that both types of complexes protect the fluorophore from the quencher. However,
the more completely encapsulated NAP in the 2:2 complex is protected to a greater extent. This is also the case for the 2:2
γ -CD:NAP complex. This protective effect is reflected in the observed rate constants for NAP quenching. For example,
kQ = 7.1 × 109 M−1 s−1 for NaI in the absence of CD. This is reduced to 2.1 × 109 M−1 s−1 for the 1:1 complex and 1.2
× 109 M−1 s−1 for the 2:2 complex when 10 mM β-CD is present. A similar pattern is observed for CsBr as quencher. The
2:2 complexes are disrupted in the presence of additives such as linear alcohols and surfactants. The implications of these
results for application of CDs for drug stabilization are discussed.

Introduction

Drug stability is of major importance to the pharmaceut-
ical industry. It is also a significant scientific challenge to
develop systems/conditions that stabilize drugs in a form
in which they can be successfully delivered to a patient.
Various methods have been proposed relying on control of
ambient conditions (temperature, pH etc.) that may vary over
time [1,2]. A more robust approach is to encapsulate drugs
in a medium that protects them from chemical reactions. In
this paper we use model systems to explore the potential of
cyclodextrins as encapsulating agents.

Cyclodextrins (CDs) are oligosaccharides consisting of
various numbers of α-1,4-linked glucose units [3]. The most
commonly encountered sizes are the 6-, 7- and 8-member
cycles, known as α-, β- and γ -CD, respectively. The CD
structure is such that the molecule possesses a molecular-
scale cavity (a ‘molecular bucket’). Unsubstituted CDs are
moderately water soluble due to hydroxyl groups lining the
rims of the cavity, the cavity interiors, on the other hand,
are rather hydrophobic. These properties give the CDs the
unique characteristic of being able to form host-guest in-
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clusion complexes in water with organic guest molecules
[4].

The most common form of CD:guest complex is the so-
called 1:1 complex, in which one CD molecule hosts one
guest molecule within its cavity [4-6]. It is well established
that such CD-complexed species exhibit chemical and phys-
ical properties that may be quite different from that observed
in homogeneous solution [5-11]. These differences may be
changes in product type, product distribution or rate of reac-
tion. In particular, rates may be increased or decreased upon
complexation, depending upon the type of reaction and the
reagents involved.

In recent years much effort has been made to explore and
develop pharmaceutical applications of CDs [11-18], includ-
ing the preparation of a variety of derivatized systems with
better toxicity profiles [12]. It has been pointed out that CDs
show promise as drug stabilizers [1, 11, 19]. Drugs encap-
sulated in 1:1 CD complexes often show reduced rates of
reaction towards water-based reagents as a result of com-
partmentalization [1, 10, 19, 20]. Reaction inhibition has
also been observed with other, non-pharmaceutical, guests
[7, 21-26]. CDs offer clear advantages over other stabilizing
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excipients as they also enhance the aqueous solubility and
bio-availability of drugs [16, 18].

Improved chemical stability in CD host–guest systems
arises from encapsulation. It stands to reason that the more
complete the encapsulation, the greater the isolation of the
guest and the more fully protected it will be. One possible
approach is to develop systems forming higher-order com-
plexes. By ‘higher-order complexes’ we refer to host–guest
systems comprised of two CD and one guest (2:1 complexes)
or two CD and two guests (2:2 complexes).

There are a number of CD:guest systems that spontan-
eously form such higher order complexes. Pyrene forms both
1:1 and 2:1 complexes with β-CD as judged by absorption
and fluorescence measurements of equilibrium constants
[27, 28]. It also has been reported to form 2:2 complexes
with γ -CD [29-31] although only 1:1 complexes seem to
form at low pyrene concentrations [32]. 2-Anthracene sulf-
onate and 2-anthracene carbonate form 2:2 complexes with
β-CD [33]. Alpha-terthienyl forms 2:2 complexes with γ -
CD as evidenced by the direct observation of excimer-type
fluorescence from this chromophore in the presence of the
CD host [34]. A similar situation pertains for oxadiazole
complexes with γ -CD [35–37]. However, it is higher or-
der complexes of CDs with naphthalene and its derivatives
that have received most attention. A very early report from
Ueno et al. [38] on the 2:2 complex of β-CD with 1-
naphthaleneacetate was followed by a series of articles from
Hamai [39–43] and, more recently, Bohne et al. [24, 44]
and Grabner et al. [45] have established that naphthalene
and its derivatives readily form 2:2 complexes with β-CD
if the naphthalene and CD concentrations are sufficiently
high. These are relatively strong complexes with reported
formation constants on the order of 4000 M−1 [24, 39,
42]. In the majority of these systems the presence of the
2:2 complex is indicated by observation of naphthalene ex-
cited dimer (i.e., excimer) fluorescence. Other systems, such
as 6-bromo-2-naphthol and α-CD, for example, form 2:1
host;guest complexes [41].

