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Femtosecond to Nanosecond Solvation Dynamics in Pure Water 
and inside the y-Cyclodextrin? Cavity 
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Department of Chemistry and the James Franck Institute, The University of Chicago, 5735 South Ellis 
Avenue, Chicago, IL 60637, USA 
Edward W. Castner Jr 
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The dynamics of solvation of an excited chromophore in pure water and in a restricted space with a limited 
number of water molecules have been studied. The time-dependent Stokes shift of Coumarin 480 (C480) and 
Coumarin 460 (C460) were measured using femtosecond fluorescence upconversion and time-correlated single- 
photon-counting techniques. The system with a limited number of water molecules was an inclusion complex of 
Coumarin dyes with y-cyclodextrin (yCD). The results of molecular dynamics simulations are compared with the 
observed solvent response in pure water and in the yCD cavity. The observed relaxation times range from < 100 
fs to 1.2 ns. Solvation of C480 in pure water is observed to occur with time constants of <50 and 310 fs. In sharp 
contrast with the solvation response in pure water, in the case of the C48O/yCD inclusion complex, additional 
long solvation time constants of 13, 109 and 1200 ps are observed. The stoichiometry, structure and dynamics of 
the CoumarinlyCD complexes are also discussed. 

Polar solvents can dramatically influence the rate of chemical 
reactions. Assuming equilibrium solvation along the reaction 
coordinate, many of these effects can be explained by classical 
thermodynamics. Differential solvation of reactants, tran- 
sition state and products alters the free-energy barrier of a 
chemical reaction. However, a thermodynamic approach is 
valid only if the motion of the solvent molecules is very fast 
compared with motion along the reaction coordinate, so that 
the solvent is always in equilibrium with the solute. In partic- 
ular, the solvent relaxation timescales influence the dynamics 
of electron transfer and other charge-transfer reactions by 
exerting a time-dependent dielectric friction. In these cases 
the reaction rates may be limited by the rate of solvent relax- 
ation. '-' 

The dynamics of solvation in a restricted space may be 
important for understanding a range of biological processes 
that occur in the presence of solvent in cavities of proteins or 
in lipid membranes. In these environments, one may expect 
the structure and dynamics of solvents to be quite different 
from those of a pure liquid. The comparison of solvation 
dynamics in a pure liquid with the dynamics in a simple 
model system with restricted space, represents a first step 
towards quantifying these differences. 

Over the past two decades numerous theoretical and 
experimental studies have been devoted to polar solvation 
dynamics. The earliest theories of polar solvation were based 
on dielectric continuum models of liquids, and predicted that 
solvent relaxation would occur on timescales ranging from 1 
ps for water, to several ns for larger, more viscous solvents. 
However, various frequency-domain experiments on polar 
liquids, as well as molecular dynamics simulations of pure 
liquids, predicted fs timescale contributions to the solvation 
response. Molecular dynamics simulations of atomic solutes 
in water performed by Maroncelli and Fleming were the first 

to reveal the dominance of fs timescales in the dynamics of 
aqueous solvation.' Another important result of their simula- 
tions is that for all sizes of atomic solutes studied the first 
solvation shell accounts for about 85% of the total solvation 
energy. 

More recently, fluorescence upconversion measurements of 
Coumarin 343 in water have been performed with sufficient 
time resolution to establish firmly the importance of the iner- 
tial contribution to the solvation response.6 The experiment 
revealed a solvent response with initial Gaussian decay, of 
frequency 38 ps-', and two exponential time constants, 126 
and 880 fs. The Gaussian decay, which concludes in about 50 
fs, accounts for 48% of the total response. Molecular 
dynamics simulations (using a Coumarin charge distribution 
calculated with the semiempirical AM1 force field) of this 
solute in SPC/E water agree very well with the observed 
response in predicting the amplitude and timescales of the 
initial response and the timescales of the slower components. 

