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The general complexation scheme as well as the dynamic features of the supramolecular structures resulting
from the interaction of the laser dye 2,5-diphenyl-1,3,4-oxadiazole (PPD) with the naturally ocewrjig
andy-cyclodextrins in water are studied by means of fluorescence spectroscopy, both steady-state (SS) and
time-resolved (TR). PPD interacts weakly, from a thermodynamic point of view, avtlyclodextrin ¢.-

CD), forming 1:1 complexes with an association constarfqf= 85 + 4 M~1. However, the local motion

of the substrate (PPD) with respect to the ligand (CD) in the complexed form is hindered; namely, dynamically,
they are strongly coupled and onlygéobal tumbling motion,r?’('n) = 370+ 30 ps, of the whole adduct is
observed. The next homologyeCD also forms 1:1 entities with PPD, but although the binding strength of
reactantsk;; = 682+ 60 M) is almost an order of magnitude greater than the former case witl-€i@,

these are dynamically weakly coupled. In fact, two independent motions are detected: one is that of the
whole nanostructure motion (1:1, PPBCD) with aglobal rotational relaxation time of?('ll) =480+ 30 ps,

and the other is an internal librational motion of the dye inside the host cavity with an average angular
displacement ofl ~ 27°. Finally, the interaction of PPD with the wider and more flexible cavity ofjtHeéD
“triggers” a self-associative scheme of the initially formed supramolecular building blocks, namely, singly
occupied complexes, leading to the formation of nanotubular superstructures. It is found that these linear
arrays are constituted from more than)y-D units which are held together with the aid of dimers of PPD.
Interestingly, our results supported that two distinct dimeric forms of PPD play the role of the “shaft” between
adjacent cyclodextrin units. The topology of the dimers in the interlinking spageGid units is such that

PPD molecules are held in suitable proximity, resulting, upon excitation, in the observation of dual excimer
emission.

1. Introduction parameters, as for example hydrophobicity, chirality, and most
importantly the size/shape of the guest and the size of the
cyclodextrin employed. Moreover, it has been found that the
interaction of appropriate linear oligomeric or polymeric chains
with some cyclodextrins can lead to supramolecular assemblies

The spontaneous self-assembly of orgasibunits (mol-
ecules macromoleculesandsupramoleculgsnto well-defined
architectures in the solid state or in solution is a topic of intense
current research? Moreover, self-assembly is a more practical such as rotaxané8,polyrotaxaned! and threaded cyclodex-
strategy to organize matter on a larger scale than that of rins2 which do not,involve an co;/alent bonding between the
molecules synthesized bond by bond. These issues are importan . y 9

. . . Starting reactants.
not only from a fundamental point of view but also for their .
potential multidisciplinary applications, spanning from bioldgy ~ Another strategy to produce supramolecular architectures
to supramolecular chemistry and nanoscientanotechnology. includes the interaction of cyclodextrins with some small rodlike
Most importantly, a renewed interest in supramolecular chem- Molecules. Although cyclodextrin molecules themselves do not
istry has yielded numerous supramolecular architectures of iNteract with each other in aqueous solutions, in the presence
relevance to organic electronic devideswitchest sensors, of an appropriate rodlike guest, the initially formed supramo-

materials with a nonlinear optical resporfseanotubeg, mo- lecular building blocks, namely, singly occupied complexes, are
lecular zeolite$ and so forth. self-assembled to form complex architectdfe® which can

Cyclodextring® and in particular the so-called, 8, andy E)e viewed as polypseudorotaxalesften referred to as
homologues (Scheme 1), are among the most interesting and SUPramolecular polymers®®:4 in these superstructures, the
functional host materials. They have a rigid, well-defined ring fodlike guest plays the role of a "shaft” between adjacent
structure and an ability to incorporate in their hydrophobic cavity Cyclodextrins, whereas noncovalent interactions such as van der
various inorganic and organic molecules mainly via hydrophobic Wa&ls, hydrophobic, and hydrogen bonding assist in the
and van der Waals interactions. Inclusion complexes of 1:1 and/Stabilization of the whole adduct. Specifically, it is found that
or 1:2 stoichiometry (guest/host) have been widely observed in SOMe 0xazolé? oxadiazole! diphenylpolyené? and coumarif

aqueous solutiorsas a result of the combination of several derivatives form oligomeric nanotube inclusion complexes
mainly with y-cyclodextrin. Therefore, a better understanding
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SCHEME 1: Cyclodextrins and 2,5-Diphenyl-1,3,4-oxadiazole (PPDB)
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a Characteristics of CDs are given in ref 9d.

designing novel superstructures. Thus, starting from the pro- 2. Experimental Section
cedures employed by us, where control on the average length
of oligomeric nanotubé$ constituted by inclusion complexes
betweero,w-diphenylpolyenes angcyclodextrin was obtained
by varying the guest size, we intend now to further explore the

Cyclodextrins -, 8-, and y-CDs) were purchased from
Cyclolab. The 2,5-diphenyl-1,3,4-oxadiazole (PPD) was ob-
tained from Aldrich. All chemicals were of the highest purity
. o . . available and were used as received. Absorption spectra were
crucial role of the cavity size effect on the possible formation recorded on a Perkin-Elmer Lambda-16 spectrophotometer,
of these sup?rlstructures. o whereas for steady-state fluorescence anisotropy measurements

