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Abstract: The control of supramolecular systems requires a thorough understanding of their dynamics on
a molecular level. We present fluorescence correlation spectroscopy (FCS) as a powerful spectroscopic
tool to study supramolecular dynamics with single molecule sensitivity. The formation of a supramolecular
complex between â-cyclodextrin (â-CD) as host and pyronines Y (PY) and B (PB) as guests is studied by
FCS. Global target analysis of full correlation curves with a newly derived theoretical model yields in a
single experiment the fluorescence lifetimes and the diffusion coefficients of free and complexed guests
and the rate constants describing the complexation dynamics. These data give insight into the recently
published surprising fact that the association equilibrium constant of â-CD with PY is much lower than that
with the much bulkier guest PB. FCS shows that the stability of the complexes is dictated by the dissociation
and not by the association process. The association rate constants are very similar for both guests and
among the highest reported for this type of systems, although much lower than the diffusion-controlled
collision rate constant. A two-step model including the formation of an encounter complex allows one to
identify the unimolecular inclusion reaction as the rate-limiting step. Simulations indicate that this step may
be controlled by geometrical and orientational requirements. These depend on critical molecular dimensions
which are only weakly affected by the different alkyl substituents of PY and PB. Diffusion coefficients of PY
and PB, of their complexes, and of rhodamine 110 are given and compared to those of similar molecules.

Introduction

Understanding supramolecular dynamics is fundamental for
the design and control of functional supramolecular systems.1-3

Information on the dynamics complements thermodynamic and
structural studies, but cannot be derived from these. On the
contrary, substrates of similar association equilibrium constants
can present very different association/dissociation rate con-
stants.4 Measuring these typically fast processes is challenging
and needs fast kinetic techniques. In this contribution, we
evaluate the use of fluorescence correlation spectroscopy (FCS)
as a direct spectroscopic method to study supramolecular dynam-
ics with single molecule sensitivity. We study the complexation
dynamics between a cyclodextrin (CD) as host and two distinct
pyronines as guests (Figure 1) since these constitute a basic
supramolecular system with unexpected thermodynamical prop-

erties.5 The analysis of this system by FCS leads to a detailed
description of the individual kinetic steps involved.
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Figure 1. (a) Schematic representation of an inclusion complex between
â-CD and PY. (b) Structure ofâ-CD. (c) Structures of the pyronines PY
and PB.
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Cyclodextrins are naturally occurring water-soluble toroidally
shaped polysaccharides with a highly hydrophobic central cavity
that have the ability to form inclusion complexes with a variety
of organic and inorganic substrates.6 The three major cyclo-
dextrins are theR-, â-, andγ-CDs built up from 6, 7, and 8
glucopyranose units, respectively. CDs are often found as
building blocks of supramolecular systems and in self-
assemblies.1,7-9 The inclusion complexes result from specific
noncovalent interactions between CDs and guest molecules,
being therefore also simplified models for the study of molecular
recognition phenomena of great importance in host-ligand
binding in biological systems.10,11Moreover, the ability of CDs
to form inclusion complexes, in which the physicochemical
properties of the guest molecules change with respect to the
free molecules, has led to their widespread industrial use and
to applications in green chemistry.6,12-17

Whereas the thermodynamic and structural properties of
CD complexes have been extensively studied,5,18-21 the com-
plexation dynamics have been addressed in much less
extent.2,4,22-25 The dynamics of complex association and dis-
sociation, however, not only is of fundamental interest for a
better mechanistic understanding of the complexation process
itself, a task by far not reached yet, but also is the key to
comprehend and to control the huge variety of functions that
CDs have to fulfill in the fields mentioned before.

The association equilibrium constant of complexation of
organic molecules was found to vary in a wide range from below
10 to several 1000 M-1. The origin of the different complexation
constants can only be unraveled using time-resolved spec-
troscopies which measure the individual steps of complex
association and dissociation.

Rate constants ofassociationbetween CDs and different dye
molecules were found to vary dramatically from 1 to 108 M-1

s-1 and those of thedissociationbetween 10 to>105 s-1.2,4

For the study of rather slow dynamics, stopped-flow experiments
were used by some authors.3,22,23Fast complexation dynamics
between small guest molecules and CDs needs kinetic tech-
niques with high time resolution; Cramer et al. used temperature
jump measurements to determine directly the rate constants of
both the association and the dissociation process of a series of

azo dyes andR-CD. The values correspond to the electronic
ground state. They proposed a six-step mechanism for the
inclusion complex formation and pointed out the importance
of the breakdown and the reconstitution of the water structure
around the guest molecule.4 However, the fast temperature jump
required by this technique in order to shift the system away
from equilibrium puts a limit to the time resolution and
complicates the analysis.26 Other techniques use long-lived
intermediate states populated after light absorption in order to
follow equilibrium relaxation; Bohne et al. measured directly
the kinetics of complex formation betweenâ-CD and xanthene
in its long-lived excited triplet state. In this case, the complex-
ation equilibrium constants of ground and excited triplet states
are different, so that the relaxation of the equilibrium can be
followed directly after excitation.2,24 Nau et al. showed that the
very long fluorescence lifetime (≈730 ns) of 2,3-diazabicyclo-
[2.2.2]oct-2-en is quenched by complexation withâ-CD. This
can be used to determine the association (but not the dissocia-
tion) rate constant of the complexation of the excited singlet
state of this compound withâ-CD.25 The above methods yield
precise values for the rate constants but are limited to the very
special cases presented. The triplet quenching methodology also
presented by Bohne et al. is a more general approach to probe
excited-state dynamics, but it is necessary to add a quencher
molecule to the aqueous phase.2,24

The need for external disturbances, quencher molecules, or
long-lived intermediate states can be overcome by FCS. FCS
is a fluctuation correlation method that measures the dynamics
of molecular processes from small changes in molecular
concentration or chemical states which arise from spontaneous
fluctuations around equilibrium.27-30 FCS offers in a single
measurement an extremely wide dynamic range. Recently, the
combination of deadtime-free time-resolved single photon
detection with fast software correlation algorithms offers the
basis to register full correlation curves from picoseconds to
seconds.31 The use of laser excitation in a confocal setup allows
one to work with very small sample volumes and extends the
measurement of dynamic processes down to single molecules.
FCS has seen a very rapid development in the last years, mainly
for biochemical applications, both at the molecular and at the
cellular level.32-35 The feasibility of FCS for monitoring fast
biochemical kinetic processes had been shown by Widengren
et al.36 Single molecule multiparameter fluorescence detection
(MFD) involves the simultaneous and independent acquisition
of several fluorescence parameters (intensity, lifetime, anisotropy
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in two spectral ranges), which can be used to classify molecules
into the different subpopulations that compose an ensemble and
to characterize their size, identity, diffusion times, or local
environment.37-39 However, there can be found only very few
applications of FCS to other fields, and especially no study has
been published with respect to supramolecular dynamics. As
we will show, FCS is perfectly suited for this task. It readily
resolves dynamic processes in the ground state within a wide
time window; at the fast end, it is only limited by the excitation-
deactivation rate of the fluorophore (≈109 s-1), and at the slow
end, its limit is given by the residence time in the millisecond
time range of the diffusing molecule in the sample volume.