In the present study we measured the solvation response of 
water molecules around a probe solute in pure water and in a 
system with a limited number of water molecules. The goal of 
the study is to compare the timescales of solvation in the two 
systems. The solvation response of water was measured in an 
aqueous solution of C480. We used, as models for the 
restricted space systems, inclusion complexes of C480 and 
C460 with yCD. yCD is a toroidal molecule containing eight 
glucopyranose units (see Fig. 1) whose cavity limits the access 
of water molecules to the vicinity of the included probe mol- 
ecule. The number of co-included water molecules is expected 
to depend on the size and orientation of the embedded probe 
molecule. Furthermore, the hydroxy groups on the rim of the 
yCD cavity may strongly perturb the structure and dynamics 
of solvent molecules surrounding the inclusion complex. 7-1 * 

t IUPAC recommended name : cyclomaltooctaose. 
$ Present address : Department of Chemical Physics, Faculty of 

Mathematics and Science, Charles University, Ke Karlovu 3, Prague 
2, CZ- 12 1 16, Czech Republic. 
0 Present address : Department of Physical Electronics, Faculty of 

Nuclear Sciences and Physical Engineering, Czech Technical Uni- 
versity in Prague, V. Holesovickach 2, Cz-l8OOo, Prague 8, Czech 
Republic. 

Experimental 
C460 and C480 were obtained from Exciton and yCD was 
purchased from Pharmatech Inc. Samples were used as 
received in solutions of deionized water. 

The steady-state absorption spectra of C480 and C460 in 
water, measured on a Perkin-Elmer 559A UV-VIS spectro- 
photometer, had maxima at 390 and 383 nm, respectively, 
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Fig. 1 Structures of (a) C460, (b) C480 and (c)  yCD 

and did not change upon complexation with yCD. Steady- 
state emission and fluorescence polarization spectra were 
recorded on a SPEX Fluorolog spectrometer. Steady-state 
anisotropy data were then used to calculate the binding con- 
stants for the CoumarinlyCD complexes, as discussed in the 
Results section. 

Time-resolved emission data were collected on two laser 
systems with ca. 20 ps and ca. 50 fs resolution, respectively. 
The time-correlated single-photon-counting apparatus has 
been described in detail elsewhere.' ' The excitation source 
was a synchronously dumped dye laser cavity dumped at 3.8 
MHz repetition rate. The instrument response function, 
determined by using a scattering solution of non-dairy coffee 
creamer in water, was typically 80 ps FWHM. The excitation 
wavelength used was 332 nm for C480 and 313 nm for C460. 
The concentration of yCD was 0.05 mol dm-3 in each 
sample, the Coumarin concentrations were 5 x lo-' mol 
dm-3. Under these conditions, ca. 93% of C480 and about 
97% of C460 molecules were included in the yCD cavity. The 
stoichiometry of the corresponding complexes will be dis- 
cussed later. 

Fluorescence upconversion measurements were performed 
as previously described, by utilizing an elliptical mirror to 
focus the emission into the upconversion crystal." The 
source of short pulses was a mode-locked Ti-Sapphire laser 
(Coherent MIRA 900F) operated at 820 nm. The second har- 
monic of the fundamental wavelength, generated in a 0.4 mm 
/,I-barium borate (BBO) crystal, was used for excitation. The 
cross-correlation of the fundamental and doubled pulses 
measured in a 0.4 mm BBO crystal was about 150 fs FWHM. 
7.5 x mol dm-3 solutions of C480 were used in upcon- 
version experiments, the concentration of yCD was 0.01 mol 
dm-3. In this case about 85% of C480 molecules were 
included. The absorbance of these samples was as low as 
0.008 mm- ' at the excitation wavelength. The fluorescent 
samples were deoxygenated by bubbling with nitrogen. A 1 
mm path length, quartz flow cell was used in the upconver- 
sion experiments. 

Fluorescence decay data sets were collected at 9-1 2 differ- 
ent wavelengths to span the entire steady-state fluorescence 
spectrum. The individual wavelength-dependent fluorescence 
decays were first fitted to a sum of 3-4 exponentials using a 

non-linear least-squares regression algorithm with iterative 
reconvolution to deconvolve the the instrument response 
function from the decay data. Parameters of the best fits and 
the normalized steady-state spectrum were then used as seed 
values for generation of time-evolved emission spectra. The 
generated spectra at any time t are fitted to a log-normal 
distribution function so as to determine the characteristic fre- 
quency, v(t), of the spectrum [peak frequency v,,(t) or average 
frequency v ~ & ) ] . ' ~ * ' ~  The time-dependent fluorescence 
Stokes shift, represented by the characteristic frequency v(t), 
was used for the calculation of the solvent correlation func- 
tion C(t), defined as 

where the vs are the characteristic spectral frequencies at 
times 0, t and co after excitation [v(co) represents the spec- 
trum of the probe molecule after solvation is complete]. A 
detailed description of the spectral reconstruction method 
leading to the response function C(t) was given by Maroncelli 
and Fleming.4 

