
Effects of Multiple Weak Interactions on the Binding
of Phenolic Compounds by Polymeric Adsorbents

Shaoling Cheng, Haiyan Tang, Husheng Yan

Key Laboratory of Functional Polymer Materials, Ministry of Education, Institute of Polymer Chemistry,
Nankai University, Tianjin 300071, China

Received 7 March 2006; accepted 14 April 2006
DOI 10.1002/app.24702
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: To investigate the effects of multiple weak
interactions on the binding of phenolic compounds by poly-
meric adsorbents, macroporous polystyrene (PS) resin and
PS-based adsorbents with different hydrogen-bond acceptor
atoms (PS��CH2(��OCH2CH2)n��OCH3, n ¼ 0, 1, 2, and 3,
denoted as PS-EG0, PS-EG1, PS-EG2, and PS-EG3) were pre-
pared. The phenol adsorption strength order on these
adsorbents was PS/PS-EG0 < PS-EG1 < PS-EG2 < PS-EG3,
indicating that the adsorption on PS and PS-EG0 was driven
by hydrophobic and p–p interactions, and the adsorption on
PS-EG1, PS-EG2, and PS-EG3 was driven by a hydrogen
bond in addition to hydrophobic and p–p interactions. PS-
EG2 may adsorb a second phenol molecule on each binding

site and PS-EG3 may adsorb second and third ones. The
adsorption strength of resorcinol increased in the order of
PS, PS-EG1, and PS-EG2, indicating that the adsorption was
driven by 0, 1, and 2 hydrogen bonds in addition to hydro-
phobic and p–p interactions. Similarly, the adsorption of
phloroglucinol on PS, PS-EG1, PS-EG2, and PS-EG3 was
driven by 0, 1, 2, and 3 hydrogen bonds in addition to
hydrophobic and p–p interactions because the adsorption
strength increased in this order. � 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 102: 4652–4658, 2006
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INTRODUCTION

Polymeric adsorbents have been widely used in labo-
ratory and industry scale in many areas, such as
removal of toxicants from waste water or waste gas,
separation or purification of biochemicals, pharma-
ceuticals, and natural products, because of their high
adsorption capacity, ease of regeneration, and recy-
cling use.1–5 However, the low adsorption selectivity
limits application ranges of the polymeric sorbents.
Traditional polymeric adsorbents are usually based
on macroporous styrene–divinylbenzene copolymers
(e.g., Amberlite XAD-2 and XAD-4, Rohm and Haas
Co.) and poly(meth)acrylates (e.g., Amberlite XAD-7,
Rohm andHaas Co.). The former adsorbs organic com-
pounds from aqueous solutions through hydrophobic
interactions due to van der Waal’s forces between the
highly hydrophobic surface of the adsorbents and
hydrophobic sites of the solutes6–9; the latter adsorbs
solutes containing hydrogen bond donors from nonpo-
lar organic solvents through hydrogen bonding.10–12

The low adsorption selectivity of these resins is
because the adsorption is usually driven by a single
type of weak interactions. In our work, we are focusing

on the design of highly selective polymeric adsorbents
by mimicking the multiple weak interactions, such as
hydrophobic interaction, p–p interaction, hydrogen
bonding, and electrostatic interaction, and their syner-
gistic effect of biospecific affinity and molecular recog-
nition.13,14 In this article, we investigate the adsorption
of phenolic compounds driven by hydrophobic and
p–p interactions and one ormore hydrogen bonds.

