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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 fS-cyclodextrin (6-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 5-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 sysfefs.
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® Measuring these typically fast processes is challenging
and needs fast kinetic techniques. In this contribution, we
evaluate the use of fluorescence correlation spectroscopy (FCS) ' 1534
as a direct spectroscopic method to study supramolecular dynam- C
ics with single molecule sensitivity. We study the complexation CHts E

dynamics between a cyclodextrin (CD) as host and two distinct Hac’E
T
PY

Ha CHACH, CH,CHg
. N o N,
CH; CHaCHy +3 O O CH,CHs
T
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Figure 1. (a) Schematic representation of an inclusion complex between

pyronines as guests (Figure 1) since these constitute a basic
supramolecular system with unexpected thermodynamical prop-

t Universidade de Santiago de Compostela. B-CD and PY. (b) Structure g8-CD. (c) Structures of the pyronines PY
* Heinrich-Heine UniversitaDiisseldorf. and PB.
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Cyclodextrins are naturally occurring water-soluble toroidally azo dyes and-CD. The values correspond to the electronic
shaped polysaccharides with a highly hydrophobic central cavity ground state. They proposed a six-step mechanism for the
that have the ability to form inclusion complexes with a variety inclusion complex formation and pointed out the importance
of organic and inorganic substrate3he three major cyclo- of the breakdown and the reconstitution of the water structure
dextrins are thex-, 8-, andy-CDs built up from 6, 7, and 8 around the guest molecutédowever, the fast temperature jump
glucopyranose units, respectively. CDs are often found asrequired by this technique in order to shift the system away
building blocks of supramolecular systems and in self- from equilibrium puts a limit to the time resolution and
assemblied.”® The inclusion complexes result from specific complicates the analys?.Other techniques use long-lived
noncovalent interactions between CDs and guest molecules,intermediate states populated after light absorption in order to
being therefore also simplified models for the study of molecular follow equilibrium relaxation; Bohne et al. measured directly
recognition phenomena of great importance in hdigiand the kinetics of complex formation betwegrCD and xanthene
binding in biological system¥:11Moreover, the ability of CDs in its long-lived excited triplet state. In this case, the complex-
to form inclusion complexes, in which the physicochemical ation equilibrium constants of ground and excited triplet states
properties of the guest molecules change with respect to theare different, so that the relaxation of the equilibrium can be
free molecules, has led to their widespread industrial use andfollowed directly after excitatiod?* Nau et al. showed that the
to applications in green chemistfy2-17 very long fluorescence lifetimex(730 ns) of 2,3-diazabicyclo-

Whereas the thermodynamic and structural properties of [2.2.2]oct-2-en is quenched by complexation witCD. This
CD complexes have been extensively studiét?! the com- can be used to determine the association (but not the dissocia-
plexation dynamics have been addressed in much lesstion) rate constant of the complexation of the excited singlet
extent?422-25 The dynamics of complex association and dis- state of this compound witB-CD.?® The above methods yield
sociation, however, not only is of fundamental interest for a precise values for the rate constants but are limited to the very
better mechanistic understanding of the complexation processspecial cases presented. The triplet quenching methodology also
itself, a task by far not reached yet, but also is the key to presented by Bohne et al. is a more general approach to probe
comprehend and to control the huge variety of functions that excited-state dynamics, but it is necessary to add a quencher
CDs have to fulfill in the fields mentioned before. molecule to the aqueous phasé.

The association equilibrium constant of complexation of  The need for external disturbances, quencher molecules, or
organic molecules was found to vary in a wide range from below long-lived intermediate states can be overcome by FCS. FCS
10 to several 1000 M. The origin of the different complexation is a fluctuation correlation method that measures the dynamics
constants can only be unraveled using time-resolved spec-of molecular processes from small changes in molecular
troscopies which measure the individual steps of complex concentration or chemical states which arise from spontaneous
association and dissociation. fluctuations around equilibriur—39 FCS offers in a single

Rate constants @fssociatiorbetween CDs and different dye ~ measurement an extremely wide dynamic range. Recently, the
molecules were found to vary dramatically from 1 td M2 combination of deadtime-free time-resolved single photon
s™1 and those of thelissociationbetween 10 to>10° s71.2:4 detection with fast software correlation algorithms offers the
For the study of rather slow dynamics, stopped-flow experiments basis to register full correlation curves from picoseconds to
were used by some authd¥&23Fast complexation dynamics ~ seconds! The use of laser excitation in a confocal setup allows
between small guest molecules and CDs needs kinetic tech-one to work with very small sample volumes and extends the
niques with high time resolution; Cramer et al. used temperature measurement of dynamic processes down to single molecules.
jump measurements to determine directly the rate constants ofFCS has seen a very rapid development in the last years, mainly
both the association and the dissociation process of a series ofor biochemical applications, both at the molecular and at the
cellular level’2=35 The feasibility of FCS for monitoring fast
biochemical kinetic processes had been shown by Widengren
et al3% Single molecule multiparameter fluorescence detection
(MFD) involves the simultaneous and independent acquisition
of several fluorescence parameters (intensity, lifetime, anisotropy

(6) Szejtli, J.Chem. Re. 1998 98 (5), 1743-1754.
(7) Harada, A.; Li, J.; Kamachi, MNature 1993 364, 516.
(8) Nepogodiev, S. A.; Stoddart, J. Ehem. Re. 1998 98 (5), 1959-1976.
(9) Alvarez-Parrilla, E.; Ramos Cabrer, P.; Al-Soufi, W.; Meijide, F.; Roadez
Nifez, E.; Vaquez Tato, JAngew. Chem., Int. EQ00Q 39 (16), 2856~
2858.
(10) Szejtli, J.; Osa, T.; Atwood, J. Comprehense Supramolecular Chemistry
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(11) Breslow, RJ. Chem. Educ1998 75 (6), 705-717. 124(2), 254-263.
(12) Loftsson, T.; Brewster, M. El. Pharm. Sci1996 85 (10), 10171025. (26) Ballew, R. M.; Sabelko, J.; Reiner, C.; Gruebele, Ré. Sci. Instrum.
(13) Kaneto Uekama, F. H.; Irie, Them. Re. 1998 98 (5), 2045-2076. 1996 67 (10), 3694-3699.
(14) Hirayama, F.; Uekama Kady. Drug Delivery Re. 1999 36 (1), 125— (27) Thompson, N. L. IriTopics in Fluorescence Spectroscopy: Technifues
141. Lakowicz, J. R., Ed.; Plenum Press: New York, 1991; pp-3378.
(15) Breslow, R.; Belvedere, S.; Gershell, L.; LeungFDdre Appl. Chen200Q (28) Elgen M.; ngler RProc. Natl. Acad. Sci. U. S.A994 91 (13), 5740
72 (3), 333-342.
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J.J. Agric. Food Chem2002 50 (1), 108-112. and AppllcatlonsSprmger Verlag: Berlin, 2001.
(17) Ritter, H.; Tabatabai, MProg. Polym. Sci2002 27, 1713-1720. (30) Zander, C.; Enderlein, J.; Keller, R. /&lngle Molecule Detection in
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A/ nm filtration of the aqueous solutiort8 5-Cyclodextrin (kindly supplied
B e o Ol by Roquette Laisa EspanSA) was recrystallized twice from water
and dried in a vacuum oven. HCI@Verck, p.a.) was used to control