As guest molecules, the dyes pyronine Y (PY) and pyronine
B (PB) are studied (Figure 1). They provide simplified models
of the xanthene skeleton of rhodamines and are also used in
the labeling of proteins and cell organelles. In a previous
photophysical study on the complexation of PY and PB with
â-CD we found that the two pyronines form 1:1 complexes with
â-CD.5 Complexation causes a slight red shift of the emission
spectra of the pyronines, but decreases significantly their
fluorescence quantum yields and lifetimes (Figure 2. The
association equilibrium constant of PB is much higher than that
of PY (K(PB) ) 2.0 × 103 M-1, K(PY) ) 0.38× 103 M-1).5

This is a surprising result since it is presumed that the more
bulky PB would show stronger steric hindrance than PY to enter
into theâ-CD cavity. Comparison of the photophysical proper-
ties of the pyronines in different solvents with those of the
complexes suggested that there are important specific interac-
tions of the pyronines with the electron-rich oxygens present
in the interior of the CD cavity, stabilizing the complexes formed
with PB more than PY. To confirm this hypothesis, we will
compare the complexation dynamics of these pyronines and
analyze the individual steps during association and dissociation.

Experimental Section

Materials. PY was purchased from Sigma (51% dye content) and
PB from Aldrich (57% dye content). The main impurities of these
materials are not water-soluble, so that they can be separated by

filtration of the aqueous solutions.40 â-Cyclodextrin (kindly supplied
by Roquette Laisa Espan˜a, SA) was recrystallized twice from water
and dried in a vacuum oven. HClO4 (Merck, p.a.) was used to control
the pH of the solutions. Water was purified with a Milli-Q system.

Sample Preparation.Stock solutions of PY or PB were prepared
by dissolving the commercial product in water and immediately filtering
to separate the impurities. The absence of fluorescent impurities in these
stocks was checked ensuring that the fluorescence excitation and
emission spectra of diluted aqueous solutions do not differ for different
emission and excitation wavelengths, respectively. Moreover, the
presence of nonemitting impurities can be ruled out as the fluorescence
excitation spectra match perfectly the corresponding absorption spectra
down to the UV region. The potential influence of impurities on the
results can be further excluded as very reproducible complexation
equilibrium constants were obtained even for very different filtration
conditions. The natural pH of these stocks was acid, in the range from
2.9 to 3.3, so that pyronine hydrolysis was very slow and the solutions
were relatively stable within 2-3 days (kept protected from light).5

The concentration of the stocks was determined using the reported
values of molar absorptivities for PY41 and for PB.42

Aqueous solutions for FCS measurements were freshly prepared from
stock solutions by two dilution steps. First, the stock solutions were
diluted with an aqueous HClO4 solution of pH ) 4.0 ( 0.2 to
concentrations 10-times that of the final value. From these working
stock solutions, the FCS samples of varying CD concentration were
prepared by dilution of a constant volume of these pyronine stocks
together with different volumes of aâ-CD stock solution (concentration
about 0.011 M) and the HClO4 solution of pH) 4 as solvent. The
final concentrations in the FCS samples were [PB]) 4 × 10-8 M and
[PY] ) 9 × 10-9 M. Poor reproducibility of absorbance and
fluorescence intensity was observed for the aqueous solutions of PB
without â-CD, which was attributed to the reported adsorption of
pyronines on glass surfaces.40,42 This problem was minimized by
addition of small amounts ofâ-CD to the PB working stock solutions.

FCS Measurements.The principles of confocal setups for FCS
measurements have been described elsewhere.27,29,30,32,43In the experi-
mental setup used in this study, the fluorescent samples were excited
by an argon ion laser beam (Coherent Innova, 515 nm). After reflection
by a dichroic beam splitter (535 DCLP, AHF Analysentechnik
Tübingen, Germany), the laser beam was focused into the sample by
a microscope objective (Olympus 60X, NA 1.20, water immersion).
The fluorescence was collected by the same objective and refocused
to the image plane, where a pinhole (radius 100µm) was placed. The
two polarization components were separated by a polarizing cube and
then individually detected by avalanche photodiodes (SPCM-AQR-14,
Perkin-Elmer Vaudreuil, Quebec, Canada). Two band-pass filters
(HQ575/70, AHF Analysentechnik) in front of the detectors discrimi-
nated fluorescence from laser light scattered at the excitation wavelength
and from Raman scattered light of the solvent molecules. Both output
signals were processed and stored by modified TCSPC modules (SPC
132, Becker & Hickl GmbH (Berlin, Germany)).31 Correlation curves
were calculated with a fast home-built routine which runs under
LabVIEW (National Instruments).31 Typically, 40 million photons were
collected for each correlation curve with count rates between 50 and
350 kHz. All measurements were made at room temperature, stabilized
at 21°C. The excitation power of the laser beam was measured under
the microscope objective by a power meter (Fieldmaster, model
FM-2,Coherent). Excitation power in the sample volume was typically
290 µW, corresponding to a mean irradiation ofI0/2 ≈ 25 kW/cm2.44
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Figure 2. Absorption and fluorescence emission spectra of the free
pyronines (solid lines) and of their complexes withâ-CD (dashed lines).
Black: PB, gray: PY. Also indicated are the excitation wavelength (λexc

