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’ INTRODUCTION

The domain morphology of microphase separation between
hard and soft domains in thermoplastic elastomers (TPEs) has
been studied extensively.1 TPEs based on hard domains as the
result of hydrogen bonding are known to have intriguing proper-
ties, and the diversity of the hydrogen-bonding motifs allows for
tunable morphologies. Recently, a number of hydrogen-bonded
motifs are disclosed that possess nanofiber structures for the hard
domains and yield materials with sharp thermal transitions. The
evolution of synthetic macromolecules to supramolecular poly-
mers has introduced a next generation of materials based on
noncovalent interactions. Hydrogen bonding has been proven to
be especially suitable as a noncovalent interaction for supramo-
lecular synthesis because the direction of hydrogen bonds ismore
controlled than that of for instance ionic interactions.2 There-
fore, hydrogen-bonded supramolecular polymers hold promise
as a unique class of novel materials because they combine many
of the attractive features of conventional polymers with proper-
ties that result from the reversibility of the noncovalent
bonds between the monomeric units.3 Examples making use of
the dynamic nature of the hydrogen bonding are found in
advanced mechanical properties of biomimetic polymers4 and

the recombination of noncovalent bonds in self-healingmaterials.5

Even TPEs are disclosed from supramolecular polymers.6

Because of the introduction of the strongly associating
2-ureido-4-pyrimidinone (UPy) motif as a quadruple hydrogen
bonding moiety in telechelic supramolecular polymers,7 numer-
ous studies have been reported by us and others on its potential
in supramolecular materials.8 Because of the self-complementary
motif and its high dimerization constant of 6 � 107 M�1 in
CHCl3,

9 a high degree of supramolecular polymerization can be
achieved,10 which transforms the macroscopic properties of
the low-molecular-weight supramolecular monomer into those
of a high-molecular-weight polymer.6a UPy-functionalization
of telechelic oligomers based on poly(ethylene butylene),6a

polystyrene,11 polyesters,12 polycarbonates,13 polysiloxanes,14

and polyethers15 was reported to enhance the mechanical
properties when compared with their unfunctionalized counter-
parts. In many cases, these mechanical properties are further
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ABSTRACT: The self-complementary hydrogen bonding ur-
eido-pyrimidinone (UPy) motif is widely used in the design of
supramolecular polymers because of its high dimerization con-
stant. Lateral aggregation into fibrous structures is achieved by
the addition of urea functions close to theUPy end group of low-
Tg oligomers, yielding supramolecular thermoplastic elastomers.
The rate of fiber formation is critically dependent on the
substituent at the five- and six-positions of the UPy unit. Here
the aggregation behavior in the solid state is disclosed for a series ofmolecules with the commonly usedmethyl, the optically pure (S)-
2,7-dimethylheptyl and (S)-1-methylpropyl, and the racemic 1-ethylpentyl group at the six-position. The rate of nanofiber
crystallization from the melt was investigated with a variety of techniques, including SAXS, WAXS, AFM, DSC, IR, and CD
spectroscopy. As a result, the different stages involved in the nanofiber formation were elucidated. The nanofiber formation is a
hierarchical process starting from the phase-separated melt with the dimerization of the UPy-units. For the lateral aggregation into
high aspect nanofibers, both a nonsubstituted five position and urea functionalities are required. The nanofiber formation is the result
of 1D stack formation accompanied by secondary nucleation of multiple stacks. The stack-to-stack distance within a nanofiber is
dependent on the size of the UPy-substituent, which demonstrates that the substituents are in-between the stacks in the nanofibers.
The results also demonstrate that stack and nanofiber formation is slowed down and suppressed by a branching of the six-substituent
close to the UPy motif, whereas the presence of stereochemical isomers further suppresses this aggregation from the melt. These
detailed insights into the kinetic behavior of nanofiber formation pave the way to create adaptable supramolecular materials.



