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A benzocrown-6-calix[4]arene methacrylate copolymer: Selective extraction
of caesium ions from a multi-component system†
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The synthesis and extraction properties of a copolymer comprised of a 10:1 molar ratio of methyl

methacrylate (MMA) and a methacrylate functionalized benzocrown-6-calix[4]arene are reported.

Under aqueous-dichloromethane liquid–liquid extraction conditions, the copolymer displayed an

enhanced selectivity for caesium over sodium and potassium (in the form of their picrate salts) as

compared to an appropriate small molecule analogue. Further, the copolymer was capable of removing

caesium nitrate from aqueous solution in the presence of various other anionic (e.g., F�, Cl�, and SO4
�)

and cationic species (e.g., K+ and Na+). The ability of this polymeric system to extract inorganic

caesium salts into dichloromethane from aqueous media scaled with the relative hydration energies

(DhydG�) of each anion studied (i.e., NO3
� > Br� [ Cl� or F�).
Introduction

Calixarenes are versatile molecular receptors that have greatly

impacted the field of host–guest chemistry.1 Their macrocyclic

structure combined with their inherent flexibility affords binding

pockets capable of recognizing specifically alkali metal ions and

other guest molecules. There has been extensive research efforts

aimed at incorporating these dynamic receptors into materials

such as solid supports,2 side chain,3 and main chain polymers.4

Moreover, the ability of the resulting materials to complex

cationic species has been applied to a diverse range of applica-

tions involving purification5 and sensing,6 and the development

of ion selective electrodes.7

Separately, advances in calixarene chemistry have led to the

development of calixarenes with crown ether rings appended to

their framework, known as calixcrowns.8 Over the last decade

these specialized supramolecular receptors have received signifi-

cant attention for their role in the selective extraction of alkali

metal cations.9 In particular, crown-6-calix[4]arenes, such as

benzocrown-6-calix[4]arene 1,10 have been recognized for their

ability to bind and extract Cs+ salts from aqueous media.11

Moreover, systems analogous to 1 can be designed to extract

Cs+ with selectivity over other cations, including Na+.8f,11b,12 and

K+.11b,12b,13 This selectivity is of great importance when removing

Cs+ from contaminated ground water and neutralized reprocess-

ing waste. For example, related efforts have led to the

development of receptors, such as calix[4]arene-bis(t-ocylbenzo-

crown-6),14 which are highly efficient in the removal of Cs+ from

nuclear waste.13c,15 However, given this success it is interesting to

note that only a few reports have addressed the effect of
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incorporating these selective receptors into polymeric materials.16

To date most of these studies have involved embedding16f,17

calixcrowns in, or attaching them to, preformed polymer sup-

ports.16a Further, in most cases, the associated studies have not

involved calixcrown receptors that were designed to bind caesium

ions selectively.16b,c,d,g We were thus keen to explore whether an

appropriately designed polymeric system could be synthesized

that incorporates a caesium selective crown-6-calix[4]arene

receptor and, if successful, to investigate how the polymer back-

bone influences the inherent selectivity and extraction properties.

Recent work from our laboratories described a general strategy

for preparing polymethyl methacrylate (PMMA) polymers with

neutral molecular receptors as side-chains.18 In these initial

studies, copolymers containing calix[4]pyrroles (4) were found to

be useful for the extraction of certain salts from aqueous media.

However, these copolymers were not designed to recognize Cs+.

Accordingly, we have now prepared a new copolymer (3)

comprised of a benzocrown-6-calix[4]arene containing monomer

(2) and methyl methacrylate (MMA) (Fig. 1). As detailed below,

this system is capable of extracting the Cs+ cation from aqueous

media with a selectivity over K+ and Na+ that exceeds that dis-

played by the constituent (monomeric) calixcrown receptor (i.e.,

1). It was further found that precipitation of the salt-bound form

of polymer 3, followed by polymer ‘‘digestion’’ under oxidizing

acidic conditions, could be used to isolate the extracted caesium

species. Finally, the anion dependence of the Cs+ cation recogni-

tion process under biphasic aqueous-dichloromethane conditions

was studied in the case of 3. In accord with what would be expected

based on the Hofmeister bias,19 this selectivity was found to scale

with the relative hydration energies (DhydG�) of the anions

investigated (i.e., NO3
� > Br� [ Cl� or F�).
Results and discussion

Synthesis

Monomer 2 was selected because it can be accessed readily,

a characteristic we considered predicative to a comparative study
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Structures of benzocrown-6-calix[4]arene (1), a methacrylate derivative (2), a copolymer of 2 and MMA (3), and a copolymer of a calix[4]pyrrole

