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Complexation of Fluorenone and Xanthone to Cyclodextrins: Comparison of Theoretical
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The structural aspects for the complexation of xanthone and fluorenone @s well asf-cyclodextrins

(CDxs) were explored by combining absorption, fluorescence, and induced circular dichroism studies with
theoretical calculations of the optimized structures for the ket@iex complexes and their predicted ICD
spectra. Detailed information on the similarities and differences for the complexes of these ketones with
CDxs was obtained. For both CDxs, the ketones are bound to the rim of the cavity, and deeper penetration
is observed for the complexes wifhRCDx. In addition, a 1:2 complex involving-CDx was only observed

in the case of fluorenone. Although the two ketones have similar structures, their molecular recognition
properties and the resulting structures of the CDx complexes show distinct differences.

Introduction to CDx complexation is that frequently complexes with different
guest/CDx stoichiometries are formed. These different stoichi-
ometries have to be taken into account when spectroscopic

binding site for guest molecules. The most common CDxs have :Eghgflr%%ﬁrlesgﬂh?cl:gg,c?)rri ekranxployed to gain information on
six (o), seven g), or eight ¢) glucose units for which the ) plex. . )
internal cavity diameter varies between 5 to 8 ACDxs have The sign and strength of the ICD signal of an achiral guest
been widely employed as host molecules in supramolecular molecule are dlre(.:tlly re!ated to the distance and orientation
chemistry, since the size of their cavities can be systematically P€tween the transition dipole of the guest's chromophore and
varied and the hydroxyl groups at both rims can be derivatized. he nonsymmetric bonds of the CDx. A general scheme has
In addition, CDxs are chiral, and this property has been explored P€en developed™*“ that determines from the sign of the ICD
for separation technolo§gnd in the study of the complexation ~ Signal if the axis of the guest is oriented along or perpendicular
of various guests. tq the CIx axis. However, this sch_em_e, which pr_edlcts th_e ICD
Guest molecules can interact with different regions of the SI9n for a guest molecule placed inside or outside a chiral and
CDx, and different inclusion modes have been observed, e.g.,[d€ally truncated cone-shaped h&sappears oversimplified.
inclusion within the cavity or binding to the rim. Cartoon Recentwork has shown that the sign and strength of the 1CD
representations frequently show an inclusion mode where theSPECtra can be calculated more realistically by combining the
guest is located deeply within the CDx cavity, a perception that Kirkwood—Tinoco framework to a statistical optimization of
probably arises from the fact that the cavity is relatively the guest CDx structures, obtained through the dynamic Monte
hydrophobic. However, in an alternative mode of inclusion the Carlo approach?™®
guest interacts with the rim of the cavities without penetrating A number of guest molecules have been shown to form-host
deeply into the CDx. NMR spectroscopyl® where the shift guest complexes with cyclodextrit$and the thermodynamics
of the CDx protons is analyzed, and induced circular dichroism Of this interaction has been well established. Less is known about
(ICD)!1-18 spectra have been instrumental in gaining experi- the complexation dynamic8.Knowledge of the exit/entry rate
mental evidence for the guest inclusion modes. In the case ofconstants is important when cyclodextrins are employed as
ICD, the inclusion of an achiral molecule leads to circular Supramolecular structures to perform specific functions, such
dichroism signals due to its interaction with the chiral environ- as catalysis. However, the magnitude of the entry/exit rate
ment of the CDxs. In this respect, ICD provides information constants cannot be extrapolated from equilibrium constant
on the complexed guest without interference of signals due to values. Xanthone has proven to be the only guest molecule to
the guest free in aqueous solution. An additional aspect relateddate for which the complexation dynamics can be followed
directly with a spectroscopic methdH,2% but the exit rate
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*E-mail: bernd@asterix.msp.univie.ac. Web site: http://asterix.m- . . _ :
sp.univie.ac.atflocal-ink. it is important to determine the structure of the xanthone/CDx

Cyclodextrins (CDxs) are cyclic oligosaccharides formed
from p-glucose units that provide a relatively hydrophobic

§ University of Vienna. complex in order to understand how the hegtest structure
I'E-mail: MARC@bofra3.frae.bo.cnr.it. Website: http://bofra3.frae.bo.cnrit/ - affects the complexation dynamics of guest molecules. At this
marc. point there is no information available that could indicate if

O stituto FRAE-CNR. : . .
v Telephone: 250-721-7151. Fax: 250-721-7147. E-mail: bohne@uvic.ca. there is any correlation between the exit and entry rate constants

http://www.foto.chem.uvic.ca/. and the position of the guest molecule in the cyclodextrin

