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ABSTRACT: Polystyrene bearing a perfluoroalkyl group at one polymer chain end was synthesized by a “living”
radical polymerization of styrene in the presence of 4-perfluoro(n-tetradecanoylamino)-2,2,6,6-tetramethylpiperidinyl-1-
oxy. The “living” polymerization was evidenced by the fact that chain extension occurred upon addition of styrene to
a prepolymer at an elevated temperature, i.e., the number-average molecular weight increased linearly with monomer
conversion while the molecular weight distribution remained narrow independent of the conversion. The presence of the
perfluoroalkyl group in the polymer was confirmed from IR and NMR (1H and 13C) spectra. A preliminary study of the
associative behavior of perfluoroalkyl-end-capped polystyrene, using light scattering, spin-lattice relaxation time in 19F
NMR, and fluorescence probe techniques, indicated that self-association of terminal perfluoroalkyl groups occurred in
benzene at polymer concentrations higher than ca. 30 g L−1 when weight-average molecular weight is as low as 5500.

KEY WORDS 2,2,6,6-Tetramethylpiperidinyl-1-oxy (TEMPO) / Controlled Radical Polymeriza-
tion / Self-Association / Perfluoroalkyl Group /

Diblock copolymers form micelle-like aggregates
as a result of the association of a less soluble block
when the copolymers are dissolved in a solvent that
is good for only one of the blocks.1–4 For exam-
ple, amphiphilic diblock copolymers form micelles
in aqueous media, hydrophobic blocks constituting a
core and the hydrophilic blocks forming a corona. In
analogy with amphiphilic diblock copolymers, water-
soluble polymers possessing a large hydrophobic sub-
stituent at one chain end form micelle-like aggregates
in water. This type of end-modified polymers has
been synthesized by free-radical polymerization of hy-
drophilic monomers using hydrophobically modified
azo initiators. For example, Winnik et al.5–7 syn-
thesized poly(N-isopropylacrylamide) (PNIPAM) sub-
stituted with a dioctadecyl group at its chain end
and revealed that the hydrophobe-end-modified PNI-
PAM formed multipolymer micelles at temperatures
below its lower critical solution temperature in wa-
ter. In our previous work, we synthesized poly(sodium
2-(acrylamido)-2-methylpropanesulfonate) end-capped
with a cholesterol moiety and showed that the polymer
underwent multipolymeric micellization in water.8

A complexity of free radical polymerization initiated
by hydrophobically modified azo initiators is that chain
termination occurs via recombination or disproportion-
ation, yielding polymers with hydrophobic groups at
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both chain ends or at one chain end, respectively. Fur-
thermore, chain transfer may result in polymers with no
hydrophobic group at the polymer chain end.

Recently, a controlled radical polymerization tech-
nique with use of a nitroxide radical, such as 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO), has been com-
monly employed for synthesis of polymers with well-
defined end groups and controlled molecular weight
with a relatively narrow molecular weight distribution
(Mw/Mn).9–11 When a polymer-substituted TEMPO
derivative is used, a block copolymer can be prepared
by a “living” radical mechanism. For example, poly-
merization of styrene in the presence of TEMPO substi-
tuted with poly(tetrahydrofuran) at the 4-position of the
piperidine ring is reported to yield a diblock copolymer
of polystyrene and poly(tetrahydrofuran) sequences
with a well-defined structure.12 Also, polystyrene hav-
ing a dendritic moiety at the polymer chain end is
reported to be prepared with the same technique by
employing a TEMPO derivative substituted with a
dendritic moiety.13 In this work, we employed the
same technique for synthesis of perfluoroalkyl-end-
capped polystyrene (PStRF13 in Chart 1) by using
a perfluoro(n-tetradecanoylamino)-substituted TEMPO
derivative.

Fluorocarbons exhibit various unique properties such
as chemical and thermal stability, low surface energy,
and low refractive index and dielectric constant.14, 15
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Chart 1.

They are generally poorly soluble in common organic
solvents, although they are more hydrophobic than their
hydrocarbon analogues. If a perfluoroalkyl group is
introduced into a hydrocarbon polymer chain end, the
perfluoroalkyl group is expected to be segregated from
the solvent phase when the polymer is dissolved in a
solvent that is not compatible with the perfluoroalkyl
group, and thus micelle-like aggregates will be formed.

