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ABSTRACT:

An approximately 100% branched hyperbranched polymer was successfully prepared using 2-(4-

phenoxyphenoxy)fluorenone as a monomer in an acidic medium. The kinetics of the model reaction between 9-fluore-

none and anisole was investigated. The reaction obeyed the second-order kinetics, indicating that the first reaction, i.e.,

the formation of the intermediate from 9-fluorenone and anisole, is considerably slower than the second one, i.e., the

reaction of the intermediate with anisole. Based on this finding, a new monomer expected to produce a 100% branched

hyperbranched polymer, 2-(4-phenoxyphenoxy)fluorenone, was designed and prepared. The polymer thus obtained was

characterized by FT/IR and '3C NMR spectroscopy, which confirmed that the polymer was an almost 100% branched

hyperbranched polymer. [doi:10.1295/polymj.PJ2007090]
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Hyperbranched polymers have attracted consider-
able attention owing to their unique properties such
as an intrinsic globular structure, low viscosity, high
solubility, and a large number of terminal functional
groups. There are many reports on the synthesis and
characterization of hyperbranched polymers and their
various applications such as those in blended compo-
nents, photosensitive materials, nonlinear optics, and
catalysts.'® Hyperbranched polymers are generally
characterized by a degree of branching (DB) that is
theoretically approximately 50% for a polymer de-
rived from an AB, monomer; this value is assumed
on the basis of the equal reactivity of the B functional
groups of the AB, monomer.” The approaches report-
ed to enhance the DB include slow addition,'® poly-
merization in the presence of polyfunctional core
molecules,'! use of polyfunctional AB, monomers,!?
and post-synthetic modification.!* Although these
methods improve the DB, they do not result in a
100% DB. To obtain hyperbranched polymers with a
100% DB, the first reaction step of an AB, monomer
should activate the second reaction.!* Voit et al. have
reported the synthesis of a hyperbranched polymer
with a 100% DB by the polymerization of an AB,-
type monomer in “criss-cross” cycloaddition with
the maleimide group as the A functional group and
azine groups as the two B groups.'> Recently, Smets
et al. have reported that the acid-catalyzed polycon-
densation of isatins or acenaphthenones with aromatic

compounds yielded hyperbranched polymers with a
100% DB.!®!7 These reports prompted us to synthe-
size a hyperbranched polymer with an approximately
100% DB from a common ketone compound.

Ordinary ketones such as fluorenone show a poor
ability to undergo diarylation; HCI catalyzes the con-
densation of fluorenone with phenol to afford the cor-
responding diarylated compound in a 46% yield in
2d.'® Yamada et al. demonstrated that the diarylation
of fluorenone effectively proceeds when 3-mercapto-
propionic acid (MPA) is added to the reaction mixture
at 65°C."

Therefore, we expected that the diarylation utilizing
an acid with MPA could apply to the synthesis of
100% branched hyperbranched polymer.

In this paper, we present the synthesis of a hyper-
branched polymer with an approximately 100% DB
by the polycondensation of an AB, monomer, 2-(4-
phenoxyphenoxy)fluorenone. The model reaction of
9-fluorenone (1) with anisole (2) in the presence of
a catalyst in an organic acid is investigated to eluci-
date the reactivity of the second B vs. the first B of
the AB, monomer.

EXPERIMENTAL

Materials
All chemicals were used as received unless other-
wise noted.
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Synthesis of 9,9 -bis(4-methoxyphenyl)fluorene and
measurements of reaction progress by "H NMR spec-
troscopy