More specifically, the objective of the present work was t0 e ysed the LS-50B Perkin-Elmer fluorometer. Fluorescence
comprehensively study how the systematic increase of the jifetimes (1) were determined using the time-correlated single-
cyclodextrin cavity size affects not only the structure, geometry, photon counter FL900 of Edinburgh Instruments, which is
and binding strength (wherever possible) of the resulting capaple of measuring lifetimes down to 80 ps. The determina-
supramolecular adducts but also their dynamic features. Weijigns of fluorescence quantum vyield®) and steady-state
chose the laser dye 2,5-diphenyl-1,3,4-oxadidZqePD) for anisotropies 1) have been described elsewh&teAs the
two major reasons: one is that it possesses the simplest rodlikesiandard reference for quantum yield determinations, a very
structure that forms the aforementioned assemblies, as previouslyyjyte solution ofp-terphenyl in cyclohexanal(s = 0.847° was
reported mostly qualitativeR$#2 and the other is that it is a  ;5ed. The temperature was kept at 230.2 °C for all
fluorescence probe with excellent photophysical properties, neasurements. All computer fits and simulations, except those
namely, high fluorescence quantum yield and suitable lifetime f time-resolved analysis, were performed using the program
and anisotropy, ideal for signaling complex recognition events. «\jicroMath Scientist for Windows”, version 2.01, of Micro-
Itis worth noting that molecular and macromolecular recognition \ath Inc.
events can be signaled qualitatively and quantitatively with  Rotational reorientation times were measured using subnano-
fluorescence sensors owing to the substantial alteration of thégecond time-resolved fluorescence depolarization spectroscopy
photophysical properties of the latter induced by environmental \yith a time-correlated single-photon counting technique. Time-

stimuli. These changes are observable even in very dilute jesolved fluorescence anisotropyt)) defined according to eq
solutions where other powerful techniques such as NMR are 1,

not applicablé® Considering that the aforementioned supramo-

lecular polymers are usually characterized by an infinitely low D(t) Gl (® — Iy

solubility in water® the potential of the fluorescence spectros- r = % = m )
copy is the only useful characterization tool. W VH

Of special interest, however, is the depolarization of the was measured using the time-correlated single-photon counter
emission which can be caused by a number of phenomenaFL900 of Edinburgh Instruments. In eqR(t) andS(t) are the
including molecular motion/rotation and excitation energy so-called difference and sum functiomgy is the fluorescence
transport phenomerid Rotational diffusion(s) of fluorophores  intensity when the excitation and emission polarizers are parallel,
that are restricted in the environment of a host, that is, a lyy is the fluorescence intensity for mutually perpendicular
cyclodextrin cavity, is one common cause of depolarization. polarizers, an@ = Iun(t)/Iav(t) is a correction factor dependent
These diffusive motions depend, in turn, upon the viscosity of on the emission wavelength. Time increments of 49 ps/ch were
the solvent and the size and shape of the rotating species. Thusysed to measure the decays of the caged dye in cyclodextrin
the average length and consequently the average moleculacavities. These decays were convoluted with the instrument
weight (MW) of the assembled nanostructure can be estimatedresponse function, which was measured by replacing the sample
with satisfactory accuracy. Extending these measurements intowith a solution that scatters light. The instrument response
the time domain (time-resolved fluorescence anisotropy (TRFA) function has a full width at half-maximum of 780 ps. Two
measurements), additionahiqueinformation relating not only different approaches were employed to fit the polarized decay
to the self-assembly routbut also to thedynamicsof these traces, namely, thepherical rotor anisotropy mod&land the
processes can be obtained. impulse recomnolution analysis*
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2.1. Spherical Rotor Anisotropy Model. Simultaneous fits
of both the parallel and crossed (perpendicular) decay compo-
nents (subscripts p and X, respectively) were done using a
nonlinear least-squares routine that uses the Marquardt algo
rithm. The fit produces an overall global minimum for both
crossed and parallel decays in an attempt to find the best set o
fit parameters. The fits produced are of the form

v

T = (fC)kBT

(5)

‘whereV is the molecular volume of the probgijs the viscosity
of the solventxsg is the Boltzmann constant, is the absolute
ftemperaturef is the shape factor and is well specified, abd
is the boundary condition parameter dependent strongly on
solute, solvent, and concentration. Depending on the probe and

Y, () = A, + B[1 — roel el (2a) solvent system, the boundary condition can be either of stick
y Y or slip type?? In the first approximation, namely, the stick limit,
Y1) = A, + By[1 + 2rgel el (2b) the first solvent shell coherently rotates with the probe molecule
or alternatively there is a strong coupling between solute and
The fluorescence lifetimer), rotational reorientation timer, solvent molecules along the surface tangent. In this case, the
and initial anisotropy o) were held common in both of the  parametecC is set equal to unity and is valid when the size of
decays. the rotating probe is considerably larger than that of the solvent
2.2. Impulse Reconvolution Anisotropy Analysis. The molecules. In the other level of approximation of rotation
impulse reconvolution model decay law is defined by the more diffusion known as the slip limit, the solvent is assumed not to
generalized form rotate with the probe molecule and is applicable for solute
molecules whose size is comparable to or less than that of
rt) =r, + B, + B2 3) solvent molecules. In such a case, the valu€ obuld be close
to zero when the boundary condition is considered to be
Fort = 0, the above equation becomes= R, + By + By, perfectly slip. For probe molecules having a size comparable

whererg stands for the zero-time or fundamental anisotropy to that of the solvent molecules, the value®tan be within
andr,, represents the limiting anisotropy at long time after pulse 0 < C < 1, which is the intermediate case between stick and
excitation. slip boundary conditions. Since the size of PPD is much bigger
However, in cases that a direct fitting procedure to rttig than that of water molecules, it is expected that the probe in
data points is technically impossible, because the pulse width agueous solution will follow the stick boundary condition (vide
is comparable to the decay times, then the analysis of data shouldnfra). An analogous situation has been frequently adopted in
be done in two separate parts, making use of the definition form studies concerning solutes of comparable size to FPB.
of fluorescence anisotropy: first, analysis of the anisotropy sum  The solute PPD can be modeled as a prolate ellipsoid. The
data §t)) to extract fluorescence decays and produciergrulse choice of a prolate model has been based on the fact that (i)
response functigrvia the standard exponential fitting procedure, the transition dipole §— S; is along the major molecular axis,
and second, analysis of the anisotropy difference dagg)(to as derived from calculatiofsand confirmed experimentafl§
extract up to two rotational decay components via the impulse by rotational coherence spectroscopy, and (ii) the emission
reconvolution fitting, with the fit constrained by the fluorescence transition moment is also collinear with the major molecular
impulse response function axis, as manifested in the present work; specifically, in a time-
resolved fluorescence anisotropy experiment of PPD in ethylene
D(t) = r(t) Xt) = [r,, + B,e""™ + B, "2]g1) (4) glycol at room temperature using the impulse reconvolution
method, the recovered limiting anisotropy &t= 0 (ro)
The goodness of fit was judged by various statistical consid- approached the value 0.39 which is, within experimental error,
erations such as reduced chi-square values close to unity and #qual to that predicted for the perfect parallel orientatigr=

