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ABSTRACT: The self-assembly polymerization of ditopic macromolecules via metal-ligand binding offers a
facile route to the preparation of metallo-supramolecular polymers. We herein report the utilization of this approach
for the synthesis of arylene alkylene metallopolymers, which combine ease of processing with good high-
temperature stability. The materials are based on a poly(2,5-dioctyloxy-p-xylylene) macromonomer that was
prepared by in-situ end-capping of a low-molecular-weight poly(2,5-dioctyloxy-p-phenylene ethynylene) core
with 2,6-bis(1′-methylbenzimidazolyl)-4-ethynylpyridine (Mebip) ligands and subsequent reduction under Hahn
diimide conditions. The supramolecular polymerization of this macromonomer with equimolar amounts of Zn2+

or Fe2+ and a small amount of La3+, which can bind three Mebip ligands and causes cross-linking and/or branching,
resulted in materials which offer excellent mechanical properties. The thermomechanical properties of the new
polymers were investigated by a variety of techniques, including modulated differential scanning calorimetry,
dynamic mechanical thermoanalysis, and thermogravimetric analysis.

Introduction

In our continuing efforts to develop high-temperature-stable
organic/inorganic hybrid polymers, we embarked on the explo-
ration of a new class of metallo-supramolecular polymers. The
molecular design utilized in the present study merges the
chemical structure of poly(arylene alkylene)s,1 which offer
outstanding thermal and mechanical properties, with the inherent
processing advantages of dynamic (reversible) polymerization.2

Poly(p-xylylene) (PPX)3 is the most prominent representative
of the poly(arylene alkylene) family. This polymer and its
derivatives are well-known for an appealing combination of high
thermal stability excellent solvent resistance, high degree of
crystallinity, low dielectric permittivity, and outstanding barrier
properties.4,5 In addition, PPX exhibits excellent mechanical
properties with a Young’s modulus and a tensile strength of
2.4 GPa and ca. 47 MPa, respectively.4 Thus, PPX is an
attractive material for many applications, including packaging
of electronic components, medical device fabrication, and
artifact conservation.4 Unfortunately, broad industrial exploita-
tion of PPX is stifled by the obstacles which the material
presents to conventional processing technologies.6 The high
melting temperature of PPX (424°C) is from an application
point of view highly attractive, but it overlaps with the onset
of thermal degradation, which prevents the melt-processing of
PPX.7 In addition, PPX displays, even at elevated temperatures,
a very low solubility in nearly all common solvents, thus
thwarting solution-based processing options.6 As a result, the
only practical approach for the synthesis and processing of PPX
is by chemical vapor deposition8 (CVD) polymerization, which
involves the vapor phase pyrolysis of [2.2]paracyclophanes,9

diesters ofR,R′-dihydroxy-p-xylenes,10 or R-bromo-p-xylenes11

and the subsequent polymerization of the resulting 1,4-quin-
odimethanes upon deposition on a cold substrate.12 Several
alternative approaches to prepare PPX derivatives or PPX-
analogous polymers with an enhanced processability have been

proposed, involving the increase of the number of methylene
groups comprised in the polymer backbone1,13 as well as the
introduction of solubilizing side chains.11,14,15 Unfortunately,
most of these polymers, when compared to the original PPX,
exhibit a dramatically reduced crystallinityssome materials are
fully amorphoussand show low melting or glass transition
temperatures and thus have largely failed to substitute PPX in
practical applications. We show here that this dilemma can, in
part, be solved by utilizing a supramolecular polymerization
process, as it allows for the assembly of high-molecular-weight
polymeric aggregates from well-defined, easy-to-process precur-
sors.2 As several recent studies have demonstrated, a variety of
noncovalent interactions can be utilized to assemble a wealth
of different monomers.2b,c One particularly useful and well-
studied means of preparing supramolecular polymers is the
utilization of metal-ligand interactions (Scheme 1).16-20 A wide
variety of metal-ligand binding motifs are available that offer
a broad range of binding characteristics (e.g., thermodynamic
and kinetic stabilities),21 which in turn can be utilized to tune
the nature of the resulting supramolecular materials.22 Building
on our previous work on the metal-ligand based self-assembly
of poly(2,5-dialkyloxy-p-phenylene ethynylene)s23 (PPEs) and
exploiting a reaction methodology developed in our laboratories
for the reduction of PPEs to their corresponding PPX deriva-
tives,15 we herein report the utilization of this approach for the
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Scheme 1. Schematic Representation of the
Metallo-Supramolecular Polymerization of Ditopic Ligands with

