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ABSTRACT

We report on directed self-assembly in supramolecules containing rod-like polymers. The
comb-shaped supramolecules consist of poly(2,5-pyridinediyl), camphorsulfonic acid, and
hydrogen bonded amphiphilic side chains. Locally they form highly ordered lamellar structures
in which the polymers are stacked. The liquid crystalline state allows facile overall alignment
yielding absorption dichroism and polarized photoluminescence. After alignment, cleavage of
the amphiphiles resultsin solid films which retain this optical anisotropy with the high
photoluminescence quantum yield.

INTRODUCTION

Design of self-assembled supramolecules of polypyridines[1, 2] isdifficult dueto their rigid
conformation and limited solubility. The structural Ssmplicity and stability make the rod-like
poly(2,5-pyridinediyl) (PPY) a good model compound but due to the crystallization [ 3] and
aggregation tendency, both dissolution and alignment of PPY are difficult, as such. PPY can be
protonated with sulfonic acids [4, 5] of which camphorsulfonic acid (CSA) leads to especialy
intensive photoluminescence (PL) [4]. In this work, comb-shaped supramolecules of PPY have
been developed, based on protonation of pyridine moieties by CSA and hydrogen bonding
amphiphilic side groups, resulting in mesomorphism [6]. The side groups may also be regarded
as hydrogen bonding solvents and, by varying the composition phases from crystals to disordered
liquid can betailored. In particular, thermotropic liquid crystallinity (LC) is observed allowing
facile overall alignment of the chains which leads to high polarisation of absorption and
luminescence. In contrast to the covalently bonded side chains[7], the physically bonded side
chains can be removed, i.e. cleaved, e.g. by heating under vacuum, based on the dynamic
character of the hydrogen bonds. When the amphiphiles are cleaved after alignment in the LC
state, the resulting solid material retain the optical anisotropy and the high photoluminescence
guantum yield (PLQY) of the pristine polymer [8].
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EXPERIMENTAL DETAILS

PPY was first complexed with CSA to form PPY (CSA)x in 1 % solution of formic acid,
followed by rapid evaporation of the solvent and drying. The further side chains were formed by
hydrogen bonding amphiphiles 5-pentyl-1,3-dihydroxybenzenei.e. 5-pentylresorcinol (PRES),
4-hexyl-1,3-dihydroxybenzene, i.e.4-hexylresorcinol (HRES), octyl phenol (OP) or octyl gallate,
i.e. 1-octyl-3,4,5-trihydroxybenzoate (OG) to this complex. These complexes are denoted as
PPY (CSA)x(amphiphile), such that x,y. are the corresponding molar ratios with the respect to a
repeat unit of PPY . Only properly selected x/y ratios are allowed in order to prevent phase
separation. The more detailed preparation of the materials can be found elsewhere [6, 8-10].

Structural characterization by X-ray diffraction was carried out using either CuK,, (A=1.54
A) radiation from a sealed X-ray tube and image plate detector [8, 10] or synchrotron radiation at
the Dutch-Belgian beamline at ESRF [6, 8, 11]. In order to illustrate the spatial order of the self-
assembled lamellae, the normalized correlation function was calculated using equation (1)

[ a1 (@)cos(ar)dg
(r)=

(1)
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where| isthe scattering intensity, q the length of the scattering vector, and r the distance.

Optical absorption spectrawere measured using a Perkin EImer Lambda 19

spectrophotometer [4, 12]. PL measurements were performed using a charge coupled device
(CCD) spectrophotometer (Jobin Yvon Fluoromax) following excitation at the peak of
absorption by monochromatized light from a HgXe lamp. Solid state PLQY measurement [13]
were carried out using an integrating sphere mounted in the same device.

RESULTSAND DISCUSSION

Supr amolecules and Self-Assembly

Packing and molecular order of the supramolecules are achieved by self-assembly as a first
step of the process. The supramolecule formation and the uniformity of the material have been
suggested by the previous studies based on optical spectroscopy, FTIR, AFM as well as optical
microscopy with crossed polarizers and scanning near-field optical microscopy [6, 8, 10]. The
self-assembly of the supramolecules has been investigated using X-ray diffraction in bulk (~ 1
mm) [6, 8], in cast films (~ 10 um) [6], and in thin films (~ 100 nm) [8, 10]. Supramolecules
form lamellar structures in which the partly protonated polymer chains and amphiphiles alternate
and where the rod-like polymer chains are stacked in the lamellae. This structure reveals
orthorhombic structure showing h00, 020, 040, and 004 reflections which correspond to the self-
assembled layers, basis vector a, the stacking of main chain stacks, b, and the intrachain repeat
unit of the polymer, c, respectively [§].

Supramolecules show several structures, depending on their composition. For example, a
disordered (i.e. isotropic) fluid, self-assembled (smectic-like) fluid phase, and self-assembled
solid during cooling are observed for compositions (X/y ~ 1, X,y ~ 1). Biphasic system is usually
seen for higher side group concentrations or if y/x > 2. In such case, the material is either
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macrophase separated or two coexistent self-assembled phases are seen. In following examples
CSA concentration is kept rather small, i.e. x<1.0, as this maintains relatively high PL [4].
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Figure 1. (A) X-ray diffraction pattern of bulk PPY (CSA)os(PRES)os. Inserts: (B) Schematics of
lamellar self-assembled structure with alternating polar and nonpolar layers containing PPY
within the supramolecules. White layers denote PRES. Current system is defined by
orthorhombic lattice with basis vectors a, b, and ¢, discussed in text. (C) Chemical formula and
possible interactions of the supramolecule. So far, it has not yet been identified where PRES
actually forms the hydrogen bonds.

