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the magnetization curve (Figure 4) is in agreement with the
magnetic coupling scheme proposed above, that is, antiferro-
magnetic coupling between S=1 and S=2 leads to a triplet
ground spin state with g=2.2. These features rule out the
possibility of magnetic ordering through spin canting or a
helical ferromagnet. Further magnetic properties of this
unique homometallic system are under investigation.

Experimental Section

1: In a typical synthesis, Ni(NOs),-6H,0 (1 mmol) was heated with
Na,(fum) (1 mmol) in water (15 mL) at 170°C for 24 h in a teflon-lined
steel vessel. Overnight cooling of the vessel results in a microcrystalline
green solid along with single crystals (65% yield) suitable for X-ray
diffraction. Elemental analysis (% ): calcd (found): C 17.57 (17.66), H 3.29

(3.38).
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Arene - Perfluoroarene Interactions as Physical
Cross-Links for Hydrogel Formation**

Andreas F. M. Kilbinger and Robert H. Grubbs*

In 1960 Patrick and Prosser discovered that hexafluoro-
benzene (HFB, m.p.=5.0°C) and benzene (m.p.=5.4°C),
both liquids at room temperature, form a 1:1 solid complex
with a melting point of 23.7°C when mixed together.[!]
Extensive X-ray crystallographic studies by Dahl showed that
a wide variety of aromaticsi?! form such 1:1 cocrystals with
HFB, all showing alternating columnar face-to-face stacking.
The packing behavior was explained theoretically to arise
from electrostatic interactions between the two partners with
the quadrupolar moment of HFB being complementary to
that of benzene or its hydrocarbon derivatives.> 4 The binding
energy between the two aromatic rings (benzene — HFB) was
computed to be 3.7 kcalmol 1. Similar stacking motifs have
been observed for several other cocrystals of perfluorinated
aromatic compounds with their non-fluorinated analogues.[™*l
Crystal structures of 1:1 complexes between perfluoroarenes
and arenes of mismatched geometry have also been report-
ed.14 Because the geometric arrangement in the solid state
is to some extent predictable, fluorinated compounds have
been prepared with the aim of engineering their geometric
orientation in the crystal.l>-17]

We were particularly interested in using perfluoroarene —
arene interactions to aggregate polymers in solution. While a
number of noncovalent interactions are well investigated in
polymeric systems,['*?] no case has been reported where
perfluoroarene —arene interactions were employed. Our idea
was to modify either end of the polymer chain with aromatic
groups in the hope that they would form alternating stacks in
the presence of a perfluorinated additive in solution. Asso-
ciation by the end groups would increase the molecular
weight, this could easily be shown by an increase of viscosity.
Naphthalene as the aromatic group at the polymer chain end
in combination with the perfluorinated additive octafluoro-
naphthalene (OFN) seemed a good candidate. The stacking
behavior of naphthalene with OFN in the solid state is well
known, the 1:1 complex between naphthalene and OFN
shows an increased melting temperature of around 45-50°C
with respect to either stacking partner and many naphthalene
derivatives are commercially available or synthetically acces-
sible in few reaction steps.

Initial experiments with nonpolar polymers, such as poly-
(norbornene), poly(cyclooctadiene), and others prepared by
ring-opening metathesis polymerization (ROMP), with naph-
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thalene end groups were unsuccessful. As these materials
were only soluble in nonpolar solvents, solvation of the
naphthalene end groups as well as the perfluorinated additive
probably prevented stacking in solution. To gain access to
solutions of more polar solvents and to make use of
solvophobic effects, we chose to modify poly(ethylene gly-
col)s (PEGs) with aromatic groups (Figure 1). PEGs are
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Figure 1. Graphical representation showing PEG chains with aromatic end
groups and a possible way of aggregation by face-to-face stacks in the
presence of a perfluorinated additive. It is not clear however, what the
exact structures of the aggregates are.

