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ABSTRACT: Supramolecular block copolymers composed of discrete
blocks have promising properties for nanotechnology resulting from
their ability to combine well-defined morphologies with good bulk
material properties. Here, we present the impact of a well-defined
siloxane block in either the main-chain or present as pendant grafts on
the properties of supramolecular block copolymers that form ordered
nanostructures with sub-5 nm domains. For this, two types of
supramolecular block copolymers were synthesized based on the
ureidopyrimidinone−urethane (UPy-UT) motif. In the first,
oligodimethylsiloxanes (oDMS) of discrete length were end-capped with the UPy-UT motif, affording main-chain UPy-UT-Sin.
In the second, the UPy-UT motif was grafted with discrete oDMS affording grafted UPy-UT-g-Si7. For the two systems, the
compositions are similar; only the molecular architecture differs. In both cases, crystallization of the UPy-UT block is in synergy with
phase segregation of the oDMS, resulting in the formation of lamellar morphologies. The grafted UPy-UT-g-Si7 can form long-range
ordered lamellae, resulting in the formation of micrometer-sized 2D sheets of supramolecular polymers which show brittle
properties. In contrast, UPy-UT-Sin forms a ductile material. As the compositions of both BCOs are similar, the differences in
morphology and mechanical properties are a direct consequence of the molecular architecture. These results showcase how
molecular design of the building block capable of forming block copolymers translates into controlled nanostructures and material
properties as a result of the supramolecular nature of the interactions.

■ INTRODUCTION

Approaching the fundamental limits in classical lithography
techniques has sparked a search for alternative innovations in
semiconductor and optoelectronics technology. Examples of
exciting developments also include 2D nanomaterials1−3 that
are supramolecularly assembled for adaptive materials, flexible
displays and devices, or electronic skins.4,5 A characteristic of
all these technologies is that they require materials with highly
organized nanostructures, while at the same time these
materials need to show good mechanical properties. The
combination of these properties in one material, however, is
rarely obtained.6 Therefore, to catalyze the development of
these technologies, tough materials that combine mechanical
properties with precise nanoscale organization are required.
One of the most widely explored methods to control

nanoscale architectures is the assembly of block copolymers
(BCPs) into various microphase-segregated morphologies.7−11

The domain (i.e., feature) sizes and phase boundaries are
determined by the polymer length (N), composition,
molecular weight distribution (Đ), and the Flory−Huggins
interaction parameter (χ).12 The recent interest in morphol-
ogies with sub-10 nm features has resulted in extensive
research to minimize N and maximize the immiscibility (χ).13

One strategy includes shifting the phase boundaries by varying

the molecular architecture of BCPs.14−16 For this, the influence
of branching BCPs on the morphology has been explored by,
for example, grafted,17 H-shaped,18,19 Y-shaped,20,21 and star
polymers.22−24 Nevertheless, the resolution of the nanoscale
morphologies has remained suboptimal due to the dispersity of
the BCPs, resulting in a poorly defined interface between the
two blocks.
To overcome the challenges in obtaining sharp, defined

interface boundaries, another strategy toward perfectly organ-
ized sub-10 nm structures was recently exploited, focusing on
the absence of dispersity in BCPs. For this, linear block co-
oligomers (BCOs), with one block consisting of oligodime-
thylsiloxane (oDMS) of discrete length (Đ = 1), were
developed.25−27 The discrete design, high immiscibility of
the oDMS block with many other oligomeric blocks, and low N
contributed to improve the resolution at the domain interface
while accessing sub-10 nm feature sizes. The additional
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introduction of a crystalline block enhanced the long-range
order further due to sharpening of the interface between the
blocks.28−30 Crystallization drives the assembly and resulted in
a preferential formation of lamellar nanostructures.31,32 More-
over, because of the liquid-crystalline properties of these
semicrystalline materials, feature sizes down to 2.2 nm were
accessed.33 Hence, these amorphous−crystalline, discrete
BCOs are great candidates for 2D materials because of their
defined nanostructure. However, as a result of their short BCO
chain length, these materials are typically brittle and lack the
mechanical properties required for many integrated applica-
tions.
One way to introduce toughness in the materials composed

