
Complexation of Naphthylethanols with â-Cyclodextrin

T. C. Barros,1a K. Stefaniak,1a J. F. Holzwarth,1b and C. Bohne*,1a

Department of Chemistry, UniVersity of Victoria, P.O. Box 3065, Victoria, BC, Canada V8W 3V6, and
Fritz-Haber-Institut der Max-Planck Gesellshaft, Faradayweg 4-6, 14195 Berlin, Germany

ReceiVed: December 2, 1997; In Final Form: February 13, 1998

The complexation behavior of 1-naphthyl-1-ethanol (1-NpOH) and 2-naphthyl-1-ethanol (2-NpOH) with
â-cyclodextrin (â-CD) was studied by employing several spectroscopic techniques. In the case of 1-NpOH,
only a complex with 1:1 stoichiometry is formed withâ-CD, which has an equilibrium constant that is smaller
than that observed for the 1:1 complex betweenâ-CD and 2-NpOH. Excimer emission was observed in the
presence ofâ-CD for solutions containing high 2-NpOH concentrations. This excimer emission was ascribed
to a complex with 2:2â-CD/2-NpOH stoichiometry. In addition,1H NMR data suggest that 2-NpOH is
axially incorporated into theâ-CD cavity. Only in the case of 2-NpOH was a broadening of the signals
corresponding to the aromatic protons observed in the presence ofâ-CD. This broadening was attributed to
the formation of the 2:2 complex. The dynamics of NpOH complexation was investigated by using the
quenching methodology for triplet states. The entry rate constants for the 1:1 complex of 1-NpOH and 2-NpOH
are (4.7( 1.9) × 108 M-1 s-1 and (2.9( 1.6) × 108 M-1 s-1, respectively, whereas the exit rate constants
for the two compounds are (4.8( 1.8)× 105 s-1 and (1.8( 0.7)× 105 s-1. In the case of 2-NpOH, we were
able for the first time to estimate the rate constant for the dissociation of aâ-CD 2:2 complex ((0.2-2.5) ×
103 s-1), showing that the dynamics for complexes including more than one cyclodextrin are remarkably
slower than the dynamics observed for 1:1 complexes.

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides with 6 (R),
7 (â), or 8 (γ) D-glucose units, which have a relatively
hydrophobic cavity for guest binding. Cyclodextrins provide
a chiral environment which is mainly defined by the primary
and secondary alcohol groups located at the narrower and wider
entrances of the cavity, respectively. These compounds have
been extensively employed to understand host-guest complex-
ation, to develop sensors for binding, and as mimetic systems
for enzyme reactivity.2-6 The versatility of cyclodextrins as
hosts is related to the fact that different cavity sizes are readily
available and functionalization of one or many alcohol moieties
is possible.7,8

A variety of organic or inorganic molecules are included in
the fairly hydrophobic cavity of cyclodextrins.9-11 Relatively
weak forces, such as van der Waals forces, dipole-dipole
interactions, and hydrogen bonds, as well as size complemen-
tarity, i.e., how well guests fit inside the cavity, determine the
efficiency for complexation. Equilibrium constants have been
directly determined from calorimetric methods or indirectly from
spectroscopic measurements. In the latter case, a spectroscopic
property of the guest or cyclodextrin has to change when the
complex is formed, and equilibrium constant values are obtained
by analyzing the magnitude of the changes with cyclodextrin
concentrations.12 UV-vis absorption, fluorescence, conduc-
timetry, and1H NMR have been employed in many cases.13,14

Some of these techniques can provide additional information
on the structure of the complex. For example, fluorescence can
be frequently related to the polarity of the microenvironment15

or 1H NMR provides information of the location of the guest
within the cyclodextrin cavity.16-18 Cyclodextrins can form
complexes with different guest to host stoichiometries. Most
frequently the complexes have 1:1 guest/CD stoichiometries.

However, 1:2 and 2:2 complexes have been found, particularly
when the guest is too large and part of it is not completely
included in the cavity.

Polycyclic aromatic hydrocarbons bind to cyclodextrins, and
the size of the aromatic ring determines which type of
cyclodextrin will form stronger complexes. In general, benzene
derivatives bind efficiently toR-CD and naphthalenes to the
larger â-CD. The binding of naphthalene and its derivatives
has been extensively studied.11,19-27 The average equilibrium
constant for naphthalene complexation withâ-CD derived from
several studies is (730( 120) M-1. In most of these studies a
1:1 complexation stoichiometry was assumed. However, on the
basis of the observation of excimer emission it was established
that a 2:2 naphthalene/â-CD is also formed with an equilibrium
constant of 4000 M-1.19 Indeed, excimer emission due to the
incorporation of two chromophores in the cyclodextrin com-
plexes has been observed for a variety of naphthalene deriva-
tives.19,22,26,27 The 1:1 equilibrium constants of naphthalenes
substituted at the 2-position withâ-CD are in general similar
to those observed for naphthalene,11,22,23,27but a much larger
value was observed for 2,3-dimethylnaphthalene (2600 M-1).25

Substitution at the naphthalene 1-position leads to lower
equilibrium constants when compared to naphthalenes substi-
tuted at the 2-position. From circular dichroism spectra it was
determined that substitution at the 2-position leads to incorpora-
tion along the long axis of naphthalene, whereas 1-substituted
naphthalenes have different modes of inclusion, probably due
to the steric interactions of the substituent with the cyclodex-
trin.28

The magnitude of equilibrium constants provide information
on the complexation efficiency. However, they do not provide
any information on the entry/exit dynamics for the guest with
the cyclodextrin. Understanding of this complexation dynamics
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is important when these host-guest complexes are designed to
perform functions such as catalysis or transport. There is much
less information available on the cyclodextrin complexation
dynamics than on the complexation efficiency.29 This situation
is probably due to the fact that most entry/exit processes are
fast and can only be studied with fast kinetic techniques.
Furthermore, the dynamics of complexation cannot be extrapo-
lated from the magnitude of equilibrium constant values. For
example, the observation of small equilibrium constants does
not indicate that the compounds do not interact with cyclodex-
trins but may signal that the entry and exit processes occur on
similar time scales. This is the case for a series of salts where
the equilibrium constants were smaller than 30 M-1, but the
entry and exit processes, determined by ultrasonic relaxation,
were quite fast ((0.4-20) × 108 M-1 s-1 and (0.4-7) × 107

s-1).30

Photophysical techniques are suitable to probe the mobility
in the nano- to microsecond time domain, because the lifetime
of excited state probes is of the same order of magnitude as the
dynamic processes of interest. With most guest molecules the
entry/exit rate constants cannot be obtained by direct kinetic
measurements, and a quenching methodology is employed,
where an aqueous quencher primarily interacts with the probe
free in solution.29 The entry and exit rate constants can be
obtained by analyzing the change in the probe’s triplet lifetime
at increasing quencher concentrations. This method was
employed to study the complexation dynamics of naphthalene
and its derivatives with cyclodextrins.20,24,31 In the case of
xanthone, the entry and exit rate constants of triplet xanthone
with â-CD can be obtained from direct kinetic analysis of the
triplet decay.32,33 This analysis lead to a much smaller equi-
librium constant for the triplet state when compared to that for
the ground state. The exit rate constant for triplet xanthone
can be slowed when alcohols are present in solution,34 showing
that the exit process is very sensitive to the environment in the
host-guest complex.

The original motivation for this work was to establish if chiral
discrimination could be observed for the complexation dynamics
of the enantiomers of 1-naphthyl-1-ethanol (1-NpOH) and

2-naphthyl-1-ethanol (2-NpOH) withâ-CD. We were not able
to accomplish this objective due to the large errors associated
with the recovered rate constants. However, during the
development of the project the formation of the 2:2 complex
for 2-NpOH andâ-CD was established, which showed to have
a very interesting complexation dynamics. For this reason, our
objective was redefined to compare the complexation efficien-
cies and dynamics of 1-NpOH with that of 2-NpOH, since for
the former no 2:2 complex was observed. In addition, we
combined photophysical studies, i.e., fluorescence and laser flash
photolysis, with1H NMR studies in order to obtain more insight
into the dynamics of cyclodextrin complexation.