Adsorption of phenolic compounds from aqueous
solutions has been paid great attention because they are
quite common pollutants in wastewaters.1,8–11,15 Pheno-
lic compounds derived from various industrial activ-
ities, human wastes, and also from biological degrada-
tion. Polyphenols are also important natural products
commonly found in higher plants.16–19 There is a grow-
ing interest in extraction, isolation, and purification of
natural polyphenol compounds such as tea poly-
phenols, proanthocyanidins, leucoanthocyanidins, tan-
nins, flavone glycosides, furofureckol, etc., from plants.
Some of them are known to have numerous biological
activities and found to be potential candidates for
use as drugs, for example, in diseases such as AIDS,
heart ailments, ulcer formation, bacterial infection,
mutagenesis, and neural disorders.18–21 In recent years,
polymeric adsorbents have been used to isolate and
purify natural polyphenol compounds.22–27 In this arti-
cle, design of polymeric adsorbents with high adsorp-
tion selectivity for phenolic compounds from aqueous
solution by applying multiple weak interactions and
their synergistic effect were studied.
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EXPERIMENTAL

Materials

Macroporous styrene-10 wt %-divinylbenzene copoly-
mer was synthesized by radical suspension copoly-
merization in the presence of toluene and liquid olefin
(1 : 3, w/w) as the porogenic agent (100% weight ratio
to the monomers). Methoxy ethanol (analytical grade)
was purchased from Tianjin Yingda (Tianjin, China).
Diethylene glycol monomethyl ether (99%) was pur-
chased from ACROS Organics (Belgium). Triethylene
glycol monomethyl ether (95%) was purchased from
Sigma–Aldrich. 1,4-Dioxane (analyticalgrade)waspur-
chased from Tianjin Chemical Plant (Tianjin, China).
Phenol, catechol, resorcinol, hydroquinone, pyrogallol,
and phloroglucinol were of analytical grade and were
recrystallized before use.

Synthesis of polymeric adsorbents

Chloromethylation of macroporous polystyrene (PS)
resin was carried out by treating PS with ClCH2OCH3/
ZnCl2 using 1,2-dichloroethane as solvent. The chloro-
methylated PS resin (3.93 mmol Cl/g) was allowed to
swell in 1,4-dioxane in a three-neck round-bottom flask,
and 10 mol equivalent of methanol was added to the
flask. The mixture was stirred while bubbling nitrogen
gas over for 30 min. Ten mole equivalent of NaH was
added slowly to the flask and the mixture was refluxed
until no residual chloride of the resin (about 20 h) was
detected. After thoroughly washing the resulting resin
with 1,4-dioxane, water, ethanol, and ether, the resin
was denoted as PS-EG0. Similarly, PS-EG1, PS-EG2, and
PS-EG3 were prepared by using methoxy ethanol, dieth-
ylene glycol monomethyl ether, and triethylene glycol
monomethyl ether, respectively, to replace methanol in
the aforementioned procedure. The functional group
contents of PS-EG0, PS-EG1, PS-EG2, and PS-EG3 are
4.00, 3.74, 3.63, and 3.49 mmol/g, respectively, based
on the chloride content of the chloromethyl PS resin.

Adsorption

Resin sample (� 0.04 g) was soaked with 0.2 mL of
ethanol for half an hour in an Erlenmeyer flask. Then
20 mL of phenol in 0.1 N HCl aqueous solution was

added into the above flask and then the flask was
shaken in a thermostatic oscillator at a fixed tempera-
ture for 12 h. The concentration of the phenol in the
supernatant was measured by UV spectrophotometry.
The adsorption capacity was calculated using the fol-
lowing formula:

qe ¼ ðC0 � CeÞV=W

where qe is the equilibrium adsorption capacity
(mmol/g); C0 and Ce are the initial and equilibrium
liquid-phase solute concentrations (mM), respectively;
V is the liquid phase volume (L); and W is the amount
of adsorbent (g).

