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ABSTRACT: New polymers that incorporate paraquat or crown ether moieties as chain ends or central
units were synthesized by stable free radical polymerization (SFRP) and atom transfer radical polymerization
(ATRP). For SFRP, TEMPO derivatives that contain a functional unit were used as initiators. For ATRP, a
copper-amine or copper-bipyridine complex was used as a catalyst with radical initiators from halide
derivatives of paraquat and crown ethers. These end- or center-functionalized polymers formed pseudo-
rotaxane complexes with complementary small molecules. They also formed reversible pseudorotaxane
polymers: chain-extended, star-shaped homopolymers, and block copolymers. Complexation studies to
determine stoichiometry and association constants with thermodynamic parameters were performed
by NMR spectroscopy and isothermal microcalorimetric (ITC) titration. The association constants of
crown ether derivatives andparaquat compounds in chloroformweremeasured for the first time:Ka=2.97�
103M-1 for paraquat polystyrene and bis(m-phenylene)-32-crown-10 andKa= 4.38� 103M-1 for paraquat
polystyrene and crown ether polystyrene. These are 4-6-fold higher than the association constant of the
analogous small molecule host-guest system in acetone.

Introduction

Since the synthesis and characterization of 18-crown-6 in
1967,1 many crown ethers have been synthesized, and their
complexation behaviors have been widely studied.2 Crown ethers
can undergo complexation not only withmetal ions but also with
rodlike cationic molecules to form threaded structures known as
pseudorotaxanes and rotaxanes.3 The convergence of supramo-
lecular and polymer science has also led to the construction of
analogues of traditional macromolecules by supramolecular
methods. Because of their unique topological character and
potential functions, these systems may lead to advancements in
many applications.4 Someprevious examples of polymers formed
by the self-assembly of the host and guest units include dendri-
mers from cooperative complexation of a homotritopic guest and
complementary monotopic dendron hosts,5 a hyperbranched
polymer from an AB2 monomer,6 linear polymers from self-
organization of well-defined building blocks,7 a supramolecular
triarm star polymer from a homotritopic host and a complemen-
tary monotopic paraquat-terminated polystyrene guest,8 and
polymers with terminal pseudorotaxane units from polymers
end-functionalized with crown ethers and small guestmolecules.9

The formation of pseudorotaxanes from crown ethers and N,
N0-dialkyl-4,40-bipyridinium salts (“paraquats”) was confirmed
by X-ray crystallography, and their association constants (Ka)
were determined by various analytical tools. The Ka of bis(m-
phenylene)-32-crown-10 (BMP32C10) and dimethylparaquat
bis(hexafluorophosphate) was reported as 760 M-1 in acetone-
d6 at ambient temperature.4a The association constants between
host and guestmolecules can be changed through the variation of
system parameters, such as temperature, pH, solvent, and im-
purities. In the phenylene crown ether complexes with paraquats,
the main intermolecular forces for complexations are multiple

hydrogen bonds, dipole-dipole, and π-electron interactions
between the host and guest. Since the complexations occur in
solution, solvent effects are important. For example, protic
solvents (such as methanol) interfere with the hydrogen bonding
between the host and guest. Polar aprotic solvents (such as
DMSO and DMF) can also lower the binding forces due to their
high polarity and hydrogen bond accepting character. For this
reason, higher association constants are expected in less polar
solvents; however, the paraquat compounds are almost insoluble
even in THF and other less polar solvents. The association
constants between crown ethers and paraquat species have been
measured in acetone or acetonitrile (MeCN) due to the need for a
common solvent for the host and guest molecules. We expected
that the association constants of crown ethers and paraquat
derivatives could be higher in solvents less polar than acetone or
MeCN; however, no one has reported the association values in
less polar solvents due to the poor solubilities of the paraquat
compounds.

Herein, we first report pseudorotaxane formation in chloro-
form fromparaquat-functionalized polystyrene and crown ethers
(1 in Figure 1) and from center-functionalized polystyrene and
paraquat (2 in Figure 1). From polymeric building blocks that
contain a terminal crown ether or paraquat unit, chain extension
(3) and 3-armed star polymers (4) were observed in solution
(Figure 1). Diblock copolymer and 3-armed star copolymer
formation from polystyrenes and PMMA with functional com-
plementary host-guest terminal units were also tried (5, 6);
however, they were less efficient than the polystyrene homo-
polymer systems. The details are discussed below.

Experimental Section

IsothermalMicrocalorimetric (ITC)Titrations. Samples of the
host and guest molecules were accurately weighed into volu-
metric flasks and diluted to volume with solvent to yield stock
solutions for titration. Titrations were run on a Microcal MCS
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ITC. Raw isotherm data were collected using the Microcal
Observer software. Integration and fitting of the isothermal
data (Ka andΔH) were accomplished usingOrigin software with
a one set of sites algorithm. The titration curve was fit using
the Weisman isotherm, yielding ΔH. The Gibbs free energy
was calculated from the association constant, Ka: ΔG=-RT ln
Ka. Then ΔS was calculated from ΔS=(ΔH - ΔG)/T.