10.1021/jp9821681 CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/11/1998



138 J. Phys. Chem. A, Vol. 103, No. 1, 1999 Murphy et al.

complex. NMR can in principle be employed to obtain informa- detection systerf? The excitation wavelengths were set between
tion about the structure of the hegguest complex. However, 278 and 285 nm, and the polychrometer slit was set a0
in the case of xanthone its concentratierbQ uM) is too low The sample cell contained 3 mL of solution, and the iris between
to employ NMR to determine the structure of the complex. For the cell and the first collection lens was sea& mmdiameter.
this reason, the complexation of xanthone and fluorenone The wavelength ranges on the polychrometer were set between
470-560 and 366-450 nm, and the total collection time ranges
0o were 20 and 5 ns for fluorenone and xanthone, respectively.
The binarization mode with a threshold level of 10 was used,
. and shading corrections within the Hamamatsu software were
performed. The counts per cycle were kept below 0.05 for both
© the samples and instrument response function (IRF) acquisitions.
The IRF was obtained by collecting the scattering of the laser
light from a cell containing water. The number of acquisition
cycles was set to obtain at least 10 000 counts between the
wavelength ranges integrated (4928 and 393403 nm for
fluorenone and xanthone, respectively). The raw data were
transformed using a program written with Labview 4.0 (National
Instruments) and were analyzed using a commercial PTI
software. Since the binarization mode was employed, adequate
Materials. 9-Fluorenone (Aldrich, 98%) and xanthone (Al- fits were obtained with? values of 6. This high value is a
drich, 97%) were recrystallized from ethanol/water and ethanol, consequence of the blurring of the signal over more than one
respectively a-Cyclodextrin ¢-CD, lot F 8035) ang-cyclo- pixel 22 Samples were purged with nitrogen for 15 min before
dextrin (3-CD, lots C6 034-13 and F 6080-191) were a generous data collection.
gift from Cerestar and were used without further purification. Methods. Saturated aqueous fluorenone and xanthone solu-
The water employed was deionized (SYBRON, Barnstead), tions were prepared by stirring the solids with water for at least
whereas cyclohexane (Caledon Laboratories Ltd., spectrograde}s h followed by filtration through Millipore filters (0.45m).
was passed through a silica gel column (Anachemia Science,CDx stock solutions containing 12 mM 5-CDx or 30 mM
silica gel 60, 76-230 mesh) before being used. All other «-CDx were prepared by dissolving the CDx in the saturated
solvents were used as received. aqueous ketone solutions followed by stirring for at least 4 h.
Equipment. Cary 1 or Cary 5 spectrometers were employed CDx solutions at lower concentrations were prepared by dilution
to measure UV-vis absorption spectra at room temperature, with the saturated aqueous ketone solutions and were stirred
and baseline corrections were always performed. When necesfor at least 10 h. CDx solutions in water in the absence of
sary, further corrections for the absorption of the CDx were ketones were employed for the correction of absorbance,
performed by subtracting the CDx absorbance values from thatfluorescence, and ICD measurements.
measured for fluorenone or xanthone CDx complexes. When a  Determination of Equilibrium Constant§he equilibrium
CDx concentration dependence study was performed, the CDxXconstantsKe) for the ketone-CDx complexes were recovered
spectrum was recorded for its highest concentration and thefrom the analysis of the change in the ICD or fluorescence
spectra at lower concentrations were calculated by taking into intensities with increasing CDx concentrations. The observed
account the appropriate dilutions. intensity change/(l) is given by eq ¥ assuminga tr(n=1
Induced circular dichroism (ICD) spectra were recorded with or 2) ketone/CDx stoichiometry, where for = 2, no 1:1
a Jasco-720 spectropolarimeter (10 nm/mid 8ns response)  complex is formed. In addition, the CDx concentration can be
using a 10 mm cell. An average of two or three spectra were assumed to be constant, since it is present in an excess over the
obtained for samples containing fluorenone or xanthone. To ketone concentration:
obtain a baseline, the circular dichroism spectrum was recorded
for aqueous solutions of fluorenone or xanthone, which do not [K] TAXKF_,JCD]”
have any circular dichroism signals, since these molecules are Al = TCD"
achiral. However, by collecting the baseline with fluorenone EJ ]

or xanthone, the photomultiplier voltage for the baseline runin \,here [K}r is the total ketone concentration ang is related

the region where these ketones absorb strongly will be similar 1, the molar ellipticities of the complexed ketone in the case of
to that for the samples containing quorenon_e or xanthone and |cp or the difference for the emission quantum yields of the
CDx. The spectra for eitheo- or f-CDx in water were  free and complexed ketone in the case of the fluorescence
subtracted from those containing fluorenone or xanthone in the experiments.

presence of CDxs. _ A linear relationship, frequently referred to as the Benesi
Steady-state fluorescence spectra were collected with a PTlyjidepbrand ploBlis obtained for the double-reciprocal plot of
QM-2 spectrofluorimeter at 20.& 0.5°C. The emission and  gq 1.

excitation slits were set such that the bandwidths were 2 nm.
The excitation wavelength used forCD/fluorenone samples 1 1 1 )

with o- and 5-CDx was examined using a combined spectro-

scopic and theoretical approach in order to gain information
about the structure of their complexes. Fluorenone was included
in these studies to provide a comparison between guest
molecules that are ketones and have a similar size.

Experimental Section:

1)

was 300 nm, and the emission scan was recorded between 310 Al [K]A, K] TAxKeq[CD]n

and 590 nm. The weak emission from impurities in the CDx

samples was subtracted from the fluorescence spectra of The Keqvalues were obtained from the nonlinear fit of the

fluorenone/CDx complexes. In addition, a correction was experimental data to eq 1 (Kaleidagraph software v. 3.0), since

performed for the fraction of light absorbed when the CDx this plot properly weights the experimental data. However, eq

samples showed an absorption at the excitation waveleAyths. 2 is very useful to check if the assumed stoichiometry is valid,
Time-resolved fluorescence experiments were performed since deviations from linearity are observed when the incorrect

using a Ti:sapphire laser system and a Hamamatsu streak camerstoichiometry is assumed.
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Alternatively, when a complex with 1:2 ketone/CDx stoichi- individual glucose units within the host molecules are also
ometry is observed, the 1:1 complex can also be present atrotated by a maximum of °5 Each stochastically generated

moderate CDx concentrations: structure is fully minimized within the force field and accepted
according to the modified Metropolis criteridhThe simulation
K .
K + CD==KCD 3) temperature is kept constant at 300 K, and low-energy complex

structures are obtained within 1000 DMC steps. Besides
potential and solvation energies, the complexes are characterized
by a host-guest distance defined by the distance between the

) ) ) ] o center of mass of the guest and the mean position of the
TheAl value is a function of the differences in molar ellipticities  g1ycosidic oxygens of the macrocycle.

or differences of the fluorescence quantum yields for the ketone
in solution and when incorporated into the 14(1)) and 1:2
(Ax(2)) complexes.

