
pubs.acs.org/Macromolecules Published on Web 09/14/2010 r 2010 American Chemical Society

7916 Macromolecules 2010, 43, 7916–7918

DOI: 10.1021/ma101771t

Synthesis of Polyphenylenes from a Soluble Precursor:

The “Shaving” Approach

Samuel Jakob,
†
Aitor Moreno,

‡
Xiangyang Zhang,

‡

Louis Bertschi,‡ Paul Smith,§ A. Dieter Schl€uter,† and
Junji Sakamoto*,†

†Laboratory of Polymer Chemistry, Institute of Polymers,
Department of Materials, ETH Zurich, Wolfgang-Pauli-Strasse
10, HCI G523, CH-8093 Zurich, Switzerland, ‡Department of
Chemistry and Applied Bioscience, ETH Zurich,
Wolfgang-Pauli-Strasse 10, CH-8093 Zurich, Switzerland, and
§Laboratory of Polymer Technology, Institute of Polymers,
Department of Materials, ETH Zurich, Wolfgang-Pauli-Strasse
10, CH-8093 Zurich, Switzerland

Received August 3, 2010
Revised Manuscript Received August 26, 2010

Polyphenylenes and related aromatic polymers are of increas-
ing importance because of their physical and chemical properties,
which are attractive for various applications.1 Despite this poten-
tial, it is often the poor solubility of these polymers that is a
critical issue—not only in terms of characterization and proces-
sing but also even for synthesis.2 If no measures are taken to
increase their solubility, growing polymer chains precipitate out
at an early stage and further increase in length comes to a halt.

It is well-known that the solubility of many conformationally
hindered, rigid rod-type polymers can be increased considerably
by the attachment of flexible side chains (“hairy-rod” concept).3

The attachment of such side chains, however, not only “dilutes”
backbone properties, but can alter them in various directions.4 It
has therefore always been of interest to be able to remove the
solubilizing side chains in order to exploit the intrinsic backbone
properties.5 The present paper describes the synthesis of trialk-
ylsilyl-based hairy-rod-type derivative of a poly(m,p-phenylene)
having a considerable molar mass by using Suzuki polyconden-
sation (SPC).6 These groups on aromatics are known to be re-
movable by protodesilylation chemistry.7 The synthesis is then
followed by “shaving” the hairs off in order to obtain the parent
polyphenylene (Figure 1). Note that other precursor approaches
were previously reported for instance by Feast et al.8 and Ballard
et al.9 However, these approaches generally are limited to selected
polymers, such as polyacetylene and poly(p-phenylene), respec-
tively. In the latter case, there is also a drawback which is hetero-
geneity of the product structures.10,11 Themain advantages of the
present “shaving” approach in comparison to the other precursor
routes are the structurally fully defined precursor with chemical
and thermal stabilities and the potential applicability to a broad
range of aromatic polymers.

From a viewpoint of atom efficiency, trimethylsilyl (TMS) was
the first choice as solubilizing group. It was attached to the cor-
responding monomer 1a using TMS chloride via monolithiation
of 1,3,5-tribromobenzene12 (Scheme 1). The monomer was puri-
fied by recrystallization and subjected to SPC with a 1,4-pheny-
lenediboronate 2 under previously reported conditions,13 aiming
at preparation of the corresponding hairy polymer 3a. However,
these products precipitated out from solution during the poly-
merization, and also turned out to be hardly soluble in any

common solvent after recovery. Obviously, TMS did not mediate
sufficient solubility. We, therefore, employed the dimethylpropylsilyl
(DMPS) group instead. Synthesisof thecorrespondingmonomer,1b,
was performed in analogy to 1a. Silica-gel chromatography of the
product mixture afforded a fraction which contained the desired
monomer and starting material only, from which the latter was
subsequentlydistilledoff to furnish1bona10g scale.Thepurityof1b
was estimated NMR spectroscopically to be ca. 99.5% by using a
13C-satellite as a reference (Figure S3 in theSupporting Information).13

New SPC of 1b with 2 was conducted under the above con-
ditions (1b, 2.543 g; 2, 1.860 g).While the polymeric products still
partially precipitated out during the reaction, after isolation they
were found to be largely soluble in chloroform at room tempera-
ture. Polymer 3b was obtained in near quantitative yield after
washing the solution with aq. NaCN and subsequent precipita-
tion into methanol. The molecular weight of 3b were determined
to be Mw=65700 (Pw=260) and Mn=19500 (Pn=77) by
GPC analysis based on universal calibration.14,15 Structural
integrity of the obtained polymer 3b was proven by solution 1H
and 13C NMR spectroscopy (Figure 2). The products were also
analyzed byMALDI-TOFmass spectrometry (Figure S5 in the
Supporting Information). Unfortunately, peak assignment of
MALDI-TOF mass spectra is rarely straightforward for SPC
products16 because of the different end group patterns possible.
Consequently, for each chain with a particular number of repeat
units, rather complex signal patterns can be obtained. These
patterns may be further complicated by reactions during the laser

Figure 1. Illustration of the “shaving” process which converts a soluble
and, thus, characterizable precursor polymer into its insoluble analogue.