) 515 nm) and the range of detected emission wavelengths (λem) as
determined by the band-pass filters used in the FCS measurements.
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Calibration. The focal area and the detection volume have to be
calibrated using a dye with known diffusion coefficient. Data from
correlation measurements of Rh6G in aqueous solutions measured under
the same conditions as all other samples are used in this study. For the
diffusion coefficient,D(Rh6G), two values have been found in the
literature: (2.9( 0.7) × 10-10 m2 s-1 from FCS data45 and (2.9(
0.7) × 10-10 m2 s-1 measured by NMR,46 both at 25°C. The values
show high uncertainties of about 25%, but coincide well in their mean
value. All error intervals given in this work for values determined on
the basis of theseD(Rh6G) reference values indicate only their statistical
error (precision) and do not include theiraccuracy, which is limited
mainly by the uncertainty in the reference value. The precision is used
for comparisons between values measured relative to the same reference
value, whereas the accuracy has to be included when comparing these
values with others measured with a different technique. The calibration
with Rh6G at low irradiance yields a diffusion time ofτD ) 0.360(
0.008 ms that results in a radial 1/e2 radius ofwxy ) 0.61( 0.01µm.
All values were corrected for temperature and viscosity effects. All
diffusion times, both of reference and samples, were measured at the
same temperature. This way the effects of temperature and viscosity
cancel each other out during the calibration, and all diffusion coefficients
determined in this work refer thus to the temperature at which the
D(Rh6G) reference value was given (25°C).

We tried to avoid several experimental factors, which were recently
identified to introduce significant errors in the determination ofabsolute
diffusion coefficients.47-49 (1) Saturation and photobleaching effects
during the calibration measurements with Rh6G were avoided by reduc-
ing the irradiance far below saturation until no change was observed
in the diffusion times and in the deduced sample geometry. (2) To
minimize aberrations, the laser beam was not focused to the diffraction
limit. In this way, the diffusion properties of the pyronines PY and PB
obtained from correlation curves were independent of the irradiance.

Data Analysis. Two levels of nonlinear data analysis have been
applied. (1) Individual correlation curves were fitted using the Leven-
berg-Marquardt algorithm programmed in LabVIEW (National Instru-
ments).31 (2) Series of correlation curves measured at differentâ-CD
concentrations were analyzed by global “target” analysis programmed
in OriginPro 7.0 (OriginLab Corporation).

Theory

Mechanism. Using the dye’s fluorescence as a monitoring
signal, the general kinetic mechanism for the complexation of
a dye A by host H to form complex B would include all
association/dissociation processes between the free and the
complexed dye in the electronic ground state, singlet excited
state, and triplet state (see Figure 3). However, under certain

conditions, which are easily fulfilled, only ground state processes
have to be taken into account. Bimolecular association rate
constants are limited by diffusion (k+ e kd ≈ 109 M-1 s-1),
and the concentration of the host [H] is limited by solubility
([â-CD]0 j 10-2 M). Thus, under pseudo-first-order conditions
([H]0 ≈ [H] . [A]), the association rate constant (k+ × [H]0 j
107 s-1) is generally much smaller than typical decay rate
constants of the excited singlet state of organic dyes (k10 ≈
108-109 s-1) and can otherwise be reduced by lowering [H]0.
The dissociation rate constantk-, on the other hand, can be
estimated from the complexation equilibrium constantK ) k+/
k_. Even for a low value ofK ) 100 M-1 s-1 and the highest
association rate constant, the dissociation is at mostk_ e 107

s-1, which is again well below typical values of the decay rate
constantk10. Thus, as long as the excitation rate is low enough,
the relaxation of the singlet excited state is much faster than
the ground state association/dissociation dynamics. At suf-
ficiently low excitation energies and low intersystem crossing
rate constants, the association/dissociation of the dye in its triplet
state can be neglected, as well.

In this way, the resulting mechanism in Figure 3 reduces to
the complexation equilibrium in the ground state, where both
species are fluorescent. A similar reaction has been investigated
by Widengren et al., who studied the complex formation of
Rh6G by guanosine triphosphate.36 They deduced a solution
including the triplet-state population but simplified their system
assuming a nonfluorescent complex, which is not suitable here.

FCS.FCS analyzes fluorescence intensity fluctuations which
may be caused by changes in the excited singlet or triplet-state
population, changes in concentration due to translational motion
of the fluorophores in and out of the sample volume, or changes
in their physicochemical properties, for example, due to a
chemical reaction or, as in our case, complexation. The nor-
malized autocorrelation functionG(τ) of the intensity fluctua-
tionsδI(t) ) I(t) - 〈I〉 indicates in this case the variation in the
probability to register from the same molecule a second photon
at the correlation timeτ, once a first was emitted:

If the fluorescence intensity fluctuations arise only from
translational diffusion, the time-dependent part of the correlation
function is given by:43,50,51

Here, a three-dimensional Gaussian distribution of the detected
fluorescence is assumed.N is the mean number of fluorescent
molecules within the sample volume, andτD is the translational
diffusion time of the molecules across the sample volume. The
translational diffusion coefficientD is related toτD by:

(45) Magde, D.; Elson, E. L.; Webb, W. W.Biopolymers1974, 13 (1), 29-61.
(46) Gell, C.; Brockwell, D. J.; Beddard, G. S.; Radford, S. E.; Kalverda, A.
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(3), 169-175.

Figure 3. Proposed kinetic mechanism for the complexation of a guest A
by a host H.

G(τ) )
〈δI(t) × δI(t + τ)〉

〈I(t)〉2
(1)

GD(τ) ) 1
N (1 + τ

τD
)-1(1 + (wxy

wz
)2 τ

τD
)-1/2

(2)

D )
wxy

2

4τD
(3)
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The value ofGD at τ ) 0 gives the inverse of the number of
fluorescent moleculesGD(0) ) 1/N.