Both Transition and Lanthanide Metal Ions
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synthesis of arylene alkylene metallopolymers, which combine
ease of processing with good mechanical characteristics and
high-temperature stability. We have chosen the following
building blocks for the supramolecular polymers investigated
here: (i) a low-molecular-weight poly(2,5-dioctyloxy-p-xy-
lylene), as a PPX segment15 whose thermal properties have been
previously investigated; (ii) a model compound mimicking a
singlep-xylylene unit; (iii) the 2,6-bis(1′-methylbenzimidazolyl)-
pyridine (Mebip) ligand as the binding unit,24 which is thermally
stable and useful as a metal ion binding motif in supramolecular
polymerizations;25 (iv) a mixture of Fe(ClO4)2 and La(ClO4)3,
which cause linear chain extension (Fe2+) and branching/cross-
linking (La3+), respectively (Scheme 1).

Experimental Section

General Methods.NMR spectra were recorded on a Varian 600
MHz NMR spectrometer. Gel permeation chromatography (GPC)
data were calibrated against polystyrene standards and collected
on a Varian Prostar equipped with a model 350 RI detector and a
PSS SDV linear M column with THF as an eluent. Dynamic
mechanical thermoanalysis (DMTA) measurements were made on
a Perkin-Elmer dynamic mechanical analyzer 7e performing single
frequency/constant stress (1 Hz, 40 kPa dynamic, and 44 kPa static)
experiments on rectangular films at a heating rate of 3°C/min.
Thermogravimetric analysis (TGA) was carried out on a TA
Instruments TGAQ500 under N2 at a heating rate of 10°C/min.
Modulated differential scanning calorimetry (MDSC) was carried
out on a TA Instruments DSCQ200 under N2 at a heating rate of
2 °C/min. Ultraviolet-visible (UV-vis) absorption spectra were
obtained on a Perkin-Elmer Lambda 800 spectrometer. Steady-state
photoluminescence (PL) spectra were acquired on a PTI C720
fluorescence spectrometer. Spectra were collected under excitation
at 320 and 400 nm and are corrected for the instrument throughput
and the detector response. MALDI time-of-flight (TOF) mass
spectroscopy was carried out on a Bruker BIFLEX III mass
spectrometer. Wide-angle X-ray diffraction (WAXD) measurements
were conducted using a Rigaku SA-HF3 X-ray generator in
combination with a D/MAX2000/PC series diffractometer. For the
WAXD experiments, film samples were placed on a glass cover
slide aligned in the path of the wide-angle diffractometer.

Materials. Ethynylenes1a23aand1b23b were prepared according
to literature procedures. Unless otherwise stated, all other reagents,
solvents, metal complexes, and catalysts were purchased from
Aldrich Chemical Co., Fisher Scientific, or Strem Chemicals and
were used without further purification. Distilled spectroscopic grade
CHCl3 (passed through a plug of basic alumina) and spectroscopic
grade CH3CN (Aldrich) were employed for the optical absorption
and emission experiments as well as for the metallopolymerization
reactions. Toluene, xylenes, and tripropylamine were distilled from
CaH2 under an inert atmosphere.

