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ABSTRACT: Many supramolecular motifs self-assemble into nano-
rods, forming the basis of the mechanical properties of supramolecular
polymers. When integrated as end-caps in a bifunctional telechelic
polymer, the motifs can phase segregate into the same or into another
nanorod. In the latter case, a functional cross-link is formed by the
bridging chain that strengthens the polymer network. This study
introduces a supramolecular polymeric system that consists of two
different nanorod forming supramolecular motifs. When end-capped
to monofunctional polymers, these supramolecular motifs self-
assemble in an orthogonal fashion in two separate types of
noncross-linked nanorods, resulting in a viscous liquid lacking
macroscopic properties. The addition of 15 mol % of an α,ω-
telechelic polymer containing both supramolecular motifs, each on one end, transforms this viscous sticky liquid to a solid
material with elastomeric properties due to network formation between the two types of nanorods.

To widen the scope of supramolecular materials, the
orthogonal self-assembly of different types of highly

specific, noninterfering interactions is currently attracting
considerable interest.1 Such materials can be tuned by various
external stimuli through addressing each type of interaction
separately. The combination of orthogonal binding motifs
allowed the formation of supramolecular block copolymers,2

dendrimers,3 nanostructured materials,4 self-assembled fibrillar
networks with encapsulated micelles5 and others.6 Combina-
tions of i.a. hydrogen bonds and metal−ligand complex-
ation,2a,c,f,3 metal−ligand complexation and ionic interactions,7

hydrogen bonds and ionic interactions,4a,8 and different
complementary hydrogen bonding motifs9 have been explored
for this purpose. Despite all of these fascinating examples, the
potential of orthogonal binding units to improve bulk material
properties has not been fully exploited to date.10

Herein, we report on the ability of benzene-1,3,5-
tricarboxamide (BTA) and 2-ureido-4[1H]-pyrimidinone
(UPy) functionalized materials to self-assemble in an
orthogonal fashion in the solid state by so-called self-sorting.
BTAs self-assemble into helical, columnar aggregates,11 while
the UPy motif dimerizes via strong, quadruple hydrogen
bonds.12 Telechelic polymers end-capped with two UPy units
or with two BTA motifs show thermoplastic elastomeric
properties.13,14 In cases of telechelic polymers end-capped with
the BTAs, the bulk material properties arise from the presence
of phase-segregated nanorods consisting of helical, columnar
BTA aggregates. In the UPy end-capped telechelic polymers,
where a urethane group connects the UPy to the polymer,

UPys form dimers aggregating via lateral hydrogen bonds of the
urethane into stacks. These stacks then bundle via weak
hydrogen bonds into nanofibrils.13 Supramolecular motifs
attached to bifunctional telechelics with the ability to phase
segregate into a nanorod can do this in the same (homo) or
another (hetero) nanorod or nanofiber. In the latter case, a
hetero (functional) cross-link is formed leading to network
formation, while the first gives rise to nonfunctional loops.
These heterofunctional cross-links contribute significantly to
the network strength and thus to the elastomeric properties.
However, the ratio of homo over hetero connections as well as
the number of cross-links that is required has not been
rigorously determined for thermoplastic elastomers studied so
far.15 Hence, the threshold concentration of bifunctional cross-
linker required to produce an infinite network of reasonable
mechanical properties is currently not established, although the
value could in theory be quite small for systems with extended
nanorod length scales.
We now present a supramolecular polymeric system that

consists of a mixture of low molecular weight monofunction-
alized polymers with either a BTA or a UPy motif. To this
mixture we add a hetero bifunctional α-BTA ω-UPy polymer as
a supramolecular compatibilizer to induce cross-linking of the
phase segregated nanorods by orthogonal self-assembly (Figure
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1). The results show that the self-assembly of both supra-
molecular motifs coexists and is orthogonal. The reversible
cross-linking of UPy nanofibrils and BTA nanorods with the
supramolecular compatibilizer results in a large enhancement of
the bulk material properties.
Polymer 1, containing both the BTA and UPy motif, and

reference compounds 2 and 3, containing only one supra-
molecular motif (Scheme 1), were synthesized via straightfor-

ward procedures (ESI for details). We selected poly(ethylene-
co-butylene) (pEB) to separate the two supramolecular motifs.
Amorphous pEB is apolar and does not interfere with hydrogen
bonding interactions. Moreover, the anionic polymerization of
1,3-butadiene employing a silyl-protected hydroxyl-propyl-
lithium derivative as the initiator and terminating the
polymerization with an excess of ethylene oxide allows access
to heterotelechelic pEB required for the synthesis of polymer
1.16 While polymer 1 appeared as an elastic material, polymers
2 and 3 were obtained as viscous, sticky oils. Polymers 1−3
show narrow polydispersities and molecular weights between
4.0 and 6.2 kg/mol (by 1H NMR; Table 1).