T
P —PY

m
I bl A 08 E_: the pH of the solutions. Water was purified with a Milli-Q system.
Ea [ ’ % Sample Preparation. Stock solutions of PY or PB were prepared
Sl 06 32 by dissolving the commercial product in water and immediately filtering
E 6 ‘5" to separate the impurities. The absence of fluorescent impurities in these
=ik 0.4 g stocks was checked ensuring that the fluorescence excitation and
E 4 2 emission spectra of diluted aqueous solutions do not differ for different
. ; 02 ‘E‘ emission and excitation wavelengths, respectively. Moreover, the
J___ < presence of nonemitting impurities can be ruled out as the fluorescence
0 [ 1= L 0.0 excitation spectra match perfectly the corresponding absorption spectra
20 TS HOET8 16 down to the UV region. The potential influence of impurities on the
v/10°cm’ results can be further excluded as very reproducible complexation

Figure 2. Absorption and fluorescence emission spectra of the free equilibrium constants were obtained even for very different filtration
E)I’foﬂmgsé(m“d ImPe\f) 2{1(1 (_)fdt_helr Eomple?](es WHFCD (dasheld “g;i)(- conditions. The natural pH of these stocks was acid, in the range from
ack: PB, gray: PY. Also indicated are the excitation wavelen ; - -
= 515 nm) and the range of detected emission wavelengthy @s 2910 3.|3,_so|that pg/lronl.nﬁhydro(ljy&s WI?S very slow znfd thel_sorlf}_ltjtlons
determined by the band-pass filters used in the FCS measurements. ~ Were relatively stable within 23 days (kept protected from ligh).
The concentration of the stocks was determined using the reported

) ) ) o e
in two spectral ranges), which can be used to classify molecules Yaues of molar absorptivities for P¥and for PB!

into the different subpopulations that compose an ensemble and Aqueous solutions for FCS measurements were freshly prepared from
to characterize their size, identity, diffusion times, or local stock solutions by two dilution steps. First, the stock solutions were

. 739 diluted with an aqueous HClOsolution of pH= 4.0 £ 0.2 to
environment’~3? However, there can be found only very few  cqncentrations 10-times that of the final value. From these working

applications of FCS to other fields, and especially no study has stock solutions, the FCS samples of varying CD concentration were
been published with respect to supramolecular dynamics. As prepared by dilution of a constant volume of these pyronine stocks
we will show, FCS is perfectly suited for this task. It readily together with different volumes of&CD stock solution (concentration
resolves dynamic processes in the ground state within a wideabout 0.011 M) and the HCIOsolution of pH= 4 as solvent. The
time window; at the fast end, it is only limited by the excitation final concentrations in the FCS samples were [P8} x 10-° M and
deactivation rate of the fluorophore:{0° s™1), and at the slow ~ [PY] = 9 x 10 M. Poor reproducibility of absorbance and
end, its limit is given by the residence time in the millisecond flgorescence mterysny was ob§erved for the aqueous solutloqs of PB
time range of the diffusing molecule in the sample volume. without 5-CD, which was attributed to the reported adsorption of

. . pyronines on glass surfac#s? This problem was minimized by
As guest molecules, the dyes pyronine Y (PY) and pyronine addition of small amounts ¢-CD to the PB working stock solutions.

B (PB) are studied (Figure 1). They provide simplified models  gcs measurements.The principles of confocal setups for FCS

of the xanthene skeleton of rhodamines and are also used ir}neasurements have been described elsevthé}e®3243n the experi_

the labeling of proteins and cell organelles. In a previous mental setup used in this study, the fluorescent samples were excited
photophysical study on the complexation of PY and PB with by an argon ion laser beam (Coherent Innova, 515 nm). After reflection
B-CD we found that the two pyronines form 1:1 complexes with by a dichroic beam splitter (535 DCLP, AHF Analysentechnik
B-CD.5 Complexation causes a slight red shift of the emission Ttbingen, Germany), the laser beam was focused into the sample by
spectra of the pyronines, but decreases significantly their @ Microscope objective (Olympus 60X, NA 1.20, water immersion).
fluorescence quantum vyields and lifetimes (Figure 2. The The fluorescence was collected by the same objective and refocused

association equilibrium constant of PB is much higher than that :&;T(;Qﬁg;gfggg;gﬁfﬂfsF\’/l;?g'gég;g dﬁg? {;’Vsslgrlifsg'czgi and
_ -1 — -5

of PY (K(PB) . 2,'0 x 10° M_ ’ K(,P,Y) =0.38x 10°M™). then individually detected by avalanche photodiodes (SPCM-AQR-14,

This is a surprising result since it is presumed that the more peyin Eimer Vaudreuil, Quebec, Canada). Two band-pass filters

bulky PB would show stronger steric hindrance than PY to enter (4Q575/70, AHF Analysentechnik) in front of the detectors discrimi-
into the3-CD cavity. Comparison of the photophysical proper- nated fluorescence from laser light scattered at the excitation wavelength
ties of the pyronines in different solvents with those of the and from Raman scattered light of the solvent molecules. Both output
complexes suggested that there are important specific interac-signals were processed and stored by modified TCSPC modules (SPC
tions of the pyronines with the electron-rich oxygens present 132, Becker & Hickl GmbH (Berlin, Germanyj).Correlation curves

in the interior of the CD cavity, stabilizing the complexes formed Were calculated with a fast home-built routine which runs under
with PB more than PY. To confirm this hypothesis, we will LabVIEW (National Instruments). Typically, 40 million photons were

compare the complexation dynamics of these pyronines andcollected for each correlation curve with count rates between 50 and

analvze the individual steps during association and dissociation 350 kHz. All measurements were made at room temperature, stabilized
y P 9 "at 21°C. The excitation power of the laser beam was measured under

