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Abstract

Novel highly stable polynorbornenes with self-assembling amphiphilic architecture containing hydrophilic ammonium salt and hydrophobic
alkyl ester group were obtained via ring-opening metathesis polymerization (ROMP) of 5-(octanoate methyl)bicyclo[2.2.1]hept-2-ene (NBMO)
and 5-(phthalimide methyl)bicyclo[2.2.1]hept-2-ene (NBMPI), hydrogenation, hydrazinolysis, and subsequent quaternization. Polymeric
micelles of such amphiphilic random and block polynorbornenes formed in solvents by varying the content of ammonium salts were investigated.
Amphiphilic block copolymers exhibited perfect spherical morphology. Nanoscale polymeric micelles of random copolymers with 50e75 mol%
of ammonium salts were roughly spherical in shape, while the morphologies of micelles transferred into network-like aggregates as hydrophilic
contents of the random copolymers are higher than 80 mol%. The formation and fine structures of micelles were investigated by dynamic light
scattering (DLS), TEM, and fluorescence technique using pyrene as fluorescence probe.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

At the forefront of nanotechnology is the on-going quest
to develop easily accessible reaction and templating media,
which offer compositional and/or architectural control on
a nanometer scale [1]. Over the past few years, polymers con-
taining hydrophilic and hydrophobic components have gained
the interest from both theoretical and synthetic point of view
[1]. The tendency of the hydrophobic parts to aggregate into
micelles in water and also the surface active properties exhibited
by such amphiphilic polymers are two features that have been
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thoroughly investigated and exploited in miscellaneous appli-
cations [1]. In addition to compartmentalization of hydropho-
bic drugs, the amphiphilic macromolecules must meet further
criteria to be effective drug carriers. Biocompatibility, appro-
priate size (10e100 nm) for blood circulation, and a low crit-
ical micelle concentration (CMC) are important characteristics
that lead to improved bioavailability, reduction of toxicity,
enhanced permeability across physiological barriers, and sub-
stantial changes in drug biodistribution [2e7]. For many years,
quaternary ammonium salt (QAS) has been applied as dis-
infectants [8] due to its antimicrobial activities and other
applications such as surfactants [9], transfer agents [10], etc.
Quaternized cationic polymers can exhibit higher activities
than the corresponding low molecular weight model com-
pound [11]. With a comprehensive understanding of their
chemical compositions and corresponding relationship to
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physical properties, amphiphilic macromolecules can be
designed for optimal drug delivery.

In our previous papers [12e16], we reported about the
synthesis and characterization of random and block copoly-
norbornenes with various side chains via ROMP. In present
approach, various random and block copolymers with varying
composition of 5-(octanoate methyl)bicyclo[2.2.1]hept-2-ene
(NBMO) and 5-(phthalimide methyl)bicyclo[2.2.1]hept-2-ene
(NBMPI) were synthesized to investigate the formation, struc-
ture, and morphologies of the polymeric micelles. The associ-
ation of polymer molecules in solvents will be confirmed by
fluorescence spectroscopy. The size and morphologies of
aggregates will be characterized by transmission electron
microscopy (TEM).

2. Experimental

2.1. Materials

Octanoyl chloride, allyl alcohol, allyl amine, phthalic an-
hydride and p-toluenesulfonhydrazide were purchased from
Acros, Belgium. Benzylidene bis(tricyclohexylphosphine)di-
chlororuthenium {Cl2Ru(CHPh)[P(C6H11)3]2} was purchased
from Aldrich, USA. Synthesis of 5-(hydroxy methyl)bicy-
clo[2.2.1]hept-2-ene (NBMOH) (b.p.¼ 93e95 �C/13 mmHg)
and 5-(amino methyl)bicyclo[2.2.1]hept-2-ene (NBMA) (b.p.¼
60e61 �C/11 mmHg) was accomplished via the DielseAlder
condensation of freshly cracked cyclopentadiene with allyl
alcohol and allyl amine, respectively.

2.2. Synthesis of 5-(octanoate methyl)bicyclo[2.2.1]hept-
2-ene (NBMO)

Ester derivative of norbornene such as 5-(octanoate methyl)-
bicyclo[2.2.1]hept-2-ene (NBMO) was prepared as described
in previous literatures [12e14].