functionalized methacrylate and MMA (4).
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of the type involved in this report. The strategy used to prepare

monomer 2 is outlined in Scheme 1. Briefly, dialkylation of

known20 calix[4]arene 5 with ethyl bromoacetate under basic

conditions afforded the desired diester 6 in 86% isolated yield.21

This first reaction in the synthetic sequence proceeded with high

regioselectivity, a finding that is believed to stem from deacti-

vation of the neighboring phenol moieties relative to the first site

of alkylation. This feature facilitated access to formylated ben-

zocrown-6-calix[4]arene 7 in 64% yield via deprotonation of 6

with CsCO3 followed by substitution of the known22 benzalde-

hyde polyether 8.11a,23 Finally, reduction of the aforementioned

product using NaBH4 followed by condensation with meth-

acryloyl chloride afforded 2 in 90% yield (over two steps).

With 2 in hand, efforts were next directed toward the synthesis

of copolymer 3. A tetrahydrofuran solution of 2 and MMA in

a 1 : 10 molar ratio, respectively, was treated with azoisobutyr-

onitrile (AIBN, 1 mol%) and then heated at 70 �C for 18 h. The

resulting solution was then cooled to ambient temperature and

was added drop-wise into excess cold methanol. The desired

copolymer precipitated from solution, and was isolated in 75%

yield via gravity filtration. Proton NMR spectroscopic analysis

of 3 confirmed that 2 and MMA were successfully copolymerized

in a random fashion and in a 1: 10 molar ratio (i.e., x¼ 1 and y¼
10; Scheme 1). The formation of a random copolymer was

further supported by gel permeation chromatography, which
Scheme 1 Synthesis of benzocrown-6-calix[4]arene monomer 2 and

coploymer 3.

This journal is ª The Royal Society of Chemistry 2010
revealed that 3 exhibited a monomodal chromatogram that

corresponded to a polystyrene equivalent weight average

molecular weight (Mw) of 28 kDa and a polydispersity index

(PDI) of 2.0; these results are typical of free radical polymeri-

zations and provide support for the proposed structure

(Fig. 2A).24 The thermal stability of 3 was similar to that

exhibited by PMMA, with an initial onset of thermal decom-

position being observed at 260 �C (Fig. 2B).
Picrate extraction studies

In a preliminary experiment designed to assess qualitatively the

extraction properties of 3, an aqueous solution of Cs+ picrate

([Cs+ picrate]0 ¼ 1 mM) was vigorously mixed for 30 min with

a CH2Cl2 solution of the aforementioned copolymer (the effec-

tive initial concentration of the receptor subunit, [calix[4]arene]0,

was 6 mM). Upon subsequent separation via centrifugation, the

organic phase displayed the distinctive yellow color characteristic

of the picrate anion (Fig. 3; vial A). This result was taken as an

indication that caesium picrate had been successfully extracted

from the aqueous layer. Further support for this contention came

from a series of control experiments. As a first positive control

experiment, the benzocrown-6-calixarene 1 ([1]0 ¼ 6 mM) was

tested as an extractant. Under extraction conditions identical to

those used in the case of 3, the yellow color characteristic of

picrate was observed with this receptor (vial B). As negative

controls, the extraction capabilities of a copolymer 4 ([cal-

ix[4]pyrrole]0 ¼ 6 mM; vial C), PMMA homopolymer
Fig. 2 (A) Gel permeation chromatogram of copolymer 3; conditions:

DMF as the eluent, 40 �C, 10 mL min�1. Mw ¼ 28 kDa, PDI ¼ 2.0

(relative to polystyrene standards). (B) Thermogravigrams of copolymer

3 (solid line) and copolymer 3 after exposure to CsNO3 (dotted line) (see

text for additional details); conditions: nitrogen atmosphere, temperature

ramp rate ¼ 10 �C min�1.