Synthesis of Xylylene 2a.Ethynylene1a (173 mg, 0.164 mmol),
p-toluenesulfonyl hydrazide (TSH) (305.4 mg, 1.64 mmol), and
tripropylamine (TPA) (0.31 mL, 1.64 mmol) were dissolved in
toluene (8.7 mL), and the solution was heated under reflux at 112
°C. After 3 h, an additional portion of TSH (153 mg, 0.82 mmol)
was added, and the reaction mixture was heated under reflux for
another 2 h. The hot reaction mixture was passed through basic
alumina, and the plug was subsequently washed with a minimal
amount of hot toluene. The combined organic fractions were washed
twice with deionized water and dried over Na2SO4, and the solvents
were evaporated in vacuo. The resulting solid was redissolved in a
minimal amount of CHCl3, and the product was precipitated from
cold, rapidly stirred MeOH. The resulting solid was collected and
recrystallized twice first from benzene and then from toluene,
yielding 2a as an off-white solid (35 mg, 20%).1H NMR (600
MHz, CDCl3): δ 8.32 (s, 4 H), 7.88 (d, 4 H,JH-H ) 7.8 Hz), 7.47
(d, 4 H, JH-H ) 7.8 Hz), 7.37 (m, 8 H), 6.73 (s, 2 H), 4.25 (s, 12
H), 3.94 (t, 4 H, 6.6 Hz), 3.07 (m, 4 H), 3.04 (m, 4 H), 1.80 (m, 4
H), 1.45 (m, 4 H), 1.32 (m, 4 H), 1.24 (m, 4 H), 1.19 (m, 8 H),

0.80 (t, 6 H,JH-H ) 6.8 Hz). 13C NMR (CDCl3, 125 MHz): δ
153.9, 150.4, 142.5, 137.0, 127.8, 125.4, 123.5, 122.7, 120.1, 113.9,
109.8, 68.8, 36.2, 31.9, 31.8, 29.6, 29.4, 29.3, 26.3, 22.7, 14.2.
MALDI -TOF MSm/z1066.0 (M+, C68H76N10O2 requires 1065.4).

Synthesis of Xylylene 2b.Ethynylene2a (200 mg, 0.561 mmol),
TSH (1.05 g, 5.62 mmol), and TPA (1.07 mL, 5.62 mmol) were
dissolved in xylenes (23 mL), and the solution was heated under
reflux at 140°C. After 2 h, an additional portion of TSH (1.05 g,
5.62 mmol) and TPA (1.07 mL, 5.62 mmol) was added, and the
reaction mixture was heated under reflux for another 3 h. The hot
reaction mixture was passed through basic alumina, and the plug
was subsequently washed with a minimal amount of hot toluene.
The combined organic fractions were washed twice with deionized
water and added dropwise to a rapidly stirred solution of MeOH.
After stirring for 2 h, the off-yellow precipitate was collected and
washed with boiling MeOH, EtOH, CH3CN, and room temperature
MeOH. Drying overnight under vacuum at 40°C yielded2b as a
pale yellow solid (137 mg, 70%).1H NMR (600 MHz, CDCl3): δ
8.34 (s, 4 H, end group), 7.88 (d, 2 H,JH-H ) 7.8 Hz, end group),
7.47 (d, 2 H,JH-H ) 7.8 Hz, end group), 7.37 (m, 8 H, end group),
6.72 (s, 2 H, Ar end group), 6.07 (s, 2 H, Ar), 4.25 (s, 12 H, end
group), 3.91 (t, 2 H,JH-H ) 6 Hz, OCH2 end group), 3.89 (t, 4 H,
JH-H ) 6 Hz, OCH2), 3.09 (m, 4 H, Ar-CH2-CH2-Ar end group),
3.04 (m, 4 H, Ar-CH2-CH2-Ar end group), 2.83 (bs, 4 H, Ar-
CH2-CH2-Ar), 2.32 (s, toluene impurity), 1.81 (m, 4 H), 1.49
(m, 4 H), 1.34 (m, 4 H), 1.27 (m, 12 H), 0.87 (t, 6 H,JH-H ) 6.6
Hz), 0.79 (t, 6 H,JH-H ) 6.6 Hz, CH3 end group).Xn ) 25 (Mn )
9700) by1H NMR. 13C NMR (CDCl3, 125 MHz): δ 150.7, 149.5,
142.6, 137.2, 129.3, 125.5, 123.5, 122.8, 120.2, 114.2, 109.8, 68.9,
36.3, 31.9, 31.3, 29.8, 29.7, 29.5, 29.4, 26.3, 22.7, 14.1. GPC
(THF): PDI ) 1.4; Mn ) 10 067;Mw ) 14 094.

