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In this communication we wish to report upon the
interplay between liquid crystalline (LC) and thermo-
chromic behavior of dialkyl-substituted poly(p-phenyl-
eneethynylene)s (PPEs; 1, 2) in thin solid films.

PPEs1,2 are rigid conjugated polymers.3,4 Due to the
presence of the triple bond, the barrier of rotation of
adjacent phenyl rings with respect to each other is low.
Theoretical calculations and physical measurements
have determined this barrier in diphenylacetylene to be
less than 1 kcal/mol.5 Such a barrier of rotation suggests
that in solution any dihedral between two phenyl rings
can be assumed.6 In the solid state that is not the case,
because the USC group7 and others have shown that
PPEs form sanidic-lamellar2d LC7b phases, in which
rotation around the triple bond is restricted and a
planar arrangement of the conjugated backbones with
concomitant interchain π-π stacking is observed. Side-
chain crystallization reinforces the packing of the main
chains whichsas in all aromatic systemssis predomi-
nantly driven by attractive electrostatic interactions.8
A detailed study of dialkyl-PPEs in solution showed that
aggregate formation is accompanied by a dramatic shift
in their UV/vis spectra.9a,b In the aggregated state
(induced by addition of nonsolvent methanol) a narrow,
red-shifted band, centered at approximately 440 nm,
was observed. This solvatochromic effect points to a
distinct order-disorder transition in dialkyl-substituted
PPEs.10

The melting of an LC into the isotropic state is an
order-disorder transition, which offers an elegant ap-
proach to study the effect of ordering and intermolecular
interactions on the optical properties of PPEs. An
important question is whether thermotropic LC7b be-
havior and observation of the aggregate band in PPEs
are congruent; i.e., will changes in behavior of both occur
at identical temperatures? Congruent behavior would
suggest that both effects are linked. We noticed that
opaque-yellow films of 2 (degree of polymerization, Pn
) 87, Mw/Mn ) 3.7; for complete characterization of
sample see Table 1, entry 31, in ref 1b) turn almost
transparent-colorless when heated (Figure 1a,b). Con-
comitantly, fluorescence changes from green to blue
(Figure 1c). Variable temperature UV/vis spectroscopy

(Figure 2) of films of 1 and 2 shows that the disappear-
ance of the aggregate band concurs with their transition
from the LC state into the isotropic phase. While at
room temperature in 1 the band at 436 nm is prominent,
it disappears at 190 °C and the obtained spectrum
resembles that of 1 in dilute solution. PPE 2 (Pn ) 2.0
× 102, Mw/Mn ) 3.9; for complete characterization of
sample see Table 1, entry 11, in ref 1b) shows the same
qualitative features, but the aggregate band has van-
ished at 130 °C. Because thin films are examined, a
small shoulder of the aggregate band always is
preserved, even at elevated temperatures. The inset
in Figure 2 shows the ratio of the Iaggregate band/
Iprincipal absorption. In both cases a monotonically decreasing
curve results as a function of temperature. A similar
behavior is observed in the temperature-dependent
luminescence spectra of 1 (see Figure 3). However, the
effect of isotropization is not as dramatic in the lumi-
nescence as it is in the absorption spectrum, and even
at 200 °C, the fluorescence of 1 still displays a consider-
able contribution from the band centered at 500 nm,
suggestive of excimer9c,d formation in the excited state.
DSC examination of 1 and 2 shows that the LC-
isotropic transition occurs at 190 °C for 1 and at 120 °C
for 2. These are the temperatures ((10 °C) at which the
respective aggregate band of 1 and 2 disappears.

Two different explanations could be responsible for
the observation of an aggregate-band in PPEs. (a) Either
this is a single-molecule effect and the planarization of
the PPE backbone leads to improved conjugation with
a lower band gap, or (b) the aggregate band is a charge
transfer-type π-π stacking of the backbones, which
occurs by electronic communication of (many different),
well-aligned neighboring chains. In both cases pla-
narization of the PPE chains plays a central role. In
scenario a, planarization (induced by the LC phase) is
the cause for the band, while in case b planarization is
a necessary but not sufficient condition for its occur-
rence. Only the electronic interaction of many conju-
gated chains (by virtue of π-π stacking) would then lead
to the aggregate band.

