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Self-assembly of low molecular weight oligomers through reversible hydrogen
bond motifs can result in materials with polymer-like properties in bulk as well as
in solution. The self-assembly supramolecular polymerization has become a

rapid growing area of research due to the temperature sensitive behaviour of the
supramolecular polymers. The synthesis and characterization of pyrimidinone 
(2-ureido-4[1H]-pyrimidinone, UPy) terminated poly(tetrahydrofuran) (PTHF(UPy)2), a
supramolecular poly(tetrahydrofuran) is reported here. A low molecular weight
poly(tetrahydrofuran) diol (PTHF(OH)2) was functionalized with a strongly dimerizing
UPy functional groups at both ends and their chemical structure as well as the 
material properties were studied. It is shown that PTHF(OH)2, which is a waxy materi-
al at room temperature, behaves like thermoplastic elastomers upon functionalization
with UPy end groups. PTHF(UPy)2 resembles a strong material with tensile strength
and tensile modulus of about 15 and 85 MPa, respectively. The rheological studies
revealed that the supramolecular structure of poly(tetrahydrofuran) is stable upon 
heating up to about 80ºC. Above this temperature the supramolecular interactions start
to dissociate, which are indicated by a sharp decrease in viscosity. Therefore, 
processing of PTHF(UPy)2 is possible at considerably low temperatures (slightly above
80ºC).

INTRODUCTION

The significant progress in supra-
molecular chemistry occurring 
during the last decade has played a
key role in the development of
novel polymers lacking a covalent
macromolecular structure. Supra-
molecular polymers benefit from
reversible, highly directional 
secondary interactions, resulting in
the structural subunits assembling
into a polymer array [1]. Supra-

molecular polymers are usually
one-dimensional in nature and the
independent oligomeric aggregates
continue to exist either in melt or in
dilute solutions [2]. These promis-
ing novel polymers combine the
main features of conventional 
polymers (strength, flexibility) [3]
with properties resulting from the
reversibility of the secondary 
interactions between the subunits
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(monomers) [4,5]. The structural and dynamic 
properties of supramolecular polymers, e.g. the
degree of polymerization, the lifetime of the chain
and its conformation can be changed by adjusting the
strength of the non-covalent interactions. This feature
is instrumental in preparing supramolecular polymers
with the ability to respond to external stimuli [6,7] in
a way that is not possible for conventional polymers
based on covalent bonds [2]. 

The degree of polymerization and therefore the
molecular weight of these polymers are functions of
strength of non-covalent interactions between the end
groups. The degree of polymerization varies with
both the solution concentration and the association
constant (the strength of the end group interaction).
Besides that, the molecular weight of these polymers
is greatly influenced by the purity of the
macromonomers (subunits). Figure 1 shows how the
degree of polymerization and the association constant
(Ka) change with concentration of the bi-(or multi-)
functional subunits (M). 

While the energy of covalent bonds is about 351 to
921 kJ/mol (for very strong covalent bonds in N2) the
energy of secondary non-covalent interactions ranges
between 2.1 kJ/mol for van der Waals forces to about
251 kJ/mol for ion-ion interactions. The contribution
of the hydrogen bonding secondary interactions to
polymer properties is greatest when the interactions
create entanglements between macromolecules. In
other words, a high degree of association is required
for entangled chains to be obtained. In recent years,

Figure 1. Variation of the degree of polymerization and
association constant (Ka) as functions of concentration of
the self-assembling bi-functional subunit [1]. 