Information on the dynamics of higher order CD com-
plexes is limited. Early time-resolved fluorescence data from
Yorozu et al. [29] indicate that the pyrene excimer fluores-
cence observed in the presence of γ -CD is generated within
the duration of the 0.8 ns excitation pulse. This suggests
the 2:2 complex is preformed and little or no motion of the
pyrenes is required to achieve the geometry needed for exci-
mer fluorescence to occur. More recently contributions from
De Feyter et al. [34], Bohne et al. [24, 44] and Grabner
et al. [45] have all indicated rapid formation of excimer
emitting complexes. De Feyter’s and Grabner’s articles in-
dicate the excimer is formed within the excitation pulse
(<1 ns) while Bohne and co-workers were able to determ-
ine the rate of formation of 1:1 complexes between β-CD
and naphthyl ethanols (about 3.5 × 108 s−1). This latter
work also reports that dissociation of the 2:2 complexes is
very slow, taking place on the millisecond time scale. Thus,
self-assembling higher order complexes involving aromatic
hydrocarbons and CDs form very rapidly but seem to dis-

sociate very slowly, i.e. they are to be regarded as stable
complexes.

A current goal in our research is to develop improved
systems for chemical stabilization based on encapsulation by
CDs. Although a significant body of information is available
on higher order CD complexes, very little attention has been
paid to the issue of to what extent such systems may offer
protection to a reactive guest. In Hamai’s original paper [30]
some efforts were made to assess the extent of protection
of a naphthalene guest by the β-CD host in the 2:2 com-
plex. Hamai reported a variation in Stern-Volmer constant
for fluorescence quenching by water-based quenchers (I−
and IO−

3 ) in the order free naphthalene > 1:1 complex > 2:2
complex. More recently Funasaki and co-workers have re-
ported that the rate of basic hydrolysis of the anticholinergic
drugs propantheline bromide and oxyphenonium bromide is
strongly reduced via formation of 2:1 β-CD:drug complexes
while 1:1 complexes of these drugs with α- and γ -CD do not
strongly suppress hydrolysis [11]. These reports suggest that
2:n CD:drug complexes do indeed offer additional protection
for the guest. However, many issues remain unexamined.
One particularly important question is whether the additional
protection can be maintained in the presence of additives
such as salts and surfactants. This latter point is of interest as
drug formulations invariably contain excipients such as buf-
fer salts, anti-microbial agents, surfactants etc. The present
contribution presents results on the β-CD:naphthalene sys-
tem under conditions of 2:2 complex formation. This system
is a useful model and starting point for the design and devel-
opment of more robust and general CD-based encapsulating
systems.

Experimental

Most reagents were purchased from Sigma-Aldrich. Naph-
thalene (NAP) of scintillation grade, was used as received
as were the sodium chloride (BDH, AnalR), sodium iodide,
cesium bromide (Merck), sodium dodecyl sulfate (SDS) and
buffer salts (disodium hydrogen ortho-phosphate, potassium
dihydrogen phosphate, BDH) and sodium hydroxide (BDH,
AnalR). α-Cyclodextrin (α-CD) and hydroxy propyl β-CD
(HPCD) were used as received while β-CD was recrystal-
lized twice from water. All alcohols were of spectroscopic or
HPLC grade and used without additional purification. Water
was conductivity grade (MilliQ Academic Model V 2.04).
Phosphate buffer solutions (pH 7.4) were prepared according
to standard guidelines [46].

