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The effect of chiral end groups on the assembly of
supramolecular polyurethanesf

Daniel Hermida-Merino,*1? Lewis R. Hart, @2 Peter J. Harris, ©°
Andrew T. Slark, @ §¢ lan W. Hamley ©2 and Wayne Hayes & *2

The ability to influence the physical properties of supramolecular polymers has been the subject of
numerous synthetic studies in recent years. Tuning properties by adjustment of the polymer composition
to modify the degree of phase separation of polar (hard) and apolar (soft) segments in addition to variation
of the capability of the polar end groups to self-assemble efficiently via non-covalent interactions (such
as hydrogen bonding, aromatic n—x stacking or metal-ligand binding) has yielded materials with attractive
thermo-reversible characteristics. Previously, we have studied supramolecular polyurethanes (SPUs) to
understand in more detail the interplay and importance of phase separation and the binding affinity of the
polar end group on the physical properties of these interesting thermo-responsive materials. In this paper,
we report the positive effect that chirality has upon the self-assembly and physical properties of SPUs.
The synthesis of a series of novel SPUs that feature chiral polar end-groups is described in addition to
how these chiral moieties improve the order of the relatively weak hydrogen bonding units in this type of
supramolecular polymer. The introduction of chiral moieties in the polymer end group induces coopera-
tive arrangements of the components of the hard segments (urethane, urea and aromatic units), leading
to SPUs with increased ordered and stronger supramolecular hard segments. The supramolecular inter-
actions of the chiral hard segments were first evaluated by CD and FTIR spectroscopies. In addition, the
thermo-responsive nano-segregated structure formed by the columnar aggregates of the SPUs generated
was probed by variable temperature CD and FTIR spectroscopies in addition to simultaneous SAXS/WAXS
analysis. These studies confirmed the microphase separation morphology also revealed by AFM analysis.
Additionally, rheological analysis of the chiral SPUs highlighted the enhancement of the rubbery plateau
of chiral SPUs derivatives in comparison to analogous racemic SPUs as a result of the chiral self-assembly
motifs. Finally, to explore the mechanical properties of the afforded polymers, electrospinning experi-
ments were undertaken which revealed that defined microfibers were formed at lower concentrations in
the case of the homochiral SPUs (ca. 15%) when compared to the racemic analogue, thus confirming the
improvement in the supramolecular interactions afforded by the chiral groups.

of molecular interactions and information through highly
specific and directional recognition processes to generate self-

Supramolecular polymers' ™ represent a rich and diverse field assembled arrays in a controlled and spontaneous fashion.*’
of polymer research, developing the design and manipulation Supramolecular polymers can have a wide variety of structures,

ranging from simple guest-host systems to complex self-
assembled supramolecular objects, crystalline networks, and
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molecular weight species which are able to form a pseudo-high
molecular weight polymer network with attractive physical
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cations® including adhesives,'*™"* surface-coatings,"® bio-

medical materials,"*'> healable materials,”'®"* inkjet and 3D
printing.>**> As a consequence of the highly addressable
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novel materials and properties which can be easily processed

This journal is © The Royal Society of Chemistry 2021 Polym. Chem.


www.rsc.li/polymers
http://orcid.org/0000-0003-3824-0280
http://orcid.org/0000-0003-1598-9686
http://orcid.org/0000-0001-7809-0139
http://orcid.org/0000-0002-4549-0926
http://orcid.org/0000-0003-0047-2991
http://crossmark.crossref.org/dialog/?doi=10.1039/d1py00714a&domain=pdf&date_stamp=2021-07-22
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py00714a
https://pubs.rsc.org/en/journals/journal/PY

Open Access Article. Published on 21 July 2021. Downloaded on 7/27/2021 7:09:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

at relatively low temperatures.>* Narrow processing windows are
afforded through dissociation and subsequent reassociation of
recognition motifs when subjected to external stimulus such as
heat, light or pressure.'"*>*® However, supramolecular polymers
currently only have limited industrial use, especially in real-
world structural applications, as their mechanical properties
require further refinement before they can truly be useful.