This paper mainly focuses on the synthetic aspect
of the work, but some preliminary results on the as-
sociative properties of PStRF13 are also presented in
comparison with those of polystyrene carrying an n-
tetradecanoyl group at one polymer chain end (PStC13
in Chart 1). For the characterization of the associ-
ation properties of the polymer, we employed static
light scattering (SLS), 19F NMR spin-lattice relax-
ation time (T1), and fluorescence probe techniques.
For a fluorescence probe having affinity to fluorocar-
bons, we synthesized N-(1-pyrenylmethyl)heptadeca-
fluorononanoylamide (PyRF8 in Chart 1).

EXPERIMENTAL

Materials
Benzoyl peroxide (BPO) was recrystallized from

methanol. Styrene was washed with an aqueous al-
kaline solution and distilled from calcium hydride un-
der reduced pressure. N,N-Dimethylformamide (DMF)
was distilled from calcium hydride under reduced pres-
sure. Benzene and tetrahydrofuran (THF) were distilled
from calcium hydride. Other reagents were used with-
out further purification.

Synthesis of 4-n-Tetradecanoylamino-2,2,6,6-tetra-
methylpiperidinyl-1-oxy (TEMPOC13)

To a mixture of 4.97 g (29.0 mmol) of 4-amino-
2,2,6,6-tetramethylpiperidinyl-1-oxy and 3.54 g
(35.0 mmol) of triethylamine in 50 mL of dry ben-
zene was added dropwise 3.73 g (35.0 mmol) of
n-tetradecanoyl chloride in 30 mL of dry benzene over

a period of 30 min at room temperature. After the
addition was completed, the reaction was continued
for 1 h at room temperature and for additional 2 h at
70◦C. The reaction mixture was filtered to remove tri-
ethylamine hydrochloride. The filtrate was evaporated
under reduced pressure to give a crude product. The
crude product was purified by column chromatogra-
phy with ethyl acetate and recrystallized from ethyl
acetate/n-hexane (v/v = 1/1) to give TEMPOC13 as an
orange crystal: yield 86.7%; mp 52–53◦C; IR (KBr,
cm−1) 3299 (NH), 1636 (C=O), 1362 (NO); 1H NMR
(CDCl3 in the presence of phenylhydrazine) δ 0.88 (t,
3H, CH3), 1.21–1.40 (m, 34H, CH2), 1.60 (m, 2H,
CH2), 1.86 (m, 2H, CH2), 2.11 (t, 2H, CH2), 4.19 (m,
1H, CH), 5.23 (m, 1H, CONH); mass spectrum (EI)
m/z 381; UV-vis (toluene) λmax 468 nm (ε = 11.6 L
mol−1cm−1).

Synthesis of 4-Perfluoro(n-tetradecanoylamino)-2,2,6,-
6-tetramethylpiperidinyl-1-oxy (TEMPORF13)

A few drops of DMF and 25.0 g (35.0 mmol)
of perfluoro(n-tetradecanoic acid) were dissolved in
25.0 g (0.21 mol) of thionyl chloride. The mix-
ture was refluxed for 1 h at 95◦C. Thionyl chlo-
ride was then removed under reduced pressure to
give a solid of perfluoro(n-tetradecanoyl chloride).
The product was dissolved in 50 mL of dry THF,
and the solution was added to 100 mL of dry
THF containing 5.0 g (29.2 mmol) of 4-amino-2,2,6,6-
tetramethylpiperidinyl-1-oxy and 30.3 g (0.30 mol) of
triethylamine over a period of 30 min at room tem-
perature. After the addition was completed, the re-
action was continued for 1 h at room temperature and
additional 2 h at 70◦C. The reaction mixture was fil-
tered to remove triethylamine hydrochloride. The fil-
trate was evaporated under reduced pressure to give a
crude product. The crude product was recrystallized
from THF/n-hexane (v/v = 1/1) and THF/methanol (v/v
= 1/1) several times to give TEMPORF13 as an orange
crystal: yield 36.7%; mp 166–169◦C; IR (KBr, cm−1)
3314 (NH), 1696 (C=O), 1365 (NO), 1205 (CF3), 1098
(CF2), 754 (CF2); 1H NMR (THF-d8 in the presence of
phenylhydrazine) δ 1.14, 1.17 (each s, 12H, CH3), 1.48
(m, 2H, CH2), 1.77 (m, 2H, CH2), 4.18 (m, 1H, CH),
8.18 (m, 1H, CONH); mass spectrum (EI) m/z 617;
UV-vis (THF) λmax 456 nm (ε = 10.9 L mol−1cm−1).