Results 
Steady-state Spectra 

The emission spectra of the coumarin dyes exhibit a well 
known solvatochromic shift. The fluorescence spectrum of 
C460 shifts from 401 nm (24 938 cm- ') in cyclohexane to 472 
nm (21 186 cm-') in water, while the emission band of C480 
is shifted from 406 nm (24631 cm-') to 491 nm (20367 
cm- '), respectively, in these solvents. 

Addition of yCD to an aqueous solution of C460 causes a 
blueshift of the emission peak of 1015 cm-' (to 22 201 cm- ') 
with respect to that in pure water. This emission spectrum 
has a similar shape and peak position to that of C460 in 
methanol or in a water-ethanol mixture with ca. 60% (by 
volume) ethanol. In the case of the C480/yCD complex the 
fluorescence peaks at 480 nm, the same wavelength as the 
emission of C480 in glycerol or in a water-ethanol mixture 
with 35% ethanol (by volume). These findings confirm that 
the probe molecules are encapsulated, and indicate that the 
local environments of C460 and C480 change upon inclusion 
into the yCD cavity. The observed behaviour is in good 
agreement with the conclusions made by Hansen et al. and 
by Eaton on various dye/cyclodextrin complexes.7* '' 

Determination of Binding Constants 

Many experimental methods developed for the determination 
of binding constants and stoichiometries of complexes formed 
in ligand-binder systems have been described in the liter- 
ature.16-28 However, these methods are not applicable to the 
present study. As shown in the Appendix, the fraction of 
bound Coumarin molecules may be calculated from steady- 
state anisotropy measurements, and the reciprocal plotted 
oersus the reciprocal of total yCD concentration (double- 
reciprocal plot) to determine the complexation constants. 

For the steady-state anisotropy measurements, 5 pmol 
dmw3 solutions of C460 and C480 were prepared and the 
concentration of yCD varied between 0 and 10 mmol dm-3. 
The anisotropy of the bound probes, rB, was measured in 30 
mmol dm-3 solutions of yCD. In Fig. 2 a double-reciprocal 
plot for the C480/yCD complex is shown. The plot is clearly 
linear and is indicative of 1 : 1 complex (C480 : yCD) forma- 
tion. Fig. 3 shows a double reciprocal plot for the C460/yCD 
complex. This plot is bilinear, indicating formation of 2 :  1 
complexes for yCD : C460 ratios in excess of 200 : 1. Table 1 
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[yCD]-'/dm3 mol-' 
Fig. 2 Double reciprocal plot for the C480/yCD complex and linear 
fit to the data. The linear plot is indicative of 1 : 1 (host: guest) 
complex formation. 

shows the values of the binding constants obtained from 
complexes of C480 and C460 with yCD. For the 50 mmol 
dm-3 yCD-50 pmol dm-3 C460 solution used in the ps mea- 
surements the yCD : C460 ratio was 1000 : l, however, owing 
to the small binding constant K , ,  only a negligible number 
of C460 molecules (ca. 3.5%) were present in the 2 :  1 
complex. 

Femtosecond Results 

Typical fluoresence upconversion data collected on a the red- 
side of the emission spectrum of C480/yCD in water are dis- 
played in Fig. 4 along with an example of a multiexponential 
fit to the experimental data. Examples of time-resolved emis- 
sion spectra generated at various times after excitation 
together with the corresponding log-normal fits are shown in 

I- / 
; 10 
n 
F 

I 
m 

*1. - 
5 

500 1000 1500 2000 2500 3000 
[yCD]-'/dm3 mol-' 

Fig. 3 Double reciprocal plot for the C460/yCD inclusion complex 
and linear fits. The two linear regions of the plot indicate formation 
of both 1 : 1 and 2 : 1 (host : guest) complexes depending on the con- 
centration of yCD. 

0.0 0.5 1 .o 1.5 2.0 
time/ps 

Fig. 4 Example of a multiexponential fit to the fluorescence upcon- 
version data: time-resolved emission from C480/yCD in water at 540 
nm. The best fit to these data was achieved by using a three- 
exponential decay model (solid line). The instrument response func- 
tion is also shown. 