Typical Sample Preparation of Metallo-Supramolecular
Polymer. To a stirred solution of xylylene2b (71.4 mg, 7.35µmol)
in 0.5 mL of CHCl3 (14.7 mM) was first added a solution of La-
(ClO4)3 in CH3CN (81 µL of a 0.0081 M solution) followed by a
solution of Fe(ClO4)2 in CH3CN (32.5µL of a 0.206 M solution).
Immediately upon the addition of Fe2+, the mixture became purple
and highly viscous. Further dilution with CHCl3 (4 mL) allowed
the mixture to be transferred as a liquid to a cylindrical aluminum
film caster (diameter 3 cm) with Teflon base. The solvent was
slowly evaporated at room temperature over the course of 18 h.
The resulting purple film (diameter: 28 mm; thickness:∼140µm)
was removed from the mold, dried under vacuum for 48 h at room
temperature and 24 h at 30°C, and cut into smaller pieces for
various analyses.

General Procedure for UV-vis Titrations with Zn(ClO 4)2.
A solution of 2b (0.022 mM) in a mixture of CHCl3/CH3CN (9/1
v/v) was titrated with 30µL aliquots of a solution of Zn(ClO4)2

(0.17 mM) and2b (0.022 mM) in the same solvent mixture. The
addition was done stepwise, and after each step, the formation of
[2b‚Zn(ClO4)2]n was monitored by UV-vis spectroscopy. After a
ratio 1:1 of2b:Zn2+ was reached, the mixture was equilibrated for
30 min in each titration step before UV-vis analysis and the next
subsequent addition of Zn(ClO4)2 and2b.

Results and Discussion

Synthesis of Ditopic Monomers 2a and 2b.Expanding on
our previous work on the metal-ligand-based self-assembly
of Mebip-end-capped poly(2,5-dialkyloxy-p-phenylene eth-
ynylene)s,23 we targeted here the synthesis of the ditopic Mebip-
end-capped PPX macromonomer2b and the corresponding
monodisperse low-molecular-weight ditopic model monomer2a
(Scheme 2).

Following a reaction methodology developed previously,15

the Mebip end-capped xylylene species2aand2b were prepared
from their corresponding and previously described23 ethynylene
precursors1a and1b via diimide reduction chemistry utilizing
p-toluenesulfonylhydrazide (TSH) and tripropylamine (TPA) in
hot toluene or xylenes (Scheme 2).26 Compound 2a was
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extensively purified via precipitation from MeOH followed by
recrystallization from both hot benzene and toluene. Charac-
terization by 1H NMR, 13C NMR, and MALDI-TOF MS
confirmed the chemical structure as well as high structural purity
of the material at hand. Compound2b was isolated by
precipitation from MeOH followed by extensive washing with
a battery of solvents, as described in detail in the Experimental
Section. The nature of the side chains (n-octyloxy) and the
number-average degree of polymerization,Xn, of ∼20 (deter-
mined by1H NMR end-group analysis) of the starting compound
1b were chosen to provide for adequate solubility.15 Indeed,
xylylene2b was completely soluble in CHCl3 at concentrations
of up to at least∼140 mg/mL. The macromonomer2b was
characterized to satisfaction by1H and13C NMR spectroscopy.
Other than the appearance of a prominent resonance around 2.83
ppm, corresponding to the new Ar-CH2-CH2-Ar moieties,
two weaker signals at 3.09 and 3.04 ppm are observed in the
1H NMR spectrum which, on the basis of previous HMQC
studies on a phenyl-end-capped analogue,15 we assign to the
methylene units connected to the Mebip end groups. The signal
of the aromatic protons experiences a shift to lower field upon
reaction, reflecting the reduction of the electron-withdrawing
ethynylene units. The similarity of the integrals of the diagnostic
methylene units (OCH2 and Ar-CH2-CH2-Ar) and the
absence of the aromatic signal characteristic of the starting
material indicates complete conversion to2b (see Supporting
Information for spectra).1H NMR end-group analysis, which
involved both Mebip and various polymer backbone and side
chain signals, evidenced that the reduction caused a slight
increase ofXn to ca. 25. This finding is consistent with the loss
of low-molecular-weight material during workup and indicates
that little or no chain cleavage occurred during the reduction.
Gel permeation chromatography (GPC) data reveal anXn of
∼28 with a PDI of 1.4 and nicely confirm the NMR end-group
analysis data (see Supporting Information for GPC traces). The
absence of end-group signals other than the ones expected for
the Mebip groups and the good agreement of the values ofXn

determined by NMR and GPC point to the fact that xylylene
2b is at least to a high degree end-capped with Mebip groups.