MALDI-TOF/TOF CID Measurements. All samples were
analyzed using a Voyager Elite DE STR MALDI-TOF MS
(Applied Biosystems, Framingham, MA) equipped with a
337 nm N2 laser. All spectra were obtained in the positive ion
mode using an accelerating voltage of 20 kV and a laser intensity
of ∼10% greater than threshold. The grid voltage, guide wire
voltage, and delay time were optimized for each spectrum to
achieve the best signal-to-noise ratio. All spectra were acquired in
the reflectron mode with a mass resolution greater than 3000
fwhm; isotopic resolution was observed throughout the entire
mass range detected. External mass calibration was performed
using protein standards from a Sequazyme Peptide Mass Stan-
dard Kit (Applied Biosystems) and a five-point calibration meth-
od using Angiotensin I (m=1296.69Da), ACTH (clip 1-17) (m=
2093.09Da), ACTH (clip 18-39) (m=2465.20Da), ACTH (clip
7-38) (m=3657.93 Da), and bovine insulin (m = 5730.61 Da).
Internal mass calibration was subsequently performed using
a PEG standard (Mn = 2000; Polymer Source, Inc.) to yield
monoisotopic masses exhibiting a mass accuracy better than
Δm = (0.1 Da. The instrument was calibrated before every
measurement to ensure constant experimental conditions. All
samples were run in a dithranol or 3-aminoquinoline (3AQ)
matrix doped with silver trifluoroacetate (AgTFA), copper(II)
chloride (CuCl2), or with no cationization agent added (“neat”).
Samples were prepared using the dried-droplet method with
weight (mg) ratios of 50:10:1 (dithranol:polymer:AgTFA) in
THF. After vortexing the mixture for 30 s, 1 μL of the mixture
was pipetted on the MALDI sample plate and allowed to air-dry
at room temperature. MS data were processed using the Data
Explorer 4.9 software supplied by the manufacturer (Applied
Biosystems).

Materials. The preparations of the paraquat and crown
ether precursors for SFRP (TEMPO derivatives) and ATRP
initiators followed literature procedures.10,11 Styrene (Aldrich)

and methyl methacrylate (Aldrich) were filtered through basic
alumina and stored under nitrogen. The monomers and di-
methylformamide (DMF) were deoxygenated by nitrogen bub-
bling for at least 30 min before polymerization. Copper(I)
bromide (Aldrich) was washed with glacial acetic acid,
vacuum-filtered, washed with absolute ethanol, and dried in a
vacuum oven. 2,20-Dipyridyl was recrystallized from ethanol
and dried in a vacuum oven. Acetonitrile (MeCN) for esterifica-
tion reactions of acid chlorides and alcohols was distilled over
calcium hydride. Pyridine was distilled over sodium hydroxide
and stored under nitrogen. All other chemicals and solvents
were used as received.

N-(ω-Carboxypentyl)-4,40-bipyridinium PF6
- (7). A solution

of 4,40-dipyridyl (9.38 g, 60 mmol) and 6-bromohexanoic acid
(1.95 g, 10mmol) inMeCN (30mL) was refluxed for 2 days. The
precipitate was filtered after cooling and then washed with
MeCN three times. The bromide salt was dissolved in deionized
water (30 mL), and KPF6 (2.76 g, 15 mmol) was added. The
precipitate was filtered and washed with deionized water twice.
Drying in a vacuum oven gave an off-white crystalline solid
7 (3.45 g, 83% yield); mp 143.3-144.6 �C (dec). 1H NMR (400
MHz, DMSO-d6, 23 �C): δ 1.33 (m, 2H), 1.56 (m, 2H), 1.97 (m,
2H), 2.24 (t, J=7, 2H), 4.63 (t, J=7, 2H), 8.05 (d, J = 7, 4H),
8.64 (d, J= 7, 2H), 8.89 (s, 2H), 9.23 (d, J= 7, 2H), 12.07 (br,
1H). 13C NMR (100MHz, DMSO-d6, 23 �C): δ 23.8, 24.9, 30.4,
33.3, 60.3, 122.0, 125.4, 140.9, 145.3, 151.0, 152.3, 174.4. HR
ESI MS: m/z 271.1454 ([M - PF6

-]þ, calcd for [M - PF6
-]þ

271.1441, error 2.9 ppm).
N-(ω-Carboxypentyl)-N0-methyl-4,40-bipyridinium 2PF6

- (8).
Into a solution of 7 (1.380 g, 2.50 mmol) in dry MeCN (10 mL),
iodomethane (0.780 g, 5.5 mmol) was added at room tempera-
ture. The mixture was refluxed for 3 days. After removing
volatile materials, water (20 mL) and KPF6 (0.55 g, 28 mmol)
were added. The mixture was stirred at 60 �C for 3 h, and the
precipitate was filtered, recrystallized from water twice, and
dried in a vacuum oven. A yellow crystalline solid, 1.100 g
(76%), mp 181.1-183.3 �C (dec), was obtained. 1H NMR
(400 MHz, acetone-d6, 23 �C): δ 1.53 (m, 2H), 1.68 (m, 2H),
2.24 (m, 2H), 2.32 (m, 2H), 4.74 (s, 3H), 4.99 (t, J=8, 2H), 8.84
(m, 4H), 9.37 (d, J=7, 2H), 9.47 (d, J=7, 2H). 13C NMR (100
MHz, acetone-d6, 23 �C): δ 24.8, 26.1, 31.9, 33.7, 49.4, 62.9,

Figure 1. Cartoon representations of the formation of polymers with a terminal (1) or central pseudorotaxane unit (2), chain extension by
pseudorotaxane formation from host- and guest-terminated polymers (3), 3-armed star polymers by pseudorotaxane formation (4), block copolymers
by pseudorotaxane formation (5), and 3-armed block copolymers by pseudorotaxane formation (6).
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127.7, 128.1, 146.9, 147.8, 150.6, 150.9, 174.5. HR ESI MS: m/z
431.1306 ([M - PF6