The diffusion time gives an upper limit for the time scale of
observable processes. On the fast end, the rates of fluorescence
excitation and emission limit the rate with which two successive
photons from the same molecule can be detected. This intro-
duces the antibunching termGF(τ) with the characteristic rise
time τF ) (k01 + k10)-1, determined by the inverse of the sum
of the excitation rate constantk01 and the decay rate constant
of the excited statek10, and an amplitudeAF:52,53

Triplet-state formation leads to an additional termGT(τ) in the
correlation function with a characteristic triplet timeτT and an
amplitudeAT, which is related to the fraction of molecules,T,
being trapped in the “dark” triplet state in the excitation
cycle.54,55In the simplest case, the triplet-state formation is taken
as being independent from all other processes:

So finally, under the conditionτD . τT . τF, these processes
are described in FCS by a correlation function which is the
product of the individual functions from eqs 2, 4, and 5:

General Correlation Function for a Chemical Equilibrium
Reaction. The association of fluorescent guest A and a
nonfluorescent host H yielding a fluorescent complex B is
treated as a chemical reaction with (association) equilibrium
constantK:

with the association rate constantk+ and the dissociation rate
constantk-. Under the conditions used in this study, the free
host concentration is always much higher than that of the guest,
[H] . [A], and can be approximated by the total host
concentration, [H]≈ [H]0. Then, the reaction is of pseudo-first-
order with the relaxation time,τR, which is given by the inverse
sum of the association and dissociation rate constants:

For certain experimental conditions, special solutions for the
correlation functionGR(τ) of this reaction have been published
before. Elson and Magde derived a general solution forGR(τ)
for a unimolecular isomerization, supposed, however, a cylindri-
cal sample volume illuminated by a laser beam with Gaussian
intensity profile.50 This solution has been simplified for the case
that the diffusion coefficients of A and B do not change during
reaction (DA ) DB).50,56 For this special case, the solution for

Gaussian illumination in a confocal setup has been given.27,43,57,58

Widengren et al. deduced a solution including the triplet-state
population but simplified their system supposing a nonfluores-
cent complex.36

In our case, a new general solution is derived which describes
two interconverting fluorescent species with different diffusion
coefficients observed under Gaussian illumination. Extending
the solution of Elson and Magde to confocal Gaussian illumina-
tion, introducing the mean diffusion time,59 τjD, and applying
the assumption that the relaxation rate of the reaction is much
faster than the typical diffusion times of guest and complex (fast
exchange,τR , τA, τB), the following correlation function is
obtained:

with the mean diffusion timeτjD, the relaxation timeτR, the
amplitude of the reaction termAR, and the mean numbersNA

andNB of free guest and complex in the sample volume. The
expression for the reaction term is in agreement with the two
published borderline cases: (i) interconverting species with
equal diffusion coefficients, and (ii) noninterconverting species
with different diffusion coefficients.27,56-58

Properties of the Correlation Function GR(τ). The proper-
ties of this correlation function are illustrated with simulated
curves in Figure 4. The inserts indicate the dependencies ofτjD,
τR, andAR on the host concentration [H]0.

Due to the condition of fast exchange during the dwell time
of the molecule in the observation volume, only one averaged
diffusion term is observed with the mean diffusion timeτjD and
an amplitudeN-1 ) (NA + NB)-1, which yields directly the
mean total numberN of guest molecules in the sample volume.
N does not depend on the brightness of the dyes or whether(52) Mets, Ü. In Fluorescence Correlation Spectroscopy: Theory and Applica-

tions; Rigler, R., Elson, E. S., Eds.; Springer-Verlag: Berlin, 2001; Vol.
65, pp 346-359.

(53) Kask, P.; Piksarv, P.; Mets, U¨ . Eur. Biophys. J.1985, 12 (3), 163-166.
(54) Widengren, J.; Mets, U¨ .; Rigler, R.J. Phys. Chem.1995, 99 (36), 13368-

13379.
(55) Widengren, J. InFluorescence Correlation Spectroscopy: Theory and

Applications; Rigler, R., Elson, E. S., Eds.; Springer-Verlag: Berlin, 2001;
Vol. 65, pp 276-301.

(56) Palmer, A. G., III; Thompson, N. L.Biophys. J.1987, 51, 339-343.
(57) Widengren, J.; Terry, B.; Rigler, R.Chem. Phys.1999, 249 (2-3), 259-

271.
(58) Malvezzi-Campeggi, F.; Jahnz, M.; Heinze, K. G.; Dittrich, P.; Schwille,

P. Biophys. J.2001, 81 (3), 1776-1785.
(59) Berne, B. J.; Pecora, R.Dynamic Light Scattering; Robert E. Krieger

Publishing Company: Malabar, FL, 1990.

GF(τ) ) (1 - AF e-τ/τF), AF ) 1 (4)

GT(τ) ) (1 + AT e-τ/τT), AT ) T
1 - T

(5)

G(τ) ) GF × GT × GD (6)

A + Hy\z
K

B, K ) k+
k-

(7)

τR ) (k+ [H]0 + k-)-1 (8)

Figure 4. Main panel: Simulated correlation curves illustrating the variation
of GR(τ) with increasing host concentration [H]0 following eqs 9, 11, 12,
and 13. Side panels: Dependence ofAR, τR, andτjD on host concentration
[H]0. Parameters used for the simulation:NA + NB ) 1, τA ) 0.25 ms,τB

) 0.60 ms,wz/wxy ) 5, K ) 2000 M-1, Q ) 0.5, andk- ) 5 × 105 s-1.

GR(τ) )

1
NA + NB

(1 + τ
τjD

)-1(1 + (wxy

wz
)2 τ

τjD
)-1/2

(1 + ARe-τ/τR) (9)
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they are free or complexed. The amplitudeN-1 corresponds to
the total amplitude in the cases whereAR ) 0.

The mean diffusion timeτjD depends on the number-weighted
mean diffusion coefficientDh obtained from the individual
coefficientsDA andDB:

with the fractionsXx ) Nx /(NA + NB).59 In the limiting case of
DA ) DB, no variation of τjD will be observed. For the
subsequent analysis of a titration series with varying host
concentration [H]0, it is advantageous to expressτjD directly as
a function of the host concentration [H]0 and the association
equilibrium constantK (eq 7):

With increasing [H]0, the observed diffusion timeτjD shifts from
τA to τB (Figure 4, right panel).

The relaxation timeτR (eq 8) of the reaction term can be
expressed as a function of the equilibrium constantK. It
decreases with increasing host concentration [H]0:

The amplitude of the reaction termAR (Figure 4, left panel)
depends on two factors:

(1) The ratio between the brightnesses,Q ) QB/QA, of free
guest A and the complex B. The species-dependent brightness
is defined by the product of the extinction coefficients,
fluorescence quantum yield, and detection efficiency,εxΦ(F)xgx.

(2) The concentration of both species. The amplitude of the
reaction term vanishes both at very low and at very high host
concentrations [H]0, that is, whenNB ) 0 or NA ) 0,
respectively.