6777 dx.doi.org/10.1021/ma201303s |Macromolecules 2011, 44, 6776–6784

Macromolecules ARTICLE

improved when the connecting group between the UPy moiety
and the oligomer is a urethane or urea.16

In the case of low-Tg oligomers, the additional hydrogen bond
that can be formed between the urea linker permits stacking of
UPy dimers, which gives rise to TPEs. These materials show
characteristic, well-defined nanofibers with a diameter of 6 to
7 nm, as observed with AFM.16a The nanofibrillar structure
observed in the UPy-urea polymers shows close resemblance
with the structure as observed in traditional TPEs or bisurea
supramolecular polymers.17

We propose the formation of the UPy-urea nanofibers to be
the result of a hierarchical process involving a number of steps, as
illustrated in Figure 1.16,17 The first step in the aggregation of the
UPy-urea polymers is the dimerization of the UPy (depicted in
blue), giving rise to the UPy dimers. This affords a bisurea unit
that can self-assemble via lateral hydrogen bonding interactions
(depicted in red). The resulting stacks subsequently form
nanofibers, most probably via a secondary nucleation process.
The aggregation of the UPy-urea moieties can induce phase
segregation of the UPy-urea moieties from the polymer back-
bone, which will be an important driving force for the nanofiber
formation.

The most frequently used UPy is derived from commercially
available 6-methyl isocytosine,6a although different substituents
on the six-position of the isocytosine have been reported.14,18

The importance of the substituent at the six-position on the
aggregation of UPy-urea based oligomers has not yet been
systematically addressed. This is surprising because a detailed
understanding of the structure�property relationship can pro-
vide tools for easy tuning of material properties.

A small library of bis-(UPy-urea) telechelic polymers with an
amorphous poly(ethylene butylene) backbone was synthesized
(Chart 1) in which the substituent changed from a methyl (1) to
the optically pure (S)-2,7-dimethylheptyl (2) and (S)-1-methyl-
propyl (3) and the racemic 1-ethylpentyl (4) group. These
selected groups permit us to investigate the influence of size,
optical purity, and branching point on the aggregation of
bis-(UPy-urea) polymers. Moreover, a 5,6-dimethyl UPy-urea
polymer (5) was synthesized to evaluate the role of the sub-
stituent at the five-position. The hierarchical self-assembly of the
UPy-urea moieties of polymers 1�5 was investigated by DSC,
AFM, SAXS, WAXS, IR, UV�vis, and CD spectroscopy in the
solid state and showed that the aggregation behavior on the
molecular scale can be directly linked to their macroscopic
properties.

’EXPERIMENTAL SECTION

The synthesis and characterization of polymers 1�5 are described in
the Supporting Information.

Figure 1. Schematic representation of the theoretical aggregation of the end groups of UPy (blue) urea (red)-modified polymers into nanofibers. The
UPy-substituent at the six-position is depicted in green.

Chart 1. UPy-Urea Supramolecular Polymers 1�5 Used in This Study
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Differential Scanning Calorimetry. Differential scanning calo-
rimetry (DSC) measurements were performed on a Thermal Advantage
Q2000 apparatus between�80 and 150 �C at a rate of 10 K/min with a
sample weight of 5�10 mg. The polymers were obtained by precipitation
in acetone or methanol and were dried overnight at 40 �C in vacuo. For
monitoring the nanofiber formation, the samples were heated 10 �C above
the melting point and cooled back to 25 �C at 10 K/min and equilibrated
for the given time prior to reheating. The materials were molten for a
maximum of three times in a single experiment to exclude the influence of
possible thermal degradation, after which a fresh batch of material was
used for the additional experiments. Integration of themelting endotherm
was performed with the TA Instruments Universal Analysis software.
Variable Temperature Atomic Force Microscopy. Atomic

force microscopy (AFM) measurements were performed on a Digital
Instrument Multimode Nanoscope IV operating in the tapping mode
using silicon cantilever tips (PPP-NCH-50, 204�497 kHz, 10�130
N/m) with an amplitude set point of 2.0 V. Polymer films were made by
casting a 1 mg/mL solution in chloroform on precleaned glass slides and
subsequent evaporation to air for at least 1 h, followed by annealing in
vacuo overnight at 40 �C. The polymer films were equilibrated at room
temperature for at least 1 week prior to measurements.
Infrared Spectroscopy. Variable temperature infrared (IR) spec-

