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ABSTRACT: Discrete block co-oligomers (BCOs) assemble into
highly ordered nanostructures, which adopt a variety of
morphologies depending on their environment. Here, we present
a series of discrete oligodimethylsiloxane-oligoproline (oDMS-
oPro) BCOs with varying oligomer lengths and proline end-
groups, and study the nanostructures formed in both bulk and
solution. The conjugation of oligoprolines to apolar siloxanes
permits a study of the aggregation behavior of oligoproline
moieties in a variety of solvents, including a highly apolar solvent
like methylcyclohexane. The apolar solvent is more reminiscent of
the polarity of the siloxane bulk, which gives insights into the
supramolecular interactions that govern both bulk and solution
assembly processes of the oligoproline. This extensive structural
characterization allows the bridging of the gap between solution and bulk assembly. The interplay between the aggregation of the
oligoproline block and the phase segregation induced by the siloxane drives the assembly. This gives rise to disordered, micellar
microstructures in apolar solution and crystallization-driven lamellar nanostructures in the bulk. While most di- and triblock co-
oligomers adopt predictable morphological features, one of them, oDMS15-oPro6-NH2, exhibits pathway complexity leading to gel
formation. The pathway selection in the complex interplay between aggregation and phase segregation gives rise to interesting
material properties.

■ INTRODUCTION

Amphiphilic peptide aggregates have been studied in great
detail and a large variety of structures can be obtained
depending on the peptide and whether it is in bulk or
solution.1 Larger amphiphilic structures are formed by the
conjugation of a flexible polymer coil to a stiff peptide rod,
forming a peptide-based block copolymer (BCP) that
aggregates in solution as a result of (un)favorable interactions
with solvent molecules.2−4 In polar solvents, the helical, stiff
peptide rods assemble and a hydrophilic coil solubilizes the
colloids while an apolar coil is needed for the assembly in
apolar solvents.5−8 Studies on peptide-based rod−coil block
copolymer assemblies in apolar solvents are less common,
although interesting properties such as organogel formation
can occur due to secondary interactions of the rods.9 This has
been showcased by the work of Mezzenga and co-workers who
linked an α-helical peptide to polydimethylsiloxane (PDMS)
and observed network formation in toluene.10 Herein, the
apolar PDMS coil shields the polar peptide rods from the

solvent and a gel is formed by the interactions between the α-
helices.
Recently, we and others showed that homogeneous and

predictable self-assembled structures are difficult to obtain in
solution when the block co-oligomers (BCOs) are not discrete
in length.11−13 Likewise, a discrete BCO design (Đ = 1) is
beneficial to obtain highly organized nanostructures and small
feature sizes in bulk materials, induced by phase segregation of
the incompatible blocks.14−16 The combination of interaction
parameters (χ), length, and composition of the BCO gives rise
to a variety of morphologies.17−19 One of our groups showed
that high incompatibility between the two parts of BCOs could
be achieved by using oligodimethylsiloxane (oDMS) as one of
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the discrete blocks, giving rise to highly ordered structures at
low degrees of polymerization.15 Solely lamellar structures
were obtained when crystallinity is introduced as an additional
driving force for assembly next to phase segregation.20

Generally, the long-range order of the lamellar structures
increased upon crystallization of low molecular weight
BCOs.21,22 In analogy, peptide rod−coil BCPs favor lamellar
(zigzag) structures in the bulk originating from the strong
rod−rod interactions.23−26 In the formation of these
nanostructures, monodispersity is very important to obtain
ordered lamellae with a sharp interface between the blocks.27

Oligomers of the amino acid L-proline (Pro) adopt well-
defined, helical secondary structures.28−30 These left-handed
polyproline II (PPII) helices are, together with α-helices and β-
sheets, the most abundant secondary structures in peptides and
proteins.31−34 Already at a length of six consecutive Pro
residues, a stable PPII helix is formed.28,29 This helix is pseudo-
C3 symmetric along the central screw axis with a helical pitch
of ∼1 nm and 3 Pro residues per turn.35,36 Due to their well-
defined and rigid conformation, and the possibility to
functionalize them, oligoprolines (oPro) can be used as
molecular rulers or scaffolds to bring two or more attached
entities in a defined distance to each other.37 This concept has
been broadly applied using oligoproline conjugates for, e.g.,
tumor targeting,38 light harvesting,39,40 or in organic
electronics.41 Due to the low solubility in apolar organic
solvents, most of the studies on oligoprolines have been
performed in either water or polar organic solvents.37,42−45 Yet,
especially for the use of oligoprolines in supramolecular
assemblies, where weak interactions such as van der Waals
interactions or hydrogen bonding (H-bonding) are the main
contributors, the use of noncompeting, apolar environments is
highly desired.46,47

