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ABSTRACT: The use of metal—ligand binding as the driving force for the self-assembly polymerizations
of a ditopic ligand offers a facile route to the preparation of organic/inorganic hybrid materials. Such
metallo-supramolecular polymers potentially offer the functionality of the metal ion along with the
processability of a polymer. We report, herein, the preparation and investigation of a series of metallo-
supramolecular polymers prepared from three different (macro)monomer units. One monomer has a penta-
(ethylene glycol) core while the other two consist of poly(tetrahydrofuran) cores of different molecular
weights (M, = 2000 or 4800 g mol1). Attached to either end of these polyether chains is the terdentate
ligand 2,6-bis(benzimidazolyl)-4-oxypyridine. Addition of a metal ion (e.g., Fe(I), Co(II), Zn(II), or Cd-
(I1)), which can bind to the ligand in 1:2 ratio, to a solution of the (macro)monomer results in the self-
assembly of linear supramolecular polymers. Viscosity studies demonstrate the formation of self-
assembling aggregates and mechanically stable films can be obtained by casting from solution. A series
of studies (including DSC, DMA, TGA, and WAXD) were carried out in order to examine the solid-state
properties of the films. The metallo-supramolecular polymers, which have the largest poly(tetrahydrofuran)
core, form thermoplastic elastomeric films in which the ionic blocks and soft poly(tetrahydrofuran)

segments are phase separated.

Introduction

In recent years there has been a growth of interest
in the field of supramolecular polymerization,! =2 i.e., the
self-assembly of monomers into polymeric structures
through the utilization of the noncovalent bond. One of
the easiest conceptual ways of accessing such systems
is the placement of “sticky” noncovalent binding motifs
onto the chain ends of a bifunctional core unit (Figure
la). As a consequence, the interactions between these
end groups can result in the formation of a supramo-
lecular polymer in which noncovalent bonds are an
integral part of the polymeric backbone. Such materials
potentially offer an unusual matrix of polymer-like
properties. The polymerization is a self-assembly pro-
cess and as such occurs spontaneously without the need
for an initiator (or catalyst). In addition, the presence
of noncovalent bonds along the polymeric backbone
results in the material exhibiting reversible polymeri-
zation/depolymerization characteristics. This behavior,
in turn, offers the potential of developing “easy to
process” polymeric materials, which, for example, ex-
hibit interesting mechanical, electronic, and/or optical
properties.

The properties of such noncovalently bound ag-
gregates have a strong dependence not only on their core
components but also on the nature (stability and
dynamics) of the supramolecular interactions which
control the self-assembly process. Over the years a
number of research groups have utilized a variety of
different noncovalent interactions, from simple hydro-
phobic end groups* 4 to more complex hydrogen bonding
motifs,”"!1 to prepare such supramolecular materials.
One type of noncovalent bond that offers a large
diversity in not only thermodynamic stability but also
kinetic lability is that of metal/ligand interactions. Thus,
simple addition of metal ions to a monomer that has
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Figure 1. Schematic representations of two supramolecular
polymerization processes; formation of (a) an A—A/B—B poly-
mer and (b) a metallo-supramolecular polymer.

ligand units placed at either end should result in the
self-assembly of metallo-polymeric aggregates (Figure
1b).127-14 The wide range of possible metal/ligand com-
binations offers the polymer chemist a wealth of tools
with which to tune the properties of these materials by
utilizing such coordination chemistry. The degree of
interaction (binding constant) between the metal ion
and ligand will influence the degree of polymerization
of this aggregate. Furthermore, kinetically labile metal/
ligand systems should produce “dynamic” polymers
which are under continuous equilibrium (cf. supramo-
lecular polymers), while kinetically “inert” metal/ligand
combinations will produce polymers similar in nature
to the standard covalent systems. Such metallo-su-
pramolecular polymers (sometimes called coordination
polymers) also offer the advantage of combining the
functionality of the metal ion (e.g., catalysis, lumines-
cence, etc.) with the processing ability of a polymer. In
recent years a number of groups have started to
investigate the potential that this chemistry has on the
formation of such organic/inorganic polymer hybrids
utilizing a diverse range of ligands, which include
phenanthroline,’® tetrapyridophenazine,'®: terpyri-
dine,'”20 pyridine-2,6-dicarboxylate,?! porphyrins,?2-25
trialkylphosphines,?® and pincer ligands.?’

Assuming that the polymerization follows a step-
growth mechanism and the degree of interaction (or
binding constant) between repeat units is independent
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of molecular weight then the Multi-Stage Open Associa-
tion Model predicts that the degree of polymerization
(DP) is proportional to the square root of the binding
constant (K) times the total concentration of components

(e):
DP ~ 2(Kc)*®

If the metallo-supramolecular polymers are a two-
component A—A/B—B system which consists of ditopic
ligand-terminated monomers and metal ions which can
bind to only two ligands, then the above prediction for
DP would only hold up if the concentration ratio of the
components was exactly 1:1. Of course, as with all step-
growth polymerizations, deviations from a 1:1 ratio will
have a significant negative effect on the overall degree
of polymerization. Another major assumption of this
model is that no cyclization occurs, and the DP is
therefore calculated for the formation of linear ag-
gregates only. Thus, ditopic monomer units which
possess identical binding motifs can exhibit very differ-
ent degrees of polymerization depending on the predis-
position of the core to form thermodynamically stable
macrocycles.

