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Abstract

Ring-opening metathesis polymerization (ROMP) has been performed with {RuCl,(CHPh)[P(C¢H;);],} catalyst to make low poly-
dispersity block copolymers of 5-(N-carbazoyl methyl)bicyclo[2.2.1]hept-2-ene (CbzNB) and 5-(phthalimide methyl)bicyclo[2.2.1]hept-
2-ene (NBMPI). Three diblock copolymers with the CbzNB and NBMPI were made, varying both molecular weight and percent of each
block. The hydrogenated diblock copolymers were successfully obtained by using p-toluenesulfonylhydrazide as a reducing agent. The novel
diblock copolymers were characterized by means of gel permeation chromatography (GPC) 'H NMR, fluorescence, differential scanning
calorimeter (DSC) and thermogravimetric analysis (TGA). The molecular weight distributions of the diblock copolymers are narrow
(M/M, ~ 1.5). Unhydrogenated diblock copolymers exhibited a strong carbazole fluorescence, with monomer emission occurring in the
near-UV at approximately 380 nm and extending into the blue—violet region. Similar results were also observed on hydrogenated diblock
copolymers. All diblock copolymers exhibited good solubility in a variety of solvents such as methylene chloride, chloroform, tetrahydro-
furan and 1,2-dichlorobenzene; however, there was no remarkable difference between unhydrogenated and hydrogenated diblock copoly-
mers. Two T, values were observed for the CbzNB segment and the NBMPI segment before and after hydrogenation. Unhydrogenated
diblock copolymers exhibited good thermo-oxidative stability, losing 10% mass in the range 369-389°C in air and 400-416°C in nitrogen.
However, hydrogenated diblock copolymers showed better thermal stability than unhydrogenated diblock copolymers, and 10% mass loss

temperatures were recorded in the range 375-396°C in air and 415-428°C in nitrogen. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

Ring-opening metathesis polymerization (ROMP) of
strained cyclic olefins is an extremely useful technique
for the synthesis of new materials [1-4], especially
since recent developments of living ROMP methods
have allowed the preparation of several novel block
copolymers [5]. Synthesis of copolymers and block
copolymers with narrow molecular weight distribution and
well-defined structure is a subject of both fundamental and
practical importance.

Carbazoyl-substituted polymers are well-known as pre-
cursors for electrophotographical materials with valuable
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optical, photoconductive, and other useful applications
such as organic light emitting diodes [6]. Since the first
application of poly(N-vinylcarbazole) in xerography [7],
great interest has focused on photoconductivity and electro-
chemical property of carbazole-contaning polymers [§—10].
Carbazole-functionalized bicyclo[2.2.1]hept-2-ene deriva-
tives have recently been polymerized using classical, non-
living olefin metathesis catalysts such as RuCl;, and
RuCl,(PPh3); [11,12]. The resulting homopolymer was
reported to exhibit interesting properties, but control over
molecular weight and molecular weight distribution was
poor, and block copolymers could not be obtained.
Previously, 5-(phthalimidemethyl)bicyclo[2.2.1]hept-2-
ene (NBMPI) was successfully synthesized and its homo-
polymers also was prepared via living ROMP [13,14]. The
poly{5-(phthalimide methyl) bicyclo[2.2.1]hept-2-ene} pro-
ceeded in a living fashion, and because of the living nature
of the polymerization the molecular weight can be regulated
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easily by changing the ratio of monomer to catalyst
[13,14]. The incorporation of the phthalimide group
remarkably enhanced the thermal stability of the poly-
mer since the phthalimide group is a thermally stable
group. The polymer-bearing phthalimide group as a
pendent group would exhibit relatively high thermal
stability and good solubility [13,14]. Also, 5-(N-carba-
zoyl methyl)bicyclo[2.2.1]hept-2-ene (CbzNB) and
poly{5-(N-carbazoyl methyl) bicyclo[2.2.1]hept-2-ene}
were prepared [15]. The incorporation of the carbazoyl
group could further enhance the thermal stability of the
polymer and provide electrophotographical properties of
the polymers.