2.3. Preparation, hydrogenation, hydrazinolysis and
quaternization of random poly(NBMO-r-NBMPI)s
via ring-opening metathesis polymerization

The monomer, NBMPI was prepared by azeotropic removal
of water from an equimolar solution of 5-(amino methyl)-
bicyclo[2.2.1]hept-2-ene (NBMA) and phthalic anhydride in
xylene as previously reported, m.p.¼ 99e100 �C [15]. Ran-
dom copolymers, poly(NBMPI-r-NBMO)s were obtained by
ROMP using Ru-catalyst from different ratios of NBMO and
NBMPI. Hydrogenation of random poly(NBMPI-r-NBMPO)s
was carried out by using p-toluenesulfonhydrazide as a hydro-
genating agent, which was described in the previous paper
[16]. Random copolymers (0.2 g, 0.8 mmol) were suspended
in 15 mL of ethanol in an Schlenk tube, to which 5 mL of
hydrazine monohydrate was added. The mixture was degassed
thrice via a freezeepumpethaw cycle, then the tube was
heated to 100 �C for 12 h for hydrazinolysis. The quaterniza-
tion was subsequently carried out by using HCl(g) at room tem-
perature for 2 h. The quaternized copolymer was dissolved in
water, filtered and then precipitated from acetone. The detailed
procedures were reported in our previous paper [16].

2.4. Preparation, hydrogenation, hydrazinolysis and
quaternization of block poly(NBMPI-b-NBMO)s via
living ring-opening metathesis polymerization

Block copolymers synthesized from monomers, NBMPI
and NBMO, were obtained by ROMP using Ru-catalyst in
different molar ratios of NBMPI and NBMO. As an example,
poly(NBMPI100-b-NBMO100) with molar ratio 1/1 of [NBMPI]/
[NBMO] ( fNBMQ(th)¼ 50 mol%) is described as follows. The
monomer (1.54 g, 6.08 mmol) ([NBMPI]/[catalyst]¼ 100),
NBMPI was dissolved in 10 mL of anhydrous methylene
chloride and then degassed via a freezeepumpethaw cycle.
After complete degassing, the catalyst solution [50 mg of
Ru-catalyst (6.08� 10�2 mmol) in 0.5 mL of anhydrous meth-
ylene chloride] was injected into the monomer solution by
a syringe. The pink solution was vigorously stirred at ambient
temperature for 1 h. Prepolymer [poly(NBMPI)] with Mn ¼
2:25� 104 and PDI¼ 1.8 was determined using gel perme-
ation chromatography (GPC). Additional monomer solution
of NBMO (1.52 g, 6.08 mmol) ([NBMO]/[catalyst]¼ 100) in
methylene chloride was injected into the still-living reaction
mixture and the solution was stirred for another 2 h at
30 �C. The reaction was terminated by the addition of a small
amount of ethyl vinyl ether. After termination, the solution was
stirred for an additional 5 min, and the block copolymer was
precipitated in excess of methanol and the white polymer
was further purified by dissolving in methylene chloride and
reprecipitating in methanol. The block copolymer was dis-
solved in benzene, frozen, and dried. Hydrogenation, hydrazi-
nolysis and quaternization were carried out in the same
procedures as described for random copolymers.

2.5. Preparation of TEM samples

The polymer solutions of 0.2 g dL�1 (soluble in ethanol/
dichloromethane¼ 2/1, v/v) or 0.02 g dL�1 (soluble in ethanol)
were sonicated for 15 min at room temperature. The copper
grids coated with a thin carbon film were treated with
a drop of 5 mL solution and the solvent was evaporated under
vacuum at room temperature.

2.6. Sample preparations for DLS and fluorescence
measurements

To a saturated solution of pyrene (ca. 2 mM), trace amount
of polymer was added. Various concentrations of polymer
solution were sonicated for 15 min at room temperature. The
samples were kept at room temperature overnight before
DLS or fluorescence measurement.

2.7. Measurements

IR spectra were recorded in the range 4000e500 cm�1

for the synthesized monomers and polymers on KBr disks
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(Bio-Rad FTS-3500 spectrometer). NMR spectra were re-
corded by using Bruker Avance 500 NMR (1H at 500 MHz
and 13C at 125 MHz). The weight-average ðMwÞ and num-
ber-average molecular weights ðMnÞ were determined by gel
permeation chromatography (GPC). Four Waters (Ultrastyra-
gel) columns 300� 7.7 mm (guard, 105, 104, 103, 500 Å in
a series) were used for GPC analysis with tetrahydrofuran
(THF) (1 mL min�1) as the eluent. The eluents were moni-
tored with a refractive index (RI) detector (Schambeck SFD
GmbH, RI 2000). Polystyrene was used as the standard.
Electron micrographs were recorded with a JEOL JSM-6500
scanning electron microscope (SEM) at 20 kV and HITACHI
H-7100 transmission electron microscope (TEM) at 150 kV.
The hydrodynamic radius of polymer in solution was measured
by dynamic light scattering (Photal, DLS-7000) and the forma-
tion of micelles by fluorescence spectra, which were recorded
by a spectrophotometer (Shimadzu, RF-5031).