Experimental Section

Materials. The â-CD sample was a generous gift from
Cerestar (lots C6 034-13 and F6080-191) and was used without
further purification. â-CD from Merck was employed for a few
of the calorimetry experiments. (R)-, (S)-, and (()-1-naphthyl-

1-ethanol (Fluka), (R)-, (S)-, and (()-2-naphthyl-1-ethanol
(Fluka), MnSO4 (BDH), Na2SO4 (BDH), [Co(NH3)5Cl]Cl2
(supplied by Dr. A. D. Kirk, University of Victoria), D2O
(Cambridge Isotope Laboratories or Sigma), and methanol
(spectroscopic grade, ACP Chemicals Inc.) were used as
received. NaNO2 (Aldrich) was recrystallized from water.
Deionized water (SYBRON, Barnstead, or Millipore deionizing
systems) was employed for all samples.

Equipment. UV-vis absorption spectra were recorded using
a Cary 5 or Cary 1 from Varian or a Shimadzu 2100
spectrophotometers. A PTI QM-2 fluorometer was employed
to measure steady-state fluorescence spectra (20.0( 0.5 °C).
The excitation and emission slit widths were set to obtain a
band-pass between 2.0 and 3.0 nm, and the excitation wave-
length was 280 nm. Lifetimes were measured with a PTI LS-1
time-correlated single photon counter (20.0( 0.5 °C). Water
containing ground silica gel was employed as the scatterer to
obtain the instrument response function (IRF). The excitation
wavelength was 280 nm, and the emission was recorded at 330
nm. Visual analysis of the residuals, the autocorrelation
function, and evaluation ofø2 values were used as criteria for
the goodness of fit.

Laser flash photolysis34 was employed to measure the triplet-
triplet absorption spectra and decay kinetics at 20( 2 °C.
Samples were excited either with an excimer (308 nm) or a
YAG laser (266 nm). Naphthalenes in aqueous solution are
easily photoionized through a two-photon process. This pho-
toionization can be minimized by attenuation of the laser energy
(e20 mJ/pulse). The contribution of photoionization was
checked before every experiment by measuring the absorption
for solvated electrons at 680 nm. A nonpulsed 150 W Xe-arc
lamp (home-built lamp housing and Canrad Hanovia power
supply) was employed to measure lifetimes longer than 4µs.
This lamp is suitable for measuring lifetimes in the order of
hundreds of microseconds.

1H NMR spectra were obtained with a 360 MHz spectrometer
(Bruker AMX360). Chemical shifts were measured with respect
to the residual water signal atδ ) 4.65 ppm.

A MicroCal ITC instrument was employed to perform
isothermal titration calorimetry experiments. After filling of
the reaction cell, positioning of the injector assembly, and
initiation of stirring, the temperature was stabilized. A 250µL
syringe was employed for the following injection schedule:
initial 1 min wait period followed by a 30 s injection of 10µL
and a subsequent wait period of 3 min between injections. Data
were analyzed using the Origin (v. 2.9) for ITC analysis in
Windows.35

Methods. Preparation of Solutions.NpOH aqueous solu-
tions were prepared by injection of small volumes from a
methanolic stock solution (ca. 10 mM). When required, the
exact concentrations were determined from absorption spectra
(1-NpOH,ε281 ) 6250( 242 M-1 cm-1; 2-NpOH,ε274 ) 4680
( 35 M-1 cm-1; 2 independent determinations for each NpOH,
each with at least 5 NpOH concentrations). Cyclodextrin stock
solutions containing 10-12 mM â-CD were prepared by
dissolving cyclodextrin in water or NpOH aqueous solutions,
followed by at least 4 h ofstirring. All solutions at lowerâ-CD
concentrations were prepared by dilution.

For 1H NMR experiments, solutions containing 0.3 mM of
NpOH and 12 mMâ-CD were prepared in D2O. A small
amount of the NpOH methanolic stock solution was placed in
a volumetric flask, and methanol was evaporated with a gentle
stream of nitrogen followed by the addition of D2O. This NpOH
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solution was employed to prepare the solutions containingâ-CD
which were stirred overnight.

For fluorescence experiments, we initially measured the
spectra right after dilution of the concentratedâ-CD stock
solution, but we observed that more precise equilibrium
constants were obtained when the solutions were stirred
overnight. For time-resolved fluorescence measurements, oxy-
gen was removed from the solutions by bubbling nitrogen for
at least 20 min. Standard 10 mm× 10 mm quartz cells were
employed.

Samples for laser flash photolysis experiments were prepared
in the same way as for fluorescence and were contained in 7
mm× 7 mm Suprasil cells. In all cases, nitrogen was bubbled
through the samples for at least 30 min in order to remove
oxygen. Each sample was submitted to a maximum of 70 laser
shots, to avoid any decomposition of NpOH due to photoion-
ization. For this reason, multiple samples were used in the
quenching experiments. The SO4

2- concentration was kept
constant at 0.5 M for the triplet quenching experiments with
Mn2+, by mixing appropriate amounts of two solutions contain-
ing the same NpOH andâ-CD concentrations but 0.5 M of Na2-
SO4 or 0.5 M of MnSO4. The salt concentration was not
controlled for the quenching studies with [Co(NH3)5Cl]2+ and
NaNO2, since the quencher concentrations were kept below 5
mM.

Calorimetry. The reaction cell and injection syringe con-
tained 1.5 mL of a 0.2-0.3 mM solution of NpOH and 250µL
of a 10-12 mM â-CD solution, respectively. The exact
concentrations of NpOH were determined by UV-vis spec-
troscopy.

Determination of Equilibrium Constants.The values for the
equilibrium constants (Keq) between NpOHs andâ-CDs can be
recovered from the analysis of the shift of the1H NMR
resonance frequency of a particular proton (∆δ) of NpOH or
the change in its fluorescence intensity (∆I). Assuming a 1:1
NpOH/CD stoichiometry and that the cyclodextrin concentration
is always in excess over the NpOH concentration, the change
in the observed parameter with cyclodextrin concentration is
given by12

where for1H NMR experiments∆obs and∆x correspond to∆δ
and the maximum shift when all NpOH is complexed (∆δmax),
respectively. In the case of fluorescence measurements,∆obs

and ∆x are related respectively to∆I and a parameter that
includes the difference in the fluorescence quantum yield of
free and complexed NpOH and the total concentration of NpOH.
Thus, for NMR studies the total concentration of NpOH does
not have to be known, whereas for fluorescence measurements
it is included in eq 1.

A linear relationship is obtained when eq 1 is plotted in a
double-reciprocal fashion:

Equation 2 is frequently referred to as the Benesi-Hildebrand
treatment,36 andKeq values can be recovered from this equation.
However, when using eq 2, a high weight is given to the data
with largest errors, i.e., for small∆obs. For this reason, we
recovered theKeq values from the nonlinear fit of the experi-
mental data to eq 1 (Kaleidagraph software v.3.0). The double-
reciprocal plots were employed to check for the validity of the

assumption that the complexation stoichiometry was 1:1. A
deviation from the linear relationship is observed if the incorrect
stoichiometry is assumed.

In the case of 2-NpOH we observed the formation of
complexes with 2:2 NpOH/CD stoichiometry in addition to the
1:1 complex (vide infra):

The concentration of (Np-CD)2 is given by26

where the subscript “0” corresponds to total concentrations and
the free 2-NpOH concentration ([Np]aq) is given by

The change of the fluorescence intensity at a wavelength
where only (Np-CD)2 emits is directly related to the concentra-
tion of the 2:2 complex. Since the emission quantum yield of
this species is not known, its absolute concentration cannot be
determined. For this reason, we normalized the∆I values at
12 mM â-CD to an arbitrary (Np-CD)2 concentration of unity.
The values forK1 obtained at low 2-NpOH concentrations and
the total concentrations of 2-NpOH andâ-CD are known. The
concentrations of (Np-CD)2 were calculated for differentK2

values. The excimer concentration at 12 mM and changes in
emission intensity were normalized to unity, since the excimer
emission quantum yield is not known. The bestK2 value and
its error were estimated by comparing the residuals between
the calculated values for the 2:2 complex and the observed
changes in emission intensity.

