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Abstract

The binding capacity of-cyclodextrin polymers@-CDP), cross-linked with epichlorohydrin, has been compared with that of unimeric
B-cyclodextrin for the inclusion of dibenzofuran (DBF) and two of its derivatives: 2-hydroxydibenzofuran (DBFOH) and dibenzofuran 2-
carboxylate (DBFC). Gel permeation chromatographyand*3C NMR, and dynamic light scattering, together with membrane ultrafiltration,
were used to characterize and fractionate the polymeric samples. Their interactions with the dibenzofuran derivatives have been analyzed |
absorption and fluorescence spectroscopies. Fluorescence anisotropy titrations were used to obtain the apparent binding constants. The affir
of the neutral dibenzofurans for the polymers is significantly higher than those of the ungr@bx; irrespective of the molecular weight
or the microstructure of the polymer, whereas the charge in the anionic dibenzofuran derivative hinders the formation of the complex. The
most hydrophobic DBF shows a higher affinity for the polymer with a higher contghdD, whereas the opposite behavior is displayed for
DBFOH. The results are explained in terms of the synergic effect produced by the glyceryl cross-linking bridges, the relative hydrophobicity
of the guest—host system and the density of the polymer network.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction has also been observgt-5]. In addition to this, the photo-
chemistry of the substrate may also be chari§édThe CD
The main feature that makes cyclodextrins (CDs) of inter- behaves as a protective casing against photobleaching or side
est is their ability to form inclusion complexes with a wide reactions or, on the contrary, it can act as a catalyst, inducing
diversity of molecules, either in solution or in solid phase, excimer formatior{7,8]. The reactivity in the excited state,
a property that offers many attractive applications described e.g. proton transfer, can also be altered in the presence of CD
extensively in the literaturgl]. In the case of fluorescent due to interactions of a protonable group with the edges of
guests, the inclusion can affect the ground and/or excitedthe cavity[9,10]. The CDs have also been proven to inhibit
electronic states of the fluorophore, consequently chang-the twisting of functional groups in molecules that display
ing the spectral properties of the substrate. Fluorescencetwisted intramolecular charge transfer (TIJIL,12]
enhancement is the most common situation, which has found The field of applications expands when the CDs are chemi-
a number of interesting analytical applications, and can be cally modified by selective conversion of the hydroxyl groups
attributed to factors such as the protection against collisional to other functionalities (methylation, for example, in order to
qguenching, changes in the polarity of the microenvironment increase the solubilityfL 3]. In the last few years, the interest
or an increase in the rigidity of the guest, amongst others has been focused in the synthesis of polymeric cyclodextrins
[2]. The quenching of fluorescence, although less common,(CDPs)[14]. These are usually obtained by reaction of the
native CDs with a cross-linking agent, such as epichloro-
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ratio between botfi5,16]. In this way, the resulting product
provides other possible binding sites to the host molecules
different from the cavity of the CD, thus increasing the ver-
satility and potential applications of the material. Depending
on the polymerization conditions, insoluble polymers can be
produced, which have found applications in the removal of
water pollutant$17], in chromatography18] or in pharma-
ceutical[19] and food industrief20].

In continuation with our previous works dealing with
the spectral features of CDs and dibenzofurfis-24]
a family of dioxin-like compounds, and their interactions
with insoluble-CD polymers[25], we have extended the

249

2.1.1. Preparation of thg-CD polymers g-CDP)

The B-CDP1 has been synthesized by suspension poly-
merization of epichlorohydrin an@-CD under alkaline
conditions, according to the procedure described by Zhu
and Brizard[26]. The degree of polymerization is known
to depend critically on the NaOH concentration, reactant
ratios, reaction time and temperatufg6]. In order to
obtain a soluble polymer of adequate molecular weight, the
molar ratio B-CD:EP was 1:16, the NaOH concentration
was 40% in weight, and the temperature was G5After
50 h, the resulting polymer was neutralized with HCI 6 M,
washed with deionized water and ethanol and purified by

study to water-soluble polymers. The advantage of theseSoxhlet extraction, using hexane and ethanol as solvents.

polymers is their high solubility in water compared to the
native-CD (ca. 18 g -1). The effect in the binding of the
molecular weight and the microstructure of the polymer and

The actual content of3-CD in the polymer was deter-
mined by'H and13C NMR, as described in the literature
[27].

the type of substrate has been investigated by spectroscopic

methods.