troscopy was performed on an Excalibur FTS 3000 MX equipped with a
Golden Gate ATR setup with a resolution of 2 cm�1. Fifty scans were
accumulated after equilibrating for 2 min at the set temperature. The
solid polymer films were made by dissolving the polymer in chloroform
and evaporation to air for 4 h, followed by annealing in vacuo overnight
at 40 �C. The polymer films were equilibrated at room temperature for at
least 1 week prior to measurements.
Circular Dichroism Spectroscopy. Circulair dichroism (CD)

spectra were recorded on a Jasco J815 spectrometer equipped with a
Linkam hotstage. Polymers 1�4 were spin-cast from a 40 mg/mL
solution in chloroform at 2000 rpm onto quartz glass slides to yield
polymer films of ∼500 nm thick. The samples were allowed to
equilibrate at the set temperature for 2 min prior to the measurement.
Three scans were accumulated at a scanning speed of 20 nm/min.
UV�vis Absorption Spectroscopy. UV�vis absorption spectra

were recorded on a Perkin-Elmer Lambda 900 spectrometer equipped
with a Linkam hotstage. Measurements were performed as with CD
spectroscopy.
X-ray Scattering. Small-angle X-ray scattering (SAXS) and wide-

angle X-ray scattering (WAXS) experiments were performed on molten
samples of at least 2 weeks old at theDUBBLE beamline (BM26B) at the
European Synchrotron Radiation Facility (ESRF) in Grenoble (France).
The materials were treated identical to the DSC crystallization experi-
ments, that is, heated 10 �C above the melting point and cooled back to
25 �C at 10 K/min and equilibrated for the given time period prior to the
measurement. The SAXS data were collected using a 2D multiwire gas-
filled detector with pixel array dimensions of 512 � 512. The pixel size
was 260� 260 μm2. The SAXS detector was positioned at 3 m from the
sample, and the q scale was calibrated using the position of diffracted
peaks from a standard silver behenate powder. The exposure time for
each sample was varied from 30 to 60 s, and a wavelength of 1.24 Å was
used. The WAXS data were acquired using a Photonic Science CCD
camera with pixel dimension of 22 μm2 and with a sample-to-detector
distance of 95 mm. The experimental data were corrected for back-
ground scattering. The SAXS and WAXS scattered intensities were
integrated after background subtraction and plotted against the scatter-
ing vector, q = (4π/λ) sin θ, where 2θ is the scattering angle.

’RESULTS AND DISCUSSION

Synthesis andMacroscopic Properties. Polymers 1�5were
synthesized using the same batch of poly(ethylene butylene)

(Mn = 3500 g/mol, PDI = 1.08) to ensure that the molecular
weight and molecular weight distribution are similar for all
polymers. The primary alcohol end groups of the telechelic
poly(ethylene butylene) were transformed into amine end
groups by a standard procedure, as previously published.16a

The amine end groups were activated using 1,10-carbonyldiimi-
dazole and reacted with the corresponding UPy-C6-amine to
give polymers 2�4. Polymer 5 was synthesized by reaction of
the corresponding isocyanate with the poly(ethylene butylene)
bisamine. The newly prepared polymers 1�5 were purified and
obtained as waxy to fibrous materials by precipitation from
a chloroform solution into methanol or acetone, followed by
careful washing and drying. Molecular characterization of all
polymers confirmed the structures assigned and their high purity.
The thermal properties of polymers 1�5 were studied by DSC

(Table 1). All polymers exhibited a Tg around�58 �C. In the first
heating run, polymers 1 and 2 showed two distinct melting
transitions. Polymers 3 and 4 both showed only one broadmelting
transition, where the melt transition of polymer 4 was small and
hard to distinguish. Polymer 5 revealed only a small cold crystal-
lization. None of the polymers showed any crystallization during
cooling, and a clear and significant decrease in crystallinity was
observed in the second heating run for all polymers. Where
polymer 1 showed a rather fast recovery of the crystallinity in
the second heating run, polymers 2�5 did not show an immediate
reappearance of the melting endotherm upon reheating. Because
themolecular weights of the polymers are similar, this effect cannot
be caused by the viscosity of thematerial but should originate from
the molecular differences in the UPy end groups and hence from
the way they aggregate. The melting and crystallization processes
are proposed to be related to the nanofiber formation (vide infra).
Apparently, the nanofiber formation is highly affected by changing
the substituent at the six-position of the isocytosine.
To investigate the nanofiber formation in more detail, we