-]þ, calcd for [M - PF6
-]þ 431.1318, error

2.8 ppm).
N-Methyl-N0-{ω-[(2-phenyl-2-(20,20,60,60-tetramethylpiperidine-

N-oxyl)ethoxycarbonyl]pentyl}-4,40-bipyridinium 2PF6
- (10). A

mixture of 8 (0.5966 g, 1.035 mmol) and freshly distilled thionyl
chloride (6 mL) was stirred at 50 �C for 12 h under a nitrogen
atmosphere. After removing the excess SOCl2 by vacuum distilla-
tion, the residue was rinsed with anhydrous ethyl ether five times.
The corresponding carbonyl chloride of 8 was a dark-yellow
solid; its identity was confirmed by 1H NMR. Into a solution of
the carbonyl chloride in dry MeCN (15 mL), 9 (0.2871 g, 1.035
mmol) was added, and then dry pyridine (0.0860 g, 1.09 mmoL)
was added dropwise over 10min in an ice bath. After stirring for 3
days at room temperature, the insoluble materials were filtered,
and the solventwas removed from the filtrate by rotoevaporation.
The residue was dissolved in ethyl acetate (EA) (80 mL), and the
solution was washed with water three times. The organic solution
was dried over anhydrous Na2SO4, and the drying agent was
filtered. After removing the EA by a rotoevaporator, the residual
solid was washed with ethyl ether three times and dried in a
vacuumovenat 50 �C:0.823g (95%)of beige (off-white) solid;mp
182.2-186.5 �C (dec). 1H NMR (400MHz, acetone-d6, 23 �C): δ
0.69 (s (br), 3H), 1.05-1.65 (m, 19H), 2.10-2.27 (m, 4H), 4.28 (m,
1H), 4.61 (m, 1H), 4.92 (t, J=8, 2H), 4.97 (s (br), 1H), 7.29-7.40
(m, 5H), 8.80 (m, 4H), 9.37 (d, J=7, 2H), 9.47 (d, J=7, 2H). 13C
NMR (100MHz, acetone-d6, 23 �C): δ 17.7, 20.6, 24.7, 26.1, 31.8,
34.1, 41.1, 49.4, 60.7, 62.8, 66.3, 84.9, 127.7, 128.1, 128.7, 128.9,
146.8, 147.8, 150.6, 150.9, 173.1.HRESIMS:m/z 836.2978 ([Mþ
H]þ, calcd for [M þ H]þ 836.2974, error 0.5 ppm), m/z 690.3257
([M - PF6]

þ, calcd for [M - PF6
-]þ 690.3254, error 0.5 ppm).

SFRP of Styrene To Form 11 (Bulk Polymerization), Target
DP = 300. A mixture of 1 (0.1298 g, 0.155 mmol) and styrene
monomer (4.843 g, 46.5mmol) was stirred at 125 �C for 15 h.After
15 h, the magnetic stir bar was stopped by the high viscosity. The
mixture was cooled to room temperature and dissolved in chloro-
form (20mL). The solution was added slowly toMeOH (450mL)
with vigorous stirring. The precipitated solid was filtered and
dissolved again in 20 mL of chloroform. The solution was added
to 450 mL of MeOH with vigorous stirring. The precipitated
solid was dissolved in THF (15 mL) and precipitated into MeOH
(450 mL). Filtration and drying in a vacuum oven gave 3.440 g
(69%) of fine colorless powder. SEC:Mn=31.5 kDa, PDI=1.19
(THF, light scattering detector, PS standards calibration).
1H NMR (400 MHz, CDCl3, 22 �C): δ 1.5-2.3 (m, br), 3.96
(m, br), 4.18 (s, 3H, br), 4.38 (br), 6.6-7.3 (m, br), 8.20 (d, 4H, br),
8.67 (s, 4H, br).

SFRP of Styrene To Form 11 (Solution Polymerization),
Target DP = 300. A mixture of 10 (0.2925 g, 0.350 mmol) and
styrene monomer (10.936 g, 105 mmol) in DMF (5 mL) was
stirred at 125 �C for 8 h. The mixture was cooled to room
temperature and dissolved in chloroform (30 mL). The solution
was added slowly to 750 mL of MeOH with vigorous stirring.
The precipitated solid was filtered and then dissolved in chloro-
form (30 mL). The solution was added toMeOH (750 mL) with
vigorous stirring. The precipitated solid was dissolved in THF
(20 mL) and precipitated into MeOH (750 mL). Filtration and
drying in a vacuum oven gave 9.665 g (86%) of light pink fine
powder. SEC:Mn=31.5 kDa, PDI=1.07 (THF, light scatter-
ing detector, PS standards calibration). 1H NMR (400 MHz,
CDCl3, 22 �C): δ 1.5-2.3 (m, br), 3.97 (br), 4.17 (s, 3H, br), 4.38
(br), 6.6-7.3 (m, br), 8.21 (d, 4H, br), 8.69 (s, 4H, br).

N-[2-(r-Bromoisobutyryloxy)ethyl]-N0-methyl-4,40-bipyridinium
2PF6

- (12). Into a solution of N-(2-hydroxyethyl)-N0-methyl-
4,40-bipyridinium PF6

-13 (2.531 g, 5.00 mmol) and pyridine
(0.475 g, 6.00 mmol) in dry MeCN (15 mL) in an ice bath,
R-bromoisobutyryl bromide (1.150 g, 5.00 mmol) was added by
a syringe over 10 min. After stirring for 15 h at room tempera-
ture, the insoluble materials were removed by filtration, and the
solution was concentrated. The residue was dispersed in water

(60 mL), and the insoluble product was filtered. After washing
the filter cake three times with water, drying in a vacuumoven at
50 �C gave 2.57 g (76%) of beige (off-white) crystalline solid; mp
181.9-183.7 �C (dec). 1HNMR (400MHz,DMSO-d6, 23 �C): δ
1.85 (s, 6H), 4.43 (s, 3H), 4.72 (t, J=4, 2H), 5.08 (t, J=4, 2H),
8.75 (d, J=7, 2H), 8.85 (d, J=7, 2H), 9.28 (d, J=7, 2H), 9.42
(d, J= 7, 2H). 13C NMR (100 MHz, DMSO-d6, 23 �C): δ 30.4,
48.5, 57.2, 59.8, 64.4, 110.0, 126.5, 126.8, 146.9, 147.1, 148.3,
149.6, 170.7. HRESIMS:m/z 509.0427 ([M- PF6