3. Results and discussion

3.1. Characterization of various random copolymers and
block copolymers

The preparation and characterization (1H NMR, 13C NMR,
HeH COSY, and CeH COSY) of monomers, NBMPI and
NBMO, were reported in our previous papers [15,16]. Random
copolymers poly(NBMPI-r-NBMO)s of NBMPI and NBMO in
various ratios were polymerized via ROMP using Ru-catalyst
as outlined in Scheme 1. The molar fractions of NBMPI
( fNBMPI(exp)) in random poly(NBMPI-r-NBMO)s were esti-
mated from the relative peak area of phthalic aromatic proton
resonances and olefinic proton resonances. The results are
summarized in Table 1. Hydrogenation was carried out using
p-toluenesulfonhydrazide as hydrogenating agent, to get
hydrogenated polymers poly(HNBMPI-r-HNBMO)s. From
the 1H NMR spectra, disappearance of the unsaturated double
bond between 5.2 and 5.6 ppm clearly reveals the successes of
hydrogenation. Subsequent hydrazinolysis was carried out
with hydrazine in ethanol to change phthalic imide into amino
group, and then quaternization by adding HCl(g) was pro-
ceeded at room temperature to form hydrophilic ammonium
salt group at the pendant, which results in the formation of
poly(HNBMQ-r-HNBMO)s.

The living ROMP characteristic of NBMPI was demon-
strated in our previous paper [15]. Herein we applied the living
characteristic to prepare block poly(NBMPI-b-NBMO)s by
adding a second monomer, NBMO, to the unterminated poly-
(NBMPI) reaction mixture. Based on the molecular weight of
poly(NBMPI) and block poly(NBMPI-b-NBMO) measured
from GPC, the segments of poly(NBMPI) and poly(NBMO)
in block poly(NBMPI-b-NBMO) and molar fraction of
NBMPI ( fNBMPI(exp)) can be calculated. For the block poly-
(NBMPI100-b-NBMO100), the yield of the polymer was 85%.
Composition of block poly(NBMPI100-b-NBMO100) was cal-
culated by GPC and found to be about 90 of poly(NBMPI)
segment and 86 of poly(NBMO) segment ( fNBMPI(exp)¼
51 mol%, ðMnÞ ¼ 4:41� 104, PDI¼ 1.3). The result of gel
permeation chromatograph as shown in Fig. 1 shows the shift
of molecular weight curves in GPC after block copolymeriza-
tion via ROMP due to second block polymer poly(NBMO). In
1H NMR, the aromatic phthalimide proton resonances ap-
peared between d (ppm) 7.6 and 7.8. The unsaturation double
bond proton resonance in the polymer main chain for block
poly(NBMPI100-b-NBMO100) appeared between d (ppm) 5.2
and 5.6. The molar fraction of NBMPI in block poly-
(NBMPI100-b-NBMO100) estimated from the relative peak
yx
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Table 1

Composition, micellar characterization and particle size of random poly(HNBMQ-r-HNBMO)s

Polymer code Content of ammonium salt Mn� 10�5 c

(calcd)

Mn� 10�5 c PDIc CAC� 104 d

(g dL�1)

CMCd

(g dL�1)

DTEM
d

(nm)
( fHNBMQ(th))

a

(mol%)

( fHNBMQ(ex))
b

(mol%)