studied their crystallization as a function of time (Figure 2). After
the first heating and cooling run, the polymers were annealed at
25 �C for an increasing amount of time after each subsequent
run. In this way, the crystallinity ΔHm could be probed as a
function of time.
Polymer 1 showed almost immediate crystallization of the

nanofibers. Full crystallization of the nanofibers took place within
5 h. The ratio between the two melting transitions in 1 proved to
be sensitive to the cooling and heating rates.19 For polymer 2, full
recovery of the nanofibers was obtained after 24 h, where
polymer 3 took more than 3 days to crystallize and a significant
lag time of several hours was observed. Polymer 4 showed hardly
any crystallinity, not even after 5 days of annealing at 25 �C,
whereas polymer 5 remained amorphous.

Table 1. Molecular Weight and Thermal Properties of Poly-
mers 1�5

Mn (g/mol) PDI Tg (�C)b Tm (�C)a
ΔHm

(J/g)a Tm (�C)b
ΔHm

(J/g)b

1 6016 1.11 �58.7 123.6; 130.0 9.332 122.5; 128.9 7.71

2 6618 1.07 �56.7 82.6; 95.7 6.98

3 6815 1.12 �58.0 83.6 5.38

4 6729 1.07 �57.9 81.0 0.09

5 6430 1.13 �58.0 c c

a First heating run, 5 K/min. b Second heating run, 10 K/min. c Small
cold crystallization and immediate melt was observed at 135 �C.
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Variable temperature AFMmeasurements were performed on
films cast from CHCl3 to get more insight into the crystallization
of the nanofibers (Figure 3). The AFM phase images showed
a dark continuous phase representing the amorphous poly-
(ethylene butylene) backbone and a light, fiber-like hard domain
with diameters between 6 and 7 nm originating from the
aggregated UPy-urea moieties.16a It is not directly evident that
the UPy-urea nanofibrillar hard domains are crystallized, but the
regular nature of the AFM features of the polymers, together with
the DSC data of these polymers, suggest that the nanofibers are
crystallized. The nanofiber hard domains of polymers 1 and 2

appear more distinct and more densely packed compared with
the nanofibers of polymers 3 and 4. Polymer 4 shows a bimodal
distribution of UPy-urea motifs with long nanofibers on top of a
phase-separated morphology. The AFM images for polymer 1
after cooling from the melt showed the immediate recovery of
the same nanofibers, whereas polymer 2 showed first a phase-
separated state between the polar UPy-urea end groups and the
apolar poly(ethylene butylene) backbone, as it was also observed
for polymers 3 and 4. Reappearance of the nanofibers for
polymer 2 took place within 18 h. Polymer 3 showed reappear-
ance of the fibers in 24 h. Hardly any fibers were present on the
surface of 4, not even after 11 days.
Both the AFM and DSC data are in agreement with the

proposal that the UPy-urea end groups phase separate and
crystallize into nanofibers within the apolar poly(ethylene
butylene) matrix. This crystallization, however, is highly affected
by the substituent at the six-position of the UPy-unit. The
nanofibers show different melting points ranging from 81 to
130 �C. Crystallization of the nanofibers at 25 �C after cooling
from the melt showed a remarkable dependence on the sub-
stituent on the six-position. Both the size of the substituent and
the stereochemical constitution influence the rate of crystal-
lization as well as the degree of crystallization. For polymer 4 it is
almost impossible to crystallize, and the AFM images are in
agreement with a phase-segregated morphology only.
To elucidate which processes are involved on the mole-

cular scale and which one critically determines the nanofiber
formation, we investigated the aggregation behavior was
in more detail using the scattering techniques SAXS and
WAXS and optical spectroscopy such as IR, UV�vis, and CD
spectroscopy.