2,6-Bis(1'-alkylbenzimidazolyl)pyridine is a versatile
terdentate ligand that has not only been shown to bind
to a range of metal ions?® but is also very synthetically
accessible on large scales. In addition, synthetic proce-
dures to a range of this ligand’s derivatives are known
which allow tailored functionalization of this binding
unit.2? Recently, we have shown?3°~32 that the placement
of derivatives of 2,6-bis(1'-methylbenzimidazolyl)-4-oxy-
pyridine (O-Mebip) ligands onto the ends of a monodis-
persed small core unit (e.g.,, 1) can result in the
formation of stimuli-responsive metallogels3? upon the
addition of transition metal and/or lanthanoid metal
ions. Furthermore, we have shown that 2,6-bis(1'-
methylbenzimidazolyl)pyridine (Mebip) ligands can be
placed at the ends of conjugated cores to produce light-
emitting materials.?* Binding studies of 1 with Zn?* ions
revealed a cooperative effect in the formation of the 2:1
O-Mebip/metal complex as well as a strong overall
binding constant (ca. 106 M~1).32 These are both impor-
tant factors that have been shown by theoretical calcu-
lations to aid the formation of supramolecular poly-
mers.?> We have also recently reported that terminal
attachment of simple nucleobase derivatives imparts
dramatic changes to the material properties of both low-
molecular-weight mesogenic®® and poly(tetrahydrofu-
ran) core units.?” We report herein the synthesis and
characterization of three ligand-terminated ditopic mono-
mers units, one based on a monodispersed pentaethyl-
ene glycol core and the other two on polydispersed low-
molecular-weight poly(tetrahydrofuran) telechelic cores,
in which 4-oxy-2,6-bis(1'-methylbenzimidazolyl)pyridine
derivatives are attached to either chain end. We also
examine the polymerization of these ditopic monomers
with transition metals and report our initial studies on
the characterization of these organic/inorganic hybrid
materials.

Experimental Section

Materials. All reagents and solvents were purchased from
Aldrich Chemical Co. Reagents were used without further
purification. Solvents were distilled from suitable drying
agents. Spectrophotometric grade chloroform (filtered over
alumina) and acetonitrile were used for all experiments.
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4-Hydroxy-2,6-bis(1'-methylbenzimidazolyl)pyridine (4) was
prepared according to literature procedures.??

Instruments. NMR spectra were recorded on a Varian 300
or 600 NMR spectrometer. DSC experiments were carried out
on a Perkin-Elmer PYRIS 1 DSC under flowing Ny at a
temperature rate of 10 °C/min. MDSC (modulated) experi-
ments were performed on a TA Instruments DSCQ100 under
flowing Ny at a temperature rate of 3 °C/min. DMA measure-
ments were taken on a Triton Technology Tritec 2000 DMA
performing single frequency/strain tension (1 Hz, 0.05 mm)
experiments on rectangular films over a temperature scan of
3 °C/min. Thermogravimetric analyses were carried out on a
TA Instruments TGAQ500 under Ny. UV—vis spectra were
obtained by a Perkin-Elmer Lambda 800 UV—vis spectrom-
eter. Titration experiments were performed in quartz cuvettes
scanning in the range of 200—700 nm with an integration time
of 0.24 s. Fluorescence spectra were obtained with a SPEX
Fluorolog 3 (model FL3-12); corrections for the spectral disper-
sion of the Xe-lamp, the instrument throughput, and the
detector response were applied. Molecular weights of the
materials were measured by mass spectrometry on a Bruker
BIFLEX IIT MALDI time-of-flight mass spectrometer using
HABA [2-(4-hydroxyphenylazo)benzoic acid] and the matrix
with a NaCl additive. The viscosity experiments were per-
formed in a ICL Cannon-Ubbelohde microdilution viscometer
using solutions of 0.1 M tetrabutylammonium hexafluorophos-
phate in chloroform and/or acetonitrile. All viscosity experi-
ments were run at 25 °C in a controlled temperature water
bath. X-ray measurements were conducted using a Rigaku SA-
HF3 X-ray generator for the D/MAX2000/PC series diffracto-
meter. All samples for X-ray study were prepared as films or
powders and placed on a glass cover slide aligned in the path
of the wide-angle diffractometer. Fourier transform infrared
(FTIR) measurements were conducted on a Bio-Rad FTS-6000
spectrometer using films cast upon CaFy disks.

Synthesis of 1. A mixture of 4 (4.85 g, 13.7 mmol) and
bisiodopenta(ethylene glycol) (2.5 g, 5.5 mmol) were dissolved
into a solution of K3CO3 (5.2 g) in 50 mL of DMSO and stirred
at 90 °C for 12 h. After removing heat, the mixture was poured
into 200 mL of half-saturated NH4Cl and washed with 100
mL of dichloromethane (3x). The organics were collected and
reduced to 5 mL and then extracted again from a mixture of
water and dichloromethane. The organics were evaporated and
the residue dried in vacuo. The material was purified via
column chromatography (silica gel; CH>Cloy/MeOH 100:0, 99:
1, ..., 97:3) and then precipitated from a 1:1 mixture of
dichloromethane and isopropyl ether to yield 2.7 g (54%) of 1
as a white solid; mp 204 °C. 'H NMR (DMSO-de): 6 7.92 (4H,
s), 7.77(4H, d, J = 6.7 Hz), 7.68 (4H, d, J = 7.0 Hz), 7.40 (4H,
dd, J = 6.9. 8.1 Hz), 7.34 (4H, dd, J = 6.9, 8.1 Hz), 4.43 (4H,
t,J = 4.5 Hz), 4.25 (12H, s), 3.86 (4H, t, J = 4.5 Hz), 3.65—
3.55 (12H, m). *C NMR (CDCls): 6 164.8,151.9, 149.9, 142.7,
137.5, 124.0, 123.2, 120.5, 111.9, 110.3, 71.4, 70.9, 69.5, 68.1,
32.5. MALDI-MS (matrix: HABA): [M + H] =914 m/z. UV—
ViS: Amax = 314 nm. PL (Aexcitation = 320 nm) Aemission = 365 nm.

