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Generating highly anisotropic materials is central to achieving
enhanced performance in organic electrooptic materials.1,2 We have
been interested in making use of the facile ability of nematic liquid
crystals to display macroscopic order to control the chain conforma-
tion and alignment of poly(phenylene ethynylene)s (PPEs).3,4 In
previous studies, we have established the role of pendant iptycene
units to create sufficient solubility and a strong coupling to the
molecular directors of nematic liquid crystals.3-7 These methods
produce electronic polymers with chain-extended planar conforma-
tions for improved transport properties. Enhanced transport promises
superior performance in electronics, photovoltaics, and sensor
applications. However, just as the polymer’s alignment can be
influenced by the liquid crystal, the director of the liquid crystal
can also be influenced by the presence of an extended rigid polymer.
As a result, it is attractive to consider shape-persistent polymers in
networks or as ultrahigh molecular weight forms that can span the
gaps between critical features (e.g., electrodes) in electrooptic
devices and thereby produce a homogeneous anchoring element
for alignment of liquid crystals.

Here, we show that the dichroic ratio (DR) and polymer ordering,
determined from the polarized absorption of the PPE, increase
dramatically wheninterchain interactions of the polymer are
increased by introducing hydrogen bonding end groups (Figure 1).
To accomplish this goal, we have appended PPEs previously shown
to exhibit high dichroic ratios with ureidopyrimidinone (Upy) end
groups. UPys have been extensively studied by Meijer and
co-workers and exhibit self-association constants of 107 in organic
solvents.8,9 Furthermore, it has been shown that the incorporation
of hydrogen bonding groups into polymers can give rise to enhanced
polymer properties and very interesting structures.10-13 In this paper,
we demonstrate that hydrogen bonding interactions between PPEs
dramatically improve their alignment in and the stability of liquid
crystal solutions.

The end capping hydrogen bonding unit2 (Chart 1) was
synthesized in a four-step reaction adapted from literature proce-
dures,14 in 39% isolated yield (see Supporting Information). The
synthesis of the triptycene compounds has been described else-
where.4

The dimerization of1 was studied with NMR spectroscopy. The
monomer and dimer exchange slowly on the NMR time scale, and
distinct signals are observed for both species, thereby allowing a
dimerization constant to be determined by integration.15,16 In pure
chloroform, the monomer concentration was below the NMR
detection limit. However, by using hydrogen bonding cosolvent
mixtures (CDCl3 with DMSO-d6 or MeOD), the dimerization
constants could be measured andKdim can be estimated by
extrapolation to 0% cosolvent. This method is only approximate
because of the loss of correlation for very low concentrations of

cosolvent, as observed before by Meijer (see Supporting Informa-
tion),15 but indicate a lower limit for the dimerization constant of
106.

The end-capped polymer was synthesized by first allowing
diethynyltriptycene (1 equiv) and di-2,5-(2-ethylhexyl)-1,6-diiodo-
benzene (1 equiv) to react under Sonogashira conditions. After a
period of time, half of the reaction mixture was worked up to serve
as a blank (P1a: 18 h andP2a: 4 h) and then 0.05 equiv of2 was
added to the other half and allowed to react for 2 more hours to
yield end-cappedP1b and P2b. Variations in the reaction times
allowed for polymer growth before the addition of2 (Table 1),
with longer reaction times (more than 4 h) giving higher molecular
weight polymers with a relatively low percentage of hydrogen
bonding units, which were isolated as powders that formed gels in
common solvents. Shorter reaction times (less than 4 h) provided
lower molecular weight polymers with a higher percentage of

Figure 1. (a) PPE end capped with UPy groups. (b) Schematic representa-
tion of the alignment of PPEs by a nematic LC. (c) Schematic representation
of interpolymer interactions mediated by hydrogen bonding.

Chart 1
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hydrogen bonding units. The latter gave materials that are more
useful for our studies, forming elastomers and gels.

Polymer characterization with FTIR clearly showed the formation
of hydrogen bonds in solid state and an extensive hydrogen bonding
network upon gel formation. Upon going from methanol solution
to a gel phase, the NH peaks of the polymer sharpened up
considerably and shifted to lower wavenumber. In addition, a
splitting of the main broad NH peak into two sharper peaks
indicated that strong hydrogen bonding takes place upon formation
of the gel phase (see Supporting Information).

Absorption spectroscopy showed a characteristic peak at 385 nm
for chloroform solutions of the PPEs (Figure 2). Upon dissolving
the polymer in 5CB and transferring it into a parallel rubbed liquid
crystal cell, the absorption maximum shifted to 407 nm, indicative
of the increased conjugation length of the polymer.2-4

Polarized absorption of the liquid crystal solutions in parallel
aligned test cells showed that the polymers end capped with2
display much higher dichroic ratios than their nonfunctionalized
counterparts (Figure 2, Table 1, Supporting Information). This
indicates that end capping the PPE with2 dramatically increases
the polymer ordering, even at the low concentration of polymers
used in these experiments (0.6 wt %P1 and 0.78 wt %P2).