A solution of 5wt% 3-mercaptopropionic acid
(0.0177 g, 0.166 mmol) in trifluoroacetic acid (0.23
mL) was added to a solution of 1 (1.00 g, 5.55 mmol),
dodecane (0.047 g, 0.278 mmol) and 2 (0.96g, 8.84
mmol) in trifluoroacetic acid (3.7mL). The solution
was stirred at 60 °C under nitrogen atmosphere, and
then the reaction was monitored by successive meas-
urements of the '"H NMR spectra of a drop of the re-
action solution into chloroform-d at different times.
After 20 h reaction, the reaction solution was poured
into water (300mL). The precipitate was filtered,
washed with water, and dried in vacuo at 100 °C for
12 h. The product was recrystallized from ethanol to
give white needles. The yield was 0.69 g (41%). Mp.
137-138°C (lit> 126°C). IR (KBr, v, cm™!): 3035
(Ar), 2834 (O-CH3;), 1600 (Ar), 1500 (Ar), 1180 (O-
Ar), 1033 (O-CH3), '"H NMR (CDCl3, 8, ppm): 3.74
(s, 6H, OCH3), 6.75 (d, 4H, Ar), 7.11 (d, 4H, ArH),
7.22-7.41 (m, 6H, ArH), 7.75 (d, 2H, ArH). 3C NMR
(CDCls, 6, ppm): 55.14, 64.11, 113.48, 120.09,
125.97, 127.28, 127.65, 129.12, 138.08, 139.91,
151.80, 158.23. Anal. Calcd. for C»;H»,0,: C, 85.69;
H, 5.86; Found C, 85.46; H, 5.91.

Synthesis of 9-(4-methoxyphenyl)-9H-fluoren-9-ol (4)

The Grignard reagent was prepared from magnesi-
um powders (270 mg, 11.1 mmol) in dry tetrahydro-
furan (6 mL) and 4-bromoanisole (2.07 g, 11.0 mmol)
in dry tetrahydrofuran (10mL) at 80°C for 1h. 9-
Fluorenone (1.00g, 5.54 mmol) was added to the
cooled Grignard solution. The mixture was refluxed
for 6 h. The reaction mixture was neutralized with a
saturated NH,4Cl solution, extracted with diethyl ether,
washed with brine, dried over MgSQOy. Purification
was performed by silica gel column chromatography
(EtOAc/Hexane = 1/9) to give a title product
(140g, 87%). '"H NMR (CDCls, 8, ppm): 2.40 (s,
1H, OH), 3.76 (s, 3H, OCH3), 6.79 (d, 2H, ArH),
7.20-7.40 (m, 8H, ArH), 7.65 (d, 2H, ArH). 3C NMR
(CDCls, 6, ppm): 55.62, 83.80, 114.00, 120.49,
125.12, 127.02, 128.85, 129.45, 135.65, 139.88,
150.91, 159.22.

Synthesis of 2-(4-phenoxyphenoxy)fluorene

The mixture of 4-phenoxyphenol (8.08g, 43.4
mmol) and potassium carbonate (5.08 g, 36.8 mmol)
in toluene (30 mL) was heated at 140 °C for 2h to re-
move water with a dean-stark apparatus. After the for-
mation of the potassium salt, toluene was removed by
heating at 150 °C. The residue was further dried under
reduced pressure at 100 °C, followed by cooling down
to room temperature. To this salt were added bromo-

Polym. J., Vol. 39, No. 11, 2007

fluorene (3.00g, 12.3 mmol), copper (0.039g, 0.62
mmol) and quinoline (1.59g, 12.3 mmol), followed
by heating the mixture at 190 °C for 20 h under nitro-
gen atmosphere. After cooling the mixture to room
temperature, it was poured into a sodium hydroxide
aqueous solution (2 mol/L). The solution was extract-
ed with dichloromethane, and then organic layer was
evaporated. The residue was purified by silica gel col-
umn chromatography (toluene/hexane 3:7 in volume).
White crystals were obtained after drying at 80°C
in vacuo. The yield was 1.81g (42%). Mp. 143-
144°C; IR (KBr, v, cm™!): 3039, 1592, 1492 (Ar),
1220 (O-Ar), 'H NMR (CDCls, 8, ppm): 3.87 (s,
2H, CH,), 6.98-7.11 (m, 8H, ArH), 7.18 (s, 1H,
ArH), 7.27 (1H, ArH), 7.30-7.39 (m, 3H, ArH),
7.52 (d, 1H, ArH), 7.68-7.75 (d, 2H, ArH). Anal.
Calcd. for CysHi30,: C, 85.69; H, 5.18; Found C,
85.64; H, 5.26.