The value ofGR(τ) for τ f ∞ is zero, and the value atτ )
0 depends both on the number of fluorescent molecules and on
their brightnesses:

Analogous to eq 6, the complexation equilibrium relaxation
is taken to be independent from antibunching and triplet-state
formation (see Figure 3), and thus the complete correlation
function is given by the product of individual correlation
functions given in eqs 4, 5, and 9:

Results and Discussion

FCS of Free Dyes.The normalized fluorescence correlation
curve of an aqueous solution of PY is shown as the heavy black

line in Figure 5. It presents a fast increase ofG(τ) in the range
from 1 to 10 ns, then a nearly constant plateau up to 10µs, and
finally a strong decrease to 0 at longer correlation times. PB
shows a very similar behavior. These correlation curves of PY
and PB are perfectly fitted in the whole region between 1 and
100 ms with the correlation function (eq 6); the different regions
described before correspond thus to the terms for antibunching
GF, triplet-state formationGT, and diffusionGD, respectively.
The diffusion times obtained for PY and PB areτD ) 0.251(
0.001 ms andτD ) 0.31 ( 0.03 ms, respectively. The triplet
terms aroundτT ) 1 µs present in both cases very low
amplitudes of aboutAT ) 0.02. The rise time of the antibunching
termsτF ) 2 ( 1 ns obtained for PY and PB coincides well
with their known fluorescence lifetimes of 1.8 and 1.3 ns,
respectively.5 During the measurements, the excitation ratek01

≈ 107 s-1 was kept so low that the rise time,τF ) (k01 + k10)-1,
is determined by the lifetime of the excited state,τF ≈ k10

-1. It
must be noted that the FCS setup used for these measurement
would have allowed one to determine the rise time with much
higher precision, but this is not the aim of this study.

FCS of Dyes with â-CD. On the addition ofâ-CD, the
correlation curves of PY and PB show two significant changes
(Figure 5): (1) the diffusion term shifts to increasingly longer
correlation times. The plot of the correlation times at half-height
of the normalized diffusion termτ(G ) 0.5) as function of the
â-CD concentration (inset in Figure 5) indicates that the initial
increase in the diffusion timeτ(G ) 0.5) is faster for PB than
for PY; (2) additionally to the terms described before, a new
(bunching) term appears at intermediate correlation times which
shifts to shorter correlation times with increasingâ-CD con-
centration. Its amplitude increases first rapidly and decreases
at higherâ-CD concentrations (see also Figure 6).

These changes can be perfectly explained by the complexation
of the pyronines withâ-CD as predicted by the simulations in
Figure 4: (1) the molar mass of the formed complex is about
5 times higher than that of the free guest fluorophore, and
consequently, the observed mean diffusion time increases
approximately from 0.25 to 0.40 ms for PY and from 0.30 to
0.45 ms for PB as more complex is formed; (2) the difference

Figure 5. Normalized correlation curves of PY in water measured with
increasing concentrations ofâ-CD as indicated in the figure. (Normaliza-
tion: G(0.006 ms)) 1.0.) Inset: Correlation times at half-height of the
normalized diffusion termτ(G ) 0.5) versusâ-CD concentration. Filled
circles: PY; open circles: PB.

τjD )
wxy

2

4Dh
, Dh ) XADA + XBDB (10)

τjD([H]) )
τA(1 + K [H]0)

1 +
τA

τB
K [H]0

with τx )
wxy

2

4Dx
,

DB

DA
)

τA

τB

(11)

τR([H]) ) (k-(1 + K [H]0))
-1 (12)

AR )
NANB(QA - QB)2

(QANA + QBNB)2
)

K [H]0(1 - Q)2

(1 + QK [H]0)
2

(13)

GR(0) )
NAQA

2 + NBQB
2

(QANA + QBNB)2
(14)

G(τ) ) GF × GT × GR (15)
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in brightness of free and complexed fluorophore5 together with
the fast formation and dissociation of the complex during the
dwell time of the fluorophore in the observation volume results
in a “reaction term” in the correlation curve with a typical
correlation time given by the relaxation rate of the complexation
process in the range from 0.1 to 1µs.

Analysis of FCS Data.The separate analysis of the diffusion
terms of the individual curves presents certain difficulties. Due
to the low association constant of the pyronines and to the
relatively poor solubility ofâ-CD in water, even at the highest
â-CD concentration about 20% of the PY molecules are still
free. Thus, the diffusion time of the complexτB cannot be
directly determined. The attempts to determine the diffusion
time τB and the association constantK from the dependence of
τjD(â-CD]) on theâ-CD concentration determined from indi-
vidual fits of the diffusion terms leads to values ofτB and K
with high uncertainty and a mean value forK which is
significantly smaller than that reported before.5 This is mainly
due to strong statistical parameter correlations betweenK and
τB.60 Moreover, the analysis of individual correlation curves with
the full correlation function (eq 15) fails because of strong
statistical correlations among the fit parameters.

Global Target Analysis of FCS Data.To make the best
use of the experimental data and to reduce parameter correla-
tions, all curves were analyzed together in a global “target” fit,61

taking the dependence of some of the fit parameters on theâ-CD
concentration into account. The concentration-dependent pa-
rameters, such as the mean diffusion timeτjD, the reaction
relaxation timeτR, and the reaction term amplitudeAR, were
recalculated at each iteration from the global parameters of
interest such as the diffusion times of free and complexed
guestsτA and τB, the brightness ratioQ, the association con-
stantK, and the complex dissociation rate constantk-, using
eqs 11-13. Additional parameters, such as the triplet relaxation
time τT, the rise timeτF, and the geometry factor of the

observation volumewz/wxy, are known from the calibration
measurements and were fixed at their known values during the
global target analysis.

Thus, the global parametersτA, τB, wz/wxy, K, τT, Q, k-, and
τF were shared between all correlation curves, whereas the
(linear scaling) parameters such as the mean molecule num-
ber N ) NA + NB and the triplet term amplitudeAT were
varied individually with each measurement. No weighting of
the data was applied for the fit procedure. The fit was started
by fixing the global parameters at guessed initial values, which
were then released one by one in successive runs. This procedure
assured that a meaningful minimum was found in a reasonable
time. The values of the directly fitted parameters are given in
Table 1.