K.
KCD + CD==KCD, 4)

Calculation of the ICD Spectra. The ICD spectra, corre-
sponding to the structures of lowest energy generated by the
stochastic procedure described above, were calculated following
the Kirkwood-Tinoco frameworké” Out of the three mecha-

5) nisms that generally describe the induction of rotatory power
in a complex, i.e., the one-electron, the dipetépole, and the
magnetie-electric interaction, the second appears to be the most

Equation 5 is reduced to eq 6 whag(1) is equal to zero, which impqrtant in 'this case. A particularly useful gpproximation' is
is the case when the fluorescence quantum yields are the sam@btained by introducing, in Kirkwood's equations, the polariz-

for the ketone in water and incorporated in a 1:1 complex: ability of the bonds of the chiral macrocycle in place of the
original dipole-dipole interaction schent&. Along this ap-

[K] 7KK, AX(Z)[CD]Z proximatio.n., the pertiner!t expression of the rotatory strength
(6) for a transition 0— a is given by

A = [KITKiAICD] + [K] 1K1K,A)[CO
1+ K,[CD] + K,K,[CD]?

1+ K,[CD] + K,K,[CD]?
2

Calculation of Low-Energy Complex Structures. The Ry = 04102 Vg (Ag3 — ay1);(GF), @)
computation of potential energies of CDx complex geometries a oa ] c, 2_ 2)
is based on Allinger's MM3-92 force field applying a block o a
diagonal matrix minimization method.The fully minimized 1 3(eod (Er)
reference structures of-CD andj-CD, derived from crystal- (GF} = _Slean — %‘ €a X €| 9)
lographic dat&2 show energies of 61.5 and 71.3 kcal/mol, r; r|
respectively. The potential energies of the guest molecules

fluorenone and xanthone result in 14.2 and 5.8 kcal/mol, wheree;, and g are unit vectors along the electric transition
respecti_vely. Thes_e reference structures are used in all themomentma and parallel to thgth bond, respectivelyyo and
calculations described below. v, are frequencies of the electric transitions of host and guest,
Low-energy complex geometries are located by applying a which are located at a distancg and az; and as3 represent
dynamic Monte Carlo (DMC) routirfé within the program  pond polarizabilities at zero frequency parallel and perpendicular
package MultiMize®® Both, potential energies (calculated by o the symmetry axis of thigh bond. In eq 8 the energies and
the force field) and solvation effects (calculated by a continuum ejectric moments were calculated using the CNDO/S program,
approximation assigning atomic solvation parametets the  ith the Mataga-Nishimoto approximation for the Coulomb
solvent accessible molecular surface akgaare considered in  integrals and Ci= 120 singly excited configurations. Being that
a modified Metropolis criterion (eq 7). Details of the calculation  the rotational strength is directly proportional to the factor

I

are presented in ref 17 expressed by eq 9, it turns out that the method is also quite

sensitive to slight variations of the geometric setup. The

AGqq, = AGy_philic T AG_phobic = (ZAOjAj)aj<O+ rotational strengths calculated were inserted into a sum of
]

Gaussian functions, which were appropriate in simulating the
(ZAO,—A,—)UJ>0 (7 CDx spectrum in the region examin&d.

] The combined procedure described above (DM@CD) is
selective enough to restrict the number of reliable low-energy
structures; e.g., in a typical calculation with 1000 DMC steps,
200 structures are accepted for which the 10 structures with
the lowest energy only 1 or 2 gave reasonable ICD spectra. For
this reason, we can assume that the choice of one structure as
shown in the figures below is a meaningful representation of
the average position of the guest within the complex.

In an approximation the total free energy of solvatihGso,
is calculated as the sum over solvating hydrophilic surface areas
characterized by atomic solvation parameteys< 0, and
hydrophobic surface areas with the respective solvation param-
eterso; > 0, resulting iNAGn—phiic @aNdAGn—pnobic respectively.
The atomic solvation parameter sebf Wesson and Eisenberg
in the adjustment of Sharp et ®lis used in our calculations.
“Minimizing” the hydrophobic contact area (in our case solvent
accessible carbon surfaces) and correspondi@g-pnonic best
resembles the hydrophobic effect crucial for CD complex = Complexation of Xanthone Fluorescence and ICD spec-
formation?’ troscopy have been previously employed to characterize the
The start geometries for DMC runs are defined by a random complexes between xanthone andj-, v-, and hydroxypropyl-
relative orientation of the guest within a distané&d\ pointing B-CDxs2123Binding is strongest with hydroxypropyi- (1800
toward the host cavity. In each DMC step this relative position + 100 M) followed by 8- (1100+ 200 M1), y- (200+ 30
is stochastically altered in the y, andz axes by a maximum M~1), anda-CDx (50 & 8 M~1). These equilibrium constants
of 0.5 A, the guest is rotated by a maximum of &nd the were obtained from fits of the fluorescence or ICD data to eq

Results
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cence of compounds with low quantum yields, such as fluo-
renone or xanthone, is being measured. In the presence of 30
mM «a-CDx the fluorescence decay of xanthone can be
adequately fitted to a monoexponential decay with a lifetime
close to that observed for xanthone in water, suggesting that
xanthone is not very protected from the aqueous phase when it
is complexed tax-CDx. In principle, a biexponential decay is

Time /ns

Figure 1. Time-resolved fluorescence decays of xanthone in the
absence (A) and presence (B) of 8 n#MCDXx fitted to one exponential
(A) and the sum of three exponentials (B). The residuals for the fits
are shown in the insets.