In contrast to other peptides, short-chain oligoprolines have
no tendency to self-assemble since they lack hydrogen bond
(H-bond) donors on the peptide backbone.30 Recently, one of
our groups succeeded to obtain crystal structures of an
oligoproline hexamer35 and a metal−organic framework
(MOF) based on an oligoproline hexamer ligand.48 In these
two solid-state structures, neighboring oligoprolines interact by
London dispersion and dipole−dipole interactions with each
other (Figure 1A), either across their full lengths or segments
when the oligoprolines are shifted relative to each other.
Further, in the crystal structure of the oligoproline hexamer,
the distance between the C-terminal H-bond donor is
indicative of a H-bond with the amide carbonyl oxygen of a
neighboring oligoproline (Figure 1B).35 van der Waals
interactions are also the driving force for aggregation of
polymers of proline (> ∼ 100 units) into large aggregates or
films at temperatures above 60 °C in water.49−51 Little is
known, however, about the assembly properties of oligopro-
lines in apolar solvents. In apolar environments, oligoprolines
can adopt a PPI helix, a conformation that is more compact
and less symmetric than the PPII helix and in which all amide
bonds are cis.52 We envisioned that a study of oligoprolines in
apolar organic media would allow us to explore the interplay
between phase segregation and aggregation, for assembly
processes in solution and in the bulk.
Taking inspiration from the intriguing assembly properties

of oligoproline and interest in their interactions in apolar
environments, we here covalently attached hydrophilic
oligoprolines of different lengths to hydrophobic siloxane
oligomers to form discrete block co-oligomers (BCOs) of

oligodimethylsiloxane-oligoprolines (oDMS-oPro). We study
the induction of microphase segregation of the two blocks,
both in bulk and solution. This gave rise to assemblies of the
rod−coil BCOs and allowed us to study the supramolecular
aggregation of oligoproline. The structure of oligoproline can
be easily modified and therefore enabled us to study how
seemingly subtle changes at the molecular level manifest
themselves at the supramolecular level. We analyzed the
assembled structures using X-ray scattering, circular dichroism
(CD) spectroscopy, transmission electron microscopy (TEM)
and light scattering. With this, a thorough structural analysis of
the aggregation of oligoproline in the apolar environment of
siloxane oligomers was established.

■ RESULTS AND DISCUSSION
Design and Synthesis of Oligodimethylsiloxane-

Oligoprolines. We synthesized a series of discrete di- and
triblock co-oligomers consisting of oligodimethylsiloxane and
L-oligoproline blocks in which the oDMS fraction is kept
constant while the length of the oPro is varied (Scheme 1). For
the diblock co-oligomers, we chose a siloxane length of 15
repeating units, while the triblock co-oligomers contain a
siloxane oligomer of 40 repeating units. The mono- and
dihydride functionalized oDMS blocks were obtained from the
robust synthetic strategy for the synthesis of discrete oDMS
described in previous work (Scheme 2).53 Proline oligomers
with an N-terminal 5-hexenoic acid residue were obtained by
standard solid phase peptide synthesis (Scheme 2 and Scheme
S1). Cleavage from the resin with trifluoroacetic acid (TFA)
followed by removal of TFA by ion exchange yielded the
peptides with 3, 6, or 9 proline units in 36−75% yields. We
varied the oPro length as the Pro 6-mer and 9-mer are expected
to form a PPII helix in bulk and solution, while the trimer is
less prone to form the helical structure.30,42 The oligoproline
and siloxane chain were linked via platinum-catalyzed hydro-
silylation (Scheme S2). With this variety of siloxane and
proline oligomer lengths, we address a wide range of siloxane

Figure 1. Crystal structures of an (A) oligoproline-based metal
organic framework48 and (B) 4-BrC6H4−CO-Pro6−OH.35 Van der
Waals interactions (A) and hydrogen bonding (H-bonding) (B)
between adjacent oligoproline helices are highlighted in yellow.
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volume fractions ( fsi = 0.62−0.85). In addition, the functional
group at the C-terminus was varied between an amide (Pron-
NH2) and a methyl ester (Pron-OMe) for some of the diblock
co-oligomers to evaluate the effect of the C-terminal group on
the supramolecular assembly. Furthermore, the enantiomeric
D-proline BCO of the amide terminated diblock co-oligomers
were synthesized. The resulting BCOs were obtained in high
purity as confirmed by NMR spectroscopy and MALDI-ToF
spectrometry (Figure 2, Figures S1−S8). The BCOs
containing proline trimers (oDMS15-Pro3-NH2 and oDMS40-
[Pro3-NH2]2) are pastes while the BCOs with six and nine
proline residues are semicrystalline solids.
The covalent attachment of a siloxane oligomer to the

oligoproline resulted in good solubility of all tri- and di-BCOs
in solvents such as dichloromethane and methanol. The BCOs
also dissolved in apolar methylcyclohexane (MCH), even at
concentrations of 10 mg mL−1. Hence, they can be extensively
analyzed in apolar media (vide inf ra). In contrast, the triblock
co-oligomers did not dissolve in MCH, presumably due to the
imbalance between the apolar oDMS and polar oPro fraction.