The direct involvement of hydrogen bonding in the increased
dichroic ratio was shown by adding an excess of1 to P1b and
P2b. The dichroic ratio decreased in time (Figure 3) and leveled
off around the dichroic ratio values obtained forP1aandP2a. We
also conducted control experiments withP1a andP2a and found
no change in dichroic ratio upon addition of similar amounts of1.
This clearly supports that extended PPEs, created by intermolecular
hydrogen bonding, have increased ordering, and that the materials
are still able to equilibrate with other hydrogen bonding donors
(Figure 3, inset).

In conclusion, PPEs end capped with hydrogen bonding moieties
can be readily synthesized in high yield, with the polymer properties
depending on the reaction time for polymer growth. The hydrogen
bonding interactions between the polymer chains dramatically
increase the dichroic ratio of the system.

Acknowledgment. The authors acknowledge the financial
support of National Science Foundation, the Netherlands Organiza-
tion for Scientific Research, and Mestrelab research.

Supporting Information Available: Synthetic procedures and
characterization, dimerization studies and FTIR, morphology of the
polymers and polarized absorption spectra. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Weder, C.; Sarwa, C.; Montali, A.; Bastiaansen, C.; Smith, P.Science
1998, 279, 835-837. (b) Montali, A.; Bastiaansen, C.; Smith, P.; Weder,
C. Nature1998, 392, 261-264.

(2) Breen, C. A.; Deng, T.; Breiner, T.; Thomas, E. L.; Swager, T. M.J. Am.
Chem. Soc.2003, 125, 9942-9943.

(3) Nesterov, E. E.; Zhu, Z. Z.; Swager, T. M.J. Am. Chem. Soc.2005, 127,
10083-10088.

(4) Zhu, Z. Z.; Swager, T. M.J. Am. Chem. Soc.2002, 124, 9670-9671.
(5) Long, T. M.; Swager, T. M.J. Am. Chem. Soc.2002, 124, 3826-3827.
(6) Thomas, S. W.; Long, T. M.; Pate, B. D.; Kline, S. R.; Thomas, E. L.;

Swager, T. M.J. Am. Chem. Soc.2005, 127, 17976-17977.
(7) Long, T. M.; Swager, T. M.AdV. Mater. 2001, 13, 601-604.
(8) (a) Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.;

Hirschberg, J. H. K. K.; Lange, R. F. M.; Lowe, J. K. L.; Meijer, E. W.
Science1997, 278, 1601-1604. (b) Brunsveld, L.; Folmer, B. J. B.; Meijer,
E. W.; Sijbesma, R. P.Chem. ReV. 2001, 101, 4071-4097.

(9) Sijbesma, R. P.; Meijer, E. W.Chem. Commun.2003, 5-16.
(10) Sikova, S.; Rowan, S. J.Chem. Commun.2003, 2428-2429.
(11) Sivakova, S.; Wu, J.; Campo, C. J.; Mather, P. T.; Rowan, S. J.Chem.s

Eur. J. 2006, 12, 446-456.
(12) Boal, A. K.; Ilhan, F.; DeRouchey, J. E.; Thurn-Albrecht, T.; Russell, T.

P.; Rotello, V. M.Nature2000, 404, 746-748.
(13) Xu, H.; Hong, R.; Lu, T.; Uzun, O.; Rotello, V. M.J. Am. Chem. Soc.

2006, 128, 3162-3163.
(14) Hirschberg, J. H. K. K.; Beijer, F. H.; Van Aert, H. A.; Magusin, P. C.

M. M.; Sijbesma, R. P.; Meijer, E. W.Macromolecules1999, 32, 2696-
2705.

(15) Beijer, F. H.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E. W.
J. Am. Chem. Soc.1998, 120, 6761-6769.

(16) Binding Constants, The Measurement of Molecular Complex Stability;
Connors, K. A., Ed.; John Wiley & Sons: New York, 1987.

JA065662O

Table 1. Physical and Spectral Data of Polymers P1 and P2

polymera Mn (KDa) PDI
λmax sol

(nm)
λmax LC

(nm)
dichroic

ratio

P1a 15 2.5 385 405 8.7
P1b 18 2.6 385 405 13.2
P2a 3 2.0 385 407 8.5
P2b 3 2.0 385 407 14.2

a a denotes the blank;b is end capped with2.

Figure 2. Normalized absorption spectra ofP2b: in chloroform solution
(solid), polarized absorption in an LC cell with parallel (dashed lines) and
perpendicular (dotted lines) polarizer with respect to the LC director.

Figure 3. Plot of the dichroic ratio versus time of compoundsP1b and
P2bupon addition of various concentrations of1. Inset: schematic depiction
of the effect of1 on hydrogen bonding interactions.
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