of defined, short building blocks are supramolecular
interactions, extending the short blocks to form long, main-
chain supramolecular BCPs.34 Such telechelic building blocks
are known to induce thermoplastic or elastic properties
resulting from entanglements and physical cross-links of the
supramolecular BCPs.35−39 Ureidopyrimidinone (UPy) is a

promising supramolecular motif to form tough materials due to
the strong, quadruple hydrogen bonding.40 In the past, we
prepared semicrystalline UPy-based supramolecular polymers
by the incorporation of urethane functionalities adjacent to the
UPy, which gives rise to lateral stacking of the hydrogen
bonding moieties.41−43 However, for these materials, the
linkers between the supramolecular moieties possessed a molar
mass dispersity, which resulted in the loss of nanoscale
organization.
Despite these promising results, design principles to form

semicrystalline materials with highly ordered nanostructures
and good mechanical properties are still lacking. We envision
that, ultimately, a combination of supramolecular motifs and
discrete oDMS blocks will allow the marriage of bulk and
nanoscale properties. We thus set out to explore the assembly
processes of amorphous−crystalline supramolecular BCPs and
gain insight into the structure−property relationship of the
molecular designed materials.

Scheme 1. Molecular Structures of UPy-Sin and Bz-UPy-Sin,
26 Bz-UPy-UT-Sin, UPy-UT-Sin, Bz-UPy-UT-g-Si7, and UPy-UT-g-

Si7
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Here, we report on the consequences of molecular
architecture on the bulk properties of supramolecular
assemblies of discrete, amorphous−crystalline block co-
oligomers. Thereby the influence of crystallization and
architecture on nanoscale organization and bulk properties is
studied, as is widely done for classical BCPs.44−47 To this end,
we synthesized and assembled a set of UPy−urethane (UPy-
UT) functionalized discrete siloxane oligomers to obtain
semicrystalline supramolecular BCPs with two different

molecular architectures (Scheme 1). Hence, a UPy-UT-

oDMS alternating main-chain supramolecular BCP and a

UPy-UT main-chain supramolecular polymer grafted with

oDMS are formed. With this, we expand our understanding of

the effect of architecture and block dispersity of supra-

molecular, semicrystalline BCPs and their influence on the

nanostructure and material properties.

Table 1. Thermal and Morphological Characterization of Grafted and Linear (Bz)-UPy-UT-Sin Block Co-oligomers Obtained
by DSC and X-ray Scattering Analysis

entry BCOa Mn
b [Da] f Si

c Tm
d [°C] ΔHfus

d [kJ mol−1] TODT
d [°C] TDOT

e [°C] Tc
e [°C] dLAM

f [nm]

1 UPy-UT-Si8 1310 0.57 70.9 8.6 154.6 126.4 2.9 4.3
2 UPy-UT-Si16 1903 0.73 60.5 15.1 164.6 144.1 21.2 5.0
3 UPy-UT-Si24 2497 0.80 52.2 15.5 142.3 123.5 11.0 5.9
4 Bz-UPy-UT-Si8 1490 0.51 58.7g 45.3 n.o. n.o. n.o. 3.5
5 Bz-UPy-UT-Si16 2084 0.67 59.4g (27.9)h 61.7 (19.9)h n.o. n.o. n.o. 4.8
6 Bz-UPy-UT-Si24 2677 0.76 39.6g 28.5 n.o. n.o. n.o. 6.0
7 UPy-UT-g-Si7 1823 0.73 103.2 23.4 n.o. n.o. 21.1 3.7
8 Bz-UPy-UT-g-Si7 2003 0.68 n.o. n.o. 94.7 n.d. n.o. 3.5

aBlock co-oligomers (BCO) as depicted in Scheme 1. bCalculated value of Mn.
cVolume fraction of the siloxane block, calculated using bulk

densities for PDMS (0.95 g mL−1)25 and UPy (1.33 g mL−1).48 dMelt transition temperature (Tm) with corresponding enthalpy of fusion per mole
BCO (ΔHfus) and order−disorder transition temperature (TODT) determined with DSC using a heating rate of 10 and 5 K min−1 for the protected
and deprotected BCOs, respectively. eDisorder−order transition temperature (TDOT) and crystallization transition temperature (Tc) determined
with DSC using a cooling rate of 5 K min−1. fLamellar domain spacing of the crystalline phase examined with MAXS at room temperature and
calculated from d = 2π/q*. gTransition only observed in the first heating run during the DSC measurement. hMelting temperature and enthalpy of
fusion between brackets measured during the second heating cycle of the DSC measurement; n.o. = not observed; n.d. = not determined.