Interestingly, at 10 mg mL−1, most diblock co-oligomers gave
clear, nonviscous solutions but oDMS15-Pro6-NH2 formed a
gel (Figure S9).

Scheme 1. Molecular Structures of oDMS15-Pron-NH2, oDMS15-Pron-OMe, and oDMS40-[Pron-NH2]2 Block Co-Oligomers
(BCO)a

aThe oligomers with the number n indicated with an asterisk (*) were also synthesized as the enantiomeric D-proline BCOs.

Scheme 2. Synthesis of oDMS15-Pro9-NH2 from Hexamethylcyclotrisiloxane and Proline Starting Materialsa

aThe oligoproline building blocks were prepared on Rink Amide or 2-chlorotrityl chloride resin. (I) 40% piperidine in DMF, r.t., 1 × 5 min, 1 × 10
min; (II) Fmoc-Pro-OH or 5-hexenoic acid, HATU, iPr2NEt, DMF, r.t., 90 min; (III) TFA/CH2Cl2/H2O/

iPr3SiH (90:5:2.5:2.5), r.t., 1 × 60 min,
1 × 30 min; (IV) chlorodimethylsilane, acetonitrile, DMF (cat.), r.t., 70 h.; (V) pyridine, toluene, r.t., 3 h; (VI) Pd/C, dioxane, 1 M phosphate
buffer (pH = 7), r.t., 20 h; (VII) Karstedt’s catalyst, CH2Cl2, 1 h.

Figure 2. MALDI-ToF MS spectra of the eight oDMS-oPro BCOs
synthesized.
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Nanostructures of oDMS-oPro BCOs in Bulk. In order
to address the bulk material properties of all BCOs, their
morphologies were investigated by medium- and wide-angle X-
ray scattering (MAXS and WAXS). First, the morphology of
the triblock co-oligomers was examined. Their 1D transmission
scattering profiles are shown in Figure 3. The scattering profile

of oDMS40-[Pro3-NH2]2 shows reflections at q*, √3q*, and
√4q* in the MAXS region (q < 7 nm−1), demonstrative for a
hexagonally packed cylindrical phase. The absence of sharp
scattering peaks in the wide-angle (WAXS) region (q > 7
nm−1) indicates that the ordered structure is fully amorphous
and originates from phase segregation. This is confirmed by
the presence of an order−disorder transition temperature
rather than crystallization and melting transitions (Figure S10).
The 1D transmission scattering profiles of oDMS40-[Pro6-
NH2]2 and oDMS40-[Pro9-NH2]2 show broad reflection peaks
at integer multiples of q*, representative for a lamellar packing
(Figure 3). A crystalline packing of the Pro6 and Pro9 in the
BCOs was confirmed by the presence of sharp reflection peaks
in the WAXS region (q > 7 nm−1). The scattering reflections
appear at 10.9, 12.8, and 22.1 nm−1, suggesting a crystalline
PPII helix.35 The crystallinity of the materials combined with
the independence of the morphology on the volume fraction of

siloxane indicates a breakout, crystallization-driven assembly
for the triblock co-oligomers containing 6 or 9 Pro residues.
X-ray scattering experiments also provided insight into the

bulk nanostructure of the di-BCOs (Figure 4). The 1D
transmission scattering profile of oDMS15-Pro3-NH2 has sharp
scattering peaks at q*, √3q*, and √7q* in the MAXS region
but no sharp scattering peaks in the WAXS region (Figure 4A).
This indicates that an amorphous, ordered, phase-segregated
hexagonally packed cylindrical phase is formed, similar to the
triblock analogue, but with a smaller domain spacing (Table 1,

entry 6). The diblock co-oligomers containing 6 and 9 Pro
residues show scattering reflections at integer multiples of q*
(Figure 4B,C). Hence, a lamellar structure is formed driven by
crystallization, again like the triblock co-oligomer analogues

Figure 3. 1D transmission scattering profiles of oDMS40-[Pro3-NH2]2
(top), oDMS40-[Pro6-NH2]2 (middle), and oDMS40-[Pro9-NH2]2
(bottom).