Experimental Section the microscope objective by a power meter (Fieldmaster, model
FM-2,Coherent). Excitation power in the sample volume was typically

Materials. PY was purchased from Sigma (51% dye content) and 290 4W, corresponding to a mean irradiationlef2 ~ 25 kW/cnt.**
PB from Aldrich (57% dye content). The main impurities of these

materials are not water-soluble, so that they can be separated by(40) figggfég-( |£1)LI?[120§|793 gag-; Coates, J. 5.Chem. Soc., Faraday Trans.

(41) Baraka, M. E.; Deumie, M.; Viallet, P.; Lampidis, T. J. Photochem.

(37) Kithnemuth, R.; Seidel, C. A. M5ingle Molecule2001, 2 (4), 251—254. Photobiol., A1991, 56, 295-311.

(38) Eggeling, C.; Berger, S.; Brand, L.; Fries, J. R.; Schaffer, J.; Volkmer, A.; (42) Schiller, R. L.; Lincoln, S. F.; Coates, J. H.Chem. Soc., Faraday Trans.
Seidel, C. A. M.J. Biotechnol.2001, 86 (3), 163-180. 11986 82, 2123-2132.

(39) Rothwell, P. J.; Berger, S.; Kensch, O.; Felekyan, S.; Antonik, Mhityo (43) Krichevsky, O.; Bonnet, GRep. Prog. Phys2002 65, 251-297.
B. M.; Restle, T.; Goody, R. S.; Seidel, C. A. Nroc. Natl. Acad. Sci. (44) Eggeling, C.; Widengren, J.; Rigler, R.; Seidel, C. A.Aal. Chem1998
U.S.A.2003 100 (4), 1655-1660. 70 (13), 2651-2659.
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Figure 3. Proposed kinetic mechanism for the complexation of a guest A
by a host H.

Calibration. The focal area and the detection volume have to be
calibrated using a dye with known diffusion coefficient. Data from

conditions, which are easily fulfilled, only ground state processes
have to be taken into account. Bimolecular association rate
constants are limited by diffusiork{ < kg ~ 10° M~1 s77),

and the concentration of the host [H] is limited by solubility
([B-CD]Jo = 102 M). Thus, under pseudo-first-order conditions
([H]o ~ [H] > [A]), the association rate constamkt(x [H]o <

10’ s1) is generally much smaller than typical decay rate
constants of the excited singlet state of organic dyes £
108—10° s71) and can otherwise be reduced by loweringgH]
The dissociation rate constakt, on the other hand, can be
estimated from the complexation equilibrium constdnrt k/

k . Even for a low value oK = 100 M~! s7* and the highest
association rate constant, the dissociation is at rkost 107

s~1, which is again well below typical values of the decay rate

correlation measurements of Rh6G in aqueous solutions measured unde{:onstanklo Thus, as long as the excitation rate is low enough

the same conditions as all other samples are used in this study. For th
diffusion coefficient,D(Rh6G), two values have been found in the
literature: (2.9+ 0.7) x 1071 m? s7* from FCS dat® and (2.9+

0.7) x 107 m? s~ measured by NMR® 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 thesB(Rh6G) reference values indicate only their statistical
error (precisior) and do not include theiaccuracy which is limited
mainly by the uncertainty in the reference value. The precision is used

Ghe 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

for comparisons between values measured relative to the same referencgy Widengren et al., who studied the complex formation of

value, whereas the accuracy has to be included when comparing thes
values with others measured with a different technique. The calibration
with Rh6G at low irradiance yields a diffusion time of = 0.360+
0.008 ms that results in a radialfadius ofw,, = 0.61+ 0.01um.

All values were corrected for temperature and viscosity effects. All

Rh6G by guanosine triphosphafeThey 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

diffusion times, both of reference and samples, were measured at themay be caused by changes in the excited singlet or triplet-state
same temperature. This way the effects of temperature and viscositypopulation, changes in concentration due to translational motion
cancel each other out during the calibration, and all diffusion coefficients of the fluorophores in and out of the sample volume, or changes
determined in this work refer thus to the temperature at which the in their physicochemical properties, for example, due to a

D(Rh6G) reference value was given (25).

We tried to avoid several experimental factors, which were recently
identified to introduce significant errors in the determinatioalo$olute
diffusion coefficientst’~#° (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)3! (2) Series of correlation curves measured at diffee@D
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 th
complexed dye in the electronic ground state, singlet excited

state, and triplet state (see Figure 3). However, under certain

(45) Magde, D.; Elson, E. L.; Webb, W. VBiopolymersl974 13 (1), 29-61.

(46) Gell, C.; Brockwell, D. J.; Beddard, G. S.; Radford, S. E.; Kalverda, A.
P.; Smith, D. A.Single Molecule2001, 2 (3), 177-181.

(47) Hess, S. T.; Webb, W. WBiophys. J.2002 83 (4), 2300-2317.

(48) Enderlein, J.; Gregor, |.; Patra, D.; FitterCiurr. Pharm. Biotechno2004
5(2), 155-161.