most efforts in supramolecular polymer synthesis
have focused on the synthesis of polymers based on
metal ligand coordination and secondary interactions,
due to the relatively high bond strength of these 
interactions. Functionalization of telechelic polymers
with multiple hydrogen bond forming moieties that
assemble through complementary [8-12] and/or 
self-complementary [13,14] association and form
aggregates with characteristic viscoelastic function
attracted much attention of those material scientists
interested in stimuli (especially temperature) respon-
sive supramolecular polymers [15-19]. Detailed 
studies by different research groups have shown that
the supramolecularly associating functionalities 
control the behaviour of the resulting supramolecular
structure to a large extent. For example, Rowan et al.,
have shown that when thymine and adenine moieties
(having similar Ka of about 3.5 M-1 in chloroform)
were placed on both ends of a low molecular weight
poly(tetrahydrofuran) (Mn < 2000 g/mol), only the
adenine-derived supramolecular telechelic polymer
self-assembled in the solid state yielded materials
with film- and fibre-forming capabilities [20].
Considering the small associating constant of the 
adenine moiety, they concluded that synergistic 
effect of phase separation between the soft
(poly(tetrahydrofuran)) and the hard (adenine 
moiety) segments and chain extension through 
hydrogen bond formation between the neighbouring
polymer chains were responsible for the thermo-
plastic behaviour of the adenine functionalized
poly(tetrahydrofuran). This group later reported that
low molecular weight poly(tetrahydrofuran) behaved
remarkably different when it was functionalized with
adenine or cytosine derivatives as associating 
nucleobase [21]. While adenine functionalization
produced a brittle supramolecular polymer film, the
cytosine based supramolecular poly(tetrahydrofuran)
film was fairly flexible. All these results lead to the
conclusion that only a balanced combination of the
association constant of the functional group, phase
segregation and crystallinity in these systems will
yield polymeric material properties. 

To the best of our knowledge the synthesis of
supramolecular poly(tetrahydrofuran) based on
strongly dimerizing quadruple hydrogen bonding
arrays have never been reported. This report aims to
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show that employing a supramolecularly associating
end group with a large association constant will result
in mechanically robust supramolecular poly(tetrahy-
drofuran) that can be melt processed at fairly low 
temperature of 100ºC. It is shown that supramolecular
poly(tetrahydrofuran)s demonstrate significantly 
different bulk properties when chain extension occurs
through assembling groups of different strengths.

EXPERIMENTAL

Materials and Methods
Poly(tetrahydrofuran) diol (PTHF(OH)2), 2-amino-
4-hydroxy-6-methylpyrimidine, 1,6-diisocyanato
hexane, and dibutyl tin dilaurate (DBTDL) were 
purchased from Aldrich. All chemicals were used
without further purification. PTHF(OH)2 was dried at
70ºC for at least 24 h and 2-amino-4-hydroxy-6-
methylpyrimidine was dried at 80ºC for 6 h in vacuo
before synthesis. All solvents were of analytical
grades and obtained from Aldrich and/or Acros
Chemica. Chloroform, DMF and hexane were dried
using common drying agents, distilled and stored over
molecular sieve 4Å prior to use. 

Instrumentation
1H NMR and 13C NMR spectra were recorded on a
Bruker 500 MHz instrument. Chemical shifts are
given in ppm (δ) values relative to tetrahydrosilane
(TMS). ATR-FTIR spectra were recorded on a Perkin
Elmer spectrometer with ATR sampling accessory.
FTIR spectra were recorded on a Bruker spectrometer.
Samples were prepared for FTIR by solvent casting
on KBr. Elemental analysis was performed on a
Perkin Elmer CHNSO testing instrument. Thermal
properties were studied with differential scanning
calorimetry (DSC) using a Perkin Elmer Pyris 1
(USA) instrument equipped with cryogenic system
for sub-ambient measurements. Samples of 10 to 
12 mg were measured under nitrogen atmosphere in
the temperature range of -100ºC to 110ºC. Heating
rates of 100 and 20ºC.min-1 were used to measure Tg
and Tm, respectively. Cooling rates were exactly the
same as the corresponding heating rates for each
measurement. Dynamic mechanical properties were
studied with a Triton instrument in oscillating bending

mode (single cantilever with the length between
clamps of 5 mm). Rectangular bars of 14 × 7 × 
0.7 mm3 were compression moulded at 100ºC and 
20 MPa and studied at a fixed frequency of 1 Hz and
displacement of 0.05 mm. The temperature was
scanned between -100ºC and 40ºC at a rate of
4ºC.min-1. Mechanical properties were studied with
stress-strain measurements carried out on a MTS
(USA) universal tensile machine equipped with a 
1 kN load cell applying an elongation rate of 
0.5 mm.min-1. Tensile dumbbells with a cross-section
area of 1.5 mm2 were punched out of sheets of 
material prepared by compression moulding at 100ºC
and 20 MPa. A gauge length of 10 mm was used for
the measurements. 