1 for a 1:1 xanthone/CDx stoichiometry. This stoichiometry was
confirmed by linear double-reciprocal pldts. also expected for xanthone in the presence of 30 aaUIDXx,

The complexation of xanthone witlr and-CDx was further since an appreciable amount of xanthone is bound to the CDx
characterized in the present study by measuring the time-and a decrease of the steady-state fluorescence emission intensity
resolved fluorescence of xanthone in the absence and presencis observed. However, the intensity only decreases to 80% of
of CDxs. It was previously shown that xanthone fluorescence the value in the absence of CDx, which would lead to a ratio of
occurs in the subnanosecond time domain. Although complex- lifetimes of 1.25. This difference is too small to be observable,
ation of xanthone to CDx leads to a change in the decay profile, and for this reason the decay is adequately fitted to a mono-
no accurate measurements were possible with nanoseconaexponential decay.
single-photon countingt The decay of xanthone in water is The presence ofi- or 5-CDx leads to small blue shifts in
monoexponential with a lifetime of 756 50 ps (Figure 1). In the absorption spectra of xanthone without significantly chang-
the presence of-CDx (8 mM) the fluorescence decay is ing the band shape. The ICD signals for xanthone complexed
multiexponential and can be fitted to the sum of three expo- to a- and-CDx have opposite signals in the long- and short-
nentials with lifetimes of 56-80 ps, 606-800 ps, and 35 ns wavelength regions (Figure 2). In the casg8eED, the values
(Figure 1). The largest preexponential ter0(80) is associated  for the equilibrium constant using eq 1 for a 1:1 stoichiometry
with the species that has a 580 ps lifetime, and it was  are 1000+ 200 and 1200: 300 M~ for measurements at 262
assigned to the emission of xanthone in the 1:1 CDx complex. and 350 nm, respectively. These two wavelengths correspond
The species with a 666800 ps lifetime and a preexponential to two different transitions in the ICD spectrum, and the
factor of ca. 0.15 corresponds to the emission of xanthone in recovered values for the equilibrium constants are the same as
water. Both these species show time-resolved emission spectrgreviously determinedt23 In addition, the double-reciprocal
with maxima between 390 and 400 nm, which is characteristic plots are linear (inset Figure 2), suggesting that the complex
for xanthone fluorescence. The long-lived component is a minor has a 1:1 stoichiometry.
species, since its preexponential factor is less than 5%. No The 1:1 complexes of xanthone withh and5-CDx, as well
defined spectrum is associated with this species, and it is alsoas the 1:2 complexes witt-CDx, were calculated with DMC
present when a solution containing only CDx is irradiated by runs to gain insight into the structural features of the low-energy
the laser. It clearly corresponds to an artifact that is related to geometries. Xanthone is not tightly bound aeCDx (Figure
either background detection of irradiation or impurities in the 3A). Itis only attached to a part of the secondary hydroxyl rim
CDx. This artifact is particularly noticeable when the fluores- side as attested by the relatively large hagiest distance of
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Figure 3. Calculated structures for the 1:1 complexes of xanthone 0.081 0.02 d

with o-CDx (A) and5-CDx (B).

3.9 A. The macrocycle shows the slight distortion that is also
observed for the crystal structure afCDx. In addition, the 0.04}
guest molecule for the calculated structure of fluorenone and
o-CDx is mostly exposed to the solvent. All the low-energy -
structures with a complexation energy of arounti4 kcal/mol,
defined as the energy difference between the sum of potential 0 260 360 520
energies of the isolated CDx and xanthone and the energy of Wavelength / nm

the complex, are of the geometry type shown in Figure 3, which

. . - Figure 5. Corrected fluorenone absorption spectra in the presence of
also gives the correct ICD signal. Deeper penetration of the guest, ‘=px at the following concentrations (mM): (a) O: (b) 10; (c) 20:

yields an energy increase of around 8 kcal/mol. No stable 1:2 (g) 30. The inset shows an enlargement of the spectra between 290
complexes witha-CDx is found in DMC runs. A more stable  and 340 nm.