2. Experimental
2.1. Chemicals

Dibenzofuran (DBF) and 2-hydroxydibenzofuran (DB-
FOH) were obtained from Aldrich with purities of 99
and 98%, respectively. 2-Dibenzofuran carboxylic acid
(DBFCA) was also obtained from Aldrich (Rare Chemicals
Library). DBFOH was purified from an ethanol solution by

precipitation in water, whereas the rest of the reactants were

used as received. All the solutions were prepared with deion-

ized water using a Wasserlab, Type I-Reagent Grade-Water,

equipment. The chemical structures are showdheme 1

Two B-CD polymers were used in this work: one was
synthesized in this laborator{CDP1), and the other one
(B-CDP2) was obtained from Cyclolab (batch no. CYL-265).
The commercial polymer has @CD content of 50-55%
in mass, according to the manufacturer specifications.
Polyethylenglycol (PEG) was from Panreac (average molec-
ular weight of 3500-4500), and polyvinylalcohol (PVA)
from Aldrich (average molecular weight of 85,000-146,000,
with 4% acetylation degree).

The B-CD used for the synthesis @FCDP1 was kindly
donated by Roquette Laisa E$@aS.A. (purity 99%). The
epichlorohydrin (EP) (99%) and sodium hydroxide (97%)
were obtained from Aldrich.

DBF DBFC DBFOH

Scheme 1. Structures of dibenzofuran and derivatives.

2.1.2. Ultrafiltration of thes-CD polymers

In order to isolate the different fractions, diluted solutions
of the polymers of3-CD were ultrafiltrated under nitrogen
through membranes with molecular weight cut-off (MWCO)
of 5, 50 or 100 kDa (polyethersulfone, Amicon Biosepara-
tion, Millipore). We isolated a fraction frofd-CDP1 retained
by the 100 kDa MWCO membrang{CDPH). In the case of
the B-CDP2 we selected the intermediate fraction collected
by filtering with the membranes of 5 and 50 k(ga CDPL).

2.2. Techniques

2.2.1. Gel permeation chromatography (GPC)

The characterization of the polymers was performed using
a GPC system which consisted of a Waters 600 pump and
717 autosampler, coupled to a PDA detector (Waters 996)
and RI detector (Waters 2414). The columns were either
an Aquagel OH-30 or an Aquagel OH-40 (Polymer Labo-
ratories). For the estimation of the molecular weights the
columns were calibrated with standards of polyethylenegly-
col and polyethyleneoxide (Polymer Laboratories). Sample
volumes of 10QuL with concentration less than 0.5% (w/w)
were injected. The eluent was Quih filtered water and the
flow 1 mL/min.

2.2.2. Dynamic light scattering (DLS)

DLS measurements were performed at a scattering angle
of 90° using a DynaPro-MS/X photon correlation spectrom-
eter equipped with a 248-channel multi-tau correlator and a
Peltier effect temperature unit. The wavelength of the laser
was 825.2 nm. The size distribution was obtained from the
intensity autocorrelation function by regularization analysis,
implemented in the Dynamit¥ software package, and
the hydrodynamic radii were calculated from the diffusion
coefficients by means of the Stokes—Einstein equation.
Temperature was 25:00.1°C unless otherwise stated. All
the samples were filtered through O pore size syringe
filters before the measurements.
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2.2.3. Spectroscopic techniques 12

UV spectra were acquired with a HP 8452A diode array 1 Aquagel OH-40
spectrophotometer (10 spectra per second, 4s integration 101 :gﬁgil fltered
time). Steady-state fluorescence measurements were per: 1
formed using a Perkin-Elmer LS-50B spectrofluorimeter. The 0 [\
excitation wavelength in each case corresponded tafhe g 0 6_‘ \
in the absorption spectrum at the longest wavelength. The & |
scan rate was 300 nm/min, and the excitation and emission = ,, | \
slits were both fixed at 6.0 nm. Quartz cuvettes of 0.400 ]
cm-pathlength were employed both in absorption and fluores- g2
cence measurements, keeping the temperature constant witt e
an external heated circulating bath at 2820 Fluorescence 0.0+ seeeresenves
anisotropy was measured with the same spectrofluorimeter in o 2 4 8 8 10 12 14

