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Abstract: A linear polymer, hyperbranched polymers with various
degrees of branching, and 100% hyperbranched polymers were
successfully synthesized by self-polycondensation of 2,2,2-
trifluoro-1-[4-(4-phenoxyphenoxy)phenyllethanone by using dif-
ferent amounts of trifluoromethanesulfonic acid from the same
AB, monomer.

Hyperbranched polymers (HBPs) have attracted considerable
attention during the past decade ® because of their intrinsic
globular structures and unique properties, such as low viscosity,
high solubility, and a high degree of functionality, compared to
linear analogues. The majority of hyperbranched polymer syntheses
involves a step-growth polycondensation reaction employing mono-
mers of the ABy type, where A and B represent two different
functional groups. In this respect, the degree of branching (DB)®
has been discussed as one of the key parameters for the charac-
terization of hyperbranched polymers, which is controlled by the
reactivity of the functional groups involved in the synthesis.
Theoreticaly, for polymers derived from an AB, monomer, the
DB is determined by statistics and only reaches around 50%,
assuming it is based on equal reactivity of the two B functional
groups of the AB, monomer.

Recently, several groups have reported the synthesis of 100%
HBPs.”~** Such 100% HBPs can be obtained when the first reaction
step of an AB, monomer activates the second reaction. Quite
recently, we briefly reported that an AB, monomer, 2,2,2-trifluoro-
1-[4-(4-phenoxyphenoxy)phenyl]ethanone (7), produced a linear
poly(phenylene ether) in trifluoromethanesulfonic acid (TFSA).*®
The resulting poly(phenylene ether)s with various functional groups
in every single repeating unit were formed simply by pouring the
polymer solutions into nucleophilic solvents. This finding prompted
us to develop the synthesis of HBPs with arbitrarily controlled
degrees of branching (DBS).

Herein, we report the first synthesis of HBPs with controlled
DBs by one-pot polycondensation of an AB, monomer 7, in various
molar ratios of TFSA to monomer. We found that a 100% HBP is
produced in an equimolar ratio of [TFSA]/[monomer] in chloroform.
On the other hand, alinear polymer, that is, a 0% HBP, is obtained
by using TFSA as a solvent. In addition, HBPs with a DB of any
percent between 0 and 100% are formed by changing the ratio of
[TFSA]/[monomer]. To date no other examples have been reported
for the synthesis of HBPs with controlled DB from O to 100%
derived from the same AB, monomer.

We investigated the model reactions of an equimolar amount of
2,2,2-trifluoro-4’-methoxyacetophenone (1) with anisole (2) by
changing the ratios of [TFSA] to [1] at room temperature, being
monitored by *H NMR (Scheme 1, Figure S1 in the Supporting
Information (Sl)). After the reaction, the solution was poured into
methanol.
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The products were isolated in quantitative yields, and the results
are summarized in Figure S5 (see Sl). Only the diarylated product,
2,2,2-trifluoro-1,1,1-tri (4-methoxyphenyl)ethane (3), was selectively
obtained in an equimolar ratio of [TFSA]/[1], whereas a monoary-
lated product, 2,2,2-trifluoro-1,1-bis(4-methoxyphenyl)-1-methoxy-
ethane (4), was formed quantitatively in molar ratios of [TFSA]/
[1] over 7. When molar ratios of [TFSA]/[1] between 2 and 6 are
used, a mixture of two products 3 and 4 is isolated in all cases
(Scheme 1), where the product ratio of 4 to 3 increases by increasing
the ratio of [TFSA]/[1], which means that the ratios of the rate
constants, ky/k,, for the monoarylation (k;) and diarylation steps
(k2) are between 0 and 100.%°

Scheme 1. Model Reactions of 2,2,2-Trifluoro-4’-methoxy-
acetophenone (1) with Anisole (2) in Various Molar Ratios of
[TFSAJ/1]
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These results suggest that the condensation of 1 with 2 in an
equimolar ratio of [TFSA]/[1] proceeds viaintermediate carbocation
5 (Scheme S1 in the Sl), whose reactivity is much higher than that
of starting compound 1. Therefore, when 5 isformed in a mixture,
it will be readily attacked by 2 to provide diarylated product 3,
where k; is larger than k;. A detailed kinetic study is presented in
Sl (Scheme S2, Figures S2—S4). On the other hand, in molar ratios
of [TFSA]/[1] over 7, k, becomes considerably smaller than k;.
Olah et a. reported that TFSA is a highly ionizing and low-
nucleophilicity medium.*” Unexpectedly, the electrophiles primarily
formed were activated by further superelectrophilic solvation, which
is an interaction between the electrophile and a Lewis/Bransted
superacid. Such interaction of these cations can exist only in a
superacid medium, resulting in extremely reactive dication species
in the condensed state. According to Olah's report, we speculate
that diprotonated carbonyl compound 6 (Scheme S3 in the Sl) in
the superacid condenses with 2 to give intermediate 5, whose
reactivity islower than that of dication 6; that is, k, becomes smaller
than kl.