random distribution of weighted residuals. 0.4) between absorption and emission dipoles. Consequently,
the rotation or spinning about the long axis does not displace
3. Results and Discussion the collinear transition moments and anisotropy persists. Thus,

3.1. Spectroscopic Aspects of PPBteady-state absorption the only cpntnbunon t(.) the measured anlsotropy decay will be
from rotation perpendicular to the symmetry axis. In the case

and emission spectra of PPD at room temperature show little of a prolate model, the stick rotational diffusion tima)(is
solvent dependence of peak positions and Stokes shifts (varia-_. P ’ ma

1
tions within 3 nm). Furthermore, the fluorescence quantum given by
yields of PPD at room temperature were measured to be 0.76 ) ) 3
in cyclohexane, 0.83 in ethanol, 0.82 in ethylene glycol, 0.83 _ _ 20"+ )" — 1) Vv
in 40/60 v/v ethylene glycol/water, and 0.85 in net water. In " 351252 — 1) In{p + (o*> — 1)¥3 — p(p? — 1) ke T
the fluorescence lifetime measurements, all fluorescence decays (6)

could be adequately fitted by the convolution of single-

exponential model functions with the instrument response. It where V is evaluated from the method of van der Waals
should be pointed out that the singlet state of PPD decays withincrement% and p is the ratio of the longitudinal semiaxis

a fluorescence lifetime that does not exhibit any noticeable to the equatorial semiaxisof the ellipsoid. The hydrodynamic
solvent dependence. Recovered lifetimes were 1.0 ns forvolume of PPD was calculated to be 202 By a new fast
cyclohexane, 1.24 ns for ethanol, 1.27 ns for ethylene glycol, method termed atomic and bond contributions of van der Waals
1.29 ns for 40/60 v/v ethylene glycol/water, and 1.29 ns for volume (VABC)3? The longitudinal semiaxis of the spheroid
water. is taken as half of the length along the long axis 7.35 A)

3.2. Orientational Relaxation Dynamics.According to the after geometry optimization using the PM3 semiempirical
modified Stokes Einstein-Debye (SED) hydrodynamic theo#y, method; the minor axisb(= 3.64 A) is then determined by
the rotational reorientation time;] for a probe molecule is given  equating the volume of the spheroid to be equal to the van der
by Waals volume of the solute.
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Figure 1. Fluorescence spectra of PPD (&M!) in aqueous solution ) ’ @ — — 7 SN —
with varying concentrations ai-CD (Aexc = 297 nm). The concentra- 0.0 . L L . L
tions of a-CD at the start and end of titration are (a) 0.0 M and (b) 20 b
mM. For details relating to intermediate concentrations, see Figure 2. [
Inset: Excitation fluorescence spectra in the presence of (a) 0.0 M and 0.06
(b) 20 mM a-CD. The emission monochromator was centered at 350 .
nm. ;..%
According to eq 6 and by setting = 202 A3, p = a/b = 0.04
7.35 A/3.64 A= 2.02, the predicted rotational correlation time
for PPD in water at 23C (viscosityy = 0.93 cP) is calculated
to bet, = 69 ps under stick boundary conditions. Because of 0.02
the limited time resolution 4100 ps) of our single-photon
i 1 i 1 " 1 1 1

counter instrument, we were unable to directly measure this fast
depolarization decay component. However, by introducing
= 0.018 andrs = 1.29 ns into the Perrin equatidh,the ) ] )
rotational correlation time of PPD in net water was estimated 719uré 2. Computer fits (red lines) of eq 8 to th@ vs [a-CD]
to ber; = 63 ps. Interestingly, the experimentally estimated experimental date) and of eq 10 to thess vs [o-CD] experimental

. . data @) for PPD (3.4uM; Aexc = 297 nm). The dashed lines represent
valuez, = 63 ps is very close to the one calculated for stick the molar fractions of freefd and complexedf(;) solute as derived
boundary approximatiom, = 69 ps, as suggested previously. from best fitting parameters (see also Table 1).

