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ABSTRACT: A TEMPO-based free radical initiator (4a) containing a dibenzo-24-crown-8 (DB24C8, 2a)
moiety was synthesized. A similar initiator (4b) based on bis(m-phenylene)-32-crown-10 (BMP32C10,
1b) was also synthesized. The crown-based initiators were used to prepare crown ether terminated
polystyrenes of narrow molecular weight distribution (PDI). The DB24C8-terminated polymer 5 was
demonstrated to form a pseudorotaxane complex (18) with dibenzylammonium hexafluorophosphate (17),
but because of its small cavity, 5 cannot complex bulky N,N′-dialkyl-4,4′-bipyridinium (paraquat or
viologen) salts. On the other hand, the BMP32C10-terminated polymer 11 complexed N,N′-bis(p-tert-
butylbenzyl)-4,4′-pyridinium bis(hexafluorophosphate (paraquat salt, 23) strongly, but did not interact
with dibenzylammonium hexafluorophosphate (17) to a detectable extent. Therefore, these new polymeric
hosts are capable macromolecular building blocks for supramacromolecular chemistry using pseudoro-
taxane complexation, and furthermore, both show selectivity; the DB24C8 polymer is selective for
secondary ammonium ion complexation, and the BMP32C20 polymer is highly selective for paraquat
recognition. Future work will involve application of these new functional polymers to preparation of star,
graft, and block structures by self-assembly.

Introduction

Crown ethers are an important class of compounds
that undergo complexation with metal ions1 and other
species, in some cases leading to the formation of
threaded structures known as pseudorotaxanes and
rotaxanes.2 Polymers containing small crown ethers,
most commonly 18-membered rings, were known as
early as 1970, mainly for study of cation binding.3

The convergence of polymer and supramolecular
sciences offers great opportunity for new materials with
unique properties and novel practical applications. We
have utilized crown ethers to synthesize a variety of
polypseudorotaxanes and polyrotaxanes (Scheme 1).2,4-15

By carrying out step-growth polymerizations in the
presence of unfunctionalized crown ethers, main chain
polyester4,5 and polyurethane6,7 pseudorotaxanes of type
A (Scheme 1) were prepared. By use of bulky monomers
in step-growth polymerizations in the presence of un-
substituted crown ethers, as exemplified by the prepa-
ration of poly(ester rotaxane)s8,9 and poly(urethane
rotaxane)s,10 polyrotaxanes of type B resulted. Poly-
(styrene rotaxane)s11 and poly(acrylonitrile rotaxane)-
s12 of types A and B resulted from chain-growth poly-
merizations. Main chain poly(acrylate rotaxane)s and
poly(methyl methacrylate rotaxane)s of type A were also
prepared using free radical polymerization.13 Polymer-
ization of suitable methacrylate monomers in the pres-
ence of unsubstituted crown ethers also yielded side

chain polyrotaxanes of type D.13 Side chain pseudoro-
taxane polymers of type C have been investigated in our
laboratories,14 as well as main chain pseudorotaxane
polymers of type E.15 Other investigators have also
prepared such topologically interesting systems. 2,16

Reaction of poly(methacryloyl chloride) with 5-hy-
droxymethyl-1,3-phenylene-1′,3′-phenylene-32-crown-
10 (1a) resulted in highly branched or cross-linked
polymers of type F, depending on the solvent and
concentrations, as a result of self-association of the
crown ether via hydrogen bonding and subsequent self-
threading of the crown ether moieties,17 as did other
polymerizations of hydroxy- or carboxy-functionalized
macrocyclic monomers.18-20

Recently there has been increasing interest in su-
pramolecular polymerization, the self-assembly of mac-
romolecular species consisting of small repeat units
bound together through noncovalent bonding. Self-
complementary hydrogen bonding units have proven to
be very effective.21 And in our laboratory we have
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successfully produced noncovalent polymers using pseu-
dorotaxane formation, starting from heteroditopic (AB)
monomers22 and pairs of homoditopic (AA, BB) mono-
mers.23 Likewise we used pseudorotaxane complexation
in the self-assembly of dendrimers.24

The efficiency of these systems prompted us to
consider application of these molecular recognition
protocols to suitably functionalized polymers with the
objective of reversibly and controllably producing large
assemblies of macromolecules of designed shapes, func-
tionalities and properties. Other efforts in this area have
utilized self-complementary hydrogen bonding units,21

hydrophilic-hydrophobic and amphiphilic interactions,25

and metal complexation.26 We have chosen to explore
the pseudorotaxane motif because it offers the possibil-
ity of selectivity in complexation processes based on
complementarity of sizes and binding site geometries
of the host and guest moieties. The present article
describes some of our efforts in this area.

Results and Discussion
With the ultimate aim of producing noncovalent

analogues of block and graft copolymers, our efforts
focused on preparation of end-functionalized polymers
with narrow molecular weight distributions or polydis-
persities. As the first examples, crown-terminated poly-
mers were targeted. The self-assembly process to form
pseudorotaxanes from dibenzo-24-crown-8 (DB24C8, 2a)
and secondary ammonium salts is a well-established
paradigm2,27 and one with which we are quite famil-
iar.14,23,24,28 Likewise the larger bis(m-phenylene)-32-
crown-10 (BMP32C10, 1b), its derivatives and para-
analogues have long been known to complex both
secondary ammonium salts2,27 and 4,4′-bipyridinium

salts (“paraquats” or “viologens”)2,29 and we are expe-
rienced with these protocols as well.6c,15,22,30-34 Thus, we
chose DB24C8 and BMP32C10 as the initial hosts for
these studies.

The preparation of polystyrene by stable free radical
polymerization (SFRP) is well studied using tetrameth-
ylpiperidine-N-oxide (TEMPO) derived initiators and
related systems.35 Hence, proper incorporation of crown
ether moieties into TEMPO initiators offers a means of
introducing these host moieties efficiently and selec-
tively at the chain ends, while controlling the molecular
weight distributions so as ultimately to produce phase
separated morphologies in the resulting self-assembled
copolymers.