1:1 complex 18.8 kcal/mol) is calculated for the interaction
of xanthone with3-CDx with a host-guest distance of 2.6 A, Complexation of Fluorenone Fluorenone was chosen as an
suggesting that xanthone penetrates deeper into the fa@BK alternative guest to xanthone because it is of a similar size, and
cavity (Figure 3 B). Furthermore, the guest molecule is still both molecules have excited states that are close in energy but
significantly exposed to the solvent and xanthone is tilted in have different configurations in both the singlet and triplet
order to gain additional stabilization by interacting with a part manifold, leading to a complex photophysical behavior. In
of the secondary hydroxyl rim of the CDx. The structure of contrast to xanthone, where the behavior of the triplet absorption
B-CDx in the complex shows significant deviations from the can be exploited to measure its complexation dynagtici;*?
crystal structure, as generally found#rCDx complexeg’-39 fluorenone was found to have a very low intersystem crossing
The seven-membered ring is found to be highly flexible in quantum yield in water due to a significant increase of the
solution and easily adapts its structure to steric constraints ofinternal conversion rate constant in hydroxylic solveldtd®
the guest molecule. However, the complexation behavior for these two ketones is
The calculated ICD spectra for xanthone complexedto quite different.
andS-CDx (Figure 4) show the specular behavior observed for A small enhancement is observed for the absorbance of
the experimental spectra (Figure 2) with a negative low-energy fluorenone in the presence §fCDx, suggesting that fluorenone
band for$-CDx, a positive one fon-CDx, and a reversal in  is incorporated in the host molecule. This change is too small
both cases in the short-wavelength region. The calculatedto be useful for the determination of the equilibrium constant
energies appear overestimated especially for the low-tying between fluorenone angtCDXx. In contrast, in the presence of
transitions, as frequently found with the present method for a-CDx a significant sharpening of the fluorenone absorption
carbonyl compound®:4! The relative intensities of the low-  spectrum is observed at high CDx 10 mM) concentrations
and high-energy bands are well reproduced by the calculations(Figure 5). No isosbestic point is detected, indicating that more
for the complex with5-CD, whereas in the case afCD the than one type of complex is formed.
intensity of the short-wavelength band is overestimated. The The fluorescence quantum yield and emission maxima of
calculated spectra show a fairly high consistency with the signs fluorenone are dependent on the solvent polarity, and the
of the bands around the most stable energy minima calculated.quantum yields are less than 0.845! In nonprotic solvents
A reversal of the sign is only observed for higher energy the fluorescence lifetime and emission quantum yields increase
structures associated with larger xanthe@®Dx distances. with solvent polarity. However, in protic solvents the fluores-

310 320 330
Wavelength /nm
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Figure 6. Nonlinear fit (eq 6) of the corrected fluorenone fluorescence 0

intensities at 525 nm in the presence of variot&Dx concentrations.
The inset shows the corrected fluorescence spectra of fluorenone in
the presence of different-CDx concentrations: (a) 0, (b) 1, (c) 2, (d) o-CD
3, (e) 5, (f) 6, (g) 9, (h) 12, (i) 18, and (j) 30 mM.
cence of fluorenone is quenched by hydrogen bonding with the
solvent?+~46 The fluorescence quantum yield for fluorenone in
ethanol has been reported to be ¥.3073,%6 and we observed 1 L L 1 L
a weak emission in this alcohol. In contrast, no emission from 260 300 340 380
fluorenone in water was detected for the same experimental Wavelength /nm
conditions as employed for ethanol, which suggests that the Figure 7. Fluorenone ICD spectra in the presence of 8 INLDX
fluorescence quantum yield in the aqueous solution is less than2nd 30 mMa-CDx. The inset shows the ICD spectra of fluorenone in
1.5 x 104, the presence of different concentrationsoe€Dx: (a) 5, (b) 15, (c)

In the presence of low concentrationscofCDx (<3 mM) a 20, and (d) 30 mM.
very small increase is observed for the emission intensity abovesince no appreciable fluorescence was observed at lnv@Dx
the baseline of the fluorimeter (Figure 6). However, at higher concentrations. In the presence of-ZD mM a-CDx, a
CDx concentrationsX5 mM) the emission increases markedly biexponential decay was observed where the shorter component
and has a maximum at 525 nm (inset Figure 6). On the basis ofhad a lifetime longer than 1.5 ns, suggesting that only one
the a-CDx concentration dependence on the fluorescence species of fluorenone was being detected. The longer component
intensity, the observed emission is assigned to the fluorenonecorresponds to an artifact similar to that observed for the time-
in a 1:2 guesthost complex. The addition @g~CDx did lead resolved studies of xanthone with CDxs (see above).
to the detection of only a small enhancement of the fluorenone  The ICD spectra for fluorenone in the presencexefand
fluorescence, suggesting that fluorenone in this complex is fairly 5-CDx show opposite signals for most of the spectral region
exposed to water. investigated (Figure 7). In the case BfCD, only positive

The change in the fluorenone emission intensity wit@Dx signals are observed, whereas tiCDx a more structured
concentration cannot be fitted to eq 1 assuming a 1:2 stoichi- spectrum with negative and positive signals was measured (inset
ometry. Likewise, the double-reciprocal plot (eq 2), assuming Figure 7). The change in the ICD intensity with increagrGD
the same stoichiometry, is not linear. These results indicate thatconcentrations was fitted to eq 1 assuming a 1:1 stoichiometry,
the 1:1 complex has to be taken into account when fitting the and the recovered value from four independent experiments for
fluorescence data. Since only a very small increase was observed; is (4504 50) M. The double-reciprocal plots are linear,
for the fluorescence intensity at lom+CDx concentrations, we  suggesting that the complexation stoichiometry is indeed?.:1.
assumed that the emission quantum yields for fluorenone in In the case of-CDx, the change in the ICD intensity is different
water and in the 1:1 complex are the same. This assumption isfor the band with a maximum at 296 nm than that at 330 nm
also based on the fact that fluorenone is exposed to water in(inset of Figure 7). The double-reciprocal plots for the changes
the 1:1 complex as indicated from the calculations of the at 296 and 330 nm fit reasonably well assuming a 1:1 and 1:2
complex structure (see below). The fit of the data to eq 6 yields stoichiometry, respectively. However, any attempts to obtain
several combinations &f; andK; values that lead to acceptable values for K; and K, failed, since very large errors were
fits as defined by the difference of the calculated and experi- recovered.