Figure 1. (A) DSC trace of UPy-UT-Si16 (second heating and cooling run). Endothermic heat flows have a positive value. A temperature ramp of 5
K min−1 was used. (B) FT-IR spectra of UPy-UT-Si16 at elevated temperatures, measured upon heating. (C) 1D transmission scattering profiles of
Bz-UPy-UT-Sin and (D) of UPy-UT-Sin both at room temperature. The MAXS and WAXS samples were heated to the isotropic state, cooled to
room temperature (5 K min−1), and measured a month after equilibration at room temperature.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c02237
Macromolecules 2020, 53, 10289−10298

10291

https://pubs.acs.org/doi/10.1021/acs.macromol.0c02237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02237?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02237?ref=pdf


■ RESULTS AND DISCUSSION

Ureidopyrimidinone−Urethane−Oligodimethylsilox-
ane Block Co-oligomer Synthesis. We synthesized two
architectures of ureidopyrimidinone−urethane (UPy-UT)
BCOs with discrete, oligodimethylsiloxane (oDMS) as the
soft, amorphous block and UPy-UT representing the hard,
supramolecular assembling block. Inspired by our previous
work on UPy end-functionalized siloxanes (Scheme 1), the
linear architecture was synthesized from oDMS dihydrides with
a length of 8, 16, or 24 repeating units (denoted as Si8, Si16, or
Si24, respectively).33 The UPy-UT block was obtained by
monosubstitution of 1,6-hexyldiisocyanate with methylisocy-
tosine followed by reaction with an olefin-terminated alcohol
(Scheme S1). Benzyl protection of the carbonyl-UPy was
performed to selectively react the olefin-terminated UPy-UT to
the oDMS dihydrides through platinum-catalyzed hydro-
silylation. This resulted in three end-functionalized oligomers
in 30−70% yields denoted as Bz-UPy-UT-Sin, with n the
number of siloxane repeating units (Scheme 1). The benzyl-
protected UPy-UT BCOs were obtained as white, crystalline
powders. Subsequent removal of the benzyl group by catalytic
hydrogenation afforded UPy-UT-Sin BCOs (27−52% yield) as
transparent plastics. The UPy-UT grafted with oDMS was
synthesized from ethyl acetoacetate to obtain butenylisocyto-
sine (Scheme S2). Similar to the linear architecture, the 1,6-
hexyldiisocyanate was monosubstituted with the isocytosine,
followed by a reaction of the UPy-isocyanate with a diol to
obtain the UPy-UT block. After benzyl protection, the olefin-
terminated 6-position of the UPy was reacted with oDMS7-
monohydride completing the benzyl-protected grafted archi-
tecture in 48% yield, denoted as Bz-UPy-UT-g-Si7 (Scheme
1). In contrast to the linear benzyl-protected analogues that
were obtained as crystalline solids, Bz-UPy-UT-g-Si7 was
obtained as a viscous liquid. Removal of the benzyl group
resulted in UPy-UT-g-Si7 (52% yield), a brittle solid.
The volume fraction of siloxane per end-functionalized

oligomer is similar for the grafted UPy-UT-g-Si7 and the linear
UPy-UT-Si16 (Table 1). This allows us to compare between
the linear and grafted architectures and their effect on the BCO
thermal, morphological, and mechanical properties. First, the
linear BCOs are discussed, and we focus on the effect of the
oDMS volume fraction on the BCO properties. We also
compare the properties and morphologies of the linear UPy-
UT-Sin and Bz-UPy-UT-Sin BCOs to the previously reported
UPy-Sin and Bz-UPy-Sin as the design and siloxane volume
fractions are very similar.33 In the second part, we focus on the
characterization of UPy-UT-g-Si7 and compare the properties
to those of UPy-UT-Si16.
Crystallization-Driven Assembly of Linear UPy-UT-Sin