Figure 4. 1D transmission scattering profiles of (A) oDMS15-Pro3-NH2, (B) oDMS15-Pro6-OMe (top) and oDMS15-Pro6-NH2 (bottom), and (C)
oDMS15-Pro9-OMe (top) and oDMS15-Pro9-NH2 (bottom).

Table 1. Bulk Morphology Characterization of oDMS-oPro
Di- and Triblock Co-Oligomers

Entry Compounda
Mn

b [g
mol‑1] f Si

c Phased
dd

[nm] Helixe

1 oDMS40-[Pro3-
NH2]2

3761.2 0.85 CYL 5.9 n.o.

2 oDMS40-[Pro6-
NH2]2

4386.0 0.76 LAM 10.0 PPIIf

3 oDMS40-[Pro9-
NH2]2

5010.8 0.69 LAM 12.0 PPIIf

4 oDMS15-Pro6-
OMe

1823.2 0.70 LAM 7.2 PPII

5 oDMS15-Pro9-
OMe

2114.6 0.62 LAM 8.2 PPII

6 oDMS15-Pro3-
NH2

1516.9 0.80 CYL 4.8 n.o.

7 oDMS15-Pro6-
NH2

1808.2 0.71 LAM 6.8 PPII/
PPIg

8 oDMS15-Pro9-
NH2

2099.6 0.63 LAM 8.6 PPII

aBlock co-oligomers as depicted in Scheme 1. bCalculated molecular
weight. cVolume fraction of the siloxane block, calculated using bulk
densities for PDMS (0.95 g mL−1)15 and crystal structure of Pro6
(1.41 g mL−1).35 dMorphology of nanostructure determined with
SAXS at room temperature. CYL = hexagonally packed cylinders.
LAM = lamellae. Domain spacing (d) calculated using d = 2π/q*.
eHelix formation observed by CD spectroscopy in MeOH, MCH and
in the bulk. fPPII helix only observed in MeOH due to insolubility in
MCH (Figure S14). gPPII helix observed in MeOH; in bulk and
MCH, a combination of PPI and PPII helices is present; n.o. = not
observed.
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with 6 or 9 Pro residues. Moreover, the peaks in the WAXS
region are at equal positions as in the respective triblock co-
oligomers. Therefore, we conclude that upon an oligoproline
length of six residues, the length that is enough for PPII helix
formation, crystalline packing is achieved. The packing of the
Pro6 and Pro9 moieties in the di-BCOs is identical to that in
the tri-BCOs. The only exception is oDMS15-Pro6-NH2,
showing weak scattering peaks at different values for q,
indicated with arrows in Figure 4B. Hence, the crystalline
packing of oDMS15-Pro6-NH2 differs from that of the other
BCOs, which could be an indication for the presence of a PPI
helix next to a PPII helix.
Remarkably, the reflections in the MAXS region are rather

broad, representing lamellar structures with a diffuse interface
between the oDMS and oPro phase. This is in stark contrast to
previous work on discrete semicrystalline BCOs forming long-
range, highly ordered lamellar morphologies, driven by
crystallization.20,21 In an attempt to improve the lamellar
packing and long-range organization, a racemic mixture of the
diblock co-oligomers was studied. Hereby, oDMS15-Pro9-NH2
as well as oDMS15-Pro6-NH2 were mixed with their D-
enantiomeric BCO analogues in a 1:1 ratio. An indication of
stereocomplex formation is observed by a shift of the scattering
peaks in the WAXS region (Figure S11). However, the
morphological ordering of the lamellae was not improved for
both diblock co-oligomer stereocomplexes, represented by the
broad reflection peaks of q* and its integer multiples.
To gain more insight into the secondary structure of the L-

proline block in the homochiral diblock co-oligomers, we
recorded circular dichroism (CD) spectra in the bulk (Figure
5). Hereby, the BCOs were dissolved in MCH (10 mg mL−1)

and spin-coated on a quartz substrate. After annealing at 120
°C, the resulting diblock co-oligomer films were measured at
room temperature. The use of MCH as a solvent was crucial
here in order to translate the assembly structure in solution
(vide inf ra) to the bulk structure. In case of oDMS15-Pro9-
NH2, oDMS15-Pro6-OMe, and oDMS15-Pro9-OMe, the shape
and intensity of the CD spectra were independent of the spot