Synthesis of N-(1-Pyrenylmethyl)heptadecafluorono-
nanoylamide (PyRF8)

A few drops of DMF and 10.4 g (22.4 mmol) of
perfluoro(n-nonanoic acid) were dissolved in 25.0 g
(0.21 mol) of thionyl chloride. The mixture was re-
fluxed for 1 h at 95◦C. Thionyl chloride was then
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removed under reduced pressure to give a solid of
perfluoro(n-nonanoyl chloride). The product was dis-
solved in 30 mL of dry THF and the solution was added
to 100 mL of dry THF containing 5.0 g (18.7 mmol)
of 1-pyrenylmethylamine hydrochloride and 18.9 g
(0.19 mol) of triethylamine over a period of 30 min at
room temperature. The reaction was continued for 1 h
at room temperature and additional 2 h at 70◦C. The
reaction mixture was filtered to remove triethylamine
hydrochloride. The filtrate was evaporated under re-
duced pressure to give a crude product. The crude
product was purified by column chromatography with
ethyl acetate and recrystallized from ethyl acetate/n-
hexane (v/v = 1/1) to give PyRF8 as a pale yellow crys-
tal: yield 29.2%; mp 193–194◦C; 1H NMR (DMSO-
d6) δ 5.19 (s, 2H, CH2), 8.04–8.43 (m, 9H, ArH),
9.91 (s, 1H, CONH); UV-vis (benzene) λmax 345 nm
(ε = 1.19 × 105 L mol−1cm−1).

Preparation of Prepolymers
A representative example for the preparation of pre-

polymers is as follows. In a mixture of 35.0 g of fleshly
distilled styrene and 16.5 mL of DMF in a glass ampul,
569 mg (2.35 mmol) of BPO and 2.44 g (2.81 mmol) of
TEMPORF13 were dissolved. The solution was out-
gassed on a vacuum line by six freeze-pump-thaw cy-
cles, and then the ampul was sealed under vacuum.
Polymerization was carried out for 3 h at 95◦C and an-
other 3 h at 125◦C. In order to terminate the polymer-
ization, the ampul was frozen with liquid nitrogen. The
polymer was recovered as a precipitate from a large ex-
cess of methanol. The product was dissolved in chlo-
roform, reprecipitated into a large excess of methanol,
and finally dried under vacuum at 60◦C (conversion
25.9%). Polymerization of styrene in the presence of
TEMPOC13 was performed in the same manner as de-
scribed above (conversion 29.5%). These polymers
were used as prepolymers for chain extension experi-
ments.

Chain Extension of Prepolymers
A prepolymer was dissolved in styrene together with

DMF as an internal standard for 1H NMR in a weight
ratio of prepolymer/styrene/DMF = 2/10/1. Aliquots
of the solution were charged in glass ampuls and out-
gassed on a vacuum line by six freeze-pump-thaw cy-
cles and then the ampuls were sealed under vacuum.
The prepolymer/styrene mixtures were heated at 125◦C
for varying periods of time followed by cooling the
mixtures with liquid nitrogen. 1H NMR and GPC for
the reaction mixture were measured to estimate the con-
version and molecular weight, respectively.

Measurements
1H and 13C NMR spectra were measured with a

Bruker DRX500 spectrometer at a probe temperature of
27◦C. IR spectra were recorded with a JASCO FT/IR-
5M spectrometer. UV-visible absorption spectra were
measured with a Hitachi U-3000 spectrophotometer.
GPC analysis was performed with a Tosoh HLC-8020
system equipped with a RI-8020 detector and a Waters
Ultra Styragel Plus column using THF as an eluent.
The number-average molecular weight (Mn), weight-
average molecular weight (Mw), and Mw/Mn of sam-
ple polymers were calibrated with standard polystyrene
samples of 14 different molecular weights ranging from
2.80 × 103 to 1.86 × 106.