(49) Krouglova, T.; Vercammen, J.; Engelborghs,Biophys. J2004 87 (4),
2635-2646.
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chemical reaction or, as in our case, complexation. The nor-
malized autocorrelation functio®(z) of the intensity fluctua-
tionsdl(t) = I(t) — [Cindicates in this case the variation in the
probability to register from the same molecule a second photon
at the correlation time, once a first was emitted:

BI(t) x ol(t + 7)0
1]

G(r) = 1)

If the fluorescence intensity fluctuations arise only from
translational diffusion, the time-dependent part of the correlation
function is given by!3:50:51

1 L\t W, \2 ¢ |12
s =& {1+ o+ (2

Here, a three-dimensional Gaussian distribution of the detected
fluorescence is assumeld.is the mean number of fluorescent
molecules within the sample volume, arglis the translational

()

Qiffusion time of the molecules across the sample volume. The

translational diffusion coefficierD is related torp by:

®3)

(50) Elson, E. L.; Magde, DBiopolymers1974 13 (1), 1-27.
(51) Rigler, R.; Mets, U Widengren, J.; Kask, Feur. Biophys. J1993 22
(3), 169-175.
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The value ofGp at r = 0 gives the inverse of the number of ns 1ps 1ms

fluorescent molecule&p(0) = 1/N. = ]
The diffusion time gives an upper limit for the time scale of 4 'R i AR'. 01

observable processes. On the fast end, the rates of fluorescence AR

excitation and emission limit the rate with which two successive | tata] 0.0

photons from the same molecule can be detected. This intro- = | [H]= oomm\fg12mm P00 T s

duces the antibunching ter@g(z) with the characteristic rise o'l ] % 1,

time 7 = (ko1 + ki) ™%, determined by the inverse of the sum
of the excitation rate constakg; and the decay rate constant
of the excited staté;o, and an amplitudé:5253

Ge()=(1—Ae ™), A=1 (4)

Triplet-state formation leads to an additional te@¥(z) in the
correlation function with a characteristic triplet tilmeand an
amplitudeAr, which is related to the fraction of moleculés,
being trapped in the “dark” triplet state in the excitation
cycle3+55|n the simplest case, the triplet-state formation is taken
as being independent from all other processes:

T

G(r) = (1+Are ™M), Ar=1—=

©)

So finally, under the conditiomp > 71 > 7f, these processes
are described in FCS by a correlation function which is the
product of the individual functions from eqgs 2, 4, and 5:

(6)

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:

G(r) = G x G x Gp

A+hsp k=K )
with the association rate constdant and the dissociation rate
constantk_. Under the conditions used in this study, the free

0.

(o]
T
L2l
1

\
0.0 eaction Diffusion
1E-6 1E-4 0.01 1

T/ ms

Figure 4. Main panel: Simulated correlation curves illustrating the variation
of Gg(r) with increasing host concentration [iHpllowing egs 9, 11, 12,
and 13. Side panels: DependenceAqf g, and7p on host concentration
[H]o. Parameters used for the simulatioNa + Ng = 1, 7a = 0.25 ms;zs

= 0.60 msw/wy, = 5, K =2000 M1, Q= 0.5, andk- =5 x 10° s%

Gaussian illumination in a confocal setup has been gi¢&tR’ 58
Widengren et al. deduced a solution including the triplet-state
population but simplified their system supposing a nonfluores-
cent complex@’

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 tin¥,7p, and applying
the assumption that the relaxation rate of the reaction is much
faster than the typical diffusion times of guest and complex (fast
exchangezr < 74, 78), the following correlation function is
obtained:

Gr(7) =

sl ) () faraem @

p 2] To

host concentration is always much higher than that of the guest,with the mean diffusion tim&p, the relaxation timerg, the

[Hl > [A], and can be approximated by the total host
concentration, [HF [H]o. Then, the reaction is of pseudo-first-
order with the relaxation timeg, which is given by the inverse
sum of the association and dissociation rate constants:

®)

For certain experimental conditions, special solutions for the
correlation functiorGg(7) of this reaction have been published
before. Elson and Magde derived a general solutiorGig(r)
for a unimolecular isomerization, supposed, however, a cylindri-

7R = (ki [H]o + k—)il

amplitude of the reaction terrr, and the mean numbehéy
andNg 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 coefficientg?-56-58

Properties of the Correlation Function Gg(r). The proper-
ties of this correlation function are illustrated with simulated
curves in Figure 4. The inserts indicate the dependencigs, of
Tr, @andAr on the host concentration [h]

Due to the condition of fast exchange during the dwell time

cal sample volume illuminated by a laser beam with Gaussian ¢ tne molecule in the observation volume, only one averaged

intensity profile®® This solution has been simplified for the case
that the diffusion coefficients of A and B do not change during
reaction Da = Dg).5%%¢ For this special case, the solution for

(52) Mets, U 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,. Eur. Biophys. J1985 12 (3), 163-166.

(54) Widengren, J.; Mets, URigler, R.J. Phys. Chenml995 99 (36), 13368~
13379.

(55) Widengren, J. IrFluorescence Correlation Spectroscopy: Theory and
Applications Rigler, R., Elson, E. S., Eds.; Springer-Verlag: Berlin, 2001,
Vol. 65, pp 276-301.

diffusion term is observed with the mean diffusion timgeand

an amplitudeN™! = (Na + Ng)~%, which yields directly the
mean total numbeX of guest molecules in the sample volume.

N does not depend on the brightness of the dyes or whether

(56) Palmer, A. G., lll; Thompson, N. LBiophys. J.1987 51, 339-343.

(57) Widengren, J.; Terry, B.; Rigler, Rhem. Phys1999 249 (2—3), 259~
271.

(58) Malvezzi-Campeggi, F.; Jahnz, M.; Heinze, K. G.; Dittrich, P.; Schwille,
P. Biophys. J2001, 81 (3), 1776-1785.

(59) Berne, B. J.; Pecora, Rynamic Light ScatteringRobert E. Krieger
Publishing Company: Malabar, FL, 1990.
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they are free or complexed. The amplitude! corresponds to 1ns 1ps 1ms
. . _ 1.5 (v rr—r-r Ty
the total amplitude in the cases whekg = 0. A nching - Reaction Triplett - Diffusion
The mean diffusion timép depends on the number-weighted - [-CD] / mM
mean diffusion coefficientD obtained from the individual B
coefficientsDa and Dg: 0.6
PY 11
5 1.0F Tomi 22 A
2 =9 §=X,D, + XD (10) Py
Th = ——, = Py 44
4D ATA BB £ 55
(O] 85
with the fractionsXx = Ny /(Na + Ng).5° In the limiting case of go. _g-é
Da = Dg, no variation ofzp will be observed. For the 0.5 @ -
subsequent analysis of a titration series with varying host & [-CO]
concentration [H], it is advantageous to expregsdirectly as o
a function of the host concentration [jHand the association
equilibrium constanK (eq 7):