Synthesis of 5. A mixture of 4 (3 g, 8.45 mmol) and KsCO3
(3 g, 20 mmol) was stirred in hot ethanol (90 mL) until it
became red in color. Benzyl bromoacetate (2.01 mL, 12.69
mmol) was then added and the solution heated to reflux for
18 h. A mixture of pink solids forms in the reaction flask, and
these solids are filtered off and washed with ethanol (1x) and
water (3x). The solids were dried under vacuum to yield 3.3 g
(95%) of product which did not require further purification.
H NMR (300 MHz, DMSO-de): 6 7.92 (2H, s), 7.81 (2H, d, J
=17.5Hz),7.73 (2H,d,J = 7.8 Hz), 741 (2H, dd, J = 6.9, 8.1
Hz), 7.34 (2H, dd, J = 6.9, 8.1 Hz), 5.09 (2H, s), 4.29 (6H, s).
13C NMR (300 MHz, DMSO-dg): ¢ 169.6, 167.2, 151.1, 150.6,
142.7, 137.8, 123.9, 123.1, 120.2, 112.5, 111.6, 68.7, 33.3.
MALDI-MS (matrix: o-cyano-4-hydroxycinnamic acid): m/z
414 [M + HJ".

Synthesis of 2. A mixture of 5 (0.990 g, 2.39 mmol) in dry
DMF (10 mL) was stirred for 30 min until fully dissolved.
Trimethylacetyl chloride (1.5 mL, 12.19 mmol) was added and
the reaction mixture stirred for 10 min. N-Methylmorpholine
(3.00 mL, 27.26 mmol) and a solution of bis(3-aminopropyl)-
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terminated polytetrahydrofuran (6, M, = 2900 g/mol) in DMF
(0.45 g, 0.32 mmol, in 5 mL) were then added, and the reaction
was allowed to stir for 48 h at room temperature. The DMF
was removed under vacuum, and the solids were stirred in
chloroform, filtered, and collected. The solution containing the
organic fraction was evaporated to dryness, and the resulting
solids were purified by column chromatography (silica gel; CHo-
Cly/MeOH 100:0, 98:2, ..., 90:10) to give 210 mg of 2 (35%). 'H
NMR (CDCly): 6 7.92 (4H, s), 7.85 (4H, d, J = 6.7 Hz), 7.38
(12H, m), 4.74 (4H, s), 4.23 (12H, s), 3.39 (68H, m), 1.61 (64H,
m). BC NMR (CDCl3): ¢ 166.7, 164.9, 151.9, 150.0, 142.7,
137.5, 124.0, 123.2, 120.5, 111.9, 110.2, 71.3, 70.9, 70.7, 69.6,
67.5, 38.0, 32.8, 29.5, 26.8, 26.7. MALDI-MS (matrix: HABA):
M, = 1725 m/z, M, = 1884 m/z, PDI 1.09. FT-IR (cm™1): 1674,
1544, 1595, 1571, 1446, 1477, 1369. UV—vis: Amax = 314 nm.
PL (lexcitation = 320 nm) j~emission = 365 nm.

Synthesis of 3. A mixture of 4 (1.00 g, 2.8 mmol) and
triphenylphosphine (1.50 g, 5.7 mmol) was suspended with
stirring in 15 mL of freshly distilled THF. 3 mL of diethyl-
azodicarboxylate (DEAD, 40% in toluene) was added to the
mixture, resulting in a clear orange solution. Vacuum-dried
terathane 2900 (M, = 2900 g/mol, hydroxyl-terminated poly-
tetrahydrofuran, 3.7 g, 1.3 mmol) in a 10 mL solution of freshly
distilled THF was added, and the solution was stirred under
an argon atmosphere for 12 h. The tetrahydrofuran was
removed in vacuo, and the viscous, lavender residue was
redissolved in chloroform. Column chromatography (CHCls/
MeOH, 100:0, 99:1, 98:2, ..., 95:5) resulted in a 0.49 g of a high
molecular weight fraction of 3 which is contaminated with
some monosubstituted macromonomer (yield 12%) and a 2.48
g fraction of macromonomer 8 (yield 56%). 'H NMR (CDCls):
0 7.92 (4H, s), 7.85 (4H, d), 7.38 (12H, m), 4.74 (4H, s), 4.23
(12H, s), 3.39 (228H, m), 1.61 (232H, m). 3C NMR (CDCls): 6
166.6, 151.4, 150.7, 142.8, 137.4, 123.8, 123.1, 120.4, 112.0,
110.2,70.9, 70.4, 32.8, 26.8. MALDI-MS (matrix: HABA): M,
= 3600 m/z. PDI 1.12. UV—vis: Amax = 313 nm. PL (Aexcitation =
340 nm) Aemission = 366 nm.