Static light scattering (SLS) data were obtained at
25◦C with an Otsuka Electronics Photal DLS-7000DL
light scattering spectrometer. A 488-nm Ar laser was
used at an output power of 75.0 mW. The scattering an-
gle (θ) was fixed at 90◦. Sample solutions were filtered
with a 0.2-µm pore size membrane filter prior to mea-
surement.

19F NMR spectra were measured with a JEOL LA-
500 spectrometer at 30◦C. A polymer sample solution
in C6D6 containing 0.2% hexafluorobenzene as an in-
ternal standard (–162.90 ppm) in an NMR tube was out-
gassed on a vacuum line by six freeze-pump-thaw cy-
cles and then the tube was sealed under vacuum. 19F
spin-lattice relaxation time (T1) was determined using
a conventional inversion-recovery technique.16, 17

Fluorescence emission spectra were recorded on
a Hitachi F-4500 fluorescence spectrophotometer at
room temperature. PyRF8 was used as a fluorescence
probe. Sample solutions were prepared by dissolving
the polymer in a benzene solution of PyRF8 (2.2 ×
10−6 M). The sample solutions were excited at 342 nm.
Excitation and emission slit widths were maintained at
5.0 and 2.5 nm, respectively.

RESULTS AND DISCUSSION

Synthesis and Molecular Characterization
(a) Chain Extension. The essential process of the

TEMPO-mediated controlled radical polymerization is
the reversible trapping of the growing chain end by
TEMPO yielding polymers having a TEMPO moiety at
the polymer chain end. Therefore, chain extension will
occur upon addition of monomers to these polymers
at an elevated temperature. Figure 1 compares GPC
elution curves for a sample of PStRF13 (Mn = 9600;
Mw/Mn = 1.14) before and after heating the sample
in the presence of styrene at 125◦C for 4 h. It can be
clearly seen from Figure 1 that a significant increase
in the molecular weight occurs after heating the sam-
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Figure 1. GPC elution curves for a sample of PStRF13 (a) be-
fore (Mn = 9600; Mw/Mn = 1.14) and (b) after heating with styrene
at 125◦C for 4 h (Mn = 19300; Mw/Mn = 1.21).

Figure 2. Dependence of Mn and Mw/Mn on the monomer con-
version in the polymerization of styrene in the presence of (a)
PStC13 and (b) PStRF13. The broken lines represent the theoret-
ical lines.

ple with the monomer. Neither new peak nor shoulder
due to polystyrene newly formed by autopolymerizaion
was observed. In Figure 2, values of Mn and Mw/Mn

for PStRF13 and PStC13 in the chain extension poly-
merization are plotted as a function of the conversion
of styrene determined by 1H NMR. The initial values
of Mn for PStC13 and PStRF13 before chain extension
(“prepolymers”) are 10100 (Mw/Mn = 1.11) and 9600
(Mw/Mn = 1.14), respectively. Mn increased linearly
with the conversion while Mw/Mn estimated from GPC
remained relatively narrow (Mw/Mn < 1.25) nearly in-
dependent of the conversion. If the polymerization pro-
ceeds via a “living” mechanism with a constant number

Figure 3. IR spectra of (a) PStC13 (Mn = 4500; Mw/Mn =

1.24) and (b) PStRF13 (Mn = 4400; Mw/Mn = 1.25) measured with
a KBr-pellet method.