A. Crown Ether)TEMPO Derivatives. The prepa-
ration of the DB24C8-TEMPO initiator 4a from the
known vinylbenzyl chloride derivative 336 and crown
ether alcohol 2b24 was straightforward via the William-
son ether synthesis. Likewise BMP32C10-TEMPO de-
rivative 4b was prepared from 3 and alcohol 1a.37

Scheme 1. Cartoon Representations of Various Types of Polypseudorotaxanes (A, C, E) and Polyrotaxanes (B, D,
F)a

a A, B, E, and F are main chain systems and C and D are side chain systems. Circles and ellipses represent cyclic species;
straight or wiggly lines represent linear components. Filled circles represent bulky "stoppers" that prevent dethreading of the
cyclic component from the linear.

Macromolecules, Vol. 38, No. 7, 2005 Well-Defined Crown Terminated Polymers 2627



B. Crown Ether Terminated Polystyrenes. 1.
DB24C8-Terminated Polystyrene 5. Application of
the DB24C8-TEMPO initiator 4a to bulk polymerization
of styrene was designed to produce relatively low
molecular weight polymers whose complexation could
readily be studied by NMR spectroscopy. Several runs
were carried out. For example, DB24C8-terminated
polymer 5 of molecular weight ∼1500 was successfully
prepared; it had Mn ) 1.38 kg/mol and Mw ) 1.82 kg/
mol (polydispersity ) PDI ) 1.32) by GPC analysis.
Another sample was targeted for a molecular weight of
ca. 3 kg/mol; 1H NMR indicated Mn ) 3.14 kg/mol and
GPC analysis yielded Mn ) 3.19 Mw ) 3.27, PDI ) 1.03.
Therefore, end group analysis confirmed that the poly-
mer was ∼100% terminated with DB24C8 units and
molecular weight control was observed.

Corroborating MALDI-TOF mass spectrometric re-
sults for the sample of 5 with Mn ) 1.39 kg/mol in 1,8-
dihydroxy-9(10H)-anthracenone (dithranol)/sodium io-
dide are shown in Figure 1. Sodium iodide ionization
produced better mass spectra than ionization with silver
trifluoroacetate (AgTFA), a commonly employed ioniza-
tion agent for polystyrene.38 The affinity of 5 for sodium
ionization is evidenced by the fact that even in the

presence of AgTFA the sodium adducts appeared at
about the same intensity as the silver adducts. The
average molecular weight, as judged by the maximum
intensity peak at m/z 1658 offset by peaks in the low
m/z region, was consistent with the GPC results.

In the low molecular weight region (inset, Figure 1),
the sodium adduct of the crown ether benzyloxy frag-
ment (6) was observed at m/z 500.6. The sodium adduct
of the crown ether initiator moiety (7) was observed at
m/z 617.6. No other significant peaks were observed
below m/z 500. The small m/z 631.5 peak corresponds
to sodium adduct 8. Also observed was a signal at m/z
685.4, assigned to 9. Formation mechanisms for 7, 8,
and 9 are proposed in Scheme 2.

The higher mass region (m/z > 700) of the spectrum
(Figure 1) contains pairs of peaks separated from each
other by 14 mass units. The sequential pairs of peaks
are separated by 104 mass units, corresponding to the
styryl repeat unit. Two types of sodium adducts are
observed: (1) the polymer after loss of a TEMPO moiety
(mass 156) and a hydrogen, presumably as N-hydrox-
ytetramethylpiperidine (path A, Scheme 3), for a net
mass change of -134, and (2) the polymer after loss of
the TEMPO group and addition of a methylene group
(i.e., loss of a benzylic end group), probably via the
fragmentation pathway shown in path B, Scheme 3, for
a net mass change of -120. Thus, the lower mass signal
in each pair corresponds to 10a, while the higher mass
signal corresponds to 10b, for a mass difference of 14.
For example, the signal at m/z 1449.95 is 10a, n ) 8
and that at m/z 1464.00 is 10b, n ) 8. It interesting
that 10a predominates for n < 5 and 10b predominates
for n g 5. In agreement with the report of Vairon et
al.38b using this same matrix and a similar molecular
weight polymer, the TEMPO end group was not ob-
served.

Figure 1. MALDI-TOF mass spectrum of DB24C8-termi-
nated polystyrene 5 (GPC: Mn ) 1.39 kg/mol and PDI ) 1.32)
in dithranol/NaI. In the inset at m/z, 500.6 and 617.6 cor-
respond to crown end group fragments 6 and 7 as sodium
adducts, as described in the text. The small m/z 631.5 signal
corresponds to 8. The m/z 685.4 peak is due to (5, n ) 1 -
TEMPO - CH2)+ ) 9. The rest of the spectrum consists of pairs
of peaks due to (5 - H - TEMPO + Na)+ ) 10a and (5 -
TEMPO + CH2 + Na)+ ) 10b; n values are indicated for some
of the pairs.
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However, Figure 2 contains a MALDI mass spectrum
obtained from a sample resulting from evaporation of
an acetone solution. Here the major signals are due to
the protonated polymer, i.e., (5 + H)+, and the minor
signals are attributable to the sodium adducts (5 +
Na)+. The largest signal at m/z 2002, n ) 12, corre-
sponds reasonably well to Mn ) 2080 determined by
GPC. Here the TEMPO end groups are clearly observed.

2. BMP32C10-Terminated Polystyrene 11. Ap-

plication of BMP32C10 initiator 4b in the bulk SFRP
of styrene yielded BMP32C10-terminated polystyrene
11. The molecular weight was again controlled so the
sample’s ability to complex guests could be evaluated

easily by 1H NMR spectroscopy. For a representative
sample we found Mn ) 4.52 kg/mol and Mw ) 4.83 kg/
mol (PDI 1.07) by GPC analysis.

MALDI-TOF mass spectrometric results for this
sample of 11 in 1,8-dihydroxy-9(10H)-anthracenone
(dithranol)/sodium iodide (Figure 3) are analogous to
those for analogue 5. In the low mass region of the
spectrum fragments due to the crown-initiator moiety
are found (Figure 3a). Signals at m/z 551, 590, 686, 707,
and 720 (not shown; see Supporting Information) cor-
respond to crown end group fragments, i.e., 12a, 12b,

Scheme 2. Proposed Mechanisms for Formation of
Crown-Based Fragements from End-Functionalized

Polymers 5 and 11a

a From Polymers 5 and 11, path A yields 7 and 13/14,
respectively. From polymers 5 and 11, path B yields 8 and
15, respectively. From polymer 5, path C yields 9.

