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Abstract Several b-cyclodextrin polymers (bCDP)

have been obtained by cross-linking b-cyclodextrin

(bCD) with the reagent epichlorohydrin (EP). It is

expected that these polymers are capable of retaining

different organic molecules by adsorbing them on its

network and also by forming inclusion complexes with

bCDs. In this work, two soluble polymers containing

39% and 48% bCD and other insoluble ones with 65%

and 74% bCD have been studied. The total amount of

CD in the polymers could not be available for com-

plexation. This parameter has been calculated by

means of the decrease of colour intensity of phenol-

phthalein solutions when different amounts of bCDP

were added. The insoluble polymer with 74% bCD

appears to possess less CD available than that with

65% bCD, probably due to the higher cross-linking

degree of the former. On the other hand, a higher

availability of CD is found for the soluble polymer

which contains 48% bCD. Moreover, the amount of

glycerol monoether groups formed as a side effect

during the cross-linking process has been determined

and related to the epichlorohydrin content, structure

and swelling properties of the polymers. It is concluded

that, varying the synthesis conditions, it is possible to

induce structural modifications in the hydrogel net-

works which can improve their practical applications.
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Introduction

b-Cyclodextrins can be cross-linked with bi- or multi-

functional reagents in order to obtain different soluble

or insoluble polymers. The most employed cross-

linking agent is epichlorohydrin (EP). Although it is

considered to be toxic for animals, humans and a

potential pollutant for the environment, EP is widely

used in the chemical industry. The polymers are puri-

fied before use, and the presence of free EP is

improbable [1]. Soluble polymers can be obtained

employing shorter times of reaction or smaller initial

CD concentrations than those for insoluble polymers

[2]. These resins have several applications. Soluble

bCDP show the advantage to be much more soluble in

water than the native bCD, and they could be used for

modulating the solubility of drugs, such as naproxen

[3]. Insoluble polymers are capable of sorbing a large

amount of water and swelling without dissolving

(hydrogels), so they can be used as sorbents of pollu-

tants and dyes from wastewaters [4–6]. The high

sorption capacities of different organic molecules

reported for these polymers are related to a mecha-

nism of sorption involving both physical adsorption

in their network and the formation of inclusion

complexes with bCDs. On the other hand, swellable,
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hydrophilic polymers are useful as drug carrier systems

and for drug controlled release [7–9]. In all these

applications, both the swelling capacity and the

mechanical properties play important roles [10].

Depending on the amount of the different reagents

used in the synthesis and on the reaction temperature,

the polymers yield different bCD percentages and

structures. In this work, two soluble polymers con-

taining 39% and 48% bCD and other insoluble ones

with 65% and 74% bCD have been studied. Taking

into account that the total amount of CD in the poly-

mers could not be available for complexation, this

parameter has been calculated in this work. Moreover,

the amount of glycerol monoether groups formed as a

side effect during the cross-linking process have been

determined and related to the epichlorohydrin content,

structure and swelling properties of the polymers.

Experimental

Materials

One of the insoluble bCDP studied was purchased

from Cyclolab (Budapest, Hungary) and the other

soluble and insoluble ones were synthesised in our

laboratory by polycondensation under alkaline condi-

tions, as described previously [11–13]. bCD used for

the synthesis of polymers was obtained from Roquette

Laisa España S.A. (Tarragona, Spain); EP and NaOH

were from Sigma-Aldrich (Barcelona, Spain). The

commercial insoluble polymer was in the shape of

spherical beads ranging between 160 and 250 lm. The

insoluble polymers 2 and 3 obtained were ground with

a stainless steel electric mill first and then with agate

mortar, and sieved between 160 and 250 lm. The

molecular sizes of the polymers 4 and 5 were 15.52 and

13.12 nm, respectively (taken from Ref. [12], corre-

sponding to CDP-15 and CDP-6, respectively).

Phenolphtalein, Na2CO3, formaldehyde solution

(36% in water) and other reagents analytical grade

were supplied from Prolabo (Paris, France). Disodium

4,5-dihydroxy-2,7-naphtalenedisulfonate, sodium arse-

nite (NaAsO2) and sodium metaperiodate (NaIO4)

were from Sigma (St Quentin-Fallavier, France).

Methods

bCD content in polymers

The bCD content in the insoluble polymers was

determined by elemental analysis using a LECO CHN-

2000 analyser. The results were corrected taking into

account the humidity of the samples, obtained by

thermogravimetry (Mettler Toledo TGA-SDTA 851e).

For soluble polymers, this determination was made

by means of magnetic nuclear proton resonance (1H-

NMR), using a simple method described by different

authors [2, 11]. A solution of 5 · 10–4 mol/L concen-

tration was prepared, and measured in a Bruker

Advance 400 Ultrashield (9.36T) spectrometer (100

accumulations) after a presaturation to eliminate the

solvent signal. The amount of bCD in the polymer has

been quantified considering that the spectrum presents

two types of signals: a wide peak at ~5 ppm assigned to

the anomeric proton of the glucose C1 carbon of bCD,

and two other peaks between 3 and 4 ppm corre-

sponding to hydrogen atoms of both the glucopiranose

ring and EP (i.e., to the hydroxypropyl ether fragment

resulting from the condensation reaction), as explained

previously by Romo et al. [12].