-]þ, calcd for
[M - PF6

-]þ 509.0423, error 0.8 ppm).
ATRP of MMA To Form 13, Target DP=100. Amixture of

12 (0.1640 g, 0.250 mmol), CuBr (0.0360 g, 0.250 mmol),
2,20-dipyridyl (0.1172 g, 0.75 mmol), and methyl methacrylate
(2.503 g, 25.0mmol) inDMF (2.5 g) was stirred at 90 �C for 12 h.
The mixture was cooled to room temperature and dissolved in
THF (15mL). The copper catalyst was removed through a Celite
pad. The filtratewas concentrated to 3mL and then added slowly
to MeOH (60 mL) with vigorous stirring. The precipitated solid
was filtered and then dissolved in chloroform (10 mL). The
solutionwas filtered throughaCelite pad a second time to remove
the green, precipitated copper catalyst. The filtrate was added
slowly to MeOH (60 mL) with vigorous stirring. Filtration
and drying in a vacuum oven gave 1.10 g (41%) of pale yellow
powder. SEC:Mn= 40.7 kDa, PDI=1.33 (CHCl3, RI detector,
PS standards calibration). 1H NMR (400 MHz, CDCl3, 22 �C):
δ 0.8-1.0 (sþ s, br), 1.2 (s, br), 1.4 (m, br), 1.8-2.1 (m, br), 3.6 (s),
4.7 (m, 3H), 8.7-8.9 (m, 4H), 9.2-9.5 (m, 4H).

5-Chloroacetoxymethyl-1,3-phenylene-p-phenylene-33-crown-
10 (14). Into a solution of monohydroxymethyl-MPPP33C1014

(0.710 g, 1.26 mmol) and chloroacetyl chloride (0.180 g,
1.51 mmol) in dry chloroform (10 mL), triethylamine (0.152 g,
1.5mmol) was slowly added over 10min in an ice bath. After the
reaction mixture was stirred for 3 days at room temperature,
water (15 mL) was added, and the mixture was extracted with
chloroform (20 mL) three times. The combined organic layer
was washed with saturated aqueous NaHCO3 and then water.
The solution was dried over Na2SO4, and the drying agent was
removed by filtration. After the solvent was removed by a
rotoevaporator, flash column chromatography (EA/silica gel)
gave a colorless, viscous oil 0.490 g (60%). 1HNMR (400MHz,
CDCl3, 22 �C): δ 3.69 (m, 16H), 3.82 (m, 8H), 4.02 (m, 8H), 4.11
(s, 2H), 5.11 (s, 2H), 6.40 (s, 1H), 6.50 (s, 2H), 6.78 (s, 4H). 13C
NMR (100 MHz, CDCl3, 22 �C): δ 39.9, 66.6, 66.7, 67.2, 68.6,
68.7, 69.8, 69.9, 100.3, 106.0, 114.7, 135.9, 152.0, 159.1, 170.1.
HR FAB MS (NBA-PEG): m/z 642.2405 (calcd for Mþ

642.2443, error 5.9 ppm).
ATRP of Polystyrene To Form 15, Target DP = 300. A mix-

ture of 14 (0.129 g, 0.20 mmol), CuBr (0.0861 g, 0.60 mmol),
2,20-dipyridyl (0.281 g, 1.80 mmol), and styrene (6.25 g,
60 mmol) in phenyl ether (6 g) was stirred at 130 �C for 8 h.
Themixturewas cooled to room temperature and then dissolved
in chloroform (15 mL). The catalyst was removed by passage
through a short basic alumina column. The eluent was con-
centrated to 10 mL volume and then slowly added to MeOH
(250 mL) with vigorous stirring. The precipitated solid was
filtered and dissolved in 10 mL of chloroform. The chloro-
form solution was slowly added to MeOH (250 mL) with
vigorous stirring. Filtration and drying in a vacuum oven gave
1.40 g (22%) of white powder. SEC:Mn=21.4 kDa, PDI=1.29
(CHCl3, RI detector, PS standards calibration). 1H NMR (400
MHz, CDCl3, 22 �C): δ 1.2-2.3 (m, br), 3.67 (s, 16H), 3.79
(m, 8H), 4.01 (m, 8H), 6.3-7.4 (m, br).

Bis(5-chloroacetoxymethyl-1,3-phenylene)-32-crown-10 (16).
Into a solution of bis(5-hydroxymethyl-1,3-phenylene)-32-
crown-1014 (0.579 g, 1.00 mmol) and chloroacetyl chloride
(0.163 mL, 2.10 mmol) in chloroform (10 mL) in an ice bath,
pyridine (0.163 mL, 2.10 mmol) was added by syringe over
30 min. After the mixture had stirred for 3 days at room
temperature, saturated NaHCO3 solution (15 mL) was added,
and the product was extracted with chloroform (20 mL) three
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times. The combined organic layer was washed with 1 M HCl
solution, saturated aqueous NaHCO3, and then water. The
solution was dried over anhydrous Na2SO4, and the drying
agent was removed by filtration. The solvent was removed by a
rotoevaporator to give a colorless oil, 0.694 g (92%). The oil
solidified after 1 day at room temperature; mp 90.1-91.8 �C. 1H
NMR (CDCl3, 22 �C): δ 3.70 (m, 17H (theor 16H)), 3.83 (t, J=
4.6 Hz, 8H), 4.05 (t, J= 4.6 Hz, 8H), 4.08 (s, 4H), 5.10 (s, 4H),
6.43 (t, J=2.2 Hz, 2H), 6.49 (d, J=2.2 Hz, 4H). 13C NMR
(CDCl3, 22 �C): δ 40.9, 67.6, 67.7, 69.6, 70.9, 101.5, 107.0, 136.9,
160.1, 167.1. HRFABMS (NBA-PEG):m/z 748.2199 (calcd for
Mþ 748.2265, error 4.5 ppm).

ATRP of Styrene To Form 17, Target DP = 100. A mixture
of 16 (0.209 g, 0.28 mmol), CuBr (0.160 g, 1.16 mmol), 2,20-
dipyridyl (0.545 g, 3.48mmol), and styrene (2.91 g, 28.0 mmol) in
phenyl ether (3 g) was stirred at 130 �C for 8 h. The mixture
was cooled to room temperature and dissolved in chloroform
(15 mL). The catalyst was removed by passage through a short
basic alumina column. The eluent was concentrated to 3 mL and
then added slowly toMeOH (50 mL) with vigorous stirring. The
precipitated solid was filtered and dissolved in 5 mL of chloro-
form. The chloroform solution was added slowly to MeOH
(50mL) with vigorous stirring. Filtration and drying in a vacuum
oven gave 2.30 g (74%) of white powder. SEC: Mn=13.5 kDa,
PDI=1.25 (CHCl3, light scattering detector, PS standards cali-
bration). 1H NMR (400MHz, CDCl3, 22 �C): δ 1.2-2.3 (m, br),
3.67 (s, 16H), 3.80 (m, 8H), 4.01 (m, 8H), 6.3-7.4 (m, br).