Typical Sample Preparation of Metallo-Supramolecu-
lar Polymers. A solution containing 20.1 mg (0.01 mmol) of
2 in 200 uL of chloroform was mixed with a stoichiometric
amount of 3.72 mg (0.01 mmol) of zinc perchlorate hexahydrate
in 135 uL of acetonitrile. This mixed solvent solution was then
cast onto a glass slide to make a film. The complex was allowed
to air-dry and then was vacuum-dried in an oven for 18 h at
room temperature. The [2:Zn(ClO4)], material was then
characterized in its solid state or was redissolved in an
appropriate solvent to examine its solution properties. The
same procedure was used to prepare [1:Zn(ClO4)o], and [3-
Zn(Cl104)2], from 1 and 3, respectively. UV and PL spectra were
performed on 0.025 mM (based on moles of ditopic monomer)
solutions of each material in acetonitrile. FT-IR was performed
on the solid films.

[1-Zn(ClO4)s], FT-IR (ecm™Y): 1595, 1571, 1477, 1446, 1369,
1100. UV—vis: Amax = 304, 334 nm. PL (Aexcitation = 340 nm)
Aemission = 397 nm.

[2-Zn(ClO):], FT-IR (cm™Y): 1674, 1622, 1606, 1570, 1550,
1490, 1450, 1370, 1100. UV—vis: Amax = 304, 334 nm. PL
(lexcitation = 340 nm) Aemission = 397 nm.

[3-Zn(C104)s], FT-IR (cm~): 1622, 1606, 1568, 1484, 1447,
1371 1115. UV—vis: Amax = 304, 340 nm. PL (lexitation = 340
nm) Aemission = 396 nm.

Films suitable for DMA were prepared by casting the
metallopolymer solutions onto glass slides in multiple steps.
One-third to one-half of the solution is cast and allowed to air-
dry. Once dry, a further fraction of the solution is layered upon
the freshly formed film and is again allowed to dry. These steps
are taken to ensure the films have a thickness greater than
0.10 mm. After vacuum-drying in the oven, making certain
there are no trapped air bubbles, rectangular films of uniform
thickness can be cut from the center of the thickened films.
The trimmings from these films were weighed and redissolved
for viscosity experiments and/or cut into smaller pieces suitable
for DSC, MDSC, and TGA experiments.
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Results and Discussion

Ditopic Monomer Synthesis and Characteriza-
tion. For this study we focused on two different classes
of monomers, which have 2,6-bis(1'-methylbenzimida-
zolyl)pyridine units attached to either end. The first is
a monodispersed ditopic monomer based on a penta-
ethylene glycol core (1) and the second class of materials
are polydispersed ditopic monomers based on a poly-
tetrahydrofuran core (2 and 3).

The synthesis of the 4-hydroxy-2,6-bis(1'-methylbenz-
imidazolyl)pyridine ligand (4) was achieved in one step,
from commercially available starting materials, using
literature procedures.?® The monodispersed ditopic mono-
mer 1 was prepared in one step via the reaction of 1
and bisiodopenta(ethylene glycol) under basic conditions
(Scheme 1).32 The synthetic methodology which we have
previously employed3” for the attachment of supramo-
lecular motifs to polytetrahydrofuran macromonomers
is peptide coupling. Thus, we functionalized the hy-
droxyl group of 4 with benzyl bromoacetate under basic
conditions in ethanol to yield directly the acetic acid
derivative 5. The synthesis of the supramolecular tel-
echelic macromonomer 2 was achieved by reacting 5
with the commercially available bis(3-aminopropyl)-
terminated polytetrahydrofuran (6, M, = 1400 g mol 1,
PDI = 1.10) using mixed anhydride peptide coupling
conditions (Scheme 1). This yielded 2 in 35% after
purification, and the structure of 2 was confirmed by
NMR and MALDI-TOF MS. End-group analysis of the
1H NMR spectrum estimates the molecular weight (M)
of 2 to be about 2000 g mol~!. This value is in good
agreement with the MALDI-TOF MS spectrum, which
indicates that the molecular weight (M) of 2 is about
1800 g mol ! with a PDI of 1.09. While this methodology
worked the yield was not optimal, and it required a
macromonomer with amine end groups; thus, we sought
an alternative coupling chemistry. Ideally, the direct
coupling of the phenolic group on 4 to an alkyl hydroxyl
group on the chain end of the polymer would dramati-
cally increase the range of macromonomer units that
we could investigate. Thus, we chose to investigate the
potential of the Mitsunobu reaction3® to functionalize
the polymer chain ends.*® Starting with 4 and poly-
(tetrahydrofuran) (7, M,, = 2900 g mol~!) and reacting
it with triphenylphosphine and DEAD in THF resulted
in desired polymer 3 on a relatively large scale in much
better yield. After purification of the reaction mixture
by column chromatography we isolated two major
fractions. The first fraction corresponds to the ditopic
macromonomer 3, which was obtained in 54% yield, and
the second major fraction is a higher molecular weight
fraction of 3 contaminated with some monosubstituted
poly(tetrahydrofuran). Molecular weight characteriza-
tion of the first major fraction of the ditopic macromono-
mer 3 was again carried out using a combination of 'H
NMR and MALDI-MS. End-group analysis based on the
'H NMR estimates the M, of 8 to be around 4800 g
mol~!. The MALDI-MS (Figure 2) indicates that the
molecular weight (M) of 3 is about 3600 g mol~! with
a PDI of 1.14. The major peaks in the MALDI-MS
correspond to [M + Na]* with the minor peaks corre-
sponding to either [M + H]* or [M + K]*. The difference
between the NMR and MALDI-MS data for 3 is prob-
ably on account of the nature of MALDI-MS experiment
which can lead to molecular weight discrimination of
the higher molecular weight fraction of a polydispersed
sample.*! It is also important to note that the MALDI—
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Scheme 1. Synthesis of the 2,6-Bis(1'-methylbenzimidazolyl)pyridine-Terminated Monomers
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TOF MS of 3 (and also 2) show no evidence of any
monosubstituted material or unreacted starting mate-
rial.