Samples for fluorescence analysis were prepared as fol-
lows. A saturated solution of NAP in water was stirred
overnight and then filtered. The filtered solution was ca. 0.2
mM in NAP based on its absorption spectrum. This solution
was diluted with water to produce aqueous NAP stock which
was used to prepare all subsequent solutions. Appropriate
CD stocks were prepared by weighing the required mass of
CD (or CD plus SDS) into a volumetric flask and dissolving
it with the NAP stock. This was subsequently diluted with
the NAP stock to obtain solutions with a constant NAP con-
centration but the desired variable concentration of CD (or
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CD plus SDS). If an alcohol was to be added, the neat alco-
hol was injected via a Hamilton microlitre syringe directly
into 10 mL of the CD:NAP solution. The CD samples were
stirred overnight to obtain equilibrium. Quencher stock solu-
tions in water were prepared just before use by dissolving an
appropriate mass of quencher in the appropriate CD/NAP
or CD/NAP/alcohol solution. Quenching experiments were
performed by injecting small aliquots of quencher stock into
2 mL samples of CD:NAP solutions, with or without addit-
ive, immediately prior to measurement. Exposure to light
was kept to a minimum during all sample preparation and
handling. All samples were air saturated.

Steady-state fluorescence measurements were carried out
at 20 ± 1 ◦C with a Perkin-Elmer LS-50B instrument.
Instrument control, data collection and preliminary data pro-
cessing were carried out by a micro-computer interfaced
to the fluorimeter. Samples for fluorescence measurements
were contained in 1 × 1 cm2 standard (Hellma) quartz cu-
vettes. The spectra were recorded with excitation at 280
nm. Spectra were scanned between 300 and 500 nm. The
band pass was typically 2 nm. The emission spectra were
uncorrected. Fluorescence intensities were estimated from
peak heights at 336 and 420 nm. Absorption spectra were
recorded with a Perkin-Elmer Lambda 40 UV-VIS spectro-
photometer.

Results and discussion

Evidence for the 2:2 napthalene:β-cyclodextrin complex

Figure 1 shows the variation in NAP fluorescence ([NAP]
= 100 µM) as a function of increasing β-CD concentra-
tion (0–10 mM). In the absence of the host, a fluorescence
band is observed centered near 337 nm. This is the normal
fluorescence of naphthalene in water. As CD is added the
intensity of this band increases (plateauing between 8 and 10
mM) as expected because of redistribution of the fluorescent
molecule to the less polar, more protected environment of
the CD cavity. However, in contrast to observations made
at low (10 µM or less) NAP concentrations, an additional
broad, featureless emission band appears centered near 420
nm. The intensity of this band increases with increasing
NAP concentration. This band is not detected in water in
the absence of β-CD.

This type of behavior has been observed before [24, 39-
45] and the 420 nm feature attributed to NAP excimer-like
fluorescence arising from host-guest complexes involving
two β-CD and two NAP molecules, according to Equations
(1) (equilibrium constant K1) and (2) (equilibrium constant
K2).

NAP + CD � (CD:NAP) (1)

(CD:NAP) + (CD:NAP) � (CD2:NAP2) (2)

To confirm this we carried out two simple experiments to
provide evidence that the 420 nm feature is indeed due to

Figure 1. Variation in naphthalene fluorescence intensity recorded in the
presence of increasing concentrations of β-cyclodextrin (0, 2, 4, 8 and 10
mM). λex = 280 nm, [Naphthalene] = 100 µM.

Figure 2. Spectrum recording the difference between the fluorescence of
5 µM naphthalene in a 10 mM β-cyclodextrin solution and that of 100
µM naphthalene at the same cyclodextrin concentration. The spectra were
normalized at 337 nm prior to taking the difference. λex = 280 nm.

an excimer-like arrangement of NAP in the presence of β-
CD. Figure 2 is a fluorescence difference spectrum obtained
by measuring NAP fluorescence under conditions for which
the 420 nm feature is not observed (5 µM NAP, 10 mM β-
CD) and under conditions for which it is (100 µM NAP, 10
mM β-CD). The intensities of the two spectra were normal-
ized at 337 nm and the difference spectrum calculated. The
difference spectrum in the region between 380 nm and 500
nm matches closely the well-known NAP excimer spectrum
[47]. This supports the assignment of the 420 nm feature to
NAP molecules in an excimer-like arrangement. The negat-
ive band centered near 325 nm is a result of the presence
of the excited dimer and is analogous to what is found in
transient absorption of similar species [34].

