7974  Macromolecules 2009, 42, 7974-7978
DOI: 10.1021/ma901155d

Macromolecules

NOTE

Defined Oligo(p-phenylene—butadiynylene) Rods

Dennis Mossinger, Stefan-Sven Jester, Eva Sigmund, Ute Miiller, and Sigurd Hoger*

Kekulé-Institut fiir Organische Chemie und Biochemie, Rheinische Friedrich-Wilhelms-Universitdt Bonn,

Gerhard-Domagk-Str. 1, 53121 Bonn, Germany
Received May 28, 2009

Introduction

Molecularly defined linear oligomers have been drawn on as
model compounds for the corresponding (polydisperse) polymers.
Polymer physical properties such as persistence length and effec-
tive conjugation length can be successfully extrapolated from
defined oligomer data.'® The often-quoted counter-argument of
a rather tedious incremental synthesis becomes anchorless for
“rigid rod” applications that demand specific, easily tailorable
dimensions. Linear molecular rods based on phenylene and
ethynylene subunits have been widely used as spacers for metal
chelate ligands,” as enzyme transporters,® for ESR” and redox'’
studies, for molecular electronics,' ™' in surface studies, !¢ and
for the construction of large shape-persistent superstructures.'*

Some of the widely investigated systems are oligo(phenylene—
ethynylene)s (OPEs),?! since they can be obtained by high-yield
Pd-catalyzed Sonogashira—Hagihara coupling® or by alkyne
metathesis with molybdenum hexacarbonyl as precatalyst.*
QOddly, oligo(phenylene—butadiynylenes)s (OPBs) have been less
intensely investigated. Standard routes to butadiynylene units
are either the Cadiot—Chodkiewicz coupling for asymmetrical
butadiynes® or the oxidative dimerization of identical terminal
acetylenes.”>?® The latter method can be performed in high
yields either by palladium catalysis>” or, more commonly, with
copper(I)-mediated protocols such as Glaser—Hay*** and
Glaser—Eglinton® or with the sole use of copper(Il) acetate in
polar solvents.”!

First experiments on a statistical, copper-mediated polymeriza-
tion of diethynylbenzene have been performed by Hay.*> More
recent examples show that polymers obtained under copper-
mediated polymerization conditions are of low molecular weight
(M, = 3000—11000 g mol '), yet overestimated by PS-calibrated
GPC.¥ % In palladium-catalyzed polymerizations, molecular
weights up to 14000 (M,,) for homopolymers were obtained.*’
Compared to the original set of reagents for acetylene dimeriza-
tions,”” iodine had been replaced by benzoquinone as reoxidant.
Solubility as a molecular weight limiting factor could be overcome
with 2-ethylhexyl side groups (Cu(I), M, < 23000),* by block
copolymerization (Cu(I), M, < 40000),* or by random co;aoly-
merization of different monomers (Pd(0), M,, < 150000).>" Re-
cently, a Pd-catalyzed synthesis of linear PPBs and triangular
networks* leading to solid microporous materials was reported.
Moreover, bisacetylenes can be polymerized and characterized
inside copper(II)-functionalized alumina and silica channels.*!
Some more sophisticated OPBs and oligo(phenylene—ethynylene—
butadiyn;/lene)s (OPEBs) have been applied as encapsulated
wires,'”* in one case with light-harvesting properties.*

While the butadiyne bridge as a structural unit can be frequentl
found in dimerized oligo(arlyene—ethynylene)s,”?~ 113174445
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only a small number of publications actually deal with the stepwise
synthesis of defined OPBs. For example, aryl dihalogenides were
coupled with two monoprotected butadiynyl units up to the trimer
using 2-hydroxy-2-propyl as protective group.*® In principle,
defined oligomers can be obtained by separation of statistical
oligomeric mixtures, e.g., by preparative recycling GPC,*” as
demonstrated for bulky dendronized oligomers.

We employed both methods, the stepwise synthesis via pro-
tective groups and the separation of a statistical oligomeric
mixture, to receive a set of oligo(p-phenylene—butadiynylene)
rods of defined length. Their optical properties can be extra-
polated to determine effective conjugation lengths of dialkyl
OPBs. GPC elution volumes of the separated oligomers can be
used to determine PS-OPB conversion factors for the correspond-
ing relative GPC calibration.