Determination of Entry and Exit Rate Constants.The
complexation dynamics was measured for the triplet-excited
state of NpOH (Scheme 1). To obtain the entry (k+) and exit

(k-) rate constants, the triplet-excited-state lifetime has to be
longer than the time associated with the dynamics of complex-
ation. Since the triplet-triplet absorption spectra of free and
complexed NpOH are the same, the quenching methodology
was employed to recover the values fork+ and k- from the
variation of the triplet decay rate constant (kobs) with increasing
quencher concentration.20,29,37 When the triplet decay is first-

∆obs)
∆xKeq[CD]

1 + Keq[CD]
(1)

1
∆obs

) 1
∆x

+ 1
Keq∆x[CD]

(2)

Np + CD {\}
K1

Np-CD (3)

Np-CD + Np-CD {\}
K2

(Np-CD)2 (4)

[(Np-CD)2] )
[Np]0 + [Np]aq - K1 [CD]0[Np]aq

2
(5)

[Np]aq )

-(1 + K1[CD]0) + x(1 + K1[CD]0)
2 + 8K1

2K2[CD]0
2[NP]0

4K1
2K2[CD]0
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SCHEME 1
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order at all quencher concentrations, the observed decay rate
constant is given by

The values for the triplet lifetimes in the absence (k0) and
presence ofâ-CD (kH) are known from experiments in the
absence of quencher. These lifetimes are long (>30 µs) and
are limited by small quantities of quenching impurities, such
as oxygen. The values ofk0 andkH employed for the fit of the
experimental data to eq 7 varied slightly between experiments
performed on different days. The quenching rate constants in
aqueous solution (kq) were determined from independent
quenching plots (kobs ) k0 + kq[Q]). The three unknown
parameters recovered from eq 7 arekq(H), k+, and k-. The
precision with which one can recover these parameters depends
on the difference between the quenching efficiencies for the
probe in water and complexed toâ-CD (kq vs kq(H)), as well
as on the ratio betweenk+[CD] andk-.29 The latter relationship
can be altered by varying the cyclodextrin concentration, and
optimum curvature may be observed at intermediate host
concentrations. For this reason, quenching experiments were
performed atâ-CD concentrations between 1 and 12 mM. The
ideal situation with respect to the quenching efficiencies is when
the difference betweenkq andkq(H) is large. However when
this is not the case, the recovered parameters have considerable
errors, as observed in this study. To diminish these errors the
values forkq(H) were estimated from the change of the initial
slope ofkobsvs [Q] at different cyclodextrin concentrations. The
derivative of eq 7 with respect to the quencher concentrations
is given by

Sincek0 , k+[CD] the initial slope ([Q]f 0) is given by

Quenching experiments were performed at differentâ-CD
concentrations. The quenching plots were analyzed by the
following procedure:

(1) For eachâ-CD concentration the data were fitted to eq 7.
The recovered parameters fork+, k-, andkq(H) in general had
large errors (50-100%). For this reason, this procedure only
established the order of magnitude for each parameter.

(2) The data were plotted according to eq 9, and the values
for kq(H) were determined from the intercept of the plot. The
errors for this parameter were much smaller than for the free
fit.

(3) The value forkq(H) obtained from eq 9 was fixed in eq
7. Thek+ values were varied between 8× 107 and 2× 109

M-1 s-1, since thek+ values recovered from procedure 1 fall
within this interval. The values fork- were determined from
the fit to eq 7 at different fixedk+ values. The values fork+
and k- were estimated from fits which did not deviate
considerably from the experimental data, specially at low
quencher concentrations where most of the curvature predicted
by eq 7 occurs.

Results

Determination of Equilibrium Constants.Many guest mol-
ecules are not very soluble in water, and fluorometry, due to

its sensitivity, is one of the few techniques that can be employed
to determine equilibrium constants. Since NpOHs are relatively
soluble in water, they provided an opportunity to compare
different techniques for the determination of equilibrium
constants.1H NMR, fluorometry, and calorimetry were used
to determine the equilibrium constants for the enantiomers of
1-NpOH or 2-NpOH withâ-CD.

Absorption and fluorescence have frequently been employed
to determine equilibrium constants. Only very small changes
were observed in the absorption spectra for both NpOHs in the
presence ofâ-CD, and this technique could not be employed
to determine the values forKeq. However, a substantial increase
was observed for the fluorescence intensity when the NpOHs
were complexed toâ-CD (Figure 1). The NpOH fluorescence
lifetimes in the absence and presence ofâ-CD were also
measured. The fluorescence decays in water are monoexpo-
nentials, and the singlet-excited lifetimes were 24 and 25 ns
for 1-NpOH and 2-NpOH, respectively. In the presence of
â-CD, a lengthening of the lifetimes was observed, and the
decays were nonexponential. When one lifetime was fixed to
the values determined in water, the lifetime values for the longer
component were 34 and 37 ns for 1-NpOH and 2-NpOH,
respectively. The preexponential factor for the longer lifetime
increased at higher cyclodextrin concentrations, showing
that this species corresponds to the NpOHs complexed to
â-CD. Indeed, this increase in the lifetime is responsible
for the intensity increase observed in the steady-state spectra
(Figure 1).

Equilibrium constant for 1-NpOH enantiomers (150µM) were
determined from the variation of the emission intensity at 324
or 337 nm withâ-CD concentration (1-12 mM) (Table 1).38

The double-reciprocal plots were linear indicating that the
complexation stoichiometry corresponds to a 1:1 ratio.

kobs) kH + k- + kq(H)[Q] -
k-k+[CD]

k+[CD] + k0 + kq[Q]
(7)

dkobs

d[Q]
) kq(H) +

kq k-k+[CD]

(k+[CD] + k0 + kq[Q])2
(8)

slope) kq(H) +
kq k-

k+[CD]
(9)

Figure 1. Increase of the fluorescence intensity of (R)-2-NpOH (A,
150µM; B, 10 µM) in the presence ofâ-CD (0-10 mM). The inset in
(A) shows the excimer emission spectrum obtained by subtraction of
the spectra normalized at 333 nm in the absence and presence of 10
mM â-CD. The inset in (B) shows the double-reciprocal plots for the
change in emission intensity withâ-CD concentration for 150µM (9)
and (O) 10 µM (R)-2-NpOH.
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The fluorescence spectra for 2-NpOH in the presence ofâ-CD
are dependent on the 2-NpOH concentration. At 150µM a new
emission centered around 390 nm appears (inset Figure 1A),
which corresponds to the emission of naphthalene excimers,39-41

indicating that a complex with two 2-NpOH molecules is
formed. Theâ-CD cavity is too small to hold two molecules
of 2-NpOH. For this reason, the excimer emission comes from
a 2:2â-CD/2-NpOH complex. These types of complexes have
been reported for several naphthalene derivatives.19,22,26,27 At
low 2-NpOH concentrations (10µM) the excimer emission is
not observed. The equilibrium constant for the 1:1 complex
(K1) was determined at these low concentrations by measuring
the intensity increase at 324 or 333 nm (Table 1). The double-
reciprocal plot for 10µM 2-NpOH is linear (inset Figure 1B),
suggesting that only the 1:1 complex was present. In contrast,
the double-reciprocal plot for 150µM of 2-NpOH is not linear
due to the contribution of the 2:2 complex. The formation of
excimers diminishes the values for∆I for the monomer emission
at highâ-CD concentrations, and a fit of the experimental data
assuming a 1:1 complex leads to higher values forK1 than
observed at low 2-NpOH concentrations.