Scheme 3. Proposed Fragmentation Patterns for
TEMPO End Groups of Polystyryl Crown Ethersa

a 5 yields 10a via path A and 10b via path B. Analogously
11 yields 16a and 16b.

Figure 2. MALDI-TOF mass spectrum of DB24C8-termi-
nated polystyrene 5 (GPC: Mn ) 2.08 kg/mol and PDI ) 1.23)
from evaporated acetone solution. The major signals are due
to (5 + H)+ and the minor signals are due to (5 + Na)+; n
values are indicated for some of the pairs.
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13, 14 and 15, respectively; proposed mechanisms for
formation of 13-15 are shown in Scheme 2.

In the middle region the signals at m/z 824, 929, 1033,
1137, 1241, and 1345 are attributed to the intact
oligomers after loss of a methyl group, (11 - CH3)+ for
n ) 0-5; this process can be attributed to R-elimination
from the piperidine moiety, as observed frequently with

amines.39 In the higher mass region (m/z > 1345, Figure
3a) the spectrum contains two series of peaks; the pairs
of peaks are separated by 104 mass units, the repeat
unit of the polystyrene backbone. Within each pair of
peaks the two signals are separated by m/z 14 as in the
spectrum of polymer 5; here, though, the major signal
corresponds to the higher mass species. The lower mass
species are attributed to sodium adducts of the frag-
ments with benzylidene end groups, i.e., 16a, and the
higher mass species are due to sodium adducts of the
methylene terminated fragments 16b, presumably
formed as suggested in Scheme 3. Figure 3b shows an
expanded view for n ) 14 to n ) 16.

Complexation of DB24C8-Terminated Polysty-
rene (5) with Dibenzylammonium Hexafluoro-
phosphate (17). Interaction of 24-membered crown
ether functionalized polystyrene 5 and dibenzylammo-
nium salt 17 was expected to yield end-chain polymeric
pseudorotaxane 18 as a model system. NMR spectros-
copy indeed provided direct evidence for pseudorotaxane
formation. A series of 1.00 mM solutions of a crown-
terminated polystyrene 5 (Mn ) 3.19 kg/mol) were
prepared with varying concentrations of guest 17 rang-

ing from 1.00 to 5.00 mM in CDCl3/CD3COCD3 (1/1).
The 1H NMR spectra (Figure 4) indicated pseudorotax-
ane formation, as expected. Under these conditions
exchange is slow and two sets of signals for the N-
benzylic protons (labeled NCH) are observed, one for
complex 18 and the other set for uncomplexed 17; two
sets of signals are also apparent for R-, â-, and γ-protons
on the crown ether moiety of the polymer: one set for 5
and one set for 18. These results are analogous to
observations with the monomeric host-guest sys-
tems.2,14,23,24,27,28

The concentrations of complexed (18) and uncom-
plexed (5) crown ether moieties in equilibrium were
determined from integration of the appropriate signals
(e.g., Hγ) in the 1H NMR spectra; the fraction p of
complexed DB24C8 moieties was thus readily deter-
mined (Table 1). Likewise the concentrations of the
complexed and uncomplexed ammonium species can be
determined. From these integrations the stoichiometry
was found to be 1:1, as anticipated. The apparent

Figure 3. MALDI-TOF mass spectrum of BMP32C10-
terminated polystyrene 11 (GPC: Mn ) 4.52 kg/mol and PDI
) 1.07) in dithranol/NaI. (a) m/z 800-5000; two distributions
are observed. In the mid-mass region the signals at m/z 824,
929, 1033, 1137, 1241, and 1345 are attributed to the intact
polymers after loss of a methyl group, (11 - CH3)+ for n )
0-5, labeled with /, respectively. The rest of the spectrum
consists of pairs of peaks corresponding to the sodium adducts
(11 - TEMPO + CH2 + Na)+ ) 16b and (11 - TEMPO +
Na)+ ) 16a; n values are indicated for some of the pairs. The
former signals dominate. (b) Expanded view of the pairs of
clusters in the range n ) 14-16. Not shown are strong signals
at m/z 550, 686, 707 and 720, attributable to (crown-CH2)+ (15),
(crown-initiator + H)+ (13), (crown-initiator + H + Na)+ (14)
and (crown-initiator + CH2 + Na)+ (12), as described in the
text; see Supporting Information.
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macroscopic association constants were calculated by
the standard expression Kaexp ) [complexed crown
ether]/[free crown ether][free guest]; the free guest
concentration is implicitly assumed to be [guest]0 -
[complexed crown]. The Kaexp values diminish as the
concentration of the guest salt increases; this is analo-
gous to the behavior of the model monomeric systems,
i.e., DB24C8 (2a) with 17.28 This apparent violation of
equilibrium behavior arises because although the salt
is, as expected, predominantly ion paired in the low
dielectric constant solvent, the complex, which forms
from the free cation, is not ion paired and hence the
simple single stage equilibrium implied in the equation
used to calculate Kaexp is not valid. Complex formation
generates free anion that in turn drives the ion pair
dissociation equilibrium back to the salt (Scheme 4).
Extensive data are normally required to determine the
two true equilibrium constants: the ion pair dissociation
constant, Kipd, and the pseudorotaxane formation con-
stant, Ka. The Kaexp values are equal to Kipd Ka/[PF6

-].28

As the total salt concentration increases, the free anion
concentration, [PF6

-], increases and hence the relative
extent of ionization of the guest salt and consequently
the degree of complexation are reduced accordingly.

By comparison of the percentages of complexation of
polymeric host 5 by dibenzylammonium hexafluoro-
phosphate (17) with that of its monomeric analogue,
dibenzo-24-crown-8 (2a) (Table 1), it can be seen that
at comparable initial concentrations of the components
the monomeric crown ether 2a is more effective than

its polymeric counterpart 5 in complexing the guest.
This may be due to steric factors brought about by the
polystyryl chain. We have observed similar diminished
host efficiency with other polymeric systems.14,15 How-
ever, the results demonstrate clearly that the polymeric
host is effective in complexing the monomeric guest
species.