Figure 3 shows the effect of raising the pH on the ob-
served fluorescence (100 µM NAP, 10 mM β-CD). At pH 7
both the 337 and 420 nm bands are observed. At pH 13 the
420 nm band is completely suppressed. The pKa for β-CD
is about 12 [48]. At high pH the hydroxyl groups of the CD
are ionized. The resulting electrostatic repulsion makes it
impossible for the 2:2 CD:NAP complexes to exist. This ac-
counts for the loss of the 420 nm signal. These experiments
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Figure 3. Fluorescence spectra recorded for 100 µM naphthalene in the
presence of 10 mM β-cyclodextrin at pH 7 (�) and pH 13 (�). λex = 280
nm.

confirm that the 420 nm band is excimer-like fluorescence
from NAP and arises from 2:2 β-CD:NAP complexes. They
also confirm that no 1:2 CD:NAP complexes are formed.

Other cyclodextrin systems

Attempts were made to observe the NAP excimer fluor-
escence in other CD systems. Spectral measurements of
100 µM NAP in the presence of 10 mM hydroxypropyl-β-
CD (HPBCD) showed no sign of the excimer fluorescence.
This may simply mean that the hydroxypropyl groups in-
terfere with the formation of a 2:2 complex with NAP so
that the complexes that do form are exclusively 1:1 (Again,
the absence of excimer emission confirms that 1:2 CD:NAP
complexes are not present). We measured binding isotherms
for the HPBCD:NAP system over a NAP concentration
range of 5 to 100 µM. The binding isotherms were treated
by a non-linear fitting method assuming a purely 1:1 com-
plexation model [49]. The resulting binding constants were
found to be independent of the NAP concentration (Average
K1 = 670 ± 92 M−1). This type of concentration independ-
ence is generally taken to be good evidence of simple, 1:1
complexation [50] and is in contrast to our earlier report on
the β-CD:NAP system where K1 varies strongly with [NAP]
[26]. A Benesi–Hildebrand double-reciprocal analysis of the
binding isotherm data for 100 mM NAP and HPBCD gave
a linear plot (correlation >98%). This is also evidence for
1:1 association [4]. We thus conclude that no 2:2 species
(and in fact no 1:2 species) are involved in HPBCD:NAP
complexation.

When varying concentrations (0 to 10 mM) of α-CD
were added to a 100 µM NAP solution no excimer emis-
sion was detected. This is in agreement with a recent report
by Grabner et al. [45] In our study a Benesi–Hildebrand
analysis of the fluorescence data did not yield a linear
plot but rather a strongly upward curving plot. Replotting
the data as a function of [α-CD]−2 yielded a linear plot
(correlation >99%) indicating the involvement of higher-
order complexes. Earlier reports from Hamai indicate that
2-substituted naphthalenes form 2:1 α-CD:NAP complexes
[41, 51], which cannot exhibit excimer emission. We pro-
pose that the situation is similar for the α-CD complex

Figure 4. Changes in the relative importance of the monomer and excimer
type complexes of naphthalene with β-cyclodextrin as a function of added
NaCl. λex = 280 nm, [Naphthalene] = 100 µM, [β-Cyclodextrin] = 10 mM.
[NaCl] = 0, 0.5, 1, 2, 4 and approximately 7 M.

with NAP itself. The α-CD cavity is about the right size
to comfortably accommodate a benzene ring [48] so it is
not surprising that two such cavities would be required to
effectively complex NAP.

Finally we investigated the γ -CD:NAP system. In
this case a broad, featureless emission band at longer
wavelengths (near 420 nm) was also observed. In an earlier
report we [34] examined the γ -CD:α-terthienyl system us-
ing steady-state and time-resolved spectroscopic techniques.
We showed that 2:2 complexes formed such that excimer
emission of the thiophene compound could be detected. A
similar situation has been reported for 2,5-diphenyloxazole
in the presence of γ -CD [35-37]. In analogy with these sys-
tems, we conclude the longer wavelength band observed for
100 µM NAP in the presence of 10 mM γ -CD is due to
excimer emission from a 2:2 complex.