Stepwise Synthesis

Defined oligo(p-phenylene—butadiynylene)s up to the tetra-
mer 1 (Scheme 1) can be obtained from 1,4-diethynyl-2,5-dihexyl-
benzene 2 by an efficient sequence relying on the polar
(3-cyanopropyl)dimethylsilyl (CPDMS) protective group.*®
The bisacetylene monomer 2 was received in an overall yield
of 63% via Kumada alkylation of p-dichlorobenzene 4,*
diiodination of 1,4-dihexylbenzene 5 with iodine/iodic acid,**
Sonogashira—Hagihara coupling of 6 with ethinyltrimethyl-
silane (TMSA), and subsequent deprotection of 7 under mild
basic conditions (Scheme 2).

As illustrated in Scheme 3, the stepwise synthesis toward
defined oligomers is a repetition of monoprotection, dimeriza-
tion, and complete deprotection steps. The iteration starts
with the statistical monoprotection of the bisacetylene mono-
mer 2 with 1 equiv of (3-cyanopropyl)dimethylsilyl chloride
(CPDMSCI).*3° The CPDMS group—as a polar analogue of
the trimethylsilyl group—simplifies the chromatographic separa-
tion of the monoprotected product 8 (61%) from both the
nonprotected starting material (18%) and the diprotected side
product (15%).>" In the subsequent Glaser coupling step, the
length of the oligomer is doubled. 8 is dimerized in a CuCl/
TMEDA (1 equiv each) mediated Hay reaction in dichloro-
methane forming the diprotected bisacetylene 9. Again, traces of
the starting material could be easily separated due to the
CPDMS-induced difference in polarity. At the end of the first
iteration loop, the polar bisacetylene dimer 9 was deprotected
with potassium carbonate and purified by column chromatogra-
phy in petroleum ether. The consecutive polarity shift during the
“complete deprotection/statistical monoprotection” sequence
guarantees one nonpolar work-up per iteration. This leads to
pure, copper-free bisacetylenes that can be stored for several
months, even if exposed to air. The overall yield of the first loop
toward the nonprotected bisacetylene dimer 10 was 56%. In the
second loop, the bisacetylene tetramer 1 was obtained under
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Scheme 1. Tetramer and Statistical Oligomer (GPC Data vs PS)
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analogue conditions in comparable, but slightly lower, yields (39%;
for the full characterization of all compounds see the Supporting
Information). A similar strategy is possible with the more stable
(3-cyanopropyl)diisopropylsilyl (CPDIPS) protective group. In
that case, the iteration starts from the diprotected bisacetylene with
repetitive monodeprotection and dimerization steps.’

Polymer Parameters

For comparison, the above dimerization conditions were
applied to a statistical polymerization of 2 without major changes
except for a longer reaction time. As expected, the produced
oligomers precipitated from the reaction medium, leading to a
heterogeneous mixture. Low solubilities state a general problem
of PPBs if not substituted with branched side groups like
2-ethylhexyl or dendrons®*>* because intermediate oligomers pre-
cipitate prior to high conversion. This tendency has already been
indicated by the dimerization yields toward the tetramer 1 (83%)
compared to the dimer 10 (99%). Even though our conditions were
suboptimal for the synthesis of high-molecular-weight samples,
they ideally suited the desired oligomerization. Thus, in dichloro-
methane, we received a canary yellow oligomeric mixture 3 which
is soluble in toluene and chloroform as well as in THF upon gentle
heating (Scheme 1). Polymer parameters from GPC analysis
(in THF vs PS) are P, =13, M, = 3800 g mol ™! (GPC vs PS),
and a polydispersity of M/M, = 1.99.%