3.3. The Case o-CD. When an aqueous solution of PPD

(3.4uM) is titrated witha-CD, the fluorescence spectra of PPD  (not shown). Indeed, both spectra show that as one proceeds
(exc. at 297 nm) undergo a systematic, albeit weak, red shift from water to ethanol and cyclohexane solvent, a red shift occurs
with increasing CD concentration, while several isoemissive in the fluorescence spectra, which does not exceed 3 nm.
points at 318, 332, 338, and 344 nm appeatr. It should be pointed It should be noticed, however, that in the overwhelming
out that the overall changes proceed nearly without any majority of analogous systems, namely, fluorophores and CDs,
augmentation or loss of total quantum yield (free and complexed the observed shift in their fluorescence spectra is usually
PPD). Fluorescence lifetime measurements, on the other handaccompanied by significant changes in fluorescence quantum
do not reveal any significant perturbation between free and yield and lifetime. The locally excited state of PPD, however,
complexed dye. In fact, the fluorescence decays of the first does not show any sensitivity to the polarity and viscosity of
electronic state of PPD, both in pure water and in the presencethe medium, as mentioned previously (see section 3.1). There-
of an excess (X 102 M) of a-CD, can be fitted reasonably  fore, in the absence of aggregation phenomena, the information
well with a single-exponential function with lifetimes of 1.29  provided by the nearly fla@ andz versus [CQ)] is poor and
+ 0.01 and 1.4 0.01 ns, respectively. Moreover, ground- may lead to erroneous conclusioiisf such a case were to
state absorption spectra of PPD (not shown) remain almostoccur, one might expect that, besides environmental changes
invariable as the concentration ofCD increases at least at induced by complexation with CDs, significant alteration of the
excitation wavelengths around 300 nm (the variation of optical rotational relaxation time of the “caged” PPD would appear;
density was within experimental error, less tharm30The and this because the complex usually rotates as a whole, with
fluorescence excitation spectrum of PPD, however, monitored a relaxation time much longer than that observed for free solute
in the presence of 20 mM ai-CD shows a marked red shift in net wate” Consequently, both steady-state (SS) and time-
with respect to that observed in pure water (see the inset of resolved (TR) fluorescence anisotropy are the most powerful

0 5 10 15 20
[a-CD] (mM)

Figure 1). fluorescence parameters to elucidate complexation aspects
The small red shift detected in the fluorescence spectra of between PPD and cyclodextrifs?3.25
PPD in the presence af-CD has been widely observed in Figure 2a shows the variation of the fluorescence quantum

numerous studies dealing with complexation between chro- yield (®) and steady-state anisotropyy as the concentration
mophoric systems and cyclodextri#i>33-35 The explanation  of addeda-CD increases while keeping constant the concentra-
is based on the fact that, upon complexation, the local solvationtion of PPD dye, namely, 3.4M (Aexc = 297 nm). As can be
environment changes in a way that is similar to changing the clearly seen, the quantum yield®J is nearly invariable over
solvent from water to a less protic ofeThe nature of the red  the entire concentration region studied. The fluorescence ani-
shift in the present work was further explored by studying the sotropy (s9, however, shows quite discriminating characteristics
excitation and fluorescence spectra of PPD in different solvents (Figure 2b). It starts from a value of 0.018 for free PPD and
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then rises systematically; even in the presence of the highest [P

concentration obt-CD employed (21.4 mM), it does not level
off. From a qualitative point of view, this means that complete
complexation of the solute was not achieved even at a
concentration ratio of 1:6300 (PRI/LD). Quantitatively, the

Pistolis and Balomenou

PDlo.

[PPD—(I-CD] = Kllm

[a-CD]  (12b)

We can further assume that the free and analytical concentra-
tion (total) ofa-CD are equal at any stage of titration, namely,

complexation scheme and the gssociation conjstant(s) for the[a_CD] ~ [a-CD]y, this appears to be a valid approximation,
PPDA-CD system were determined by analyzing versus  gince a large excess ofCD relative to PPD was used.
[a-CD]. Hence, the unknown concentrations of PPD and RPOD
Inthe case of a 1:1 complex formed between PPDa&/@D, and consequently the molar fractidpandf; can be expressed
the equilibrium can be written as as a function of the known quantitiesCD] and [PPD}; and
the desired parametdfi;. Finally, introducing the known
) quantitiesry = 0.018,ro = 0.39, andry11) = 1.41 ns as fixed
_ ~ parameters and allowing;, @11, and rf’(‘il) as free-running
The .totall fluorescence.quqntum yield at any moment during parameters, a simultaneous fit for barandrssversus §-CD]
the titration procedure is given By (egs 8 and 10, respectively) was performed. The obtained values
O =D, 11Dy, wereK;; = 854 4 ML, @11 = 0.84 0.001, andiSy,) = 360
+ 10 ps with an excellent satisfactory criterion for their
where @, f; = [PPD}/[PPD]y and @1y, fy; = [PPD-a-CD)/ ~ goodness of fitsR? = 0.9999).
[PPD}o; represent the quantum yield and the molar fraction of O the basis of steady-state anisotropy alone, one cannot
the free and bound PPD, respectively. Notice that the abovedirectly evaluate the full scheme of rotational relaxation
equation (eq 8) is valid when the optical density, at the excitation dynamics ) of a solute caged in a nanocavity (i.e., a global
wavelength, remains constant by CD titration, for example, an motion of the nanostructure vylth an internal motion of the guest;
isosbestic point. Recall again that in the present case variationS€€ also the case gfCD). This is because measured values of

K
PPD+ o-CD == DPP-a-CD

8)

of the optical density at 297 nm was less than3ldhd therefore
eq 8 is applicable.

By analogy, the fitting equationss versus §-CD] can be
written ag®

Fos= s + 10aly ©)

wherergs is the total measured anisotropy, wheréaand |11
refer to the fraction of the total fluorescence intensity due to
the free and complexed PPD molecule, respectively.

The intensity fractions can be expressed;as fi®¢/® and
l11 = f11P1/P; Pi/D and P1/P represent the ratio of the
quantum yield of the free and complexed dye form. Then, and
taking into account the Perrin equation for therall tumbling
motion (ry3,) of the dye in the complexed state, the above
equation rearranges to

cI)f cI)ll

ffgrf + fllgrn (10)

rSS =
with

rp=rf(1+ Tf(ll)/t?(\il))

Notice that the master fitting equation (eq 10) contains the
parameterss, ro, andz; which are known quantities, since they
can be individually measured. The connection between the
unknown concentration of the species which participate in the
equilibrium during the titration, namely, PPD and PBEZD,
and the corresponding binding const&at (fitting parameter)
is made using eq 11a and the balance of mass for PPD (11b)

(11)

[PPD—a-CD] = K,,[PPD][a-CD] (11a)
[PPD],; = [PPD]+ [PPD—0-CD] (11b)
These equations can easily combine to give
PPD
[PPD]= (PPDlo (12a)

1+ K [0-CD]

and

rssrepresent an average of the anisotropy decay over the intensity
decay!® and therefore, only aoverall rotational reorientation
time (ry;,) is observed. To this end, we performed time-
resolved fluorescence anisotropy experiments and we have
compared the results with those obtained indirectly fram
versus §-CD].