Results and Discussion

Preparation of Polymeric Building Blocks. Paraquat-ter-
minated polymers were synthesized by controlled radical
polymerization (CRP). For stable free radical polymeriza-
tion (SFRP), a paraquat-TEMPO initiator 10 was synthe-
sized (Scheme 1). In the preparation of 7 an excess of
4,40-bipyridine was used to prevent the formation of the
disubstituted bipyridinium side product. Paraquat car-
boxylic acid 8 was prepared by methylation of the resulting
monosubstituted compound 7. The paraquat-TEMPO in-
itiator 10was formed by the esterification of 8 and 2-phenyl-
2-(20,20,60,60-tetramethylpiperidine-N-oxyl)ethanol (9).

Polystyrenes with terminal paraquat units (11) were syn-
thesized with the paraquat-TEMPO initiator 10 in solution
or in bulk. The reaction temperature was maintained at
120-130 �C for 8-13 h. DMF was used as a solvent for
the solution polymerization because it dissolves both poly-
styrene and the polar paraquat initiator 10. The viscosity of
the reaction mixture increased as the polymerization pro-
ceeded. In the bulk process the reactions were terminated
when the magnetic stirrer stopped. In the first stage of the
bulk polymerization, the initiator 10 was not completely

soluble in styrene monomer. However, when the polymeri-
zation was complete, the initiator was completely consumed,
and there was no insoluble solid. Therefore, these SFRP
reactions of styrene allowed good control of the molecular
weight (from the ratio of the monomer and the initiator)
and relatively narrow polydispersities (below 1.20) by both
methods. The 1H NMR spectrum of 11 in CDCl3 clearly
shows the paraquat protons at δ 8.2 and 8.7. The number-
averagemolecular weights calculated from integration of the
NMR spectra correspond to the size exclusion chromato-
graphy (SEC) results well (THF, PS standards) (Table 1).

A paraquat-terminated poly(methyl methacrylate) (PM-
MA) was synthesized by ATRP. The paraquat ATRP in-
itiator 12 was prepared by esterification of N-methyl-N0-(β-
hydroxyethyl)-4,40-bipyridinium bis(hexafluorophosphate)
with R-bromoisobutyryl bromide. The ATRP of methyl
methacrylate (MMA) with the initiator 12 was performed
using copper(I)/2,20-bipyridyl as catalyst in DMF at 90 �C
(Scheme 2). The 1H NMR spectrum of 13 in CDCl3 clearly
shows the paraquat protons at δ 8.8 and 9.3. The chemical
shifts of the paraquat protons are different between 11 and
13, even though the terminal paraquat structure is same
(N-methylparaquat). The reason for the chemical shift
changes must be due to the different polymer structures;
hydrocarbon polystyrene and oxygen-rich PMMA.ThePM-
MAchain induces a deshielding effect on theparaquatprotons.
The more polar polymer provides a local environment that is
similar to acetone-d6, in which dimethyl paraquat’s aromatic
protons appear at 8.8 and 9.4 ppm.15a This may be ascribed to
interaction (some would say hydrogen bonding) of the aro-
matic paraquat protons with the oxygen atom of acetone
solvent or the PMMA ether and carbonyl oxygen atoms. The
number-average molecular weight (Mn) was 40.7 kDa (tar-
getedMn 10.0 kDa), and the PDI was 1.33 from SEC analysis
(THF, PS standards). The molecular weight of synthesized 13
was higher than target molecular weight due to the poor
solubility of copper(I)/2,20-dipyridyl catalyst in methyl metha-
crylate (monomer) during the polymerization.

A crown ether-terminated polystyrene was synthesized
using the ATRP initiator 14 (Scheme 3). 14 was prepared
by the esterification of 5-hydroxymethyl-1,3-phenylene-p-
phenylene-33-crown-10 (MPPP33C10) with chloroacetyl

Scheme 1. Synthesis of Paraquat-Terminated Polystyrene 11 by SFRP

Table 1.MolecularWeights Estimated by
1
HNMRSpectroscopy and

SEC for the Paraquat-Terminated Polystyrenes (11) by SFRP

polymerization
method

target Mn

(kDa)
Mn (NMR)

(kDa)
Mn (SEC)
(kDa)

PDI
(SEC)

SFRP, bulk 31.2 33.7 31.5 1.19
SFRP, solution 31.2 37.5 31.5 1.07
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chloride. In the ATRP, 3 equiv of copper(I) bromide and
9 equiv of 2,20-dipyridyl were used per initiator 14. No poly-
merization occurred if only 1 or 2 equiv of catalyst was added;
we hypothesize that radical generation from the copper(I)/
2.20-dipyridyl catalyst is prevented by crown ether complexa-
tion of up to 2 equiv of copper(I) ion. The number-average
molecular weight (Mn) of this crown-terminated polystyrene
15was 21.4 kDa (targetedMn= 31.3 kDa), and the PDI was
1.29 from SEC analysis (THF, PS standards).

A crown ether-centered polystyrene was also prepared by
ATRP (Scheme 4) from the dichlorobis(m-phenylene)-32-
crown-10 (BMP32C10) ATRP initiator 16. 4 equiv of
copper(I) bromide and 12 equiv of 2,20-dipyridyl per initia-
tor 16were used in the ATRP reaction. The number-average
molecular weight (Mn) of the crown-centered polystyrene
17was 13.5 kDa (targetedMn=10.4 kDa), and the PDI was
1.25 by SEC (CHCl3, PS standards).