RESULTS AND DISCUSSION

Phenolic compounds contain benzene rings, which
may be adsorbed by hydrophobic and p–p interactions,
and hydroxyl groups, which may be adsorbed by form-
ing hydrogen bonds. Thus, we designed a series of
polymeric adsorbents with polystyrene matrix, which
may interact with the phenolic benzene rings through
hydrophobic and p–p interactions, and different num-
ber of ether groups, which may form hydrogen bonds
with the phenolic hydroxyl groups. According to ther-
modynamic principles and experimental results, when
two or more weak interactions occur simultaneously in
an adsorption process, they act synergistically and the
total adsorption energy is greater than the sum of the
energies when they act individually.13,14 The structure
of these polymeric adsorbents was shown in Figure 1.
The ether groups were introduced into the polystyrene
matrix by treating chloromethyl polystyrene resin
with alcohols. The introduction of the ether groups
was confirmed by the resin chloride residual content
reaching near 0 and two strong IR absorptions at 1100
and 2923 cm�1, which are the characteristic absorption
bands of ether groups, appeared, as shown in Figure 2.

Figure 1 Structures of polymeric adsorbents.

Figure 2 IR spectra of polymeric adsorbents.
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The adsorption isotherms of phenol on these resins
at 298 K were shown in Figure 3. Except for the hydro-
phobic backbone and aromatic rings, PS resin has no
other groups. Thus, the adsorption of phenol on PS
resin must have been driven by hydrophobic and p–p
interactions. p–p Interaction is a strong interaction
between p systems28 and it occurs in many systems,
such as host–guest interaction in supramolecular
chemistry29 and the intercalation of drugs into DNA.30

Figure 3 shows that the adsorption isotherm of phenol
on PS-EG0 is almost the same to that on PS resin.
PS-EG0 contains aromatic polystyrene matrix and a
hydrogen-bond acceptor atom, ether oxygen, in each

functional group. It has been reported that a single
hydrogen bond alone contributes little to adsorption in
aqueous solutions because water molecules are strong
hydrogen-bond formers.13 Thus, it seems that hydro-
gen bonding contributes little to the phenol adsorption
on PS-EG0. It has been reported that donor-H-acceptor
angles have an energetic preference for linearity or
near-linearity.31 If the hydrophobic and p–p interac-
tions and the hydrogen bond occurred simultaneously
in the adsorption of phenol on PS-EG0, the angle of
O��H���O should be quite small, and thus the hydro-
gen bond had little energy contribution to the binding.
In other words, when a phenol molecule was adsorbed
onto PS-EG0 through hydrophobic and p–p interac-
tions, the energy gain caused by further formation of a
hydrogen bond could not offset the energy increase
caused by the bond-angle strain and the entropy loss
due to rotation restriction of some bonds upon the
hydrogen bond formation. It can be seen from Figure 3
that the phenol adsorption strengths on PS-EG1, PS-
EG2, and PS-EG3 were significantly greater than those
on PS and PS-EG0, indicating that the hydrogen bond
formed between the hydroxyl group of phenol and
ether oxygen atom of the adsorbents, in addition to
hydrophobic and p–p interactions.

Figure 3 showed that the phenol adsorption
strengths on PS-EG1, PS-EG2, and PS-EG3 were signifi-
cantly greater than those on PS and PS-EG0. Thus
hydrogen bonding may contribute to the adsorption
on PS-EG1, PS-EG2, and PS-EG3 in addition to the
hydrophobic and p–p interactions. Figure 4(a) showed

Figure 3 Isotherms for the adsorption of phenol on poly-
meric adsorbents.

