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brane lipid structure of thermophilic bacteria. The syn-
thetic steps involved in preparing the molecule are few.
This system forms stable sheets, ribbons, and vesicles with
little or no tendency to twist into helical structures or tu-
bules as is the case in systems based on the typical meso-
philic lipid structure.[27] This propensity to form sheets and
ribbons should facilitate the fabrication of planar device
elements. In addition to an extremely large bandwidth for
fluorescence excitation and emission, the material displays
mechanochromic phenomena. The strips were easily metal-
lized, allowing the potential fabrication of systems with a
metallic conducting element separated from an organic
conducting element by an insulating layer of alkane chains.
Liposomes made from this system are regular and are also
readily polymerizable as evidenced by their rapid and dra-
matic color change on irradiation with UV light. The avail-
ability of these new materials significantly increases the po-
tential applications and the range of stable polydiacetylene
superstructures that are accessible.

Experimental

Laser scanning confocal microscopy was performed on a Zeiss 210 instru-
ment with a 488 nm laser. Images were obtained in the bright field, dark-
field, phase contrast, and polarization modes. For the polarizing mode ex-
periments, an analyzing cross-polarizer was placed on the objective lens and
rotated until light cancellation. Conventional light microscopy was con-
ducted in the bright field and phase contrast modes using tungsten illumina-
tion. A mercury lamp was used for illumination in the fluorescence detec-
tion mode.

To effect self-assembly into layers, the lipid (10 mg) was dissolved in
0.5 mL chloroform, 9.5 mL ethanol, or 10 mL of ethanol. Water (0.1 mL)
was added to a portion of this solution (0.25 mL). Some preparations con-
tained acetic acid or trifluoroacetic acid in amounts 0.5, 1, 5, or 10 times the
number of moles of lipid. Samples were incubated at 25 �C. The samples were
observed after several hours up to 2±3 days. In the metallization experi-
ments, samples were prepared as described above except that the water con-
tained 5±10 equiv. copper(II) or nickel(II) sulfate. A suspension of the nickel-
impregnated structures in water was placed on a microscope slide, excess
metal ions was removed and ~10 equiv. of sodium borohydride was added.
The slides were left for 2 h to 1 day. Supramolecular structures were poly-
merized by irradiation with UV light (254 nm, 6 W, 350mW/cm2 for 3 min).
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Supramolecular Polymer Materials:
Chain Extension of Telechelic Polymers Using
a Reactive Hydrogen-Bonding Synthon**

By Brigitte J. B. Folmer, Rint P. Sijbesma,*
Ron M. Versteegen, Joost A. J. van der Rijt, and
E. W. Meijer*

Advanced materials possessing good mechanical proper-
ties at room temperature and having a low melt viscosity at
elevated temperatures are of interest for many applica-
tions, such as hot melts and thermoplastic elastomers. The
properties of low-molecular-weight telechelic polymers at
room temperature can be improved significantly by func-
tionalization of the termini with associating end groups.[1±3]

At higher temperatures the end groups dissociate and the
viscosity decreases. Association between end groups can be
based on a variety of secondary interactions, such as van
der Waals, hydrophobic, ionic interactions, or hydrogen
bonding. Hydrophobically end-capped polymers (HEUR)
have been thoroughly studied as rheology modifiers in, for
example, water-borne coatings.[1] In these materials a
reversible network is formed by clustering of the end
groups. The interesting physical properties of ionomers are
based on the same principle.[2] Dimerization of carboxylic
acid groups was used to accomplish chain extension of
poly(tetramethylene oxide) (pTHF) and polydimethylsi-
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loxane oligomers.[3] Furthermore, hydrogen bonding be-
tween phenyl-urazole groups enabled chain extension of
telechelic polyisobutylenes and crosslinking of polybuta-
dienes.[4] In these polymers, relatively weak association in
combination with crystallization leads to physical cross-
links, which result in materials with improved properties.