in the film where the spectrum was measured and no linear
dichroism (LD) was observed in the sample (Figure S12). In
addition, for these three BCOs, all CD spectra are very similar;
they all show a maximum at 230 nm and minimum at 211 nm
(Figures 5A−C and Figure S13A). The shape of these CD
spectra is similar to that of a PPII helix (maximum at 225 nm,
minimum at 207); however, the maximum and minimum
shifted, which is an indication for aggregation of the PPII
helical rods.49,50 In contrast, the CD of oDMS15-Pro6-NH2
differed in shape and intensity when recorded at different spots
of the film; a finding that shows inhomogeneity of the sample
(Figure 5D and Figure S13B). These signals purely originate
from a CD effect as LD can be excluded (Figure S12). These
results indicate that a complex interplay of conformations and
interactions causes the formation of different types and
combinations of assemblies, which results in inhomogeneity
of the sample and therefore a variety of CD curves. Moreover,
the corresponding UV−vis spectrum of oDMS15-Pro6-NH2
differs from all other BCOs films, showing significant
broadening of the spectrum and a shoulder at 250 nm (Figure
S13). This suggests the formation of large aggregates (vide
inf ra). Remarkably, oDMS15-Pro6-NH2 also forms a different
type of crystal structure in the bulk (vide supra) and is the only
BCO forming a gel. Therefore, we further explored these
surprising results and the complex assembly of oDMS15-Pro6-
NH2 with extensive studies in solution (vide inf ra).
The X-ray scattering analysis and the corresponding

calculated domain spacings of the lamellar nanostructures
allowed for a molecular packing model (Table 1). We compare
the molecular packing of all BCOs, except oDMS40-[Pro3-
NH2]2 and oDMS15-Pro3-NH2, as they form amorphous,
cylindrical morphologies and therefore cannot be compared to
the crystallization-driven, lamellar nanostructures formed by all
other BCOs with 6 or more Prorepeating units. Among them,
the BCOs with the same end-groups and siloxane length are
compared to observe differences in packing modes related to
the molecular structure. First, the methyl ester oDMS15-Pro6-
OMe and oDMS15-Pro9-OMe diblock co-oligomers have a
domain spacing of 7.2 and 8.2 nm, respectively (Table 1,
entries 4 and 5). The difference of three oligoproline residues
equals the length of ∼1 nm.35 Hence, extending the
oligoproline at a constant siloxane length gives rise to an
increase of 1 nm in feature size. This finding suggests that the
oligoprolines in oDMS15-Pro6-OMe and oDMS15-Pro9-OMe
interface along their full length into one oPro layer (Figure
6A). Second, the triblock co-oligomers oDMS40-[Pro6-NH2]2
and oDMS40-[Pro9-NH2]2 have a domain spacing that
increases with 2 nm upon increasing the oligoproline length
by three residues (∼1 nm) (Table 1, entries 2 and 3). We
assume that the proline 6-mer in oDMS40-[Pro6-NH2]2 packs
in a similar fashion as oDMS15-Pro6-OMe and the increase of 2
nm in domain spacing for oDMS40-[Pro9-NH2]2 is therefore in
line with three proline residues sticking out of both sides of the
oPro layer, as schematically illustrated in Figure 6B. This gives
rise to a diffuse interface between the oDMS and oPro layer,
evidenced by the broad scattering peaks in the 1D transmission
scattering profile (Figure 3). Finally, diblock co-oligomers
oDMS15-Pro6-NH2 and oDMS15-Pro9-NH2 have a domain
spacing that increases with 1.8 nm upon increasing the
oligoproline length with three residues. From the increase of
∼2 nm, we hypothesize a zigzag interface with three proline
residues sticking out of the oPro layer (Figure 6C), like the
triblock co-oligomers with the same amide end-group. The

Figure 5. Solid state CD spectra of (A) oDMS15-Pro9-OMe, (B)
oDMS15-Pro6-OMe, (C) oDMS15-Pro9-NH2 and (D) oDMS15-Pro6-
NH2 (each line indicates a different spot on the substrate). Measured
as thin film on a quartz substrate. Samples prepared from 10 mg mL−1

in MCH, spin-coated at 800 rpm and annealed overnight at 120 °C.
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diffuse interface between the oDMS and oPro layer for
oDMS15-Pro9-NH2 is evidenced by the broad and single
scattering peak in the 1D transmission scattering profile
(Figure 4C). Again, this hypothesis is based on a packing of
oDMS15-Pro6-NH2 that is similar to oDMS15-Pro6-OMe as a
starting point, assuming complete overlap of the oPro rods.
However, oDMS15-Pro6-NH2 shows different scattering peaks
in the WAXS region compared to all other BCOs (Figure 4B),
indicating a different type of crystal structure, which could be a
combination of PPI and PPII helices. Moreover, the presence
of kinetically trapped helical structures evidenced by the thin
film CD spectra (Figure 5D), in combination with the lack of a
PPI crystal structure reported in literature, makes it difficult to
delineate one molecular picture of oDMS15-Pro6-NH2 based
on these results.
The difference in packing of the oPro rods, based on the