Fig. 5. There was not a sufficient number of fluorescence 
decays on the blue edge of the spectrum to characterize its 
shape at early times, (see the time-resolved spectra generated 
at shortest times in Fig. 5 )  and so we used the peak frequency 
to characterize the evolution of the fluorescence spectrum. 
The corresponding solvation response functions for C480 in 
water and C480-yCD are shown in Fig. 6. The solvent 
response functions were then fitted to a sum of two exponen- 
tials, and the resulting solvation times are listed in Table 2. 
The solvation response of C480 dissolved in water shows a 
very fast response which is almost complete within 1 ps. This 
may be compared to the C480/yCD complex for which the 
observed solvent relaxation is somewhat slower at shorter 

460 480 500 520 540 560 
wavelength/nm 

Fig. 5 Time-resolved emission spectra of the C480/yCD complex in 
water, obtained by the spectral reconstruction method. The times are 
(0) 0, (+) 50, (0) 250, (*) 500 and 1.) 10oO fs. The solid lines 
represent the log-normal fits to the data. 

Table 1 Binding constants for the C480/yCD and C460/yCD com- 
plexes 

Table 2 Solvation times and amplitudes observed in pure water and 
in the yCD cavity on the fs timescale 

complex K,/dm3 mol-' SD" K2/dm3 mol-' SD" system a1 7.1 /fs a2 T2/fs 

C480/yCD 515 43 - - C480/wa ter 0.26 < 50 0.74 310 (20) 
C460/yCD 641 16 67 7 C480/yCD-water 0.51 < 50 0.49 520 (40) 

a Standard deviation. Estimated error in parentheses. 
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0.0 0.2 0.4 0.6 0.8 1 .o 
time/ps 

Fig. 6 Solvent response functions for C480 in water (solid line) and 
C480/yCD in water (dashed line). The time constants characterizing 
these curves are displayed in Table 1. 

times and the remainder of the response reveals a slower 
component exceeding 1 ps. Note that components <50 fs, of 
approximately the same amplitude, were observed in the sol- 
vation responses of both C480 in water and the C480/yCD 
complex. Possible differences between the fastest components 

I 

t i  

O a 2 U U  0.0 
0 1 2 3 4 

time/ns 
Fig. 7 Fluorescence of the C480/yCD inclusion complex (from top) 
at 500, 460 and 420 nm measured by TCSPC. The instrument 
response function is shifted for clarity. 

0.8 

0.6 
n 
c 

3.4 

0.2 

0.0 
0 100 200 300 400 500 

Fig. 8 Solvent response functions reconstructed for the C480/yCD 
(dashed line) and C460/yCD (solid line) inclusion complex from 
TCSPC data. The time constants for the decay of these functions are 
given in Table 2. 

tirnelps 

Table 3 Solvation times characterizing the slow relaxation process 
in the yCD cavity 

system 

C480/yCD-water 0.28 13 (6) 0.36 109 0.36 1200 (21) 
C46O/yCD-water 0.91 22 (4) 0.09 193 (15) - - 

Estimated error in parentheses. 

in the solvation response cannot be distinguished with our 
current experimental time resolution. However, it is clear that 
at somewhat longer times during the first ps of the solvation 
process, solvation in C480/yCD is slower than in pure water 
and the solvent relaxation is characterized by a solvation 
time (defined as the average of the time constants, weighted 
by their amplitudes) of 520 fs as compared to 310 fs for pure 
water. 

Picosecond Results 

Time-correlated single-photon counting (TCSPC) was used 
to monitor the slower emission dynamics. Fig. 7 shows the 
fluorescence decays of C480 included in the yCD cavity at 
420,460 and 500 nm. The wavelength-dependent emission of 
the complexed C480 clearly indicates a slow process. Similar 
behaviour was observed for C460 encapsulated in the yCD 
cavity. The fluorescence of the uncomplexed coumarins mea- 
sured in pure water was wavelength independent and a single 
exponential on this time scale, characterized by lifetimes of 
5.5 ns and 360 ps, respectively. 