A way to determine the relative Ka values for two
hosts with the same guest salt is to carry out two
individual experiments with the host-guest pairs in the
presence of a large amount of the guest salt counterion,
the latter being achieved by dissolution of an excess of
the tetra(n-butyl)ammonium salt. Under these condi-
tions the concentration of free anion, [PF6

-], for all
practical purposes, arises from ion pair dissociation of
the latter very soluble salt. The tetabutylammonium
cation does not interact with the crown ether. Therefore,
since as noted above Kaexp ) Kipd Ka/[PF6

-] and Kipd for
guest salt 17 and [PF6

-] are essentially the same in both
solutions, the ratio of the Kaexp values affords the ratio
of Ka values.

Therefore, we examined the complexation of DB24C8-
polymer 5 with dibenzylammonium hexafluorophos-
phate (17) in the presence of excess tetra(n-butyl)-
ammonium hexafluorophosphate in comparison to
complexation of DB24C8 (2) itself with 17 under the
same conditions (Figure 5). The Kaexp values were 79
and 667 M-1, respectively. For 2‚17 Ka ) 5.1 ((0.6) ×
102 M-1.28 From the ratio of Kaexp values (0.12) we
estimate Ka ) 61 ((7) M-1 for polystyryl crown complex
18. Again the large reduction in Ka for the polymeric

Figure 4. Partial 1H NMR spectra (400 MHz, CD3COCD3/
CDCl3 (1/1), 22 °C) of (a) DB24C8-terminated polystyrene 5
(GPC: Mn ) 1.39 kg/mol and PDI ) 1.03) by itself; (b-e) 5
and dibenzylammonium hexafluorophosphate (17) [initial
concentrations of crown moieties in 5 ) 1.00 mM]. Key: (b)
[17]0 ) 5.00 mM, (c) [17]0 ) 3.00 mM, (d) [17]0 ) 2.00 mM, (e)
[17]0 ) 1.00 mM, and (f) 17 alone, 1.00 mM. u ) uncomplexed;
c ) complexed.

Table 1. Complexation of Crown Ether Moieties of
DB24C8-Terminated Polystyrene 5a and DB24C8 (2a)a by

Dibenzylammonium Hexafluorophosphate (17)
Independently in CDCl3/CD3COCD3 (1/1) at 23 °C

[17]0
(mM) p of 5b

Kaexp of 5
(M-1)c

[17]0
(mM) p of 2ab

Kaexp of 2a
(M-1)d

2.00 0.491 732 4.00 0.702 907
3.00 0.493 378 6.00 0.808 960
4.00 0.496 284 8.00 0.831 776
5.00 0.499 231 10.00 0.852 694

a The initial concentrations of crown ether moieties in polysty-
rene 5 were 1.00 mM and those of monomeric crown ether 2a were
2.00 mM. b p ) the fraction of complexed crown ether moieties,
determined by integration of the signals for Hγ. Maximum error
( 0.020. c Kaexp ) [18]/[5]([17]0 - [18]). d Kaexp ) [complex]/
[2a]([17]0 - [complex]).

Scheme 4. Representation of the Complexation of
Guest Salts by Crown Ethers via Formation of a Non
Ion Paired Complex from an Ion Paired Salt in a Low

Polarity Mediuma

a Two equilibria are involved: (1) ion pair dissociation
defined by Kipd and (2) Pseudorotaxane Complex Formation
Defined by Ka.
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host is most likely due to the adverse effects of the
polystyryl chain.

The mass spectrum of a mixture of DB24C8-function-
alized polystyrene 5 and guest salt 17 provides cor-
roboration of the formation of 18. The base peak signal
at m/z 794 corresponds to the complex 19. The peak at
675 corresponds to the complex 20. These species arise
presumably in the same way that the corresponding
fragments 13/14 and 12, respectively, are formed. The
higher m/z signals in the spectrum (Figure 6a) are all
attributed to polymeric complex 18 after it has lost the
TEMPO end group. As can be seen in Figure 6b these
signals are actually comprised of pairs of clusters. As
with the parent polymer 5, the members of the indi-
vidual pairs are separated by 14 mass units. We
attribute these signals to fragments 21a and 21b formed
as shown in Scheme 3; in Figure 6b the pairs of clusters
correspond to n ) 5, 6, and 7. It is interesting to note
that for n ) 5 the higher mass fragment 21b predomi-
nates, but for n ) 7 the lower mass fragment 21a
dominates. The same behavior can be observed in Figure
1 for the parent polymer, 5, in which the transition
occurs between n ) 5 and n ) 6.

Interestingly when sodium iodide was added to the
mixture of DB24C8-functionalized polystyrene 5 and
dibenzylammonium hexafluorophosphate (17) the sig-
nals for the ammonium complexes were barely detect-
able (Figure 6c); the new pairs of signals correspond to
the sodium adducts 16a and 16b. In the presence of NaI
the pseudorotaxane is only barely observed for two
reasons: 1) the sodium cation competes strongly for
binding to the crown moieties1 and 2) the iodide coun-
terion forms a tight ion pair with the dibenzylammo-
nium ion (decreasing Kipd, Scheme 2), lowering the
concentration of free cation, which is required for the
complexation. This result indicates that the ammonium
ion guests can be expelled by sodium ions, providing a
means of switching ammonium ion pseudorotaxane
formation off; such capability for switching/sensing
provides exciting potential avenues for controlling mac-

roscopic physical properties of suitably designed poly-
meric host-guest systems.

Complexation of BMP32C10-Terminated Poly-
styrene (11) with Dibenzylammonium Hexafluo-
rophosphate (17). The model system BMP32C10 (1b)
binds ammonium ion guest 17 in a 1:2 pseudorotaxane
complex only very weakly: Ka ) 5 ( 2 M-2 in CD3CN.40

To determine the possible formation of the pseudoro-
taxane complex 22 from dibenzylammonium salt 17 and
the BMP32C10 moiety of 11, 1H NMR spectra of
solutions in 1:1 CDCl3:CD3COCD3 were examined (Fig-
ure 7). There was no evidence of complexation between
the two components, either as manifest in the appear-
ance of new signals under slow exchange or as a change
in the chemical shifts under fast exchange. Since there
was an excess of the guest 17 relative to the host species
11, it appears that there is no (or perhaps very, very

Figure 5. Partial 1H NMR spectra (400 MHz, CD3CN/CDCl3
(2/3, 22 °C) in the presence of 100 mM (n-Bu)4NPF6 of (a) 5
(GPC: Mn ) 1.39 kg/mol and PDI ) 1.32) and dibenzylam-
monium hexafluorophosphate (17), initial concentrations of
crown moieties in 5 ) 2.00 mM and [17]0 ) 6.00 mM, and (b)
dibenzo-24-crown-8 (2) and 17, initial concentrations [2] 0 )
2.00 mM and [17]0 ) 6.00 mM. u ) uncomplexed, c )
complexed.