soluble in a wide variety of solvents, including organic
solvents of low polarity, such as dichloromethane or toluene,
as well as in methanol or water. 1-Naphthyl acetoyl chloride
(1) was used to end cap commercially available PEG (M, =
8000) as the diester 3 (Scheme 1, top). While 3 shows good
solubility in common organic solvents, such as chloroform,
dichloromethane, or methanol, addition of OFN resulted in
clear solutions without any increase of viscosity. OFN added
to aqueous solutions of 3 did not dissolve upon heating or
sonication and the resulting heterogeneous mixture did not
exhibit any increased viscosity. Dissolving OFN in the melt of
3 followed by addition of water also resulted in a heteroge-
neous mixture of both solid OFN and dissolved polymer and
no viscosity increase.
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Scheme 1. Synthesis of end-capped PEGs.
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Of all the other stacking partners for OFN (m.p.=87°C)
reported, pyrene (m.p.=149°C) is the one with the highest
increase in melting temperature for the 1:1 complex (m.p. =
255,21 248 -250041) compared to the individual stacking
partners. We therefore changed our strategy and used
1-pyrene butyroyl chloride (2) to end cap PEGs (M, =2000
and M, =8000) as the diesters 4a and 4b (Scheme 1, bottom).
Both materials show good solubility in organic solvents and
water. Dissolving OFN (2 equiv) in the melt of 4a (1 equiv),
letting it solidify, and adding water to the binary mixture,
resulted in a slight swelling of the material but the amount of
water retained in the material appeared to be low. On the
other hand, a material prepared from 4b and OFN (1:2),
formed viscous liquids exhibiting higher viscosities than 4b in
water in the absence of OFN. It is possible that because of the
higher concentration of end groups in 4a than 4b a cross-
linked network was formed which only allowed small amounts
of water to be incorporated into the network structure. By
increasing the molecular weight of the PEG in 4b the
concentration of end-groups was effectively reduced which
lead to a material that dramatically changed viscosity depend-
ing on the presence of the perfluorinated additive, OFN.

To show unambiguously that the viscosity increase was
induced by the presence of the perfluorinated additive, we
measured relative viscosities of aqueous 4b solutions in the
presence (4b:OFN =1:2) and in the absence of OFN at
various concentrations (Figure 2). The viscosity of 4b/OFN is
greatly enhanced compared to that of pure 4b solutions. To
ensure that the phenomenon was not the result of a non-
specific interaction between the pyrene end groups and OFN,
non-fluorinated naphthalene was added to aqueous 4b
solutions. In this case, a heterogeneous mixture was formed
and no viscosity increase could be observed. To exclude
covalent cross-linking, a sample of 4b was examined by gel
permeation chromatography (GPC) before and after aggre-
gation with OFN. Both samples eluted at the same retention
time and covalent cross-linking could be excluded. Aqueous
solutions of 4b and OFN (4b:OFN =1:2) show a decrease in
viscosity with increasing temperature (Figure 3) up to about
40°C where a plateau of constant viscosity is reached. The
process is reversible upon cooling. To demonstrate the
magnitude of viscosity reached at high concentrations of 4b
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Figure 2. Relative viscosity of 4b in water (21°C) at various concentra-
tions. m: in the presence of two equivalents of OFN, ¥: in the absence of
OFN.
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Figure 3. Temperature dependence of the relative viscosity of 4b (c=
46.2 gL ') and 2 mol equivalents of OFN in water.

and OFN (4b:OFN =1:2), zero shear rate viscosities were
measured on a rheometer (Figure 4). Very high viscosities
were measured in this experiment, clearly showing that a
polymer of high molecular weight was formed. The proposed
mechanism of aggregation through alternating stacks of
aromatic groups favors branched or networked structures
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Figure 4. Zero shear rate viscosities of 4b and 2 mol equivalents of OFN in
water (25°C) at various weight percentages. No steady state was reached
during the measurement of 24% and 26 % 4b in water; the data points
were extrapolated from the measured data (shown in parenthesis).
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over linear ones. However, the physical criterion of network
formation, the gel point, could not be observed in our
measurements.

To support our assumption, that 4b associates through
alternating stacks of pyrene end groups and OFN in solution,
OFN was titrated into a solution of 4b in water and the
fluorescence intensity of the band for monomeric pyrene
emission (4 =377 nm) and the excimer band emission (1=
480 nm) was plotted against the ratio of OFN to polymer
(Figure 5). The intensity of excimer emission decreases with
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Figure 5. Titration of OFN into a solution of 4b in water (4 gL™!). The
fluorescence intensity at A=377 nm (m; monomer emission) and A=
480 nm (A; excimer emission) are plotted against equivalents of OFN
added to the solution.

increasing OFN concentration to reach a plateau at a ratio of
approximately two equivalents of OFN per polymer chain
while the monomer emission increases and reaches a max-
imum at the same OFN to polymer ratio. Maitra and D’Souza
investigated the binding of OFN to molecular tweezers
constructed from pyrene-substituted bile acids.?> 2 In their
study, an OFN molecule binds between two pyrene moieties
of the molecular tweezers which causes the fluorescence
emission of monomeric pyrene to increase. However, no
decrease of the intramolecular pyrene excimer emission was
reported.

