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ABSTRACT 

The complexation of phenol with cyclomaltoheptaose (/3-cyclodextrin), 
hydroxyethylcyclomaltoheptaose, and cyclomaltoheptaose-containing polymers 
has been studied. The results of a comparative study of the complexation of a series 
of aromatic compounds in the cyclodextrin-containing polymer provide a basis for 
a method for standardizing the performance of these polymers in non-chromatog- 
raphic separations. 

INTRODUCTION 

Cyclomalto-oligosaccharides (cyclodextrins, CDs) are valuable because of 
their ability to form complexes with a wide variety of molecules and to release them 
therefrom. This utility is found also in chemically or enzymically modified CDs and 
CD-containing polymers. We now report on the comparative binding and release 
of guest molecules from different forms of CD and also propose a method for 
standardizing the complexing ability of CD-containing polymers. 

EXPERIMENTAL 

Cyclomaltoheptaose @CD), hydroxyethyl-PCD, and CD-containing poly- 
mers (CD-P) were obtained from American Maize-Products Co. and used without 
further purification. The average d.s. of the hydroxyethyl-@CD was 1.50 (9-10 2- 
hydroxyethyl groups per PCD molecule). The polymer beads were swollen in 

deionized water and only those in the size range of 40-60 mesh were used. Standard 
analysis of the polymer was adapted from established methods]. Characteristics of 
the resin are shown in Table I. 

All reagents were analytical or chromatographic grade or better. Adsorption 
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TABLE I 

CHARACTERISTICSOFTHEPCD-CONTAININGPOLYMER 

Solids 11.16%” 
Bead size (425-250 ,~m) 4@-60 mesh* 
Hydrated volume 0.88 g/mL 
Content of pCD 50.57%’ 
Void volume 0.23 mL/g 

“Vacuum-oven solids. bASTM E-11 Specifications. ‘Modification of method in ref. 1 

of substances on CD-P was determined by calculating the reduction of U.V. absor- 
bance in the eluate. U.V. spectra were measured with a Beckman Model DU-7 
spectrophotometer fitted with a flow-through cell. 

Method for determining breakthrough capacity. - (I) Swollen wet beads 
170.1 g; 7.82 g on a dry (W,) basis] were packed by gravity in a glass column (1.5 
x 60.0 cm). (2) Elution with deionized water was carried out at a standard flow rate 
of 5.0 ml/mm. (3) The void volume (V,) of the polymer was determined by eluting 
a blue dextran (0.1%) solution (0.5 mL). (4) All solutions for polymer analysis, 
except where indicated by a solubility limit, were 0.1~ in deionized water. (5) 
Elution of the test solution was begun at the standard flow rate. The volume (in 
mL) which passes through the column before the test material appears (inflection 
point as absorbance increases) in the eluate is called the breakthrough volume 
(V,). (6) The breakthrough capacity (C,) is defined as C, = [(V, - V&W,] X 
0.1. The dimensions of C, are m&g of resin (dry basis). 

Complexes of phenol with @CD were placed in a Micro Filtration System, 
Model UHP #43, ultrafiltration cell which was fitted with an Amicon YC05 mem- 

brane. The phenol released into the filtrate was assayed by using a Beckman Model 
DU-65 spectrophotometer at 266 nm. The ultrafiltration cell was stirred constantly 
under nitrogen at 50 p.s.i. Initially, the cell contained 50 mL of the solution of the 
complex, and 25 mL of filtrate was collected and assayed for phenol. Water or the 
appropriate alcoholic solution was added to the cell to restore the volume to 50 
mL. The filtration and replacement steps were repeated several times. The amounts 
of hydroxyethyl+CD and phenol were the same as previously used, and the l- 
propanol concentration was either 0.066% or 5.0%. 

RESULTS AND DISCUSSION 

CDs are effective agents for comptexation’ and the complexes have been used 
to reduce or increase the solubility of, and control the release of, included guests. 
The release of guests involves, first, solubilization of the complex, and the amount 
released depends on the balance of affinities of the guest for the solvent or the 
cavity of the CD. One approach for controlling the solubility of CD complexes and 
expanding their utility is to incorporate CDs in polymers. CD-Ps have long been 
known2 and their industrial uses for pharmaceuticals have been sumrnarizeds. 
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A broad array of CD-Ps has been described which differ considerably in their 
chemical and physical properties. There are copolymers that have different concen- 
trations of CDs and different cross-linking agents4, or block polymers with CDs 
added to polymer chain@. Some polymers are formed as solid blocks which are 
subsequently ground’, and others are synthesized as spherical beads*. 

In considering the use of these materials in non-analytical chromatographic 
applications, it is important to develop a method for comparing different CD-Ps 
since standardized products are important for commercial application. The follow- 
ing standardized protocol is now proposed. Since many commercial separation 
systems operate continuously with multiple parallel cells for the selective removal 
of components from mixtures, the breakthrough capacity was selected as the key 
indicator. The breakthrough capacity is defined as the number of moles of test 
material to be adsorbed by a fixed mass of polymer (dry basis), in a column of fixed 
dimensions, and at a defined flow rate before the test material appears in the eluate. 
The void volume is subtracted from the volume of eluate before calculation. 