To obtain the equilibrium constant values for the 2:2 complex
(eq 4), the emission intensity was measured at 405 nm and a
normalized excimer concentration was calculated from eq 5
using theK1 value of 830 M-1 determined at low 2-NpOH
concentrations. Adequate fits for the calculated concentrations
with the change in the emission intensity for the excimer were
obtained with a relatively wide range ofK2 values, leading to
considerable uncertainties (Table 1).42 Nevertheless, the values
for K2 indicate that the formation of the 2:2 complex is quite
efficient. At 150µM 2-NpOH and 10 mMâ-CD the fraction
of 2-NpOH free in solution and complexed in 1:1 and 2:2
complexes are 0.08, 0.60, and 0.32, respectively. In contrast,
when the 2-NpOH concentration is decreased to 10µM the same
fractions are 0.11, 0.85, and 0.04.

The triplet quenching methodology which was employed to
determine the dynamics of complexation required the use of
high Mn2+ concentrations (see below). For this reason, we
determined the equilibrium constants for 1-NpOH and 2-NpOH
with â-CD in the presence of 0.5 M Na2SO4. The same
behavior regarding the formation of excimers was observed for
2-NpOH in the absence and presence of salt. The same
conditions described above were employed to determine the
equilibrium constants in the presence of Na2SO4. A significant
increase was observed for the equilibrium constants related to
the 1:1 complexes of 1-NpOH and 2-NpOH (Table 1). In
contrast, when the increase of the excimer emission intensity
was related to the normalized excimer concentration using a
value forK1 of 1.8× 103 M-1, the recovered value forK2 was
the same as in the absence of salt (3× 103 M-1).

The 1H NMR signals for NpOH andâ-CD shift when the
complex is formed. Equilibrium constants were determined by
analyzing the change in the signal which corresponds to the
methyl proton of NpOH (1-NpOH,δ ) 1.47 ppm; 2-NpOH,δ
) 1.40 ppm; Figure 2). Only one doublet is observed for this
methyl group in the presence of cyclodextrin, suggesting that
the equilibration dynamics is fast. The position for the chemical
shift of this doublet is determined by the average environment
sensed by NpOH taking into account the fraction of bound and
free probe. Two doublets are observed for racemic 1-NpOH is
the presence ofâ-CD (inset Figure 2). This observation can
be explained either by different equilibrium constants or different
∆δmax values for each enantiomer.

The values for∆δ of the NpOH methyl proton at different
â-CD concentrations were obtained in three independent experi-
ments for each enantiomer of 1-NpOH and 2-NpOH. The
variation of ∆δ with â-CD concentration for all independent
experiments with each enantiomer were combined and were
fitted to eq 1 (Figure 3). For both NpOHs the double-reciprocal
plots were linear (inset Figure 3), which is consistent with a
1:1 stoichiometry for the complex. TheKeq values for both
NpOHs determined by1H NMR (Table 2) are similar to those
determined by fluorometry. The∆δmax values are different for
each enantiomer of 1-NpOH and 2-NpOH, suggesting that each
enantiomer experiences a different environment within the chiral
cyclodextrin. This is expected since the complexes of enanti-

TABLE 1: Equilibrium Constants Determined by
Fluorometrya

Keq/103 M-1

compd 1:1 complex
1:1 complex with

0.5 M Na2SO4 2:2 complex

(R)-1-NpOH 0.18( 0.01 (4) 0.53( 0.05 (1)
(S)-1-NpOH 0.14+ 0.04 (4) 0.46( 0.08 (1)
(R)-2-NpOH 0.78( 0.02 (2) 1.8( 0.2 (1) 3( 1b

(S)-2-NpOH 0.81( 0.01 (2) 1.7( 0.2 (1) 3( 1b

a The numbers in parentheses indicate the number of independent
experiments; errors correspond to standard deviations for experiments
performed more than once. For experiments performed once the errors
correspond to the statistical deviations recovered from the fit to eq 1.
b Errors were estimated from fits with differentK2 values (see
Experimental Section).

Figure 2. 1H NMR for the methyl signal of (R)-1-NpOH (0.3 mM) in
D2O in the absence (a) or presence of 5 mM (b) and 12 mM (c)â-CD.
The inset shows the NMR for (()-1-NpOH in D2O in the absence (a)
and presence (b) of 12 mMâ-CD.

Figure 3. Dependence of the change in chemical shift for the signal
corresponding to the (R)-2-NpOH methyl protons withâ-CD concentra-
tion. Data for 3 independent experiments are shown. The inset shows
the double-reciprocal plot.
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omers withâ-CD have a diastereomeric relationship, which can
lead to different spectroscopic properties.

In addition to the determination ofKeq values,1H NMR can
also provide information on the complexation geometry. Analy-
sis of the shifts corresponding to the protons ofâ-CD can be
related to the location of the guest in the cyclodextrin cavity.
An upfield shift for the cyclodextrin protons is expected when
an aromatic guest molecule is located close to the protons in
question.16 The glucose H3 and H5 protons are located within
the cavity, whereas protons H6 are located at the narrower
entrances and protons H2 and H4 at the wider entrance. The
assignment of the1N NMR signals ofâ-CD17 is shown in Figure
4. The values for the chemical shifts forâ-CD are shifted by
ca. 0.2 ppm upfield compared to the published data,17,20which
is probably due to slight differences in the procedure for signal
referencing. In the presence of 2-NpOH (Figure 4c), the H3,
H5, and H6 â-CD signals shift by 0.05, 0.08, and 0.03 ppm,
respectively. However, a much smaller shift (e0.01 ppm) is
observed for H4 and H2. This result suggests that 2-NpOH is
axially incorporated into theâ-CD cavity. In the presence of
1-NpOH, very small shifts (e0.02 ppm) are observed for the
cyclodextrin signals, and the magnitude for the shift for each
cyclodextrin proton cannot be compared. For this reason, no
information is available about the 1-NpOH position within the
complex. The small shifts observed are a consequence of the
smaller equilibrium constant for 1-NpOH complexation which
leads to a small fraction (<10%) of complexedâ-CDs. This

situation cannot be optimized since we have already reached
the solubility limit for 1-NpOH.

The effect ofâ-CD complexation on the signals corresponding
to the aromaticR- andâ-protons of 1-NpOH and 2-NpOH are
very different (Figure 5). In the case of 1-NpOH, all signals
corresponding to the aromatic protons shift to some extent, but
no significant broadening of the peaks is observed. In contrast,
for 2-NpOH a significant broadening of the peaks is observed
even at lowâ-CD concentrations. Broadening of1H NMR
signals has been previously observed for naphthalene tethered
cyclodextrins18,43and was ascribed to dynamic effects. Broad-
ening of the NMR signal indicates the occurrence of a slow
exchange process. As will be shown below, this processes is
assigned to the dynamics of the 2:2â-CD/2-NpOH complex.

Calorimetry was the third technique employed to determine
the equilibrium constant values. The binding isotherms for each
enantiomer of 1- and 2-NpOH were determined at various
temperatures (14-36 °C). No heat release was observed when
â-CD was injected into pure water. The heat release for each
injection ofâ-CD was typically below 0.5 and 1.5µcal/s for 1-
and 2-NpOH, respectively. These values are below the specified
detection limit of the equipment (2µcal/s). The equilibrium

TABLE 2: Equilibrium Constants and Maximum Shifts for
the Complexation of NpOHs with â-CD Determined by 1H
NMRa

compd Keq/103 M-1 ∆δmax
/ppm

(R)-1-NpOH 0.23( 0.01 0.047( 0.001
(S)-1-NpOH 0.19( 0.01 0.056( 0.002
(R)-2-NpOH 0.82( 0.09 0.034( 0.001
(S)-2-NpOH 1.0( 0.2 0.020( 0.001

a Errors correspond to those recovered from the nonlinear fit to
eq 1.

Figure 4. 1H NMR spectra forâ-CD in D2O (a) and in the presence
of (R)-1-NpOH ([â-CD] ) 0.5 mM) (b) and (R)-2-NpOH ([â-CD] )
0.12 mM) (c).