the L-format method, by exciting at the longest wavelength t,, / min
maximum at its red edge, in order to avoid absorption by
the polarizer. The wavelengths of excitation and emission Fig. 1. Normalized chromatogram (Aquagel OH-40 columnpBe€DP1
were 300 and 340 nm for DBF, 300 and 374 nm for DBFC, and the high molecular weight fraction after ultrafiltration with a 100 kDa
and 316 and 352 nm for DBFOH. In the case of the stud- “"/CO membrane.
ies with DBFC, the pH was above 8. For the calculation of
the binding constants, the concentration of the DBF deriva-  The size distribution obtained by DLS according to the
tives was always kept within the interval of linearity, and regularization method is shown iRig. 2a. The scattered
the ratio polymer:DBF-X varied by direct titration in the cell  intensity is portioned between two overlapped components,
with a stock solution containing the polymer and the aro- having mean hydrodynamic radii of #96 and 129t 67 nm.
matic derivative. The non-linear regression analysis of the The slow relaxation mode, although represents an important
anisotropy plots was performed with a program written in fraction of the scattered light, has a scarce contribution in
MATLAB ® [28]. mass to the overall scattered intensity (ca. 4% in mass),
For the!3C and'H NMR measurements 91.8 and 28.6 mg the first peak being more representative of the polymer. To
of the B-CDPH andp-CDPL polymers, respectively, were discard that slow mode is due to some kind of aggregation
dissolved in 0.5 mL RO (Aldrich, 99.9% minimum in D), process in solution, as occurs with the natR<CD [33],
and transferred to NMR tubes. The spectra were recordedwe added NaOH to the samples up to pH 14. This produces
at 300K in a Bruker Avance 400 Ultrashield spectrometer the ionization of the non-reacted hydroxyl groups of the
(9.36 T) by averaging either 25,000 scans fortf@ spectra CD, a fact that seems to break the aggregation, in the same
or 200 for the'H NMR. sense than the addition of chaotropic agents such as urea or
salts. No changes in the intensity or size distribution were
detected, not even when temperature was varied from 5 to
3. Results and discussion 60°C. The equivalent molecular mass, according to a gen-
eral hydrodynamic equation for branched polysaccharides,
3.1. Characterization of the polymers: GPC, DLS, and based upon the Mark—Houwink—Sakurada equafsd, is
NMR 1.5x 10° Da; a result that agrees with the fast elution time
peak observed in the chromatogram and with the results
The GPC of3-CDP1 reveals a heterogeneous mixture of a obtained by Renard et 4R7].
large component, detected at a low elution time and a polydis-  In the case of the commercial sampeCDP2), its GPC
perse region at elution times between 6 and 11 rRig.(1). analysis with the Aquagel OH-30 column shows two peaks
The large component represents 11% of the mass and its quicKFig. 3a). The first one corresponds to the polymer, whereas
elution, above the exclusion limit of the Aquagel OH-40 col- the second one is attributed to unimeBieCD that has par-
umn, indicates a molecular weight according to the PEO tially reacted with the EP. The ultrafiltration of the mixture
standards higher than 1000 kDa. Renard et al. have found thatvith a 5kDa MWCO membrane permits to recover the
the formation of hydrosoluble polymeric CD of high molec- polymer Fig. 3a). Apparently, the chromatogram is the same
ular weight by polycondensation usually occurs when the than that obtained by other authors with this same polymeric
reaction time is long enough (close to the gel point), although sample[35]. However, when analyzing this fraction with a
small molecular weight components are always present in thecolumn that covers a wider range of molecular weights, we
final product[27]. This also seems to occur in our case, in obtained two elution peak§&ig. 3b). That at 4.6 min resem-
contrast to the results found by other authors who claim that bles the large component obtained in our polymerization,
the limit for the gel point is at ca. 10 kD29-32] By fil- isolated ag3-CDPH. This suggests that ultrafiltration with a
tration through a membrane of 100 kDa MWCO we could 5kDaMWCO membrane is not enough for obtaining a single
isolate this fraction of high molecular weighg-CDPH). distribution. In order to achieve a less heterogeneous sample
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Fig. 2. DLS size distribution for (3-CDPH and (b3-CDPL (25°C, 5 mg/mL of sample).