and Bz-UPy-UT-Sin into Lamellar Nanostructures. We
assume that complementary to UPy dimerization, urethane
hydrogen bonding introduces crystallinity in the BCOs by
lateral stacking of the UPy dimers, as known from previous
studies.42 Therefore, the thermal transitions of UPy-UT-Sin
and Bz-UPy-UT-Sin were examined by using DSC. The
thermograms of the linear UPy-UT-Sin BCOs show a major
endothermic transition and a second, much weaker endotherm
upon heating (Figure 1A and Figure S9). This first transition
represents melting of the crystalline domains with an enthalpic
energy of 8.6−15.5 kJ mol−1 (Table 1, entries 1−3). The
melting temperatures (Tm) range from 70.9 to 52.2 °C going
from a siloxane linker of 8 to 24 repeating units, respectively.

Fourier transform infrared (FT-IR) spectroscopy above Tm
indicates the hydrogen-bond dissociation of the urethanes by
the appearance of the peak at 1726 cm−1 indicative of free C
O (Figure 1B and Figure S10). Hence, melting of the material
is a result of the dissociation of the urethane bonds. We assign
the weaker endothermic transition at higher temperatures (150
°C) to an order−disorder transition (TODT) from an
amorphous, phase-segregated state to the isotropic state (vide
inf ra). Upon cooling, organization into the amorphous, phase-
segregated state occurs first (TDOT), followed by crystallization
(Tc) at 2.9−21.2 °C.
The first DSC heating run of the linear, benzyl-protected

oligomers Bz-UPy-UT-Sin showed melting temperatures at
lower temperatures in all cases (Figure S11A) compared to the
deprotected analogues (Table 1, entries 1−6). However, the
enthalpic energy released upon melting was significantly higher
for the protected BCOs (28.5−61.7 kJ mol−1). We attribute
these differences in enthalpic energy to the efficiency in the
molecular packing in the presence of the benzyl group, which
will be discussed below. The melt transitions are absent in the
second heating run, but a clear glass transition temperature
(Tg) at −21 to −35 °C is observed instead (Figure S11A). As
the only exception, Bz-UPy-UT-Si16 exhibits a cold crystal-
lization transition during the second heating cycle, followed by
a melting transition (Figure S11A). No order−disorder
transitions were observed for the protected Bz-UPy-UT-Sin.
Medium- and wide-angle X-ray scattering (MAXS and

WAXS) at room temperature were conducted to investigate
the presence of ordered structures below Tm. The 1D
transmission scattering data of the linear UPy-UT-Sin and
Bz-UPy-UT-Sin are shown in Figure 1C,D. A lamellar
structure was determined by the presence of a primary
scattering peak (q*) followed by its integer multiples (2q*,
3q*, ...) for all linear BCOs. The related domain sizes were
calculated and tabulated as dLAM in Table 1. The formation of a
lamellar structure irrespective of the siloxane volume fraction
indicates that crystallization is the driving force for
nanostructure organization. This was confirmed by the
appearance of scattering peaks in the wide-angle region (q >
7 nm−1), suggesting crystallization of the UPy-UT moieties.
For UPy-UT-Sin, the crystallization is governed by the lateral
stacking of the UPy dimers supported by the urethane
hydrogen bonding as discussed above. No crystallization was
observed for the previously reported UPy-Sin,