Figure 5. 1H NMR spectra for the aromatic protons of 0.3 mM of
(R)-2-NpOH (A) or (R)-1-NpOH (B) in the absence and presence of
â-CD.
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constants for each enantiomer were recovered by assuming a
1:1 complexation stoichiometry, and the recovered values had
errors of up to 30%. In addition, in the case of 2-NpOH, the
plots for the free energy as a function of temperature were very
scattered. For this reason, we chose to estimate an average
equilibrium constant at 20°C by taking into account all data at
different temperatures. The estimated values are (6( 1) ×
102 M-1 and (7( 2) × 102 M-1 for (R)- (14 determinations)
and (S)-2-NpOH (13 determinations), respectively. The equi-
librium constant for (S)-2-NpOH in D2O (4 determinations) was
estimated to be (8( 2) × 102 M-1. In the case of 1-NpOH,
the value for the equilibrium constant is (1.6( 0.3)× 102 M-1.
The values for the equilibrium constants determined by calo-
rimetry are somewhat lower than those obtained from1H NMR
and fluorometry data. However, taking into account the errors
associated with the calorimetry data, the agreement between
the techniques is adequate. It is worth noting that the equilib-
rium constants did not vary significantly if the experiments were
performed in water or D2O. This is a very important observa-
tions since it indicates that the NMR and fluorometry data can
be compared.

Dynamics of Triplet NpOH Complexation toâ-CD. Triplet-
excited 1-NpOH and 2-NpOH have the same absorption spectra
as naphthalene which is characterized by a sharp absorption
peak between 410 and 420 nm.44 All triplet decays were
measured at 420 nm. NpOHs are easily photoionized in aqueous
solution, leading to the observation of solvated electrons, which
absorb above 600 nm, and a residual long-lived absorption
below 450 nm, which is probably due to NpOH radical cations.
The contribution from solvated electrons was minimized by
attenuating the laser power. However, no significant change
was observed for the triplet lifetime in the presence and absence
of photoionization. We were not always able to maintain an
adequate signal-to-noise ratio and completely eliminate the
photoionization process. For this reason, in some experiments
the decay at 420 nm had a long-lived residual which was taken
into account when obtaining the values for the triplet lifetimes.

The triplet-excited lifetimes for 1-NpOH and 2-NpOH in
aqueous solution were longer than 30µs and were limited by
the presence of small amounts of solvent impurity or residual
oxygen. In the presence of 12 mMâ-CD, the triplet decay
followed a first-order process and the lifetimes for both NpOHs
increased significantly. This increase is due to complexation
to the cyclodextrin cavity, which can diminish the intrinsic decay
rate constant but can also protect the chromophore from
quenchers in solution.

The triplet-triplet absorption spectra of naphthalenes are the
same in solvents of different polarity. Consequently, the
dynamics of complexation of triplet NpOH cannot be measured
directly, and the quenching methodology was employed.29

Conceptually, in this methodology a molecule is used which
primarily quenches the triplet probe in the aqueous phase. As
the quencher concentration is increased, the exit of the probe
from the cyclodextrin cavity becomes rate limiting and a
curvature is expected for the quenching plot (kobs vs [Q]). In
most cases, the quencher also interacts with the triplet probe in
the cavity, although with a lower quenching efficiency. For
this reason, the quenching plots do not level off at high quencher
concentrations but approach a linear relationship.29 An ionic
quencher (Mn2+) was employed, since a higher quenching
efficiency in the aqueous phase is desired compared to the
quenching probability inside the cyclodextrin. The quenching
plots for the triplet NpOHs by Mn2+ in water in the presence
of 0.5 M SO4

2- were linear, and the quenching rate constant

was determined to be (2.6( 0.4) × 107 M-1 s-1. Quenching
of 1-NpOH was studied at variousâ-CD concentrations (2-12
mM), and at all quencher concentrations the triplet 1-NpOH
decay was monoexponential. A value of (4.3( 0.4) × 106

M-1 s-1 (average of 3 determinations) was determined forkq-
(H) from the dependence of the initial slope of the quenching
plots with the inverse of the cyclodextrin concentration (eq 9,
Figure 6). This value is only 5 times smaller than the quenching
efficiency in water, and the small difference between the
quenching efficiencies leads to quenching plots which are not
very curved (Figure 7). Consequently, the recovered values for
the entry and exit rate constant obtained by fitting the data to
eq 7 have significant errors. Several fits were performed in
which the values fork+ were fixed andk- was determined by
employing eq 7 (Figure 7; see Experimental Section).45 Figure
7 shows two fits, one of which leads to acceptable agreement
with the experimental data and one which is inadequate. The
errors fork+ and k- (Table 3) represent the extremes for the
rate constant values for which adequate fits were observed.
Within experimental errors the values for the entry and exit rate
constants were the same for both enantiomers of 1-NpOH. Two
other ionic quenchers, [Co(NH3)5Cl]2+ and NO2

-, were em-
ployed to establish if we could obtain larger differences for the
quenching of triplet NpOH in water and when complexed to
â-CD and, consequently, obtain better curvatures for the
quenching plots. Although both molecules have higher quench-

Figure 6. Dependence of the initial slope for the quenching plots of
(S)-1-NpOH with the inverse of theâ-CD concentration. The inset
shows the quenching plot at low Mn2+ concentrations for variousâ-CD
concentrations (1, 3 mM; 2, 6 mM; 3, 11 mM).

Figure 7. Quenching plot for (S)-1-NpOH by Mn2+ in water (0, only
low Mn2+ concentrations shown) and in the presence of 3 mM ofâ-CD
(b). The data in the presence ofâ-CD were fitted to eq 7 by fixing the
parameters to the following values:ko ) 4.7 × 104 s-1; kH ) 3.4 ×
104 s-1; kq ) 2.6× 107 M-1 s-1; kq(H) ) 4.3× 106 M-1 s-1. Two fits
with differentk+ values (1, 8 × 108 M-1 s-1; 2, 1 × 108 M-1 s-1) are
shown.
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ing efficiencies in water, no improvement was observed for the
quenching plots in the presence ofâ-CD. In addition, analysis
of a small set of the quenching plots with [Co(NH3)5Cl]2+ and
NO2

- led to similar values fork+ andk- as recovered by using
Mn2+ as a quencher.

In the case of 2-NpOH at 150µM, a nonexponential fit was
observed when the Mn2+ concentration exceeded 0.07 mM. This
decay was adequately fitted to the sum of two exponentials
(Figure 8). One possibility for this behavior is that the
assumption made to derive eq 7, i.e., small free probe
concentration, does not hold. In this case, the kinetic scheme
would be similar to the dynamics of pyrene excimer formation
where the decay always has two components.29,46 However,
the dependence of the observed rate constants for each
exponential of the decay with quencher concentration does not
follow the behavior expected for this latter kinetic scheme. In
particular, the decrease of the triplet lifetime for the slow
component is very small as the quencher concentration is
increased. Since we observed the formation of 1:1 and 2:2
â-CD/2-NpOH complexes in the fluorescence studies, we assign
the fast decay to the dynamics of the 1:1 complex and the slow
decay to the processes involving the 2:2 complex. The fact
that the second decay is only observable when the quencher
concentration exceeds 0.07 mM suggests that the intrinsic

lifetimes of 2-NpOH in the 1:1 and 2:2 complexes are very
similar. In addition, when the 2-NpOH concentration was
decreased to 10µM, only monoexponential decays were
observed for the triplet in the presence ofâ-CD (2 mM) and
Mn2+ (between 0 and 0.5 M). This dependence of the number
of exponentials on the 2-NpOH concentration is in line with
the assignment of the slow decay to the 2:2 complex, since at
low 2-NpOH concentrations only the complex with 1:1 stoi-
chiometry is formed.