In this study, novel diblock copolymers of 5-(N-carbazoyl
methyl)bicyclo[2.2.1]Thept-2-ene (CbzNB) and 5-(phthali-
mide methyl) bicyclo[2.2.1]hept-2-ene (NBMPI) were
successfully synthesized using {RuCl,(CHPh)[P(C¢H;;);],}
as a catalyst. These diblock copolymers with different
CbzNB and NBMPI moieties and their corresponding
hydrogenated polymers were obtained by using p-toluene-
sulfonylhydrazide as a reducing agent. The characterization
of unhydrogenated and hydrogenated diblock copolymers,
such as 'H NMR, fluorescence emission spectra, solubility
and thermal properties was also investigated.

2. Experimental section
2.1. Materials

Bis(tricyclohexylphosphine)-benzylideneruthenium
dichloride {RuCl,(CHPh)[P(C¢H,,);],} was purchased from
Strem, USA. Dicyclopentadiene was purchased from
Merck, Germany. Phthalic anhydride, carbazole, p-toluene-
sulfonylhydrazide, 2,6-di-fert-butyl-4-methylphenol (BHT),
allyl chloride and allyl amine were purchased from Acros,
Belgium, and was used without further purification. Solvents
such as xylene were purified by normal procedures and
handled in a moisture-free atmosphere. The polymerization
solvent, methylene chloride, was dried over calcium hydride,
and distilled before use. The synthesis of 5-(chloro methyl)-
bicyclo[2.2.1]hept-2-ene  (bp = 54-56°C/11 mmHg) and
5-(amine methyl)bicyclo[2.2.1]hept-2-ene (bp = 60-61°C/
11 mmHg) were accomplished via the Diels—Alder reaction
of freshly cracked dicyclopentadiene and the corresponding
allyl chloride and allyl amine, respectively [13—16].

2.2. Monomer synthesis

2.2.1. 5-(N-carbazoyl methyl)bicyclo[2.2.1 [hept-2-ene
(CbzNB) [13]

The monomer, 5-(N-carbazoyl methyl)bicyclo[2.2.1]-
hept-2-ene (CbzNB), was synthesized from 5-(chloro
methyl)bicyclo[2.2.1]Thept-2-ene and potassium salt of
carbazole as reported previously [13], mp = 74-76°C. "*C
NMR (100 MHz, CDCl;): 6/ppm = 140.4, 138.3, 136.5,

136.1, 132.4, 125.5, 122.7, 120.1, 118.6, 108.8, 50.0, 48.1,
47.0, 45.0, 44.5, 44.0, 42.6, 41.8, 39.0,38.6, 30.8, 30.5.

2.2.2. 5-(Phthalimide methyl)bicyclo[2.2.1 [hept-2-ene
(NBMPI) [14]

The monomer, 5-(phthalimide methyl)bicyclo[2.2.1]-
hept-2-ene (NBMPI), was prepared by azotropic removal
of water from an equimolar solution of 5-(amine methyl)bi-
cyclo[2.2.1]hept-2-ene and phthalic anhydride in xylene.
After removing the solvent, the residue was recrytallized
from n-hexane, mp = 99-100°C. C NMR (100 MHz,
CDCly): 6/ppm = 168.1, 137.3, 136.6, 135.8, 133.5, 132.4,
131.8, 122.8, 49.3, 44.9, 443, 44.2, 43.0, 42.4, 41.8, 41.7,
38.1, 38.0, 30.6.

2.3. Polymerization

2.3.1. Living ROMP

A catalyst solution was prepared by dissolving
{RuCl,(CHPh)[P(CH,)31,} (10 mg, 1.22 X 10> mmol) in
1 ml of anhydrous methylene chloride in an argon-filled
drybox. The monomer CbzNB (0.665 g, 2.44 X 1073 mol)
was dissolved in 4 ml of methylene chloride and then
degassed via a freeze-pump-thaw cycle. After complete
degassing, the catalyst solution was injected into the mono-
mer solution by syringe. The pink solution was vigorously
stirred at room temperature for 20 min. NBMPI (0.617 g,
2.44x 10 mol) was injected to the still-living reaction
mixture and the solution was stirred for another 12 h at
room temperature. The color of the solution changed from
pink to yellow after NBMPI was added. The polymerization
was terminated by the addition of a small amount of
ethyl vinyl ether (0.5 ml). After termination, the solution
was stirred for an additional 5 min, and the polymer,
poly(CbzNB)-b-poly(NBMPI)-1, was precipitated in an
excess of methanol and dried overnight in a vacuum system
at room temperature to give a flaky white solid in essentially
quantitative yield. Yield = 99.3%. The synthetic method
of poly(CbzNB)-b-poly(NBMPI)-2 and poly(CbzNB)-b-
poly(NBMPI)-3 were the same as poly(CbzNB)-b-
poly(NBMPI)-1, except for the different amounts of
CbzNB and NBMPI. All polymerizations are shown in
Scheme 1.