Oscillatory shear experiments were performed on
a MCR300/Anton Paar over a temperature range of
70ºC to 130ºC and angular frequency (ω) of 1 rad/s.
For rheometric measurements, the applied strain was
maintained at a constant value of 1%, which lies 
within the linear viscoelastic range determined by the
aid of previous strain sweep. The measurements were
performed using parallel plate geometry, maintaining
a distance between the plates of about 1.3 mm.
Specimens with dimensions of 25 mm diameter were
used. Experiments were carried out under nitrogen
atmosphere to avoid thermo-oxidative degradation. 

Synthesis
Synthesis of 2(6-Isocyanatohexylaminocarbonyl-
amino)-6-methyl-4[1H]-pyrimidinone (Upy synthon)
1,6-Diisocyanatohexane (1.6 mol, 272.0 g) was added
to 2-amino-4-hydroxy-6-methylpyrimidine (0.23 mol,
29.1 g) and heated at 100ºC for 16 h. The reaction
mixture was diluted with dry hexane (2000 mL) and
filtered. The white powder was then thoroughly
washed with hexane and dried at 50ºC under reduced
pressure. Yield: 96%, 65.4 g, 0.22 mol. 1H NMR
(CDCl3): δ = 13.11 (s, 1H, CH3-C-NH), 11.85 (s, 1H,
CH2-NH-(C=O)-NH), 10.17 (t, 1H, CH2-NH-(C=O)-
NH), 5.80 (s, 1H, CH=C-CH3), 3.28 (m, 4H, NH-
(C=O)-NH-CH2 and CH2-NCO), 2.22 (s, 3H, CH3),
1.61 (m, 4H, N-CH2-CH2), 1.39 (m, 4H, CH2-CH2-
CH2-CH2-CH2-CH2-NCO) ppm. 13C NMR (CDCl3):
δ = 173.5, 173.1, 156.7, 154.2, 106.7, 69.05, 64.4,
64.1, 63.25, 40.7, 39.7, 34.05, 34.0, 29.7, 29.3, 28.7,
28.3, 26.2, 26.1, 25.5, 24.6, 24.5, 19.0 ppm. IR

67Iranian Polymer Journal / Volume 19 Number 1 (2010)

Supramolecular Poly(tetrahydrofuran) Based ...Shokrollahi P



(ATR): ν = 2931, 2279 (NCO stretch), 1698 (UPy),
1667 (UPy), 1577 (UPy), 1519 (UPy), 1461, 1356,
1310, 1255 cm -1. Anal. calcd. (%) for C13H19N5O3:
C 53.2, H 6.5, N 23.9; Found (%): C 53.2, H 6.2, N
23.8. 

Synthesis of PTHF(UPy)2
Poly(tetrahydrofuran) diol (Mn = 1000 g/mol, 
15 mmol, 15.0 g) was dissolved in dry chloroform
(150 mL), then UPy synthon (45 mmol, 13.2 g) and
DBTDL (two drops) were added. The solution was
stirred at 60ºC for 16 h. The completion point of the
reaction was checked with 1H NMR. Then silica 
(5 g, kieselgel 60) and DBTDL (two drops) were
added and the mixture was heated at 60ºC for 4 h. The
reaction mixture was stirred overnight at room 
temperature. When the NCO absorbance at 
2280 cm-1 completely disappeared in IR spectrum,
the solution was diluted with chloroform (500 mL)
and filtered. The solvent was partially evaporated
under reduced pressure; the material was precipitated
from chloroform in hexane and filtered. The resulting
white material was dried for 2 days under reduced
pressure. Yield: 75%, 17.3 g, 10.5 mmol.

1H NMR (CDCl3): 13.12 (s, 1H, C-NH-C=N),
11.8 (s, 1H, CH2NH-(C=O)-NH), 10.2 (s, 2H,
CH2NH-(C=O)-NH), 5.8 (s, 2H, CH=C), 4.8 (br, 2H,
NH(C=O)O), 4.1 (t, 2H, NH-(C=O)-OCH2CH2), 3.4

(br, nH, OCH2CH2CH2CH2O), 3.2-3.3 (m, 4H,
CH2NH-(C=O)-NH and CH2NH-(C=O)-OCH2),
2.23 (s, 3H, CH=C(CH3)), 1.6 (m, nH,
OCH2CH2CH2CH2O, 1.3-1.5 (m, 8H, CH2) hexyl
group. 