Typical fits to the experimental data obtained from an aqueous
solution of 3.4«uM PPD containing 20 mMx-CD at 23°C using
both the spherical rotor anisotropy (SRA) model and impulse
reconvolution analysis (IRA) are shown in Figures 3 and 4,
respectively. Both models are fitted very satisfactorily with a
monoexponential function, as indicated from the goodness of
the fits (see also Table 1). The evaluated parameters #fgfe
= 380+ 23 ps,7ia1) = 1.41 ns, ando = 0.28+ 0.01 §? =
1.130) for the former one and('ll) =370+ 40 ps,r- ~ 0, and
ro = 0.25+ 0.01 2 = 1.05) for the latter one. It is worth
noticing that the rotational relaxation timesg.) measured from
both models are, within experimental error, equal (see Table 1)
and directly reflect the global motion of the comple?{ll), as
will be clear in section 3.4. Furthermore, they, name; ',l),
nearly coincide with the onerﬁ(vll) = 360+ 10 ps) which has
been independently evaluated from static anisotropy experi-
ments, namelyrss versus §-CD] (see Table 1).
Before proceeding further, however, we wish to clarify
another point relating to the zero-time or fundamental anisofropy
ro) as well as to the observed single-exponential behavipr of
he above fits. In both models, namely, SRA and IRy
decreased from 0.39 to about 0.26; this means that an add|tional
ast depolarization process on a time scale below the [time
esolution of 100 ps of the single-photon counter appafatus
employed in this work takes plaégAs manifested from t
analysis ofrss versus fi-CD], even in the presence of 20 mM
n-CD, namely, a concentration ratio of 1:5880 (PREUD),
about 35% of the total PPD population still holds the aquéous
bulk phase (see the molar fractions in Figure 2). Therefore, one
ivould expect that the partial loss of the zero-time anisotfopy
o = 0.39 may be related to the depolarization induced from
otation of the free dye itself; recall again that PPD in water at
D3 °C rotates on a time scale, (= 63 ps) which is faster than
he instrument time resolution (100 ps) and therefor
contribution to the total decay trace is missed.

its
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Figure 3. Spherical rotor anisotropy model: Simultaneous fit of both the crossed (left) and parallel (right) decay components of an aqueous
solution of PPD (3.4«M) containing 2.0 mMoa-CD at 23°C; lexc = 303 nm. The solid and dashed lines represent the best fitting curve and

instrument response function, respectively; the parameters evaluated?({i\{gpe 380+ 23 ps,ziay = 1.41 ns, ando = 0.28+ 0.01 ¢ = 1.130).
The corresponding weighted residuals (WRES) are given on top for each curve.
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Figure 4. Impulse reconvolution anisotrpoy analysis (IRA) of an

aqueous solution of PPD (3:4M) containing 2.0 mMa-CD at 23°C

(for detalls, see experimental part)x. = 303 nm. The solid (red) and
dashed lines represent the best fitting curve and instrument response:hange and remains nearly invariabte € 1.46 ns) close to

function, respectively; the evaluated parameters wﬂ;g

=370+

40 ps,r» ~ 0, andro = 0.25+ 0.01 §? = 1.05). The corresponding
weighted residuals (WRES) are given on top.

To further verify the structure of the rotating species with a

reorientation relaxation time o£370 ps, we took into consid-
eration the geometrical characteristics of the reactants:

internal diameter of the-CD is 4.7-5.7 A and its length is f
~8 A:% on the other hand, the dimensions of PPD are 14.7: Produces a very satisfactory goodness of & € 0.9999), as

This also agrees with the results obtained by meartsiaind
13C nuclear relaxatiof] which reveal that upon inclusion with
o-CD the rotational reorientation times of the substrates increase
by a factor~4.
Finally, the case of twa-CDs that include a dye molecule
in the tail-to-tail orientation, namely, 1:2 complex between PPD
and a-CD, is not supported from our findings. Recently, for
the 1:2 complex between'-hydroxyl-Z-acetonaphone and
o-CD, a global rotational time 0f950 ps that exceeds more
than twice that of this work~+370 ps) has been reportét.
3.4. The Case of}-CD. The situation with respect to spectral
changes of PPD induced by complexation wi&€D does not
differentiate considerably in comparison withCD. Figure 5
shows the variation of the fluorescence quantum yidijlgnd
steady-state anisotropssd, as the concentration of add@eCD
increases, while keeping constant the concentration of PPD dye
(3.4uM). As can be seen, the quantum yieftl)(shows a little
decrease as the concentratione€D increases. It was found
also that the fluorescence lifetime undergoes a very subtle

the titration limit (10 mM). The static fluorescence anisotropy
(rs9 versus p-CD], however, shows quite distinct and interesting
features compared to that observed witfCD. It rises rather
sharply in the start, indicating stronger binding thanoit€D
analogue, and then tends to level off asfh€D concentration

theapproache:z>v10 mM.

Fitting of eq 10 linked with eq 8 (Figure 5) to the above data

may be seen in the results summarized in Table 2. Contrary to

6.7:3.4 A (including vdW radii). Furthermore, it is generally i - h
accepted that only one phenyl ring is able to penetrate the small'Vhat was observed in the casecCD, the derived rotational
reorientation time which accounts for tteerall tumbling

cavity of a-CD; thus, the rest of the molecule is reasonabl e ;
outside the cavity? Therefore, the model of the prolate ellipsoid Motionz,;;) = 284+ 20 ps of the dye embedded in tieCD

is quite appropriate for such a representative structure in which cavity does not agree with the One?(ll_l) = 480 + 30 ps,
evaluated from time-resolved experiments (see Table 2).

a significant portion of the dye~{70%) remains extended out

of the CD cavity (Scheme 2).