Poly(HNBMQ250-r-HNBMO250) 50 48.7 1.26 0.83 1.5 ee ee 5.0

Poly(HNBMQ500-r-HNBMO250) 67 67.2 1.89 1.42 2.9 5.6 0.1 5.5

Poly(HNBMQ750-r-HNBMO250) 75 74.9 2.52 1.98 4.9 32 0.3 13.7

Poly(HNBMQ1000-r-HNBMO250) 80 76.6 3.15 2.17 6.1 79 ef eg

Poly(HNBMQ1000-r-HNBMO100) 91 91 2.77 1.66 2.5 400 ef eg

a The definition of fHNBMQ: the molar fraction of HNBMQ segment.
b The molar fractions were calculated from 1H NMR of poly(NBMO-r-NBMPI)s.
c The molecular weights were calculated and determined by GPC in THF using polystyrene as standard for prepolymer poly(NBMPI-r-NBMO)s.
d CAC: critical aggregation concentration; CMC: critical micelle concentration; DTEM: diameter of the particle detected from TEM.
e The polymer is insoluble in water.
f The CMC could not be detected.
g From TEM, the DTEM could not be detected because of network-like structure.
areas of phthalic aromatic proton resonances and olefinic
proton resonances is 56 mol%, which is higher than the value
calculated from GPC. Poly(HNBMQ-b-HNBMO)s were pre-
pared via subsequent hydrogenation, hydrazinolysis and
quaternization of block poly(NBMPI-b-NBMO)s. The chemi-
cal structures of the synthetic intermediates were also verified
by the same methods as described in the structure identifica-
tions of random poly(NBMPI-r-NBMO)s. The other block
polymers were synthesized and verified in the same manner.
The yield of poly(HNBMPI1000-b-HNBMO100) was 82%.
The mole fraction of NBMPI ( fNBMPI(exp)) was 92.7 mol%
calculated from GPC and 91 mol% from 1H NMR. The yield
of quaternized block copolymer, poly(HNBMQ1000-b-
HNBMO100), was 80%. The results confirmed the formation
of block polymers and the living ROMP nature of the mono-
mer, NBMPI.

Fig. 1. GPC curves of (A) poly(NBMPI) (corresponding to the first block) and

(B) a block copolymer poly(NBMPI100-b-NBMO100) ( fHNBMQ(th)¼ 50 mol%).

The molecular weights were determined relative to polystyrene (PS) standards.
3.2. Micelles observation of block polymers

DLS (dynamic light scattering) measurement of micelles
in ethanol was performed and hydrodynamic radius was
calculated as shown in Fig. 2. The hydrodynamic radius (Rh)
of poly(HNBMQ100-b-HNBMO100) ( fHNBMQ(th)¼ 50 mol%;
fHNBMQ(exp)¼ 51 mol% by GPC) in ethanol decreases as the
concentration of poly(HNBMQ100-b-HNBMO100) increases,
and then reaches a steady value about 160 nm at 3.2�
10�2 g dL�1. In our previous study [13], the poly(HNBMO)
was insoluble in ethanol. However, quaternized block copoly-
mer poly(HNBMQ100-b-HNBMO100) could be soluble in
ethanol. Therefore, the difference of solubility resulted from
the quaternized hydrophilic segments of polymer. In general,
the polymer allows each segment to interact with its favored
environment. The polymer can form aggregates in which the
hydrophobic segments are oriented within the micelle and
the hydrophilic segments are exposed to the solvent. If
the size of micelles was controlled by the concentration of
hydrophobic segments, larger size of micelles could be
expected to form at higher concentration. However, the results

Fig. 2. Radius of hydrations of poly(HNBMQ100-b-HNBMO100), fHNBMQ¼
50 mol%, obtained from DLS measurement in ethanol at various polymer

concentrations.
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are contradictory from DLS measurement, in which the
size of micelles keeps constant beyond concentration of 3.2�
10�2 g dL�1. Accordingly, the hydrodynamic radius of the
cationic polymer in ethanol solution could result from electro-
static repulsive forces balance between intra- and inter-
micelles [17]. As hydrophobic segments aggregate, the cations
will be located at the surroundings of the micelles. When poly-
mer concentration is increased, the repulsive electrostatic
forces between micelles increase and then reduce the size of
micelles resulted so that the repulsive forces within intra-
micelles increase. Consequently, the size of micelles might
reach a stable size due to the balance of electrostatic repulsive
forces of intra- and inter-micelle. Fig. 3 shows the TEM mi-
crographs of the micelles of poly(HNBMQ100-b-HNBMO100),
which was prepared from a polymer ethanol solution at
the concentration of 0.02 g dL�1. The dark core regions
correspond to hydrophobic segment of HNBMO in poly-
(HNBMQ100-b-HNBMO100). It can be seen from Fig. 3 that
poly(HNBMQ100-b-HNBMO100) micelle is roughly spherical
in shape. The average diameter of cores calculated from the
TEM micrograph (Fig. 3) is ca. 224 nm (radius 112 nm).
From the DLS result (Fig. 2), the hydrodynamic radius of
poly(HNBMQ100-b-HNBMO100) in ethanol at 0.02 g dL�1 is
240 nm. The hydrodynamic diameter of micelles in ethanol
solution measured by DLS is more than twice as large as the
diameter calculated from TEM. This variation could be
resulted from the influence of the solvent.