Figure 6. Partial MALDI-TOF mass spectra of a mixture of
DB24C8-terminated polystyrene 5 (GPC: Mn ) 1.39 kg/mol
and PDI ) 1.32) and dibenzylammonium hexafluorophosphate
(17): (a) m/z 900-3000 spectrum in dithranol, (b) expansion
of the m/z 1300-1600 region in dithranol, and (c) expansion
of the m/z 1300-1600 region in dithranol with added NaI. In
parts a and b, the pairs of signals correspond to the pseudoro-
taxane complex 18 after loss of the TEMPO end group,
specifically (5 - TEMPO + DBA)+ ) 21a and (5 - TEMPO +
CH2 + DBA)+ ) 21b; n values are indicated for some of the
pairs. In part c, the signals correspond to the analogous sodium
complexes (5 - TEMPO + CH2 + Na)+ ) 16a and (5 - TEMPO
+ CH2 + Na)+ ) 16b as observed in Figure 3; the pseudoro-
taxane signals are barely observed in part c.
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weak) interaction in this system, since complex 22 is
not detected.

Complexation of BMP32C10-Terminated Poly-
styrene (11) with N,N′-Bis(p-tert-butylbenzyl)-4,4′-
bipyridinium Bis(hexafluorophosphate) (23). In

1:1 CDCl3:CD3COCD3 at room temperature the com-
plexation equilibrium for polymer 11 with 23 is a fast
exchange process and the observed 1H NMR signals are
time averaged (Figure 8). The Job plot41 (Figure 9)
demonstrates the 1:1 stoichiometry of the complex of
11 with 23, the same as observed with the small
molecule host 1b. To establish the chemical shift of the
fully complexed crown ether, the concentration of guest
23 was varied up to 10 mM while that of polymeric host
11 was maintained at 0.310 mM; the intercept of the
linear plot of 1/∆ (∆ ) the chemical shift change from
the uncomplexed γ-protons of host 11), vs the inverse
of the concentration of guest 23 (Figure 10) yielded ∆0
) 0.108 ppm, the chemical shift change for Hγ of the
fully complexed crown ether moieties in 24; it is not
known whether the crown folds around the paraquat
guest to form a “taco complex” (24b), as we have
observed with 1c,31,42 or a pseudorotaxane forms by

threading of the paraquat moiety through the crown
ether ring (24a).43 The fraction of crown ether com-
plexed, p, is equal to ∆/∆0.44 In 1:1 complexes of larger
crown ethers such as 1b with paraquats such as 23 both
the guest salt and the complex are ion paired in low
polarity solvents and the simple expression Ka )
[complex]/[host]([guest]0 - [complex]) is valid.34 Using
this same expression, Ka was calculated at concentra-
tions which yielded p ) 0.2 to 0.9 (the Weber rule)45 as
shown in Table 2. The average value was Ka ) 751 (
27 M-1. This process contrasts strongly with the lack
of complexation of the secondary ammonium salt 17,
reflecting the selectivity of polystyryl crown 11 for the
paraquat guest over the ammonium guest.

For comparison purposes the complexation of model
crown ether 1a and paraquat 23 was examined under
the same conditions. As can be seen from Table 2 the
Ka value for the polymeric host 11 is 61% of that of the
monomeric host 1a; again the reduction in binding
strength is probably the result of steric effects of the
polystyryl chain in the former, but the decrease is not
as severe as observed with the smaller, less flexible 24-
membered crown ether-containing polymer 5 with diben-
zylammonium guest 17.

The mass spectrum of a mixture of BMP32C10-
terminated polystyrene 11 and paraquat 23 (Figure 11)-
confirms the complexation process leading to 24. In the
low m/z region the spectrum contains many of the same
peaks (labeled “*”) as observed with uncomplexed
polymer 11 (Figure 3). However, at higher masses, the
major peaks (labeled “‡”) in each set of three at intervals
of 104 mass units (Figure 11b) are attributable to 25

Figure 7. Partial 1H NMR spectra (400 MHz, CD3COCD3/
CDCl3 (1/1), 22 °C) of (a) BMP32C10-terminated polystyrene
11 (GPC: Mn ) 4.52 kg/mol and PDI ) 1.07) (0.310 mM) and
(b) 11 (0.310 mM) and dibenzylammonium hexafluorophos-
phate (17, 1.00 mM).

Figure 8. Partial 1H NMR spectra (400 MHz, CD3COCD3/
CDCl3 (1/1), 22 °C) of (a) 1.00 mM BMP32C10-terminated
polystyrene 11 (GPC: Mn ) 4.52 kg/mol and PDI ) 1.07) (top),
(b) 1.00 mM 11 and N,N′-bis(p-tert-butylbenzyl)-4,4′-bipyri-
dinium bis(hexafluorophosphate) (23) (middle), and 1.00 mM
N,N′-bis(p-tert-butylbenzyl)-4,4′-bipyridinium bis(hexafluoro-
phosphate) (23) (bottom).

Figure 9. Job plot for complexation of BMP32C10-terminated
polystyrene 11 (GPC: Mn ) 4.52 kg/mol and PDI ) 1.07) (CD3-
COCD3/CDCl3, 1/1 at 22 °C) showing 1:1 stoichiometry. [11]0
+ [23]0 ) 2.00 mM. ∆ ) the chemical shift change of
γ-ethyleneoxy protons of 11.
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that results from the loss of two PF6 moieties and the
t-butylbenzyl group of the paraquat unit from complex
24, i.e., (m/z ) 104.06 n + 683.34 + 156.14 + 303.56).
Losses of both PF6 moieties are commonly observed for
analogous low molar mass complexes. 22,31,42,46 Note that
in the complexes the TEMPO end group is retained and
with that only one cluster is seen; in other words, in
the uncomplexed system, parent polymer 11, TEMPO
loss leads to the “double clusters” with m/z 14 separation
(Figure 3b), consistent with the processes proposed in
Scheme 3. This is not observed for complex 24.