Figure 3. AFM phase images (500� 500 nm) of polymer 1 (a) cast from CHCl3 and (b) directly after cooling from the melt; polymer 2 (c) cast from
CHCl3 and (d) 0.6 and (e) 18 h after cooling from themelt; polymer 3 (f) cast fromCHCl3 and (g) 2.5 and (h) 22 h after cooling from themelt; polymer
4 (i) cast from CHCl3 and (j) 2 h after cooling from the melt. Scale bar represents 100 nm.

Figure 2. Crystallization of the UPy-urea nanofibers in time. (Lines are
added to guide the eye.)
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Molecular Scale. Temperature-dependent SAXS and WAXS
studies were performed on samples of polymers 1�4 to reveal
the ordering of the nanofibers and the order within the nanofi-
bers, respectively. Materials of polymers 1�4 were obtained by
cooling from the melt and were annealed at room temperature
for at least 2 weeks prior to the measurements. The changes in
reflections upon heating above the melt temperature and sub-
sequent cooling were first investigated by SAXS experiments
(Figure 4). In the initial spectra, a correlation peak directly
related to the interfiber distance was observed in all polymers
investigated (Table 2). Figure 4a shows the SAXS profiles for
polymer 1, revealing a d spacing of 7.1 nm before melting. Upon
melting of the polymer, this correlation peak decreased in
intensity and sharpened but did not disappear, indicating that
phase separation occurs in the molten state. Because the polymer
backbone and the UPy-urea end groups are highly different in
polarity, a polar disordered phase of UPy end groups and an

apolar poly(ethylene butylene) phase are likely to phase separate
in the melt. Phase separation in the melt is well-documented in
literature for systems like poly(ethylene butylene) block copol-
ymers or telechelic supramolecular polymers.20 In the melt, the
SAXS correlation peak shifted to larger q values, correlating to
shorter distances. A correlation length of ∼6.3 nm was found in
the molten state of polymer 1. Upon cooling from the melt, the
correlation peak shifted back to lower q values. During room-
temperature annealing, the SAXS peak further shifted to lower q
values, and a clear asymmetric broadening of the peak was
observed. This is an indication that objects with a larger diameter
develop upon annealing, which is related to the aggregation of
the UPy-urea end groups into the nanofibers. This behavior was
confirmed for polymers 2 and 3, which showed the same trend
upon heating and subsequent cooling. The major difference
between each polymer is the time needed for the broadening and
shift to occur upon cooling, which is consistent with the different

Figure 4. SAXS profiles of polymers 1 (a) and 2 (b). WAXS profiles of polymers 1�4 at 25 �C (c) and temperature-dependent WAXS profiles of
polymer 2 (d). WAXS profiles are shifted vertically for clarity.

Table 2. X-ray Scattering Parameters Obtained for Polymers 1�4

d spacing at

25 �C p(nm)a
peak half-width

at 25 �Ca

d spacing in

melt (nm)a
peak half-width

in melta
stack-to-stack

distance (nm)b
hydrogen bonding

distance (Å)b

1 7.1 0.012 6.3 0.011 1.0 4.55

2 6.7 0.014 6.4 0.012 1.4 4.57

3 6.6 0.017 6.5 0.014 1.2 4.53

4 6.9 0.012c 6.7 0.012c 1.2 4.56
aData derived from SAXS peak position and SAXS peak broadening. Gaussian fit. bData derived from WAXS peak position. c Poor quality fit using a
Gaussian equation. A different structural situation is possible for polymer 4.
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crystallization rates of the polymers previously observed by DSC
measurements. Polymer 4 did not show any subsequent peak
shift and peak broadening after cooling from the melt, again
illustrating its hampered crystallization from the melt (Figure 4).
Information about the internal structure of the nanofibers was

obtained by WAXS (Figure 4c,d). Although the WAXS profiles
of all polymers were dominated by a broad halo due to the
amorphous PEB structure, a weak reflection could be observed
at q ≈ 13.8 nm�1. The latter corresponds to a distance of
∼0.455 nm, which corresponds well with the hydrogen bonding
distance found in supramolecular bisurea polymers17a and is
therefore expected to originate from the urea hydrogen bonds.
Surprisingly, a second reflection was observed corresponding
to a distance of ∼1 nm, which increased with increasing sub-
stituent size (Table 2). The sharpening of theWAXS reflection at
q≈ 13.8 nm�1 and the reflection corresponding to a distance of
∼1 nm disappeared upon melting the polymer (Figure 4d).
Because the starting spectra were obtained from materials that
were molten and subsequently equilibrated at room temperature
for 2 weeks, these changes are thermoreversible.
The increase in distance of the 1 nm reflection upon increasing