MALDI-TOF Mass Spectrometric Analysis of the Poly-
meric Building Blocks. MALDI-TOF mass spectrometric
results for polystyrene 11 in 3-anthraquinoline are shown

in Figure 2. The spectrum contains series of four peaks each.
The sequential sets of peaks are separated by 104 mass units,
corresponding to the styryl repeat unit. In the twomain series
of peaks after loss of a TEMPO moiety (156 Da) and
hydrogen, presumably viaN-hydroxytetramethylpiperidine,
the paraquat end groups are clearly observed: (1) the poly-
mer after loss of two PF6 ions (11-2PF6-TEMPO-H)þ, struc-
ture 18, m/z 1010 (n=7), 1114 (n=8), and 1218 (n = 9),
and (2) the polymer after loss of a benzylidene group (11-
2PF6-TEMPO-H-C6H5CH)þ, structure 19: m/z 1024 (n =
7), 1128 (n = 8), 1232 (n = 9). The polymers with one PF6

ion are also observed but asweaker peaks: (11-PF6-TEMPO-
H-C6H5CH)þ, structure 18 þ PF6, m/z 1040 (n = 6), 1144
(n = 7), 1248 (n = 8) and (11-PF6-TEMPO-H)þ; structure
19 þ PF6, m/z 1054 (n=6), 1159 (n=7), 1263 (n=8). The
loss of TEMPO in MALDI-TOF mass analysis has been
already reported by Vairon et al.12 In agreement with the
report of Gibson et al.,9 structure 19 (=CH2 end) predomi-
nates in this high mass range over structure 18 (benzylidene
end, =CHC6H5). The loss of the benzylidene group is

Scheme 2. Synthesis of Paraquat-Terminated PMMA 13 by ATRP

Scheme 3. Synthesis of Crown Ether (MPPP33C10)-Terminated Polystyrene 15 by ATRP

Scheme 4. Synthesis of Crown Ether (BMP32C10)-Centered Polystyrene 17 by ATRP
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believed to occur via loss of N-benzyloxytetramethylpiper-
idine.

MALDI-TOF mass spectrometric results for paraquat-
terminated poly(methyl methacrylate) sample 13 in 3-an-
thraquinoline are shown in Figure 3. The sequential pairs
of peaks are separated by 100 mass units, corresponding
to the methyl methacrylate repeat unit. The paraquat end
group is clearly observed as with the paraquat-terminated
polystyrene. No brominated species are observed. The series
with the strongest signals correspond to structure 20 with
loss of two PF6 species (presumably one as the anion and the
other as HPF6, as often observed14,15): m/z 782 (n = 5) and
882 (n=6). The next most prominent series of peaks are due
to 21 formed by cleavage of the PMMA main chain by
rearrangement:m/z 838 (n=5) and 937 (n=6). Rearrange-
ments of PMMAduringmass spectrometrywere reported by

Scrivens et al., and they proposed the mechanisms shown in
Schemes 5 and 6.13 Because no cationization agent was used
for this sample, we believe that only the charges are asso-
ciated with the paraquat moieties of 20 and 21. The twoways
to form structure 20, the loss of HBr from the end of 13 and
the cleavage of the backbone as in Scheme 5, are consistent
with the higher peak intensities corresponding to structure 20
versus those corresponding to structure 21, which can form
only via the pathway shown in Scheme 6. The next strongest
series of peaks is attributed to [21- CH2]

þ: m/z 824 (n= 5)
and 923 (n= 6). The weakest series of signals is assigned to
[20 - CH2]

þ: m/z 770 (n = 5) and 869 (n = 6).

MALDI-TOF results for the crown-terminated polysty-
rene sample 15 in dithranol and AgTFA show the existence
of the end groups (Figure 4). The main series of peaks atm/z
2708 (n=25), 2812 (n=26), and 2916 (n=27) correspond
to the silver adduct of polystyrene with no end groups
(structure 22). The loss of theMPPP32C10moiety is believed
to occur via a McLafferty-type rearrangement and cleavage
one bond removed from the carbonyl group as shown in
Scheme 7. The benzylidene end (the other terminal group)
of the structure 22 arises from loss of hydrogen chloride.
In the other series of peaks, the terminal crown ether unit
(MPPP33C10) and chloride are both observed as silver
adducts; Agþ is believed to be captured by the MPPP32C10
moiety (15 þ Agþ): m/z 2726 (n = 19) and 2830 (n = 20).

MALDI-TOF mass spectrometric results for the crown-
centered polystyrene sample 17 in 3-anthraquinoline are
shown in Figure 5. Only one series is observed, and the
sequential pairs of peaks are separated by 104 mass units,
corresponding to the stryryl repeat unit. The BMP32C10
crown ether unit and two chloride end groups are observed in

Figure 2. Partial MALDI-TOFmass spectrum (covering mass range 980-1295 Da) of paraquat-terminated polystyrene 11. Sample prepared by the
D-D method in 3AQ with no added cationization agent.

Figure 3. Partial MALDI-TOF mass spectrum (covering mass range
747-962 Da) of paraquat-terminated PMMA 13. Sample prepared by
the D-D method in 3AQ with no added cationization agent.
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the spectrum; the charge results from inclusion of potassium
ions presumably captured by the crown ether rings (23):m/z
4014 (nþm=31), 4118 (nþm=32), and 4222 (nþm=33).
Even though the ATRPwas catalyzed by copper(I) bromide,
no bromide end or unsaturated terminal moiety is observed.
From these results, we conclude that the chloride from the
initiator was not exchanged to bromide during the ATRP,
even though a different copper(I) halide (CuBr) was used as
the catalyst.

In MALDI-TOF mass analysis of the paraquat-termi-
nated polymers, the paraquat moiety is clearly observed
after loss of two PF6 species. Whereas the TEMPO and the
bromide end groups were not detected, the structures with
unsaturated ends after loss of TEMPO and bromide were
observed. Interestingly, for the polymers from ATRP with
chloride initiators, the terminal chloride is clearly shown in
the mass spectra, and no unsaturated end is observed when
no cationization agent was used.