Self-Assembly and Solution Properties of the
Metallo-Supramolecular Polymers. The formation
of the metallo-supramolecular materials, [1-MXg],, [2-
MXol,, and [3-MX],, can be achieved by simple addition
of 1 equiv of the appropriate metal ion salt to a solution
of the ditopic monomer, 1, 2, or 3. We have found that
a variety of ions (e.g., Cd2", Zn2", Co?", Fe?") can be
utilized to interact with the terdentate 2,6-bis(1'-meth-
ylbenzimidazolyl)-4-oxypyridine (O-Mebip) ligand. The
complexation of these metal ions to the ligand can be
followed by UV spectroscopy. All the starting materials
1, 2, and 3 show the ligand absorption band at 314 nm,
which is assigned to the 7—s* transitions of the ligand.
Addition of 1 equiv of either Cd2" or Zn?" ions to any of
these monomers in acetonitrile results in a shift of this
band to 331 and 334 nm, respectively, but no significant
change in the color of the solution. However, addition
of either Co%* or Fe2' ions to 1, 2, or 3 results in a
dramatic change in the color of the solution from
colorless to orange or purple, respectively. In the Co2"
samples we observe absorption peaks at 306 and 328
nm in acetonitrile along with the presence of weak
tailing in the spectra out to around 550 nm, which is
assigned to presence of metal-centered d—d transitions

Intensity

20‘00 30‘00 40'00 50’00 60v00 m}z
Figure 2. MALDI-MS of 3 with NaCl in a HABA matrix.

/ \ o\/KN/\/\(O

o\/\/NY\O jJ \N
0 —
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and is responsible for the observed orange color of the
complexes. In the case of the Fe?2™ materials absorption
peaks are observed at 338, 353, and 568 nm. The purple
color of the Fe2™ systems occurs as a result of a broad
metal-to-ligand charge transfer (MLCT) absorption band
around 568 nm, which is indicative of the formation of
the 2:1 O-Mebip:Fe2™ complex.*? As mentioned previ-
ously, it is important for the self-assembly polymeriza-
tion process that the stoichiometry of the metal ion and
ditopic monomer components is carefully controlled to
a monomer: metal ion ratio of 1:1. This can easily be
achieved with the monodispersed ditopic monomer 1;
however, it becomes a bit more difficult to calculate the
exact stoichiometry with the polydispersed monomers
2 and 3. We, therefore, carried out a series of titration
experiments with either 2 or 3 and Fe(ClO4)2 in order
to confirm the molecular weight of these macromono-
mers.*3 For these experiments we used the NMR to
determine the molecular weight of 2 (M, = 2000 g
mol~1) and 8 (M, = 4800 g mol 1) as a first approxima-
tion. Figure 3 shows the UV spectra of different molar

4 Ratio of Fe to [3]

Mole Ratio 565 nm
35 —[3]only| oa3s
—0.26 0.3 - RIS
3 - —0.50 0.25 | N
s gtz e
25 —o071 [T 44l ¢ |
. —0.83 oos | * '
g, —0.91 0e |
< —1.0 ) '
15
1.5
1
0.5
0 - ; -
225 325 425 525 625

Wavelength (nm)

Figure 3. UV titration of Fe(ClO4): into 3 in acetonitrile.
Inset: plot of absorbance vs molar ratio of Fe(ClO4)2 to 3.
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Figure 4. 'H NMR (600 MHz, CDC];) of the aromatic region
of (a) 3, (b) [3:Cd(ClO4)2],, and (c) [3-Zn(ClO4)s],.

ratios of Fe(ClOy4)2:3 in acetonitrile, where we see the
growth of the three new peaks which are attributed to
the binding of the ligand to Fe?". The inset shows that
the maximum absorbance at 568 nm occurs at an Fe?™:3
molar ratio of 1:1, based on the M}, of 3 being 4800 g
mol~!, and supports the molecular weight estimate
determined by NMR end-group analysis. As with the
absorption spectra the emission spectra of these systems
are also sensitive to metal binding. All the ditopic
monomers are fluorescent and show an emission peak
at 365 nm in acetonitrile solution. Addition of Zn2" ions
to the solution results in a red shift in the emission to
397 nm. Furthermore, the PL titration experiments
suggest that most if not all of the ligands are bound to
7Zn2*t at a ratio of 1:1 8:Zn(ClOy)2, even at very dilute
concentrations (0.025 mM). Addition of either Fe?" or
Co?* ions to any of the monomers results in quenching
of the fluorescence of ligand.