Chem. Sci., 2010, 1, 716–722 | 717
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Fig. 3 Photograph of vials containing aqueous solutions of caesium

picrate (1 mM) exposed to (A) copolymer 3 in dichloromethane ([cal-

ix[4]arene]0 ¼ 6 mM), (B) small molecule analogue 1 in dichloromethane

([1]0 ¼ 6 mM), (C) copolymer 4 in dichloromethane ([calix[4]pyrrole]0 ¼
6 mM), (D) PMMA in dichloromethane ([MMA]0 ¼ 60 mM), and

(E) dichloromethane.
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([monomer]0 ¼ 60 mM; vial D), and dichloromethane (vial E)

were also tested under similar conditions. As shown in Fig. 3, no

color was observed in the organic phase in the case of vials D or

E, and only a faint yellow color was seen in the case of vial C.25

These results are consistent with a system that necessitates

a calix[4]arene (e.g., 1 or 3) to facilitate efficient extraction of

caesium picrate.

The extraction efficiency of copolymer 3 was quantified using

UV-Vis spectroscopy. Extraction experiments similar to those

described above were performed by exposing 3 mL of aqueous

caesium picrate ([caesium picrate]0 ¼ 0.02 mM) to 1 mL of

solutions of 1, 3, 4, and PMMA (these solutions were prepared at

6 mM initial concentrations based on the calix[4]arene or cal-

ix[4]pyrrole repeat units, respectively, in the aforementioned

polymers except for PMMA which was prepared at 60 mM based

on its repeat unit) in CH2Cl2. After phase separation, the

aqueous layers were isolated and analyzed. The percent extrac-

tion efficiency, expressed as %E, was calculated using eqn (1),

where [M+ Pic�]0 and [M+ Pic�] are the concentrations of caesium

picrate before and after extraction, respectively. As summarized

in Table 1 and in accord with our initial qualitative observations
Table 1 Summary of liquid–liquid extraction data obtained after
exposing aqueous solutions of metal picrate salts to dichloromethane
solutions of 1, 3, 4, and PMMA.a

Extractantb
Cs+ picrate
(%E)

Na+ picrate
(%E)

K+ picrate
(%E) aCs/Na

c aCs/K

1 (6 mM) 23.65 � 2.40 2.10 � 1.00 22.60 � 2.30 11 1.0
3 (6 mM) 23.65 � 2.30 0.10 � 0.05 6.80 � 0.70 236 3.5
4 (6 mM) 3.40 � 1.00 — — — —
PMMA

(60 mM)
0.00 � 1.00 — — — —

a [Metal picrate]0 ¼ 0.020 mM in the case of Cs+ picrate and [Metal
picrate]0 ¼ 0.019 mM in the case of Na+ and K+ picrate. The extraction
efficiencies (%E) were determined according to eqn (1). The error
values given represent the deviations seen in replicate (at least
duplicate) measurements. b The concentrations in CH2Cl2 are listed in
parenthesis and refer to the initial concentration of calix[4]arene
moieties (1 and 3), the initial concentration of the calix[4]pyrrole
moieties (4), or the initial concentration of the repeat units in PMMA.
c The selectivity factor aCs/M refers to the ratio of the respective %E
values, where M ¼ Na or K.

718 | Chem. Sci., 2010, 1, 716–722
(vide supra), no evidence of salt extraction was seen in the case of

the control systems lacking a calix[4]arene subunit. However,

copolymer 3 and its small molecule analogue14b 1 both proved

capable of facilitating the extraction of caesium picrate from

aqueous media.

%E ¼
�
MþPic�

�
0
�
�
MþPic�

�

�
MþPic�

�
0

� 100 (1)

The cation selectivity of copolymer 3 and its small molecule

analogue 1 was examined by testing their abilities to extract other

metal picrate salts, specifically sodium picrate and potassium

picrate. Under conditions analogous to those described above,

small molecule analogue 1 was found to effectively extract

potassium picrate from the aqueous phase (%E ¼ 22.6), but not

sodium picrate (%E¼ 2.10). In contrast, the extraction efficiency

calculated for copolymer 3 was significantly lower and appeared

to be restricted to potassium picrate (%E ¼ 6.80) (cf. Table 1).