In previous work, we successfully applied temperature-
dependent circular dichroism (CD) and ultraviolet (UV)
spectroscopy to study BTA self-assembly. The 3-fold, helical
arrangement of the intermolecular hydrogen bonds between
consecutive BTAs in combination with a preferred helical sense
upon introducing a stereogenic methyl group in the alkyl side
chain are characterized by a λmax of 192 nm in UV spectroscopy
and a Cotton effect at 223 nm with |Δε| = 43 L/mol cm.11 The
dimerization of the UPy group is reliably probed by UV
spectroscopy because the 4[1H] pyrimidinone tautomer
(dimerized UPy) has a λmax of 260 nm, while the 6[1H]
pyrimidinone tautomer (monomeric UPy) has a λmax of 285
nm.17 CD measurements on BTA-pEB 2 (c = 5 × 10−4 M) in
the presence and absence of UPy-pEB 3 (c = 5 × 10−4 M) in
methylcyclohexane (MCH, being a model of the pEB) shows
that the Cotton effect of 2 mixed with 3 was equal in size as for
pure compound 2 (Figure 2A), indicating that the UPy group is

not capable of interfering with BTA aggregation in dilute
solution. Also, BTA-pEB-UPy 1 (Scheme 1) shows a Cotton
effect similar in shape as found for 2 (c = 5 × 10 −4 M in MCH;
Figure 2B). Proof for the dimerization of the UPy at these
conditions is found by analyzing the UV spectra: the shoulder
around 275 nm at 80 °C indicates the loss of quadruple
hydrogen bonding between the UPy groups. This suggests that
the UPys are dimerized at 20 °C. Although the molar ellipticity

Figure 1. Addition of a supramolecular compatibilizer generates
network formation and improves material properties in a supra-
molecular polymer blend.

Scheme 1

Table 1. Summary of NMR, GPC, and DSC Data of Compounds 1−3a

compound
ratio BTA/

UPy
yield
(%)

Mn
b

(kg/mol)
Mn

c

(kg/mol)
Mw

c

(kg/mol)
PDIc

(−)
Tg
d

(°C)
Tm1

d

(°C)
ΔH1

d

(J/g)
Tm2

d

(°C)
ΔH2

d

(J/g)

1 50/50 60 6.2 12.7 13.0 1.03 −60 140 0.7
2 100/0 95 4.0 7.6 7.8 1.03 −67 192 4.09
3 0/100 95 3.9 7.9 8.1 1.03 −60 39 2.93
2/3 50/50 n.a. n.a. n.a. n.a. n.a. −60 38 0.18 153 1.02
1/2/3 50/50 n.a. n.a. n.a. n.a. n.a. −62 37 0.29 147 1.01

an.a. = not applicable. bDetermined by 1H NMR. cDetermined by GPC. dDetermined from the second heating run of DSC at a rate of 40 K min−1

Figure 2. (A) CD spectra of 2 in MCH in the absence (gray line, c = 5
× 10−4 M) and presence of 3 (black line, c = 5 × 10−4 mol L−1) at 20
°C. (B) CD spectra of 1 (open circles) and 2 (closed circles) at 20 °C,
c = 5 × 10−4 M in MCH. (C) Solid state CD spectra of films of 1
(thickness = 340 nm, open circles) and 2 (thickness = 260 nm, closed
circles) on quartz plates. (D) Physical appearance of 1/2/3 in 15/
42.5/42.5 molar ratio.
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of 1 is lower than that of 2 due to a reduction of the association
constant K upon increasing the molecular weight of the side
chain (see Figure S1 for an additional explanation), these
results show that the self-sorting is operative for 1.
In order to study the supramolecular materials in their neat

state, we prepared films of 1 and 2 with thicknesses of 340 and
260 nm, respectively, by spin-coating a CHCl3 solution on
quartz plates. The CD effect of the films was independent of
the orientation of the quartz slide with respect to the beam and
no linear dichroism effects were present. The Cotton effects
were of nearly identical size (CD-effect = −10 mdeg, Figure
2C). Temperature-dependent CD spectra of these films (25−
200 °C at a rate of 5 K min−1 probed at λmax = 223 nm) show a
decrease of the CD effect upon heating; the CD effects of 1 and
2 disappear above 160 and 200 °C, respectively (Figure S2).
This transition reflects the loss of the hydrogen bonded helical
arrangement stabilizing the BTA nanorods in the polymer
matrix.14a