The reconstructed solvent response functions, C(t), corre- 
sponding to the slow relaxation process for the C480/yCD 
and C460/yCD are plotted for the 0-500 ps range in Fig. 8 
and the solvation times, obtained from multiexponential fits 
to C(t)s, are listed in Table 3. The solvation of C460 and 
C480 embedded in the yCD cavity are well characterized by 
two and three relaxation times, respectively. The uncertainty 
of the 13 ps component is relatively high (ca. 30%) due to the 
limited time resolution of our TCSPC apparatus. The 
observed slow solvation process was found to be strongly 
dependent on the type of complex. The average solvation 
times were 58 ps and 475 ps for C460/yCD and C480/yCD, 
respectively. 

An important consideration in time-resolved studies of sol- 
vation is to determine the amount of the spectral shift resolv- 
ed by the experiment. Usually, the experimentally resolved 
time-zero spectrum is far to the red of the real time-zero spec- 
trum. Fee and Maroncelli have developed a procedure for 
estimating the time-zero spectrum in time-resolved experi- 
m e n t ~ . ~ ~  First, the energy difference between the peak of the 
absorption and emission spectrum (at the same excitation fre- 
quency used in the time-resolved experiments) is measurable 
in a non-polar solvent. This energy difference should also be 
the energy difference between the absorption spectrum and 
the real time-zero spectrum in a polar solvent. In this way, it 
is possible to determine how much of the solvation was too 
fast for the time resolution of the experiment to measure. The 
observed and estimated total dynamic spectral shifts for C480 
and C480/yCD are listed in Table 4. In each case more than 

Table 4 Observed and estimated spectral shifts 

system 
observed estimated 

shift/cm - shift/cm - ' 
C480-water (upconversion) 1340 4310 
C48OlyCD-water (upconversion) 1442 383 1 
C46O-water - 3752 
C460/yCD (TCSPC) 638 2737 
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half of the total Stokes shift is estimated to occur more 
quickly than can be observed in our upconversion experi- 
ments. 

By comparing the estimated total spectral shift with the 
spectral shift observed via TCSPC for Coumarin dyes in the 
yCD cavity, an estimate of the contribution of the slow relax- 
ation process to the total response can be made (Table 4). 
The slow process constitutes ca. 10% of the total solvation 
response. 

Discussion 
Structure of the Complexes 

Molecular mechanics and molecular dynamics calculations 
were performed for yCD and 1 : 1 inclusion complexes of 
C480 and C460 and yCD in water. Computational software 
from the TektronixlCAChe (Computer Aided Chemistry) 
Division was used. Their Molecular Mechanics package use a 
force field based on the MM2 potential of Allinger.30 For the 
Molecular Dynamics package, the same Allinger MM2 force 
field is also used, with propagation of the trajectory using the 
Verlet algorithm, within a microcanonical ensemble. The 
MM2 potential contains energy terms for all of the atom 
geometries, in addition to electrostatic and hydrogen- 
bonding interactions. 

Model clusters of 5-35 water molecules placed inside the 
yCD cavity were energy-minimized using the MM2 molecu- 
lar mechanics calculation. These clusters were crudely 
annealed by a molecular dynamics run for 20 ps, (5 fs steps). 
The result of these simulations is that 21 water molecules 
were required to fill the yCD cavity (a water molecule was 
judged to fit inside if more than 85% of its van der Waals 
volume was contained inside the cavity). 

A study of the docking between the Coumarin molecules 
and the yCD cavity was performed using the molecular 
mechanics program. No water molecules were used in these 
simulations. The calculation involved, what we have come to 
call, a 'directed-trajectory' study. This means that the Cou- 
marin was oriented in one of the two directions it could move 
into or out of the cavity, labelled the carbonyl or amino ends, 
respectively. A linear trajectory for the Coumarin was defined 
with respect to an Xe atom (chosen as a dummy atom within 
the MM2 representation) set at 15 A distance from either the 
carbonyl oxygen or amino nitrogen positions. The yCD ring 
was placed in between, so that as the Coumarin was stepped 
into and through the cavity it would eventually pass through, 
towards the distant Xe atom. The Coumarin was moved in 
steps of 0.625 A, and the total MM2 energy was calculated. 
The calculations were repeated with an MM2 molecular 
mechanics energy minimization calculated at each step. 