Impact of ionic strength on the 2:2 complex with β-CD

Figure 4 shows a series of fluorescence spectra for the β-
CD:NAP system recorded at various concentrations of NaCl,
a salt that does not quench NAP fluorescence. Clearly ionic
strength has a profound impact on the relative concentration
of the complex species present in the β-CD:NAP system.
Host-guest binding can be either increased or decreased
by salts, depending on the nature of the host (charged vs.
uncharged CD), the guest (charged or uncharged, size com-
pared to CD cavity) and the salt (salting in or salting out
species, tendency to bind to the CD cavity) [52-54].

The spectra of Figure 4 indicate that higher ionic strength
favors the 2:2 complex over the 1:1 complex. In the absence
of NaCl the monomer to excimer ratio (Im/Iex where the in-
tensities are recorded at 337 and 420 nm, respectively) was
15 while in the presence of 4 M NaCl it was 1.8. Thus, the
salt shifts the overall equilibrium described by equations 1
and 2 to the right. This can be put on a more quantitative
basis by analyzing the observed changes in terms of K1 and
K2. Values of K1 can be obtained from non-linear regres-
sion analysis of the binding isotherms under excimer-free
conditions (i.e. at low [NAP]). Under these conditions
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K1 = [CD:NAP]

[NAP][CD]0
(3)

and the binding isotherm is defined as [26, 49]

�I = K1

(
�I[NAP]0[CD]0

1 + K1[CD]0

)
, (4)

where �I refers to the difference between the fluorescence
intensity at total cyclodextrin concentration [CD]0 and that
observed in the absence of CD, [NAP]0 is the total naph-
thalene concentration and �i reflects the maximum value
of �I. Note that [CD]0, rather than [CD], is used in these
equations as it is always true in our systems that [CD] �
[NAP] so that at all conditions [CD] is essentially equal to
[CD]0. From these calculations K1 = 377 ± 35 M−1 at 5 µM
NAP in the absence of NaCl but 657 ± 60 M−1 at 1M NaCl.
Clearly increased ionic strength has a significant impact on
the 1:1 binding process.

A value for K2 can be obtained from the variation of the
excimer fluorescence band intensity with CD concentration.
Analysis [24, 39] of equilibria (1) and (2) leads to the follow-
ing expression for the excimer concentration, [CD2:NAP2],
as a function of total cyclodextrin concentration, [CD]0

[CD2:NAP2] =
[NAP]0−[NAP]aq−K1[CD]0[NAP]aq

2
(5)

Here [NAP]aq refers to the concentration of free NAP. This
concentration is given by [24, 39]

[NAP]aq =

−(1 + K1[CD]0) +
√

(1 + K1[CD]0)2 + 8K2
1K2[CD]2

0[NAP]0

4K2
1K2[CD]2

0

(6)

Expressions (5) and (6) were used to simulate a series of
curves showing the variation of normalized [NAP2:CD2] as
a function of [CD]0 for various values of K2 and a fixed
value of K1 (Figure 5). Normalized experimental values of
excimer fluorescence intensity (measured at 420 nm with
[NAP]0 = 100 µM) were compared to the simulated curves.
The best fit yielded the value of K2. The value of K1 used
in these tests was 377 ± 35 M−1 [26]. This approach yields
somewhat “soft” values of K2 [24] as adequate fits are ob-
tained for a relatively wide range of K2 values. The values
of K2 determined at 0M and 1M NaCl are (10 ± 2) × 103

and (40 ± 10) × 103 M−1, respectively.
The values of both K1 and K2 increase markedly at el-

evated NaCl concentrations. This can be explained in terms
of the salting out effect [55]. NaCl is a well know a salting
out agent. When a hydrophobic molecule like NAP is dis-
solved in water, water molecules tend to avoid it. The water
molecules create an open volume in their bulk structure into
which the NAP can fit. When a salting out agent is added,
its ionic charges become hydrated. This results in a volume
contraction of the water meaning there will be less “empty”
volume available for the hydrocarbon. In the absence of CD

Figure 5. Comparison of simulated (Equations (5) and (6)) and experi-
mental measures of the naphthalene excimer concentration ([Naphthalene]
= 100 µM). Simulated with K1 = 377 M−1 and K2 values of 4000 (�), 40
000 (�) and 400 000 M−1 (�). Experimental excimer intensities (420 nm)
at 0 M (�) and 1 M (diamond) NaCl.

this contraction would normally lead to the precipitation of
the NAP. When CD cavities are present, they provide a hy-
drophobic volume into which the NAP can redistribute. This
eliminates the volume requirement for placing NAP in water.
As NAP redistributes more strongly to the CD environment a
larger population of 1:1 complexes are formed which in turn
interact to form 2:2 complexes. The net effect is a greater
yield of 2:2 complexes. Thus, in the presence of elevated
[NaCl], the NAP would be expected to be more fully isolated
from the aqueous medium.