It is also noteworthy that with polymeric complex 24,
even though sodium iodide was used to promote ioniza-
tion, the proportions of peaks labeled “diamond” and
“heart” due to sodium complexes 16a and 16b (see
Figure 10b; cf., Figure 3b) are relatively weak, in
contrast to the results for complex 18, which is relatively
easily displaced by NaI. In other words, complexation
of paraquat 23 by BMP32C10-functionalized polysty-
rene is relatively insensitive to competing sodium ion
complexation. This robustness arises from several fac-
tors. First, the large 32-membered crown ether is less
effective as a host for Na+ than the 24-crown-8 system,

whose cavity size is closer to that of the cation.1 Second,
the binding constant for paraquat 23 with polymeric
host 11 is 10-fold greater than that of ammonium ion
17 and polymeric host 5. Third, since BMP32C10/
paraquat complexes are ion paired,34 the I- counterions
have no effect on the binding of guest 23 by polymeric
crown ether 11.

Conclusions
Two TEMPO-based initiators containing different

crown ethers have been shown to be suitable for SFRP
of styrene, and presumably other vinyl monomers. The
resultant polymers have narrow molecular weight dis-

Figure 10. Inverse of chemical shift change, 1/∆, (400 MHz,
CD3COCD3/CDCl3 (1/1), 22 °C) of γ-protons of BMP32C10-
terminated polystyrene 11 (GPC: Mn ) 4.52 kg/mol and PDI
) 1.07) vs the inverse of the initial concentration of the
paraquat guest 23, [11]0 ) 0.310 mM. The intercept is 1/∆o;
∆o is the chemical shift change that would be observed for
100% complexation of the crown ether moieties, i.e., 24.

Table 2. Complexation of Crown Ether Moieties of
BMP32C10-Terminated Polystyrene 11a and

5-Hydroxymethyl-1,3-phenylene-1′,3′-phenylene-
32-crown-10 (1a)a by N,N′-Bis(p-tert-butylbenzyl)-
4,4′-bipyridinium Bis(hexafluorophosphate) (23)
Independently in CDCl3/CD3COCD3 (1/1) at 23 °C

[23]0
(mM) p of 11b

Ka of 11
(M-1)c p of 1ad

Ka of 1a
(M-1)e

0.500 0.256 819 0.350 1.41 × 103

1.00 0.389 724 0.530 1.37 × 103

2.00 0.574 740 0.666 1.12 × 103

3.00 0.698 831 0.790 1.38 × 103

5.00 0.778 737 0.842 1.13 × 103

10.0 0.867 655 0.902 953
av ((std error) 751 ((27)f 1.23 ((0.20) × 103

aThe initial concentrations of crown ether moieties of polymer
11 and model crown ether 1a were maintained at 0.310 mM using
Mn ) 4.52 kg/mol derived by GPC. b p ) the fraction of complexed
crown ether moieties, determined by ∆/∆0 based on the γ-protons
of the crown ether moiety; ∆0 ) 0.108 ppm. Maximum error in p:
(0.050. c Ka ) [24]/[11][23]. d p ) the fraction of complexed crown
ether moieties, determined by ∆/∆0 based on the γ-protons of the
crown ether moiety; ∆0 ) 0.125 ppm. Maximum error in p: (0.040.
e Ka ) [complex]/[23][1a]. f Using the NMR value of Mn ) 4.2 kg/
mol yields a concentration of crown units 0.33 mM and Ka ) 7.6
(( 0.7) × 102 M-1.

Figure 11. MALDI-TOF mass spectrum of a mixture of
BMP32C10-terminated polystyrene 11 (GPC: Mn ) 4.52 kg/
mol and PDI ) 1.07) and N,N′-bis(p-tert-butylbenzyl)-4,4′-
bipyridinium bis(hexafluorophosphate) (23). (a) m/z 900-6000
spectrum. (b) Expanded view of m/z 2125-2408. The peaks in
the lower region of the spectrum a that are marked “/” are
due to (11-CH3)+ as found in Figure 3. The signals marked
“‡” are attributed to the pseudorotaxane complex 24 after
losses of 2 PF6 and a p-tert-butylbenzyl moiety, i.e., 25; the
main signals observed in part b are for 25, n ) 10-12. The
two minor signals observed in part b are the same ones
observed for polymer 11 by itself (Figure 3b), namely the
competing sodium adducts 16a (indicated by a “diamond”) and
16b (indicated by a “heart”). Calibration error increases at high
m/z values.
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tributions and a single crown ether unit at one chain
end. The crown ether moieties of DB24C8-terminated
polystyrene 5 have been demonstrated to be effective
hosts for formation of pseudorotaxane complexes from
secondary ammonium ions, e.g., 17. The DB24C8-
terminated polymer 5 is selective for secondary am-
monium salts and cannot complex bulky viologen
(paraquat) derivatives such as 23, because the tert-butyl
group is too large to penetrate the cavity of the crown
ether.47 Moreover, sodium ions are effective in displace-
ment of the ammonium ion guests, as shown with
complex 18 from dibenzo-24-crown-8-terminated poly-
mer 5 and 17. The bis(m-phenylene)-32-crown-10-
terminated polystyrene 11 is highly selective for com-
plexation of paraquats vs secondary ammonium ions;
however, the paraquat guest is not easily displaced by
sodium ions. The selectivity of these systems should
prove useful in our future efforts to self-assemble
macromolecular building blocks into switchable heier-
archical structures that are sensitive to various stimuli,
resulting in changes in macroscopic physical properties.
Scheme 5 illustrates the use of these concepts in
selective formation of two distinct supramolecular block
copolymers from a mixture of four end-functionalized
polymers and the formation of supramolecular triblock
copolymers via selective chain end complexation. Our
current efforts are focused on these objectives.