It should be noted that this factor is of high importance to the
effective self-assembly of this macromonomer.

Optical Properties of Ditopic Monomers 2a and 2b.Optical
spectroscopy is an outstanding tool to probe the various species
created upon metal-induced polymerization and allows for a
unique elucidation of the self-assembly process (vide infra). We
therefore investigated the photophysical characteristics of ditopic
monomers2a and 2b in detail. All spectroscopic data were
obtained in CHCl3/CH3CN solution and are summarized in
Table 1; absorption and photoluminescence (PL) emission
spectra are shown in Figures 1 and 2. The data of the conjugated
precursors1a and1b23 are included for reference purposes.

Not surprisingly, the characteristic absorption bands related
to theπ-π* transitions of the conjugated ethynylene backbones
(390 and 448 nm) completely disappeared upon reduction, and
2a and2b are essentially transparent at wavelengths above 350
nm (Figures 1 and 2). Model compound2a displays an
absorption band with maximum,λmax, at 318 nm, which can be

Scheme 2. Synthesis of Mebip-End-Capped Xylylenes 2a and 2b
via Hydrogenation of Mebip-End-Capped Aryl Ethynylenes 1a

and 1b with p-Toluenesulfonyl Hydrazide (TSH) and
Tripropylamine (TPA) in Hot Toluene or Xylenes

Table 1. Optical Absorption and PL Emission Data of Solutions of
Ethynylenes 1a and 1b, Xylylenes 2a and 2b, and the
Supramolecular Polymer [2b‚Fe(ClO4)2/La(ClO4)3]n

compounda
absorption
λmax (nm)

emission
λmax (nm)

1a 321, 352, 390 448b

2a 318 369, 480b

1b 319, 448 484, 510c

2b 300, 330 367, 485b

[2b‚Fe(ClO4)2/La(ClO4)3]n n.a. -d

a All measurements were carried out in 9:1 (v/v) CHCl3:CH3CN solutions,
except for [2b‚Fe(ClO4)2/La(ClO4)3]n, which was measured at a concentra-
tion of 6.6 mg/mL in CHCl3. b Excitation at 320 nm.c Excitation at 400
nm. d Emission is fully quenched; see Supporting Information.

Figure 1. Optical absorption (a) and PL emission spectra (b) of
ethynylene1a (solid) and xylylene2a (dashed) in 9:1 (v/v) CHCl3:
CH3CN. Emission spectra were collected with excitation at 320 nm.
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attributed to theπ-π* transition related to the Mebip moiety.23,25c

Macromonomer2b displays a narrow absorption band centered
around 300 nm and a shoulder at ca. 330 nm; we interpret the
main band with theπ-π* transition of the 2,5-dialkoxy-p-
xylylene moieties27 and confirmed via an excitation PL scan
(see Supporting Information) that the shoulder is indeed related
to theπ-π* transition of the Mebip ligand. Optical excitation
of the ethynylene precursors1a and2a causes intense photo-
luminescence. The corresponding steady-state emission spectra
(Figures 1 and 2) display well-resolved bands that exhibit
features consistent withπ-π* fluorescence of the conjugated
phenylene ethynylene segments.23,28As expected, the emission
associated with these moieties is virtually fully suppressed upon
hydrogenation. In both xylylenes,2a and2b, a weak emission
band with aλmax of ∼367-369 nm can be observed, which is
characteristic of theπ-π* transition related to the Mebip
moiety.25 The PL emission spectra of both reduced species,2a
and 2b, show an additional weak emission band centered at
∼480 and 485 nm, respectively, similar to poly(2,5-dialkoxy-
p-xylylene)s without Mebip end groups that were prepared
before by the same reduction method.15 Excitation spectra (see
Supporting Information) indicate that the emission is not an
intrinsic feature of either the 2,5-dialkoxy-p-xylylene or Mebip
motif. The fact that a similar emission band is observed for the
different materials investigated and the fact that the emission
persists in dilute solutions also seems to exclude the formation
of excimers. This emission may be indicative of incomplete
reduction or the presence of impurities, but neither1H NMR
nor MALDI-TOF MS (compound2a) shows any evidence for
such defects or impurities, strongly suggesting that such
contaminants are present at an acceptable subpercent level.