size of the substituent on the six-position prompted us to
investigate the origin of this reflection. The obtained results were
compared with a published single-crystal structure of a methyl-
UPy derivative. (See the Supporting Information.)18d The in-
plane neighboringUPy dimer distance of the UPy cytosine alkene
proton to the pyrimidinone carboxylate of its neighboring dimer
measures 1 nm (Figure 5). Recent literature describing this
reflection in UPy supramolecular polymers also hints toward
the existence of this interaction.21 Other crystal structures are
available that confirm the capability of cytosine alkene protons to
interact intermolecularly with carbonyl moieties of neighboring
cytosine molecules.22 If the UPy dimers are stacked in polymer 1,
then this 1 nm distance corresponds to the stack-to-stack distance
within an aggregated nanofiber. Because the stack-to-stack dis-
tance in the nanofibers observed with WAXS depends on the
substituent type of the UPy, this substituent is expected to be
placed in between the stacks. This proposal can also explain the
reduced rate of crystallization of the polymers with sterically
demanding substituents at the six-position.

To confirm the importance of the interstack interaction for
nanofiber formation, poly(ethylene butylene) polymer 5 was
studied, which has an additional methyl group at the five position
of the UPy to hamper this interaction. Indeed, no nanofibers
could be observed with AFM, but a phase-separated morphology
was obtained (Figure 5c), which is in agreement with the lack
of a melt transition in the DSC of polymer 5 (vide supra). IR
spectroscopy revealed a significantly different UPy isocytosine
carbonyl vibration for molecule 5 (1697 cm�1) compared with
polymer 1 (1702 cm�1), which could suggest different hydrogen
bonding of the carbonyl. This shows that the interaction of the
UPy cytosine alkene proton with the pyrimidinone carboxylate of
its neighboring dimer is of high importance for the nanofiber
crystallization. Detailed studies on the effect of the substituent at
the five position on the nanofiber formation are in progress.
Aggregation Followed by Spectroscopy. Variable tempera-

ture IR studies of the polymers in the solid phase using the
reflection mode were performed to investigate the aggregation
processes. Despite the fact that the UPy-motif can exist in several
different tautomers, analysis at room temperature showed the
4[1H]-pyrimidinone tautomer to be present in all polymers, with
only minor changes in the characteristic UPy vibrations (1702
and 1668 cm�1) upon heating.18d The vibration at 1626 cm�1

present in the starting spectrum of polymer 1 is attributed to the
strongly hydrogen-bonded urea carbonyls,23 which shift to high-
er wave numbers at 140 �C. This indicates the loss of urea
hydrogen bonding and hence the loss of stacking. When cooling
from the melt, polymer 1 clearly showed the immediate return
of the vibration at 1630 cm�1 (Figure 6). The small difference
in frequency is attributed to a different processing history of
the starting material (cast from solution) compared with the
material obtained after cooling from the melt. For polymer 2, the
reappearance of the 1630 cm�1 vibration directly after cooling is
less pronounced, whereas for polymer 3 hardly any hydrogen
bonding of the urea could be observed upon cooling, although
it was present in the starting spectrum. (See the Supporting
Information.) For polymer 4, no vibration corresponding to the
strongly hydrogen bonded urea could be observed both before
and after cooling from the melt. Apparently, urea hydrogen
bonding and hence stack formation coincides with nanofiber

Figure 5. (a) Proposed interstack interaction, (b) 5,6-dimethyl-UPy-urea polymer 5, and (c) AFM phase image (500� 500 nm) of polymer 5 casted
from chloroform. Scale bar represents 100 nm.
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crystallization. Again, an irregular and large substituent on the
UPy unit at the six-position hinders the UPy-urea motif to orient

in such fashion that it allows for tight urea hydrogen bonding,
which is essential for nanofiber formation.