Synthesis of 2-(4-phenoxyphenoxy)fluorenone (5)
2-(4-Phenoxyphenoxy)fluorene (4.31 g, 12.3 mmol)
and 40 wt % tetrabuthylammonium hydroxide (0.16 g,
0.615 mmol) in methanol was dissolved in pyridine
(25 mL). The solution was heated at 60 °C for 20 h un-
der the air, and then was acidified with glacial acetic
acid. The solution was evaporated under reduced pres-
sure, and the residue was poured into the water. The
precipitate was purified by silica gel column chroma-
tography (toluene). The product was recrystallized
from hexane to give faint yellow needles. The yield
was 3.30 g (74%). Mp. 88-89°C; IR (KBr, v, cm™!):
3062 (Ar), 1708 (C=0), 1600, 1484 (Ar), 1222 (O-
Ar). '"H NMR (DMSO-d, 8, ppm): 7.00-7.18 (m,
8H, ArH), 7.21 (d, 1H, ArH), 7.31 (t, 1H, ArH),
7.40 (t, 2H, ArH), 7.53-7.60 (m, 2H, ArH), 7.71 (d,
1H, ArH), 7.75 (d, 1H, ArH). '3C NMR (DMSO-d,
8, ppm): 112.87, 118.21, 120.25, 120.59, 120.89,
122.55, 123.22, 123.75, 123.87, 128.54, 129.86,
133.36, 135.14, 135.35, 138.34, 143.70, 151.18,
152.82, 156.83, 158.58, 192.17. Anal. Calcd. for
CysH603: C, 82.40; H, 4.43; Found C, 82.25; H, 4.56.

Synthesis of poly[2-(4-phenoxyphenoxy)fluorenone]
(6)

3-Mercaptopropionic acid (0.00291g, 27.5 umol)
in dichloromethane (0.22 mL) was added to a solution
of 2-(4-phenoxyphenoxy)fluorenone (0.20g, 0.549
mmol) and methanesulfonic acid (0.59mL) in di-
chloromethane (0.53mL). The solution was heated
at 40°C for 45min under a nitrogen atmosphere.
The solution was poured into sodium hydrogen car-
bonate aqueous solution (50 mL). After filtration, the
solid was washed with water (50 mL), methanol (50
mL) and acetone (50 mL), and then slightly yellowish
polymer was obtained (0.16g, 81%). IR (KBr, v,
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Scheme 1.

cm™1): 1716 (C=0), 1604, 1492 (Ar), 1218 (O-Ar).
'H NMR (CDCls, 8, ppm): 6.50-7.90 (broad, ArH).
3C NMR (CDCl;, 8, ppm): 64.32, 64.98, 113.73,
117.66, 11797, 118.21, 119.84, 120.05, 120.10,
120.38, 120.67, 120.88, 121.47, 122.99, 123.52,
124.40, 127.62, 128.30, 129.30, 129.41, 129.70,
134.27, 134.88, 135.96, 138.73, 140.24, 144.31,
151.67, 153.11, 153.39, 156.41, 159.19, 193.41.
M, = 7300 g/mol, My, /M, = 4.4 (GPC in CHCI3).

Measurements

The IR spectra were obtained using a Horiba FT-
210 spectrophotometer. The NMR spectra were re-
corded on a JEOL JINM-AL400 (400 MHz) spectrom-
eter. Number- and weight-average molecular weights
(M, and M,,) were determined by a gel permeation
chromatograph (GPC) on a Jasco GULLIVER 1500
system equipped with a polystyrene gel column (Plgel
5 um MIXED-C) eluted with chloroform at a flow rate
of 1.0mLmin~! calibrated by standard polystyrene
samples.

RESULTS AND DISCUSSION

Model reaction between 1 and 2

As described in the introduction, the diarylation of
activated carbonyl compounds such as isatins pro-
ceeds in the presence of an acid. Yamada et al. dem-
onstrated that the diarylation of fluorenone effectively
proceeds when 3-mercaptopropionic acid (MPA) is
added to the reaction mixture at 65 °C.'" Thus, we first
investigated the model reaction between 1 and 2 in the
presence of MPA in sulfuric acid. The reaction pro-
ceeded, but the solution was heterogeneous, which
might have inhibited the polymerization. Hence,
methanesulfonic acid was used instead of sulfuric
acid. Because the reaction proceeded in a homogene-
ous solution, it terminated within a few minutes at
20°C. In order to plotting the time-conversion rela-
tionship for this reaction, the same condensation was
performed in the presence of trifluoroacetic acid
(TFA). The reaction between 1 and 2 was conducted
at 60°C for 20h in the presence of 3mol % MPA
(Scheme 1). The '"H NMR spectrum of the reaction
mixture revealed the presence of the expected diary-
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Figure 1. 'H NMR spectra of the reaction mixture at (A) 0,
(B) 2.5, and (C) 20h, (D) the isolated compound 3, and (E) 4.