33 and therefore
we conclude that the urethane bonds positioned next to a UPy
moiety are key to obtain a crystallization-driven assembly. A
schematic representation of the crystalline, lamellar nanostruc-
ture inferred from the X-ray diffraction results is given in
Figure 2A,B. The scattering peaks of UPy-UT-Sin are relatively
broad (Figure 1D), which becomes more pronounced when
the volume fraction of siloxane becomes larger (e.g., for UPy-
UT-Si24). Most likely, this is due to the competition between
phase segregation and crystallization, resulting in a more
distorted structure. Nevertheless, the discrete design of the
linker is crucial to obtain the ordered lamellae as a disperse
reference UPy-UT-Si∼20 BCO shows significant broadening of
the scattering peaks, indicative of broader interfaces between
the lamellae (Figure S12). The discrete, benzyl-protected
BCOs (Bz-UPy-UT-Sin) exhibit sharp scattering peaks in the
1D transmission scattering profiles (Figure 1C). Hence, the
lamellae are more ordered, and crystallization of the benzyl-
protected BCOs is more favorable than for the UPy-UT-Sin
due to a more efficient packing of the benzyl-protected UPy-
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UT. This in accordance with the higher enthalpic energy
corresponding to the melting of Bz-UPy-UT-Sin compared to
the deprotected analogues (vide supra). Most likely, the
crystalline packing of Bz-UPy-UT-Sin is similar to that of the
previously reported Bz-UPy-Sin in which the crystallization is
driven by slipped stacking of phenyl and pyrimidine rings as
well as CH···π interactions.33 The only difference in molecular
design is the urethane bond including a C6 linker of which the
combination has a length of ∼0.65 nm. When comparing the
domain spacings of Bz-UPy-UT-Sin with those of Bz-UPy-Sin,
we observe a dLAM that is consistently 1.2−1.3 nm higher for
the Bz-UPy-UT-Sin BCOs for all siloxane lengths. For
example, the domain spacing of Bz-UPy-Si8 is 2.2 nm,33 and
Bz-UPy-UT-Si8 shows a domain spacing of 3.5 nm (Table 1,
entry 4). The difference of 1.3 nm arises from the length of the
urethane with C6 linker that is incorporated twice for Bz-UPy-
UT-Sin. From these results, we conclude that Bz-UPy-UT-Sin
and Bz-UPy-Sin show a similar packing.
Variable temperature X-ray scattering experiments were

conducted to understand the morphological changes revealed
by the DSC measurements upon heating and cooling. A

selection of 1D MAXS profiles of UPy-UT-Si16, representative
of the morphology changes in the linear analogues, are shown
in Figure 3. Upon heating, the profile of UPy-UT-Si16 changes
from a broad scattering peak at room temperature to sharp
reflection peaks at 60 °C (q2*) (Figure 3A), indicating a
change in the morphology. At this temperature, the crystalline
structure melts as a result of urethane dissociation, in
accordance with the DSC data and IR spectra. Hence, an
amorphous phase-segregated structure is formed above Tm.
The sharp scattering reflection peaks at q2*, 2q2*, 3q2*, and
4q2* reveal the presence of a lamellar, phase-segregated
morphology. The urethane and linker are amorphous above
Tm (Figure 3C), and therefore a slightly smaller domain
spacing (d2) of 4.9 nm is obtained compared to the domain
spacing of the crystalline, lamellar structure (5.0 nm). A low
intensity, third principal scattering peak (q3*) also appears at
60 °C in the scattering profile (Figure 3A). This structure, with
a large domain spacing (d3) of 9.2 nm, most likely originates
from defects in the packing. Herein, some UPy-UT moieties
could be mixed in the siloxane fraction. Upon cooling, the
three different structures are retained due to the low
crystallization temperature (21.2 °C) (Figure 3B). Most likely,
the broad peak observed at 20 °C before heating is a
combination of all three morphologies. Over the course of a
month, the morphology slowly evolves back to the initial
profile with broad peaks as crystallization takes place. Similar
variable temperature scattering profiles were observed for the
UPy-UT-Si8 and UPy-UT-Si24 (Figure S13). The latter forms
a hexagonally packed cylindrical, phase-segregated state above
Tm due to the larger fraction of siloxane. Hence, when the
crystalline domains melt, the morphology follows the BCP
phase segregation theory for the linear analogues.

Crystallization-Driven Assembly of Grafted UPy-UT-
g-Sin and Bz-UPy-UT-g-Sin into Highly Ordered Lamellar
Nanostructures. To evaluate the effect of the molecular
architecture of supramolecular, semicrystalline BCPs, the
thermal properties and morphology of the grafted UPy-UT-
g-Si7 and Bz-UPy-UT-g-Si7 BCOs were examined. We

Figure 2. Schematic representation of the (A) side and (B) top view
of the UPy-UT-Si16 bulk, crystalline, lamellar morphology at room
temperature.