RESULTS AND DISCUSSION

Polymer Synthesis and Characterization 
Synthesis of supramolecular polytetrahydrofuran
capped with UPy groups at both ends was carried out
in two steps using a similar synthetic route of that
other works which have used to prepare supramolec-
ular polymers with quadruple hydrogen bond arrays
[22]. First UPy(CH2)6NCO(a) synthon was 
synthesized from 2-amino-4-hydroxy-6-methyl
pyrimidine (methyl isocytosine) and 6 fold excess of
1,6-diisocyanato hexane. The reaction takes place via
nucleophilic attack by the primary amine (which is
not subjected to steric hindrance as compared to the
secondary NH group in the ring) of the pyrimidinone
ring onto the isocyanate end group of the diisocyanate
compound. PTHF(UPy)2 was then prepared by end
group functionalization of PTHF(OH)2, via urethane
linkage with the UPy(CH2)6- group in chloroform
using dibutyl tin dilaurate as catalyst (Scheme I).
Supramolecular polymer was precipitated in 
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Scheme I. Synthesis route to supramolecular poly(tetrahydrofuran). 1. Synthesis of NCO precursor (c, yield = 96%) from
hexamethylene diisocyanate (a) and a pyrimidinone derivative (b), step (I): 100ºC, 16 h; 2. Synthesis of PTHF(UPy)2 (e)
from (c) and low molecular weight poly(tetrahydrofuran) (d), yield = 75%, step (II): 60ºC, CHCl3, DBTDL, 16 h.



Figure 2. The IR spectra of PTHF(OH)2 and PTHF(UPy)2.
Absorbance of OH group at 3470 cm-1 in PTHF(OH)2 was
replaced with peaks at 1700, 1670, 1590 and 1520 cm-1.

n-hexane as non-solvent. Finally, the catalyst was
removed by successive dissolution-precipitation in
chloroform-hexane. 

The chemical structure of the supramolecular
poly(tetrahydrofuran) was studied with FTIR and 
1H NMR spectroscopy. The OH absorbance at 3470
cm-1 is characteristic of the telechelic diol. This band
is absent in the IR spectrum of the UPy functionalized
telechelic polymer as can be seen in Figure 2. Also,
characteristic peaks of UPy group at 1700, 1669, 1590
and 1520 cm-1 emerged in the IR trace of
PTHF(UPy)2 [14]. Unlike the free (unbound) NH
stretching band that appears at 3455 cm-1, the vibra-
tion of NH in PTHF(UPy)2 appeared at 3298 cm-1,
which is characteristic of hydrogen bonded NH.
Strong carbonyl vibrations observed at 1699 and 1666
are associated with the hydrogen bonded 
aromatic and aliphatic carbonyl stretch, respectively
[23]. It is noteworthy that unbound CO (appears at
1734 cm-1) was not observed for PTHF(UPy)2. The
1H NMR spectra of the oligomeric diol, the UPy 
synthon, and the supramolecular poly(tetrahydrofu-

Figure 3. 1H NMR spectra of PTHF(OH)2, the UPy synthon
(UPy(CH2)6NCO) and PTHF(UPy)2 in chloroform at room
temperature.

ran) were acquired in chloroform (Figure 3). Presence
of peaks at 13.2, 11.8 and 10.2 ppm confirms that the
amine and amide protons in compounds c and e
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(Scheme I) are involved in strong intra- and 
intermolecular hydrogen bonding in the neat UPy
synthon, UPy(CH2)6NCO designated as c and also in
PTHF(UPy)2 designated as e. From the NMR 
spectrum the molecular weight (Mn) of the telechelic
diol estimated to be ca. 1000 (as reported by the 
supplier), and that of the UPy functionalized 
telechelic polymer is about 1600. 