2.3.2. Hydrogenation of poly(CbzNB)-b-poly(NBMPI)-1
Poly(CbzNB)-b-poly(NBMPI)-1 (0.5 g) was dissolved in
50 ml of xylene in an ampoule. To the above solution were
added 2.75 g of p-toluenesulfonylhydrazide as a hydro-
genation agent and a trace of 2,6-di-fert-butyl-4-methyl-
phenol. The ampoule containing the polymer, solvent and
hydrogenation agent was then degassed thrice via a freeze-
pump-thaw cycle and sealed. Then it was gradually heated
to 120°C. At 100°C, a homogeneous solution resulted and
nitrogen started to evolve. The solution was stirred at 120°C
for 3 h until the evolution of nitrogen stopped. The solution
was cooled to room temperature and precipitated with
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Scheme 1. Polymerization of diblock copolymers.

methanol. It was dissolved in methylene chloride and
reprecipitated with methanol to further purify the white poly-
mer. The hydrogenated polymer, hydrogenated poly(CbzNB)-
b-poly(NBMPI)-1, was dried in vacuum overnight at room
temperature. Yield = 98.8%. The synthetic method of hydro-
genated poly(CbzNB)-b-poly(NBMPI)-2 and hydrogenated
poly(CbzNB)-b-poly(NBMPI)-3 were the same as hydro-
genated poly(CbzNB)-b-poly(NBMPI)-1.

2.4. Characterization methods

Thermogravimetric analysis (TGA) was measured on a
Du Pont 2200 instrument at a heating rate of 20°C min "' in
air and nitrogen. The glass transition temperature (7,) was
measured with a Du Pont 9000 differential scanning calori-
meter (DSC) at a heating rate of 20°C min~'. Weight-
average (M,,) and number average (M,) molecular weight
were determined by gel permeation chromatography (GPC).
Polystyrene was used as the standard. Four Waters (Ultra-
styragel) columns 300 X 7.7 mm (500, 103, 10%, 10° A in
series) were used for GPC analysis with tetrahydrofuran
(THF) (1 ml minfl) as the eluent. The eluents were moni-

tored with a UV detector (Gilson model 116) at 254 nm. The
fluorescence emission spectra of the polymer film were
recorded by a SHIMATSU RF-530 fluorescencemeter. 'H
NMR spectrum was taken on a JEOL EX-400 operating at
399.65 MHz, and tetramethylsilane (TMS) was used as the
standard.

3. Results and discussion

3.1. Polymerization and characterization of diblock
copolymers

As the first stage, the living prepolymer of CbzNB
was prepared by the polymerization with {RuCl,(CH-
Ph)[P(C¢H )s],} as catalyst, where the molar amount of
CbzNB was 200 times that of the initiator ([CbzNB]/
[initiator] = 200) and the polymerization was carried out
at room temperature for 20 min. The number average mole-
cular weight (M,) and molecular weight distribution (M., /
M,) were 58 000 and M, /M, = 1.2, respectively. The
number average molecular weight was close to the
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Fig. 1. GPCelution profiles (taken in THF atroom temperature at a flow rate of
1.0mlmin~Y): (a) Poly(CbzNB) prepolymer, ([CbzNB]/[initiator] = 200);
(b) poly(CbzNB)-b-poly(NBMPI)-1,([CbzNB]/[initiator] = 200; ((NBMPI]/
[initiator] = 200)).