lated compound, 9,9-bis(4-methoxyphenyl)fluorene
(3) with the unconverted 1, indicating that the conden-
sation was completed under this condition.

The reaction was then monitored by periodically
measuring the '"H NMR spectra of a drop of the reac-
tion solution at different times at 25°C. Figure 1
shows the '"H NMR spectra of the reaction mixture
and 3 and 4. After 2.5 h, signals assignable to 3 are ob-
served at 7.76, 7.10-7.40, 6.82, and 3.85 ppm in addi-
tion to the signals of 1 and 2. It is noteworthy that no
other signals are observed in this spectrum, suggesting
that the condensation of 1 with 2 proceeds quickly via
the intermediate 4, whose reactivity is significantly
higher than that of the starting material 1. To confirm
the formation of 4 during the reaction, a model com-
pound 4 was prepared by the reaction between fluore-
none and p-methoxyphenyl magnesium bromide, as
shown in Scheme 2.%° The characteristic proton signal
of the methoxy protons of 4 (in the presence of TFA)
was observed at 3.66 ppm. No peak at 3.66 is observed
in Figure 1, which means the reaction of 4 with 2 is
very fast compared to that of 1 with 2. This result sug-
gests that 4 reacts immediately with 2 in TFA.

Polym. J., Vol. 39, No. 11, 2007
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Figure 2. Relationship between the amounts of the reactants, 0.5
i.e., 1 (A)and2(V¥), and the product 3 (#) with the reaction time. 0 1 2 3 4 5 6 7 8
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Figure 2 illustrates the changes in the consumption
of 1 and 2 and the yield of 3 with the reaction time.
The yield of 3 increases with a decrease in the concen-
trations of 1 and 2. This result has a complementary
relationship, indicating that no side reaction occurred
during the condensation. Consequently, the reaction
rate constant of the second step, namely, k; is consid-
erably greater than that of the first step, i.e., k.

To investigate the reaction mechanism in more de-
tail, the kinetics was studied based on the following
equations:

11221
1+2-2.3
where I is the intermediate
—d[2]/dt = ki [1][2] + k[1][2] (1)
—d[1]/dt = k,[1][2] (2)
dI]/dt = ki [11[2] — k2[1][2] (3)
d[3]/dt = ky[I][2] 4)

If k; < kp, the amount of the intermediate I can be
ignored in the steady state. Thus,

d[I]/dt =0 )

From equations (3) and (5), the concentration of I can
be expressed as follows:

(1] = ki/k2[1] (6)

Polym. J., Vol. 39, No. 11, 2007

Figure 3. Second-order kinetic plot for the condensation of
1 with 2.

Equation (4) can then be expressed using (6) as
d[3]/dt = k[1][2] (7N
The concentrations of 1 and 2 are given by
[1] = [1]o — [3] and [2] = [2]p — 2([3]
Therefore, equation (7) is written as
d[3]/dt = ki([2]o — 2[3D([1]o — [3D

This expression can be integrated under the conditions
that [3] =0 at time t =0

In([1]/[2]) = (2[1]o — [2]p)k1 + In([1]o/[2]0)

Figure 3 shows a linear relationship between
In([1]/[2]) and the reaction time; the overall reaction
rate (k) and the correlation coefficient (R) were esti-
mated to be 0.0913L-mol~'-h~! and 0.995, respec-
tively. These results indicate that the first reaction,
i.e., the reaction between 1 and 2 is the rate-limiting
step in this reaction.