Figure 1 displays the MWD of 3 taken from GPC analysis. The
peak of tetramer 1 has been superimposed as a “reference” to
assign the peaks of the distribution and to demonstrate the

overestimation of molecular weight obtained from the PS
calibration even at small molecular weights. GPC analysis
(vs PS standard) interprets the molecular weight of 1 as M,, =
1950 g mol ™", but its actual molar mass is 1171.9 g mol~'. This
means an overestimation of nearly 70% for this molecule.
However, for higher molecular weights this deviation is not
necessarily constant. For this purpose, we separated 3** up to
the heptadecamer by recycling GPC (see Supporting Information
for elugrams and mass spectra).” Comparison of GPC-interpreted
My, values®® of each separated oligomer P; with its actual molar
mass gives a nonlinear set of PS-OPB conversion factors
f; (Figure 2 and Table S1). These increasing, size-dependent
conversion factors specify the degree of overestimation (in terms
of molecular weight) of our PB oligomers by a PS-calibrated
GPC system.”” Extrapolation of the conversion factors f; (by an
exponential fit) results in a limit of £, = 3.8 & 0.2 (see Supporting
Information). Assuming that this approach is correct, the theore-
tical limit £, is met at the utter tip of the MWD tail (e.g., 80 kDa,
vs PS), which can be estimated at 21 &+ 1 kDa (vs OPB), i.e.,
a degree of polymerization of about 72 + 4.

As molecular weight distributions change as soon as their
components are corrected with a nonlinear set of conversion
factors, this oligomer-based evaluation cannot produce reliable
average values of MWDs, such as P,,. For this reason, we carried
out an end-group analysis based on the '"H NMR spectrum of 3
(see Supporting Information). Integration of terminal acetylene
and aromatic protons reveals a theoretical end-group conversion
ratio of about 86%,” corresponding to an average degree of
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Figure 1. GPC analyses (in THF vs PS) of the tetramer 1 (circles) and
the oligomeric mixture 3 (black curve). Low molecular weight oligomers
of 3 (n = 3—10) are well-resolved and can be assigned by comparison
with 1. Absorption spectra measured at the tail of the MWD by online
diode array detection (DAD, see Figure 3) cannot be assigned to specific
degrees of polymerization but give a hint at the absorption limit A, ...

2.8 1
2.4 4
£
o
S
\Q.
2.0 vs.PS
] Mp,i I'M;
exponential fit
1.6 -

4 8 12 16

n —

Figure 2. PS-OPB conversion factors f; (for n = 3—17). GPC analyses
of the separated oligomers of 3 give a set of maxima M,, ; (vs PS) which
can be divided by the actual molecular masses M; giving size-dependent
conversion factors f;. The growth of the factors with increasing
molecular weight can be fitted and extrapolated to a limit of f., =
3.8 £ 0.2 (approximately met at n > 70).

polymerization of about 7 £ 0.5,%° whereas GPC analysis (vs PS)
suggested a P, of 13. This means an overestimation by PS-
calibrated GPC by a factor of 1.8.

Optical Properties

The UV—vis absorption spectrum of the tetramer 1 in THF
reveals a single maximum at 379 nm and a shoulder at around
396 nm (Figure 3, circles). Because of the extension of the
conjugation length, we found a red-shifted spectrum for 3 with
a different band shape and two maxima at 382 and 399 nm
(Figure 3, black curve). Obviously, these data are not consistent
with a literature value of 409 nm for the same polymer.**
Monitoring the analytical GPC elution of the oligomer mixture
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Figure 3. UV—vis absorption spectra of 1 (circles), 3 (black curve), at
the MWD tail of 3 (triangles), and of the separated oligomers (n =
3—17, gray curves). Normalized at 250 nm (in THF).
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Figure 4. Separated oligomers of 3: plot of ; 4ps and 4; ey, vs number of
repeating units 7. Exponential fit and extrapolation of the absorption
and emission maxima gives the corresponding limits A.. s and Ac. em.

3 with a diode array detector (DAD), one finds yet another
absorption spectrum at low retention times, i.e., high molecular
weight. Again, the band is red-shifted and the shape changed
further to a faint shoulder around 400 nm and a maximum at
413 nm (Figure 1, arrow; Figure 3, triangles). Obviously, with
increasing conjugation length the initial shoulder of the tetramer
at 396 nm gradually shifts to the red and turns out as the main
band for n > 7. These findings are nicely illustrated by the spectra
of the separated oligomers (Figure 3, gray curves). Band shape
and absorption maxima of 3 are similar to those of the hexamer
and heptamer, which is another hint at the average degree of
polymerization.