Binding of the metal ions to the O-Mebip ligand in
solution can also be demonstrated by 'H NMR studies.
Figure 4 shows the aromatic region of 3, [3-:Cd(C104)sl,
and [3-Zn(ClO4)a],.. The assignment of the peaks is based
on two-dimensional NMR experiments and literature
values.** Addition of the metal ions to any of the ditopic
monomers results in a number of dramatic shifts of the
H signals in the aromatic region. The conformation of
similar unbound 2,6-bis(1'-alkylbenzimidazolyl)pyridine
ligands in both solution and solid-state has the free
nitrogens in the benzimidazolyl moiety pointing away
from the binding site in order to maximize s-overlap,
minimize the repulsion between nitrogen lone pairs, and
minimize the dipole moment.*? Complexation with a
metal ion results in a conformational change in the
ligand and placement of the Hg, proton in close proximity
to the binding site. Thus, in the formation of a 2:1
Mebip:metal ion complex the Hg proton on one ligand
will be placed close to the aromatic face of the second
ligand which should result in this proton being shielded.
This is indeed observed as the Hg proton experiences
the largest shift upon complexation and is moved upfield
by about 0.8—1 ppm.

Having demonstrated from a combination of UV,
photoluminescence, and 'H NMR studies the formation
of 1:1 monomer-to-metal complexes in solution, the next
step was to investigate whether evidence could be
obtained for the presence of metallo-supramolecular
polymers in solution. The intrinsic viscosity, [#], of a
sample is related to the molecular weight M of the
polymer through the Mark—Houwink—Sakurada equa-
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Figure 5. (a) Plot of reduced viscosity vs concentration of for
the ditopic monomers 1, 2, and 3 and their 1:1 complexes with
a selection of metal ions in either chloroform or chloroform/
acetonitrile (1:1) containing 0.1 M tetrabutylammonium hexaflu-
orophosphate. (b) Plot of specific viscosity vs concentration with
the gradients of the slopes highlighted in the inset (see text).

tion: [y] = KM% where K and a are experimentally
determined polymer and environmentally specific con-
stants. The K and a values for these materials are not
known; however, we can draw some conclusions based
on the comparison of the intrinsic viscosity values. To
this end, viscosity studies were carried out using a
Cannon-Ubbelohde microdilution viscometer, and the
relative viscosities of both the starting ditopic ligands
(1, 2, or 3) and their metallo-supramolecular polymers
([1-M(CIOg)2ln, [2:M(ClOy)2ln, or [3:M(ClOy4)2l,) were
measured at a variety of different concentrations. Initial
studies on the metallo-supramolecular polymers in
organic solvents showed the presence of the polyelec-
trolyte effect,*® namely an increase in the reduced
viscosity at high dilution. Therefore, all subsequent
viscosity studies were carried out in organic solvents
which contain 0.1 M solution of tetrabutylammonium
hexafluorophosphate to screen this effect. Most of the
viscosity studies were carried out in a combination of
1:1 chloroform/acetonitrile as this solvent was found to
dissolve all the materials of interest. The intrinsic
viscosity, [7], can be estimated by extrapolation of the
reduced viscosity data to where the polymer concentra-
tion is zero. Figure 5a shows the Huggins plot (reduced
viscosity vs concentration) for all three ditopic mono-
mers and a series of their 1:1 metal ion complexes. For
the macromonomers 2 and 3 a significant increase in
the intrinsic viscosity is observed upon complexation
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with 1 equiv of metal ion. For example, an increase in
intrinsic viscosity from 6.0 to 10.3 mL/g for 2 and from
18.2 to 30.1 mL/g for 3 is observed upon complexation
with Zn(ClO4)e, which is consistent with the formation
of higher molecular weight aggregates. However, for the
small monodispersed ligand 1 no significant difference
is observed in intrinsic viscosity (2.5 mL/g) for the
uncomplexed and Zn2" complexed [1:Zn(ClOy)2], sys-
tems. Given that the nature of the ligand binding sites
is the same in all three systems and that optical
spectroscopy indicates that most, if not all, of the ligands
are complexed at these concentrations, then the fact that
little or no viscosity difference is observed between 1
and [1-Zn(ClOy)q], suggests that a significant amount
of macrocycles is present in [1-Zn(ClO4)q],.. This can also
be seen in Figure 5b, which shows the double-logarith-
mic plot of specific viscosity vs concentration for the
metal complexes of 1, 2, and 3. A linear relationship
(i.e., slope of 1) indicates the presence of noninteracting
species of a constant size whereas an exponential
relationship (slope >1) is consistent with the presence
of a supramolecular polymerization process where the
size of the aggregate increases with concentration.*” A
slope of 1 can also indicate a significant formation of
macrocycles. In fact, there are examples of supramo-
lecular polymeric systems*® that have been shown to
exhibit this linear behavior at low concentrations (which
favors the formation of rings) but exhibit an exponential
relationship above a critical monomer concentration,
which favors the formation of polymers.*? The viscosities
of the free 1, 2, and 3 ditopic monomers all show a slope
of ca. 1 in the double-logarithmic plot, indicating little
or no aggregation behavior in these systems. However,
the metal complexes of 1, 2, and 3 all show an expo-
nential relationship (1.37—1.65) with specific viscosity
vs concentration. Cate’s model*” for an idealized revers-
ible polymer which predicts a larger exponential rela-
tionship 3.4—3.7 applies to polymer solutions in the
semidilute or concentrated regime, where viscosity is
predicted through a reptation model. The concentrations
examined for the metallo-supramolecular polymers of
1, 2, and 3 are just at or below the overlap concentration
for entanglement where viscosity more closely follows
the Rouse model and is not dominated by reptation
effects. Therefore, a value of 1.6 for the metallo-
supramolecular polymers is perfectly reasonable con-
sidering the conditions of the experiment. Future work
will need to be done at higher concentrations (i.e., >50
mg/mL) to determine whether these systems will emu-
late the viscosity relationships predicted by the theory
for semidilute and concentrated regimes. One reason
that might explain the difference observed between the
samples is the formation of macrocycles and this is
possibly a reason why [1:Zn(C104)s],, exhibits the lowest
value of the metallo-supramolecular systems. Other
possible reasons for the observed differences could be
related to slight mismatches in the stoichiometry of the
ditopic monomer and the metal ion in the samples
resulting in a slight excess of either of these compo-
nents, which can then act as a chain terminator.