Telechelic polymers functionalized with units that dimer-
ize without forming crystalline domains will lead to concate-
nation of the building blocks and to selective formation of
long linear chains. A high dimerization constant of the unit is
a prerequisite for obtaining chains with a high degree of poly-
merization. Our group has described the strong dimerization
of 2-ureido-4[1H]-pyrimidinones by quadruple hydrogen
bonding (Fig. 1) and the formation
of linear polymeric chains of di-
functional compounds.[5] Recently,
we have shown that this 2-ureido-
4[1H]-pyrimidinone unit (UPy
unit) is suitable for functionaliza-
tion of low-molecular-weight tele-
chelic siloxanes using a hydrosily-
lation reaction.[6] However, this
synthetic strategy is not generally
applicable and requires protec-
tion/deprotection steps. Further-
more, functionalization of a tri-
functional hydroxy-telechelic
copolymer of ethylene oxide and
propylene oxide with UPy end
groups has been described that
used a diisocyanate possessing
controlled reactivity of the two iso-
cyanate groups.[7] But the use of
this synthetic methodology is ham-
pered by the possibility of covalent
crosslinking.

Here we present the large-scale
synthesis, from cheap commercially
available reagents, of synthon 1
consisting of an UPy unit linked to a
reactive isocyanate group. The elec-
trophilic isocyanate can react with
common nucleophilic end groups of
telechelic polymers as hydroxy or
amine groups (Fig. 1). To show the
versatility of this approach OH tele-
chelic poly(ethylene/butylene) was
functionalized with 1 because it is
almost completely amorphous and
apolar, which increases the strength
of the hydrogen bonds. Moreover,
we will show that this concept is
generally applicable to telechelic
polyethers, polyesters, and polycar-
bonates, leading to a new set of su-
pramolecular materials.

Building block 1 (2(6-isocyanatohexylaminocarbonyl-
amino)-6-methyl-4[1H]pyrimidinone) was prepared from
2-amino-4-hydroxy-6-methylpyrimidine using a six-fold ex-
cess of 1,6-hexyldiisocyanate. When the conversion was
complete, excess diisocyanate was recovered by distillation,
and the product was isolated in a yield of 94 % at a scale of
200 g. Polymers 3 were prepared by refluxing dilute solu-
tions (30 mM) of hydroxy telechelic polymers 2 in chloro-
form with a two-fold excess of building block 1, together
with a small amount of dibutyltindilaurate as a catalyst.
The conversion was determined with 1H NMR spectrosco-
py, and after 10±16 h functionalization was complete
(Scheme 1). Polymers 3 were obtained after a simple work-
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Fig. 1. Schematic drawing of functionalization of telechelic polymers with quadruple hydrogen-bonded ureido-
pyrimidinone units.

Scheme 1.
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up procedure. Most of the excess of 1 in the polymer solu-
tion was removed by filtration, and residual 1 was removed
by reacting it with silica at 60 �C for 1 h with the aid of a
small amount of dibutyltindilaurate, followed by filtering
off the silica-bound reactant. Due to the moderate solubil-
ity of 1 in chloroform the reaction time necessary for com-
plete functionalization was 16 h at reflux temperature. This
could be reduced to 1.5 h by using 10 % dimethyl sulfoxide
(DMSO) in chloroform as solvent.

Functionalization of 2a with 1 resulted in a dramatic
change in materials properties. Whereas 2a, having hydroxy
end groups, is a viscous liquid (Fig. 2a), polymer 3a with
hydrogen-bonded units is an elastic solid (Fig. 2b). After

dissolving functionalized polymer 3a in chloroform a highly
viscous solution was obtained. Addition of a small amount
of trifluoroacetic acid (TFA), a solvent that breaks the hy-
drogen bonds, resulted in a substantial decrease in the vis-
cosity, showing the reversibility of the chain extension.
Moreover, when polymer 2a was reacted with hexylisocya-
nate, the materials properties of the resulting polymer 4a
resembled those of the starting material 2a. So the change
in properties by functionalization with 1 is solely due to the
association of the UPy end groups. Functionalization of
polyether 2b, polycarbonate 2c, and polyester 2d also led to
a distinct improvement of materials properties; however, in
the current paper we will focus on the properties of func-
tionalized poly(ethylene/butylene) 3a.

The thermal properties of 3a were determined with dy-
namic mechanical thermal analysis (DMTA) (Fig. 3) and

differential scanning calorimetry (DSC) (Fig. 4) and were
compared with the properties of 2a and 4a, respectively.