Figure 4. 1H NMR spectra of (a) PStC13 (Mn = 4500;
Mw/Mn = 1.24) and (b) PStRF13 (Mn = 4400; Mw/Mn = 1.25)
in CDCl3 at 27◦C.

of polymer chains during the polymerization, the Mn

for the product polymer obtained after heating may be
calculated from the equation;

Mn =
[M]0

[I]0
× conv

100
×MW + Mn(I) (1)

where [M]0 and [I]0 are the initial concentrations of the
monomer and the growing polymer,respectively, MW is
the molecular weight of the monomer, conv is the con-
version (%) of the monomer, and Mn(I) is the number-
average molecular weight of the initial growing poly-
mer, i.e., PStRF13 and PStC13.18 All the experimental
values of Mn agree reasonably well with Mn values cal-
culated from eq 1. For example, when the monomer
conversion is 33.4% for PStRF13 in the chain exten-
sion polymerization, the found and calculated values of
Mn are 19300 and 20400, respectively. In the case of
PStC13 at a conversion of 34.7 %, the found and calcu-
lated values are 21800 and 22300, respectively. These
results indicate that all the polymers are “living” with a
TEMPO moiety at one chain end, and thus PStC13 and
PStRF13 have an alkyl and perfluoroalkyl group at one
end of each polymer chain, respectively.

(b) Molecular Characterization by IR and NMR
Spectroscopy. A notable feature for the IR spectrum
of PStRF13 is that the polymer exhibits characteristic
bands at 1224 and 1154 cm−1 associated with δ (C-F)
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in CF3 and CF2, respectively, which are absent in the
IR spectrum of PStC13, indicative of the presence of
the perfluoroalkyl group in PStRF13 (Figure 3).

Figure 4 shows 1H NMR spectra for PStC13 (Mn =

4500; Mw/Mn = 1.24) and PStRF13 (Mn = 4400;
Mw/Mn = 1.25). Resonance bands were assigned on
the basis of 1H-1H correlated spectroscopy (COSY),
13C distortionless enhancement by polarization trans-
fer (DEPT), and 1H-13C COSY experiments. The reso-
nance bands observed at 1.25–2.30 ppm are attributed
to the methylene and methine protons of the main
chain, and those at 6.29–7.28 ppm to the phenyl protons
of polystyrene. Small signals observed at 7.39, 7.52,
and 7.86 ppm were assigned to the phenyl protons at the
m-, p-, and o- positions of the benzoyl group attached
to the polymer chain end, respectively. Broad reso-
nance bands observed in the range of 3.92–4.54 ppm
were assigned to the benzylic proton of the styrene unit
attached to the piperidinyloxy group and the methy-
lene protons of the styrene unit attached to the benzoate
group of the polymer chain end. The four piperidiny-
loxy methyl resonances were assigned to signals cen-
tered at 0.23, 0.38, 0.99, and 1.17 ppm, characteristic
of TEMPO attached to polystyrene.19 A shielding aro-
matic ring-current effect of the phenyl ring of the ter-
minal styrene monomer unit results in the splitting.19

The methyl and methylene protons of the terminal n-
tetradecanoyl group in PStC13 were observed at 0.87
and 1.25 ppm, respectively. These resonance bands are
absent in the NMR spectra of PStRF13. The reso-
nance bands at 4.91 ppm of PStC13 and at 5.86 ppm
of PStRF13 are attributed to the amide bond at the ter-
minal group. Polymer tacticities may cause the amide
resonance band to be split into two components. The
area intensity of phenyl protons at 6.29–6.84 ppm was
compared with those of the amide groups at 4.91 ppm
for PStC13 and 5.86 ppm for PStRF13 to estimate the
ratio of styrene units to the end group. Mn thus esti-
mated for PStC13 and PStRF13 is 4900 which is close
to Mn values of 4500 and 4400 estimated by GPC for
PStC13 and PStRF13, respectively. Furthermore, from
the ratio of the area intensities of benzoyl protons and
amide, it was confirmed that PStC13 and PStRF13 have
a BPO fragment at one chain end and a TEMPO residue
at the other end. The intensity of NMR signals for
the TEMPO residue attached to high molecular weight
polystyrene (Mn > ca. 10000) was too weak to esti-
mate Mn by 1H NMR.

Figure 5 compares 13C NMR spectra for PStC13
(Mn = 4500; Mw/Mn = 1.24) and PStRF13 (Mn =

4400; Mw/Mn = 1.25) measured in CDCl3. The reso-
nances of the terminal alkyl chain for PStC13 were ob-
served at 14.12, 22.62, 25.57, 29.10–29.54, 31.82, and

Figure 5. 13C NMR spectra of (a) PStC13 (Mn = 4500;
Mw/Mn = 1.24) and (b) PStRF13 (Mn = 4400; Mw/Mn = 1.25)
in CDCl3 at 27◦C.