Based on these model reactions, self-polycondensation of AB,
monomer 7 was carried out with various molar ratios of [TFSA]/
[7] in CHCI; at room temperature (Scheme 2). The polymerizations
proceeded in a homogeneous state and were completed within
several hours. The polymers were isolated by pouring the polymer
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Scheme 2. Synthesis of Hyperbranched Polymers with Controlled
Degree of Branching from 0 to 100%
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solutions into methanol. The results are summarized in Figure S6
and Table S1 (see SI). A 100% HBP is produced in an equimolar
ratio of [TFSA]/[7], whereas a linear polymer (DB = 0%) is
obtained by using TFSA as a solvent. Moreover, HBPs with a DB
of any percent between 0 and 100% are formed by changing the
ratio of [TFSA]/[7].

A linear relationship between the molar ratio of [TFSA]/[1] and
DB of HBPs was observed when the molar ratio of [TFSA]/[1]
was adjusted from 1 to 6. We expect that a linear polymer (DB =
0) would be obtained when the molar ratio of [TFSA]/[1] is over
8.6 by extrapolation of thefitted straight line. However, the polymer
precipitated during the polymerization with [TFSA]/[1] = 8.6,
because of low solubility of the linear polymer in CHCl;. Therefore,
only TFSA, which showed better solubility than CHCl3, was used
as a solvent.

The structures of these HBPs were characterized by FT-IR and
NMR spectroscopy. The FT-IR spectra of HBPs (Figures S7 and
S8 in the SI) showed characteristic absorptions at 1712 cm™* due
to the stretching of the C=0 group of terminal units. A very weak
absorption due to the C=0 group of terminal unitsis observed for
the linear polymer (Figure S9 in the SI). The *H NMR spectra of
the 100% HBP and the linear polymer together with those of 7
(terminal unit), 3 (dendritic unit), and 4 (linear unit) are presented
in Figure S10 (see Sl). The doublet peak for the o-phenyl proton
(7g) next to the trifluoroacetyl group is observed at 8.1 ppm for 7,
and the characteristic methoxy protons (3a and 4d) for 3 and 4
appear at 3.8 and 3.3 ppm (Figures S10c and S10b), respectively.
In the 100% HBP, the o-phenyl protons (HBP1a) are observed at
8.1 ppm, and the signal corresponding to the methoxy protons (4d)
for the linear unit cannot be found at 3.3 ppm (Figure S10d). On
the other hand, a linear polymer exhibits characteristic methoxy
protons (LP1d) at 3.3 ppm, and a very small peak assignable to
the end trifluoroacety! group is observed at 8.1 ppm (Figure S10€).

IH NMR spectra of HBPs with various DBs were shown in
Figure 1. The DB of HBPs was determined by the ratio of the
o-phenyl proton (HBP2a) at 8.1 ppm for the terminal unit and the
methoxy protons (HBP2b) at 3.3 ppm for the linear unit. The DB
of HBPs decreases by increasing the molar ratio of [TFSA]/[7], as
expected from the results of the model reactions (Figure S5 in the
Sl).

The observed number-average molecular weights (M,'s), weight-
average molecular weights (M,,’s), and polydispersities of the
polymers determined by SEC using polystyrene standards were in
the range of 11 000—24 000 g/mol, 26 000—189 000 g/mol, and
1.8—10.2, respectively (Table S1 and Figure S11 in the Sl). The
M, and radius of gyration (Ry) of the 100% HBP were measured
by static laser light scattering (SLS) to obtain values of 301 500
g/mol and 13 nm, respectively. The M, value determined from SEC
(71 400 g/mal for the 100% HBP) was much smaller than that from
SLS.*® This discrepancy is usually observed for hyperbranched
polymers, due to their highly branched and compact structures
compared to linear counterparts.*® The structures of polymers
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Figure 1. H NMR spectra of HBPs with various DBs.

obtained were confirmed by FT-IR (Figure S7—S9 in the SI) and
13C NMR spectroscopy (Figure S12—S14 in the Sl).

In conclusion, we demonstrated the first synthesis of a linear
polymer, HBPs with various DBs, and 100% HBP by self-
polycondensation of 7 in proper molar ratios of [TFSA]/[7]. These
polymerizations relied on the change of the rate determination steps
in the mono- and diarylation of 2,2,2-trifluoroacetophenone by
changing the molar ratios of [TFSA]/[7]. These new findings will
promote the synthesis of various series of HBPs with controlled
DBs and their application to functional materials.
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