Material Bulk Properties
Thermal Properties
Functionalization of poly(tetrahydrofuran) diol with
UPy synthon at both ends of the oligomer resulted in
completely distinct set of polymer properties. In 
obvious contrast to PTHF(OH)2 which is a waxy solid
at room temperature, PTHF(UPy)2 exhibits enhanced
mechanical stability and can be melt processed at
slightly above its melting temperature to form 
self-supporting film and sheet. Non-modified
PTHF(OH)2 is characterized with one melt transition
at about 25ºC. PTHF(UPy)2, on the other hand, is a
thermoplastic elastomer with one glass transition
appeared at ca. -68ºC (which was measured as the
onset of the specific heat changes in the DSC trace)
and one melt transition at ca. 83ºC (reported as the
peak value of the melt transition), all measured on the
DSC second heating runs. A crystallization transition
(Tc, measured as the peak value of the crystallization
peak in the cooling cycle) was recorded for this 
polymer at about 68ºC on the DSC trace (Figure 4).
Emergence of a glass transition in the DSC trace of
PTHF(UPy)2 proves that the PTHF(UPy)2 molecules
chain extended and formed an entangled polymer 
system, which is merely possible through hydrogen
bond array formation between the UPy end groups. 

Rheological Properties
It was shown that the UPy functionalized
macromonomers self-assemble into a higher 
molecular weight supramolecular structure that is
capable to form film and sheet. If so, the resulted
supramolecular polymer is expected to be temperature
sensitive and depolymerize as the temperature rises.
To provide more information about the self-
assembled structure of PTHF(UPy)2, rheological
behaviour of the material was studied in temperature
scan mode and compared with that of PTHF(OH)2

Figure 4. Thermal properties of the supramolecular
poly(tetrahydrofuran); (a): Tg, (b): Tm and (c): Tc.
Temperature scan rates of 100 and 20ºC/min were used to
measure Tg and Tm/Tc, respectively.
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Figure 5. The rheological properties (viscosity) of
PTHF(UPy)2 is completely different from that of the
telechelic poly(tetrahydrofuran) diol; temperature 
dependence of the complex viscosity is compared for the
telechelic polymers.

(Figure 5). The viscosity of PTHF(OH)2 did not
change significantly between 40ºC and 140ºC (about
an order of magnitude), whereas a sudden decrease in
the viscosity of PTHF(UPy)2 was observed at about
80ºC. Meanwhile, the tan delta increased and it
peaked at a temperature which coincided with the
melt transition in the DSC trace (Figure 6).

Rowan et al. [21] and Maijer et al. [24] have
reported separately that the self-assembling units in a
macromonomer stack in a supramolecular polymer
structure and behave as physical cross-links. They
postulated that the supramolecular polymers owe
their polymer-like properties to the presence of these
non-covalent cross-linking sites. Inspection of the 
rheometric behaviour of our supramolecular PTHF
reveals that the tan delta curve has a peak at about
83ºC and after a short plateau, rises sharply again at
about 110ºC. Similar trend was observed in the 
storage modulus and viscosity curves, where both
parameters began to decrease at about 110ºC after
they dropped sharply at about 83ºC (gel-like 
behaviour, by considering the reversible nature of the
supramolecular system, it is referred here as the 
melting temperature of PTHF(UPy)2). From this 
rheological observations it can be concluded that the
supramolecular structure of PTHF(UPy)2 is based on
long polymer chains produced from UPy-UPy 

coupling between shorter macromonomers. The 
UPy-UPy dimers stack laterally then and cause the
supramolecular structure to turn into a reversibly
cross-linked network. Therefore, the supramolecular
structure decomposition occurs in two steps, first the
physical cross-links open at about 80ºC followed by a
second step where UPy-UPy dissociation/association
equilibrium changes with the dissociation process
becoming faster at about 110ºC. As a result the melt
processing of PTHF(UPy)2 would be possible at 
temperatures between 80ºC and 100ºC where the 
viscosity is still about 2 kPa.s. 