for the binding studies we isolated the fraction of intermedi-
ate molecular weight at 9.5 min as showrkrig. 3 (3-CDPL
hereafter), by using a membrane of 50 kDa cut-off. The DLS

radii of 2.5+ 0.5 and 20G: 100 nm Fig. 2b). The first one is
the polymer, having a calculated molecular weight of 15 kDa.
The second peak must be ascribed to a component of high

reveals, as in the former case, two peaks with hydrodynamic molecular weight, which represents a negligible contribution
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Fig. 3. (@) Normalized chromatogram @fCDP2 and the fraction after
ultrafiltration by 5kDa MWCO membrane (Aquagel OH-30 column); (b)
normalized chromatogram of the 5kDa MWCO filterdCDP2 and its
intermediate fraction between 5 and 50 kDa MWCO (by using the column
Aquagel OH-40).

to the total mass. Neither using alkaline conditions nor
heating up to 60C eliminates this slow diffusive mode,
which precludes a possible effect of aggregation.

The B-CD content in each polymer can be deduced from
1H NMR. The proton spectra in both cases are bréagl. (4c
and d), since most of th@-CD protons appear in the
same region than those of the hydroxypropyl ether linkers
(between 3.2 and 4.3 ppm). However, the doublet of the non-
interchangeable H1 @-CD, integrating for seven protons,
appears at 5.04 ppm, well apart from the rest of the signals,
and it can be used to estimate the amounp<ED in the
polymer.

These polymers are inevitably heterogeneous in their
microstructure in what refers to: (1) the number of linkers
directly bonded to each single cyclodextrin; (2) the length
of the polyhydroxypropyl ether chains that link two CDs;
and (3) the place of substitution in tigeCD (primary or
secondary border}3C NMR can provide some information
on these points. Eadi+CD possesses 21 hydroxyl-reacting
groups that can attach a spacer. According to the assignation
by Renard et a[27] (see scheme iRig. 4), the integration of
the signal at 61 ppm in theC spectrum gives the amount of
non-reacted C6 of thg-CD, and by difference, the substitu-
tion at the primary rim can be obtained. The signal due to the
—CH>—OH of the spacer is also distinguishable at 62.5 ppm
(C9 signal), and provides the number of free terminal poly-
merized EPs. Although less reliable, the substitution atthe C2
and C3 of thg-CD, appearing at 79 and 77 ppm, respectively,
can also be calculated by integrating jointly both resonances
and with the aid of signal deconvolution and fittifgd. 4a
and b). By combining the data of molar ratio of EP ghd
CD in the polymer, more precisely known from the proton
spectra, and the amount of terminal EP, from tf@ data,
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Fig. 4. 13C NMR spectra o3-CDPH (a), ang3-CDPL (b);1H NMR spectra of3-CDPH (c), and3-CDPL (d). X=C3, C5, Y =C7, C8, C7C8, CY9.

the average number of hydroxypropyl ether unitspeD, with B-CD (Fig. 6a). In the DBFC, the band at 286 nm is
ngp, can be deduced. The main features of the polymers havered shifted to 288 nm, and there is also an overall increase of

been compiled ifable 1 the absorption and the absence of isosbestic points. This con-
trasts with the results fg8-CD, which produces isosbestic

3.2. Binding studies points at 296 and 302 nm, and the decrease in absorbance for
the whole wavelength rang€i@. 7a).

3.2.1. Spectral features of the complexes As far as the fluorescence is concerned, the spectral fea-

The absorption spectra of all the dibenzofurans display tures in the presence of the polymers are similar for both
changes upon addition of tfleCD polymers, indicating the  and depend on the DBF derivative. Thus, the addition of the
association of the guest in its ground electronic state. The polymer produces quenching of fluorescence and the arising
changes produced are qualitatively similar irrespective of the of one isoemissive point at 356 nm for DBF and 396 nm for
polymer usedFigs. 5-7. Acommon feature of all the guests DBFC, respectivelyXex =280 and 286, in each case), which
studied is the bathochromic shift of the bands that appear atindicates the presence of species emitting in different chem-
longer wavelengths in each case. For example, in DBF, theical environmentsKig. 8). At equal concentration ¢§-CD,
addition of B-CDPH produces a redshift of all the bands, the quenching is stronger for the polymer, with respect to the
being the most manifest at 280 nm (around 2 nm). This band unimeric CD. It is worthy to mention that DBFC does not
is also resolved into two defined components, as in the spec-yield an isoemissive point when forming the complex with
trum of DBF in ethanol24], which indicates a less polar B-CD. Inthe case of DBFOH, the effect of the polymer is just
environment than wateF(g. 5a). With DBFOH the red shift-  the opposite, i.e., emission enhancement, as it occurwith
ingis ca. 4 nm for the bands at 288 and 310 nm, and isosbesticCD, although it is more intense at the same concentration of
points (poorly resolved) arise at 292 and 302 nm, as it occursguest and CD.