mental data points. The produ€iK, for the acceptable fits is The low-energy structure calculated from DMC runs for the
(9.34 0.6) x 10® M2, This product is fairly constant for all ~ 1:1 complex of fluorenone witle-CDx has the fluorenone
acceptable fits, but the individual equilibrium constarids € interacting with the secondary hydroxyl rim without penetration

1-50 M~! and K, = 8700-200 M~1) varied considerably, of the cavity (Figure 8A). The hosfguest distance is larger
suggesting that the individual equilibrium constants cannot be (4.9 A) than observed for the complexation of xanthone. The
determined from the fluorescence data. The same values werdow-energy structures always have the fluorenone attached to
obtained forK;K, when the intensities were measured at fixed the rim, and deeper penetration leads to an energy increase of
wavelengths or for the integrated fluorescence areas. 5—10 kcal/mol. In contrast to xanthone, a 1:2 fluorenone/
Time-resolved fluorescence experiments were only performed CDx complex was found in the DMC runs (Figure 9). In
for fluorenone in the presence of highCDx concentrations, comparison, the guest is more deeply included in one host
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Figure 8. Calculated structures for the 1:1 complex of fluorenone with
o-CDx (A) and-CDx (B).

Figure 9. Calculated structure for the 1:2 complex of fluorenone with
o-CDxs.

molecule but only attached to the other. The gain in complex-
ation energy is ca—28 kcal/mol compared te-12.8 kcal/mol
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Figure 10. Calculated ICD spectra for fluorenone complexe@46Dx
(a), o-CDx (b), and twoa-CDxs (c).

sequence of ICD signals fgi-CDx (Figure 10), which gives
rise to a totally positive spectrum, with the first signal calculated
at 330 nm, the second, very weak, at 275 nm, and the largest
one at 235 nm in correspondence to the most intenss
experimental ICD band detected at 270 nm. Generally, the
signals appear larger for the inclusiondrCDx than ino-CDx,

a feature consistent with a better included chromophore and a
well defined 1:1 complex for the former case (see above). On
the other hand, inclusion of fluorenone izCD results in a
sequence of calculated negative signals along the entire CD
spectrum. The calculation tends to overestimate the size of the
first band, while the band at shorter wavelengths is calculated
correctly (negative and less intense thaBi€Dx). The effect

of inclusion of fluorenone in twa.-CDx results in a more stable
complex, which reflects also in a more negative sequence of
bands. The results for the calculated and experimental ICD
spectra are not in complete agreement, reflecting the complexity
of the fluorenone complexation @-CDx (see below).

Discussion

Insights into the structural parameters of CDx complexes can
be obtained by analyzing the predicted ICD spectra for
optimized guestCDx complexes obtained from molecular
mechanics calculations and comparing these spectra to the
experimental one¥ 1838 The method employed combines
potential energy calculations with a force field, as well as free
energies of solvation derived from a continuum approxima-
tion.16:17.38 The contributions arising from solvation effects,
which for CDx complexes are mainly due to hydrophobic
interactions, are an important prerequisite in order to obtain
correct complex geometrié$. For example, the molecular

calculated for the 1:1 complex. Besides the interaction betweenmotions for the loose complex of phenol included within the
host and guest, the enhanced stability of the 1:2 complex is 3-CDx cavity are restricted when solvent effects are included
mainly based on the interaction of the CDx molecules forming in the DMC calculationd”-18In contrast, for the bulkier 2,4,6-

various intermolecular hydrogen bonds between hydroxyl groups trimethylphenol a limited number of defined structures are

of the secondary CD rim.

The 1:1 complex of fluorenone with-CDx shows a higher
stabilization compared to the complexation watCDx (Figure
8B). The hostguest distance is smaller (2.7 A), but the guest

achieved that position the guest at the rim of the CB%¥One
important feature of this latter complex is the influence of the
stability of the intramolecular hydrogen bonds on the secondary
rim of 8-CDx.17 In addition, it was shown that when the guest

is also considerably tilted and preferentially attached to one sidemolecules are larger than the CDx cavity, the formation of

of the cone.
The ICD spectra of fluorenone im- and3-CDx (Figure 7)
show an almost specular behavior with a rather flat part

higher order complexes (e.g., 1:2 guest/CDx) is obset¥add
this feature is reproduced by the DMC calculatiéh¥
Complexation of Ketones tg#-CDx. The largest equilibrium

corresponding to the first absorption system and a sharp positiveconstants for xanthone and CDxs were observedsf@Dx