With DMTA at 1 Hz, a distinct glass transition at ±50 �C
was observed, while between ±50 �C and room tempera-
ture, a rubber plateau at 5 ´ 106 Pa was discernible, indicat-
ing that the ªvirtualº molecular weight of the reversible
polymer is extremely high. Obviously, at room temperature
the material exhibits the characteristics of a soft rubber.
The remarkable improvement of the properties suggests
that, in addition to hydrogen bonding within the polymer
chain, interchain interactions such as physical crosslinks
are present. However, the transparent appearance of the
material indicates that large clusters of hydrogen-bonded
units are absent. DSC at a scanning rate of 20 �C/min re-
vealed the glass transition (Tg) of polymer 3a at ±57 �C.
This is comparable to the Tg of polymer 2a at ±59 �C and
the Tg of 4a at ±69 �C. In addition to the glass transition, a
small endotherm at ±13 �C for 2a and at ±29 �C for 4a was
observed. Although polymer 2a is a random copolymer (it
is obtained by hydrogenation of polybutadiene containing
a random distribution of 50 % 1,2-polymerized and 50 %
1,4-polymerized butadiene), there is still a tendency to
form crystalline regions. In reversible polymer 3a this ten-
dency is almost absent due to the increase of the ªvirtualº
molecular weight, which in turn leads to a decrease in diffu-
sional freedom, preventing the formation of crystalline re-
gions. The absence of a new melt endotherm in polymer 3a
indicates that the hydrogen-bonded units do not form large
crystalline clusters themselves.

Dynamic oscillatory shear measurements were per-
formed on polymers 2a and 3a. Figure 5 shows the master
curves of the storage (G¢) and loss modulus (G²) as well as
the dynamic viscosity (Z*) of both 2a and 3a at 40 �C. Poly-
mer 3a shows pronounced viscoelastic behavior; the moduli
and viscosity exhibit strong frequency-dependent behavior.
At low frequencies (o ® 0) the zero shear viscosity is de-
termined at 2 ´ 106 Pa s. At higher frequencies the viscosity
is frequency dependent with a slope of ±1. Moreover, poly-
mer 3a shows a broad rubber plateau with a storage modu-
lus of about 106 Pa at high frequencies. At lower frequen-

Fig. 2. Poly(ethylene/butylene) with OH end groups 2a (left), poly(ethylene/
butylene) functionalized with hydrogen-bonded units 3a (right).

Fig. 3. DMTA curves of 3a.

Fig. 4. DSC curves of: a) 2a, b) 4a, c) 3a at a heating rate of 20 �C min±1.
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cies a sharp viscoelastic transition towards the terminal re-
gime is observed. In the terminal regime the storage modu-
lus (G¢) is proportional to the square frequency and the loss
modulus (G²) is proportional to the frequency. In contrast
to this, polymer 2a has a low viscosity of 1 ´ 101 Pa s at
40 �C, and the viscosity shows no frequency dependence at
high frequencies. Moreover, the loss modulus is propor-
tional to the frequency over the complete frequency range,
and a viscoelastic transition is not observed, which is typi-
cal for low-molecular-weight liquids.[8]

The failure of time±temperature superposition (TTS) at
low frequencies, accompanied by a plateau in the storage
modulus of polymer 3a, is remarkable. According to theory
this thermorheologically complex behavior can be caused
by the reversibility of the association of the hydrogen-
bonded units.[9] However, the presence of a plateau and the
failure of TTS can also be an indication that small clusters
of hydrogen-bonded units are present. Because the clusters
are large relative to a single hydrogen-bonded dimer, the
characteristic lifetime of these clusters is long (at low fre-
quencies). The clusters act as physical crosslinks, like hard
domains in thermoplastic elastomers (TPE) or the domains
in side-chain liquid-crystalline polymers.[10]