Then, by introducing/ = 1125 A3 as the global volume of

the aforementioned compleg,= o/b ~ 10 A/7.5 A~ 1.34,
into eq 6, the overall rotational reorientation time is estimated molecule?” Recall again that in a time-resolved anisotropy

to be 307 ps in very good agreement with the one (37860
ps) evaluated from our SS and TR fluorescence experiments.point of view, each independent depolarization proééss,

Therefore, the question that arises is “what does cause this

underestimation of?(‘il) whose value appears to be even lower
360 + 10 ps) of the smallero-CD

Vv —

than that €71,

experiment one normally observes directly, from a dynamic
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TABLE 1: Recovered Fluorescence Anisotropy Parameters of PPD (34M) in the Presence of 20 mMa-CD at 23 °C (Values
Are the Average of Five Independent Experiments) and Binding ConstantK;;) and Fluorescence Parameters for the Complex
PPD/o-CD, Obtained from rgsvs [a-CD] at 23 °C

Trg(ln) (ps) ro leo 71 (NS) 72
spherical rotor anisotropy (SRA) model 38023 0.28+ 0.01 =0 1.41+ 0.005 1.13
impulse reconvolution analysis (IRA) 1-exp. term 3FA0 0.25+ 0.01 =0 1.05
rssVs [a-CD] K1 (MY Dy a1 (PS) 7 (NS) R2
eq 10 85+ 4 0.84+ 0.001 360+ 10 1.4 0.9999
@ Measured independently and introduced as fixed.
SCHEME 2: Schematic Representation of then-CD/PPD 1.0
Inclusion Complex E:l
H ] B _--.______.
H 0.8 % B — - =- .
H ‘l‘ ""

L

HL

OH
OH

expressed in terms of reorientation relaxatia). However, in
a steady-state fluorescence anisotropy experiment, the overall
relaxation ¢) calculated indirectly from the Perrin equation
may reflect a mean value of more than one depolarization
process, that is, the tumbling motion of a global host/guest
nanostructure with a concomitant internal librational motion of
the guest inside the host cavity. 0.00 T T
Therefore, the evaluatex,‘l(vll) = 284+ 20 ps fromrssversus o 2 4 6 8 10
[8-CD] does not manifest itself as being representative of an [B-CD] (mM)
exclu_sivg globa! motion of thg 1:1 complex or it_ contains and Figure 5. (a) Computer fits (red lines) of eq 8 to thi vs [3-CD]
contribution of independent internal guest motion inside the experimental datam) and of eq 10 modified with eq 13 to thes vs
B-CD cavity. To test this assertion, we have reconstructed the [3-CD] experimental data®) for PPD (3.4uM); Aexc = 297 nm. The
master fitting equation (eq 10) as follows: According to dashed lines (upper panel) represent the molar fractions offfyead
Soleillet’s rulé® which states that the anisotropy can be Ccomplexedfy) solute as derived from best fitting parameters (see also
expressed as a product of the various depolarization factors that! 2P!€ 2)- The dashed line |n05he lower panel represents the best fitting
occur in a given sample, we have split the expression into ~ curve to eq 10 by fixingz,,, = 480 ps obtained from TRFA
two parts (eq 13); the first one stands for the loss of anisotropy experiments (see text and Table 2 for details).

due to theglobalrotation of the nanostructure, namely, the 1:1 . . .
complex, whereas the second one accounts for the averagéts own experimental error, 486 30 ps, as derived from TRFA

angular displacement] of the dye into the cavity during its g?:'ﬁ)'ts;égzgﬁzgﬁf tgifggt'gg pﬁﬂrgggt/eerrs' gﬁgﬁméng)@flﬁ the
excited-state lifetime. Yy : ; p

experimental data, ignoring internal rotatiof & 0°) and

il &
R}

yi

N“-i
- HO 7 'OH
HO.
0 0]
(0]
HO

HO

keepingr?('ll) = 480 ps fixed, have dramatically failed, as seen
My ="rg 1 | 3¢S O 1 (13) in Figure 5. Finally, higher-order complexes, that is, 1:2 PPD/
1+ rf(ll)/r?(ﬂ) 2 B-CD were not detected as in the previous case-@D.

Balabai et af® have measured the rotational relaxation time

Introducing this modified term to the master equation (eq of three different probe molecules encapsulateg346D in
10), we have performed several simulations to check the validity aqueous solution, namely, resorufin, oxazine-118, and oxazine-
and sensitivity of the new equation to the recovered parameters.725. They reported reorientation times of 301, 281, and 406
We found that, by fixingd = 27.5, the fitting was very ps, respectively, for the global tumbling motion of the com-
successfulR? = 0.9999), giving among other paramete?&l) plexes. For resorufi}:CD and oxazine-118+CD complexes,
= 480+ 12 ps, which matches the one being evaluated from however, they were able to observe an additional fast depolar-
time-resolved anisotropy (see Table 2). It is worthwhile to ization component of~58 ps which was assigned as being
mention that a very narrow range éfvalues (28 < 6 < 29°) responsible for an independent internal moti@s fast as that
creates acceptable fits, reproducing the parametey within in net water-of the probe molecules inside tifeCD cavity.
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TABLE 2: Recovered Fluorescence Anisotropy Parameters of PPD (34M) in the Presence of 10 mMf-CD at 23 °C (Values
Are the Average of Five Independent Experiments) and Binding Constant and Fluorescence Parameters Obtained from vs
[p-CD] at 23 °C

Trg(ln) (ps) ro leo 71 (NS) 72
spherical rotor anisotropy (SRA) model 48422 0.29+ 0.01 =0 1.464+ 0.005 1.12
impulse reconvolution analysis (IRA) 1-exp. term A7RB5 0.26+ 0.01 =0 1.04
rssVs [3-CD] K11 (MY Dy 0. (deg) 1) (PS) 7 (NS) R?
eq 10 681+ 60 0.808+ 0.002 284+ 20 1.46 0.9999
eq 10 207+ 21 0.785+ 0.008 480 1.4@ 0.985
modified eq 10 with eq 13 682 60 0.808+ 0.001 27.8 480+ 12 1.46 0.9999

aWas kept fixed? Measured independently and introduced as fixedbtained from time-resolved analysis and introduced as fixed.