Dynamic Mechanical and Mechanical Properties
To determine the mechanical properties of
PTHF(UPy)2, tensile and dynamic mechanical 
experiments were carried out. Dynamic mechanical
properties of the supramolecular poly(tetrahydrofu-
ran) were studied in temperature sweep mode
between -100ºC and 40ºC. The storage modulus of
PTHF(UPy)2 dropped over an order of magnitude
with increasing temperature as the material 
transferred from a glassy to a rubbery state. The loss
modulus curve (Figure 7) peaks at -68ºC, which is
defined as the glass transition temperature and is in
close agreement with the data from DSC. Formation
of a robust material is indicated by the establishment
of a relatively high modulus plateau above Tg
(between 0 and 40ºC) in the storage modulus curve. 

Next, we extended our studies to the mechanical
properties of the supramolecular poly(tetrahydro
furan). Tensile test was carried out to measure the
Young's modulus, tensile strength and strain-at-break
of the polymer. The results are summarized in Table
1. PTHF(UPy)2 is a strong material as evidenced by
its relatively high tensile strength (about 14.4 MPa)
and modulus (about 85 MPa). This polymer 
elongates about 30% before reaching the breaking
point. 

The hydrogen bond arrays stack laterally in
supramolecular polymers and form crystallites [21].
Remarkable increase in the mechanical and thermal
(about 65ºC increase in the melting point) properties
of the telechelic diol upon UPy functionalization can
be justified based on the formation of thick lamella
from UPy-UPy stacking as was discussed with
respect to the rheological properties of PTHF(UPy)2. 
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Statistical 
parameter

Tensile strength 
(MPa)

Strain-at-break 
(%)

Modulus 
(MPa)

Mean values†

Standard deviation
14.4

1.1
29.0

3.2
85.0

2.0

 

 

 

 

(b) (d)

(a) (c)

Figiure 6. Temperature dependence of the rheological and thermal behaviour of PTHF(UPy)2. The storage modulus of the
polymer shows a transition that coincides with emergence of an endothermic peak in the DSC trace (a).

Table 1. Mechanical properties of the supramolecular poly(tetrahydrofuran).

† Values are given as the mean of 5 sample measurements.

Associating end 
group

Mn of the linker
(g/mol)

Tg

(ºC)
Tm1† 
(ºC)

Tm2† 
(ºC)

OH
N6-anisoyl-adenine-[20]
N4-(4-tert-butylbenzoyl)cytosine-[21]
UPy-

1000
1400
1400
1000

-
22
-

-65

25
108

126††
-

-
135

-
83

Table 2. Comparative thermal behaviour of supramolecular poly(tetrahydrofuran)s with different associating groups.

† Measured on the DSC second heating curve; †† Measured on the DSC first heating curve.



Figure 7. Dynamic mechanical properties of PTHF(UPy)2.

Table 2 compares the thermal properties of the
supramolecular poly(tetrahydrofuran) of this report
with those (adenine and cytosine) nucleobase based
supramolecular poly(tetrahydrofuran) reported by
other research groups. From the data in Table 2 it is
evident that the material properties of hydrogen 
bonded supramolecular polymers depend not only on
the polymer backbone and its crystallinity but also on
the self-assembling functionalities that are placed at
their both ends.  

CONCLUSION

Recently, design and synthesis of increasing number
of novel polymers based on multiple hydrogen bonds
have created a toolbox for material scientists 
interested in stimuli (especially temperature) 
responsive supramolecular polymers. We showed that
polymer-like behaviour can be obtained with end cap-
ping of a low molecular weight poly(tetrahydrofuran)
with strongly dimerizing UPy groups at both ends. It

was demonstrated that a robust polymer 
network is created from supramolecular chain 
extension of UPy functionalized macromonomers in
conjunction with physical cross-links originated from
UPy-UPy stacking. The network is thermodynamical-
ly stable at temperatures just below its melting 
temperature (or the gel point). However, above the
melting temperature the long polymer chains continue
to exist until the UPy-UPy interactions weaken and
finally dissociate at temperatures well above the 
normal melting temperature. This is especially 
important from a polymer processing point of view
where the low melt viscosity of the supramolecular
poly(tetrahydrofuran) enables polymer processing at
considerably low temperatures. Considering the low
melting temperature of the supramolecular
poly(tetrahydrofuran), repetitive heating-cooling
cycles can be applied. Therefore, recycling of the
polymer becomes possible while polymer degradation
is not an issue. 
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