Table 1
Features of th@-CD polymers

My, (kDa) Rn (nm) % mas$-CD? C6 substitutiof C2 + C3 substitutioh Terminal EPs (per CD) Ngp
B-CDPL 15 2.5+ 0.5 64 1.5/7 3.1/14 1.5 4
B-CDPH 1.5x 10° 19+6 42 1.8/7 4.2/14 21 18

Molecular weight from DLS (see text).
a Deduced fromtH NMR.
b Deduced from'3C NMR.
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Fig. 5. Absorption (a), and fluorescence spectra (b) of DBF £.13->M
in the presence ofg-CDPH, B-CDPL and B-CD. Equivalent B-
CD]=1.74x 1673 M.

Fig. 6. Absorption (a), and fluorescence spectra (b) of DBFOH
2.76x 10~°M in the presence of-CDPH, 3-CDPL andp-CD. Equiva-
lent [3-CD]=1.75x 103 M.

These evidences suggest that the interactions of the dibeninstrumental sources, such as the wavelength dependence of
zofurans with the polymers are qualitatively similar, although the polarization due to the gratings or other optical compo-
somewhat stronger to those occurring WatCD. The type of nents of the apparatus.
interaction seems to be the same in all the cases, irrespective The anisotropy titration curves for the three derivatives
of the molecular weight or the composition of the polymer with both polymers are shownKig. 9. The graphs have been
employed. plotted on aB-CD concentration basis, by considering the

total mass of the polymer and its cyclodextrin content deter-
3.2.2. Anisotropy measurements mined by'H NMR. The fraction of bound guest increases

The anisotropy of the fluorescence emission is a very suit- With the concentration of polymer as the equilibrium is
able magnitude for studying systems in which association shifted, which is reflected by the increase in anisotropy. Inthe
occurs. The radiation emitted by the fluorophore in its free limit of high concentration of polymer, reaches a constant
form is largely depolarized due to the quick rotation of the value that must be, necessarily, lower than the theoretical
molecule during the time elapsed between the excitation andvalue of 0.4. With3-CDPH, the anisotropy is higher than
the emission. If this fluorophore binds to a large molecule, as With 3-CDPL, as emerges fromits largest size. Only the curve
B-CDP, its rotation is limited to that of the polymer and the for DBFC does not reach a plateau, which suggests a poorer
emission will partially retain the state of polarization of the affinity for this polymer.

excitation. This effect can be quantitatively described by the  In quantitative terms, the anisotropy represents the sum of
measurement of the anisotropy, defined as: the fractional intensities due to the free and bound fluorophore

according to the following equatidB6]:
W =+ )

wherelyy is the intensity of the fluorescence measured with in which rf0 andrg are the anisotropies of the free and bound
both polarizers (excitation and emission) in vertical position DBF-X, respectively, and the fractional intensity for each
andlyy that measured with the emission polarizer rotated species. If there is no change in the emission upon binding,
at 90'. The G factor accounts for the depolarization due to then the fractional intensities equal the mole fractiinsy;,