Despite the failure of TTS, shifting of G² data resulted in
the determination of C1 and C2 parameters of the WLF
(Williams, Landel, and Ferry) equation.[8] For polymer 2a,
C1 = 2.08 and C2 = 59.21 K. These values and the product
C1C2 (= 123.16 K) are in good agreement with universal

values of conventional macromolecules. For polymer 3a,
however, C1 = 13.86 and C2 = 194.87 K (C1C2 = 2.70 ´
103 K). The values of C1 and C2 of the WLF equation can
be converted to an apparent activation energy for visco-
elastic relaxation,[8] so the substantial difference in C1 and
C2 between conventional and associating polymers indi-
cates a higher apparent activation energy for associating
polymer 3a, showing the strong temperature dependency
of 3a. Large changes in C1 and C2 values have also been ob-
served by Stadler et al. upon functionalization of polybuta-
diene with phenylurazole units.[4b]

In contrast to conventional high-molecular-weight poly-
mers, reversible polymers with a high ªvirtualº molecular
weight show excellent processability due to the strong tem-
perature dependency of the melt viscosity (Fig. 6). The
zero shear melt viscosity (Z0) of 3a at 40 �C is 2 ´ 106 Pa s,

while that of 2a at 40 �C is 1 ´ 101 Pa s. Increasing the tem-
perature by 10 �C gives rise to a drop in the viscosity of 3a
by a factor of 4, to 0.4 ´ 106 Pa s, while the same increase in
temperature for 2a results in a drop of only 5 Pa s (by a fac-
tor of 2); this important advantage of reversible polymers is
illustrated in a plot of the zero shear viscosity versus the
temperature (Fig. 6b).

In conclusion, materials combining the mechanical prop-
erties of conventional macromolecules with the low melt
viscosity of organic compounds are now within reach. The
work presented here aims at closing the gap between poly-
mers and oligomers by taking the best of both worlds. The
ready availability of the starting compounds, the straight-
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Fig. 5. a) Master curves of dynamic melt viscosity (Z*), storage (G¢) and loss
(G²) moduli of 3a (n) and Z* and G² of 2a (+) at 40 �C. b) Shift factors aT as
a function of T±1 for 3a (n) and 2a (+).

Fig. 6. a) Dynamic melt viscosity at different temperatures of 3a (n) and 2a
(+). b) Zero shear viscosity as a function of T.
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forward synthetic methodology for functionalizing the tele-
chelic polymers, and the easy work-up procedure makes
this strategy applicable for general use on an industrial
scale. Further research will show the feasibility and limita-
tions of this strategy. In the future, we will apply this gener-
al concept to p-conjugated oligomers, to obtain highly pro-
cessable functional supramolecular polymers.

Experimental

Synthesis: Synthesis of 2(6-isocyanatohexylaminocarbonylamino)-6-
methyl-4[1H]pyrimidinone 1 was carried out according to the following pro-
cedure: A solution of 0.70 mol 2-amino-4-hydroxy-6-methylpyrimidine in
4.75 mol hexyldiisocyanate was heated at 100 �C for 16 h. Pentane was
added and the resulting precipitate was filtered and washed with pentane.
The white powder was dried at 50 �C under reduced pressure. The excess of
hexyldiisocyanate was recovered by distillation. Yield: 94 %. m.p. 215 �C. 1H
NMR (400 MHz, CDCl3): d 13.1 (s, 1H, CH3CNH), 11.9 (s, 1H,
CH2NH(C=O)NH), 10.2 (s, 1H, CH2NH(C=O)NH), 5.8 (s, 1H, CH=CCH3),
3.3 (m, 4H, NH(C=O)NHCH2 + CH2NCO), 2.2 (s, 3H, CH3C=CH), 1.6 (m,
4H, NCH2CH2), 1.4 (m, 4H, CH2CH2CH2CH2CH2). 13C NMR (100 MHz,
CDCl3): d 172.8, 156.3, 154.4, 148.1, 121.6, 106.4, 42.6, 39.5, 30.9, 29.1, 26.0,
25.9, 18.7. IR (KBr): n 1675, 1701, 2279, 3233, 3466 cm±1. Anal. Calcd. for
C13H19N5O3: C, 53.23; H, 6.53; N, 23.88. Found: C, 53.37; H, 6.27; N, 23.77.