Experimental Section

Materials. Chloroform (HPLC grade, Burdick and Jackson),
CDCl3 (99.8% isotopic purity, with 0.05% v/v tetramethylsi-
lane, Cambridge Isotope Laboratories), ethanol (reagent grade,
denatured, Aldrich), methanol (ACS HPLC grade, Burdick and
Jackson), nitrogen gas (∼100%, anhydrous, from in-house
liquid nitrogen source), silica gel (32-63 µm, 60 Å pore size,
AdEdge) and water (deionized, purity not determined, in-house
supply) were used as supplied. Styrene (99%, Aldrich) was
vacuum distilled and stored over molecular sieves (5A, 4-8

mesh, Aldrich). Tetrahydrofuran (99+%, ACS reagent grade,
Aldrich) was distilled from Na/benzophenone.

Instruments. A vacuum oven (Napco model 5831) was used
in concert with a vacuum pump (Welch Duoseal model 1400)
at ca. 1 Torr for drying samples. NMR spectra were recorded
at ambient temperature on Varian 400-MHz or Bruker 500-
MHz spectrometers with tetramethylsilane (TMS, δ ) 0) as
internal standard. GPC was conducted on an ISCO model 2350
chromatograph equipped with a UV detector (Waters, model
R401) at 23°C using dual Polymer Labs columns (PLgel mixed
5 µm × 300 mm) packed with cross-linked styrene-divinyl-
benzene; the solvent was CHCl3 and toluene was used as a
flow marker. The system was calibrated with polystyrene
standards with molecular weights between 1.25 and 100 kg/
mol. A typical solution contained ca. 2 mg/mL, of which 200
µL was injected and eluted at 1.0 mL/min. Elemental analyses
were provided by Atlantic Laboratories, Norcross, GA. MALDI-
TOF MS spectra were obtained at Vanderbilt University using
a Voyager-DE STR (Applied Biosystems, Framingham, MA)
operated in the positive ion reflector mode using an average
of 200 shots with a 337 nm wavelength nitrogen laser
operating at 20 Hz. For MALDI MS a 0.1 M matrix solution
of 1,8,9-anthracenetriol (“dithranol”) in THF salt solutions of
1 mg/mL of silver trifluoroacetate in THF or NaI in methanol,
and polymer stock solutions in THF (10 mg/mL) were pre-
pared; sample solutions were produced by mixing the polymer,
matrix, and salt solutions in a 2:5:2 volume ratio, respectively,
and sample plates were spotted with 1 µL aliquots. The
positive ion MALDI-TOF spectrum of Figure 2 was obtained
at HT Laboratories, San Diego, CA, using acetone as the
solvent.

DB24C8 Initiator 4a. A mixture of TEMPO derivative 336

(0.62 g, 2.0 mmol), 4-(hydroxymethyl)dibenzo-24-crown-8 (2b)24

(0.957 g, 2.00 mmol) and 60% NaH (0.24 g, 6.0 mmol) in dry
THF (50 mL) was stirred at room temperature for 2 h and
then 24 h at reflux and cooled. A few drops of water were added
to destroy the excess NaH. The solution was dried with MgSO4,
filtered and evaporated to dryness. The residue was purified
by column chromatography, eluting with diethyl ether: 0.40
g (26%) of a colorless oil. 1H NMR (400 MHz, chloroform-d, 22
°C): δ ) 0.64 (s, 3H), 1.02 (s, 3H), 1.18 (s, 3H), 1.24 (s, 3H),
1.24-1.58 (m, 6H), 1.45 (d, J ) 6.8 Hz, 3H), 3.82 (m, 8H), 3.92
(m, 8H), 4.16 (m, 8H), 4.45 (s, 2H), 4.49 (s, 2H), 4.78 (q, J )
6.8 Hz, 1H), 6.80-6.92 (m, 7H), 7.25-7.35 (m, 4H). LR FAB
MS (NBA), m/z: 774.6 (M - H + Na)+, 3%; 752.4 (M + H)+,
8%; 596.3 (M - TEMPO + H)+, 2%; 461.3 (M - C18H28NO2)+

) (DB24C8CH2)+ (6), 44%; 156.1 (TEMPO)+, 59%; 45.0, 100%.
HR FAB MS (NBA), m/z: 752.4395 (M + H)+, calcd 752.4374;
461.2167 (M - C18H28NO2)+ ) 6, calcd 461.2175. Anal. Calcd
for C43H61NO10: C, 68.68; H, 8.18. Found: C, 68.39; H, 8.20.

BMP32C10 Initiator 4b. To a solution of 3 (0.619 g, 2.00
mmol) and 5-(hydroxymethyl)-1,3-phenylene-m-phenylene-32-
crown10 (1a)37 (1.133 g, 2.00 mmol) in dry THF (50 mL) was
added 0.24 g of 60% NaH (6.0 mmol). The solution was stirred
at 25°C for 2 h and then 24 h at reflux. The solution was cooled
and few drops of water were added to destroy the excess NaH.
The solution was dried with MgSO4, filtered and evaporated
to dryness. The crude product was purified by flash chroma-
tography (silica gel), eluting with diethyl ether: 1.27 g (75%)
of a viscous, colorless oil. 1H NMR (CDCl3): 0.67, 1.02, 1.16,
1.28 (each br s, 3H), 1.24-1.58 (m, 6H), 1.46 (d, J ) 6.5 Hz,
3H), 3.69 (m, 16H), 3.83 (m, 8H), 4.06 (m, 8H), 4.44 (s, 1H),
4.49 (s, 1H), 4.77 (q, J ) 6.5 Hz, 1H), 6.45 (m, 6H), 7.11 (t, J
) 8.6 Hz, 1H), 7.25-7.35 (m, 4H). 13C NMR (CDCl3): 16.94,
20.08, 23.31, 33.95, 34.19, 40.05, 59.34, 67.18, 67.24, 69.37,
70.54, 70.57, 71.60, 71.62, 82.57, 100.46, 101.33, 106.03,
106.79, 126.30, 127.28, 129.47, 136.31, 140.36, 144.93, 159.67,
159.70. Anal. Calcd for C47H69NO12: C, 67.20; H, 8.28. Found:
C, 67.02; H, 8.18.