. v — Glyy
Iy + Ivn



254 P.R. Sainz-Rozas et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 248-257

0.14 1000
1 —— DBFC DBF
012 —=— DBFC+B-CDPH 800 -
010 —o— DBFC+p-CDPL DBF+ p-CDPL
] —a— DBFC+B-CD .
=] -
8 0.08 3 600
= I -
a =
5 0.06 ‘@ 400 +
. 3
< 0.04 b=
1 200
0.02 A
0.00 ; 0
-1 r r rr T T 1 T T T —7r r r r r - r 1 1 ™ 1.7
260 280 300 320 340 360 380 290 300 310 320 330 340 350 360 370
(a) A/ nm (a) A/nm
160 150
140_- —— DBFC 1 DBFC
1 —a— DBFC+3-CDPH 120
120 o DBFC+B-CDPL DBFC+ B-CDPL
5 ] —a— DBFC+B-CD 5
2 ©
2 =
& =
5 5
= IS
LN I B DL BRI L BENLEN B NNLEN BN B | L L DL L L BN L BNNLEN B RN B
300 320 340 360 380 400 420 440 460 480 500 520 300 320 340 360 380 400 420 440 460 480 500 520
(b) A/nm {b) A/nm
Fig. 7. Absorption (a), and fluorescence spectra (b) of DBFC2.22° M Fig. 8. Fluorescence spectra in the presence3-@DPL of (a) DBF
in the presence off-CDPH, B-CDPL and B-CD. Equivalent B- 1.17x 1075M, and (b) DBFC 2.42 10~° M.

CD]=1.09x 1673 M.

and Eq(2) can be written as a function gf. Otherwise, the  of the anisotropy versug-CD concentration according to
intensities of the fluorophore in each form must be taken into this model. We have fitted the measured data by a non-linear

account. Thus, least-squares procedure, that has the advantage over linear

orfo T Ft?rg me_thods, as the Scatc_hard one, Qf giving.thg same statistical
=—— 0 3) weight to all the experimental points (solid lineskig. 9).
xtFy + xokp The fitted parameters thus obtained in each dégg (0 and

F? being the intensity of the fluorophore in its free or bound rg) have been collected ifable 2 together with the binding
form. The fraction of bound DBF-X can be deduced from Constants reported for the complexes vBHED.

this equation as:

For the neutral dibenzofurans (DBF, DBFOH), the appar-

ent constants with both polymers are almost one order of

0
r —r,
f
4
Xb = (}’ _ ]"f) + R(rb ) ( ) Table 2

Binding constantsk x 10-3 (L mol~1), of the DBF and its derivatives to

whereR = F_/F? can be obtained as the ratio between the B-CD polymers T=25.0°C)

intensity measured at hightCDP concentration and in the DBF DBFOH DBFC
absence of substrate. One of the objectives of this work is g_cppL
to evaluate the affinity of the DBF-X for the polymer with K 17+2 84+0.3 3.9+ 0.4
respect to that op-CD, which forms a 1:1 complex with rfg 0.005+ 0.002 0.0177 0.0009  0.0316+ 0.0009
any of the derivatives. Thus, it seems reasonable to assume 7~ 0.0761+0.0008  0.1303k 0.0006 0.086+ 0.001
a 1.1 model for the binding, by expressing the concentra- g-CDPH
tion in terms, not of the concentration of polymer, but of KO 9+2 13.0+ 0.8 1.37+0.08
the concentration oB-CD. In this way, we will obtain an g 0.013+ 0.005 0.024+ 0.002 0.034+ 0.002

o . o 0.159+ 0.004 0.195+ 0.001 0.394+ 0.009
apparent association constéfdp, that can be compared with
the thermodynamic one of the monomefieCD [37,38] p-CD

1.8+ 0.2[21] 2.95+ 0.04[24] 2.124 0.05[22]

The binding constant may be calculated from the analysis
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0.30 the glyceryl unit, whereas PEG, is less hydrophylic. We have
1 calculated the binding constants by anisotropy titration in the
same way but, in this case, the concentration basis has been
the molecular weight of the repeat unit (46 g mbfor PVA,
by taking into account the acetylation degree, and 44 g ol
for PEG). The fittings to E((.3) produce apparent constants
of 12+ 2 and 18+ 3 L mol~1 for PEG and PVA, respectively,
i.e., poor binding affinities. This is noticed in the low values

m DBF . . .
e o DBFC of the measured anisotropy and also in the minute changes
A DBFOH that can be seenin the fluorescence or absorption spectra (not
. — shown). These constants do not seem high enough to justify
000 025 050 075 100 125 150 1.75 the values obtained with thg2 CDPs in the case of DBF and
(a) [8-CD] / mmol L DBFOH.