While CD measurements provide detailed information on
the aggregation behavior and ability of nanorod formation of
BTAs in the presence or absence of UPys, details of the self-
assembly processes involving the UPy group cannot be inferred
from these measurements. Previous research showed that pEB
end-capped with two UPy-urethane units (bisUPy-urethane-
pEB) resulted in a material with a melting point of 62 °C and a
corresponding ΔH of 1.98 J/g (Figure S3).13a As a result, we
investigated the thermal behavior of compounds 1−3 in the
solid state by combining differential scanning calorimetry
(DSC) with polarized optical spectroscopy (POM) and
variable-temperature infrared spectroscopy (VT-IR) to assign
the origin of the thermal transitions. The data are summarized
in Table 1.
The DSC trace of BTA-pEB 2 shows a Tg at −60 °C and an

additional, small transition around 192 °C (ΔH2 = 4.09 J/g).
Between room temperature and around 190 °C a mobile,
birefringent texture, typical for a nematic phase, is present. The
transition at 192 °C coincides with the loss of the CD effect
and is connected to the loss of intermolecular hydrogen
bonding between BTAs, as revealed by VT-IR. The DSC trace
of UPy-pEB 3 shows a Tg at around −67 °C and a small
transition around 39 °C (ΔH1 = 2.93 J/g) originating from the
melting of the UPy nanofibrils. Between room temperature and
around 45 °C, a birefringent texture was observed. BTA-pEB-
UPy 1 shows a Tg at −60 °C, resulting from the pEB part and a
small transition around 140 °C (ΔH2 = 0.7 J/g). VT-IR showed
that the transition at 140 °C corresponds to the loss of
intermolecular hydrogen bonding between BTAs (Figure S4).
Interestingly, polymer 1 does not show a thermal transition

in DSC related to the melting of UPy nanofibrils. However,
VT-IR shows a shift at ν = 1700 cm−1 to 1695 cm−1 around 50
°C, which can be assigned to the isocytosine part of the UPy
and is presumably connected to the loss of lateral UPy-urethane
hydrogen bonding. The mobile, birefringent texture observed
from 50 °C up to around 135 °C was typical for a nematic
phase and the sample became isotropic at 135 °C. The
combined results of solid state CD, IR and DSC of polymers
1−3 indicate that BTAs form nanorods consisting of helical
columnar BTA aggregates in the presence and absence of UPys.
The aggregation of UPy stacks into nanofibrils as seen for 3
seems to be less efficient in BTA-pEB-UPy 1. The latter is most
likely caused by the use of the isopropyl substituent on the 6-
position of the isocytosine in polymer 1.13b

The potential of supramolecular network formation by
orthogonal binding motifs to improve bulk material properties
was evaluated by mixing UPy-pEB-BTA 1 with a mixture pEB-
BTA 2 and UPy-pEB 3 in a 15/42.5/42.5 molar ratio. DSC
measurements revealed two phase transitions for the ternary
blend of 1/2/3 at 38 °C (ΔH1 = 0.286 J/g) and at 147 °C
(ΔH2 = 1.012 J/g) while those of the binary blend of 2/3 (50/
50 mol %) were found at 38 °C (ΔH1 = 0.18 J/g) and at 152
°C (ΔH2 = 1.016 J/g; Table 1). The similar thermal behavior of
2 and 3 in the presence or absence of 1 show that
compatibilizer 1 does not negatively affect the formation of
BTA nanorods and UPy nanofibrils at a molecular scale. On the
macroscopic scale, on the other hand, the addition of the
compatibilizer 1 results in a dramatic change in the macro-
scopic properties of the blend. Visual inspection of the ternary
blend reveals its elastomeric properties, which contrast strongly
to the sticky, oily appearance of the binary blend of 2/3 (Figure
2D).
Evidence for a phase segregated structure of BTA-pEB-UPy 1

was obtained using atomic force microscopy (AFM; tapping
mode in air at room temperature). Images clearly show a
fibrillar structure (Figure 3A) reminiscent to that previously