Figure 3. 1D transmission scattering profiles for UPy-UT-Si16 at various temperatures upon (A) heating and (B) cooling. (C) Schematic
representation (top view) of the amorphous lamellar phase (q2).
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measured DSC of UPy-UT-g-Si7, and the thermogram shows a
cold crystallization transition temperature (Tcc) at 47 °C upon
heating (Figure 4A). This is followed by a melt transition
temperature (Tm) at 103.2 °C. At this temperature, the
absorption peak at 1726 cm−1 appears in the variable
temperature FT-IR spectra, indicating urethane bond dissoci-
ation (Figure 4B). Heating to higher temperatures results in a
very broad and weak endothermic transition, of which the
origin remains unknown. In contrast to the linear analogues,
no amorphous, ordered structured is formed above Tm, and
therefore we can exclude an order−disorder transition (vide
inf ra). The energy corresponding to melting of the crystalline
structure is 23.4 kJ mol−1, which is 3 times larger than for the
linear analogues. In contrast, the energy corresponding to the
isotropization transition of the grafted, benzyl-protected Bz-
UPy-UT-g-Si7 is low (ΔHfus < 5 kJ mol−1) compared to UPy-
UT-g-Si7 and Bz-UPy-UT-Sin (Table 1, entries 4−8).
The 1D transmission scattering data obtained by MAXS and

WAXS experiments of UPy-UT-g-Si7 show the presence of a
lamellar structure at room temperature indicated by the
presence of q* followed by 2q* and 3q* (Figure 4C). Similar
to the linear analogues, the lamellar morphology is formed by
crystallization-driven assembly of the UPy-UT confirmed by
the reflection peaks in the high q region (>10 nm−1). In
contrast, no change in morphology of UPy-UT-g-Si7 was
observed upon heating or cooling (Figure S14). Only
isotropization of the crystalline, lamellar structure was
observed at 120 °C, and the lamellar structure re-formed at
50 °C. The domain spacing (dLAM) is 3.7 nm, which is
approximately the length of the oligomer. An additional
scattering peak at 4 nm−1 appeared which is characteristic for
secondary UPy interactions resulting in aggregation of the UPy

stacks, reported by Appel and co-workers.50 Hence, this peak
represents the interstack interactions with a distance of 1.5 nm.
We hypothesized that the UPy moieties can form this
interaction as the siloxane fraction is small enough to only
fill the small pockets between the layers, indicated in the
schematic illustration of the UPy-UT-g-Si7 packing in Figure 5.

We strengthened the packing hypothesis with a reference
molecule having a siloxane graft that is twice as long (UPy-UT-
g-Si15). The UPy-UT-g-Si15 transmission scattering profile
lacks the additional scattering peak representing the interstack
interactions (Figure S15). Therefore, we propose that the
layers are pushed away from each other by the larger fraction

Figure 4. (A) DSC trace of UPy-UT-g-Si7 (second heating and cooling run). Endothermic heat flows have a positive value. A temperature ramp of
5 K min−1 was used. (B) FT-IR spectra of UPy-UT-g-Si7 at elevated temperatures, measured upon heating. 1D transmission scattering profiles of
(C) UPy-UT-g-Si7 and (D) Bz-UPy-UT-g-Si7 at room temperature. Secondary UPy interaction is indicated with ⧫. The MAXS and WAXS
samples were heated to the isotropic state, cooled to room temperature (5 K min−1), and measured a month after equilibration at room
temperature.