3.3. Micelles observation of random polymers

As shown in Fig. 4, it is interesting to find the individual
micelles of random copolymers at concentration of 0.2 g dL�1

with composition range from 50 to 80 mol% ammonium salt
( fHNBMQ) in TEM micrographs as isolated nanometer-scale
sphere, and their average diameters were calculated in the
range of 5.0e13.7 nm from TEM micrographs. These results
indicate that the intra-polymer aggregates formed by the ran-
dom copolymer might be due to the formation of unimer
(Fig. 4AeC) depending on the molar ratio of hydrophilic/
hydrophobic group, i.e., the charge density of cation. When
ammonium salt content ( fHNBMQ) was increased to 80 mol%
( fHNBMQ(exp)¼ 76.6 mol% by 1H NMR), the micelle morpho-
logy changed from spherical to network-like aggregates
(Fig. 4D), which is due to hydrophobically cross-linked chains
of interpolymers.

From these results and observations of TEM micrographs
and DLS, a conceptual illustration of self-assembly micelles
for random poly(HNBMQ-r-HNBMO)s and block poly-
(HNBMQ-b-HNBMO)s is shown in Fig. 5.

The amount of hydrophobic segments is fixed (five repeat-
ing units in Fig. 5) and the amount of hydrophilic segments is
drawn in different contents corresponding to the values of
fHNBMQ. For the random polymers, the polymer chains with
low fHNBMQ form unimers. If there is no electrostatic repulsive
force in the polymer, the size of micelles will be the same due
to the same hydrophobic amounts. However, from the TEM
result, the size of micelles depended on the structures of am-
phiphilic polymers, which have the same hydrophobic content
and different hydrophilic contents. Therefore, the size of the
micelles will be affected by the electrostatic repulsive force
of cations, which are attached on the polymer chains. For
the same polymer concentration, the polymer with higher
fHNBMQ exhibits stronger intra-polymer repulsive force, result-
ing in the expansion of the size of micelles. The spherical mor-
phologies of the micelles were observed in TEM (Fig. 4A–C).
It might be due to the thermodynamic stability (Fig. 5AeC).
Further, the intra-polymer electrostatic repulsive forces in-
crease as the amount of hydrophilic segments with positive
charge increases. The structure of unimers will be destroyed
when the repulsive forces of intra-polymer are higher than
the interaction force between hydrophobic segments. Instead
of unimers, on the other hand, hydrophobically cross-linked
Fig. 3. TEM micrographs of poly(HNBMQ100-b-HNBMO100) prepared from ethanol solution.
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Fig. 4. TEM micrographs of various random poly(HNBMQ-r-HNBMO)s at concentration of 0.2 g dL�1. The content of ammonium salt¼ (A) 50 mol%

(poly(HNBMQ250-r-HNBMO250)); (B) 67 mol% [poly(HNBMQ500-r-HNBMO250)]; (C) 75 mol% [poly(HNBMQ750-r-HNBMO250)]; (D) 80 mol% [poly-

(HNBMQ1000-r-HNBMO250)]. All prepared from ethanol/methylene chloride (2/1, v/v).
chains (network-like morphologies, Fig. 5D) were observed.
This illustration is evidenced from the TEM observations
(Fig. 4D). For the block copolymers (Fig. 5E), hydrophobic
segments aggregate to form unicore multipolymer micelle
having cationic segments located at outside of the micelle.
As described previously in DLS results, the size of micelles
was controlled by the electrostatic repulsive forces of intra-
and inter-micelle. The result of DLS (Fig. 2) is also the evi-
dence for supporting this conceptual illustration.