A number of chiral supramolecular polymers have been
reported,>”*° predominantly through hydrogen bonded small
molecules,’®?* to yield helical assemblies although other
macromolecular assemblies®® > and peptidic arrays*®** are
known. Chiral supramolecular polymers continue to be the
subject of research efforts as a result of their biomimetic
nature and well-defined order, resulting in advanced func-
tional materials.*®**>*® Furthermore, chiral supramolecular
polymers may allow the development of new materials for
applications in sensing, electronics,”” biomedical*® and cataly-
sis.” The assembly of the backbone,*®*° or pendant
motifs®"*> are usually dictated by the molecular chirality of
either monomers, oligomeric sequences, terminal groups or
the external guest molecules that interact with these motifs by
way of non-covalent or dynamic covalent interactions.”?
Successful strategies in preparing chiral supramolecular poly-
mers frequently rely on the use of templates, end cappers, or
selective solvent techniques to yield chiral materials. These
self-assembled materials are often found to include stacked
helicoidal aggregates®® which control the morphology, size,
and stability of the supramolecular polymer networks. By har-
nessing the intrinsic chirality of these molecules, polymer
architectures and physical characteristics can be amplified or
tuned to yield potentially attractive functional materials.

Previously we have reported®® the use of chiral end-groups
in bis-urea super-hydrogelators which are able to form gels at
extremely low concentrations (0.2 mM) as a result of enhanced
self-assembly. The expression of chirality in the hydrogen
bonding motif was observed to be translated from the mole-
cular level to the macromolecular domain, resulting in homo-
chiral assemblies. Here we report the use of this chiral reco-
gnition motif as an end-group in supramolecular poly-
urethanes (SPUs) and examine how the highly directional
stereochemistry of the self-assembly motif enhances the phase
separated morphology and improves the mechanical properties
of the resulting materials. Chiral bis-urea low molecular com-
pounds were prepared in bulk in addition to a polyurethane
terminated with the analogous racemic end-group as refer-
ences to enable a greater understanding of the structure prop-
erty relationship. Finally, the molecular weight of the soft
segment of the phase-separated polymer was increased to
examine the effect of diluting the concentration of the self-
assembling end-group motifs on the material properties.

Results and discussion

In order to understand the effect of chiral centres located in
the recognition motifs of supramolecular polyurethanes on
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their self-assembly polymers, (SPUs 1-3) were first synthesised
using a one-pot, two-step procedure (see Scheme 1).*> To allow
focus on the physical properties arising as a consequence of
the chirality of the end-groups which assemble within the
hard segment phase, a polyol and diisocyanate were selected
with predictable contributions to the self-assembly process. A
pre-polymer 4 was first prepared by reacting the apolar polybu-
tadiene 5 (Krasol LBH-P 3000, My, = 3000 g mol™") with 4,4'-
methylenebis(phenyl isocyanate) [4,4-MDI] 6. The prepolymer
4 was then terminated with the appropriate amino-diol (7-9)
to yield the desired polymer with homochiral (1 or 2) or
racemic (3) terminal groups. Spectroscopic data for polymers
1-3 can be found in the ESI (Fig. S1-6%).

The successful synthesis of the SPUs was first confirmed by
'H NMR spectroscopy which revealed resonances between
4.01-4.20 ppm, characteristic of methylene residue adjacent to
newly formed urethanes from the polymer core. Furthermore,
the installation of the hydrogen bonding motif (7, 8 or 9) to
the pre-polymer 4 was confirmed by the appearance of signals
between 3.21 ppm and 3.38 ppm, assigned to the methylene
adjacent to the urea produced through reaction of the primary
amine of the end-group and the isocyanate terminal of the pre-
polymer. >C NMR spectroscopy was also used to confirm the
establishment of urea (ca. 158 ppm) and urethane (ca.
153 ppm) linkages, respectively, in the polymer backbone. As
an additional conformation of the formation of urethane/urea
motifs in the supramolecular polyurethanes, infra-red spec-
troscopy revealed the complete consumption of isocyanates
functionalities as observed by the disappearance of the
vibration at 2270 cm™'. Furthermore, new absorbances at
1632-1634 cm™ ' and ca. 1703-1710 cm™ ' were attributed to
the carbonyl stretches in the newly formed urethane/urea moi-
eties, respectively. Finally, GPC analysis was employed to
confirm the extent of chain extension in the polyurethane,
with an average of 2.5 hydrogenated poly(butadiene) residues
per supramolecular polymer (M,, = 9100 g mol™*).

To further explore the effect of chirality on the self-assembly
and physical properties of the SPUs, the molecular weight of
the linear, telechelic polymers was also altered. By increasing
the length of the central polymer chain, it was proposed that
the effects of self-assembly would be diluted. To investigate
this, an additional SPU was prepared as previously described
using polybutadiene (Myy = 5000 g mol™*) 10 and 4,4-MDI 6 to
synthesise a pre-polymer 11 which was subsequently termi-
nated with S-3-amino-1,2-propanediol 7 to yield a higher mole-
cular weight polyurethane 12 with a homochiral end-group
(Scheme 1). Furthermore, the hydrogen bonding content of
the SPU 12 at room temperature was calculated to be 65%
when compared to that of SPU 1 (76%) and SPU 3 (69%).
Spectroscopic data for polymer 12 can be found in the ESI
(Fig. S7 and S87).