end-groups, is clarified by comparing oDMS15-Pro9-NH2 and
oDMS15-Pro9-OMe both with the same proline and siloxane
oligomer length. The 1D transmission scattering profiles
pointed out that oDMS15-Pro9-OMe has a sharper interface

between the oDMS and oPro phase indicated by the presence
of multiple and sharper scattering peaks compared to oDMS15-
Pro9-NH2 (Figure 4C). This is in accordance with complete
and partial interfacing of the oPro rods in oDMS15-Pro9-OMe
and oDMS15-Pro9-NH2, respectively. We hypothesize that the
difference in packing originates from the fact that the C-
terminal amide end-group is capable of H-bonding in addition
to van der Waals interactions according to the high-resolution
crystal structure.35 This additional interaction in oDMS15-
Pro9-NH2 could equalize the enthalpy loss due to mixing of
the oDMS and oPro layer at the interface.

Aggregation of Diblock Co-Oligomers in Solution.
Before we focus on the remarkable assembly behavior and
properties of oDMS15-Pro6-NH2, we investigated the solution
assembly of the diblock co-oligomers oDMS15-Pro6-OMe,
oDMS15-Pro9-OMe, and oDMS15-Pro9-NH2, which all formed
similar bulk assemblies. CD spectra of the diblock co-oligomers
in methanol and MCH were recorded to compare the helix
formation in polar and apolar solvents, respectively (Figure 7).
CD spectra of the BCOs in methanol show in all three cases a

Figure 6. Schematic illustration of the BCO molecular packings showing the diffuse interface between the oPro (green) and oDMS (gray) layers.
BCOs with nine Pro repeating units are represented in the illustration. (A) Complete interdigitation of the prolines helices for oDMS15-Pro6-OMe,
oDMS15-Pro9-OMe, and oDMS40-[Pro6-NH2]2; (B) slight interdigitation of the Pro9-helices for oDMS40-[Pro9-NH2]2; (C) oDMS15-Pro9-NH2.
The domain spacing is indicated with d*.

Figure 7. CD spectra of (A) oDMS15-Pro9-OMe, (B) oDMS15-Pro6-OMe, and (C) oDMS15-Pro9-NH2 in methanol (pink) and MCH (cyan) at
0.36 mM.
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minimum at 205 and a maximum at 228 nm, typical for a PPII
helical peptide. In MCH, the spectra shift to higher
wavelengths with a minimum at 211 nm and a maximum at
230 nm. These MCH solution-phase spectra are very similar to
those observed for the BCO assembly in the bulk (vide supra).
Hence, oDMS15-Pro6-OMe, oDMS15-Pro9-OMe, and
oDMS15-Pro9-NH2 form PPII helices that aggregate in MCH
and the bulk. Subtle broadening and lowering of the
absorbance intensity in the UV−vis spectra of the BCOs in
MCH compared to methanol corroborate the hypothesis
(Figure S15). Formanek and co-workers have studied the
aggregation of polyprolines using Fourier transform infrared
(FT-IR) spectroscopy.51 This aggregation can be explained by
breaking the interactions between water molecules and the
peptide carbonyl groups, thereby allowing for the interaction
between polyprolines by van der Waals forces. Accordingly, we
recorded FT-IR spectra of the diblock co-oligomers in the bulk
material and in MCH and compared the results to those
obtained in methanol where no aggregation is present. We
observed a similar shift in the carbonyl region (1650 cm−1) to
higher wavenumbers in the bulk material and in MCH (Figure
S16). H-bonding of the oligoproline carbonyls with solvent
molecules is absent in MCH and in the bulk due to the apolar
environment. Therefore, we infer from these results that the
aggregation of the oligoproline helices in the BCOs is caused
by the lack of H-bonds between the oligoproline and solvent
molecules. With the similarity to previous work and the results
from CD spectroscopy, our data is consistent with aggregation
of the BCOs by van der Waals forces in both MCH and bulk
material.
Consequences of Pathway Complexity in the