theoretical molecular weight calculated in accordance with
[monomer]/[initiator] ratio (M, = 54 600). For the poly-
merization of the second stage, NBMPI was added into
the above reaction mixture and the polymerization was
continued under polymerization conditions to similar
those described above, where the molar amount of
NBMPI was 200 times that of the initiator ([NBMPI]/
[initiator] = 200). The number average molecular weight
(M,) of polymer increased from 58 000 to 98 010, retaining
a narrow molecular weight distributions (M,,/M,, = 1.35).
Fig. 1 shows typical GPC profiles of the resulting diblock
copolymer [poly(CbzNB)-b-poly(NBMPI)-1] obtained an
that of the corresponding prepolymers. The GPC profile of
poly(CbzNB)-b-poly(NBMPI)-1 obtained after the second
stage of polymerization clearly shifted toward the higher
molecular weight region of the molecular weight distribu-
tions. Thus, the polymerization of NBMPI was initiated
from the living end of poly(CbzNB) with very high effi-
ciency to produce poly(CbzNB)-b-poly(NBMPI)-1 diblock
copolymer. These results confirm the ‘living polymeriza-
tion’ behavior of the polymerization of CbzNB with the
{RuCl,(CHPh)[P(C¢H})5],}. However, the larger number

Table 1

average molecular weight (M, = 118590) and broader
molecular weight distributions (M,/M, = 1.72) will be
obtained when NBMPI was used first before CbzNB. There-
fore, all diblock copolymers were prepared by adding
CbzNB first, then NBMPI.

The number average molecular weight (M) and molecu-
lar weight distributions (M,,/M,) of these unhydrogenated
and hydrogenated diblock copolymers are shown in Table 1.
From Table 1, the number average molecular weight of
three unhydrogenated diblock copolymers are close to the
theoretical molecular weight calculated in accordance with
[monomer]/[initiator] ratio, and the molecular weight dis-
tributions remain narrow (M, /M, = 1.5). After hydro-
genation, the number average molecular weights slightly
increased; however, the molecular weight distributions
still remained narrow.

The 'H NMR spectra of poly(CbzNB)-b-poly(NBMPI)-1
and the corresponding hydrogenated polymer are shown in
Fig. 2(a) and (b), respectively. As the polymerization
proceeded, the vinylic proton peaks at 6.11 and 6.28 ppm
for CbzNB; 6.06 and 6.15 ppm for NBMPI disappeared
[13-14]. The 'H NMR spectrum Fig. 2(a) of poly(Cb-
zZNB)-b-poly(NBMPI)-1 shows new vinyl protons in the
range 4.7-5.7 ppm. These broad signals correspond to the
vinyl protons of the double bond of the ring-opened poly-
mer. Unfortunately, the 'H and *C NMR spectra were very
complex with many overlapping multiplets or broad
unresolved peaks and it was not possible to interpret them in
terms of microstructural detail, as is often possible for poly-
mers produced by ROMP [17]. After hydrogenation, the reso-
nances between 4.7 and 5.7 ppm completely disappeared; and
the aromatic resonances between 7.07 and 7.95 for CbzNB
and NBMPI still remained Fig. 1(b). This shows that the
hydrogenated diblock copolymers are successfully obtained
by using p-toluenesulfonylhydrazide as a reducing agent.

3.1.1. Fluorescence of diblock copolymers
Poly(CbzNB)-b-poly(NBMPI)-1, poly(CbzNB)-b-poly(INB-
MPI)-2, poly(CbzNB)-b-poly(NBMPI)-3 and their corre-
sponding hydrogenated diblock copolymers could be
poured into a 7 cm diameter glass culture dish from methy-
lene chloride solution to yield optically clear films.
Poly(CbzNB)-b-poly(NBMPI)-1 exhibited a strong carbazole

Polymer yield, molecular weight and molecular weight distribution of diblock copolymers

Polymer code Yield (%) M," (zmol ") My’ M, /M,*
Poly(CbzNB)-b-poly(NBMPI)-1 99.3 98 010 105 200 1.35
Hydrogenated poly(CbzNB)-b-poly(NBMPI)-1 98.8 110 150 - 1.44
Poly(CbzNB)-b-poly(NBMPI)-2 99.4 564 400 560 600 1.48
Hydrogenated poly(CbzNB)-b-poly(NBMPI)-2 99.2 565 000 - 1.54
Poly(CbzNB)-b-poly(NBMPI)-3 99.8 603 110 596 600 1.44
Hydrogenated poly(CbzNB)-b-poly(NBMPI)-3 99.5 609 910 - 1.52

* As determined by GPC in THF using polystyrene as a calibration standard.