The principle results of these directed trajectory calcu- 
lations are (i) the preferred orientation of Coumarin within 
the yCD cavity is such that the carbonyl end of the Coumarin 
is near the narrower, primary-hydroxy end of the yCD, and 
the amino end of the Coumarin near the secondary-hydroxy 
side of the cavity. (ii) The Coumarin carbonyl oxygen tends 
to form a two-centre hydrogen bond with protons from adja- 
cent primary-hydroxy groups on the inside of the yCD cavity. 
A structure found from the simulations, demonstrating both 
these effects, is shown in Fig. 9. 

A related series of calculations was performed to study the 
1 : 1 (host : guest) complexes between C480/yCD and C460/ 
yCD with water molecules filling the remaining space in the 
yCD cavity. The geometry obtained from the MM2 molecu- 
lar mechanics 'directed-trajectory ' calculation, illustrating the 
mode of docking between the Coumarin and the yCD cavity, 
was then combined with the results from the yCD,/water- 
cluster simulations. Specifically, the water clusters and Cou- 

Fig. 9 C460 embedded in the yCD ring. The C460 carbonyl is 
accepting two H bonds from adjacent hydroxy groups (hydroxy 
oxygen atoms are shaded). The structure was obtained from simula- 
tions described in the text. View is looking up through the primary- 
hydroxy rim to the secondary-hydroxy rim (see Fig. 1). 

marin molecules were modelled to be in the cavity 
simultaneously, and water molecules that were in physical 
contact with the van der Waals surface of the Coumarin were 
manually removed. A molecular mechanics energy- 
minimization calculation was performed, followed by a brief 
20 ps 'annealing' using the molecular dynamics program, as 
described above. The purpose of these calculations was to 
evaluate how many water molecules would fit inside the yCD 
host along with Coumarin guest. The results of these energy 
minimizations carried for C480/yCD and C460/yCD aqueous 
complexes showed a symmetrical distribution of water mol- 
ecules on either side of the Coumarin, with one water mol- 
ecule always near the carbonyl oxygen on the Coumarin. For 
the aqueous C480/yCD complex there were 13 water mol- 
ecules present within the yCD cavity and for the C460/yCD 
complex there were 16. 

Recent molecular dynamics simulations of Coumarin 153 
solvation in methanol show that most of the solvation 
dynamics arise from a response of the solvent to the change 
in charge distribution in the aromatic ring system of the 
solute.I2 Since the only difference between Coumarin 153 and 
C480 is the replacement of the trifluoromethyl substituent in 
the former with a methyl group in the latter, one can expect 
similar results. This finding, together with the simulations on 
the structure of these complexes, indicate that the largest con- 
tribution to the solvation dynamics is a result of solute- 
solvent interactions inside the yCD cavity. 

The number of water molecules found in the vicinity of the 
included Coumarin molecule is about the same number as 
the estimated number of water molecules forming the first 
solvation shell of the atomic solutes reported by Maroncelli 
and Fleming.5 Note that the structure of the solvation shell 
around the included molecule may differ from that of the first 
solvation shell in the pure solvent and will depend on the size 
of the included molecule and the structure of the complex. 
The relative contributions of the different solvent motions 
may also be altered. However, the results of the fs measure- 
ments indicate that, for the most part, the timescale and 
amplitude of the fastest dynamics are the same. 
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Dynamics on Picosecond and Nanosecond Timescales 

The slower relaxation times, ranging from 13 ps to 1.2 ns, 
differ between the two Coumarin probes studied. On this 
timescale it is necessary to take into account the motion of 
the inclusion complex and the flexibility of the yCD ring. 
Another possibility is that slower solvation times result from 
the reorientation of highly constrained (ie. hydrogen-bonded) 
water molecules. van‘Helden et al. carried out a molecular 
dynamics simulation on complexes of a-cyclodextrinf- with 
para-substituted phenols. They showed that the included 
phenol molecule possesses both rational and translational 
freedom and makes approximately 5 outward-inward 
‘jumps’ in the a-cyclodextrin cavity during a 100 ps simula- 
t i ~ n . ~ ~  In the outer position, the probe molecule is exposed 
to water and fast relaxation can take place. This piston-like 
motion, together with the limited diffusion of water molecules 
into and out of the cyclodextrin cavity, may be responsible 
for the observed relaxation times on the ps timescale. 