Aggregation of oDMS-Pro6-NH2. The gel formation, the
disparity of the CD spectra in the bulk as well as the crystal
structure of oDMS-Pro6-NH2 compared to the data obtained
for the other BCOs raises questions on the assembly processes
of this BCO. The findings suggest that oDMS-Pro6-NH2 can
form different types of assemblies and/or helical structures. We
therefore investigated the properties of this BCO in more
detail. The CD spectrum in methanol shows that oDMS-Pro6-
NH2 adopts, as the other BCOs, a PPII helix (Figure 8A). In
contrast, the CD spectrum in MCH shows a broad maximum
at 225 nm and is thus significantly different from the spectrum
of aggregated PPII helices (vide supra). This spectrum is
reminiscent of the spectrum typical for PPI helices that are
characterized by a maximum at 213 nm and minima at 199 and
230 nm.52 The observed signals are though significantly
broader, which indicates aggregation of PPI helical and/or a
coexistence of PPII helical molecules in the assemblies. To gain
more insight into the assembly process and capture the effect
of the oligomer length and end-group, we recorded CD spectra
of oDMS-Pro6-NH2 at various temperatures and compared
them to spectra of oDMS15-Pro9-NH2 and oDMS15-Pro6-
OMe. Interestingly, the shape of the CD spectrum of oDMS15-
Pro6-NH2 changes upon heating to a spectrum typical for a
PPII helix with a maximum and minimum at 229 and 209 nm,
respectively (Figure 8B). An isosbestic point is observed
indicative of the presence of two types of interconverting
conformations. The CD spectrum of oDMS15-oPro6-NH2 is at
80 °C less intense compared to the spectra of all other BCOs
indicating that the emerging PPII helix is less pronounced. The
CD and absorption spectra of oDMS15-Pro6-OMe (Figure 8C
and Figure S17), having the same oligomer length, and of
oDMS15-Pro9-NH2 (Figure 8D and Figure S17), having the

same end-group, remained essentially the same upon heating,
indicating the occurrence of PPII helices regardless of the
temperature. Upon cooling at a rate of 2 K min−1, identical CD
spectra were observed for oDMS15-oPro6-NH2 without
hysteresis (Figure S18). Hysteresis is typical for the temper-
ature induced transition from PPII to PPI helical oligoprolines
in water and is due to slow trans/cis isomerization of the
tertiary amide bonds.54 In apolar environments, this cis/trans
isomerization is significantly faster than in polar solvents,55,56

which explains the absence of hysteresis in the interconversion
of oDMS15-oPro6-NH2 from PPI to PPII helical conforma-
tions. Here, either the MCH or the siloxane provides for the
apolar environment and thus fast cis/trans isomerization.
We measured dynamic light scattering (DLS) to better

understand whether the changes in CD spectra upon heating
are related to a change in the assembly state of oDMS15-oPro6-
NH2. The aggregates of oDMS15-oPro6-NH2 are compared to
those of oDMS15-oPro9-NH2, which show no change in CD
spectrum with varying temperature. Both BCO aggregates
show an increase in diffusion coefficient with increasing
temperature indicating a decrease in aggregate size (Figure 9).
Most likely, the van der Waals interactions between the
oligoproline rods are weakened upon heating which results in a
decrease in aggregation. The increase in diffusion coefficient
for oDMS15-oPro9-NH2 is more gradual throughout the
measured temperature range (20−80 °C) than observed for
oDMS15-oPro6-NH2. The increase of the diffusion coefficient
of the latter BCO is more pronounced at temperatures above
50 °C. This decrease in size is in accordance with the observed
change of the CD spectrum of oDMS15-oPro6-NH2 (Figure
8B) This observation is consistent with a conformational
switch from PPI to PPII helices in case of the shorter peptide
and breaking of the oligoproline rod−rod interactions of
oDMS15-Pro9-NH2 that requires more energy than for
oDMS15-Pro6-NH2 due to the longer oPro length.
Transmission electron microscopy (TEM) gives also insight

into the aggregate structure and size. We evaluated the effect of
the oligoproline length and end-group on the aggregate
structure and compared the aggregates of oDMS15-Pro6-NH2

Figure 8. (A) CD spectra of oDMS15-Pro6-NH2 in methanol (pink)
and MCH (cyan) at 0.36 mM. CD spectra of (B) oDMS15-Pro6-NH2,
(C) oDMS15-Pro6-OMe, and (D) oDMS15-Pro9-NH2 at various
temperatures in MCH at 0.36 mM, measured upon heating at 2 K
min−1.
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with oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe. A fibrillar
structure is observed for oDMS15-Pro6-NH2 while oDMS15-
Pro9-NH2 and oDMS15-Pro6-OMe show disperse micellar-
type aggregates (Figure 10A−C). In all cases, we expect the

oligoprolines to be shielded by the oDMS from the apolar
MCH solvent. The size of oDMS15-Pro6-NH2 aggregates is
much larger than that of oDMS15-Pro9-NH2 and oDMS15-
Pro6-OMe. This observation was confirmed by static light
scattering (SLS) measurements of oDMS15-Pro6-NH2,
oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe in MCH (Figure
10D). We plotted the Rayleigh ratio (Rθ) as a function of the
wave vector (q) and observed a curve that is almost horizontal
for oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe. In contrast,
the Rθ for oDMS15-Pro6-NH2 still rises toward lower q values.
This increase indicates that oDMS15-Pro6-NH2 forms large