Most recently, Tormo et & have also detected a free motion

£10t
of the guest methyl 2-amino-4,5-dimethoxy benzoate into the a E
B-CD nanocavity with a rotation relaxation time 653 ps =
similar to that observed in pure tetrahydrofurane; they also found Eo 5

So!

that the global motion of the confined 1:1 complex is governed
by a rotational relaxation time of 510 ps. From the above
investigations as well as the compatibility of PPD size with that
of the aforementioned probes, free rotation of PPD to a cone
angle into the3-CD cavity is not unlikely to occur; in such a
case, it is expected to decay with~ 60 ps which is below the
instrument response and does not contribute to the total decay
trace. Finally, the estimated valuﬁm = 480+ 30 ps for the
global motion of the PPIBLCD adduct is of the same order of
magnitude as the experimental ones found from other investiga-
tors23.26 : A
3.5. The Case ofy-CD. Contrary to the results obtained for
o- andp-CD, PPD shows very different spectroscopic behavior 2.0l
in the presence of-CD. Wheny-CD is added progressively to g
an aqueous solution containing 5/ PPD, there is a £
systematic dropping and slight broadening of the PPD absorption g
spectrum (not shown); at the same time, the fluorescence§
guantum yield decreases noticeably and in the emission spectrun &
a new, red-shifted excimer-like emission band gradually appears,;g;o'5 i
and is visible as a red tail to the fluorescence spectrum (see g
Figure 6a). Interestingly, the steady-state anisotrapy does 2
not remain flat across the emission spectrum (see the inset of
Figure 6a), showing an upward tendency toward the red tail of o
the spectrum, while its gradient effectively increases with 350 4[')0 * 450 * 500
increasingy-CD concentration (not shown). The above findings Wavelength (nm)
strongly support interacting couples of PPD in the ground state
and the existence of more than one emissive state of PPD 'n(black line) and after (red line) the addition of 26.5 MMCD. Inset:

the presence of-CD. ) . , Normalized static fluorescence spectra as above, together with their
To further investigate and clarify the behavior of PPD in the  corresponding fluorescence anisotropieg.((b) Gated time-resolved
presence of-CD, we performed detailed time-resolved fluo- spectra of the latter solution; the gate times of spectra Aadd D

rescence experiments. The gated time-resolved spectra recordedre 1.5-3.1, 7.8-9.5, and 18 nm, respectively; a smoothing was applied
for an aqueous solution of PPD (54M) containing 26.5 mM to the last spectrum due to its low signal. Inset: Anisotropy decay
y-CD are shown in Figure 6b. The early-gated spectrum A, (r(t)) upon excitation at 303 nm and observation at 350 nm.

which corresponds to fluorescence emitted during the first 1.5 ns) decaying component. By entering gradually into the
3.1 ns, consists principally of the locally excited state emission, intermediate wavelengths of the spectral region (415, 380, and

Fluorescence Intensity (a.u)

I

Figure 6. (a) Fluorescence spectra of PPD (M) in water before

namely, free PPD and singly occupied complexes (pRHD). 350 nm, respectively), the normal decaying component A gains
At longer times following pulse excitation 78 At < 9.5 ns, percentage at the expense of theadd D, while an additional

the emission is governed by a new broad emission band, D fast component#y = 320 ps) contributes to the fluorescence
centered at 347 nm which in the late-gated spectrim>( 18 decay whose percentage increases toward the shorter wave-

ns) almost disappears while a new structureless emission bandengths. Finally, at the high-energy band of the spectrum (320
with a maximum at 355 nm is observed. The identification and nm), both the fast#y = 320 ps) and the normal A{= 1.41
kinetics of all emitting species was further studied by analyzing ns) decaying components represent the total decay trace, with
fluorescence decay traces at various emission wavelengths; thenly a minor 11% contribution of the {7z = 3.9+ 0.3 ns)
fitting parameters and goodness of fits are given in Table 3. species. In conformity with the gated time-resolved spectra, the
The decay curve monitored at the red tail of the fluorescence formation of two types of excimers is demonstrated by analyzing
spectrum (440 nm) was analyzed as a triple-exponential decaythe decay traces. One is the long-living excimer(fy = 11.4
consisting of two long-living components r, = 11.4+ 2 ns, Amax = 355 Nm) observed at the late-gated spectriinx
ns) and B (r3 = 3.9+ 0.3 ns), and a “normal” Az, = 1.41 18 ns) of the time-resolved spectra (see Figure 6b); the other is
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TABLE 3: Recovered Decay Times £, ns) and Percentages (%) of the Emitting Species in an Aqueous 2.65 mMs-CD
Solution Containing 5.4uM PPD at Various Wavelengths (hm)

emission wavelength 2 72 73 Ta % 71 % 77 % 73 % 74 Va
440 1.41+ 0.05 3.7£0.3 114+ 2 52 42 6 1.11
415 0.32+0.03 1.464+ 0.05 3.9+ 0.3 11.4+2 3 61 33 3 1.05
380 0.32+0.03 1.48+0.03 3.9+ 0.3 11.4+ 2 5 70 24 1 1.07
350 0.34+ 0.03 1.43+ 0.02 3.9+0.2 7 72 21 1.04
320 0.33+0.03 1.444+0.02 3.7£0.2 8 81 11 0.997

aThe analysis of the fluorescence decay traces was made by using exponential curve fitting of three or four exponential terms. The statistical
parameten? is given in the last column.