Polymers 3a±d were prepared by the following procedure. To a solution
of 15 mmol polymer 2 in 500 mL chloroform (dried over molecular sieves),
60 mmol 2(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]pyrimi-
dinone was added. After addition of 2 drops of dibutyltindilaurate the re-
sulting solution was stirred at 60 �C for 16 h. The completeness of the reac-
tion was checked with 1H NMR. 500 mL chloroform was added and the
solution was filtered. After concentrating the solution back to 500 mL, 5 g
of silica (Merck Kieselgel 60) and 1 drop of dibutyltindilaurate were added,
and the mixture was heated at 60 �C for 1 h. The silica was removed by fil-
tration and the chloroform was removed in vacuo. The resulting material
was dried for 2 days at 50 �C under reduced pressure. The absence of 1 in
the material was checked by IR It is not necessary to remove the trace
amounts of catalyst; however, precipitation of polymers 3a±d from chloro-
form in methanol yields pure polymer. 3a: 1H NMR (500 MHz, CDCl3): d
13.1 (s, 2H, CH3CNH), 11.9 (s, 2H, CH2NH(C=O)NH), 10.1 (s, 2H,
CH2NH(C=O)NH), 5.8 (s, 2H, CH=CCH3), 4.9 + 4.6 (s, 2H, NH(C=O)O),
4.1 + 3.8 (m, 4H, CH2O(C=O)NH), 3.3 (m, 4H, CH2NH(C=O)NH), 3.2 (m,
4H, CH2NH(C=O)O), 2.2 (s, 6H, CH3C=CH), 1.6±1.1 (m, 414H,
CH2CH2CH2), 0.8 (m, 190H, CH2CH3). 13C NMR (125 MHz, CDCl3): d
173.36, 157.21, 157.01, 156.80, 154.94, 148.47, 106.93, 73.04, 63.59, 39.31,
39.09, 38.59, 38.09, 36.32, 33.65, 33.45, 30.88, 30.43, 29.98, 29.59, 27.00, 26.82,
26.66, 26.49, 26.34, 26.26, 26.10, 24.44, 19.17, 11.11, 10.87, 10.59. DSC (scan-
ning rate 20 �C/min): Tg = ±57 �C (DCp = 0.4 J/g �C).

Characterization: Differential scanning calorimetry: Thermal transitions
of polymers 2 and 3 were determined on a Perkin Elmer Pyris 1 under a ni-
trogen atmosphere with heating and cooling rates of 20 �C min±1. Dynamic
mechanical thermal analysis: The sub-Tg dynamic mechanical spectra were
recorded on a Perkin Elmer DMA 7 dynamic mechanical analyzer, cali-
brated with mercury and indium. A small rectangular bar of the polymer,
size approximately 2 mm ´ 4 mm ´ 20 mm was subjected to a sinusoidal de-
formation at constant frequency, using the three point bending method.
Measurements were carried out at a frequency of 1 Hz and a heating rate of
2 �C min±1. The amplitude of the sinusoidal deformation was kept the same
(25 mm) and the static force was always 10 % more then the dynamic force
in order to ensure good contact between sample and probe. Dynamic oscil-
latory shear measurements: Dynamic mechanical measurements were per-
formed on a Rheometrics RMS 800 in a cone±plate geometry (25 mm).
Strain amplitudes up to 30 % were used, which are all well within the linear
viscoelastic range.
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Nanocrystalline Nickel Nanoparticles**

By Michael P. Zach and Reginald M. Penner*

We describe a new electrochemical techniqueÐthe ªH2

coevolution methodºÐfor electrodepositing nickel parti-
cles ranging in diameter from 20 to 600 nm on graphite sur-
faces. The H2 coevolution method enabled the size-selec-
tive deposition of nickel nanoparticles that are very
narrowly dispersed in diameter. Specifically, a relative stan-
dard deviation of the diameter, RSDdia., of 8±15 % was rou-
tinely obtainable over the entire particle diameter range in-
dicated above. In this particle size regime,[1] this degree of
size monodispersity is comparable to the best that has been
obtained for the growth of nickel particles in solution.[2] In
addition to size monodispersity, the nickel particles pro-
duced by H2 coevolution are nanocrystalline: each nano-
particle produced by this method is a nanocrystalline
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