Degree of encapsulation: impact of quenchers

Inorganic salts that quench NAP fluorescence are convenient
tools to probe the relative importance of the various complex
species that may form in the presence of β-CD in an aqueous
medium [10, 22, 26]. We decided to carry out a quench-
ing study on the NAP plus β-CD system under conditions
for which the both the monomer and excimer fluorescence
could be observed. Stern-Volmer plots were obtained, us-
ing NaI and CsBr as quenchers, both in the absence and
presence of additives intended to model biomolecules or
pharmaceutical excipients (linear alcohols and the surfactant
SDS). In light of the role of ionic strength on complexation
observed above, the quencher concentrations never exceeded
20 mM. Under these conditions the Stern-Volmer plots were
all linear. The results of this study are tabulated in Table 1.

In the absence of additives, NaI quenching of the mono-
meric NAP fluorescence is inhibited, compared to that ob-
served in water, by all of the CDs tested (α-, β-, HPBCD and
γ ). This is due to partial encapsulation of the fluorophore
by the CD cavity in a 1:1 complex [10, 22, 24-26] thus
protecting it from the iodide which is strongly associated
with the bulk water environment (The binding constant for
I− with β-CD is only 18 M−1 [56]) The least protection is
provided by α-CD which binds NAP relatively weakly due
to the size mismatch between the α-CD cavity and the NAP
(vide supra). Similar trends are observed for CsBr quenching
of NAP (Table 1). Again, CsBr is associated primarily with
the aqueous environment.
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Table 1. NaI and CsBr quenching of naphthalene (100 µM) flourescence in the presence of cyclodextrins (10 mM)

Nal CsBr

CD Type Additive Im/Iexb Ksv,mc Ksv,exc kQ,md kQ,exd Ksv,mc Ksv,exc kQ,md kQ,exd

None – a 292 – 7.5 – 58 – 1.5 –

β-CD – 15 130 111 2.1 1.2 14.1 8.8 0.23 0.09

10 mM

propanol 17 251 95 18 9

100 mM

propanol 142 85 – 8.2 –

10 mM

pentanol 56 119 88 15.3 8.8

4 mM SDS 56 205 127 15 10.0

HP-β-CD – a 171 – 8.6 –

α-CD – a 214 – 23 –

γ -CD – 25 141 35 30 4.8

aNo excimer observed.
bRatio of Im (monomer, 337 nm) to Iex (excimer, 420 nm) emission intensity.
cStern-Volmer constants, KSV in M−1, for quenching of the monomer (1:1) and excimer (2:2) complexes. Errors as ±10%.
dRate constants (kQ × 109, M−1 s−1) for quenching of the monomeric (or free if no CD present) and excimeric NAP excited states.

Table 1 also presents quenching data for the 2:2 β-
CD:NAP complex. The ability of NaI to quench monomeric
NAP is reduced by a factor of 292/130 = 2.3 times compared
to free NAP. The quenching of the 2:2 complex is somewhat
less efficient or 130/111 = 1.2 times less than the quenching
of the 1:1 complex. The trend is similar for the CsBr quench-
ing. The monomeric β-CD complex protects the NAP from
CsBr by a factor of 58/14.1 = 4.1 times whereas the 2:2
complex is protected by an additional factor of 14.1/8.8 =
1.6.

The recent article from Grabner’s group [45] reports un-
quenched fluorescence lifetimes for the three NAP species
under consideration in the present analysis: the free NAP,
the 1:1 β-CD:NAP complex; the 2:2 β-CD:NAP complex.
The reported values are τfree = 39 ns, τ1:1 = 61 ns and τ2:2
= 91 ns in the presence of 10 mM β-CD. These values have
been combined with our measured Stern-Volmer constants
(where KSV = kQτ ) to generate values for the quenching
rate constants, kQ, shown in Table 1. The rate constants
clearly support the view that the 2:2 β-CD complex provides
additional protection of the NAP moiety compared to the
1:1 complex. This additional protection arises most likely
because of the more complete encapsulation, and therefore
isolation, of the NAP in the 2:2 complex.