Figure 6. Infrared cooling curves of polymers 1 (a) and 3 (b) showing lateral interactions via strong urea hydrogen bonding in polymer 1 (indicated
with an arrow) upon cooling from the melt.

Figure 7. UV�vis spectra of polymer 2 upon melting (a), subsequent cooling (b), and annealing at 25 �C (c).
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Finally, the optical properties of the polymers were used to
study the melting and crystallization of thin polymer films. All
polymers at room temperature and before melting possess the
characteristic absorptions at 212 and a shoulder at 240 nm of the
dimers of the UPy 4-[1H] tautomers. The absorption at 290 nm
in the melt of all polymers is characteristic for the presence of the
monomeric UPy 6-[1H] tautomers.24 The reappearance of
the starting UV spectrum upon cooling followed the time-
dependent crystallization behavior, with blue-shifted absorptions
in-between. In Figure 7, the temperature- and time-dependent
UV�vis spectra of polymer 2 are presented as an example.
Further details are given in the Supporting Information.
Polymers 2 and 3 are chiral because they comprise optically

pure substituents. Therefore, these polymers were used to study
the possible formation of aggregates with a preferred handed-
ness. CD spectroscopy of polymer films of 2 indeed showed
a Cotton effect, which disappeared upon melting of the polymer
(Figure 8). Upon cooling from the melt, the Cotton effect
reappeared within 1 hour. The magnitude and shape were
identical but blue-shifted compared with the spectrum before
melt. In time and during annealing of the film at 25 �C, the
Cotton effect shifted back and returned to its original position.
This fully corresponds to the behavior as observed with UV�vis
spectroscopy described above. Remarkably, polymer 3 did not

exhibit a Cotton effect when the films were more than 2 weeks
old. Obviously, polymer 1 and 4were CD silent. The presence of
a clear Cotton effect in polymer 2 directly after cooling and
before crystallization sets in suggests the presence of ordered
stacks with a preferred handedness before the nanofibers are
formed. The absence of a clear Cotton effect in polymer 3 can be
due to the close proximity of the stereocenter (i.e., branching) to
the UPy group, which may prevent stacking in a preferred
handedness, thereby giving no Cotton effect.

’CONCLUSIONS

The aggregation behavior of UPy-urea poly(ethylene butylene)
telechelic polymers 1�4 is the result of UPy�UPy dimer formation
by quadruple hydrogen bonding, lateral interactions of urea
hydrogen bonds, and subsequent weak interactions between
stacks, as illustrated in Figure 1. The presence of a substituent
at the five-position hampers the interaction between stacks and
hence nanofiber formation. The size of the substituent at the six-
position determines the distance between the stacks and the rate
of crystallization of the polymers upon cooling from the melt
(Figure 9). The crystallization of the polymers is assigned to the
formation of highly ordered nanofibers with high aspect ratios.
In the nanofiber, the UPy substituent (green) is in between the
UPy (blue) urea (red) stacks.

Figure 8. CD spectroscopy images of films of polymer 2 at room temperature and in themelt (a) andwhen annealing at room temperature after melt (b).

Figure 9. Schematic representation of a nanofiber. Right: Schematic top view of the nanofiber.
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This hypothesis of structure formation in supramolecular
TPEs was only possible by using a series of different analytical
techniques. No single technique afforded the full picture, but
they all showed the same trends in the melting and crystallization
behavior. Therefore, the full picture emerged from combining
parts of the puzzle obtained by the individual techniques. The
exact number of stacks within a nanofiber could not be deter-
mined by any technique, but from the diameter of ∼6 nm,
as obtained with AFM, the maximum number of stacks can be
estimated to be ∼4. Whether the stacks, nanofibers, or both
exhibit a helical twist could only be demonstrated with CD
spectroscopy for polymer 2. Finally, this study clearly demon-
strates the subtle interplay between molecular structure and
self-assembly behavior. Therefore, great care has to be taken to
describe the difference of supramolecular structures formed from
molecules with small molecular differences.
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bS Supporting Information. Synthesis and characterization
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