3.4. Hydrophobic microdomains of polymers formed by
alkyl ester groups

Pyrene is one of the few condensed aromatic hydrocarbons,
which shows significant fine structure (vibronic bands) in its
monomer fluorescence spectra in solution phase. Hence, pyr-
ene molecule is a useful fluorescence probe for characteriza-
tion of molecular assemblies of numerous associating
polymers [18]. Relative intensities of the vibronic bands of
pyrene fluorescence are known to show a significant depen-
dence on the microenvironmental polarity around pyrene;
the relative intensity of the third to first vibrational peaks
(I3/I1) in fluorescence spectra of pyrene reflects the polarity
in local media where pyrene exists, i.e., I3/I1 ratio being larger
in less polar media [18]. Therefore, the I3/I1 ratio can be used
to discuss environmental effects on pyrene fluorescence. Fur-
thermore, excimer emission was investigated by fluorescence
measurement to elucidate the solution’s behavior. Kramer re-
ported that as the degree of hydrophobic association increases,
interaction between isolated, covalently bound fluorescent
hydrophobes allows the formation of dimeric, sandwich-like
conformations that subsequently lead to excimer formation
[19]. That is, excimer formation becomes more favorable as
the distance between fluorescent pyrene molecules decreases.
The emission ratio of IE/IM reflects intra-/interchain interactions
of pyrene groups in polymer solution, where IE/IM is the ratio of
intensities of excimer and monomer fluorescence [19,20].

To a saturation solution of pyrene (ca. 2 mM), trace amount
of polymer was introduced. Fluorescence measurement was
carried out for the dilute solutions (3.16� 10�5e
3.16 g dL�1). In Fig. 6, the I3/I1 ratios for all random copoly-
mers are plotted against log(polymer concentration) [log Cp]
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in water (Fig. 6A) and in cosolvent [ethanol/methylene
chloride¼ 2/1 (v/v)] (Fig. 6B).

In the polymer aqueous, the I3/I1 ratios for all copolymers
are around 0.6 at lower polymer concentration, which are
practically the same as that for pyrene in water. This indicates
that there is no formation of polymeric aggregates in aqueous
solution [18]. As the polymer concentration is gradually in-
creased, the I3/I1 ratio begins to increase significantly at a cer-
tain polymer concentration. Polymer with higher content of
HNBMO (i.e., lower content of HNBMQ) exhibited higher
influence on the ratio of intensity (I3/I1) of pyrene molecule.
In the case of random poly(HNBMQ500-r-HNBMO250)
( fHNBMQ¼ 67 mol%), the I3/I1 ratio begins to increase at
a polymer concentration (Cp) of 5.6� 10�4 g dL�1, which is
defined as a critical aggregation concentration (CAC). As
the polymer concentration is near 0.1 g dL�1, the value of I3/
I1 reached a constant value (ca. 0.9). The similar phenomena
also appeared for other copolymers. From Fig. 6A, the CAC
of random poly(HNBMQ750-r-HNBMO250) and random

A poly(HNBMQ250-r-HNBMO250);fHNBMQ = 50 mol% 

B  poly(HNBMQ500-r-HNBMO250);fHNBMQ = 67 mol%

C poly(HNBMQ750-r-HNBMO250);fHNBMQ = 75 mol%

D poly(HNBMQ1000-r-HNBMO250);fHNBMQ = 80 mol%

E  poly(HNBMQ-b-HNBMO)s

 Highly stable copolynorbornene 

    Alkyl ester chain 

 Ammonium salt 

(Unicore multipolymer micelle)

(Unimer)

(Unimer)

(Unimer)

(Hydrophobically cross-linked chains)

Fig. 5. Conceptual illustration of self-assembly micelles as a model for

(A) random poly(HNBMQ250-r-HNBMO250) ( fHNBMQ¼ 50 mol%) (unimer),

(B) random poly(HNBMQ500-r-HNBMO250) ( fHNBMQ¼ 67 mol%) (unimer),

(C) random poly(HNBMQ750-r-HNBMO250) ( fHNBMQ¼ 75 mol%) (unimer),

(D) random poly(HNBMQ1000-r-HNBMO250) ( fHNBMQ¼ 80 mol%) (hydro-

phobically cross-linked chains) and (E) block poly(HNBMQ-b-HNBMO)s

(unicore multipolymer micelle).
 poly(HNBMQ1000-r-HNBMO250) was 3.2� 10�3 and
7.9� 10�3 g dL�1, respectively. The results indicate that the
increase in the ratio of hydrophilic ammonium salt/hydropho-
bic ester-linkage alkyl chain increases the concentration of
onset of micelle formation, which is due to hydrophobic
association.

The values of I3/I1 in ethanol/methylene chloride [2/1 (v/v)]
cosolvent are around 0.97 at lower polymer concentration
(Fig. 6B), which is higher than in water due to the lower
polarity of cosolvent. The CAC values of random poly-
(HNBMQ500-r-HNBMO250) and random poly(HNBMQ750-r-
HNBMO250) in cosolvent are higher than in water, indicating
that aggregation of unimers is easier in water than in cosol-
vent. However, random poly(HNBMQ1000-r-HNBMO250),
which is hydrophobically cross-linked chains has lower CAC
in cosolvent than in water. This result indicates the micro-
polarity related with the morphology of polymer aggregation.