observed for bisBTA-pEB and bisUPy-urethane-pEB.14b,13b The
diameter of the fibrillar structures found for 1 was estimated
around 7 nm and their length was about 100 nm.
Unfortunately, the stickiness of polymers 2 and 3 hampered
additional structural analysis of both the 2/3 binary blend and
the 1/2/3 ternary blend, despite the dramatically improved
macroscopic properties of the latter (Figure 2D).
To quantify the improved elasticity exhibited by the 1/2/3

blend, rheological measurements comparing the mechanical
response of the 2/3 binary blend and the 1/2/3 ternary blend
under oscillatory shear were performed. To confirm our
hypothesis that the added mechanical advantage provided by
the addition of 1 is predicated on its ability to provide
orthogonal connectivity between the BTA nanorods and UPy
nanofibrils as portrayed in Figure 1, we focused our attention
on the temperature dependence of the rheological responses.
Figure 3B shows the temperature ramp response quantifying
both the elastic (G′) and viscous (G″) moduli of the 2/3 and 1/
2/3 blends as a function of temperature. Notably, the ternary
blend of 1/2/3 has an order of magnitude higher moduli when
compared to the 2/3 blend at room temperature, consistent
with the improved mechanical properties observed qualitatively
in the compatibilized bulk material. This dramatic change in
tactile response at room temperature is also captured through

Figure 3. (A) AFM of 1 (scale bar = 100 nm). (B) Temperature
dependence of the storage (G′) and loss (G″) moduli in blends of 2/3
and 1/2/3 (heating at 1 K min−1, frequency = 1 rad s−1, and strain =
1%).
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the relative magnitudes of the elastic and viscous moduli, with
the 1/2/3 blend exhibiting an elastic response four times the
magnitude of the viscous response. In contrast, the 2/3 blend
exhibits a significantly smaller ratio of elastic to viscous
contributions to the overall modulus, in addition to its reduced
magnitude, when compared with the 1/2/3 blend.
Heating both of the blend samples produces a visible

transition in rheological response in the vicinity of 40 °C,
although this transition is more pronounced in the 1/2/3 blend
in which the transition is characterized by a significant loss in
elasticity. Notably this transition is consistent with that
observed in DSC at 38 °C, in which the loss of lateral
hydrogen bonds between the UPy-urethane groups triggers the
consequential melting of the UPy nanofibrils. Interestingly,
while the melting of the UPy nanofibrils definitely reduces the
elastic component of the 1/2/3 blend, the overall modulus
remains significantly higher than that measured for the
compatibilizer free 2/3 blend at a similar temperature. The
origin of the increased modulus (even after nanofibril melting)
is presumably related to the presence of dimerized UPys and
suggests that the heterofunctional compatibilizer still contrib-
utes to the overall mechanical response. Dimerization of UPys
leads to species that possess two BTA end-groups that still have
the ability to cross-link BTA nanorods. Continued heating
reduces the modulus further, with an eventual crossover of the
moduli in both blends such that the viscous character and both
materials become more and more liquid-like at moderately high
temperatures.
The frequency dependence of the rheological response on

either side of the UPy nanofibrils melting transition also
quantifies the elastic nature of the compatibilized 1/2/3 blend.
At room temperature (Figure S5, 25 °C), the 1/2/3 blend
exhibits a near plateau elastic modulus, with the classically “U”
shaped viscous response spanning the 10−1 to 102 Hz frequency
range.18 Notably, this behavior is absent above the UPy melting
transition (Figure S5, 60 °C) where the system is no longer
actively cross-linked. The response of the 2/3 blend at both
temperatures is also included for comparison. Given the
apparent thermoreversible nature of UPy nanofibril melting
and formation, these low molecular weight supramolecular
polymer blends would be highly amenable to classic melt
processing techniques.
In conclusion, we have introduced a supramolecular polymer

blend that consists of two different supramolecular motifs that
form separate phase segregated nanorods in an orthogonal
fashion. The addition of only a small amount (15 mol %) of a
supramolecular compatibilizer (α, ω-functionalized telechelic
containing both supramolecular motifs) leads to a polymer
exhibiting elastomeric properties. We have shown that a
significant enhancement of material properties is obtained by
cross-linking a relatively small part of the nanorods in a
supramolecular fashion. Our future work is focused on
quantitative measurements of the material properties of these
supramolecular polymer blends.
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