Self-Assembly and Solution Properties of the Metallo-
Supramolecular Polymers of 2a and 2b.The formation of
metallo-supramolecular species, [2a‚MXn]n and [2b‚MXn]n, is
readily achieved by the addition of 1 equiv of an appropriate
metal ion salt to a solution of the Mebip end-capped xylylenes
2a and 2b. We found that a variety of metal ions display
appropriate interactions (i.e., large equilibrium constants and
rapid complexation kinetics) that allow for supramolecular
polymerization using the terdentate Mebip motif.25 Encouraged
by the successful metallopolymerization of Mebip-end-capped
PPEs with Zn2+ and Fe2+,23b we opted to employ these metal
ions in the present study. To probe the complexation charac-
teristics of 2a and 2b, we first conducted a detailed optical
titration study with Zn2+, which offers both a large equilibrium
constant and rapid complexation kinetics. To this end, Zn(ClO4)2

was titrated into solutions of2a and 2b, and the resulting
products were analyzed by means of UV-vis spectroscopy
(Figure 3). It should be noted that precipitation, presumably of
high-molecular-weight macromolecules, was observed when
these experiments were carried out at too high concentrations;
this dictated that the UV-vis titrations be performed at a
concentration of 22-25 µM of the respective ditopic ligands.
As such, these conditions clearly favor the formation of
oligomeric species as opposed to high-molecular-weight ag-
gregates. The addition of Zn2+ to xylylenes2aand2b rendered
the originally colorless solutions pale yellow. In both cases a
new lowest-energy absorption band was observed, centered at
354 nm in the case of2a and 360 nm in the case of2b (Figure

Figure 2. Optical absorption (a) and PL emission spectra (b) of
ethynylene1b (solid) and xylylene2b (dashed) in 9:1 (v/v) CHCl3:
CH3CN. Inset in (b): Magnification (30×) of the emission spectrum
of 2b.

Figure 3. UV-vis spectra acquired upon titration of2a (0.025 mM)
(a) and2b (0.022 mM) (b) in 9:1 (v/v) CHCl3:CH3CN with Zn(ClO4)2.
Shown are spectra of Zn2+:2a ratios between 0 and 1.14 and Zn2+:2b
ratios between 0 and 2.01. The insets show the normalized absorption
at 360 and 370 nm as a function of Zn2+:2a and Zn2+:2b ratios,
respectively.
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3). Concomitantly, in model compound2a the intensity of the
initial absorption band withλmax at 318 nm associated with the
π-π* transition related to the Mebip moiety was significantly
reduced upon binding, as was the related absorption of mac-
romonomer2b observed as a shoulder at∼330 nm. The spectra
of both titration series exhibit a single isosbestic point at∼340
nm up to a Zn2+:2 ratio of approximately one, suggesting
equilibria between the bound and unbound monomers2a and
2b. At Zn2+:2 ratios greater than one, new isosbestic points are
observed, which appear to correspond to the presence of chain-
terminating monomer-Zn2+-solvent complexes formed upon
depolymerization of the supramolecular species in the presence
of an excess of metal.23a We further quantified the spectral
changes observed in the above-discussed Zn2+ titrations as the
normalized intensity of the emerging absorption bands; the data
are plotted in the insets of Figure 3. Gratifyingly, the changes
are virtually identical for the well-defined monodisperse model
compound2a and the macromonomer2b, leveling off at a
Zn2+:2 ratio of 1:1, which is consistent with the ditopic nature
of the monomers and the successful self-assembly in dilute
solution. Similar titration data were obtained upon addition of
Fe(ClO4)2 to 2b (for this experiment a different batch of2b of
slightly higherXn (32) was utilized; see Supporting Information
for spectra). In this case, a characteristic23b,25c,29metal-to-ligand
charge-transfer absorption band was observed at 570 nm.