The aggregates of the intra- and inter-polymer, consisting
of hydrophobic microdomains surrounded by charged seg-
ments, may be viewed as polymer micelles, such as unimers
or unicore multipolymer micelles. The formation of the
polymer micelles may occur at a certain critical polymer

A

( ) CAC

( ) CMC

I
3
/
I
1

( ) No CMC

( ) CAC

( ) CMC

( ), random poly(HNBMQ500-r-HNBMO250)

( ), random poly(HNBMQ750-r-HNBMO250)
( ), random poly(HNBMQ1000-r-HNBMO250)

( ) CAC

LogCp [g·dL
-1

]

(   )CAC
(   )CAC

(   )CAC

( ), random poly(HNBMQ500-r-HNBMO250)
( ), random poly(HNBMQ750-r-HNBMO250)
( ), random poly(HNBMQ1000-r-HNBMO250)

I
3
/
I
1

LogCp [g·dL
-1

]

B

Fig. 6. Plots of log Cp vs. I3/I1 ratio for random poly(HNBMQ-r-HNBMO)s in

(A) water and (B) cosolvent [ethanol:methylene chloride¼ 2:1 (v/v)]. The

content of ammonium¼ 67 mol% (B), 75 mol% (6), and 80 mol% (,).



3701D.-J. Liaw et al. / Polymer 48 (2007) 3694e3702
concentration, which is defined as a critical micelle concentra-
tion (CMC) for micelle-forming polymers [21]. When fHNBMQ

is increased from 67 to 75 mol%, all polymers in water exist
as self-assembly unimeric micelles. The results of TEM and
fluorescence spectroscopy on the micelles of different random
copolymers containing various contents of ammonium salt in
aqueous are summarized in Table 1. For the polymers in cosol-
vent, CMCs are not observed even at high concentration.

When fHNBMQ is further increased to 80 mol%, polymer
chains form much larger aggregates, which are different
from that of the copolymer with fHNBMQ less than 75 mol%.
The structure of aggregates changed from spheres to net-
work-like aggregates due to hydrophobically cross-linked
chains. In this case, no critical micelle concentration was
observed (Table 1 and Fig. 6A). Unfortunately, random
poly(HNBMQ250-r-HNBMO250) with fHNBMQ(th)¼ 50 mol%
( fHNBMQ(exp)¼ 48.7 mol%) was soluble in ethanol and only
partially soluble in water and methanol; hence, CMC could
not be measured in aqueous solution.

The fluorescence spectral data of random and block copoly-
mers with the same fHNBMQ(th) (91 mol%) at various concen-
trations are presented in Fig. 7.

The block copolymer (poly(HNBMQ1000-b-HNBMO100)
exhibited lower critical aggregation concentration
(CAC¼ 2.5� 10�4 g dL�1) than that of the random copolymer
(poly(HNBMQ1000-r-HNBMO100) (CAC¼ 5.0� 10�2 g dL�1).
Furthermore, it can be seen that the block copolymer exhibited
a well defined CMC at a concentration of 4.0� 10�2 g dL�1,
while CMC was not observed for the random copolymer
even at high concentration (3.2 g dL�1). This study clearly
demonstrates that the block copolymer [block poly-
(HNBMQ1000-b-HNBMO100)] with block hydrophobic and
hydrophilic segments has much tendency to undergo associa-
tion and to form micelles than corresponding random copolymer
[random poly(HNBMQ1000-r-HNBMO100)].

Fig. 8 displays emission spectra of the cationic random
poly(HNBMQ500-r-HNBMO250) ( fHNBMQ(exp)¼ 67.2 mol%)
at different polymer concentrations of 5.6� 10�4 [CAC,
Fig. 8A], 5.7� 10�1 [higher than CAC, Fig. 8B] and

LogCp [g·dL
-1

]

( )CAC ( )CAC

( )CMC 

I
3
/
I
1

( ) No CMC

( ), random poly(HNBMQ1000-r-HNBMO100)
( ), block poly(HNBMQ1000-b-HNBMO100)

Fig. 7. Plots of log Cp vs. I3/I1 ratio for random copolymers, poly-

(HNBMQ1000-r-HNBMO100) (C) and block copolymer, poly(HNBMQ1000-

b-HNBMO100) (B) in aqueous.
0.1 g dL�1 [CMC, Fig. 8C] of pyrene molecules in the pres-
ence and absence of the polymers in aqueous solution. Mono-
mer emission of pyrene could be observed in the range from
377 to 385 nm and the excimer emission could be observed
in the range from 450 to 480 nm. The peak maximum at
377 nm arises from the fluorescence emission of isolated pyr-
enes (monomer emission). The broad band centered around
450 nm results from emission of excited dimeric pyrene (exci-
mer emission).