Figure 4 Schematic illustration of (a) mono-layer adsorption of phenol on PS-EG1, PS-EG2, or PS-EG3; (b) double-layer
adsorption of phenol on PS-EG2; (c) triple-layer adsorption of phenol on PS-EG3; and (d) adsorption of resorcinol on PS-EG2.
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the interaction scheme of the adsorption of phenol on
PS-EG1 (m ¼ 0). For the adsorption of phenol on PS-
EG2 and PS-EG3, because there is only one hydrogen-
bond donor in a phenol molecule, only one hydrogen
bond can be formed in the adsorption of a phenol
molecule. The interaction mode of the adsorption was
proposed to be similar to that on PS-EG1, as shown in
Figure 4(a). This is because if the third or forth oxygen
atom from the resin’s benzene ring formed the hydro-
gen bond with phenol, three or six more single bonds
would be restrained from their free rotation and thus
this is very unfavorable entropically. Thus the adsorp-
tion of phenol on PS-EG2 and PS-EG3 should not be
stronger than that on PS-EG1. However, the adsorption
capacities increased with the number of ether oxygen
atoms increasing (in the order of PS-EG1, PS-EG2, and
PS-EG3), as shown in Figure 3. Table I showed the
parameters of fitting the adsorption isotherms shown
in Figure 3 with Langmuir adsorption isotherm equa-
tion. It can be seen from Table I that the fitted maxi-
mum adsorption capacity of phenol on PS-EG1 was
3.97 mmol/g, in consistent with the amount of func-
tional group capacity of the adsorbent (3.74 mmol/g),
indicating that the adsorption is monolayer adsorption
or each functional group of the adsorbent bound maxi-
mally one phenol molecule. However, the fitted maxi-
mum adsorption capacities (8.09 and 11.57 mmol/g,
respectively) of PS-EG2 and PS-EG3 were much greater
than the corresponding adsorbent functional group
capacities (3.63 and 3.49 mmol/g, respectively). We
proposed that the adsorption of phenol on PS-EG2 and
PS-EG3 may be double-layer and triple-layer forms,
respectively, as shown in Figures 4(b) and 4(c). The
double-layer adsorption isotherm equation was de-
duced below.

Adsorption equilibrium equations and equilibrium
constants for the first layer and the second layer are
given as follows:

The first layer : RþAÐK1

RA K1 ¼ q1
q0Ce

(1)

The second layer : RAþAÐK2

RA2 K2 ¼ q2
q1Ce

ð2Þ

where R is the binding site of the adsorbent; A is the
solute; K1 and K2 are the equilibrium constants for
the first layer and the second layer, respectively; Ce

is equilibrium liquid-phase solute concentrations; q0,
q1, and q2 are, respectively, the amounts of the sites
unoccupied, occupied with monolayer adsorption,
and occupied with double-layer adsorption.

Then,

qf ¼ q0 þ q1 þ q2 (3)

qe ¼ q1 þ 2q2 (4)

where qf and qe are the functional group capacity of
the adsorbent and equilibrium adsorption capacity,
respectively.

From eqs. (1)–(4) double-layer adsorption isotherm
equation can be obtained as

qe ¼
qfK1Ce þ 2qfK1K2C

2
e

1þ K1Ce þ K1K2C2
e

(5)

When the adsorption is monolayer, K2 equals 0,
and then eq. (5) can be written as Langmuir isotherm
equation:

qe ¼
qfKCe

1þ KCe
(6)

where qf, the functional group capacity of the adsorb-
ent, equals themaximum adsorption capacity, qm.

Adsorption isotherms of phenol on PS-EG2 and PS-
EG3 were fitted by the double-layer adsorption iso-
therm, eq. (5). Fitted parameters were listed in Table I.
As can be seen in Table I, the first layer adsorption
equilibrium constant K1 is 14.3M�1 for PS-EG2, in
agreement to the adsorption equilibrium constant
of phenol on PS-EG1, 13.2M

�1. The fitted functional
group capacity (qf ¼ 3.63 mmol/g) agrees to the deter-

TABLE I
Parameters for the Adsorption Isotherms of Phenol Shown in Figure 3 and Resorcinol

Shown in Figure 5 Fitted with Langmuir Equation and Eq. (5)

Adsorbent

Langmuir Eq. (5)

K (M�1) qm (mmol/g) R K1 (M
�1) K2 (M

�1) qf (mmol/g) R

Phenol
PS-EG1 13.21 3.97 0.9984
PS-EG2 6.55 8.09 0.9988 14.31 4.45 3.63 0.9993
PS-EG3 5.29 11.57 0.9997 10.63 2.68 5.75 0.9998