® Calculated by My = {[monomer)/[initiator] X M, monomen }-
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Fig. 2. 'H NMR spectra of (a) poly(CbzNB)-b-poly(NBMPI)-1; (b) hydro-
genated poly(CbzNB)-b-poly(NBMPI)-1. (Solvent: CDCl3).
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Fig. 3. Fluorescence emission spectra of poly(CbzNB)-b-poly(NBMPI)-1
(330 nm excitation).

fluorescence, with monomer emission occurring in the
near-UV at approximately 380 nm and extending into the
blue—violet region (Fig. 3) [13,18—19]. The spectra of
poly(CbzNB)-b-poly(NBMPI)-2, poly(CbzNB)-b-poly(NB-
MPI)-3 and their corresponding hydrogenated diblock
copolymers (not shown) were nearly identical to those of
poly(CbzNB)-b-poly(NBMPI)-1, indicating that the electro-
nic structure of the carbazole group is not greatly perturbed
by the presence or absence of the second block, even after
hydrogenation.

3.1.2. Solubility characteristics

The solubility characteristics of the diblock copolymers
are shown in Table 2. It was found that there was no remark-
able difference except in DMAc solvent between unhydro-
genated and hydrogenated diblock copolymers. All diblock
copolymers exhibited good solubility in a variety of solvents
such as methylene chloride, chloroform, tetrahydrofuran,
1,2-dichlorobenzene, and even in N-methyl-2-pyrrolidinone
and benzene at room temperature or upon heating to 60°C.
The similar results were also observed in precious works for
each homopolymer [13,15]. Each homopolymer and their

Solubility of diblock copolymers in various solvents (Solubility: + + : soluble at room temperature; +: soluble at a heating temperature of 60°C; + — :
partially soluble at 60°C; —: insoluble at 60°C; Abbreviations: THF: tetrahydrofuran; DMAc: N,N-dimethylacetamide; DMSO: dimethylsulfoxide; NMP: N-

methyl-2-pyrrolidinone, DMF: N, N-dimethylformamide)

Polymer code THF DMAc DMSO 1,2-Dichlorobenzene NMP Benzene CH,Cl, CHCI, DMF
Poly(CbzNB)-b-poly(NBMPI)- 1 ++ + - ++ ++ + ++ ++ —
Hydrogenated poly(CbzNB)-b- ++ + - - ++ ++ + ++ ++ —
poly(NBMPI)-1

Poly(CbzNB)-b-poly(NBMPI)-2 ++ + - ++ ++ ++ ++ ++ —
Hydrogenated poly(CbzNB)-b- ++ + — - ++ ++ ++ ++ ++ —
poly(NBMPI)-2

Poly(CbzNB)-b-poly(NBMPI)-3 ++ + - ++ ++ + ++ ++ —
Hydrogenated poly(CbzNB)-b- ++ + - - ++ ++ + ++ ++ —

poly(NBMPI)-3
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Table 3
Thermal properties of the diblock copolymers

Polymer code T," (°C) Tya00” (°C)
In air In N,

Poly(CbzNB)-b-poly(NBMPI)-1 144.1, 161.1 369 400
Hydrogenated poly(CbzNB)-b-poly(NBMPI)-1 131.2, 147.9 375 415
Poly(CbzNB)-b-poly(NBMPI)-2 146.5, 159.3 382 405
Hydrogenated poly(CbzNB)-b-poly(NBMPI)-2 126.3, 148.4 392 419
Poly(CbzNB)-b-poly(NBMPI)-3 147.5, 164.8 389 416
Hydrogenated poly(CbzNB)-b-poly(NBMPI)-3 133.1, 160.3 396 428

* Glass transition temperature (7,) measured by DSC at a heating rate of 20°C min~ .
® Temperatures at 10% mass loss (T o) were determined by TGA at a heating rate of 20 °C min~".

hydrogenated homopolymer were all highly soluble in
common organic solvents such as THF, chloroform and
methylene chloride, but insoluble in DMSO and DMF
[13,15]. Although the molecular weights of poly(CbzNB)-
b-poly(NBMPI)-2 and poly(CbzNB)-b-poly(NBMPI)-3 are
significantly higher than that of poly(CbzNB)-b-poly(NB-
MPI)-1, almost the same behaviors of solubility were
observed.