Formation of [2]Pseudorotaxanes fromPolymers and Small
Molecules (1 and 2 in Figure 1). The binding of the host- and
guest-functionalized polymers with small molecules leads
to the pseudorotaxanes 1 and 2. The complexation between
host and guest molecules was visually confirmed by a color
change; the yellow or yellow-orange color is due to a charge
transfer interaction between the electron-poor paraquat
and the electron-rich phenyl rings of the crown ethers.14

In panel a of Figure 6, the chloroform solution of the
paraquat-terminated polystyrene 11 was colorless, but the
solution turned yellow after addition of dibenzo-30-crown-
10 (DB30C10) (right vial) or DB30C10-based cryptand15

(center vial). In panel b of Figure 6, the chloroform solution
of the crown ether (BMP32C10)-centered polystyrene 17
was colorless (left vial). However, the color changed to
yellow after addition of paraquat diol (N,N0-bis(2-
hydroxyethyl)-4,40-bipyridinium 2PF6

-, center vial)
or the paraquat-terminated polystyrene 11 (right vial).
These color changes show that (1) the terminal pseudoro-
taxane polymers 1 were formed (panel a), (2) central
pseudorotaxane polymer 2 was formed (panel b), and (3)
the right vial in (panel b) contains a three-armed star
polymer (4).

Isothermal macrocalorimetric (ITC) titration can be used
to quantify host-guest binding. The association constants
between the paraquat-terminated polystyrene 11 and BMP-
32C10 and between the paraquat-terminated PMMA 13 and

Scheme 6. Proposed Mechanism for Generation of the Structure 21
Series from theCleavage of the PMMAMainChain by aRearrangement

Scheme 5. Proposed Mechanism for Generation of the Structure 20
Series from theCleavage of the PMMAMainChain by aRearrangement

Figure 4. Partial MALDI-TOF mass spectrum (covering mass range
2700-2930 Da) of MPPP33C10-terminated polystyrene 15. Sample
prepared by the D-D method in dithranol with AgTFA as a cationiza-
tion agent.
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BMP32C10 were measured in chloroform at 25 �C: Ka=
(2.97 ( 0.09)�103 M-1 and Ka=(3.63 ( 0.10) � 102 M-1,
respectively. The association constants of paraquat and
crown ether compounds in chloroform were measured for
the first time; they were 4-6-fold higher than that of the
small molecular host and guest analogues.4a Asmentioned in
the Introduction, the main intermolecular forces for com-
plexations of crown ethers and paraquat derivatives are
multiple hydrogen bonds, dipole-dipole, and π-electron
interactions. Because of the lower polarity of chloroform
relative to acetone, the interactions are stronger than in the
higher polarity acetone medium. The stronger interactions
gave higher Ka values in chloroform. Surprisingly, however,
the binding of the paraquat PMMA 13with BMP32C10 was
almost 9-fold lower than that of the paraquat polystyrene 11
with BMP32C10. This decrease could be due to the interac-
tions of the ester moieties of PMMA with the paraquat
species. Perhaps one of the major interactions is hydrogen
bonding between ester oxygen atoms and the aromatic
protons of the paraquat units in the relatively nonpolar
chloroform solution. This hypothesis is supported by the
observation that the chemical shifts of the pyridinium pro-
tons of paraquat-terminated PMMA in CDCl3 are very
similar to those of dimethyl paraquat in acetone-d6, as noted
above.

Polymer-Polymer Binding (3, 4, 5, and 6 in Figure 1). The
polymer-polymer binding of the functionalized polymers
was also investigated. Chain extension by self-assembly (3 in
Figure 1) was observed by color and viscosity changes.
The individual chloroform solutions of the paraquat-termi-
nated polystyrene 11 and the crown ether-terminated poly-
styrene 15 were colorless. However, when the two polymers
were dissolved in a 1:1 molar ratio in chloroform, the
solution became yellow as with the other complexation
systems in Figure 6. Viscometry provided evidence of chain
extension by self-assembly in the solution (Figure 7). The
intrinsic viscosity of the paraquat-terminated polystyrene 11
was 0.270 dL/g, and that of the crown ether-terminated
polystyrene 15 was 0.171 dL/g in chloroform. However,
the intrinsic viscosity of a 1:1 molar ratio solution of the
two polymers was 0.321 dL/g. This clearly demonstrates that
the two polymers interact and bind to form a chain-extended
larger supramolecule (3).

A three-armed star polymer was formed from crown ether
(BMP32C10)-centered polystyrene 17 and the paraquat-
terminated polystyrene 11 in chloroform, as shown by the
yellow color in panel b of Figure 6.Viscosity change also
supports the formation of a star polymer formation in
solution (Figure 8). The intrinsic viscosity of a 1:1 molar ratio
solution of the two polymers was 0.389 dL/g in chloroform;

Figure 5. PartialMALDI-TOFmass spectrum (coveringmass range 4001-4305Da) of BMP32C10-centered polystyrene 17. Sample prepared by the
D-D method in 3AQ and no added cationization agent.

Scheme 7. Proposed Mechanism for Generation of the Structure 22 Series by a McLafferty-Type Rearrangement
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the intrinsic viscosities of the paraquat-terminated polystyr-
ene 11 and the crown ether-centeredpolystyrene 17were 0.270
and 0.113 dL/g, respectively. The polymer-polymer binding
to form the three-armed star polymer 4 in the solution leads to
an increased hydrodynamic volume and hence the viscosity
increase.