Resorcinol
PS-EG1 11.18 3.74 0.9912
PS-EG2 13.25 3.63 0.9946
PS-EG3 11.48 4.43 0.9983 14.24 2.20 3.49 0.9983
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mined value (3.63 mmol/g) for PS-EG2. These results
show that the putative double-layer adsorption of phe-
nol on PS-EG2 is true. The fitted functional group
capacity for PS-EG3 was 5.75 mmol/g, which is greater
than the determined resin’s functional group capacity,
3.49 mmol/g. Thus the adsorption of phenol on PS-EG3

may be in three-layers manner.
The adsorption isotherms of resorcinol on PS, PS-

EG1, PS-EG2, and PS-EG3 at 298 K were shown in
Figure 5. As in the case of the adsorption of phenol on
PS, the adsorption of resorcinol on PS should be driven
only by the hydrophobic and p–p interactions. The
adsorption capability of resorcinol on PS was lower
than that of phenol on PS (comparing Figs. 3 and 5).
This is because resorcinol is less hydrophobic than
phenol, or one more hydroxyl group and its hydrated
water molecules of resorcinol, compared with phenol,
caused its unfavorable binding entropy loss to be
greater. The driving forces of the adsorption of resor-
cinol onto PS-EG1 should be similar to that of phenol
onto the resin, i.e., the hydrophobic and p–p interac-
tions and one hydrogen bond. Thus the adsorption
capacity of resorcinol on PS-EG1 is higher than that on
PS. Figure 5 also shows that the adsorption strength of
resorcinol on PS-EG2 was greater than that on PS-EG1.
Thus, the interactions between PS-EG2 and the ad-
sorbed resorcinol may contain two hydrogen bonds in
addition to the hydrophobic and p–p interactions, as
shown in Figure 4(d). Adsorption strength of resor-
cinol on PS-EG3 was greater than on PS-EG2. This may
be due to the adsorption of the second resorcinol mole-
cule on each functional group of PS-EG3.

Adsorption isotherms of resorcinol on PS-EG1, PS-
EG2, and PS-EG3 shown in Figure 5 were fitted by
Langmuir equation (monolayer model) and eq. (5)
(double-layer model). The fitted parameters were sum-
marized in Table I. As seen from Table I, if resorcinol
adsorption on PS-EG3 was monolayer, the maximum

capacity was 4.43 mmol/g, exceeding the functional
group capacity (3.49 mmol/g). When the adsorption
isotherm was fitted with double layers model, the first
layer adsorption constant is 14.24M�1, which is similar
to the adsorption constant of resorcinol on PS-EG2.
These results indicate that PS-EG3 adsorbed resorcinol
through double-layers manner. The second layer
adsorption strength, however, was much weaker than
that of the first layer, because only one hydrogen bond
can be formed for the second resorcinol molecule
adsorbed.

Figure 6 showed the adsorption isotherms of three
isomers of benzenediols, catechol, resorcinol, and hy-
droquinone on PS-EG2. The order of the adsorption
strengths on PS-EG2 was resorcinol, catechol, and
hydroquinone. The lower adsorption strength of
catechol than that of resorcinol may be due to exis-
tence of an intramolecular hydrogen bond, in catechol.
The higher adsorption strength of catechol, when
compared with that of hydroquinone, indicates that
two hydrogen bonds in addition to the hydrophobic
and p–p interactions are formed in the adsorption of
catechol. Thus the intramolecular hydrogen bond may
be relative weak, maybe due to that O��H���O in the
intramolecular hydrogen bond is far from linearity
from steric view. Kjaergaard et al. showed experimen-
tally and theoretically that the intramolecular hy-
drogen bond in catechol in the vapor phase or in the
CS2 solution is relatively weak.32 The intramolecular
hydrogen bond in aqueous solution should be even
weaker because of the hydrogen-bonded hydration of
the hydroxyl groups, while in the adsorption of cate-
chol, the adsorption hydrogen bonds may be adjusted
close to the linearity by proper rotation of other
bonds. The rings containing the two hydrogen bonds
for the adsorption complexes of catechol and resor-
cinol were formed by 10 and 11 atoms [as shown in
Fig. 4(d) for resorcinol], respectively. In another study

Figure 5 Isotherms for the adsorption of resorcinol on
different adsorbents.