The corresponding fit curves are represented in Figure 6 for
PY. The curves for PB are very similar. LeavingK free in the
analysis leads to a value forK(PY), which is in good agreement
with the value reported by Reija et al.5 The big given
uncertainty, however, indicates strong statistical correlation with
other parameters, especially withτB and k-. Fixing K to the
reported value reduces the uncertainties of the other parameters
without changing significantly their fitted values (see Table 1).
The amplitudes of the triplet termsAT were always below 0.02.
Considering the spectral properties of the detection system and
the specific fluorescence quantum yields, the estimated ratios
of the brightnessesQ ) QB/QA are in very good agreement
with the data determined from bulk measurementsQ(PY) )
0.50 andQ(PB) ) 0.49.5

At this point, FCS already demonstrates its great potential to
determine the rate constants of the association/dissociation
process together with valuable information about diffusional
properties. These results are discussed in the following sections.

Translational Diffusion Coefficients. The diffusion times
determined from the fluorescence correlation curves were
converted to translational diffusion coefficients using eq 3 with
the radial 1/e2 radius of the measurement volumewxy obtained
from a calibration with Rh6G as a standard (see Experimental
Section). The hydrodynamic radiusRh was calculated applying
the Stokes-Einstein relation

with the viscosityη(25 °C) ) 0.8905 cP of water (see Table
2). All values are corrected for a temperature of 25°C.

The free guests PY and PB show the highest diffusion
coefficients,D, whereD(PB) is significantly lower thanD(PY)
(see Table 2). Their inclusion complexes withâ-CD have much
smaller diffusion coefficients which, however, are not signifi-

(60) Johnson, M. L.Methods Enzymol.2000, 321, 424-446.
(61) Beechem, J. M.; Ameloot, M.; Brand, L.Chem. Phys. Lett.1985, 120

(4-5), 466-472.

Figure 6. Correlation curves of PY in water measured with increasing
concentrations ofâ-CD as indicated in the figure. Gray lines are experi-
mental curves, normalized (G(0.006 ms)) 1.0), and then arbitrarily scaled
in order to separate them visually. Black lines are theoretical curves deter-
mined by global target fits of eq 15 to the experimental curves, as explained
in the text. The parameters obtained in the fit are given in Table 1.

Table 1. Results from Global “Target” Fits of Equation 15 (see
text) to a Series of Correlation Curves Measured at Different â-CD
Concentrations, Both with Free and Fixed Values of K. In all
cases fixed values were used for wz/wxy ) 5.2, τT ) 1.5 µs,
and τF ) 2 ns; Q ) QB/QA; reference values were published
previously5

τA (ms) τB (ms) K (×103 M-1) Q k_ (×104 s-1)

PY 0.25( 0.02 0.46( 0.13 0.36( 0.55 0.6( 0.2 50( 80
0.25( 0.02 0.45( 0.06 0.4 fixed 0.6( 0.2 50( 30

ref 0.40( 0.04 0.50
PB 0.30( 0.02 0.42( 0.06 1.2( 0.9 0.48( 0.12 9.5( 8.4

0.30( 0.02 0.40( 0.04 2 fixed 0.49( 0.04 7.6( 2.7
ref 2.1( 0.2 0.49

Rh ) kT
6πηD

(16)
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cantly different. The literature value for the diffusion coefficient
of â-CD falls between the values for the free guests and the
complexes.

These results reflect qualitatively the different steric dimen-
sions of the molecules involved. The free guest PY is the
smallest, followed by PB,â-CD, and then the complexes. The
increase in size from PY to PB, due to the exchange of the
methyl groups by ethyl groups, affects the diffusional properties
of the free dyes, but not those of the much bigger inclusion
complexes formed. The derived hydrodynamic radii of PY and
PB correspond well to geometric dimensions estimated from
molecular models. The hydrodynamic radii of the complexes
are very similar for both types of complexes, and somewhat
larger than that ofâ-CD alone.

Variation of the Diffusion Coefficients with Molar Mass.
For a more detailed analysis, the dependence of the diffusion
coefficients,D, on the molar mass is analyzed. Applying the
Stokes-Einstein relation (eq 16), the diffusion coefficient of
homogeneous spherical particles is expected to change with their
molar mass following a power law (allometric scaling) with
exponent-1/3: D ∼ Rh

-1 ∼ Mw
-1/3. Figure 7 shows a double

logarithmic plot of D values versus molar massMw for the
molecules studied here and for some literature values of other
guests without charge, cyclodextrins of other sizes, and cyclo-
dextrin complexes.

The literature values of the neutral molecules show in the
double logarithmic plot an excellent linear correlation. Fitting
the power law

to the data yields an exponentν ) 0.399( 0.003 (dashed line
in Figure 7). This value lies slightly above the value ofν ) 1/3
expected for homogeneous spheres. Random coils of polymer
chains would showν ) 1/2, rigid rodsν ) 1.65 This indicates
very similar diffusional properties of the small sugars, the steroid
guest, the cyclodextrin hosts, and the complexes formed between
steroid and hosts, all scaling with molar mass as expected for

nearly homogeneous compact spheres. It is especially remark-
able that the hollow cyclodextrins fit perfectly in this scheme,
indicating that their interior is essentially undrained during
diffusion.

The literature value forD(Rh6G), however, falls much below
this group of data, although it was determined by the same NMR
technique as the steroid/cyclodextrin data.

The diffusion coefficients of the pyronine guests PY and PB
and of the dyes pyronine 110 (P110) and rhodamine 110
(Rh110) show the same tendency as that of Rh6G. Being the
pyronines models of the xanthene skeleton of the rhodamines,
one may tentatively fit the allometric model through these values
(dotted line in Figure 7). The resulting exponent of aboutν )
0.7 ( 0.1 indicates strong deviation from the spherical
homogeneous mass distribution, which would be in concordance
with the much more planar configuration of the aromatic
structure of these dyes as compared to the more compact
globular configuration of the sugars and steroid complexes
analyzed before. It also has to be considered that all dyes of
this group bear a single positive charge. This increases their
hydrated volumes and thus reduces their diffusion coefficients.

Diffusion Coefficients of Host-Guest Complexes.A dif-
ferent behavior is found for the inclusion complexes between
the pyronines andâ-CD, which show similar diffusion coef-
ficients close to that of the steroid:CD complexes. This finding
indicates that the differences in shape observed for the different
guests become less important once the guests are included in
the host. The resulting inclusion complexes are all roughly
globular with a similar mass distribution. The effect of the single
charge of the included guest on the hydrated volume of the
whole complex should also be smaller than that in the case of
the free guest.

Complexation Dynamics. The values obtained from the
global analysis of the FCS curves for the dissociation (k-) and

(62) Cameron, K. S.; Fielding, L.Magn. Reson. Chem.2002, 40 (special issue),
S106-S109.