The dependence of the fast triplet decay of 2-NpOH (150
µM) in the presence ofâ-CD and Mn2+ follows the same pattern
as observed for 1-NpOH (Figure 9). The value forkq(H)
obtained from eq 9 was (2.5( 1.7)× 106 M-1 s-1. The entry
rate constant is the same within experimental errors as that
observed for 1-NpOH (Table 3), whereas the exit rate constant
is smaller than for 1-NpOH.

Analysis of the slow component for the 2-NpOH decay is
more difficult. A nonpulsed monitoring beam is employed to
reliably measure lifetimes in the millisecond time domain.
However, with a nonpulsed beam the signal-to-noise ratio
decreases and leads to larger errors for the measured lifetimes.
In addition, to have reasonable triplet signals, we always
observed some photoionization of the 2-NpOH. For this reason,
the absorption at 420 nm has a contribution from radical cations.
At very long delays (ca. 1 ms) the transient spectrum is very
broad and does not show the characteristic fine structure for
the triplet absorption, suggesting the presence of weakly
absorbing but long-lived transients. Since the magnitude for
the absorption related to the slow component is small, it is very
important to determine at which delay all the triplet has decayed,
so that accurate lifetimes can be measured. The value for the
residual absorbance at long delays was determined in the
absence of quencher, and this residual absorbance was employed
for all the fits. The lifetime for the fast component was
determined for measurements over short periods of time, and
this values was employed as a fixed parameter for the fit to
two exponentials at longer times, where most of the decay
corresponds to the slow component. It is important to note that
despite the difficulties described, the experimental approach
employed leads to anestimateof the dynamics for the 2:2
complex.

Within the experimental error the quenching plots for the slow
component are linear (Figure 10A). Mn2+ is a much less
efficient quencher for triplet 2-NpOH in the 2:2 complex than
observed for the 1:1 complex, suggesting that the probe in the
2:2 complex is much better protected from aqueous quenchers.
The slope of the quenching plots (Figure 10A) shows only a
small dependence with the inverse of theâ-CD concentration
(Figure 10B). These data can be employed to estimate the value
for kq(H) andk- for the 2:2 complex. The intercept corresponds

TABLE 3: Entry and Exit Rate Constants for NpOHs for
1:1 Complexes withâ-CD Determined from Quenching by
Mn2+ a

compd k+/108 M-1 s-1 k-/105 s-1

1-NpOH 4.7( 1.9 (7) 4.8( 1.8 (7)
2-NpOH 2.9( 1.6 (7) 1.8( 0.7 (7)

a The errors were estimated from fits with several fixedk+ values
(see text). The numbers in parentheses correspond to the number of
independent experiments.

Figure 8. Decay of (S)-2-NpOH in the presence of 6 mMâ-CD and
0.155 M Mn2+ (A). The solid line represents the fit to the sum of two
exponentials. Panels B and C show the residuals for the fit to one and
two exponentials, respectively.

Figure 9. Quenching plot for (R)-2-NpOH in water (0, only low Mn2+

concentrations shown) and in the presence ofâ-CD (1, 3 mM; 2, 6
mM; 3, 12 mM).
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to kq(H), and its value was estimated to be (3.7( 0.6) × 104

M-1 s-1, which is ca. 700 and 70 times smaller than observed
for the quenching of 2-NpOH water and in the 1:1 complex,
respectively. The slope for the plot in Figure 10B is 210 s-1

which combined with thekq value in water (2.6× 107 M-1

s-1) leads to ak-/k+ ratio of 8.1× 10-6 M. It is very unlikely
that the association rate constant for the 2:2 complex is higher
than that observed for the 1:1 complex (3× 108 M-1 s-1). For
this reason, the dissociation rate constant for the 2:2 complex
has to be equal or smaller than 2.4× 103 s-1.

Discussion

Ground-State Complexation Efficiency.When the dynamics
of host-guest complexation is studied, it is always necessary
to determine the ground-state equilibrium constants, since the
magnitude of this constant will determine the fraction of bound
probe in the dynamic studies. In addition, studies of the ground-
state equilibration yield information on the stoichiometry and
structure. We employed1H NMR, fluorometry, and calorimetry
to determine the equilibrium constant values. Calorimetry data
yielded qualitative information since the recovered values for
Keqhave large errors. However, this technique was instrumental
to establish that theKeq values are similar in water and D2O.
Consequently, the values determined by fluorometry and1H
NMR can be compared.

Analysis of the double-reciprocal plots for the1H NMR and
fluorometry experiments with 1-NpOH show that only a 1:1
complex withâ-CD is formed. This complexation stoichiometry
is also substantiated by the lack of any excimer emission. In
addition, the recoveredKeq values from both techniques are very
similar. The Keq values obtained from fluorescence for the
enantiomers of 1-NpOH are the same within the experimental
errors, although the measured values for (R)-1-NpOH were
always higher than those obtained for (S)-1-NpOH. However,

from the1H NMR data a more efficient binding is observed for
(R)-1-NpOH (Keq(R)/Keq(S) ) 1.21( 0.08). Besides this small
chiral discrimination for the equilibrium constant values, a
difference was also observed for the∆δmax values for both
enantiomers, indicating that the perturbation by the chiral
environment of the cyclodextrin is different for each enantiomer.
The equilibrium constants for the 1:1 complexes of 1-methyl-
(340( 40 M-1) and 1-ethylnaphthalenes (630( 70 M-1) with
â-CD26 are higher than the value observed for 1-NpOH. The
binding efficiency of guests to cyclodextrin cavities is deter-
mined by the guest’s size, dipolar character, and ability to accept
hydrogen bonds.47 The lowerKeqvalue for 1-NpOH is probably
due to the higher dipolar character and hydrogen-bonding
accepting capability of this guest which contains a hydroxyl
group when compared to the alkylnaphthalenes. The formation
of a 2:2 complex, in addition to the 1:1 complex, was proposed
for the 1-methyl- (K2 ) 5820 M-1) and 1-ethylnaphthalene
complexation withâ-CD.26 However, for 1-NpOH we do not
have any evidence for the formation of such a complex, since
no excimer emission was observed and the double-reciprocal
plots were always linear. Unfortunately, the low complexation
efficiency of 1-NpOH precluded the determination of which1H
NMR signals of the cyclodextrin have a larger shift when the
guest is complexed, and no information on the structure of the
complex could be obtained.

Analysis of the complexation behavior for 2-NpOH shows
the importance of using complementary techniques, since
fluorometry led to the correct complexation stoichiometries,
whereas NMR spectroscopy provided information on the
structure of the complexes. The presence of the 2:2 complex
is clearly established in the fluorescence studies, where a
nonlinear double-reciprocal plot and an excimer emission were
observed at high 2-NpOH concentrations. However, taken in
isolation, the nonlinear fit to the monomer emission at high
2-NpOH concentrations led to an adequate fit but an incorrect
K1 value. This result shows that analysis of double-reciprocal
plots are essential to ensure that the assumed stoichiometry is
correct. In the case of fluorescence, the double-reciprocal plot
is very sensitive to the formation of the 2:2 complex, because
it leads to an apparent decrease of the monomer emission
quantum yield. In contrast, from the1H NMR data no
significant deviation from linearity was observed in the double-
reciprocal plot, suggesting that the∆δmax values for the methyl
group in the 1:1 and 2:2 complexes are similar. Consequently,
any deviation from linearity would only be perceptible if the
values forK1 andK2 are very different, which is not the case
for 2-NpOH. It is worth noting that the recovered equilibrium
constants from the1H NMR data are the same, within
experimental errors, as theK1 values determined by fluores-
cence. This coincidence is fortuitous and again reflects the small
differences betweenK1 and K2. However, the relative errors
for the equilibrium constant values recovered from1H NMR
data are much larger for 2-NpOH than for 1-NpOH, which
suggests the interference of the 2:2 complex in this measure-
ment.