Based on these figures, copolymer 3 displayed a selectivity factor

(a) of 236 for Cs+ versus Na+, whereas the corresponding selec-

tivity factor of its small molecule analogue (1) was 11 (cf. Table

1). The selectivity values found here are less than other optimized

systems reported in the literature.11b,12b,13c However, our proto-

type demonstrates that in this instance covalent attachment of

receptor 1 to PMMA increases the selectivity characteristics of

this particular test receptor. We speculate that the ester linkages

on the MMA backbone limit access to the calixarene thus

reducing non-specific binding modes, such as ‘‘outside binding’’

to the crown subunit, that would otherwise be expected to

decrease the specificity.

A series of competition studies provided further evidence for

the selective nature of copolymer 3 (Fig. 4). In these experiments,

CH2Cl2 solutions of both extractants (i.e., 3 and 1; [calix[4]ar-

ene]0 ¼ 6 mM) were first exposed to an aqueous solution of

sodium picrate (0.6 mM). Upon separation, the organic layers

were found to be only slightly yellow in color (Fig. 5A and C),

leading us to suggest that very little phase transfer of the picrate

anion (and its sodium counter cation) had occurred. Caesium

chloride (2 equiv. relative to sodium picrate) was then added to

each of the aforementioned aqueous phases. In the case of the

extraction experiment performed using copolymer 3, the addition

of CsCl resulted in the complete transfer of the yellow color

attributed to the picrate anion to the organic phase (Fig. 5, Vial

B).26 In comparison, a faint yellow color was observed in the
Fig. 4 Schematic representation of a competition experiment designed

to test the selectivity of copolymer 3. See text for further details.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Photographs of vials showing the results of competition experi-

ments. In these studies, copolymer 3 and analogue 1 (vials C and D) in

CH2Cl2 (bottom layer) were first exposed to an aqueous solution (top

layer) of sodium picrate (0.6 mM) and then caesium chloride (2 equiv.

relative to sodium picrate) was directly added to the mixture. This

resulted in complete or partial transfer of the color ascribed to the picrate

anion to the bottom layer (vials B and D).
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aqueous layer of the experiment involving 1 (Fig. 5, Vial D). Such

results are consistent with small molecule 1 being a less selective

Cs+ extractant than copolymer 3.
Extraction studies using 1H NMR spectroscopy

To explore further the ability of copolymer 3 to effect the

extraction of the caesium cation in the presence of various

inorganic salts, a series of 1H NMR extraction studies were

carried out. Here, 1H NMR spectroscopic techniques were used

to monitor the spectral changes of copolymer 3 in CD2Cl2
([calix[4]arene]0 ¼ 6 mM) upon exposure to aqueous solutions of

inorganic caesium salts (viz., CsF, CsCl, CsBr, CsNO3, CsSO4,

KNO3 and NaNO3) at initial concentrations that ranged from

0–200 mM.27 The greatest spectral response (i.e., the largest

change in chemical shifts) was observed upon exposure of 3 to

aqueous CsNO3. For example, inspection of Fig. 6 revealed that

the signals attributed to the calix[4]arene (i.e., d ¼ 6.6–7.5 ppm)

and the crown ether bridge (i.e., d ¼ 3.4–4.2 ppm) were shifted to
Fig. 6 Partial 1H NMR spectra (7.6–3.4 ppm) of 3 dissolved in CD2Cl2
([calix[4]arene]0 ¼ 6 mM) after exposure to (A) deionized water and

various solutions of CsNO3 (B–E; concentrations noted in the respective

spectra).

This journal is ª The Royal Society of Chemistry 2010
lower fields as the aqueous CsNO3 concentration increased and

were in agreement with previously reports that explored Cs+

complexation with other calix[4]arene-crowns.28 In contrast, less

pronounced downfield changes in chemical shifts were observed

when CsBr was added under identical biphasic conditions and no

significant response was observed upon exposure of 3 to aqueous

solutions of CsF, CsCl, or CsSO4.† In a separate set of extraction

studies, conducted under analogous conditions, but using KNO3

and NaNO3 instead of CsNO3, no appreciable extraction was

observed, as inferred from the lack of spectral shifts.† Collec-

tively, these results provide support for the contention that

copolymer 3 is capable of removing caesium nitrate from the

aqueous layer, as inferred in part from the observation that little

or no spectral response is observed upon extraction of caesium

salts containing other anions (e.g., F�, Cl�, Br�, and SO4
�), or in

the case of other metal nitrate salts (e.g., sodium and potassium).