0.0
1E-6 1E-5 1E4 1E-3 0.01 0.1 1 10

2
ety = RO o Wy De_Ta v/ ms
D Ty ¥ 4D, D, 14 Figure 5. Normalized correlation curves of PY in water measured with
1+—K [H]o increasing concentrations gfCD as indicated in the figure. (Normaliza-
g tion: G(0.006 ms)= 1.0.) Inset: Correlation times at half-height of the

(11) normalized diffusion term(G = 0.5) versuss-CD concentration. Filled
L . . . - . circles: PY; open circles: PB.
With increasing [H}, the observed diffusion tim&, shifts from ! pen ¢

7a to 7 (Figure 4, right panel). line in Figure 5. It presents a fast increaseGgt) in the range
The relaxation timerr (eq 8) of the reaction term can be from 1 to 10 ns, then a nearly constant plateau up tas,@Gnd
expressed as a function of the equilibrium consténtIt finally a strong decrease to O at longer correlation times. PB
decreases with increasing host concentratior:[H] shows a very similar behavior. These correlation curves of PY
1 and PB are perfectly fitted in the whole region between 1 and
7r([H]) = (k_(1 + K [H]p)) (12) 100 ms with the correlation function (eq 6); the different regions

described before correspond thus to the terms for antibunching

The amplitude of the reaction tersk (Figure 4, left panel) Gr, triplet-state formatiorGr, and diffusionGp, respectively.

depends on two factors: The diffusion times obtained for PY and PB afe= 0.251+
0.001 ms andp = 0.31+ 0.03 ms, respectively. The triplet
NaNg(Qa — Qg)* K [H]o(1 — Q) D » eSP y P
=_A 5(Qa ~ Qo) = Hl(1~Q (13) terms aroundrr = 1 us present in both cases very low
(QaN4 + QeNg)? (14 QK [H]p)? amplitudes of aboudr = 0.02. The rise time of the antibunching
. ) termste = 2 & 1 ns obtained for PY and PB coincides well
(1) The ratio between the brightness@s= Qg/Qa, of free with their known fluorescence lifetimes of 1.8 and 1.3 ns,

guest A and the complex B. The species-dependent brightnessespectively? During the measurements, the excitation e
is defined by the product of the extinction coefficients, ~ 107s1was kept so low that the rise tima; = (ko1 + ko) %,
fluorescence quantum yield, and detection efficierg®,r)gx. is determined by the lifetime of the excited state kio L. It

(2) The concentration of both species. The amplitude of the myst be noted that the FCS setup used for these measurement
reaction term vanishes both at very low and at very high host yould have allowed one to determine the rise time with much

concentrations [H] that is, whenNg = 0 or Na = 0, higher precision, but this is not the aim of this study.

respectively. _ FCS of Dyes with 3-CD. On the addition of5-CD, the
The value ofGg(7) for 7 — « is zero, and the value at= correlation curves of PY and PB show two significant changes

0 depends both on the number of fluorescent molecules and on(rigure 5): (1) the diffusion term shifts to increasingly longer

their brightnesses: correlation times. The plot of the correlation times at half-height

2 2 of the normalized diffusion term(G = 0.5) as function of the
G(0) = NaQa"+ NpQg (14) B-CD concentration (inset in Figure 5) indicates that the initial
H0)=—2A BB

(QaN, + QeNg)? increase in the diffusion time(G = 0.5) is faster for PB than
for PY; (2) additionally to the terms described before, a new
Analogous to eq 6, the complexation equilibrium relaxation (bunching) term appears at intermediate correlation times which
is taken to be independent from antibunching and triplet-state shifts to shorter correlation times with increasifigcD con-
formation (see Figure 3), and thus the complete correlation centration. Its amplitude increases first rapidly and decreases
function is given by the product of individual correlation at highers-CD concentrations (see also Figure 6).

functions given in egs 4, 5, and 9: These changes can be perfectly explained by the complexation
of the pyronines witt-CD as predicted by the simulations in
G(7) = G x Gy x Gy (15) 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
FCS of Free DyesThe normalized fluorescence correlation approximately from 0.25 to 0.40 ms for PY and from 0.30 to
curve of an aqueous solution of PY is shown as the heavy black 0.45 ms for PB as more complex is formed; (2) the difference

Results and Discussion
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T T T T T Table 1. Results from Global “Target” Fits of Equation 15 (see
4 1 AT G [B-CD] f mM text) to a Series of Correlation Curves Measured at Different 5-CD
0.0 Concentrations, Both with Free and Fixed Values of K. In all
02 1 cases fixed values were used for w/wy, = 5.2, Tt = 1.5 us,
3 08 | and 7= = 2 ns; Q = Qg/Qp; reference values were published
- ;; previously®
10} 33 74 (Ms) 75 (Ms) K (x10° M) 0 k_(x10*s7Y)
2 44 o
55 PY 0.25+0.02 0.46+0.13 0.36£0.55 0.6+0.2 50+ 80
6.5 ] 0.25+0.02 0.45+0.06 0.4 fixed 0.6£ 0.2 50+ 30
1E 8.2 ] ref 0.40+ 0.04 0.50
9.8 PB 0.30+0.02 0.42+-0.06 1.2+0.9 0.48+0.12 9.5+84
1 0.30+0.02 0.40+0.04 2 fixed 0.49-0.04 7.6£27
1 1 1 1 1 1 e - ref 2.1+ 0.2 0.49
Reaction  Triplet Diffusion
% 5 U !.'||I'I !""!}- et = eSS At S Gl
fc; 0 | 1 |I- abil i e ] observation volumew,/wyy, are known from the calibration
25 ] measurements and were fixed at their known values during the
nn | Y 1 1 al .
1E6 1E-5 1E-4 1E3 001 041 1 10 global target analysis.
1/ ms Thus, the global parametetg, 7s, W/Wyy, K, 71, Q, k-, and

_ ) . - . 7¢ were shared between all correlation curves, whereas the
Figure 6. Correlation curves of PY in water measured with increasing .
concentrations of-CD as indicated in the figure. Gray lines are experi-  (linear scaling) parameters such as the mean molecule num-
mental curves, normalize@(0.006 ms)= 1.0), and then arbitrarily scaled ~ ber N = Np + Ng and the triplet term amplitudé: were
in order to separate them visually. Black lines are theoretical curves deter- ygried individually with each measurement. No weighting of
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. the .d.ata was applied for the fit procedure. _T_h,e fit was starFed

by fixing the global parameters at guessed initial values, which

in brightness of free and complexed fluoropHaagether with were then released one by one in successive runs. This procedure
the fast formation and dissociation of the complex during the @ssured that a meaningful minimum was found in a reasonable
dwell time of the fluorophore in the observation volume results time. The values of the directly fitted parameters are given in
in a “reaction term” in the correlation curve with a typical Table 1. o .
correlation time given by the relaxation rate of the complexation __ 1€ corresponding fit curves are represented in Figure 6 for
process in the range from 0.1 tous. PY. The curves for PB are very similar. Leaviidfree in the