Solid-State Properties of the Metallo-Supramo-
lecular Polymers. Monomer 1 is a white semicrystal-
line solid at room temperature, which melts around 204
°C. Addition of Zn(ClOy4)2 to 1 results in a white powdery
material upon removal of the solvents. While [1-Zn-
(ClO4)2],, does not form mechanically stable films upon
solution casting from acetonitrile:chloroform (1:1), fibers
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Figure 6. Pictures of the viscous oil 3 and films of the metallo-
supramolecular polymers [3:Co(ClO4)zl, and [3:Fe(ClOysl,
which were obtained by solution casting from chloroform
solutions.

[3-Co(CIO,),l,

Table 1. Thermal Data for the Metallo-Supramolecular
Polymers of 3¢

Ty T.DMA T DMA TGA

(DMA) (DSC) (DSC) 10 wt %

film (°C) (°C) (°C) loss (°C)
[3-Zn(ClOy4)2l, —-80 —41(-52) 23(8, 150) 226
[3-Cd(Cl04)2l, —-80 —38(—52) 26(8,153) 214
[3:Co(Cl04)sl,, —76 —45(—58) 12(8) 228
[3-Fe(Cl04)2l, —76 —50 (—58) 12(8, 149) 311

@ DMA analysis was carried out on films from —140 to 50 °C at
a rate of 3 °C/min, and MDSC was carried out on the same film
from —90 to 170 °C also at a rate of 3 °C/min. TGA was carried
out under a nitrogen flow at a heating rate of 10 °C/min.

of this system can be obtained from the melt at >180
°C.

The ditopic macromonomer 2 is a viscous oil at room
temperature while 3 will slowly crystallize in the solid
state over a period of weeks. 2 shows no discernible
endotherms by DSC analysis, while 3 exhibits one
endothermic peak upon heating at 22 °C and a crystal-
lization peak at —13 °C upon cooling. Addition of 1 equiv
of metal ion to either of these ditopic macromonomers
does results in a dramatic change in physical and
thermal properties of the materials. For example, all of
the 1:1 metal complexes of 2 and 3 that have been
studied can be solution processed in to mechanically
stable films. Figure 6 shows the examples of the films
obtained by solution casting [3:Co(ClOy4)2], and [3-Fe-
(Cl104)2l,, from chloroform.

A series of experiments were then carried out in order
to better understand the thermal properties of these
films, and the data are summarized in Table 1. All the
metal ion-containing films of 3 are elastomeric in nature
and mechanically stable enough to undergo dynamic
thermal mechanical analysis (DMA). Figure 7 shows the
results of the DMA experiments. All the samples show
a low Ty of around —76 °C (Zn(II) and Cd(II) films) or
—80 °C (Co(II) and Fe(Il) films), which is close to the
reported Ty of —86 °C for poly(tetrahydrofuran). In
addition, all the samples also show a slight increase in
modulus which maximizes around —40 °C. Modulated
differential scanning calorimetry (MDSC) of these films
showed an exotherm around this temperature (=52 °C
for the Zn(II) and Cd(II) films and —58 °C for the Co-
(IT) and Fe(II) films), indicating that a crystallization
event is occurring at these temperatures. A melting
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Figure 7. Tensile DMA data of the metallo-supramolecular
polymers of 3.
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Figure 8. Thermal gravimetric analysis of the metallo-
supramolecular polymers of 8 under a nitrogen flow.

temperature is observed on the MDSC for all the
samples around 8 °C while the DMA shows a drop in
modulus at slightly higher temperatures, which we have
assigned to the melting of the semicrystalline poly(THF)
segment in the material. This thermal behavior is very
similar to those reported for more conventional covalent
polyelectrolytes which have poly(THF) segments and
been shown to phase separate.?® Interestingly, above the
poly(THF) melting peak an increase in the modulus of
all the samples is observed in the DMA. This is rather
unusual and suggests some sort of rearrangement
process at work here. More work will have to be carried
out on these systems to fully elucidate the nature of this
process. Finally, the MDSC shows a small endotherm
for the Fe(Il), Zn(II), and Cd(II) films at 149, 150, and
153 °C, respectively, which corresponds to the T}, of the
sample. The presence of what appears to be two T\y’s
suggests these samples are indeed phase separated.
Thermal gravimetric analysis under a nitrogen atmo-
sphere was carried out on these samples (Figure 8). The
TGA shows that the metallo-supramolecular polymers
show an increased thermal degradation compared to
poly(tetrahydrofuran) which starts to degrade at ca. 280
°C.5! Within the series [3:Cd(ClOy)2],, shows the least
thermal stability while [3-Fe(ClO4)ql,, exhibits the high-
est thermal stability. This could be on account of the
weaker binding Cd(II) ions decomplexing from the
O-Mebip ligand and participating in the metal ion
destabilization of the polyether backbone.51