36.73 ppm. Resonance bands associated with the termi-
nal perfluoroalkyl carbons for PStRF13 were observed
at 108.30–118.25 ppm. The bands at 172.23 ppm for
PStC13 and 156.70 ppm for PStRF13 are attributed to
amide carbons. These observations are indicative of the
presence of the TEMPO residue in the polymer.

Self-Association in Benzene
(a) Light Scattering Benzene is a good solvent for

polystyrene whereas perfluoro(n-tetradecanoylamino)-
substituted TEMPO is insoluble in benzene. Thus,
benzene may act as a selective solvent for the
perfluoroalkyl-end-capped polystyrene, inducing the
association of the terminal perfluoroalkyl groups. Win-
nik et al.5 reported that end-dioctadecylated PNIPAM
formed spherical micelles with octadecyl groups in
the core and PNIPAM chains in the corona in wa-
ter at 20◦C. Similarly, the perfluoroalkyl-end-capped
polystyrene may be expected to form a micelle-like ag-
gregate with a core formed from perfluoroalkyl groups
and a corona formed from polystyrene chains in ben-
zene. Thus, we investigated the association behavior of
PStRF13 in benzene employing a low molecular weight
PStRF13 sample (Mn = 4400, Mw = 5500) along with
a low molecular weight PStC13 sample (Mn = 4500,
Mw = 5600) for comparison. These low molecu-
lar weight samples were prepared in a manner simi-
lar to the preparation of the “prepolymers” described
above, except the polymerization was carried out for
3 h at 95◦C and another 1 h at 125◦C. Mn values for the
product polymers calculated on the basis of eq 1 were
4020 for PStRF13 and 4040 for PStC13.18 These calcu-
lated values are fairly close to the Mn values estimated
by GPC (4400 for PStRF13 and 4500 for PStC13).
Therefore, these low molecular weight samples used
for the characterization of association behavior in ben-
zene have an alkyl and perfluoroalkyl group at each end
of a polymer chain.

Figure 6 shows the dependence of the reduced
Rayleigh ratio at θ = 90◦ (R90/Cp) on the polymer con-
centration (Cp) for benzene solutions of the low molec-
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Figure 6. Reduced Rayleigh ratio (R90/Cp) as a function of
Cp for (©) high molecular weight PStRF13 (Mn = 9600; Mw =

11000), (�) low molecular weight PStRF13 (Mn = 4400; Mw =

5500), and (�) PStC13 (Mn = 4500; Mw = 5600) in benzene at
25◦C.

ular weight PStRF13 and PStC13 together with data
for a higher molecular weight PStRF13 (Mn = 9600,
Mw = 11000) for comparison. This high molecular
PStRF13 is the same polymer sample used as “pre-
polymer” for the chain extension experiment described
above. It is known that R90/Cp is proportionally related
to Mw. In the case of PStC13 and the high molecu-
lar weight PStRF13 (Mw = 11000), R90/Cp is inde-
pendent of Cp, indicating that the weight-average mo-
lar masses of PStC13 and the high molecular weight
PStRF13 in benzene are constant over the range of Cp

examined. In contrast, R90/Cp for the low molecular
weight PStRF13 (Mw = 5500) increases sharply with
increasing Cp at Cp > 30 g L−1 although it is nearly
constant at Cp ≤ 30 g L−1. This observation indicates
that the low molecular weight PStRF13 forms aggre-
gates at Cp > 30 g L−1 in benzene. The R90/Cp value for
the aggregate at Cp = 50 g L−1 was about 5 times larger
than that for a single polymer chain of the low molecu-
lar weight PStRF13 at Cp ≤ 30 g L−1. This observation
implies that the number of polymer chains (Nagg) be-
longing to one aggregate at Cp = 50 g L−1 for the low
molecular weight PStRF13 is about 5 on the basis of the
fact that R90/Cp is proportionally related to the weight-
average molar mass.