In a landmark paper, Wudl10a has shown that in poly-
(3-alkylthiophene)s, which display substantial rotational
barriers, single-chain planarization is responsible for
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their distinct thermochromism, but it is a priori not
determined if the same force is in effect in PPEs, i.e.,
whether their HOMO-LUMO gap is dependent upon
the twist angle between the benzene rings or whether
the rotationally symmetric alkyne group leads to an
angle-independent HOMO-LUMO gap.

A series of semiempirical (PM3) calculations11 was
performed on the model compound 3,13 in which methyl
groups mimic the alkyl chains in 1 or 2. Geometry
optimization leads to a global minimum in which the
PE chain assumes a planar conformation and all methyl
groups are located trans to each other. In this confor-
mation a λmax of 631 nm is calculated.12 If every other
benzene ring is rotated by 90°, λmax drops to 539 nm,
corresponding to an increase in transition energy ∆E
) 0.34 eV. (Figure 4; AM1, 645, and 546 nm; ∆E ) 0.35
eV). These calculations are of high qualitative value and

suggest strongly that the dihedral angle between the
benzene rings influences the size of the HOMO-LUMO
gap in PPEs. Planarization will lead to a red shift of
λmax.

The observed shift of 55 nm (384 nm to 439 nm 1 and
2) corresponding to 0.41 eV is in good agreement with
the results of the calculations, considering that they do
not take into account electron-electron interaction in
the excited state. Additionally, we should note that not
all benzene rings in PPEs in solution will be oriented
perpendicular to each other. The occurrence of the
aggregate bands in 1 and 2 can thus be satisfactorily
explained by simple planarization of the conjugated
backbone, which is induced by the ordering of the
molecules entering the LC phase. The absorption in
PPEs would thus better be described as aggregate-
induced band, instead of aggregate band, because it
mirrors the electronic properties of one PE chain. A
similar case, where planarization has a huge influence
on the absorption spectrum is Scherf’s ladder polymer
in which a poly(p-phenylene) backbone undergoes a

Figure 1. (a) Thin film of PPE 2 at enhanced temperature on top of a hot plate. To make the effect more clear, partial side
illumination with a hand-held UV/vis lamp is turned on. (b) Same film at room temperature. (c) Fluorescence of PPE 2. Thin film
of 2 on a hot plate under UV/vis illumination. The upper part is >140 °C while the lower part is approximately 60 °C.

Figure 2. Temperature-dependent UV/vis spectra of a thin
film of 1 on a quartz substrate. The inset shows the ratio of
the band observed at 439 nm to that at 403 or 387 nm in
dependence of the temperature. The upper graph displays the
values obtained for 1, while the lower line is obtained from a
similar study for 2.

Figure 3. Temperature-dependent fluorescence spectrum of
1.
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dramatic red shift and band narrowing upon forced
planarization.13

According to Ockham’s Razor it issat least at the
momentsnot necessary to invoke charge-transfer-type
interchain interactions for the observed behavior but
planarization alone seems to be a satisfactory explana-
tion for the observed optical properties. In conclusion,
we have been able to show the first example of a
conjugated polymer (PPEs 1,2) where a pronounced
thermochromism in the proximity of the order-disorder
transition in the solid state (liquid crystalline to the
isotropic phase) has been established. It is explained by
conformational changes of the conjugated backbone at
this transition. We predict that this behavior will be
found in other conjugated polymers in near future.

In another vein the PPEs compare and complement
nicely Moore’s2a-c meta-PEs in which desolvation-
induced folding into helical structures leads to a hyp-
sochromic shift in their UV/vis spectra. In comparison
to biological systems, Moore’s meta-PEs can be related
to the tim barrel motif,14 while PPEs would be an
analogue to â-sheets found in fibroin,15 the predominant
silk protein.
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Figure 4. Dependence of the HOMO-LUMO gap (values
given in nm) in 3 with respect to the dihedral angle between
adjacent benzene rings.
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