Figure 6 Isotherms for the adsorption of catechol, resor-
cinol, and hydroquinone on PS-EG2.

4656 CHENG ET AL.



(will be published elsewhere), we found that the
adsorption of catechol was stronger than that of resor-
cinol on a polymeric adsorbent driven by hydropho-
bic interaction and two hydrogen bonds, which
formed the 12- and 13-atom rings, respectively. Thus,
11- or 12-atom ring may be relative stable in these
cases. The low adsorption strength of hydroquinone
on PS-EG2 may be due to the distant position of the
two hydroxyl groups. As mentioned earlier, donor-H-
acceptor angles have an energetic preference for line-
arity or near-linearity.31 The distance of two ether
bonds oxygen atoms on functional groups on PS-EG2

may be not long enough to form two hydrogen bonds
with hydroquinone.

Figure 7 showed the adsorption isotherms of phlo-
roglucinol on PS, PS-EG1, PS-EG2, and PS-EG3. The
adsorption strengths increased with the length of side
chain, in order of PS, PS-EG1, PS-EG2, and PS-EG3. We
proposed that the number of hydrogen bonds between
the adsorbents and phloroglucinol is 0, 1, 2, and 3,
respectively. The reason is similar to the resorcinol
adsorption onto these adsorbents.

Figure 8 showed the adsorption isotherms of pyro-
gallol and phloroglucinol on PS-EG3. The adsorption
strength of phloroglucinol was higher than that of py-
rogallol. The reason is similar to that of the stronger
adsorption of resorcinol than catechol on PS-EG2.

CONCLUSIONS

The adsorption of phenolic compounds on polysty-
rene-based ether-containing adsorbents may be driven
by hydrophobic and p–p interactions and hydrogen
bonding. The relative phenol adsorption strengths in
five polymeric adsorbents were PS/PS-EG0 < PS-EG1

< PS-EG2 < PS-EG3. The driving forces were only
hydrophobic and p–p interactions for PS and PS-EG0,

a hydrogen bond in addition to the hydrophobic and
p–p interactions for PS-EG1, PS-EG2, and PS-EG3. PS-
EG2 can adsorb two phenol molecules and PS-EG3 can
adsorb three phenol molecules maximally on each
functional ether chain of the adsorbents. The adsorp-
tion of catechol and resorcinol on PS-EG2 and PS-EG3

was driven by hydrophobic and p–p interactions and
two hydrogen bonds. PS-EG3 adsorbed phloroglucinol
with hydrophobic and p–p interactions and three
hydrogen bonds as driving forces. These results may
be useful in designing selective polymeric adsorbents
for phenolic compounds, especially for the purification
of natural polyphenol compounds.

References

1. Kunin, R. In Ion Exchangers; Dorfner, K., Ed.; Walter de
Gruyter: Berlin, 1991; p 660.

2. Lee, J. W.; Park, H. P.; Moon, H. Sep Purif Technol 1997, 12, 1.
3. Szanya, T.; Argyelan, J.; Kovats, S.; Hanak, L. J Chromatogr A

2001, 908, 265.
4. Salto, F.; Prieto, J. G. J Pharm Sci 1981, 70, 994.
5. Chaubal, M. V.; Payne, G. F.; Reynolds, C. H.; Albright, R. L.

Biotech Bioeng 1995, 47, 215.
6. Cornel, P.; Sontheimer, H. Chem Eng Sci 1986, 41, 1791.
7. Wagner, K.; Schulz, S. J Chem Eng Data 2001, 46, 322.
8. Gusler, G. M.; Browne, T. R.; Cohen, Y. Ind Eng Chem Res

1993, 32, 2727.
9. Hradil, J.; Svec, F.; Podlesnyuk, V. V.; Marutovskii, R. M.;

Fridman, L. E.; Klimenko, N. A. Ind Eng Chem Res 1991, 30,
1926.