Although 1H NMR was not very suitable to measure the
equilibrium constants for 2-NpOH, it provided important
information on the structure of the complex. Analysis of the
changes caused by complexation on the signals for the cyclo-
dextrin protons suggests that 2-NpOH penetrates into theâ-CD
cavity as shown by the relatively large shifts for the H3 and H5

protons. In addition, the large shift observed for the H6 protons,
which are located at the narrower entrance of the cyclodextrin,
suggests that a portion of the 2-NpOH molecule is located at

Figure 10. A: Quenching plots for the slow component of (S)-2-NpOH
in the presence ofâ-CD (1, 3 mM; 2, 9 mM; 3, 6 mM; 4, 11 mM). B:
Dependence of the slope for the quenching plots with the inverse of
the â-CD concentration.
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this entrance of the cavity. This is an interesting observation
since most cartoon representations for cyclodextrin host-guest
complexes show the inclusion of the guests from the wider
entrance. We cannot differentiate at which end of the cyclo-
dextrin the 2-NpOH hydroxyl group is located. This information
would suggest from which entrance the association occurs.
However, the complexation close to the narrow entrance
indicates that the region defined by the cyclodextrin methylene
groups should be viewed as an integral part of the cavity, and
it could provide a more hydrophobic binding environment than
at the wider entrance.

The K1 value (800( 20 M-1) for the complexation of
2-NpOH with â-CD is smaller than the values observed for
2-methyl- (1190( 40 M-1) and 2-ethylnaphthalene (2000(
200 M-1).26 This behavior parallels that observed for 1-NpOH
and suggests that the same factors lead to the smaller complex-
ation efficiency for both NpOHs. It is interesting to note that
the ratio of theK1 values for naphthalenes substituted at the 2-
and 1-positions is fairly constant (3.2-4.2) for the derivatives
discussed above. This suggests that naphthalenes substituted
at the 1-position are too spherical to fit into theâ-CD cavity,
whereas the more cylindrical 2-substituted naphthalenes can
penetrate into the cavity.

Excimer emission, which indicates the formation of the 2:2
complexes, was observed for 2-methyl- and 2-ethylnaphthalenes.
The values forK2 are 1400 and 3370 M-1, respectively.26

However, no errors were reported, suggesting that the same
softness to the fits was observed as we encountered for 2-NpOH.
Any comparison of the magnitude of theK2 values is not
warranted, since the experimental errors are large. In any event,
the fact that the values forK2 are always higher than those
observed forK1, suggests that formation of 2:2 complexes is
an efficient process.

The detailed studies related to the ground-state complexation
of NpOHs withâ-CD were performed in the absence of salts.
We realized during our dynamic studies that high concentrations
of MnSO4 were necessary to obtain meaningful quenching data.
For this reason, theK1 and K2 values were determined by
fluorometry for both NpOHs withâ-CD in the presence of 0.5
M Na2SO4. A significant increase was observed forK1 for both
NpOHs. In contrast, theK2 value for the 2:2 complex formation
with 2-NpOH was not very sensitive to the presence of salt.
Although the effect of electrolytes on the equilibrium constants
between guests and cyclodextrins has been reported,48,49 the
nature of this effect is not completely understood. A full
characterization of the salt effect on cyclodextrin equilibrium
constants is beyond the scope of this work. The absolute values
for K1 will only be important for the quantitative discussion
below related to the complexation dynamics of triplet NpOHs.

Dynamics for the 1:1 NpOH/â-CD Complexes.The quench-
ing experiments had to be performed at differentâ-CD
concentrations in order to recover entry and exit rate constant
values with reasonable errors. In addition, the fact that similar
k+ andk- values are recovered for experiments at differentâ-CD
concentrations verifies that the assumptions made when employ-
ing eq 7 were reasonable. The large errors for the dynamic
parameters are a consequence of the small difference between
the quenching efficiencies for the probe in water and when
complexed to theâ-CD. In the future, it will be desirable to
establish what structural parameters are important for the
quencher molecules to have a smaller quenching efficiency for
the bound probe.

The quenching methodology has been previously employed
to estimate the values for the entry and exit rate constants of

triplet naphthalene withâ-CD.24 The value of 1× 105 s-1 for
the exit process compares well with the value determined for
2-NpOH (Table 3), as expected for molecules with similar
inclusion modes. We cannot comment on the lowerk+ value
measured for naphthalene, since no experimental details and
errors were provided.24 The entry and exit rate constants for
1-bromonaphthalene fromâ-CD at 15°C were determined to
be (7( 4) × 107 M-1 s-1 and (6( 3) × 103 s-1, respectively,
and thekq(H)/kq ratio was determined to be ca. 1000.31 Besides
the difference in temperature, two additional factors may
contribute for the much slower dynamics for 1-bromonaphtha-
lene when compared to that for the NpOHs. (i) The experiments
with 1-bromonaphthalene were performed in the presence of
10% acetonitrile, which lead to an enhancement of the com-
plexation efficiency. With respect to dynamic aspects, the
addition of alcohols as cosolvents have been shown to signifi-
cantly decrease the exit rate constant when xanthone is com-
plexed toâ-CD.34 A similar effect could be occurring for the
1-bromonaphthalene dissociation. (ii) The dynamics for 1-bro-
monaphthalene andâ-CD could be related to a 2:2 complex
and would for this reason not be a good comparison for the
1-NpOH dynamics.

The entry and exit processes for [n-(4-bromonaphthoyl)alkyl]-
trimethylammonium bromide withR-, â-, andγ-CD are slower
than observed for the NpOHs,20 suggesting that the size of the
guest molecules affects the complexation dynamics. The entry
rate constants for these naphthalene derivatives were not very
sensitive to the size of the alkyl chain and the cyclodextrin
cavity. However, the exit rate constant is very sensitive to the
guest and host structures. For example, for the naphthalene
derivative with a long alkyl chain complexed toγ-CD, the decay
in the presence of quencher showed a two exponential decay,
which was assigned to two complexes with different structures
where one of them is better protected from quenchers in the
aqueous phase.20 In this respect, this two exponential decay
resembles the kinetics observed for 2-NpOH at high concentra-
tion, which we assigned to the dynamics of the 1:1 and 2:2
complexes.

The dynamics of the triplet NpOHs can be compared to that
of triplet xanthone. The entry rate constants of both NpOHs
are similar to that observed for xanthone ((4( 1) × 108 M-1

s-1).33 These rate constants are about 1 order of magnitude
smaller than the diffusional rate constant in aqueous solutions.
However, k+ may be close to the diffusion-controlled limit
taking into account geometrical factors, since formation of the
complex needs the achievement of a specific geometry between
the guest and the entrance of the cyclodextrin cavity. For
example, the collision of the guest with the side walls of the
cyclodextrin is unlikely to lead to the formation of a complex.
The achievement of this specific geometrical arrangement will
lead to a decrease for the diffusional rate constant associated
with the complex formation process. Alternatively, the insen-
sitivity of the association process to the structure of the guest
could indicate that the rate-limiting step for entry is related to
an intrinsic process of the cyclodextrin, such as disolvation of
its cavity.