Figure 5. Schematic representation of the (A) side and (B) top view
of the UPy-UT-g-Si7 bulk lamellar morphology. The interstack
interactions between the UPy dimers are indicated with the dashed
lines, and the interstack distance is indicated with ⧫.
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of siloxane that has to fit in between the UPy-UT layers. In this
way, the secondary interactions between the UPy moieties are
not able to form.
The packing of the benzyl-protected analogue (Bz-UPy-UT-

g-Si7) is not efficient, resulting in a phase-segregated state with
an undefined morphology (Figure 4D). This is in accordance
with the DSC data where the enthalpic energy for
isotropization is lower for Bz-UPy-UT-g-Si7 compared to
UPy-UT-g-Si7 and the linear Bz-UPy-UT-Sin (vide supra).
Consequences of Molecular Architecture on the

Thermal Properties and Nanoscale Morphology. Using
the bulk X-ray scattering results in combination with the DSC
data and FT-IR spectra (vide supra), we can conclude that the
urethane bonds positioned next to a UPy moiety are key to
obtain a crystallization-driven assembly. In fact, no crystal-
lization was observed for the previously reported UPy-Sin.

33

Similarly, we synthesized the UPy-g-Si7 reference molecule,
without urethane bonds (Scheme S3). In that case, only a
phase-segregated lamellar structure was determined, and no
crystalline regions were observed by X-ray scattering experi-
ments (Figure S16). The effect of the molecular architecture
on the bulk assembly and crystallization is clearly pointed out
by the difference in molecular packing of oligomers UPy-UT-g-
Si7 and UPy-UT-Si16 that consist of approximately the same
siloxane fraction ( f Si = 0.73). UPy-UT-g-Si7 shows sharper
scattering peaks at room temperature, indicating a better
ordering of the crystalline, lamellar structure (vide supra). This
was confirmed by the DSC data in which the enthalpy for
melting is higher for UPy-UT-g-Si7 than for UPy-UT-Si16
(23.4 and 15.1 kJ mol−1, respectively). This difference in
crystallinity is remarkable, and we speculate that it may
originate from two types of contributions. First, the additional
driving force for aggregation of the UPy dimers as a result of
the secondary UPy interactions in UPy-UT-g-Si7 could induce
a higher degree of ordering. Second, two UPy-UT moieties
connected via a short C6 linker most likely result in a
cooperative effect of crystallization of the hard block compared
to the linear UPy-UT-Si16 containing an amorphous siloxane
linker in-between two UPy-UT units. Therefore, the melting
temperature and corresponding enthalpy are higher for the
grafted analogue compared to the linear BCO as the larger
driving force for crystallization results in larger and better
ordered crystalline domains.
2D Nanomaterials of UPy-UT-g-Si7. The large driving

force for crystallization of UPy-UT-g-Si7 into a lamellar
morphology prompted us to investigate the formation of 2D
assemblies.2 Therefore, we conducted atomic force microscopy

(AFM) experiments (Figure 6A and Figure S17A,B). The
material was dropcasted on a silicon wafer from a dilute
heptane solution (5 μM), giving rise to rectangular sheets and
small particles. Remarkably, the 2D sheets could be formed
without any complex formulation steps, for example,
exfoliation and interface- or surface-mediated technics.49 The
sharp edges of the micrometer-sized 2D sheets are indicative
for crystallization. A constant height of 6.5 nm along the cross
section of the 2D ensemble was measured (Figure 6B).
Grazing-incidence small-angle X-ray scattering (GISAXS) of

a more concentrated sample dropcasted on a silicon wafer was
conducted. The results confirm the appearance of highly
ordered, parallel UPy-UT-g-Si7 layers on the silicon surface,
indicated by the bright spots at q*, 2q*, and 3q* on the 2D
pattern (Figure 6C and Figure S18). Moreover, the scattering
profile is identical with the UPy-UT-g-Si7 bulk sample (vide
supra, Figure 4C), concluding a similar packing on surface and
in the bulk. The small particles, also visible on the AFM image,
probably originate from disordered, aggregated material. Both
elongated structures and particles were also observed in
solution by scattering techniques (Figure S19).
The linear UPy-UT-Si16 only forms particles (Figure S17C),

in contrast to UPy-UT containing main-chain supramolecular
BCPs in the literature that mainly form fibers.41,43,50 However,
our results are in accordance with previously reported UPy-
UT-functionalized PDMS which also did not form fibers, but
undefined particles instead.42 Hence, siloxane oligomers or
polymers in the main chain prevent the UPy-UT from
assembling into fibers in dilute solutions. Taken all together,
these results show that a repetitive UPy-UT block in the main
chain of UPy-UT-g-Si7 supramolecular polymers, grafted with
oDMS, promotes the formation of exfoliated sheets in analogy
to laterally grafted rod amphiphiles.51,52