Analysis of FCS Data.The separate analysis of the diffusion analysis leads to a value f&i(PY), which is in good agreement
terms of the individual curves presents certain difficulties. Due With the value reported by Reija et @lThe big given
to the low association constant of the pyronines and to the uncertainty, however, indicates strong statistical correlation with
relatively poor solubility ofs-CD in water, even at the highest ~ Other parameters, especially wit andk-. Fixing K to the
B-CD concentration about 20% of the PY molecules are still reported value reduces the uncertainties of the other parameters
free. Thus, the diffusion time of the complex cannot be without changing significantly their fitted values (see Table 1).
directly determined. The attempts to determine the diffusion | "€ @mplitudes of the triplet tern#s were always below 0.02.
time 75 and the association constatfrom the dependence of Considering the spectral properties of the detection system and
Zp(8-CD]) on the 3-CD concentration determined from indi- the specific fluorescence quantum yields, the estimated ratios
vidual fits of the diffusion terms leads to values %f and K of the brightnesseQ = Qg/Qa are in very good agreement
with high uncertainty and a mean value fé which is with the data determined from bulk measuremeR(PY) =

. e .. . — 5

significantly smaller than that reported bef&r€his is mainly 0.50 ar_1dQ(PB) = 0.49: ) )
due to strong statistical parameter correlations betveand At this point, FCS already demonstrates its great potential to
7.9 Moreover, the analysis of individual correlation curves with determine the rate constants of the association/dissociation

the full correlation function (eq 15) fails because of strong Process together with valuable information about diffusional
statistical correlations among the fit parameters. properties. These results are discussed in the following sections.

Global Target Analysis of FCS Data.To make the best Translational Diffusion Coefficients. The diffusion times

use of the experimental data and to reduce parameter correlad€termined from the fluorescence correlation curves were

tions, all curves were analyzed together in a global “targeftfit, converted to translational diffusion coefficients using eq 3 with
taking the dependence of some of the fit parameters of-0B the radial 1€ radius of the measurement volumg obtained
concentration into account. The concentration-dependent pa_from.a calibration with Rh6,G asa standard (see Expenmental
rameters, such as the mean diffusion timg the reaction Section). The hydrodynamic radi&& was calculated applying

relaxation timerg, and the reaction term amplitud, were 1€ StokesEinstein relation

recalculated at each iteration from the global parameters of KT

interest such as the diffusion times of free and complexed RhZW (16)

gueststa andtg, the brightness rati@, the association con-

stantK, and the complex dissociation rate constlant using with the viscosityn(25 °C) = 0.8905 cP of water (see Table

egs 11-13. Additional parameters, such as the triplet relaxation 2). All values are corrected for a temperature of°€5

time 7, the rise timerg, and the geometry factor of the The free guests PY and PB show the highest diffusion

coefficients,D, whereD(PB) is significantly lower tha(PY)

O B e B e s Letases 120 (Se€ Table 2). Their inclusion complexes WRICD have much

(4-5), 466-472. smaller diffusion coefficients which, however, are not signifi-
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Table 2. Diffusion Coefficients and Hydrodynamic Radii 7 E T T T T T T T 3
Calculated from the Diffusion Times Given in Table 1 and 3 \;)Glucoseﬁz E
Equations 3 and 16. All Values Corrected for 25 °C. Molar Mass - ~ 3
(My) 1s Given for Comparison and Does Not Include the 6 F ~ % v=1/3
Counterions for the Charged Dyes. Uncertainties Do Not Include - :ﬁm N Sucrose ]
Calibration Errors U5 F SN ]
N mP110 N ]
D (x10710m2sY) Ry (A M, (Da) OE :’r ‘PY ~ Lk N
PY 42403 5.8+ 0.4 267 o4 | Q-Z“E&l asterold -
PY;3-CD 2.440.3 10+ 1 1402 - [ '¥ IPB ]
PB 3.5+ 0.3 7.0+ 0.6 324 o | % t‘l:x? RH110 .
PB-CD 2.6+0.3 9+1 1459 s [ %S ol
p-CD (3.23+ 0.07¢ 7.6+0.3 1135 N JI Rh6G '
Rh6G (2.9+ 0.7p 942 443 [ -'--uI"' - Yisk-co¥€ ]
Rh110 3.4£03 7.2+ 06 331 i 'f‘.-'x-L_Lr PB/p-C ~o-Cb* i
P110 @71 5 211 i PY/B-CD gsf-cD ]
i 1 ' A A A | i i M1
aNMR data (ref 62)° NMR data (ref 46)° Diffusion limit in fluores- 2
0.2 04 06081 2 4

cence quenching experiments (ref 63).

M, / kDa
cantly different. The literature value for the diffusion coefficient Figure 7. Double logarithmic plot of translational diffusion coefficients
of B-CD falls between the values for the free guests and the D versus molar mass. Filled circles: Experimental values of PY and PB
complexes. and their complexes wit-CD from Table 2. Star: Reference value of

[T ; PR _ Rh6G (NMR dat&). Gray triangle: Value for rhodamine 110 determined
These results reflect qualitatively the different steric dimen by FCS in the same way as PY and PB. Open square: Value for pyronine

sions of the molecules involved. The free guest PY is the 110 determined from fluorescence quenching experinfé@pen circles:
smallest, followed by PB3-CD, and then the complexes. The Literature values (glucose, sucrd$esteroid, CDs, and steroid/CD com-

increase in size from PY to PB, due to the exchange of the plexes from NMR dat®). Dashed line: Fit of eq 17 to literature values
! (open circles) withv = 0.3994+ 0.003. Dotted line: Fit of eq 17 to PY,

methyl groups by ethyl groups, affects the diffusional properties pg"5110 rp110, and Rh6G values with= 0.7 + 0.1. The error bar at
of the free dyes, but not those of the much bigger inclusion the reference Rh6G value indicat&@5% accuracy, which is not included
complexes formed. The derived hydrodynamic radii of PY and in the error bars of the other values. All values are given fof@5The
PB correspond well to geometric dimensions estimated from molar masses of the charged dyes do not include the counterions.