Wiedenhof et aI.* observed that phenol is tightly held in the CD-P, so that 
this compound was used as the standard test material. The related compounds 
benzoic acid, benzyl alcohol, benzylamine, cetylpyridinium chloride, and sodium 
benzoate were incorporated in order to determine the effects of functional groups 
on the adsorption process. Cetylpyridium chloride was also included since CD-P 
has been used9 as a controlled release agent for this salt. Data on the chromatog- 
raphic behavior of the test materials appear in Fig. 1 and Table II. 
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Fig. 1. Breakthrough points of PCD-P: + , sodium benzoate; 0, cetylpyridinium chloride; a, 
benzylamine; X, benzyl alcohol; V, phenol; 0, blue dextran. 
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TABLE II 

RATIOOFCOMPOUNDSADSORREDON PCD-CONTAININGPOLYMEK 
___~__~______ 

Compound(M) Wavelength 

meusured (nm) 

C, (mm01 of test Ratio to /3CD in 

substancelg of pCD-P (mmol/mmol of CD) 

PC&P dry basis) 

Phenol (0.1) 270.0 1.355 3.041 
Benzyl alcohol (0.1) 256.7 O.Y46 2.123 
Benzylamine (0.1) 257.0 0.614 1.378 
Cetylpyridinium chloride (0.1) 259.0 0.230 0.516 
Benzoic acid (0.014) 227.8 0.225 o.sos 
Sodium benzoate (0.1) 224 0 0.211 0.474 

These data indicate that phenol was the most strongly held of the compounds 
tested (3 moles of phenol adsorbed per mole of CD); benzyl alcohol was slightly 
less firmly held. The amines have reduced adsorption, and cetylpyridinium 
chloride, with its bulky side group, is less strongly held than benzylamine. Whereas 
cetylpyridinium chloride forms9 a 2:3 complex with /3CD, the ratio for PCD-P was 
1:2. The carboxylic acids were the most weakly held. 

The interaction of pCR and hydroxyethyl-@CD with phenol was studied. The 
soluble phenol complexes were placed in an ultrafiltration cell with a membrane 
having a reported mass cut-off of 500 Da, so that @CD and hydroxyethyl+CD were 
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Fig. 2. Effect of concentration of /3CD on the release of phenol in ultrafiltration: 0, phenol (6.23 mg) 

in water (50 mL); Cl, plus 0.75 g of pCD (ratio 1: 10); X, plus 75 mg of PCD (ratio 1: 1). Due to rounding 
of calculation of the amount of phenol, the cumulative effect results in an amount of phenol greater than 

actually used. 
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Fig. 3. Effect of concentration of hydroxyethyl-/3CD on release of phenol in ultrafiltration: 0, phenol 
(7.17 mg) in water (50 mL); plus hydroxyethyl$CD: a, 0.1 g (1:l ratio); X, 1.0 g (1O:l ratio); q ,5.0 
g (50: 1 ratio). 
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Fig. 4. Effect of I-propanol on the release of phenol from a hydroxyethyl-PCD-phenol complex: 0, 
phenol (7.17 mg) and hydroxyethyl-PCD (5.0 g) in water (50 mL); plus I-propanol (%); X, 0.66; V, 
5.0; 0, phenol only. 
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retained. Fig. 2 shows a plot of the elution of phenol from the cell containing either 
phenol or phenol-PCD. Phenol passed through the membrane most rapidly when 
no pCD was present and most slowly from the solution containing the lowest ratio 
of phenol to PCD. Due to the solubility iimitations of PCD, its concentration could 
not be increased further to slow the release of phenol into the filtrate. Hydroxy- 
ethyl-&D was used to study the effect of further increases in CD concentration; 
PCD and hydroxyethyl-~CD have similar binding capacitylO. The rate of migration 
of phenol decreased as the concentration of hydroxyethyl-GOD increased (Fig. 3). 
A 5O:l ratio, of hydroxycthyI-~CD to phenol produced the slowest release of 
phenol, and this ratio was used to study the effect of I-propanol as a competitor 
with phenol for the cavity of the @CD. Fig. 4 shows that the effect of 1-propanol 
was related to its concentration. 

Phenol forms soluble complexes with @CD and is distributed between the 
free and complexed state. The amount of phenol in the filtrate at a 1:I ratio of 
phenol and pCD was close to that found using phenol alone, but decreased as the 
proportion of pCD was increased. Thus, the rate of release of the guest can be 
controlled by adjusting the relative concentration of /ED. Also, it is possible to 
control the release of guest by adding another compound (e.g., 1-propanol) that 
competes with the guest for the cavity of the /3CD. 

The use of CD-Ps combines the processes of binding and release of guests 
because the cross-linking that occurs during polymerization stabilizes the CD, 
thereby enhancing binding with some substances (3 moles of phenol are bound per 
mole of CD in the polymer). However, it is not clear yet if this involves interaction 
with the cross-linked regions of the polymer outside the CD or if the rigidity of the 
polymer permits stacking of the phenol within the CD. The design of polymers for 
binding targeted guests may therefore require consideration of the nature of the 
cross-linking agent, 

The study of the release of guests from CD complexes is limited by the solu- 
bility of the components of the systems. In order to obtain reliable measurement, 
the guest must be water-soluble. The complexation of phenol for @CD has been 
discussed” in terms of the ionic forms. Work is in progress aimed at understanding 
the relationship between the release, breakthrough, and the capacity of the CD-Ps. 

SUMMARY 

Data have been presented showing the differential binding ability of a series 
of compounds to a ~CD-containig polymer. Phenol bound most strongfy; benzyf 
alcohol, benzylamine, cetylpyridinium chloride, benzoic acid, and sodium benzoate 
bind in decreasing order. A method is also proposed for standardizing the behavior 
of cyclodextrin-containing polymers. 

The release of phenol across an ultrafiltration membrane was dependent 
UPOI~ the CD concentration. As the CD or hydroxyethyl-CD concentration in- 
creased, phenol concentration in the filtrate decreased. 1-Propanol competes with 
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phenol for the cavity. The amount of phenol in the filtrate increased as the phenol 
concentration increased. Thus, the release of phenol could be controlled by regulat- 
ing the CD concentration or by adding a substance which would compete for the 
CD cavity. 
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