Scheme 1. SPC Synthesis of the Precursor Polymers 3 with Monomers
1 and 2, Followed by Desilylation of 3 To Yield the Parent

Polyphenylene 4
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desorption/ionization process. This holds true for the present
case as well. Nevertheless, the major series of the detected peaks
distributed equidistantly by the interval of 252 Da, which corre-
sponds to the mass of the repeat unit (M1M2,) of the expected
sequence of 3b (Note that M1 and M2 represent the moieties
resulting from monomers 1b and 2, respectively). Additional
peaks were detected which are either 176 or 76 Da higher, corre-
sponding to (M1M2)nM1 and M2(M1M2)n, respectively. These
additional peaks are important, because their existence unequi-
vocally proves that polymer 3b cannot consist of cyclic structures
only, but must contain open, linear ones as well (see below).

Next, the soluble precursor 3b was subjected to desilylation in
order to remove the side chains. First tributylammonium fluoride
(TBAF) was selected, but no desilylation was observed under
the conditions employed (1week reflux inTHFwithTBAF•H2O,
1 equiv per DMPS). By contrast, white products precipitated out
when toluene solutions of 3b were refluxed with trifluorometha-
nesulfonic acid (TfOH, 10 equiv per DMPS) for 1 d. After work-
up with aqueous base, the insoluble products were collected by
filtration, washed by Soxhlet extraction sequentially with iso-
propyl alcohol, hexane, anddiethyl ether and then dried in vacuo.
After this procedure, polymer 4 (Scheme 1) was isolated as a fine
powder in a yield of 61%. The losses of almost 40% of the mass
are due to complications with recovery of the insoluble products
from the reaction vessel and the filters.

The disappearance of the silyl groups was confirmed by solid-
state MAS 1HNMR, 13C NMR, and 29Si NMR (Figure 3) spec-
troscopy, as well as IR spectroscopy (Figure S6 in the Supporting
Information). Thus, the desilylation was virtually quantitative.
Additionally, no signal was observed in the solid-state 19F NMR
spectrum of 4, indicating that the desilylating reagent was neither
integrated in the polymer structure, nor remained as residual
impurity (Figure S7 in the Supporting Information).

Polymer 4 was also subjected to combustion analysis. The
obtained results (C, 93.58; H, 5.40 (%)) are in sufficient agree-
mentwith the calculated values (C, 94.70;H, 5.30 (%)), which are
solely based on repeat units; the nature of the end groups in 4
remains unclear. It should be noted that the polymerization pre-
sented involves a kinked monomer, which should increase the
probability of cycle formation.17 In this context, attention is
drawn to the GPC-elution curve of the raw precursor polymer
3b (Figure S4 in the Supporting Information). It was not fully

monomodal but rather featured a shoulder at higher retention
times and, thus, at lowermolarmasses. Solvent-freeMALDI-TOF

Figure 2. 1H (a) and 13C NMR spectra (b) of the hairy polyphenylene 3b in chloroform-d. The solvent signals are marked (/).

Figure 3. Solid-stateMAS 1HNMR (a), 13CNMR (b), and 29Si NMR
(c) spectra of the hairy precursor 3b (upper) and the insoluble product 4
after the desilylation (lower). The signals attributed to the dimethyl-
propylsilyl groups of 3b are indicated by arrows. Spinning sidebands are
marked (V, �, f, and þ).
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mass analysis18 of 4 provided a firm evidence for the presence of
these cycles (Figure 4). The series of molecular weight values
detected exactly matches those of cyclic polyphenylenes. Note that
neither partially “shaved” products nor any open, linear poly-
phenylnes were detected. While the latter was expected from the
convincing structural analyses aforementioned, the lack of any
signature of linear polyphenylenes is corroborated by the fact that
the MALDI-TOF mass spectrum does not show any signals due
to (M1M2)nM1 and M2(M1M2)n, which were prominently present
in the precursor polymer. Obviously “shaving” hindered individual
chains with open, linear structures from desorption/ionization,
which might be attributed to enhanced intermolecular interactions
among them in the bulk polymer.

As a next step, the present promising approach will be applied
for the synthesis of various other polyarylenes, including poly-
(p-phenylene). In addition, the soluble hairy precursors will be
processed into desired shapes (e.g., film or fiber) and, thereafter,
be converted into the parent materials, for which the reaction
conditions still need to be optimized.19
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Figure 4. MALDI-TOF mass spectra recorded for the insoluble products 4 (matrix: tetracyanoquinodimethane (TCNQ)). The detected molecular
weight values fully match those of cyclic polyphenenyles. Monoisotopic masses: calcd for (C12H8)n [(M1M2)n]

þ, 1064.44 (n = 7), 1216.50 (n = 8),
1368.56 (n=9), 1520.63 (n=10), 1672.69 (n=11), 1824.75 (n=12), 1976.81 (n=13), 2128.88 (n=14), 2280.94 (n=15), 2433.00 (n=16); found,
1064.38, 1216.44, 1368.53, 1520.58, 1672.62, 1824.62, 1976.74, 2128.88, 2280.89, 2432.85. The inset shows a magnified part of the spectrum (upper), in
good agreement with the simulated isotope pattern of (C12H8)9 (lower).