Unfortunately, we were unable to determine hydro-
dynamic radii for PStC13 and PStRF13 by quasielas-
tic light scattering measurements because the scatter-
ing intensity of the low molecular weight polystyrene
samples was not strong enough to give a meaningful
correlation function. Also, we were unable to obtain
the radius of gyration (Rg) of the polymer aggregate by
SLS probably because Rg for the aggregate is smaller
than the lower limit of detection on our light scatter-
ing instrument. Yamamoto et al.20 reported that Rg of

polystyrene in benzene at 25◦C is calculated from

Rg = 0.0139 × Mw
0.585 (2)

Assuming Mw = 28000 for the polymer aggregate
(Nagg = 5) formed from PStRF13 (Mw = 5500), Rg

can be calculated to be 5.6 nm from eq 2.
Polystyrene and perfluoro(n-tetradecanoylamino)-

substituted TEMPO are both soluble in THF, and thus
THF is expected to act as a non-selective solvent. In
fact, it was confirmed that no such an increase in R90/Cp

was observed for PStRF13 in THF regardless of its
molecular weight in the Cp range examined (< 90 g
L−1). These observations indicate that the terminal per-
fluoroalkyl groups aggregate in benzene only if the Mw

of the polymer is as low as 5500. In benzene solu-
tions, low molecular weight polystyrene would exist as
a worm-like chain, whereas the polymer would adopt
a random coil conformation as the molecular weight
increases. It is expected that a worm-like chain is
more favorable than a random coil for the association of
the terminal perfluoroalkyl groups because an excluded
volume effect is less important for the worm-like chain.
Moreover, the balance of the affinity of the main chain
and the terminal group to the solvent (i.e., the relative
size of the polymer main chain and the terminal group)
should also be an important factor to control the associ-
ation of the terminal perfluoroalkyl groups. Therefore,
the association of the terminal perfluoroalkyl groups
should become unfavorable as the molecular weight of
the polymer increases.

(b) 19F NMR Relaxation Time. 19F NMR relax-
ation techniques would provide qualitative information
about local motions of perfluoroalkyl groups.21–24 Ad-
vantages of using 19F NMR include its high sensitiv-
ity due to the 100% natural abundance of 19F.21–24

We performed 19F NMR relaxation time measurements
in C6D6 to obtain information about changes in dy-
namic motions of the perfluoroalkyl group in PStRF13
upon self-association. The spin-lattice relaxation oc-
curs most effectively through molecular motions whose
frequency is comparable to the NMR frequency. There-
fore, the spin-lattice relaxation time (T1) decreases as
the molecular motion decreases.25 The perfluoroalkyl
group of PStRF13 in C6D6 showed sharp and well-
resolved 19F NMR signals (an insert in Figure 7). For
the calculation of T1, we chose a resonance band cen-
tered at −122.75 ppm that is associated with the –CF2–
group, because this signal is not overlapped with other
signals. In Figure 7, T1 is plotted as a function of
Cp. At Cp ≤ 30 g L−1, the T1 values are constant at
615 ms. However, T1 decreases with increasing Cp at
Cp > 30 g L−1, indicating that motions of the perfluo-
roalkyl group in PStRF13 become more restricted with
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Figure 7. 19F NMR spin-lattice relaxation times (T1) for the
perfluoroalkyl group in PStRF13 (Mn = 4400; Mw/Mn = 1.25) at
–122.75 ppm as a function of the polymer concentration in C6D6.
A 19F NMR spectrum for PStRF13 is presented in the insert.

increasing Cp in C6D6 at Cp > 30 g L−1. These ob-
servations suggest the formation of microdomains by
the association of the terminal perfluoroalkyl groups in
C6D6 at Cp > 30 g L−1.