Apparent swelling capacity

The apparent swelling capacity of the polymers was

obtained by an apparent volume increase method [13]

and expressed as the ratio between the swelling volume

and the amount of dry polymer.

bCD available for complexation

The bCD available for complexation has been deter-

mined by means of the decrease of colour intensity of

phenolphthalein solutions when different amounts of

bCDP were added [14]. Previously, a calibration curve

was obtained being the phenolphthalein concentration

of 3 · 10–5 M and [bCD] ranging from 0 to 5.0 · 10–3 M

at pH 10.5, supported by 4 · 10–3 M Na2CO3. Solutions

were spectrophotometrically measured at 550 nm and

25 �C within 10 min. The polymer amounts for the as-

says were between 3.1 and 5.8 mg, depending on the

bCD content. bCDP samples were placed in capped

amber bottles and stirred at 400 rpm during 90 min.

Several experiments were performed in the same

conditions with 2.7 mg of pure bCD as a standard.

Determination of glycerol monoether groups

In order to quantify the amount of glycerol monoether

groups (GME) formed as a side effect during the cross-

linking process, periodate oxidation of the polymers

has been carried out. The formaldehyde produced

during the oxidation of the diol end groups has been

quantified by a chromotropic method described by

Hamdi and Ponchel [15]. The experiments were carried

out with 15 mg of polymer, 10 mg bCD were also
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oxidised for comparison. After reaction, aliquots

mixed with the chromotropic acid reagent were spec-

trophotometrically measured at 570 nm. Each assay

was performed at least three times, three aliquots per

experiment.

Results and discussion

Table 1 shows the bCD content, particle size and

apparent swelling capacity of the insoluble polymers

studied. Polymer 1 was a commercial sample and

polymer 2 and 3 were synthesised at 50 and 25 �C,

respectively. Soluble polymers, named 4 and 5, were

obtained at 50 and 35 �C, respectively.

The swelling capacity depends on the amount of

cross-linking agent used, the temperature and the

polymerisation method. The water sorption capacity

increases when the polymerization temperature is

increased [13]. It can be seen that the bCDP 1 and 2,

synthesised at 50 �C, show a higher swelling capacity,

as expected. At higher temperatures, the cross-linking

agent EP shows higher reactivity and it is possible that

two or more molecules of EP react forming longer

polyhydroxypropyl ether chains between two bCDs, so

the resulting expanded network is capable of absorbing

a larger amount of water molecules. This fact can ex-

plain that polymers with a similar chemical composi-

tion show different structural characteristics and, for

instance, a different swelling equilibrium.

Referring to the bCD amount available for com-

plexation, results are also shown in Table 1. It has

been found that the insoluble polymer with 74% bCD

appears to possess less CD available than those with

65% bCD, probably due to the higher cross-linking

degree of the former. On the other hand, a higher

availability of CD is found for the soluble polymer

which contains 48% bCD. Smaller particles have a

higher surface/volume ratio, so there will be fewer

bCD cavities obstructed by the cross-linker bridges.

It is known that during the polymerization reaction,

as a side effect, glycerol monoether ending groups are

formed (Fig. 1) [2]. In some cases di- or tri-glycerol

diethers can be also formed [16]. Periodate oxidation

of GME results in formaldehyde groups, which can be

determined by the chromotropic method mentioned

above. Results are compiled in Table 2.

The amount of GME is nearly the same for

polymers 1, 2 and 3, nevertheless, taking into account

the parameters collected in Table 1, differences in

their network structure could be inferred. Both poly-

mers 1 and 2, containing similar %bCD, show similar

quantity of GME, it suggests that both polymer net-

works are similar and they could have been synthesised

Table 1 %bCD, apparent swelling capacity, particle size and
bCD amount available for complexation in different bCDP

Polymer %bCD Water absorbed
(mL/g dry polymer)

%bCD
available

Particle
size

1 65 5.0 26 160–250 lm
2 64 5.8 27 160–250 lm
3 74 3.8 18 160–250 lm
4 39 – 57 17.52 nm
5 48 – 70 13.12 nm
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Fig. 1 Scheme of the
reactions of bCD with EP [2]
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under similar experimental conditions. On the other

hand, polymer 3, which was obtained at 25 �C, pos-

sesses different structural characteristics, according to

the results shown in Table 1.

Moreover, the soluble polymers particles are much

smaller than those of the insoluble ones, so a higher

amount of GME is expected. In addition, polymer 4

possesses more GME than polymer 5, according to the

higher content of EP in the polymer structure.

It is concluded that, varying the synthesis conditions,

it is possible to induce structural modifications in the

hydrogel networks which can improve their practical

applications.
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