Synthesis of monomer 2-(4-phenoxyphenoxy)fluore-
none (5)

Based on the above findings, a new AB, monomer
5 was designed and synthesized by the Ullmann reac-
tion between 4-phenoxyphenol and 2-bromofluorene,
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followed by oxidation in air in the presence of tetrabu-
tylammonium hydroxide (Scheme 3). The structure of
5 was determined by FT/IR and NMR spectroscopy
and elemental analysis. The IR spectrum of 5§ showed
characteristic absorptions corresponding to the car-
bonyl and the carbon-oxygen bond stretching at 1708
and 1222 cm™!, respectively. The 'H NMR spectrum
of 5 was measured, in which all the signals were well
assigned. A complete assignment of the aromatic pro-
tons was performed by using the H-H COSY spectrum
(Figure 4). The aromatic protons at positions 5 and 4
corresponds to the lowest (7.75 ppm) and the second
lowest (7.71 ppm) downfield shifts, respectively. The
doublet peaks at 7.75 and 7.71 ppm correlate to the
doublet-doublet signal at 7.21 ppm and the multiplet
peak at 7.55ppm, respectively. Thus, the peaks at
7.21 and 7.55 ppm are assigned to the aromatic pro-
tons at positions 6 and 3, respectively. On the other
hand, the triplet peak at 7.31 ppm correlates to two
multiplet peaks at 7.55 and 7.58 ppm. Accordingly,
the peak at 7.31 is assigned to the aromatic proton
at position 2. The other signals are assigned in the
same manner.
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Polycondensation of 5

The self-polycondensation of 5 was carried out in
the presence of MPA in methanesulfonic acid/di-
chloromethane (v/v, 1:1) at 40 °C, as described above;
TFA also catalyzed the diarylation but was less effec-
tive than methanesulfonic acid. The polymerization
proceeded in the homogeneous solution, resulting in
an 81% yield of the hyperbranched polymer 6. This
polymer is soluble in THF, chloroform, and methyl-
ene chloride, and the number-average molecular
weight and the polydispersity were 7.3 x 10° g-mol~!
and 4.4, respectively, as estimated by gel-permeation
chromatography in chloroform calibrated with poly-
styrene standards.

Characterization of polymer 6

Because the polycondensation of AB, monomers
generally affords three types of structures—dendritic
(D), linear (L), and terminal (T) units—as illustrated
in Scheme 4, the structure of 6 was carefully identi-
fied by FT/IR and NMR spectroscopy. The FT/IR
spectrum exhibited characteristic absorptions at 1716
and 1218 cm™' due to the carbonyl and carbon-oxy-

Polym. J., Vol. 39, No. 11, 2007
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gen bond stretching, respectively. The microstructure
of 6 was investigated by '3C NMR spectroscopy,
and the results are shown in Figure 5. Two character-
istic signals are observed at 193 and 64 ppm, which
correspond to the carbonyl and quaternary carbons
at the T and D units, respectively. In particular, the
signal from the quaternary carbon appears separately,
and there is no signal around 82 ppm, at which the ter-
tiary carbon of 6 appears. This indicates that the re-
sulting polymer is an approximately 100% hyper-
branched polymer, as illustrated in Figure 6.

CONCLUSION

In conclusion, the model reaction between 1 and 2
in the presence of MPA in an organic acid produced a
quantitative yield of 3, and the 'H NMR spectra in the
reaction mixture did not show the formation of the in-
termediate 4 during the course of the reaction. These
results suggest that the second reaction step (kp) was
faster than the first one (k). The kinetics of the model
reaction was studied. The reaction obeyed the second-
order kinetics, indicating that the first reaction, i.e.,

Polym. J., Vol. 39, No. 11, 2007

13C NMR spectra of (A) the hyperbranched polymer, (B) expanded field from 185200 ppm, (C) model compound 3, and (D)

QWe

R EL

Dendritic unit Terminal unit

Figure 6. 100% branched hyperbranched polymer.

the formation of 4 from 1 and 2, was considerably
slower than the second one, i.e., the reaction of 4 with
2. Based on these findings, the new AB, monomer §
was designed and prepared from 4-phenoxyphenol in
two steps. The acid-catalyzed polycondensation of §
yielded the hyperbranched polymer 6 with an approx-
imately 100% DB, which was determined from the
13C NMR spectrum of 6.
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