(in 5-CDx) and negative (im-CDx) signal at 270 nm in the
region. This behavior is fairly well reproduced by the calculated

followed by y- and a-CDx,?! suggesting that the best size
complementarity is obtained wiftCDx. The cavity ofo-CDx
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is too small to efficiently complex xanthone. The same features deeply into the CDx cavity. Deeper penetration leads to higher
were observed for fluorenone complexedotoand 3-CDx. energies for the calculated structures, and the predicted ICD
The xanthone fluorescence decay in the presenge@Dx spectra deviate considerably from the experimental ones,
is not monoexponential. It is composed of a short-lived species especially in the case of fluorenone. In the aqueous phase, the
with a lifetime of ca. 56-80 ps and a second component with ketones are hydrogen-bonded to water molecules, and deep
lifetimes between 600 and 800 ps. The latter species correspondénclusion into the CDx cavity would preclude any formation of
to the decay of xanthone in water, for which a lifetime of 750 hydrogen bonds, which is energetically unfavorable. Binding
ps was measured. The short-lived component was assigned tao the rim of the CDx cavity leads to minimization of the
xanthone complexed {§-CDx. These assignments are consistent exposure of the hydrophobic surface of one aromatic ring to
with the decrease observed for the steady-state fluorescencevater without breaking all the hydrogen bonds. In this respect,
intensity when xanthone is complexed to CB%3he behavior  the positions of xanthone and fluorenone within the complex
of the excited singlet decay for xanthone complexed-@Dx represent a compromise between the energetically favorable
parallels that observed for the incorporation of this ketone in shielding of the hydrophobic surfaces from water and the

anionic and cationic micelles, where a substantial shortening ynfayorable breaking of hydrogen bonds. The photophysical
of the lifetime was observed for xanthone associated with the ¢y, gies agree very well with the fact that xanthone and

micellar environment? The photophysics of xanthone is quite
complex because several energy levels with eithet or n,z*
configurations are close in energy in both the singlet and triplet
manifolds. The intersystem crossing for xanthone was shown
to depend on the solvent polarftyand even in methanol or 2> "
ethanol the buildup time for the triplet, which is directly related 2ttested by the much lower equilibrium constant 458 M~
to the excited singlet decay, is shorter than 265%.In this In the complex witho-CDx, xanthone will be more exposed to
respect, water significantly alters the photophysics of xanthone, the agueous phase because of the smaller size of this cavity
since the singlet lifetime is enhanced by over 1 order of When compared t6-CDx. In principle, a nonexponential decay
magnitude compared to the decay in alcohols. Complexation Was expected for the xanthone fluorescence in the presence of
of xanthone tg8-CDx reduced the excited singlet lifetime from  o-CDX, since in the steady-state experiment its emission
750 ps to ca. 65 ps, suggesting that the ketone is somewhaintensity is decreased in the presence.d€Dx. The observed
protected from water. However, this lifetime value is still longer monoexponential decay can be explained by an excited singlet
than that observed in alcohols, suggesting that the polarity sensedifetime for the complexed xanthone that is close to the lifetime
by the complexed xanthone is intermediate between that forin water. In this respect, a longer lifetime than observed for
alcohols and water. This result is consistent with the calculated xanthone in3-CDx would be expected, since the guest is more
structure of the complex where the ketone is attached to theexposed to water when associated with the smaller CDx.

rim of 5-CDx and is not completely included in the cavity. The binding between fluorenone aneCDx is more complex

In the case of fluorenone, the complexation efficiency with than the behavior observed for xanthone. At l@wCDx
-CDx could only be determined from the ICD spectra, since concentrations, the absorption spectrum of fluorenone only
the changes in its absorption spectra are small and since thiSchanges slightly. However, at higher concentratiensQ mM)
ketone does fluoresce only weakly in the presencg-GDx. the absorption spectrum of fluorenone sharpens significantly.
The fluorescence quantum yield of fluorenone in hydroxyl pgroad absorption spectra in the 300 nm region are observed
solvents is very low>~* For this reason, the lack of fluores-  ¢or fiyorenone in water or ethanol but not in acetonitrileent-
cence when this ketone is complexed@kﬁ:l_)x indicates that _ butyl alcohol. The sharpening observed at higi€Dx con-
itis either somewhat exposed to water or its carbonyl 9rouP IS centrations indicates that fluorenone is fairly well protected from
hydrogen-bondeo! to the hydroxyl groups of the CDx rim. the interaction with water molecules. This result is consistent

The cqmplexatlon. of.xanthone and fluorenone .vﬁtIG:DX with the formation of a 1:2 fluorenon@/CDx complex. In
occurs with a 1:1 stoichiometry as attested by the linear double- addition, the lack of an isosbestic point suggests that other
reciprocal plots for the change of the ICD signals for both complexes, such as the 1:1 complex, are also present.

ketones with the change in CDx concentrations. The equilibrium . . . .
9 4 The lag observed in the increase of the fluorescence intensity

constant betweefi-CDx and xanthone is higher (11@0 200 . S . . .
M~1) than for fluorenone (456 50 M-1), indicating that for with a-CDx concentration is consistent with the formation of a

the former the complex is stabilized by about 0.5 kcal/mol 1:2 complex. The fluorenone fluorescence maximum is known
compared to the latter. The calculations for the low-energy 0 Shift from 490 nm in toluene to 510 nm in acetonitriiand
structures of both ketones wifhCD lead to very similar host 550 nm in ethanot! The emission maximum for the fluorenone/