The analysis of theK1 values and the1H NMR data for
1-NpOH and 2-NpOH suggests that 2-NpOH is located within
the cyclodextrin cavity, whereas 1-NpOH may only be interact-
ing with the rim ofâ-CD. These different complexation sites
could be responsible for the 2.5 times higher exit rate constant
observed for 1-NpOH. In comparison, the exit process for triplet
xanthone is much faster ((8.4( 0.7) × 106 s-1),33 suggesting
that either the location of xanthone within the complex or some
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other fundamental property of triplet xanthone is very different
from that for the NpOHs. The location of xanthone within the
complex is probably not responsible for the higherk- values,
since its ground-state equilibrium constant withâ-CD (1100(
200 M-1)33 is higher than that observed for the NpOHs.
Assuming that the insensitivity of thek+ values also occurs in
the ground state, this higherK1 value would indicate a slower
dissociation of the xanthone ground state when compared to
the NpOHs, suggesting that xanthone is not loosely bound to
â-CD. The fast exit of xanthone has been suggested to be due
to the higher dipole moment of itsπ,π* triplet state.32 However,
this trend would also be expected to occur to some extent for
the NpOHs since their triplet states have the same configuration.
The equilibrium constants for triplet xanthone, 1-NpOH, and
2-NpOH can be calculated from the ratio ofk+ over k-, and
these constants have values of (5( 1) × 10, (1.0( 0.5) ×
103, and (2( 1) × 103 M-1, respectively. Although the errors
for the NpOH triplet equilibrium constants are large, as a
consequence of the relatively large errors for the rate constants,
it is clear that if any decrease occurs for these NpOH triplet
equilibrium constants it is much less pronounced than the
decrease by a factor of 20 observed in the case of xanthone.
Linear solvation free energy relationships50 have been employed
to rationalize the complexation of guests in organized structures,
such as cyclodextrins47 and micelles.51 In the case of micelles,
it was shown that the dipolarity parameter, which would be
related to the higher dipole moment of the excited state, is
negligible when defining the binding efficiencies of solutes, and
for solutes of the same size only the hydrogen-bonding ability
is important.51 However, for complexation of guests toâ-CD
a smaller dipolarity and hydrogen-bonding ability enhance the
binding efficiency.47 The remarkable difference for thek-
values of the NpOHs and xanthone could be explained if, for
triplet xanthone, both an increase of its dipole moment and its
hydrogen bonding ability are responsible for the increase of the
k- value. Clearly, any generalization for the behavior of the
complexation dynamics is premature since not enough examples
are known to differentiate between the factors that affect the
entry and exit processes of guest molecules with cyclodextrins.

Finally, it is worth noting that the fact that no chiral
discrimination was observed for the recovered entry and exit
rate constants does not mean that such a discrimination does
not occur but is a consequence of the large errors for the
recoveredk+ and k- values. On the basis of the small
discrimination observed forK1 for the enantiomers of 1-NpOH
andâ-CD, we would expect any differences for the entry and
exit rate constants to be smaller than our experimental errors.
For this reason, the assessment if chiral discrimination occurs
in the dynamics of complexation will have to wait until better
quenchers or chiral probes for direct kinetic studies are
developed.

Dynamics for the 2:2â-CD/2-NpOH Complex.The forma-
tion of the 2:2 complex is demonstrated by the excimer emission
that is observed only at high 2-NpOH concentrations. In the
absence of quencher, the NpOH triplet decay follows a
monoexponential decay suggesting that the triplet lifetime is
the same for the probe incorporated into 1:1 and 2:2 complexes.
This observation eliminates an efficient self-quenching process
in the 2:2 complex, since a shortening of the triplet lifetime
would be expected if such a process was operating.

The quenching by Mn2+ for 2-NpOH in the 2:2 complex is
much less efficient than the quenching observed for triplet
NpOH in water and when included in the 1:1 complex. This
protection is probably due to the encapsulation of the probe by

two cyclodextrin molecules. For the quencher to access the
probe in such an encapsulation it would have to penetrate into
the cyclodextrin cavity from the opposite entrance. In contrast,
the 1:1 complex always leaves part of the probe molecule
exposed to the aqueous phase and the quencher only has to
interact with the rim of the cyclodextrin in order to react with
the triplet state.

Our study provides thefirst estimatefor the rate constant
related to the dissociation process of a cyclodextrin 2:2 complex.
Since the exit of 2-NpOH from the 1:1 complex is fast (vide
supra), it is reasonable to assume that the rate-limiting step for
the dissociation of the 2:2 complex is the break-up of the
cyclodextrin dimer. From the kinetics related to the triplet decay
we estimated an upper limit for this dissociation rate constant
(k- e 2.4 × 103 s-1). NMR spectroscopy is instrumental in
estimating a lower limit fork-. Figure 5 shows that some of
the aromatic peaks of 2-NpOH broaden in the presence ofâ-CD,
whereas such an effect is not observed for 1-NpOH. Broadening
indicates that the complexation dynamics is not under fast
exchange on the NMR time scale, and the broadening for
2-NpOH was assigned to the formation of the 2:2 complex.

In a simplified manner, the exchange rate constant (kex) is
related to the difference in the frequency (∆ν) of two isomeric
protons,52 which in our case corresponds to the protons for the
probe free in solution and complexed toâ-CD. The transition
between slow- and fast-exchange regimes for the NMR experi-
ment takes place when

If the entry and exit rate constants are larger than thekex

value calculated from eq 10, the NMR measurements are under
fast exchange and only an average signal is observed for each
proton. In contrast, when the dynamics is slow compare tokex,
two peaks are observed, one corresponding to the bound probe
and another to the free probe. However, when the dynamics is
close to the magnitude forkex broadening of the spectrum is
observed.

The∆ν value for the methyl proton of 2-NpOH was obtained
from the fit of the shift in the1H NMR signal with â-CD
concentration (∆δmax ) 0.03 ppm;∆ν ) 10.8 s-1). Since only
one peak was observed for this signal, the system is under fast
exchange and thekex value calculated (24 s-1) represents a lower
limit for the exit rate constant. A further estimate can be
obtained from the signals corresponding to the aromatic protons,
for which broadening is observed. This broadening suggests
that the ∆ν values are larger than observed for the methyl
protons, which is probably due to the interaction of the two
aromatic rings in the 2:2 complex. Unfortunately, we do not
have an exact value for∆ν, and analysis of the shape of the
signals is complicated by the presence of two complexes with
different stoichiometries. We employed the shift of the
broadened NMR signals to obtain an estimate for the exchange
rate by making a conservative guess for the∆ν value. There
are several peaks in the 7.75-7.8 ppm region that broaden.
Some of these peaks appear to shift by more than 0.25 ppm
since a broad shoulder is still observed at 7.5 ppm in the
presence of 12 mMâ-CD. The value of 0.25 ppm for a shift
corresponds to a lower limit for the complexation dynamics of
200 s-1.

On the basis of the kinetics for the triplet state and NMR
analysis, we can estimate that the value fork- will fall between
2 × 102 s-1 and 2.5× 103 s-1. As mentioned above, this rate

kex )
π(∆ν)

x2
(10)
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constant is probably related to the dissociation of the cyclo-
dextrin dimer and this very slow dissociation rate constant for
the 2:2 complex raises at least two intriguing mechanistic
considerations. This slow dynamics could indicate that cyclo-
dextrin solubilization in water does not lead only to cyclodex-
trins monomers, but many empty dimers or even higher
oligomers could be present. Indeed aggregation of empty
cyclodextrins has been proposed.53 If empty oligomers exist,
their presence would be important when cyclodextrins are used
for self-assemblies or in supramolecular systems designed for
a particular function, such as catalytic activity. Alternatively,
the absence of 2:2 complexes for 1-NpOH may indicate that
dimerization in the case of 2-NpOH is driven by the incorporated
guest, which would be an example of a template effect.
Obviously, both of the considerations above are speculative at
this point, but they highlight how further studies to understand
these slow dynamic processes involving more than one cyclo-
dextrin molecule might have an impact on the use of cyclo-
dextrins in supramolecular chemistry.

Conclusions

A detailed description of the complexation of NpOHs with
â-CD and its entry and exit dynamics was achieved by
employing complementary techniques which provide informa-
tion on different aspects of the complexation behavior. The
less efficient complexation of 1-NpOH when compared to
2-NpOH was expected on the basis of previous work with
naphthalene derivatives. However, we observed the chiral
discrimination for the binding of (R)- and (S)-1-NpOH with
â-CD, although the degree of discrimination is small. Analysis
of the dynamics for the 1:1 complexes for both NpOHs with
â-CD showed that the exit process is much more dependent on
the structure of the probes than the entry process. This is
particularly noticeable when the NpOH dynamics is compared
to that observed for xanthone. Finally, this work provides the
first estimate for the dissociation rate constant of a 2:2 guest/
cyclodextrin complex. The possibility of measuring these slow
dissociation processes involving cyclodextrin dimers and pos-
sibly oligomers may prove important when using cyclodextrins
as building blocks for supramolecular structures.
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