The expected complexation of the two polymers to
form a star polymer was confirmed by NMR spectroscopy
(Figure 9). The chemical shift changes of the crown ether

protons of 17 in the 1HNMR spectrum are clear evidence of
the formation of the three-armed star polymer (4). The
ethyleneoxy protons of the uncomplexed 17 appear at δ
3.97, 3.77, and 3.64 (bottom spectrum). However, they
shifted to δ 3.88 and 3.73, and the upfield peak was resolved
into peaks at δ 3.67 and 3.65 (upper spectrum) after adding 1
equiv of the paraquat polystyrene 11. NMR does not easily
afford a quantitative estimate of the association constant
between twopolymer species because themaximumchemical
shift change (Δ0) required to analyze this fast-exchange
system is difficult to measure with polymeric substrates.16

Figure 6. Qualitative visual test of complexation: (a) chloroform solutions of, from the left: paraquat-terminated polystyrene 11, paraquat-terminated
polystyrene 11þDB30C10-based cryptand 11, paraquat-terminatedpolystyrene 11þBMP32C10. (b) From the left: crown ether-centered polystyrene
17 in chloroform, crown ether-centered polystyrene 17 þ paraquat diol in acetone/CHCl3 1/1, and crown ether-centered polystyrene 17 þ paraquat-
terminated polystyrene 11 in CHCl3.

Figure 7. Reduced viscosity of paraquat-terminated polystyrene 11
(squares), MPPP32C10-centered polystyrene 15 (triangles), and 1:1
(molar ratio) solutions of the two polymers (diamonds), in CHCl3 at
25 �C.

Figure 8. Reduced viscosity of paraquat-terminated polystyrene 11
(squares), BMP32C10-centered polystyrene 17 (triangles), and a 1:1
(molar ratio) solution of the two polymers (diamonds), in CHCl3
at 25 �C.
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Nonetheless, the NMR spectroscopic results confirm that
the two polymeric species are bound to each other in solu-
tion. The fast-exchange process is analogous to that ob-
served in the binding between the small molecules
BMP32C10 and dimethylparaquat.17

However, ITC titration does afford an estimate of the
association constant of this complexation (Figure 10). Into a
chloroform solution of the paraquat polystyrene 11, the
crown ether polystyrene 17 solution was titrated and the
heat flow was measured. The analysis indicates that Ka is
(4.38 ( 0.33) � 103 M-1 (CHCl3, 25 �C), and 1:1 stoichio-
metry was observed.

Copolymer formation from the host polystyrenes 15 or 17
with the paraquat-terminated PMMA 13was investigated in
the same manner. For diblock copolymer formation (5), the
reduced viscosity plots of the individual polymers (13 and 15)
and their 1:1 molar mixture are shown in Figure 11. The
viscosity change was not very significant after mixing the
two polymers due toweak binding between the paraquat unit
of the PMMA and the crown ether unit of the polystyrene
(13:[η] = 0.321 dL/g; 15: [η] = 0.171 dL/g; 13+15:[η] =
0.330 dL/g). The PMMA chain seems to interfere with the
interaction of the paraquat and the crown ether moieties, as
noted above with 13 and BMP32C10. In the samemanner as

the binding of 13 and BMP32C10 and as noted above,
hydrogen bonding may occur between the ester oxygen
atoms of PMMA and the paraquat units in the chloroform
solution.

For three-armed copolymer formation (6), the reduced
viscosity plots of the individual polymers (13 and 17) and
their 1:1 mixture are shown in Figure 12. The viscosity
change was not very significant for the same reason as the
previous incomplete copolymer formation (13:[η] = 0.321
dL/g; 17: [η] = 0.113 dL/g; 13þ 17:[η] = 0.348 dL/g). When
a solution of the two polymers (13 and 17) was cast on a glass
plate, a turbid yellow film was formed. Macrophase separa-
tion was observed by optical microscopy.

Conclusions

Paraquat-terminated polystyrenes, paraquat-terminated poly-
(methyl methacrylate), and crown ether-centered or -terminated
polystyrenes were synthesized by SFRP or ATRP. From these

Figure 9. Partial 400MHz 1HNMR spectra of functional polystyrenes (CDCl3, 23 �C). The bottom spectrum is BMP32C10-centered polystyrene 17
and the upper spectrum is the 1:1 (molar) mixture of BMP32C10-centered polystyrene 17 and PQ-terminated polystyrene 11.

Figure 10. ITC titration curve (top: raw data; bottom: integrated heat
flow and curve fit) and calculated physical constants of complexation
between 11 (1.03 mM) and 17 (15.0 mM) in CHCl3 at 25 �C. K is the
association constant in M-1 units, and H is the enthalpy change in
cal/mol.

Figure 11. Reduced viscosity of paraquat-terminated PMMA 13
(squares), MPPP33C10-terminated polystyrene 15 (triangles), and 1:1
(molar ratio) solutionof the twopolymers (diamonds), inCHCl3 at 25 �C.
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polymers, pseudorotaxane polymers (1 and 2), chain extended
(3), and three-armed star polymers (4) were formed by self-
assembly in solution. The association constants for interaction
of BMP32C10 and a DB30C10-based cryptand with the para-
quat-terminated polystyrene were measured in chloroform for
the first time. The Ka values were 4-6-fold higher than that
measured for the binding of the corresponding small mole-
cular hosts and guest in acetone-d6. The linear and three-armed
polystyrene-PMMA copolymers (5 and 6) were also formed
in the same way; however, the PMMA paraquat system dis-
plays lower association constants. More powerfully binding
systems, such as cryptand-guest or other multivalent host-
guest, with higher association constants will be required to
form self-assembled polystyrene-PMMA block copolymers
that have properties similar to conventional covalently bound
copolymers. Overall, the present results demonstrate that pseu-
dorotaxane formation provides a unique method for reversible
formation of chain extended, star and block polymers. We plan
to utilize our new host systems15 for these purposes in our future
efforts.
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istry; Atwood, J. L., Davies, J. E. D.,MacNicol, D. D., V€ogtle, F., Exec.
Eds.; Pergamon: NewYork, Vol. 8, Chapter 10, pp 425-482. However,

in our systems in which both host and guest are polymeric, but contain
only a single active site, there is a practical limit to how high the
concentration can be before high viscosity broadens the peak too much
to accurately measure the chemical shift change.

(17) Zhang, J.; Zhai, C.; Wang, F.; Zhang, C.; Li, S.; Zhang,M.; Li, N.;
Huang, F. Tetrahedron Lett. 2008, 5009–5012.