molecular _m(_)dels. The hydrodynamic radii of the complexes nearly homogeneous compact spheres. It is especially remark-
are very similar for both types of complexes, and somewhat gpe that the hollow cyclodextrins fit perfectly in this scheme,
larger than that of-CD alone. indicating that their interior is essentially undrained during
Variation of the Diffusion Coefficients with Molar Mass. diffusion.
For a more detailed analysis, the o!ependence of the .diffusion The literature value fob(Rh6G), however, falls much below
coefficients,D, on the molar mass is analyzed. Applying the s group of data, although it was determined by the same NMR
Stokes-Einstein relation (eq 16), the diffusion coefficient of technique as the steroid/cyclodextrin data.
homogeneous spherical particles is expected to change with their e giffusion coefficients of the pyronine guests PY and PB
molar mass following a power law (allometric scaling) with 544 of the dyes pyronine 110 (P110) and rhodamine 110
exponent—1/3: D ~ R," ~ M,". Figure 7 shows a double (Rh110) show the same tendency as that of Rh6G. Being the
logarithmic plot of D values versus molar madd,, for the pyronines models of the xanthene skeleton of the rhodamines,
molecules studied here and for some literature values of othergpe may tentatively fit the allometric model through these values
guests without charge, cyclodextrins of other sizes, and cyclo- (dotted line in Figure 7). The resulting exponent of aboet
dextrin complexes. 0.7 + 0.1 indicates strong deviation from the spherical
The literature values of the neutral molecules show in the homogeneous mass distribution, which would be in concordance
double logarithmic plot an excellent linear correlation. Fitting ith the much more planar configuration of the aromatic
the power law 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 ComplexesA dif-
r S . .
ferent behavior is found for the inclusion complexes between

D=ax M, (17)

to the data yields an exponent= 0.399+ 0.003 (dashed line
in Figure 7). This value lies slightly above the valuevef 1/3
expected for homogeneous spheres. Random coils of polyme

chains would show = 1/2, rigid rodsv = 155 This indicates . . - g
very similar diffusional properties of the small sugars, the steroid the pyronines ang-CD, which show similar diffusion coef-
Y prop gars, ficients close to that of the steroid:CD complexes. This finding

guest., the cyclodextrin hOSFS’ anq the complexes formed betV\Ieenlndicates that the differences in shape observed for the different
steroid and hosts, all scaling with molar mass as expected for

guests become less important once the guests are included in
(62) Cameron, K. S.; Fielding, IMagn. Reson. Cher2002, 40 (special issue), the host. The resulting inclusion complexes are all roughly
S106-S109. globular with a similar mass distribution. The effect of the single

(63) Fries, J. R. Charakterisierung einzelner Mélekn Losung mit Rhodamin- .
Farbstoffen. Ph.D Thesis, Univergi@Gesamthochschule Siegen, Cuvillier, ~ charge of the included guest on the hydrated volume of the

Gottingen, 1998. B
(64) Weast R. CCRC Handbook of Chemistry and PhysiGRC Press: Boca whole complex should also be smaller than that in the case of
Raton, FL, 1986. the free guest.

(65) Burchard, W. IrPhysical Techniques for the Study of Food Biopolymers ; ; ;
Ross-Murphy, S. B., Ed.; Blackie Academic & Professional: London, 1994; Complexat|on DynamlCS'The values obtained from the

pp 15+-213: global analysis of the FCS curves for the dissociatior) &nd
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Table 3. Rate Constants of the Association between Pyronines and §-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 kg, k-4, and k- Have Been Estimated Applying
Bimolecular Reaction Theory Using the Equations 18, 20, 22, and 23 and the Values from Tables 1 and 2

ke (<109 M-t s71) kg (x10° M~ 571 kg (109579 k (x10° 571 k. (x10¢s7Y)
PY 0.2+£0.1 7.5+05 1.7+0.1 0.05+ 0.02 50+ 30
PB 0.15+ 0.05 7.4+ 05 1.3+0.1 0.03+ 0.01 7.6+2.7

association K1) rate constants of PY and PB wifhCD are the time needed for guest and host to diffuse at least their
listed in Tables 1 and 3. As pointed out before, the association/ molecular radiiRay apart. This diffusion time can be deduced
dissociation rates are not high enough to compete with the from eq 3 yielding

excited state deactivation processes of the free pyronines and 5

the pyronine:CD complexes, even at the highest achievable con- 1 R

centrations ofs-CD. This is in concordance with the proposed (ko) ~~ 4D, (20)
mechanism (Figure 3), in which no association/dissociation

processes in the singlet excited state were considered. The valuesk_q of PY and PB differ by approximately 30%

Association.The values of the association rate constdnts  (see Table 3). The smaller value for PB is due to the fact that
of PY and PB coincide within experimental error (Table 3). In  now both the lower diffusion coefficient and the larger radius
view of the bulkier ethyl groups of PB as compared to the of PB increase the corresponding encounter complex lifetime
smaller methyl groups of PY, this is, at first sight, a surprising (k_q)~2.
fact; the increased steric volume of PB reduces both its diffusion  Thus, the ratidky/k_q depends only on the volume occupied
coefficient and its probability to enter the CD cavity. The values by host and guest and scales with the third power of the radius
of the association rate constamts of PY and PB are among  Ray:
the highest association rate constants reported for a series of
aromatic and aliphatic guests in the ground stated are of ﬁ
the same order as those determined for bicyclic azoalkanes by K_g
Nau and co-worker® Nevertheless, the association process is
clearly not diffusion-controlled. Using the diffusional properties ~ Inclusion Equilibrium. Once host and guest are in contact,
(D andR,) determined by FCS before, the rate constapfsr the inclusion complex B may be formed with the “reaction rate
a purely diffusion-controlled association process can be esti- constant’k.. The rate constark-, describes the back reaction
mated applying the Smoluchowski equation for the reaction Of the complex to the encounter pair.