aggregates of which the length scales are outside the regime of
this scattering technique. Hence, both the scattering results
and the TEM images suggest large elongated structures for
oDMS15-Pro6-NH2 only, which most likely contribute to the
network formation and is therefore proposed to be the origin
of the gelation at higher concentrations.
Together, the results presented here show the complex

aggregation of oDMS15-Pro6-NH2 in which multiple helical
conformations and assembly states are present. Interestingly,
this is the only BCO in this study having a different
nanostructure, which alters the physical properties of the
material. This is even more remarkable as the triblock oligomer
oDMS40-[Pro6-NH2]2, with the same number of prolines and
an amide end-group, does not show pathway complexity. Here,
we discuss on the molecular origin of the assembly and relate
the nanostructure and network formation to the gelation at
higher concentration of oDMS15-Pro6-NH2. The CD spectrum
of oDMS15-Pro6-NH2 indicates the presence of both PPI and
PPII helical structures at room temperature, which are most
likely aggregated. The shift in maximum and minimum upon
changing temperature is absent in the methyl ester analogue.
This finding shows that the seemingly small structural change
from a methyl ester to a primary amide or from a diblock to a
triblock has a significant effect on the assembly and material
properties. It indicates that oDMS15-Pro6-NH2 can engage not
only in intermolecular van der Waals interactions but, via its C-
terminal amide group, also in H-bonding with a backbone
amide CO group of a neighboring molecule, similarly to that
observed in the crystal structure.35 Thus, next to the van der
Waals forces, H-bonding could be a contributing factor that
guides the aggregation of oDMS15-Pro6-NH2 into large
structures. We propose that this combination of two different
helical conformations as well as an der Waals and H-bonding
interactions and microphase segregation, are involved in the
network formation resulting in gelation at high concentrations.
The multiple interactions and conformations give rise to the
pathway complexity in the supramolecular assembly. In the
bulk material, in which the mobility of the BCO is virtually
absent, we observe the consequence of this complex pathway
selection giving rise to an inhomogeneity in the sample. Hence,
there are spots in the sample in which one conformation is
more populated than the other even after annealing. This
indicates that the thermodynamic equilibrium is not reached
for oDMS15-Pro6-NH2 and therefore kinetically trapped
assemblies are obtained in the bulk material. The exceptional
finding of pathway selection is especially remarkable in light of
compound oDMS15-Pro9-NH2, having the same terminal end-
group, but no pathway complexity is observed. This suggests
that the larger overlapping rod-length causes an increase in van
der Waals forces losing the fine interplay between interactions.

■ CONCLUSIONS
In this work, we have investigated the assembly of siloxane-
oligoproline BCOs (oDMS-oPro) in apolar environments. The
conjugation of a siloxane to an oligoproline initiates phase
segregation of the rod−coil BCO in both bulk and solution,
allowing for an extensive structural investigation of oligopro-
line aggregates in apolar media. Assembly of the oDMS-oPro
bulk material resulted in a crystallization-driven lamellar
morphology with a diffuse interface between the two phases
for the oligomers with at least six proline residues. The BCOs
formed micellar structures in apolar solution driven by the
aggregation of PPII helices via van der Waals interactions

Figure 9. Diffusion coefficient as a function of temperature for
oDMS15-Pro6-NH2 (blue rounds) and oDMS15-Pro9-NH2 (black
squares) in MCH, 0.36 mM at 20 °C, measured by DLS.

Figure 10. TEM images of (A) oDMS15-Pro6-NH2, (B) oDMS15-
Pro6-OMe, and (C) oDMS15-Pro9-NH2 in MCH, 50 μM, dried on
TEM grid. Scale bar represents 200 nm. (D) Rayleigh ratio (Rθ) as a
function of the wave vector (q) for oDMS15-Pro6-NH2 (blue rounds),
oDMS15-Pro9-NH2 (black squares), and oDMS15-Pro6-OMe (red
triangles) in MCH, 0.36 mM measured by SLS at 20 °C.
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between the oligoproline rods, as expected. Surprisingly, one of
the BCOs is able to form an organogel that is the result of
multiple assembly pathways and conformations giving a
supramolecular network. Hence, the complex interplay
between aggregation forces and phase segregation gives rise
to interesting material properties. With this, we have shown
that subtle changes in the molecular structure, such as length
and end-group, result in major differences in the supra-
molecular nanostructure and therefore change the physical
properties of the materials. The systematic study of series of
BCOs or molecules to find exceptions and explore the
structure−property relationships of the supramolecular assem-
bly is the key to the development of new material properties.
Moreover, the results presented further strengthen the
proposition that self-assembly processes possess pathway
subtleties similar to those known in covalent chemical
reactions. Therefore, treating self-assembly as noncovalent
synthesis is highly desirable.57
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