Plotting the absorption maxima 4, ,ps (in THF) against n gives
a nonlinear curve®*> which can be fitted by Meier’s exponential
function (see Supporting Information).®® Extrapolation suggests
a saturation value of A.. 4,y = 414 & 2 nm, which is already met at
a conjugation length corresponding to less than 20 monomer
units (Figure 4 and Supporting Information). The deviation of
3’semission maximum (428 nm, in THF) from the literature value
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Figure 5. (a) STM overview image of 1 on HOPG, obtained from a 10™* M solution. Image size 80 x 80 nm? Vs = —1.00 V, I = 6 pA. (b) High-
resolution STM image of 1 on HOPG. Image size 20 x 20 nm>. ¥y = —0.80 V, I = 10 pA; inset: atomic structure of HOPG, obtained at the center
position of (b) after switching the tunneling parameters to V; = —0.05V, I = 0.1 nA. (¢) Calculated molecular structure of 1. (d) Proposed molecular

packing model for 1 on HOPG.

(432 nm, in CHCl;)** can partly be explained by solvato-
chromism.®' But in fact—as deduced from the emission spectra
of the separated oligomers, exponential fit, and extrapolation®*—
the emission maximum (in THF) quickly meets a limit at A, ¢y, =
429 + 2 nm at a conjugation length of less than 10 monomer units
(Figure 4 and Supporting Information). The fluorescence spectra
of the separated oligomers exhibit similar band shapes and
narrow Stokes shifts due to the constraint linear geometry of
the macromolecules. Tables S4 and S5 summarize the data
plotted above (Supporting Information).

Adsorption on HOPG

As already mentioned above, there is a great interest in the self-
organization of rigid oligomers on solid surfaces.'®”'® Figure 5
displays STM images of ordered monolayers of 1. Rod molecule 1
forms domains of several tens of nanometers size, as observed in
the large area scan. A domain angle of 60°/120° with respect to
the backbone is observed. The molecular backbones are aligned
parallel to the nearest-neighbor direction of the carbon atoms in
the HOPG substrate surface. The inlay of Figure 5b represents
the STM measurement of the graphite substrate at the center
position of Figure 5b after changing the tunneling parameters,
a; and a, being the unit vectors of HOPG. The molecular
backbone, consisting of a conjugated zr-electron system and thus
appearing bright, can be clearly identified, whereas the alkyl
chain regions appear as darker stripes. Although individual alkyl
chains could not be resolved, we conclude from the unit cell
parameters that parallel rods must pack with their alkyl groups
staggered. As illustrated by a model in Figure 5d, this packing
leads to an irregular lateral offset and voids between the lamellae
consistent with weak end-group interaction. Since tetramer 1 is

available in large quantities, systematic reactions toward linear
and kinked coupling products, end-capped molecular rods,
and more complex rigid superstructures are currently under
investigation. A detailed discussion on self-assembled mono-
layers of derivatives of 1 will be published separately.

Conclusion

We presented an efficient stepwise route toward defined oligo-
(p-phenylene—butadiynylene)s up to the tetramer starting from
1,4-diethynyl-2,5-dihexylbenzene. We used the polar (3-cyano-
propyl)dimethylsilyl (CPDMS) protective group for the con-
struction of defined linear rods. In a comparative approach we
separated the respective statistical oligomer by recycling GPC in
semipreparative quantities. The separated homologues of known
molar mass could be used to determine a nonlinear set of
conversion factors for an OPB-specific GPC calibration. Extra-
polation of defined oligomer properties permits conclusions
regarding the maximum effective conjugation lengths of dia-
lkyl-substituted OPBs and PPBs. Self-assembled monolayers of
the tetramer 1 have been prepared and investigated by STM at the
solid/liquid interface. The smooth syntheses of defined rigid rods
such as 2, 10, and 1 allow them to be used as building blocks for
complex superstructures.
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