the shorter-living excimer P73 = 4 ns,Amax= 347 nm) which superstructures (vide infra). As mentioned before, the steady-
has a major contribution at intermediate times of 7.8<nAt state fluorescence anisotropy starts from a low value, that is,
< 9.5 ns after pulse excitation. The normal decaying component 0.055, and then increases monotonically on passing to the red
A (72 = 1.41 ns) could be assigned as the locally excited state edge of the fluorescence spectrum in which excimers are the
of PPD arising from singly occupied complexes and PPD predominant emitting species, reaching a value~df.18.
dispersed in the aqueous phase, as previously discussed in detaiurprisingly, this trend proceeds in a manner opposite to what
Finally, the fast decaying component; (= 320 ps) which one would expect; this is because it is well-known that, for a
contributes to the fluorescence decay in the spectrum regionfotating emitter, the longer the lifetime, the lesser the anisot-
where the locally excited state emits and also appears only whenfOPY:'¢ Notice also that the blue part of the spectrum is governed
excimer emission is present should be consistent with the rapid@/most exclusively by the normal A{ = 1.41 ns) decaying
trapping of the initially formed singlet exciton at the preformed COMponent which was assigned to emanate from free and singly
excimer-like dimer configuration. In other words, during 820 occupied complexes (1:1) between PPD ar@D. Indeed, the

ps, the photoexcited dimer is changed into the excimer &tdte. ~ 0PSe€rvedss~ 0.055 is of the same order of magnitude as the

Alternatively, this fast component could be observed directly E);pgrlmzntal or(;es (‘é\’g'Ch agcoulnt ;gr the 1(:11 (_T_?]t't'ef bet\{[vr:aen
as a rising part in the decay profile into the excimeric spectral ando- and g- previously discussed. Therelore, the

region, but unfortunately, due to the multiexponential behavior hlghly_polanzed fluorescence S|gnal_that c_jemonstrates the
- formation of supramolecular assemblies quite larger than of
of the fluorescence decays and to limited pulse as well as to

low signal/noise ratio at this wavelength region, there was simple adducts (1:1 and 2:2) originates exclusively from

L . . ; A excimeric sites.
uncertainty in directly detecting this fast “growing-in” compo- Unfortunately, due to the appreciable continuous change of
nent. !

the fluorescence anisotropy across the emission spectrggm (
Dual excimer emission has been observed frequently not only ys (nm); see Figure 6a, inset) we were not able to directly fit
in organized media in dilute solutiof¥843 but also in the  r versus §-CD] to evaluate the formation binding constants
crystalline staté? The low-energy component has been assigned and the average length of these assemblies. The necessity for a
to a normal excimer with a sandwich-type arrangement of flat form of rss across emission wavelengths has been pointed
aromatic moieties, whereas the higher-energy component hasout with regard to the evaluation of binding constants in similar
been attributed to a partially overlapped pair of fluorophores. supramolecular assembli&\evertheless, using time-resolved
Since previous studies have shown that PPD does not producdluorescence anisotropy (TRFA), an estimation of the average
excimers either in the solid state or in concentrated solutions, length of these assemblies can be made. As depicted in Figure
it seems reasonable to adopt somewhat similar structural6b (inset), the anisotropy monitored at 350 nm shows an initial
conformations for the Pand D» excimers observed in the decaying component while at long times does not decay to zero,
present work. The remaining question is if &nd Dy represent  as usually happens for unrestricted motions, that is, the case of
two discrete populations of dimers in which each excimer ®-andj-CD (see Tables 1 and 2); instead, it levels off around

deactivates itself following a pulse excitation, of &nd D are 0.06. By fitting the decay trace to a restricted rotor with residual
subsequent states of the initially excited monomer M in a anisotropy () using impulse reconvolution analysis (IRA), a
preformed dimer site. In the latter case, namely, MDy* — component 0f~0.8 ns for the initial part of the decay and a

D,*, a delay in the rise time of the ffluorescence equal to the residual anisotropy of 0.06 0.01 were obtained.
decay time {3 ~ 4 ns) of its precursor Dwould be observetf (—tr)
Such a case, however, was not manifested. r)=r,+Be "™ (14)

In any case, the appearance of excimer formation of ap-
propriate fluorophores in the presence)eCD is not a very  anagtrycture (1:1 PPRACD) in very good agreement with that
seldom phenomenon, as has been demonstrated*by’asd (t; = 0.9 ns) recently observed in the 1:1 adduct between
others® It is believed that the toroidally shaped truncated cone 2-amino-4,5-dimethoxy benzoate apCD .26 The latter, namely,
of the wider and more flexible/-CD constrains two guest  the residual anisotropy ), does not decay at least over 15 ns
molecules into adopting more and/or less overlapping configura- gfter pulse excitation, indicating a very large mean hydrody-
tions® suitable for excited dimer formation. It has been pamic volume of the formed adducts. It is noteworthy that the
manifested in the literature, from a formation kinetic point of “flattening” of the r(t) starts about 4 ns after the pulse, a fact
view, that the initially formed singly occupied complexes, which manifests that long-living fluorescence (excimers) is
namely, 1:1, recognize each other through intermolecular forcesresponsible for the flat part of the residual anisotropy, since
leading thus to a barrel-type configuration (2:2 guest/host). In photons from the locally excited state1 ns) do not contribute
the present case, however, the autonomous organization of theafter 4 ns any more.
initially formed subunits (1:1 guest/host) is not limited to a 2:2 ~ To account for an approximate down limit of the size of the
adduct but rather can extend to lead to big-sized nanotubularnanotubular assembled adduct formed betwe&@D and PPD,

The former may be attributed to the global motion of the
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SCHEME 3: Schematic Representation of the Nanotubular Assembled Adduct Formed betweegnCD and PPD in

Aqueous Solution
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we can make use of eq 6 and the residual anisotropy as follows:References and Notes
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