Preparation and Solid-State Optical Properties of Metallo-
Supramolecular Polymers Based on 2b.Monomer2b is a pale
yellow powder, which is soluble in chloroform and can readily
be spin- or solution-cast into homogeneous thin films. However,
these films do not display self-supporting mechanical properties.
The preparation and processing of metallo-supramolecular
polymers based on2b and Zn(ClO4)2 or Fe(ClO4)2 ([2b‚M]n)
followed the protocol developed for similar materials comprising
a Mebip-end-capped poly(2,5-dialkyloxy-p-phenylene ethy-
nylene) 1b of an Xn similar to that of 2b,23 which display
outstanding mechanical properties. The procedure involved
codissolution of2b and an equimolar amount of either of the
metal salts in a CHCl3/CH3CN mixture, followed by solution
casting. The addition of either Zn(ClO4)2 or Fe(ClO4)2 in
CH3CN to2b in CHCl3 resulted in solutions of [2b‚Zn(ClO4)2]n

and [2b‚Fe(ClO4)2]n which upon casting and drying yielded
films that displayed poor mechanical properties (Figure 4a). To
probe whether an increase of theXn of the macromonomer
would change this situation, the experiment was repeated with
a macromonomer2b of anXn of ∼32 (see Supporting Informa-
tion for synthesis of this macromonomer), but the behavior of
this ditopic ligand was virtually the same. Thus, the [2b‚M]n

samples investigated here display mechanical properties that are
clearly inferior when compared with the corresponding [1b‚
M]n analogues reported earlier.23b The structural purity of2b
established by NMR, the successful self-assembly in dilute
solution established by optical titration, and the fact that the

binding strength of2b should be similar to that of1b and many
related systems25 suggests that the [2b‚M]n supramolecular
materials prepared here are indeed of polymeric nature. Thus,
the observation of poor mechanical properties seems to reflect
the lack or low concentration of chain entanglements and
indicates weak intermolecular interactions between the indi-
vidual supramolecular chains.

With the objective to improve the material’s mechanical
properties, we employed minor amounts of lanthanide perchlo-
rate salts, which are well-known to bind three Mebip ligands,30

as a cross-linking/branching unit in our supramolecular polym-
erization of2b and Fe(ClO4)2 (Scheme 1). To generate the cross-
links/branch points in a metal ion:2b system that was processed
as described above, 9 mol % La(ClO4)3 (with respect to2b) in
CH3CN was added to xylylene2b in CHCl3 (71.4 mg/mL) with
the assumption of a 3:1 Mebip:La3+ binding motif. The further
addition of 91 mol % Fe(ClO4)2 in CH3CN resulted in an
instantaneous and dramatic visual increase of the solution’s
viscosity, illustrating the successful linear chain growth (via 2:1
Mebip:2b binding) of the preformed 3:1 Mebip:La3+ complexes.
Solution casting and slow evaporation of the solvent led to
purple films, which displayed appreciable mechanical properties
(Figure 4b). The deep purple color of the material results
virtually exclusively from a metal-to-ligand charge transfer
(MLCT), indicative of the formation of 2:1 Mebip:Fe2+

complexes, as the addition of La(ClO4)3 to 2b resulted in the
formation of only near colorless solutions.23b,25c,29In addition,
the PL emission associated with2b is fully quenched (Figure
2, Supporting Information). Figure 4b shows unequivocally that
solution-processed objects from [2b‚Fe(ClO4)2/La(ClO4)3]ns
very much in contrast to the neat xylylene2b and poly(2,5-
dioctyloxy-p-xylylene)s15 of similar Xn but without Mebip end
groupssexhibit appreciable mechanical strength and flexibility.