3.1.3. Thermal stability

The thermal properties of the diblock copolymers were
evaluated by differential scanning calorimetry (DSC) and
TGA. The results are tabulated in Table 3. Glass transition
temperature (7, values) of diblock copolymers are sum-
marized in Table 3. Phase separation occurs in all diblock
copolymers, and two T, values were observed. For example,
poly(CbzNB)-b-poly(NBMPD)-1 had T, =161.1°C for
CbzNB and T, = 144.1°C for NBMPI, respectively. Also,
two T, values were still observed for hydrogenated diblock
copolymers. For example, hydrogenated poly(CbzNB)-b-
poly(NBMPI)-1 had T, = 147.9°C for CbzNB and T, =
131.2°C for NBMPI, respectively. However, lower T,
values were obtained after hydrogenation.

TGA was conducted in air and nitrogen atmospheres.
The diblock copolymers were fairly stable up to a tempera-
ture around or above 370°C. The temperatures at 10% mass
loss (T410%), as shown in Table 3, exhibited values ranging
from 369 to 389°C in air and from 400 to 416°C in nitrogen
for unhydrogenated diblock copolymers. However, hydro-
genated diblock copolymers showed better thermal stability
than unhydrogenated diblock copolymers, and the 10%
weight loss temperatures were recorded in the range 375—
396°C in air and 415-428°C in nitrogen. This indicated that
hydrogenated ROMP diblock copolymers could enhance
thermal stability, owing to the saturation of the double
bond. From Table 3, the diblock copolymer with longer
CbzNB segment before and after hydrogenation exhibited
better thermal stability. Increasing the CbzNB moiety in a
diblock copolymer, the thermal stability could be improved
due to the characteristics of carbazole group in the diblock
copolymer. In general, the incorporation of the carbazole
group in a polymer backbone lead to enhanced thermal

1
1

stability of the polymer [13,18,19]. The molecular weight
of poly(CbzNB)-b-poly(NBMPI)-1 is significantly lower
than those of poly(CbzNB)-b-poly(NBMPI)-2 and poly(Cb-
zNB)-b-poly(NBMPI)-3. Poor thermostability was relatively
observed for Poly(CbzNB)-b-poly(NBMPI)-1.
Furthermore, poly(NBMPI) and poly(CbzNB) homo-
polymers were prepared as described in precious works
[13,15]. Poly(NBMPI) homopolymer ([NBMPI]/[initia-
tor] = 400) showed near 398°C of the temperature at 10%
weight loss (T 04) in nitrogen. Poly(CbzNB)-b-poly(NB-
MPI)-1 exhibited slightly higher temperature at 10% weight
loss (74109 =400°C) than poly(NBMPI) homopolymer
(INBMPI]/[initiator] = 400). Poly(CbzNB) homopolymer
showed near 410°C of the temperature at 10% weight loss
(T4.10%) in nitrogen. The temperature at 10% weight loss (74 104)
of poly(CbzNB) homopolymer ([CbzNB]/[initiator] = 400)
was higher than those of poly(CbzNB)-b-poly(NBMPI)-1
and Poly(NBMPI) homopolymer ((NBMPI]/[initiator] = 400).

4. Conclusions

Low polydispersity block copolymers of CbzNB and
NBMPI have been synthesized via ROMP by using
{RuCl,(CHPh)[P(CgH);],}. Three diblock copolymers with
CbzNB and NBMPI were made, varying both molecular
weight and percent of each block. From 'H NMR spectra,
the ring-opened copolymers have predominantly trans
double bonds. Their corresponding hydrogenated diblock
copolymers were also successfully obtained. The molecular
weight distributions of the diblock copolymers are narrow
(M, /M, ~ 1.5). Hydrogenated and unhydrogenated diblock
copolymers exhibited a strong carbazole fluorescence, with
monomer emission occurring in the near-UV at approxi-
mately 380 nm and extending into the blue—violet region.
All diblock copolymers exhibited good solubility; however,
there is no remarkable difference between unhydrogenated
and hydrogenated diblock copolymers. Two T, values were
observed for CbzNB segment and NBMPI segments before
and after hydrogenation. Unhydrogenated diblock copoly-
mers exhibited good thermal stability. However, hydro-
genated diblock copolymers showed relatively better
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thermal stability than unhydrogenated diblock copolymers,
owing to saturation of the main chain.
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