(63) Fries, J. R. Charakterisierung einzelner Moleku¨le in Lösung mit Rhodamin-
Farbstoffen. Ph.D Thesis, Universita¨t-Gesamthochschule Siegen, Cuvillier,
Göttingen, 1998.

(64) Weast, R. C.CRC Handbook of Chemistry and Physics; CRC Press: Boca
Raton, FL, 1986.

(65) Burchard, W. InPhysical Techniques for the Study of Food Biopolymers;
Ross-Murphy, S. B., Ed.; Blackie Academic & Professional: London, 1994;
pp 151-213.

Table 2. Diffusion Coefficients and Hydrodynamic Radii
Calculated from the Diffusion Times Given in Table 1 and
Equations 3 and 16. All Values Corrected for 25 °C. Molar Mass
(Mw) Is Given for Comparison and Does Not Include the
Counterions for the Charged Dyes. Uncertainties Do Not Include
Calibration Errors

D (×10-10 m2 s-1) Rh (Å) Mw (Da)

PY 4.2( 0.3 5.8( 0.4 267
PY:â-CD 2.4( 0.3 10( 1 1402
PB 3.5( 0.3 7.0( 0.6 324
PB:â-CD 2.6( 0.3 9( 1 1459
â-CD (3.23( 0.07)a 7.6( 0.3 1135
Rh6G (2.9( 0.7)b 9 ( 2 443
Rh110 3.4( 0.3 7.2( 0.6 331
P110 (4.7)c 5 211

a NMR data (ref 62).b NMR data (ref 46).c Diffusion limit in fluores-
cence quenching experiments (ref 63).

D ) a × Mw
-ν (17)

Figure 7. Double logarithmic plot of translational diffusion coefficients
D versus molar mass. Filled circles: Experimental values of PY and PB
and their complexes withâ-CD from Table 2. Star: Reference value of
Rh6G (NMR data46). Gray triangle: Value for rhodamine 110 determined
by FCS in the same way as PY and PB. Open square: Value for pyronine
110 determined from fluorescence quenching experiments.63 Open circles:
Literature values (glucose, sucrose,64 steroid, CDs, and steroid/CD com-
plexes from NMR data62). Dashed line: Fit of eq 17 to literature values
(open circles) withν ) 0.399( 0.003. Dotted line: Fit of eq 17 to PY,
PB, P110, Rh110, and Rh6G values withν ) 0.7 ( 0.1. The error bar at
the reference Rh6G value indicates(25% accuracy, which is not included
in the error bars of the other values. All values are given for 25°C. The
molar masses of the charged dyes do not include the counterions.
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association (k+) rate constants of PY and PB withâ-CD are
listed in Tables 1 and 3. As pointed out before, the association/
dissociation rates are not high enough to compete with the
excited state deactivation processes of the free pyronines and
the pyronine:CD complexes, even at the highest achievable con-
centrations ofâ-CD. This is in concordance with the proposed
mechanism (Figure 3), in which no association/dissociation
processes in the singlet excited state were considered.

Association.The values of the association rate constantsk+

of PY and PB coincide within experimental error (Table 3). In
view of the bulkier ethyl groups of PB as compared to the
smaller methyl groups of PY, this is, at first sight, a surprising
fact; the increased steric volume of PB reduces both its diffusion
coefficient and its probability to enter the CD cavity. The values
of the association rate constantsk+ of PY and PB are among
the highest association rate constants reported for a series of
aromatic and aliphatic guests in the ground state4 and are of
the same order as those determined for bicyclic azoalkanes by
Nau and co-workers.25 Nevertheless, the association process is
clearly not diffusion-controlled. Using the diffusional properties
(D andRh) determined by FCS before, the rate constantskd for
a purely diffusion-controlled association process can be esti-
mated applying the Smoluchowski equation for the reaction
between guest A and host H66

(DAH ) DA + DH, RAH ) RA + RH, andN0 is the Avogadro
constant.) The calculated valueskd for the two pyronines are
very similar (see Table 3). It is interesting to note that in eq 18
the effect of the different diffusion coefficientsDA of PY and
PB is mostly compensated by the difference between their radii
RA (see Table 2).

Encounter Complex Formation.The diffusion-limited rate
constantskd are much higher than the observed association rate
constantsk+, which are obviously limited by other processes
than the diffusion itself. To elucidate the rate-determining steps,
we describe the complexation as a two-step process, applying
theory of bimolecular reactions used in electron transfer or
quenching theory:67-69

Due to diffusion, guest A and host H eventually get into
contact with the diffusion-limited rate constantkd (eq 18) to
form anencounter complex[A ‚H], where A and H are within
the same solvent cage. The formed encounter complex dissoci-
ates with the rate constantk-d, which can be estimated from

the time needed for guest and host to diffuse at least their
molecular radiiRAH apart. This diffusion time can be deduced
from eq 3 yielding

The valuesk-d of PY and PB differ by approximately 30%
(see Table 3). The smaller value for PB is due to the fact that
now both the lower diffusion coefficient and the larger radius
of PB increase the corresponding encounter complex lifetime
(k-d)-1.

Thus, the ratiokd/k-d depends only on the volume occupied
by host and guest and scales with the third power of the radius
RAH:

Inclusion Equilibrium. Once host and guest are in contact,
the inclusion complex B may be formed with the “reaction rate
constant”kr. The rate constantk-r describes the back reaction
of the complex to the encounter pair.

In terms of this model, we may separate the overall com-
plexation equilibrium into a pre-equilibrium between free
molecules and the encounter complex withKenc ) kd/k-d and
the inclusion equilibrium withKr ) kr/k-r between encounter
complex and inclusion complex:

With the values given in Table 3, we estimate from the ratio
kd/k-d an encounter complex equilibrium constantKencof about
5 M-1 for both pyronines. With the known overall equilibrium
constantsK (Table 1), the inclusion equilibrium constants
Kr(PY) ) 90 andKr(PB) ) 350 can be calculated. BothKr

values show that the formation of the complex withkr is much
faster than the dissociationk-r. This justifies neglectingk-r in
the kinetic description ofk+. Assuming steady-state conditions
for the concentration of [A‚H], the observed rate constantk+

of formation of B can be expressed as

which allows one to estimate the unimolecular rate constantkr

of complex formation.
The different values ofkr (Table 3) indicate that PY has only

a slightly higher probability than PB to form the complex
during the lifetime of its encounter pair. This advantage,
however, is in part eliminated by the shorter lifetime of the
encounter pair of PY, so that the overall association rate

(66) Caldin, E. F.The Mechanisms of Fast Reactions in Solution; IOS Press:
Amsterdam, 2001.