10. Glemza, A. J.; Mardis, K. L.; Chaudhry, A. A.; Gilson, M. K.;
Payne, G. F. Ind Eng Chem Res 2000, 39, 463.

11. Chen, T.; Payne, G. F. Ind Eng Chem Res 2001, 40, 3413.
12. Mardis, K. L.; Brune, B. J.; Vishwanath, P.; Giorgis, B.; Payne,

G. F.; Gilson, M. K. J Phys Chem B 2000, 104, 4735.
13. Liu, G.; Yu, H.; Yan, H.; Shi, Z.; He, B. J Chromatogr A 2002,

952, 71.
14. Cheng, S.; Yan, H.; Zhao, C. J Chromatogr A 2006, 1108, 43.
15. Li, A.; Zhang, Q.; Zhang, G.; Chen, J.; Fei, Z.; Liu, F. Chemo-

sphere 2002, 47, 981.
16. Handique, J. G.; Baruah, J. B. React Funct Polym 2002, 52, 163.

Figure 8 Isotherms for the adsorption of pyrogallol and
phlorogulcinol on PS-EG3.

Figure 7 Isotherms for the adsorption of phloroglucinol
on different adsorbents.

MULTIPLE WEAK INTERACTIONS IN POLYMERIC ADSORBENTS 4657



17. Nakayama, T.; Yonekura-Sakakibara, K.; Sato, T.; Kikuchi, S.;
Fukui-Mizutani, M.; Ueda, T.; Nakao, M.; Tanaka, Y.; Kusumi,
T.; Nishino, T. Science 2000, 290, 1163.

18. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy,
C. Am J Clin Nutr 2005, 81, 230S.

19. Skerget, M.; Kotnik, P.; Hadolin, M.; Hras, H. R.; Simonic, M.;
Knez, Z. Food Chem 2005, 89, 191.

20. Tuckmantel, W.; Kozikowski, A. P.; Romanczyk, L. J. J Am
Chem Soc 1999, 121, 12073.

21. Haslam, E. Practical Polyphenolics, From Structure to Molecu-
lar Recognition and Physiological Action; Cambridge Univer-
sity Press: Cambridge, 1998.

22. Xu, M.; Shi, Z.; Feng, L.; Liu, J.; Shi, R.; Xu, M.; Lu, Y.; He, B.
React Funct Polym 2001, 46, 273.

23. Xu, M.; Shi, Z.; Shi, R.; Liu, J.; Lu, Y.; He, B. React Funct
Polym 2000, 43, 297.

24. Scordino, M.; Di Mauro, A.; Passerini, A.; Maccarone, E.
J Agric Food Chem 2004, 52, 1965.

25. Di Mauro, A.; Arena, E.; Fallico, B.; Passerini, A.; Maccarone,
E. J Agric Food Chem 2002, 50, 5968.

26. Fossen, T.; Slimestad, R.; Andersen, O. M. J Agric Food Chem
2001, 49, 2318.

27. Degenhardt, A.; Knapp, H.; Winterhalter, P. J Agric Food
Chem 2000, 48, 338.

28. Rossky, P. J.; Fridman, H. L. J Phys Chem 1980, 84, 587.
29. Askew, B.; Ballester, P.; Buhr, C.; Jeong, K.; Jones, S.;

Parris, K.; Williams, K.; Rebek, J. J Am Chem Soc 1989, 111,
1082.

30. Wakelin, L. P. G. Med Res Rev 1986, 6, 275.
31. Taylor, R.; Kennard, O. Acc Chem Res 1984, 17, 320.
32. Kjaergaard, H. G.; Howard, D. L.; Schofield, D. P.; Robinson,

T. W.; Ishiuchi, S.; Fujii, M. J Phys Chem A 2002, 106, 258.

4658 CHENG ET AL.