(c) Fluorescence. The ratio of the intensity of the
first and third vibronic bands (I3/I1) in pyrene fluores-
cence spectra can be used as a measure of local polar-
ity about pyrene probes, I3/I1 being larger in less polar
microenvironments.26 Thus, pyrene fluorescence is of-
ten used for studying the self-association behavior of
polymers in systems where pyrene probes are selec-
tively solubilized in the polymer phase that is less polar
than the solvent phase.27–29 In the present study, how-
ever, pyrene is not a suitable probe for studying the
self-association behavior of perfluoroalkyl groups be-
cause of poor affinity of pyrene to fluorocarbon moi-
eties.30 To improve its affinity for perfluoroalkyl mi-
crodomains, we employed a derivative of pyrene substi-
tuted with a perfluoroalkyl moiety (PyRF8 in Chart 1).
This perfluoroalkyl-substituted pyrene exhibits steady-
state fluorescence spectra with a common feature of vi-
bronic bands of pyrene molecules, and the relative in-
tensities of the vibronic bands depend on solvent. The
values of I3/I1 for PyRF8 in benzene and in perfluo-
rohexane were found to be 0.68 and 0.91, respectively
(Figure 8a). It is generally accepted that perfluoroalkyl
groups are more hydrophobic than their hydrocarbon
analogues,31 and thus these values of I3/I1 reflect mi-
croenvironmental polarities about the probe.

In Figure 8b, I3/I1 ratios for PyRF8 in the presence of
PStC13 and PStRF13 in benzene are plotted as a func-
tion of Cp. The I3/I1 ratios in the presence of PStC13
are almost constant near 0.68 at Cp < 20 g L−1, al-
though the ratio increases slightly with increasing Cp at
higher polymer concentrations. Therefore, PyRF8 ex-
periences the polarity of the solvent phase in the pres-
ence of PStC13. In the case of PStRF13, on the other

Figure 8. (a) Fluorescence spectra of PyRF8 normalized at the
first vibronic (0–0) bands in benzene ( ) and perfluorohexane (—
) observed at a PyRF8 concentration of 2.2×10−6 M with excitation
at 342 nm. (b) Plots of I3/I1 in PyRF8 fluorescence spectra as a
function of the polymer concentration for (�) PStC13 (Mn = 4500;
Mw/Mn = 1.24) and (©) PStRF13 (Mn = 4400; Mw/Mn = 1.25) in
benzene.

hand, I3/I1 ratios are practically constant at 0.68 in a
lower Cp region, but the ratio starts to increase near
Cp = 5 g L−1 with increasing Cp. A gradual increase
in I3/I1 continues up to a polymer concentration near
30 g L−1, and the ratio increases more significantly at
Cp > 30 g L−1. These observations suggest that the
association of the terminal perfluoroalkyl groups starts
to occur at a polymer concentration as low as 5 g L−1

but it significantly increases at Cp > 30 g L−1. This
polymer concentration at which a significant increase
in the association was observed agree with the results
of R90/Cp and T1. The gradual increase in I3/I1 in the
lower Cp region may reflect an increment of the solu-
bilization of PyRF8 in smaller aggregates of the termi-
nal perfluoroalkyl groups. The affinity of PyRF8 to the
perfluoroalkyl group may be high enough to be able to
detect the formation of perfluoroalkyl aggregates in the
process where their size grows gradually with increas-
ing Cp.
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CONCLUSIONS

Polystyrene bearing a perfluoro(n-tetradecanoyl)
group at one chain end (PStRF13) was prepared by
controlled radical polymerization of styrene using
perfluoro(n-tetradecanoylamino)-substituted TEMPO.
The polymerization proceeded in accordance with a
“living” mechanism that was confirmed by the fact
that Mn increased linearly with the conversion of the
monomer. The introduction of the perfluoroalkyl group
into polystyrene was confirmed from IR, NMR (1H
and 13C) measurements. The self-association behavior
of PStRF13 in benzene was preliminarily investigated
by SLS, 19F NMR relaxation, and fluorescence probe
techniques. When Mw was lower than 5500, PStRF13
formed polymer aggregates at Cp > ca. 30 g L−1 in
benzene that is a good solvent for polystyrene but is
poor solvent for the perfluoroalkyl group. No such ag-
gregation occurs in THF that is a good solvent for both
polystyrene and the perfluoroalkyl group. When Mw

was higher than 11000, PStRF13 showed no associative
behavior in benzene, indicating that the longer polymer
chains prevent the association of the terminal perfluo-
roalkyl groups.

These preliminary results on the associative prop-
erties of the perfluoroalkyl-end-capped polystyrene
prompted us to undertake a comprehensive study with
polymers of a series of molecular weights as a function
of solvent quality and temperature. The work along this
line is now underway in our group.
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