One possible explanation to the enhanced binding, given
by Xu etal[37] for pyrene complexes wit-CDPs, could be
013_' T VT S S the cooperative “clamshell” binding of two CDs of the same
] polymer to the guest. In principle, the spacer length in our
0.10 1 polymers suffices for two CDs to envelop a molecule of diben-

. zofuran {Table 1. However, itis known that these DBFs form
- . stable 1:1 complexes witCD, in contrast to pyrene, which
| gives a 1:2 stoichiometry with this CD. It seems unlikely that
— the system reaches a higher stability by sharing the guest
DBFC between two CDs, with the consequent loss in entropy that
DBFOH comes from the rearrangement of the linker units to form the

00 F——TF——T T T T T T clamshell. On the other hand, the spectral behavior, both in
ERE W it B R LSS L RS =0 absorption and in fluorescence, is qualitatively very similar
(b) [B-CD]/ mmol L™ to that with 3-CD, what suggests a similar environment of
the guest.
Fig. 9. Fluorescence anisotropy of DBF 1580 °M, DBFC The work of Werner et al. on the interactions of CDPs

2.42% 10~°>M and DBFOH 2.76< 10~° M in the presence of (6)-CDPH,

and (b)B-CDPL. Solid lines are the fittings o (), with fluorescent probes derived from naphthalene provides

evidence that the binding sites in the polymers are more

hydrophobic than the binding sites on the CD monomers,

suggesting a role of the glyceryl linkers in the bind{3§)].
magnitude higher than for the unimefeCD. DBF displays These would contribute with a non-inclusional interaction
a slightly improved affinity for th@-CDPL compared tothat  that adds to the enclosure of the guest within the CD cavi-
of the-CDPH, whereas the opposite effect is observed with ties. In a later work of these authors with pyrene and CDPs
DBFOH. The lowest constants are obtained, with any of the they conclude that, at least for this compound, the binding

two polymers, with the anionic DBFC. F@-CDPH, the is largely non-inclusional, in agreement with a more open
binding constant is even lower than waCD, whereas for binding environment compared to that of &5]. Although
the 3-CDPL is almost twice this value. itis clear that the presence of the linkers contribute to the sta-

These results raise several issues: (i) why the affinity of the bility of the complex, the hypothesis of the non-inclusional
neutral dibenzofuransis higher for the polymer than fothe  binding seems difficult to be applied in our case, especially
CD; (ii) why the anionic derivative is comparatively so poorly if we consider the low association constants with the linear
trapped by the polymer; (iii) the differences between apparent polymers and the likeness between the spectral features in
binding constants for each derivative with both polymers.  the complexes wit3-CD and with-CDP.

There are clearly two potential binding zones in the poly-  We sense that the enhancement in the affinity for the
mer, i.e., the3-CD cavity and the cross-linker chains, so it B-CDP must be related with the diffusion process of the
can be adduced that the cross-linker might act as an addi-guest molecule through the polymer. This point has not been
tional binding site, thus increasing the amount of trapped addressed in the cited works, but it is evident that when the
DBF-X. In order to quantify the affinity of the guest by the guest binds to the macromolecule it must penetrate in a gel-
linkers, we have carried out titration experiments of DBFOH like medium, either until reaching the cavity or until remain-
with PVA and PEG. These polymers are linear and conse-ing retained in a different place. In this sense, the inclusion
guently form random coils in solution, but in a certain sense process of the guest occurs with more kinetic impediments
resemble the microstructure of the glyceryl cross-linkers and than the reaction with a singeCD in solution. The patrtial
represent two extreme cases: PVA, with one hydroxyl group substitution by glyceryl linkers at the positions C2, C3 and
at every other carbon in the chain, is more hydrophylic than C6 of the CD (as an average, almost one third of the OH)
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enlarge the binding site regions so that the linkers can rear-the hydrophobic DBF is more favored in the snfCDPL

range around the included guest, wrapping and furnishing it than in the water-like cages formed inside the network of

with a more hydrophobic surface. This increases the intrinsic 3-CDPH. This hindered diffusion provokes a higher propor-

binding constant. In addition, this hinders the release of the tion of vacant cavities, which is reflected in a lower apparent

guest upon inclusion, so that the glyceryls act as a stopper,constant (although considerably higher than tha@-@D).

diminishing the rate constant of the inverse process. Kinetic In the case of DBFOH, more polar due to the hydroxyl

studies ortime resolved fluorescence spectroscopy could helgyroup, the penetration in the gel-like environment is easier

to confirm this hypothesis. and the proportion of filled CDs increases, what can justify
As far as the relatively low constants measured for the higher value of the constant compared to that of DBF.