Ultrasonic relaxation studies of Kato et al. and Rauh et al. 
on solvated yCD with and without an included molecule, 
demonstrate the flexibility and dynamic behaviour of 
yCD.32,33 They found that the ‘breathing’ of the yCD ring 
takes place on a ns timescale. The relaxation of the ring arises 
from the reorientation of water molecules in the cavity and 
can be explained either by the rotation of the glucose units or 
by restructuring of solvent with solvent within the cavity. The 
observed relaxation rates strongly depend on the number of 
water molecules co-included with the encapsulated probe 
molecule. In the case of the Methyl OrangefyCD complex, a 
relaxation time of about 6 ns was reported.33 Similar relax- 
ation proceses of the yCD ring taking place on ns timescales 
may explain one of the ps relaxation processes observed in 
our TCSPC measurements. The solvent inside the yCD cavity 
may be restructuring into lower energy configurations by 
means of fluctuations in the cyclodextrin ring. 

Appendix 
Derivation of the Double-Reciprocal Equation for the Fraction 
of Included Probe Moiecul~f, and the Total Cyclodextrin 
Concentration [ CD] 

Concluding Remarks 
The solvation times for Coumarins complexed with yCD 
range from <50 fs to 1.2 ns. Comparison of the estimated 
and experimentally observed total shift in our upconversion 
experiments shows that most of the aqueous solvation takes 
place within 1 ps (100% and 90% for pure water and in the 
yCD cavity, respectively). The small number of water mol- 
ecules remaining in the vicinity of the included Coumarin 
molecule suggests the formation of only one solvent shell 
around the Coumarin. The key observation of this work is 
that the restrictive geometry imposed by the yCD cavity 
results in the appearance of slow relaxation dynamics in the 
solvation response, which constitute ca. 10% of the total. 
These new relaxation components may be caused by motion 
of the probe molecule into and out of the cavity, fluctuations 
of the yCD ring, or reorientation of highly constrained water 
molecules. 
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f IUPAC recommended name: cyclomaltohexaose. 

Consider the equilibrium of a binder with a fluorescent 
ligand. The steady-state fluorescence anisotropy of the 
system, in which the ligand is present in both free and com- 
plexed form, can be written as 

Z ~ F ~ F  +fBrB (1) 
wheref, is the fraction of the free fluorophore,fB denotes the 
fraction of the bound fluorophore dfF = 1 -fB), and TF and rB 
corresponds to the steady-state anisotropy of the free and 
bound pro be, respectively. If the fluorescence quantum yield 
of the complexed form, qB, is different from that of the 
uncomplexed form, qF,  then the fraction of the bound probe 
molecules may be calculated using the following expression2’ 

where R = qB/iqF. 
Assuming 1 : 1 (host : guest) complexation, where C is 

taken to represent the fluorescent probe molecule (C460 or 
C480), CD the y-cyclodextrin, and C/CD the inclusion 
complex (C460/yCD or C480/yCD), the equilibrium can be 
written 

C + C D e C / C D  (3) 
The corresponding equilibrium constant is expressed as 

(4) 

The fraction of bound fluorescent probe molecules is defined 
as 

where [Cl0 and [C/CD] are the total probe concentration 
and the equilibrium concentration of the inclusion complex, 
respectively. Substitution of fB and mass balance expressions 
for C and CD into the expression for equilibrium binding 
const ant gives 

Assumingf,[C], 4 [CDl0, which is always true because the 
concentration of the yCD far exceeds the concentration of the 
fluorescent probe molecules, the expression 
a tion constant becomes 

f B  K =  
(l - fB)ccDIO 

The fraction of the bound probe molecules 
as 

KCCDIO 
fB = 1 + KCCD], 

Finally, after rearrangement 

for the complex- 

(7) 

can be expressed 

(9) 

which means that the complexation constant, I(, can be cal- 
culated from a plot of llfB trersus [CDlo. This type of plot is 
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referred to as a double-reciprocal plot. In the case of simple 
1 : 1 complexation a linear plot of llfB versus [CDlo is 
expected. 

If a successive 2 : 1 (host : guest) complexation takes place, 
one has to consider the additional equilibrium 

CD+C/CD;=rCD/C/CD (10) 
which is characterized by complexation constant K , .  In this 
case two linear regions are expected in the double-reciprocal 
plot, characterized by K ,  and K ,  , respectively. 
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