To test whether copolymer 3 could be used to extract caesium

nitrate from aqueous environments in the presence of other

anionic and cationic species (see Fig. 7 for schematic depiction),

a CD2Cl2 solution of the copolymer 3 ([calix[4]arene]0 ¼ 6 mM)

was exposed to equal volume of an aqueous solution containing

both NaNO3 and KNO3 (100 mM in each) in analogy to the

experiments described above. In accord with what would be

expected for a caesium cation-selective system, no evidence of

salt extraction was observed by 1H NMR spectroscopy under

these conditions.† However, mixing CD2Cl2 solutions of 3

([calix[4]arene]0 ¼ 6 mM) with an aqueous mixture containing

CsNO3 (100 mM), NaNO3 (100 mM), and KNO3 (100 mM)

resulted in spectral changes consistent with the coordination of

CsNO3, as described above. Similarly, exposure of CD2Cl2
solutions of 3 ([calix[4]arene]0 ¼ 6 mM) to an equal volume of an

aqueous mixture of CsF, CsCl, and CsSO4 (the initial concen-

tration of each salt was 100 mM) resulted in no significant

spectral response. However, when 3 was exposed to an aqueous

solution containing CsF, CsCl, CsSO4, CsBr, and CsNO3,

a spectral response consistent with CsNO3 extraction was

observed. Additional control experiments revealed that CsBr was

also extracted by copolymer 3, albeit less effectively than CsNO3

(see ICP-MS results below). Collectively, these results are

consistent with the Hofmeister effect,19,29 which implies that

hydrophobic anions are extracted more readily than their
Fig. 7 Schematic representation of the extraction properties of

copolymer 3 highlighting the ability of this system to extract caesium

nitrate from aqueous environments containing several other ionic species.

Chem. Sci., 2010, 1, 716–722 | 719
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Fig. 8 Partial 1H NMR spectra (7.6–3.4 ppm) of copolymer 3 in CD2Cl2
recorded after exposure to H2O solutions (all salts 100 mM) of A) CsF,

CsCl, CsSO4, KF, and NaCl, B) CsF, CsCl, CsSO4, KF, NaCl + CsNO3,

C) CsF, CsCl, CsSO4, KF, NaCl + KNO3 and D) CsF, CsCl, CsSO4, KF,

NaCl + NaNO3. Mixtures were agitated for 30 min, separated via

centrifugation, and the organic layer was isolated prior to analysis.

Table 2 Summary of ICP-MS results

Extractant Caesium Salt 133Csa (ppb) Receptor Sites Boundb (%)

3 (6 mM) CsF 100 0 � 1
3 (6 mM) CsCl 90 0 � 1
3 (6 mM) CsBr 530 10 � 1.4
3 (6 mM) CsSO4 5 0 � 0.9
3 (6 mM) CsNO3 2,300 60 � 1.1

a The concentration reported is after dilution with a known amount of
aqueous 2% nitric acid. b Efficiencies are reported as the molar
percentage of extractant populated with caesium after exposure to an
aqueous solution of CsNO3. The error values given represent the
deviations seen in replicate (at least duplicate) measurements.
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hydrophilic counterparts (DhydG� (kJ mol�1): NO3
� ¼ �300;