(67) Eigen, M.Z. Phys. Chem. (Leipzig)1954, NF1, 176.
(68) Eberson, L. InAdVances in Physical Organic Chemistry; Gold, V., Bethell,

D., Eds.: Academic Press: London, 1982; Vol. 18, pp 79-185.
(69) Valeur, B.Molecular Fluorescence: Principles and Applications; Wiley-

VCH: Weinheim, Germany, 2002.

Table 3. Rate Constants of the Association between Pyronines and â-CD. The Values of the Association Rate Constants k+ Are Calculated
from the k- Given in Table 1 Using Equation 7 (with fixed K). The Rate Constants kd, k-d, and kr Have Been Estimated Applying
Bimolecular Reaction Theory Using the Equations 18, 20, 22, and 23 and the Values from Tables 1 and 2

k+ (×109 M-1 s-1) kd (×109 M-1 s-1) k-d (×109 s-1) kr (×109 s-1) k-r (×104 s-1)

PY 0.2( 0.1 7.5( 0.5 1.7( 0.1 0.05( 0.02 50( 30
PB 0.15( 0.05 7.4( 0.5 1.3( 0.1 0.03( 0.01 7.6( 2.7

kd ) 4πDAH RAH N0 (18)

A + H y\z
kd

k-d
[A ‚H] y\z

kr

k-r
B (19)

(k-d)
-1 ≈ RAH

2

4DAH
(20)

kd

k-d
) πRAH

3
N0 (21)

K ) KencKr )
k+

k_
)

kd

k-d
× kr

k-r
(22)

k+ ) kr

kd

k-d + kr
)

kd

1 +
kd

kr

k-d

kd

S kr )
k+k-d

kd - k+
(23)
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constantsk+ of PY and PB show no significant difference. The
compensational effect between reaction rate and encounter
lifetime may also explain to some extent the very similar
association rate constants found by other authors for guest
molecules of smaller size and the small influence different
substitutions have on this constant.25

Influence of Steric Hindrance.The low ratioskr/k-d ≈ 0.02
for PY and PB show that only about 2% of the formed encounter
pairs actually lead to an inclusion complex. Can steric hindrance
explain this low ratio? Applying a simple model used in
bimolecular reactions, one may assume that during contact, host
and guest collide and rotate due to brownian motion, but only
those collisions in which both molecules are in favorable relative
orientations are successful and give rise to an inclusion
complex.66 If during the lifetime of the encounter complex,Ncoll

collisions take place, the “reaction probability”Pr for inclusion
complex formation during each of the collisions is equal to

The number of collisionsNcoll may be estimated roughly
assuming that the molecules within the solvent cage have a mean
speed similar to that in the gas phase (see the Supporting
Information).66 From kinetic gas theory, we estimate that during
the lifetime of the encounter complex, host and guest collide
on the order ofNcoll ≈ 100 times. This results in a probability
to form an inclusion complex at each collision of aboutPr ≈ 2
× 10-4.

We estimated the fractionfr of successful collisions by
stepping systematically over all possible relative orientations
and rotations between host and guest and deciding in each case
whether the guest would fit geometrically into the opening
presented by the cavity of the host (see the Supporting
Information). This worst-case simulation yields some lower limit
for the restrictions imposed by the orientational requirements
but does not take into account any specific interactions or the
flexibility of the molecules, which may allow an induced fit.
Furthermore, we approximated the critical dimensions of the
molecules by rectangular prisms representing the outline of the
host and the cavity of the guest. Using the known geometric
sizes of the pyronines andâ-CD, the simulations indicated two
interesting results: (1) the pyronines fit only very tightly into
the â-CD cavity (see also Figure 1). As expected, the fraction
fr depends sensibly on the difference between the widths of guest
and host. Assuming a gap of about 0.5 Å, only a fractionfr ≈
10-4 of the collisions are successful. This value agrees well
with the observed reaction probabilityPr. Increasing this critical
gap by 1 Å increasesfr by a factor of 10. This coincides with
the strong dependence generally found for the complexation
properties on the inner diameter of the cyclodextrin used. (2)
PY and PB are represented in the simulation by rectangular
prisms with different width of their shortest side, reflecting the
different alkyl residues of the pyronines. The width of this

shortest side is always much smaller than the diameter of the
â-CD cavity, and thus, a variation of this width has only a small
influence on the fractionfr. Increasing the width of the shorter
side by 1 Å reducesfr only by a factor of 2-3. This explains
well the small variation in the values of the inclusion rate
constantkr found for PY and PB (see Table 3).

Despite the limitations that these simulations have, they
indicate that the geometrical reorientation may be the rate-
determining step in the inclusion process and that the rate of
inclusion may be dictated by steric effects.

Dissociation.As opposed to the very similar association rate
constants, a big difference is observed between the dissociation
rate constantsk-, being the value for PY about 6 times higher
than that for PB (see Table 3). This implies that the much higher
stability of the PB:â-CD complex is mainly due to its slower
dissociation process. Analogous results can be found in the
literature, for example, for the already mentioned bicyclic
azoalkanes25 or for the isomers 1-naphthyl-1-ethanol and
2-naphthyl-1-ethanol, where the position of the substituent that
allows the molecule to penetrate more or less deeply into the
â-CD cavity has a strong effect on the dissociation rate constant
but less on the association rate constant.2

From eqs 22 and 23 andk-d . kr, it is easy to see that the
overall dissociation rate constantk- is limited by the rate
constantk-r, with which the guest leaves the host forming again
an encounter complex, and that this is the slowest of all involved
steps.

The much lower dissociation rate constant of the PB:CD
complex as compared to that of PY:CD confirms that PB
interacts much stronger with the interior of theâ-CD cavity.
This was previously proposed on the basis of steady-state and
time-resolved fluorescence studies5 but could not be confirmed
without information on the complexation dynamics. Specific
interactions between the positively charged xanthene moiety of
the pyronines and the electron-rich glucosidic oxygens of the
â-CD cavity stabilize probably the inclusion complexes of both
pyronines, but seem to be much stronger in the case of PB.
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