=7 RAH3NO (21)

between guest A and hosttH In terms of this model, we may separate the overall com-
plexation equilibrium into a pre-equilibrium between free

= aH Man No molecules and the encounter complex it = _g4 an

kg = 47D Ray N (18) lecul d th t plex Withhe = ky/k_q and

) the inclusion equilibrium withK; = k/k-, between encounter
(Dan = Da + Dp, Ran = Ra + Ry, andNo is the Avogadro  complex and inclusion complex:
constant.) The calculated valukgfor the two pyronines are

very similar (see Table 3). It is interesting to note that in eq 18 B ke kg Kk

the effect of the different diffusion coefficien, of PY and K= Kend, = k |<__U|X|(__r (22)

PB is mostly compensated by the difference between their radii

Ra (see Table 2). With the values given in Table 3, we estimate from the ratio

Encounter Complex Formation. The diffusion-limited rate ka/k—q an encounter complex equilibrium const&gafc of about
constantsky are much higher than the observed association rate 5 M~ for both pyronines. With the known overall equilibrium
constantsky, which are obviously limited by other processes constantsK (Table 1), the inclusion equilibrium constants
than the diffusion itself. To elucidate the rate-determining steps, K/(PY) = 90 andK,(PB) = 350 can be calculated. Bot;
we describe the complexation as a two-step process, applyingvalues show that the formation of the complex wktlis much
theory of bimolecular reactions used in electron transfer or faster than the dissociatida,. This justifies neglecting, in

guenching theor§?—%° the kinetic description dk+. Assuming steady-state conditions
for the concentration of [A], the observed rate constakit
A+H % [A-H] k__kf._ B (19) of formation of B can be expressed as
d —r
. _ ok K _ kikyg
Due to diffusion, guest A and host H eventually get into ki = k‘k Tk kK =k “io—k, (23)
contact with the diffusion-limited rate constakyi (eq 18) to —d 4 d4_d +
form anencounter complejA -H], where A and H are within k- Ky

the same solvent cage. The formed encounter complex dissoci- hich all i timate th imolecul i sant
ates with the rate constahkty, which can be estimated from which aflows one to estimate the unimolecufar rate conan

of complex formation.

(66) Caldin, E. FThe Mechanisms of Fast Reactions in Soluti®S Press: The different values di (Table 3) indicate that PY has only
Amsterdam, 2001. i H il

(67) Eigen. M2. Phys. Chem. (Leipzig)954 NF1, 176, a sll|ghtly hlghgr probaplllty than PB to.form 'the complex

(68) Eberson, L. IAdvances in Physical Organic Chemistigold, V., Bethell, during the lifetime of its encounter pair. This advantage,
D., Eds.: Academic Press: London, 1982; Vol. 18, pp-I85. e i i e

(69) Valeur, B.Molecular Fluorescence: Principles and ApplicatioMiley- however, is 'r? part eliminated by the shorter “fetlme_ of the
VCH: Weinheim, Germany, 2002. encounter pair of PY, so that the overall association rate
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constantk, of PY and PB show no significant difference. The shortest side is always much smaller than the diameter of the
compensational effect between reaction rate and encounter3-CD cavity, and thus, a variation of this width has only a small
lifetime may also explain to some extent the very similar influence on the fractioffi. Increasing the width of the shorter
association rate constants found by other authors for guestside ty 1 A reduced; only by a factor of 2-3. This explains
molecules of smaller size and the small influence different well the small variation in the values of the inclusion rate
substitutions have on this const&ht. constantk. found for PY and PB (see Table 3).

Influence of Steric Hindrance. The low ratios/k_4 ~ 0.02 Despite the limitations that these simulations have, they
for PY and PB show that only about 2% of the formed encounter indicate that the geometrical reorientation may be the rate-
pairs actually lead to an inclusion complex. Can steric hindrance determining step in the inclusion process and that the rate of
explain this low ratio? Applying a simple model used in inclusion may be dictated by steric effects.
bimolecular reactions, one may assume that during contact, host Dissociation.As opposed to the very similar association rate
and guest collide and rotate due to brownian motion, but only constants, a big difference is observed between the dissociation
those collisions in which both molecules are in favorable relative rate constant&_, being the value for PY about 6 times higher
orientations are successful and give rise to an inclusion than that for PB (see Table 3). This implies that the much higher
complex?®If during the lifetime of the encounter compleo stability of the PB3-CD complex is mainly due to its slower
collisions take place, the “reaction probability; for inclusion dissociation process. Analogous results can be found in the
complex formation during each of the collisions is equal to |iterature, for example, for the already mentioned bicyclic

azoalkane® or for the isomers 1-naphthyl-1-ethanol and
P — 1 k ~ 1 ﬁ (24) 2-naphthyl-1-ethanol, where the position of the substituent that
" Neg ke + kg N Kog allows the molecule to penetrate more or less deeply into the

o ' B-CD cavity has a strong effect on the dissociation rate constant
The number of collisiondNcoi may be estimated roughly  but less on the association rate constant.

assuming that the molecules within the solvent cage have amean From eqs 22 and 23 arld ¢ > k, it is easy to see that the

speed similar to that in the gas phase (see the Supportingoyerall dissociation rate constakt is limited by the rate
Information)?e From kinetic gas theory, we estimate that dUring constank_,, with which the guest leaves the host forming again
the lifetime of the encounter complex, host and guest collide an encounter complex, and that this is the slowest of all involved
on the order oo ~ 100 times. This results in a probability  steps.
to form an inclusion complex at each collision of ab&yt 2 The much lower dissociation rate constant of the PB:CD
x 1074, _ ) o complex as compared to that of PY:CD confirms that PB
We estimated the fractiof of successful collisions by interacts much stronger with the interior of teCD cavity.
stepping systematically over all possible relative orientations Thjs was previously proposed on the basis of steady-state and
and rotations between host and guest and deciding in each casgme.resolved fluorescence studidsit could not be confirmed
whether the guest would fit geometrically into the opening yjthout information on the complexation dynamics. Specific
presented by the cavity of the host (see the Supporting jnteractions between the positively charged xanthene moiety of
Information). This worst-case simulation yields some lower limit e hyronines and the electron-rich glucosidic oxygens of the
for the restrictions imposed by the orientational requirements g cp cavity stabilize probably the inclusion complexes of both

but .dp.es not take into accountl any specific interz.actions or the pyronines, but seem to be much stronger in the case of PB.
flexibility of the molecules, which may allow an induced fit.
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