Fig. 9 plots IE/IM as a function of polymer concentration in
water (Fig. 9A) and in ethanol/methylene chloride cosolvent
[ethanol/methylene chloride¼ 2/1 (v/v)] (Fig. 9B). The asso-
ciation of pyrene hardly exists, and IE/IM almost keeps un-
changed when the polymers are at low concentrations. As
the polymer concentration increases, the degree of excimer
formation increases the population of excited pyrene dimers,
which results in IE/IM increase [19]. For the aqueous system
shown in Fig. 9A, the IE/IM curves depend on the composition
of polymers. The IE/IM increases rapidly at 0.01 g dL�1

(log Cp¼�2.0) for poly(HNBMQ500-r-HNBMQ250) and
0.2 g dL�1 (log Cp¼�0.7) for poly(HNBMQ750-r-HNBMQ250).
For the hydrophilic contents lower than 80 mol%, the excimer
formation is at higher concentration for the polymer with
higher hydrophilic content. While the IE/IM value increases
rapidly at 0.016 g dL�1 (log Cp¼�1.8) for poly(HNBMQ1000-
r-HNBMO250), which is lower than that of poly(HNBMQ750-r-
HNBMQ250). This variation might result from the different
morphologies of polymer micelles. These results are in agree-
ment with the conceptual illustration of self-assembly micelles
(Fig. 5). For the cosolvent system as shown in Fig. 9B, the
IE/IM curves of the random polymers are almost the same.
The random copolymers begin to associate, and as a result,
the IE/IM value increases rapidly at 0.1 g dL�1 (log Cp¼
�1), indicating that strong association occurs. Pyrene
molecules are hydrophobic and easier to be embraced in

Fig. 8. Emission spectra of pyrene at different concentrations of random

poly(HNBMQ500-r-HNBMO250) in aqueous solution. (A) 5.6� 10�4 (CAC),

(B) 5.7� 10�1 (between CAC and CMC) and (C) 0.1 g dL�1 (CMC).
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hydrophobic association in aqueous. However, pyrene mole-
cules are homogeneously distributed in the cosolvent. There-
fore, less fluorescence information of pyrene for the formation
of micelles in the cosolvent than in aqueous was observed. These
results indicate that pyrene is a better fluorescence probe for
the characterization of polymer assemblies in aqueous than in
the cosolvent.

4. Conclusion

A series of novel polynorbornene copolymers with self-
assembly amphiphilic architecture containing hydrophilic
ammonium salt and hydrophobic alkyl ester group were
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I
M

( ), random poly(HNBMQ500-r-HNBMO250)

( ), random poly(HNBMQ750-r-HNBMO250)

( ), random poly(HNBMQ1000-r-HNBMO250)

A

Log Cp [g·dL
-1

]

I
E
/
I
M

Log Cp [g·dL
-1

]

B ( ), random poly(HNBMQ500-r-HNBMO250)

( ), random poly(HNBMQ750-r-HNBMO250)

( ), random poly(HNBMQ1000-r-HNBMO250)

Fig. 9. Excimer emission/monomer emission (IE/IM) of random poly-

(HNBMQ-r-HNBMO)s in (A) water and (B) cosolvent [ethanol/methylene

chloride¼ 2/1 (v/v)]. IM: fluorescence intensity at 330 nm; IE: fluorescence

intensity at 450 nm. The content of ammonium¼ 67 mol% (B), 75 mol%

(6), and 80 mol% (,).
obtained via ring-opening metathesis polymerization (ROMP).
Spherical micelles of such polynorbornenes are formed in
an ethanol/methylene chloride (2/1) solution by varying the
content of ammonium salts from 50 to 75 mol% of random
copolymers. When the hydrophilic content of the random co-
polymer is higher than 80 mol%, the morphology of micelles
transferred into network-like aggregates. Block copolymer has
much tendency to undergo association and form micelles than
the corresponding random copolymer. The topology of such
amphiphilic copolymers having highly stable polynorborn-
ene main chains makes them attractive for nanomaterial
applications.
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