guest distances and complexation energies. The only difference®-CDx complex was observed at 525 nm, suggesting that the
observed was that xanthone is more axially aligned, and the polarity sensed is less than that for ethanol. This result is also
calculated ICD spectra for this ketone are more sensitive to consistent with the assignment that fluorenone is in a fairly
structural changes of the complex than observed for fluorenone,apolar environment. Furthermore, the lifetime in excess of 1.5
suggesting that for xanthone a more defined complex exists. ns for the complex is longer than the lifetime for fluorenone in
This result is in line with the larger equilibrium constant ethanol (0.8 nsj® Since the decay of fluorenone in hydroxylic
measured for xanthone when compared to fluorenone, suggestsolvents is accelerated due to hydrogen bonding, the longer
ing that the rigidity of the complex predicted from the lifetime in the presence ai-CDx indicates that fluorenone is
calculations has direct bearing on the complexation efficiency not extensively hydrogen-bonded in the 1:2 complex. This fact
of guest molecules to CDxs. is confirmed by the optimized structure calculated, where the
The ICD spectra calculated for the optimized structures of guest’s hydrogen-bonding functionality in the 1:2 complex is
xanthone and fluorenone wifltCDx agree very well with the indeed mostly shielded from the bulk water. In addition, water
experimental spectra. In both cases, the ketones do not penetratamolecules cannot be positioned between the two CDx units to

fluorenone are included iA-CDx but are somewhat exposed
to the aqueous phase (see above).
Complexation of Ketones to a-CDx. The binding of

xanthone too-CDx is much less efficient than fg8-CD as
1)_21
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participate in hydrogen bonds with the guest, and hydrogen with 2:2 stoichiometry. Examples of this kind of multiple
bonds between the guest and the host are geometricallyinteraction have been recently described for the complexes of
unfavored. several chromophores included in cyclodextfih®However,

The presence of more than one complex between fluorenoneno evidence of a 2:2 complex was observed in the absorption
anda-CDx at high CDx concentrations is suggested by the lack or fluorescence experiments. An alternative explanation is that
of isosbestic points in the absorption spectra and the dependencéhe ICD spectrum in this region, where the electronic signal is
of the change in the fluorescence and ICD intensities with quite low, is dominated by vibronic interactions between a low-
increasing CDx concentrations. In both cases, the double-lying nz* and upper states ofz* nature. The appearance of a
reciprocal plots are nonlinear when either a 1:1 or 1:2 com- well-resolved sequence of positive and negative signals in this
plexation stoichiometry is assumed. The formation of the 1:2 region can, in principle, be reconciled with the formation of a
complex is relatively efficient, since the lower limit for tie more rigid complex, e.g., of 1:2 type such as that shown in
value is around 200 Nt Figure 9. Recently, there has been an increasing amount of

The optimized structures for the 1:1 complexes of xanthone evidence that multiple complexation of this type modifies the
and fluorenone withoi-CDx show that the ketones are more spectral features, especially by narrowing the bands and
exposed to the aqueous phase than when they are complexethfluencing the photophysical behavior of the included gést.
to 8-CDx. This behavior is consistent with the photophysical By comparison with the band half-width detected in apolar
data. In addition, the calculated ICD spectra for the optimized hydrocarbon solutions, this effect was interpreted to be due to
xanthoned-CDx structures reproduce well the experimental the nonpolar character of the CDx cavity experienced by the
spectra. In the case of fluorenone, the presence of the 1:1 ancchromophore. On the other hand, the dependence of the CDx
1:2 complexes leads to a more complex behavior of the ICD signal in the same spectral zone for inclusion of fluorenone in
spectra (see below). In contrast to the complexation of both 5-CDx shows a monotonic increase of positive intensity without
ketones tg3-CDx, the host-guest distances are very different the appearance of bands of different sign, indicating the absence
for the 1:1 complex between xanthone or fluorenone with of multiple interactions in this case and a well-defined 1:1
a-CDx. In both cases, there is less penetration of the ketonescomplex.
into thea-CDx cavity than observed fgi-CDx, but xanthone In conclusion, the theoretical calculations combined with the
is included further int@-CDx (3.9 A host-guest distance) than photophysical studies provide detailed information on the
fluorenone (4.9 A). In addition, fluorenone is much more tilted gy cqure of the complexes between xanthone or fluorenone to
than xanthone, suggesting that a more defined complex iScpys The structure of xanthone as well as fluorenone com-
formed for xantho_ne than for fluorenone as was also Observedplexation with3-CDx does not lead to deep penetration of the
for the complexation of these ketones wifCDx. ketones into the CDx cavity. The binding to the rim of the

No evidence was obtained from the photophysical studies or g3.cpx could be one of the features responsible for the faster
the DMC calculations for a 1:2 complex between. xanthone and gyt of triplet xanthone from the CDx cavity when compared
o-CDx. In contrast, fluorenone does form a higher ordered {4 gther guest molecules. The optimized structures for the ketone
complex. This difference could be related to the fact that in the complexes withs- as well azi-CDx indicate that more defined
1:1 complex with fluorenone the guest is more exposed to water complexes are formed with xanthone than with fluorenone. In
than in the case of xanthone, and this exposure provides aNaddition, the formation of a higher order complex is only
appropriate site for the binding of the secanCDx molecule. ohqened for-CDx and fluorenone, which may be related to
DMC runs lead to a stable 1:2 complex in which fluorenone is o gegree of exposure of the guest to the aqueous phase in the
more deeply included in one CDx molecule butis only attached 1:1 complex. These subtle differences in the complexation of

to th? secopdtonfh T?:%'ncreiatse_ in potfnUaIteS(:)rgy ¥vhen tt:ethe ketones are well reproduced by the theoretical studies
guest penetrates the LDx cavily IS countéracted by a favora eshowing that the methodology employed can yield useful and

Interaction Wher.‘ the CDx molecgles are in proximity. Th(_a detailed information on the structure of hesgjuest complexes
deeper penetration of fluorenone is attested by the Shorten'nginvolving CDxs

of the host-guest distance by abb@ A in the 1:2complex
when compared to the 1:1 complex, suggesting that association )
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