Mechanical Properties of UPy-UT-Si16 and UPy-UT-g-
Si7 Polymer Films. The association of the UPy-UT moiety in
the oligomers allows for supramolecular polymerization to
form polymeric materials which could be processed into thin
films (Figure 7A,B). Hereto, the BCOs are dissolved in
chloroform (∼1 g mL−1) and dropcasted into a Teflon mold,
resulting in films with a thickness of 0.15 mm. Films of UPy-
UT-Si16 are transparent and flexible while UPy-UT-g-Si7 films
are opaque and very brittle. The stress−strain curve of UPy-
UT-g-Si7 is indicative for a brittle material as only 1.7% strain
could be reached at a ramp rate of 1 mm min−1 (Figure 7C).
On the other hand, UPy-UT-Si16 is more ductile since a higher
strain (12%) could be reached. Furthermore, the material can
endure a higher stress, and therefore it is a better performing

Figure 6. (A) AFM height image and (B) corresponding height profiles of UPy-UT-g-Si7, 5 μM solution in heptane deposited on silicon wafer. (C)
2D GISAXS pattern of UPy-UT-g-Si7 dropcasted on a silicon wafer.
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polymer than the grafted analogue. We attribute the higher
extent of ductility in UPy-UT-Si16 to the alternating soft−hard
block design in the main chain of the supramolecular BCP.
Thus, upon application of a force on the sample, the stress is
released by the oDMS midblock due to the coiled coil
conformation of the amorphous oligomer. In contrast, the
rigidity and crystallinity in the main chain of UPy-UT-g-Si7
supramolecular polymers prevent the release of stress. Upon
application of a force, the stiff backbone bears most of the
stress, and therefore the material breaks at low strain. These
phenomena are in analogy to traditional ABA BCPs in which
the midblock is usually an amorphous, rubbery polymer,
yielding good mechanical properties.53

■ CONCLUSION
We successfully synthesized two types of discrete UPy-UT
functionalized oDMS BCOs of which the molecular
architecture differed from linear grafted structures. In general,
the UPy-UT block crystallizes as a consequence of urethane
hydrogen bonding in addition to UPy dimerization. The
crystallization-driven assembly of the bulk material resulted in
a lamellar morphology irrespective of the siloxane volume
fraction and geometry of the BCO. However, the degree of
crystallization was lower for the linear analogue compared to
the grafted architecture. Hence, the competition between the
amorphous, phase-segregated and crystalline states in the
linear, alternating UPy-UT-oDMS BCPs results in less ordered
and smaller crystalline domains in the lamellar morphology. In
contrast, the BCO with oDMS grafts on the rigid supra-
molecular main chain is highly ordered due to a more stable
and efficient crystalline packing. The grafted architecture
allows for straightforward formation of micrometer-sized 2D
sheets. For the mechanical properties, the grafted molecular
architecture is disadvantageous as a very brittle material is
obtained. The alternating structure of the soft and hard blocks
in the linear BCO is beneficial for the polymer properties as it
induces ductility in the material. From these results, we
conclude that perfectly defined and long-range ordered
nanoscale organization comes at the cost of bulk material
properties, and therefore it remains a challenge for the future
to obtain nanoscale ordered materials with excellent
mechanical and physical properties.
With this study, we gained insight into the influence of the

molecular structure on the nanostructure in semicrystalline,
supramolecular BCP. We understand how the nanoscale

morphology influences the macroscopic, material properties.
Hence, the present work is a step forward toward the design of
new and advanced (2D) polymeric materials by understanding
the structure−property relationship from the molecular level to
nanoscale and macroscopic properties.
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Figure 7. (A) Picture of films of UPy-UT-g-Si7 (left, top) and UPy-
UT-Si16 (left, bottom) and (B) a bended film of UPy-UT-Si16
showing its flexibility. (C) True stress−strain curve of UPy-UT-g-
Si7 (red) and UPy-UT-Si16 (black) measured at 1 mm min−1, 0.15
mm thick films.
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