Similar trends are observed for the complexes of NAP
with γ -CD in the presence of NaI. The γ -CD protects the
monomeric form of NAP by a factor of 292/141 = 2.1 times
but the 2:2 form is protected by an additional factor of
141/35 = 4.0 times. The situation is very similar for CsBr
quenching in the γ -CD system.

We have established that 2:2 complexation is a viable
mode to protect a model compound from reagents (i.e.,
quenchers in this case) which are strongly associated with
the aqueous environment. Can this protective encapsulation
be maintained in the presence of additives? To answer this
question we extended our quenching study to systems con-
taining linear alcohols and the surfactant sodium dodecyl

Figure 6. Variation of naphthalene monomer to excimer fluorescence in-
tensity as a function of additive concentration. (�) = 1-Propanol, (�)
= 1-Pentanol, (�) = SDS. λex = 280 nm, [Naphthalene] = 100 µM,
[β-Cyclodextrin] = 10 mM.

sulfate (SDS). Figure 6 is a plot of the observed monomer
to excimer fluorescence intensity ratio (Im/Iex) as a function
of added alcohol (propanol or pentanol) or of added SDS. In
each case the additive reduces the importance of the 2:2 β-
CD:NAP complex. The figure clearly shows that the longer
the alkyl chain of the additive the more efficiently it breaks
up the 2:2 complex. It should be noted that all the SDS data
shown were collected under conditions where [Micelle] <

[NAP]. Even at 10 mM SDS (the largest [SDS] used) the
micelle concentration is only about 30 µM based on a cmc =
8.0 mM [57] and an aggregation number of 63 [58] for SDS.
This means that the vast majority of the SDS present is in
the form of non-micellized molecules.

The disruption of the 2:2 complex indicated in Figure
6 is reflected in the quenching data (Table 1) observed in
the presence of the additives. 10 mM propanol has little im-
pact on the Im/Iex value but increases KSV for the monomer
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complexes compared to that in the absence of the alcohol.
This is true for both NaI and CsBr. Propanol has no impact
on KSV in the absence of β-CD. In an earlier study [26]
of NAP binding to β-CD under 1:1 conditions only (i.e.
very low [NAP]), we established that propanol lowers the
binding of NAP to the CD to a modest extent. We attrib-
ute the increase in the KSV values observed in the present
study to an alcohol-mediated redistribution of NAP out of
the CD cavities into the aqueous environment. This leaves
the NAP relatively more exposed to the quenchers. How-
ever, that fraction of NAP that remains in a 2:2 complex is
quenched to the same extent as in the absence of propanol.
At 100 mM propanol the 2:2 complex no longer contributes
to the observed NAP fluorescence indicating that the alcohol
has completely broken up this complex. Interestingly the
value of KSV for the 1:1 complex has dropped relative to
that observed at 10 mM propanol. As in an earlier report
from our group, we attribute this to the formation of tern-
ary complexes involving one unit each of the CD, NAP and
propanol [26]. The alcohol causes partial redistribution of
the NAP into the aqueous environment but the fraction that
remains complexed in the ternary system is less quenchable
than free or 1:1 complexed NAP.

In the presence of 10 mM pentanol the excimer complex
is still observable, although its contribution is much reduced
compared to the no additive case (Im/Iex = 56 as compared
to 15 in the absence of pentanol). Again the 2:2 complex
offers superior protection of the NAP from both NaI and
CsBr. The behavior of 4 mM SDS is quite similar, i.e. it
breaks up much of the 2:2 complex but that which remains
protects the NAP from quenchers.

In conclusion, the present contribution establishes that
higher-order CD complexes do provide enhanced protection
of organic guests from water-based reagents via improved
encapsulation. However, it also shows that the stability of
higher-order systems built upon rather weak supramolecular
association is very sensitive to ambient conditions such as
ionic strength and the presence of alcohols and SDS. As
a result we conclude that weakly bound higher-order com-
plexes are probably not suitable for drug stabilization from
a practical point of view. Rational design of CDs that ex-
perience electrostatic attraction is an alternate approach to
developing more robust higher-order encapsulation systems.
Studies of such systems are currently being pursued by us.
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