Directed self-assembly i.e. alignment

The second step involves the control of the overall order of the self-assembled material by
shear alignment [8]. The solution cast LC films were sheared in the in-plane direction by
drawing them along the smooth substrate surface. The rigid polymers align with their chain axes
in the drawing direction and the lamella parallel to the surface. X-ray diffraction patterns were
measured ex-situ in the three directions with respect to the aligned sample, see Fig. 2. Because of
the alignment, both optical dichroism and polarized PL are observed.

The material shows excellent supramolecular order. The correlation functions normal to
lamellae have either atriangular or sinusoidal form (Fig. 2) and damp out very slowly with large
coherence length. Depending on the composition, the correlation length deduced from the width
of reflection 100 as high as 670-790 A can be achieved [8]. Furthermore, the pesk widths of the
higher order reflections h0O are nearly linearly dependent on g. Therefore, the reflection widths
are principally due to lattice parameter fluctuations (microstrains) and the actual crystallite size
may be considered far higher. Note that the coherence is related with the spatial order of the local
lamellar order. The degree of macroscopic alignment isindicated by the angular spreads of the



reflections, which also easily gives results that are comparable with the aligned
poly(alkylthiophenes) [7], for instance.
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Figure2. A) Scattering intensity curves for the aligned PPY (CSA)os(PRES)os; B) The
corresponding one-dimensional correlation function normal to the lamellag; C) Scattering
intensity curves for the aligned PPY (CSA)o.5(OP)1.0; D) The corresponding one-dimensional
correlation function normal to the lamellae. Curves (a): data normal i.e. equatorial out-of-plane;
curves (b): equatorial i.e. equatorial in-plane; curves (c): meridional. Reflection at ca. 0.09 A™
marked with an arrow is seen along the meridional direction forming horizontal scattering
streaks [8], which suggests nematic order, and higher hierarchy level of the structure along the
chains. Definition of the directions. equatorial out-of-plane (perpendicular to polymer chain,
normal to the surface, a); equatorial in-plane (perpendicular both to polymer axis and surface
normal, b); meridional (parallél to the polymer chain axis, c).
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Cleavage of the side chains

As athird step, the hydrogen bonded side chains were cleaved by vacuum treatment (~ 10>
mbar) at elevated temperature. Simultaneously, the PLQY was enhanced and the aligned samples
remained optically anisotropic as revealed by dichroism and polarized PL. Therefore, the overall
order of PPY isnot affected by heating. For example, when a cast film of PPY (CSA)os(HRES)o5
was kept at 120 °C for 42 hours, FTIR spectra reminiscent of PPY (CSA )5 was observed, which
suggested the removal of the HRES (T=68 °C). The PLQY of thin spin-coated film (~ 100 nm)
increased from (10+1)% to (20+1)%, the latter being at the same level asthat of the optically
isotropic PPY (CSA)os and PPY. In cast films (~10 um), a smilar enhancement was seen,
although at lower PLQY [8]. Not surprisingly, PRES (T.= 48 °C) gave identical results, whereas
the less volatile OG (T,,=102 °C) could not be removed as efficiently based on FTIR. However,
for the cast films of PPY (CSA)o5(0G)os kept in 120 °C for 72 hours (Fig. 3), the PLQY
increased from ca. 1 % to (7+1) %. The detailed mechanism of how the PLQY changes remains
partially open.
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Figure 3. A) Absorption dichroism and polarized PL in aligned films of PPY (CSA)o5(0G)os
kept in vac (10" mbar) at 120 °C for three days, and B) possible schematics. During this process
PLQY increased from ~1% to (7+1)%. The PL spectra (solid lines) were obtained with the c axis
of the samplein vertical orientation for both curves. Curve (@) was observed when both the
excitation light (A=370 nm) and the detected PL were vertically polarized, parallel to the c axis.
Curve (b) was seen when the excitation and detected PL were both horizontally polarized. The
PA curves (dashed lines) were obtained with linearly polarized light. Curve (c) was observed
when the c axis was placed parallel to the polarization vector of the probe light. Curve (d) was
seen for their mutual perpendicular orientation. Both results indicate that the transition dipoles
are predominantly oriented parallel to the c axis. Because of similar shape of PL spectra, the
origin of PL is suggested to be same both in the case (a) and (b). Slight redshift of PA curve (c)
relative to (d) have also been observed in a stretch oriented PPY [12]. The differencein
sensitivity of spectrometer was calibrated using dilute Coumarin 314 solution in methanol.
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CONCLUSIONS

Conjugated rod-like polymer, PPY, forms comb shaped supramolecules which assemblein
highly ordered smectic local structures and can be aligned to form directed assembly. High
absorption dichroism and polarized PL are observed. Hydrogen bonded amphiphiles can be
cleaved after alignment, which retains optical anisotropy and improve PLQY .
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