The solid-state structure of [2b‚Fe(ClO4)2/La(ClO4)3]n was
investigated by wide-angle X-ray diffraction (WAXD). Three
distinct peaks are discernible in the diffraction pattern (Figure
5). The most prominent and sharpest of the reflections occurs
at 2θ ) 4.6°, corresponding to ad spacing of 19.8 Å. At higher
2θ values, two broad reflections are observed withd spacings
of approximately 7.7 and 4.2 Å. Considering the stark similarity
of these reflections to that of 2,5-dialkyloxy(p-phenylene-
ethynylene)s,28 the WAXD data suggest that the morphology
of the self-assembled system is lamellar and is largely driven
by side-chain packing.

Thermomechanical Properties of [2b‚Fe(ClO4)2/La(ClO4)3]n.
The mechanical and thermal properties of [2b‚Fe(ClO4)2/La-
(ClO4)3]n films were investigated in more detail by means of

Figure 4. (a) Pictures of solution-cast films (CHCl3) of the metallo-
supramolecular polymers [2b‚Fe(ClO4)2]n (a) and [2b‚Fe(ClO4)2/La-
(ClO4)3]n (b).

Figure 5. Wide-angle X-ray diffraction (WAXD) pattern of a solution-
cast metallo-supramolecular polymer film of [2b‚Fe(ClO4)2/La(ClO4)3]n.
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thermogravimetric analysis (TGA), dynamic mechanical ther-
moanalysis (DMTA), and modulated differential scanning
calorimetry (MDSC); these experiments were all conducted
under a nitrogen atmosphere. TGA traces (Figure 6) of neat2b
reveal an onset of significant weight loss (2%) at 354°C, which
has previously been related to the degradation of alkyl side
chains.31 The supramolecular polymer [2b‚Fe(ClO4)2/La-
(ClO4)3]n shows a rather similar overall thermal behavior (Figure
6). For the materials investigated here, however, the initial 2%
weight loss was observed at a substantially lower temperature
(193 °C), which we ascribe to the thermal degradation of the
perchlorate counterions upon melting (vide infra) and are
considering investigating in more detail.

The mechanical properties of [2b‚Fe(ClO4)2/La(ClO4)3]n were
elucidated by DMTA in a temperature range of-20 to 100°C
(Figure 7). The room temperature modulus was determined to
be 220 MPa, placing the self-assembled system in the same
regime as low-density polyethylene. The modulus decreased
continuously as the temperature was increased, which may be
on account of progressive decomplexation of the more weakly
bound lanthanide-Mebip cross-links. To determine the melting
temperature,Tm, of both 2b and [2b‚Fe(ClO4)2/La(ClO4)3]n,
MDSC experiments were performed (Figure 8). The MDSC
trace of neat2b clearly shows a reversible endotherm with
maximum at 166°C corresponding to theTm, which is virtually
identical to that reported for a poly(2,5-dioctyloxy-p-xylylene)
of similar Xn but without Mebip end groups (170°C).15 The
MDSC trace of [2b‚Fe(ClO4)2/La(ClO4)3]n shows a largely
irreversible exotherm at 176°C that we associate, by comparison

with TGA data, to the degradation of the perchlorate counterions.
The reversible portion of the scan shows a weak endotherm at
166 °C, which corresponds to melting at a temperature which
is nearly identical to that of2b. Thus, the MDSC data suggest
that the melt transition of the new metallo-supramolecular PPX
is largely governed by the hydrocarbon building block and can
be tailored to meet specific thermal demands by judicious design
of the latter.

Conclusions

To develop thermally stable and easily processable poly(p-
xylylene) derivatives, we utilized metal-ion-mediated self-
assembly polymerization. We have demonstrated that the
supramolecular metallopolymerization of PPX-type Mebip end-
capped macromolecules with a mixture of Fe2+ and La3+ can
be employed to produce materials that combine good mechanical
characteristics with a solution-processing capability that cannot
be attained with traditional PPX and its related derivatives.6 The
introduction of La3+ as a metal which can bind three Mebip
ligands and act as a cross-linking/branching unit was shown to
be a most valuable design tool and in the case of the materials
investigated here was key to achieving good mechanical
characteristics. It appears that the use of dynamic polymerization
offers a broadly useful means to attain thermally robust
inorganic/organic hybrid materials without altering the properties
associated with the macromolecular core and should be easily
extendable to other thermally stable cores.
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