Br� ¼ �315; Cl� ¼ �340; F� ¼ �465).30

Another NMR spectral study was performed in an effort to

establish further the selectivity of copolymer 3. In this experi-

ment, a CD2Cl2 solution of 3 ([calix[4]arene]0 ¼ 6 mM) was first

exposed to an equal volume of an aqueous solution containing

a complex salt mixture of a variety of inorganic salts (i.e., CsF,

CsCl, CsSO4, KF, and NaCl; 100 mM in each). Under these

conditions, no spectral response was observed (Fig. 8A) until

CsNO3 (100 mM) was added (Fig. 8B). Moreover, the similar

spectral response was observed when either KNO3 or NaNO3

(both 100 mM in D2O) were added to the initial salt mixture

(Fig. 8C and 8D). To the best of our knowledge, this is the first

direct demonstration of caesium extraction from a multi-

component aqueous ionic mixture by a polymer-supported

synthetic receptor system.
ICP-MS quantification studies

To support the colorimetric and 1H NMR spectroscopic analyses

described above, inductively coupled mass spectrometry

(ICP-MS) was used to quantify the caesium (as well as sodium

and potassium) concentrations extracted in the aforementioned

studies. These experiments were performed by exposing an

aqueous solution of the analyte salt (e.g., CsBr, KNO3, or

CsNO3; 200 mM) to an equal volume of a CH2Cl2 solution of

copolymer 3 ([calix[4]arene]0 ¼ 6 mM) in accord with the

protocols described above. Upon phase separation, the organic

layer was removed, evaporated, and then ‘‘digested’’ using

‘‘piranha’’ acid (30% v/v hydrogen peroxide in sulfuric acid). The

resulting solution was then evaporated to dryness and the

residual material was dissolved in a known volume of aqueous

2% nitric acid, filtered, and then analyzed by ICP-MS. After
720 | Chem. Sci., 2010, 1, 716–722
appropriate normalization, the number of receptor sites within

the polymer containing caesium was calculated (reported as

a percentage of total receptor sites bound; cf. Table 2).31 It was

found that exposure of 3 to an aqueous solution of CsNO3

resulted in complexation of approximately 60% of the total

receptor sites; for comparison, 10% of the total receptor sites

were complexed upon exposure of 3 to an aqueous solution of

CsBr. No detectable binding was observed for any of the other

caesium salts that were subject to analysis. Analogous experi-

ments performed with the nitrate salts of sodium and potassium

revealed little evidence of either K+ or Na+ extraction (see ESI†).

These later studies were consistent with the colorimetric and 1H

NMR spectroscopic analyses described above; as such, they

provide additional support for the suggestion that copolymer 3 is

effective for caesium cation extraction.
Isolation of caesium nitrate-bound copolymer

Having established that copolymer 3 is an effective extractant for

caesium nitrate, efforts shifted toward exploring the ability of

this material to facilitate the isolation of this salt. A CH2Cl2
solution of 3 ([calix[4]arene]0 ¼ 6 mM) was vigorously mixed

with an equal volume of an aqueous solution of CsNO3

([CsNO3]0 ¼ 200 mM). Upon phase separation, the organic layer

was then removed and added drop-wise to an excess of cold

hexanes. Subsequent analysis of the resulting precipitate by 1H

NMR spectroscopy revealed that the CsNO3 remained bound to

3 (approximately 60% of the total receptor sites on a molar basis

were occupied), as determined by 1H NMR spectroscopy and

ICP-MS analysis.† This result was corroborated by thermogra-

vimetric analysis which revealed that the residual mass of 3 iso-

lated post-exposure to aqueous CsNO3 was 10% higher than that

in a pre-exposed sample (see Fig. 2B). This value correlates well

with the increase in mass based on the ICP-MS data (calculated

value ¼ 5%).32 In contrast, an analogous extraction experiment

performed using 1 resulted in the formation of a slightly cloudy

solution upon its addition to cold hexanes from which no

appreciable amount of precipitate could be isolated. As demon-

strated previously in the course of the ICP-MS studies discussed

above, the caesium cation can be recovered from the polymer by

‘‘digestion’’ under oxidizing acidic conditions, followed by

filtering and drying.
This journal is ª The Royal Society of Chemistry 2010
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Conclusions

In summary, a copolymer of MMA and a methacrylate deriva-

tive of benzocrown-6-calix[4]arene, copolymer 3, was synthe-

sized. In the case of the picrate salts, greater selectivity for Cs+

over K+ and Na+ was observed for 3 as compared to an appro-

priate small molecule analogue (1). Copolymer 3 was also found

to be effective in extracting caesium nitrate from aqueous media

in the presence of various other inorganic ions. We conclude that

appending a benzocrown-6-calix[4]arene to a PMMA backbone

creates a system with significant advantages relative to the

monomeric receptor from which it is derived. In particular, if

desired, copolymer 3 may be used to recover caesium from

aqueous environments via a straightforward extraction and

reprecipitation procedure. This process, which cannot be easily

duplicated using a low molecular weight analogue (i.e., 1) leads

us to suggest that polymers, such as 3, may have a role to play in

the generalized arena of ion extraction chemistry. More broadly,

the present study serves to demonstrate that incorporation of

appropriately chosen receptors into polymers can give rise to

systems whose function is not impaired and, in favorable situa-

tions, can actually be enhanced relative to the constituent

monomers.
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