DBFC are concerned, they must be imputed to the negative

charge of the carboxylate group. For instance, in a study of

bisphenol A with an insoluble EB-CD polymer, it has been 4. Conclusions

reported that the adsorption capacity decreases dramatically

at pHs at which ionization of the guest occii#®]. This The results presented in this work show a synergic effect

same phenomenon has also been observed in the anionitn the binding of neutral dibenzofurans by cyclodextrin poly-

naproxer{41]. The environment inside the polymer, in spite mers. Although the cavity @-CD is compatible in size with

of the glyceryl linkers and the non-reacted OHs of €D, dibenzofurans, and forms stable 1:1 inclusion complexes

is less polar than water. The charge of DBFC implies a With this family of guest molecules, the significant increase

solvation shell around the carboxylate that must permeateof the apparent binding constants points to an additional

the polymer network attached to the DBF moiety. In a favorable effect of the glyceryl cross-linking bridges, most

previous work we have proven that the carboxylate group probably through the improvement of the non-polar charac-

remains hydrated outside tifeCD cavity [23], so that the ter of the cavities. The poorer affinity of the anionic DBF

linkers attached to the CD can destabilize the binding. In this derivative for the polymers seems to confirm this point. In

way, the inclusion will be much more probable at the surface any case, the binding constants of the polymers with the neu-

of the polymer or its proximity, where the CDs can have the tral dibenzofurans are considerably higher than those of the

appropriate orientation, or even they can accommodate tounimericf-CD, irrespective of the size or composition of the

form the complex. This agrees with the similar values of polymer. This fact, added to the much improved water solu-

the association constant pfCDPL and that o3-CD. With bility of the polymeric CDs, suggests promising applications

B-CDPH, on the other hand, with an average hydrodynamic With analytical purposes, such as sample preconcentration,

radius of 19 nm, the surface/volume ratio of the particle is or in the field of water purification, among others.

lower, and the number of available outer cavities that can

be filled diminishes, following the same trend than that of

the binding constant. Nevertheless, the presence of an isoeAcknowledgements

missive point in the fluorescence spectra, not found with the
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is somewhat more difficult to explain. In the mentioned

studies with3-CDPs and pyrene, it has been proved that the

binding increases with respect to that WBHCD, existing a

Correlation bgtween the apparent constant With. th@m [1] (a) J. Szejtli, Cyclodextrins and Their Inclusion Complexes, Kluwer

ratio [37]. This also seems to be the case with DBF and Academic Publishers, Dordrecht, 1988:

DBFOH. The spectral features are nearly the same for each () b. Duchene, Cyclodextrins and Their Industrial Uses, Editions

dibenzofuran with both polymers, although for the case de Sar#, Paris, 1987;

of DBF with B-CDPL the constant is higher, almost twice (_c) D. Duche:ne, N_ew Trends in Cyclodextrins and Derivatives, Edi-

than fOI’B-CDPH. On the other hand, DBFOH binds more [2] \tll\(/)rljs I?I?nzseari’ P;leglis’;igllzlrankewich K.N. Thimmaiah, J. Szejtli

strpnglyto the larg@-CDPH Fhan tcB-CDP_L,the dlﬁerence . Compreher;sive mc’JIecuIar chemistry: in: J. Szejtli, T.’Osa (Eds,.),

being less marked. A possible explanation can be given in Cyclodextrins, vol. 3, Pergamon, Tarritown, NY, 1996, p. 587.

terms of the density of the polymer network and the relative [3] J.M. Schuette, N. Thilivali, .M. Warner, J. Phys. Chem. 96 (1992)

hydrophobicity of the guest compared to that of the polymer 5309.

inside. For3-CDPH, the amount of EP is nearly 58%, which ~ [4] J-H- Larose, T.C. Werner, Appl. Spectrosc. 54 (2000) 284.

. . . . . [5] A. Mufioz de la P@a, T. Ndou, J.B. Zung, I.M. Warner, J. Phys.

implies a hlgh degree of swelling py penetration of the Chem. 95 (1991) 3330.

solvent inside the network, whereas in the casp-@fDPL, [6] K. Takahashi, Chem. Rev. 98 (1998) 2013.

the EP network is denser (36% EP). The deep penetration of [7] C. Retna Raj, R. Ramaraj, Chem. Phys. Lett. 273 (1997) 285.
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