If the pyrene end groups of polymer 4b stacked in an
alternating fashion with OFN in solution, the spatial separa-
tion of the pyrene units from one another would hinder
excimer formation of a photoexcited pyrene unit and hence
give rise to an increase of monomeric pyrene emission
together with a decrease of excimer emission. At a ratio of
two OFN molecules per polymer chain or, in other words one
OFN molecule per pyrene end group the system is saturated
causing the excimer emission to reach a constant level and the
monomer emission to peak.

We have demonstrated that arene—perfluoroarene inter-
actions can act as supramolecular synthons for aggregation
not only in the solid state but also in solution. The effect could
only be observed in aqueous solutions presumably because of
the hydrophobic effect. Nonetheless, it was shown that a
specific interaction between the pyrene end groups of the
PEG and OFN was responsible for the aggregation phenom-
enon. Dramatic viscosity changes in the presence of the
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perfluorinated additive OFN, as well as evidence from
fluorescence measurements, show that the supramolecular
synthon pyrene—OFN can be used for the association of
PEGs in aqueous solution.

Experimental Section

Detailed information on synthesis and characterization is published as
Supporting Information.

3-4b: Poly(ethylene glycol) (4 mmol) was melted in a flask and stirred
under high vacuum. Toluene (100 mL) and 1 or 2 (12 mmol) were added to
the polymer and the mixture heated until a clear solution was obtained.
Pyridine (1 mL) was added slowly dropwise to the solution followed by
stirring at 80°C for 12 h. The reaction mixture was cooled to RT, the
precipitated pyridinium hydrochloride removed by filtration through
Celite (Aldrich) and the toluene solution added dropwise to diethyl ether
(1 L). The polymer precipitate was collected by filtration, dried under high
vacuum, redissolved in a small amount of dichloromethane and reprecip-
itated into diethyl ether. After recovering the product by filtration the
polymer was dried under high vacuum for 24 h.

General procedure for the preparation of gels: 4b (1 equiv) was melted at
approximately 60 °C and OFN (2 equiv) dissolved in the melt. The melt was
cooled to RT where it solidified. A mixture of deionized water and the
desired amount of the solid mixture were sealed in a glass vial and heated in
a steam bath under stirring for about 10 min until a homogeneous mixture
was obtained. Upon cooling to RT a clear yellow gel or viscous liquid was
formed.
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Hybrid Molecular Dumbbells: Bridging
Polyoxometalate Clusters with an Organic
n-Conjugated Rod**

Meng Lu, Yongge Wei, Bubin Xu, Calida Fung-
Chi Cheung, Zhonghua Peng,* and Douglas R. Powell

We report the facile synthesis of novel hybrid molecular
dumbbells in which two polyoxometalate (POM) clusters are
covalently bridged by a rigid, m-conjugated organic rod of
controllable length. Hybrid materials based on covalently
linked POMs and organic species have been extensively
studied in recent years.['*l The motivation lies not only in the
combinations of “value-adding properties”,*! but also in
introducing possible synergistic effects. Among the many
organic derivatives of POMs, organoimido derivatives have
attracted particular interest because the organic m electrons
may extend their conjugation to the inorganic framework and
thus dramatically modify the redox properties of the clus-
ter. 5] Moreover, organoimido derivatives of POMs with a
remote functionality may be utilized to construct covalently
linked POM networks. Here we show that functionalized
POM clusters can indeed be utilized to conveniently and
efficiently construct POM networks.? Specifically, we report
the synthesis of two novel hybrid dumbbells 1 and 2, in which
two POM cages are linked through an extended m-conjugated
organic bridge.l ¢l

0o o}

I\I/Idc') I\lllo’Q 4-
RANE] A
0—|—tMo=\o 0—|—IMo—vp

il Al . I e R WP _
0 Mg\T_N’[JO D= oo
o \g |
O~ ; 9.0 O 0.0
& 4 Bu,N* i
O'I\IAO 4 1 O,l\l/[o
0
o} o}
/l\l/ld’\ Jg l\l/lo'c‘) 4
— ™~
/OO/}N‘[OO g OO/N‘IO
0—|—IMo=\-iy — = = —|—i-Mo=\
O-Mg——|50——Mo= = = =M R
O\\—MO(‘ “O’/ 3 /4 \ 1\5‘ !‘Or/
o 0
O~_| 90 0 | 90
MO 4 Bu,N* Md
07 Uy, o7
2 o]

The hybrid dumbbells were synthesized by the Pd-catalyzed
Sonogashira coupling reaction.™ As shown in Scheme 1,
direct coupling of the iodo-functionalized hexamolybdate
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