The solid-state structures of these materials were
investigated by wide-angle X-ray methods. Figure 9a
shows the WAXD data for [1:Zn(ClOy)s],, [2:Zn(C1O04)s],,
and [3-Zn(Cl04)s],. All three samples show a peak at
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Figure 9. (a) WAXD of films of [1:Zn(ClOy4)zl,, [2-Zn(C104)s],,
and [3:Zn(ClOy)q], and schematic representations of the pos-
sible morphologies of (b) [1:Zn(ClOy4)ql, and (¢) [3:Zn(Cl04)2l,.

around 260 = 9.36°, corresponding to a d spacing of 0.96
nm. At lower 26 we observe a peak that shifts to higher
d spacing with increasing soft segment length: d = 1.99
nm in [1:Zn(Cl0y4)q],, 2.60 nm in [2:Zn(Cl04)q],, and 5.10
nm in [3-Zn(ClOy4)s],. Finally, there is a broad peak in
the region 26 = 20°, which is probably an amorphous
halo, although there is small peak at 26 = 18.5° for [1-
Zn(ClOy)2],, which suggests perhaps a higher degree of
order than in the two poly(tetrahydrofuran) materials.
The first two reflections for each sample are not seen
in the unpolymerized monomers and can be assigned
to the polymer structures. The existence of a long
spacing plus the common reflection d = 0.96 nm is
suggestive of a layered structure, with the layers
increasing in width as the size of the soft polyether
segments increases from 1 to 2 to 3. The reflection at d
= 0.96 nm is probably due to the packing of the 2:1
Mebip:metal ion complexes, since this dimension is close
to the metal-to-metal distance (0.98 nm) observed in the
crystal structure of the MebipsCo(II).?2 No reflections
are observed for [2:Zn(Cl0y4)ql,, and [3-Zn(ClOy)s],, that
can be assigned to crystalline poly(THF) (predicted at
20 = 19.8°, 24.4°, and 37.7°),53 so we can conclude that
the soft segments are amorphous at room temperature,
which is in agreement with the thermal data reported
above (T, = 8 °C).

Figure 9b,c shows schematic representations for the
layer structures of [1-Zn(ClO4)2],, and [3-Zn(ClO4)o],, that
is consistent with the above data. Solution viscosity
studies suggest that there is little or no significant
molecular weight increase (at the concentrations stud-
ied) between 1 and [1:Zn(ClO4)l,, which in turn is
indicative of the formation of macrocycles. The observed
scattering peaks for [1-Zn(Cl04)s],, are consistent with
the formation of layers of a metallo-supramolecular
cyclic dimer (Figure 9b). However, it should be noted
that from the WAXD data we cannot rule out the
possibility of lamella or even once-folded double-lamella
structures in the solid state.182 In [3:Zn(C104)s],, the soft
segments are polydisperse, and the actual separation
between the ligands will be determined by the need to
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fill the available space with the unordered chains. It
should be noted that studies on covalent poly(tetrahy-
drofuran)—polyelectrolyte systems have shown that the
latter materials are phase separated into either lamella
or hexagonal structures, depending on the length of the
poly(THF) segment.?* For shorter poly(tetrahydrofuran)
chain segments (M, = (1.8—2.2) x 103 g mol~1, which
corresponds to the size of 2), lamella structures have
been observed, while systems that have longer poly-
(tetrahydrofuran) segments (M, > 3.6 x 103 g mol1,
which corresponds to the size of 3), hexagonal structures
have been found. Thus, our preliminary studies on these
metallo-supramolecular systems are consistent with the
formation of phase-separated materials. However, more
studies are necessary to determine the detailed struc-
tures of these systems.

Conclusion

We have synthesized a series of ditopic monomers
which have 2,6-bis(1'-methylbenzimidazolyl)-4-oxypy-
ridine derivatives attached to either end. The self-
assembly of metallo-supramolecular polymers occurs
upon addition of metal(II) perchlorate salts to these
(macro)monomers. Not surprisingly, the nature of the
core has a considerable effect on the self-assembly
process and consequently the material’s properties. The
small flexible penta(ethylene glycol) core in 1 encour-
ages the formation of macrocyclic species, and as a
result there is little enhancement in the mechanical
properties of its metal complexes. However, the metal
ion complexes of the macromonomers 2 and 3 do show
polymer-like properties both in solution and in the solid
state. The properties of these systems are consistent
with a phase-separated material which consists of “soft”
polyether segments and “hard” ionic segments. Fur-
thermore, it appears that different metal ions do impart
slightly different properties onto the metallo-supramo-
lecular polymers, which allows fine-tuning of the prop-
erties of these materials. The thermal mechanical data
suggest that to some extent this depends on the nature
of the metal—ligand interaction with the weaker bind-
ing, more labile metal ions (Cd(II), Zn(II)) behaving
differently from the stronger binding, less labile metal
ions (Co(II), Fe(II)). To summarize, we have demon-
strated that the 4-oxy-2,6-bis(benzimidazolyl)pyridine
ligand can be used to prepare metallo-supramolecular
polymers which show significant enhancement of me-
chanical properties over the uncomplexed monomers. In
addition, we have shown that both the core of the
monomers and the nature of the metal ion can be used
to control the properties of these self-assembled systems.
The wide range of possible cores that can be envisaged,
from high-T, polymers or semicrystalline polymers to
conjugated systems, in conjunction with the array of
available metal ions, which not only exhibit different
binding kinetics and thermodynamics but also can
impart functionality, e.g., catalysis, luminescence, etc.,
opens the door to the creation of easy to process organic/
inorganic hybrid materials in which their functionality
and mechanical properties can easily be tailored.
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