Representative Synthesis of Dibenzo-24-crown-8-
Terminated Polystyrene (5): A solution of 655 mg (0.873
mmol) of initiator 4a and 5.0 mL (44 mmol) of styrene was
heated at 130°C under nitrogen for 16 h, at which point it was
quite viscous. The mixture was dissolved in chloroform and
precipitated into methanol. The resultant solid was collected

Scheme 5. Selective Construction of a Pair of
Supramolecular Diblock Copolymers from a Mixture

of Four Separate Polymers with Two Pairs of
Orthogonally Complementary Terminal Groups (Top)

and Self-Assembly of an ABC Supramolecular
Copolymer via Selective Pairwise Complexation of
Complementary Terminal Host and Guest Moieties

(Bottom)
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and reprecipitated twice. The vacuum-dried polymer weighed
1.4 g (27%). 1H NMR (400 MHz, CDCl3, 22 °C): δ ) 1.40 (bs,
2H), 1.80 (bs, 1H), 3.76 (m, 8H), 3.84 (m, 8H), 4.08 (m, 8H),
6.50 (bs, 2H), 7.02 (bs, 3H). GPC results: Mn ) 3.19 kg/mol,
Mw ) 3.27 kg/mol, and PDI ) 1.03. 1H NMR end group analysis
by referencing R-, â-, and γ-proton signals of the crown ether
moiety to the aromatic signals (6.2-7.4 ppm, taking into
account the contribution of the crown ether-based unit’s
aromatic protons) indicated Mn ) 3.09 kg/mol, including the
crown and TEMPO end groups.

Synthesis of Bis(m-phenylene)-32-crown-10-Termi-
nated Polystyrene (11): A stirred solution of initiator 4b
(0.624 g, 0.744 mmol), styrene (4.5 mL, 39 mmol) and acetic
anhydride (0.152 g, 1.49 mmol) under N2 was maintained at
100 °C in an oil bath for 18 h. The reaction mixture became
viscous and the magnetic stirrer stopped. The mixture was
dissolved in chloroform and precipitated into methanol; the
solid was reprecipitated several times and vacuum-dried to
afford 1.3 g (32%) of colorless powder. 1H NMR (400 MHz,
chloroform-d, 22 °C): δ ) 1.42 (bs, 2H), 1.82 (bs, 1H), 3.70
(m, 16H), 3.84 (m, 8H), 4.08 (m, 8H), 6.50 (bs, 2H), 7.02 (bs,
3H). GPC results: Mn ) 4.52 kg/mol, Mw ) 4.83 kg/mol, and
PDI ) 1.07. 1H NMR end group analysis by referencing R-, â-,
and γ-proton signals of the crown ether moiety (3.6-4.2 ppm)
to the aromatic signals (6.2-7.4 ppm, taking into account the
contribution of the crown ether-based aromatic protons)
indicated Mn ) 4.2 kg/mol, including the crown and TEMPO
end groups.

Complexation of Ammonium Salt 17 with Crown
Ether-Functionalized Polystyrenes (Representative Pro-
cedure). Crown terminated polystyrene 5, Mn ) 3.19 kg/mol
(38.2 mg) was dissolved in 6.00 mL of CDCl3 to yield a solution
2.00 mM in crown ether moieties. Solutions of various con-
centrations of ammonium salt 17 were similarly prepared in
CD3COCD3. Then a series of solutions of 5 and 17 was
prepared by mixing the two solutions in a 1:1 volume ratio
and studied by NMR. The fraction of crown moieties complexed
was determined by subtraction of the integral of the signal
for Hγc at 3.53 ppm from the total integral for Hγu + Hâu + Hâc

at 3.72-3.94 ppm to determine Hγu + Hâu, dividing this value
by two to determine Hγu, and then comparing the resulting
integrals for Hγu and Hγc.

N,N′-Bis(p-tert-butylbenzyl)-4,4′-bipyridinium Hexaflu-
orophosphate (23). A mixture of 0.31 g (2.0 mmol) of 4,4′-
bipyridine, 2.28 g (10.0 mmol) of 4-tert-butylbenzyl bromide,
3.00 g (20.0 mmol) of sodium iodide, and 20 mL of acetone
was heated at reflux for 48 h, cooled, and filtered. The solid
was washed with chloroform and dissolved in a minimum
amount of deionized water. Excess solid ammonium hexafluo-
rophosphate was added until no further precipitation was
observed. The precipitate was collected, dried and dissolved
in a minimum amount of acetone. Excess deionized water was
added. The precipitate was collected and dried. This process
was repeated three times to afford pure 23 (1.56 g, 85%), mp
313.4-314.6. 1H NMR (400 MHz, acetone-d6, 22 °C) δ (ppm):
9.58 (4H, d, J ) 6.8 Hz), 8.88 (4H, d, J ) 6.8 Hz), 7.64 (4H, d,
J ) 8.4 Hz), 7.59 (4H, d, J ) 8.4 Hz), 6.17 (4H, s), and 1.34
(18H, s). Anal. Calcd for C32H38N2P2F12: C, 51.90; H, 5.17; N,
3.78. Found: C, 52.07; H, 5.18; N, 3.79.

Complexation of Paraquat Derivative 23 with the Bis-
(m-phenylene)-32-Crown-10-Terminated Polystyrene 11.
Precisely weighed (( 0.01 mg) amounts of dried hosts and
guests were added into separate screw cap vials. A mixture of
acetone-d6 and chloroform-d (1:1 in volume) was added with
to-deliver volumetric pipets. Then specific volumes of each
fresh solution were mixed to yield the desired concentrations.
For example, to make three solutions: 0.310 mM 11/3.00 mM
23, 0.310 mM 11/5.00 mM 23, and 0.310 mM 11/10.0 mM 23,
a 0.310 mM solution of 11 was made first by adding 5.00 mL
solvent with a 5.00 mL to-deliver pipet into a screw cap vial
containing 6.99 mg (0.00155 mmol) of 11 (Mn ) 4.52 kg/mol,
GPC). Then 0.600 mL of this solution was added with a 0.300
mL to-deliver pipet twice to three vials that contained 1.33,
2.22, and 4.44 mg (0.00180, 0.00300, and 0.00600 mmol,
respectively) of 23 separately. 1H NMR data were collected on

a temperature controlled spectrometer. The mixture of acetone-
d6 and chloroform-d (1:1 in volume) was chosen because all
compounds used here dissolve readily in it. The solutions of
1b and 23 were prepared in the same way.
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