A structurally related SPU (13) that featured an achiral diol
end-group (Fig. S91) was also selected to help assess the effects
of chiral end groups on the structure-property relationship of
this type of SPU system. In an effort to further probe the
effects of end-group chirality on supramolecular self-assembly

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthesis of supramolecular polyurethanes 1-3 and 12 from a poly(butadiene) (PBD) telechelic polyol of 3000 g mol™ 5 or 5000 g
mol™ 10 terminated with homochiral (7 and 8) or racemic (9) self-assembly end-groups.

in bulk, model compounds were synthesised®* by the reaction
of 4,4'-MDI (6) with homochiral (7) or racemic (9) terminal
groups to produce 14 and 15 (Fig. S9t). Interestingly, and in
contrast to our previous studies®® on achiral low molecular
weight analogues with hydrogen bonding recognition motifs,
these model compounds were insoluble in common organic
solvents and instead required a much more polar solvent,
namely DMSO to solubilise them. This observation suggests
that the order imparted through the inclusion of chirality in
the recognition motifs was due to an enhanced association
constant when compared to structurally related model com-
pounds. Similar solubility characteristics of supramolecular
materials has been reported®” by Meijer and co-workers
whereby UPy dimers with high binding constants were
achieved through enhanced quadruple hydrogen bonding
moieties.

The stereochemical information stored within chiral
centres induce macromolecules to adopt arrangements as a
result the unequivocal self-recognition which may impart chir-
ality on the self-assembled array.>’”*"° The effects of the
chiral centres found in the end-groups of SPUs on the inter-
macromolecular self-assembly were explored by circular
dichroism (CD) analysis both in the solid and solution states

This journal is © The Royal Society of Chemistry 2021

(Fig. 1 and Fig. S10%), revealing that both enantiomeric SPUs 1
(S-end groups) and 2 (R-end groups) afforded CD bands of
opposite ellipticity in equal intensity. The bands observed at
215 nm and 265 nm were assigned to the aromatic MDI motifs
within the SPUs, in good agreement with the previously
reported chiral bis-urea model compounds.® The active chiral
signals suggest that the stereogenic centre in the end-group

20 -
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5 4
o —— TN

—_ 2

T T
= 230 280
-10
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Wavelength (nm)

Fig. 1 CD spectra of films formed by the chiral supramolecular SPU
derivatives 1 (S-end groups) and 2 (R-end groups).
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imparts chirality to the adjacent aromatic moieties through
their self-assembly, similar to the effect of stereogenic tran-
scription observed®® by Ajayaghosh et al in self-assembled
oligo(p-phenylenevinylene)s. Similar to analysis of the model
chiral bisureas,> concentration dependent studies in solution
of the analogous chiral SPUs by both UV and circular dichro-
ism (CD) spectroscopy were performed to probe the potential
cooperative effect of the non-covalent interactions triggered by
the chirality of the end-group (Fig. S107). A bathochromic shift
in the maximum of the absorption band corroborates the
enhancement of the degree of hydrogen bonding interactions.
Additionally, the amplification of chirality with respect to
increased polymer concentration, as observed in the CD ana-
lysis, confirmed the reinforcement of the supramolecular
network as a result of self-assembled chiral structures. The
absence of ellipticity at low concentrations below 0.155 mg
mL ™" suggest sufficient distance between the chiral centres of
the end groups to permit self-assembly. However, an inflection
point in the sign of the CD signal was observed at 215 nm
above 0.312 mg mL~' which arose from the Cotton effect
related to the self-assembly of the chiral excitons. In addition,
the single elliptical activity of a chromophore with a band cen-
tered at 255 nm in the CD spectra at the minimum concen-
tration of aggregation indicated that the aggregation of the
hard segments of the polymers (i.e. a non-linear increase of
the ellipticity signal with respect to concentration) arose in
close proximity to an aromatic environment (Fig. S10t). The
ellipticity changes with increasing the polymer concentration
reflect the conformational changes of the self-assembled end-
groups. Furthermore, the relative conformations of the
chromophores (urea and phenyl moieties) provoked a dramatic
decrease of the Cotton effect as well as a shifting of the aro-
matic band from 255 nm to 265 nm, highlighting the partici-
pation of the chromophore groups in supramolecular inter-
actions. The solutions of the SPUs 1 and 2 were evaporated in
the cuvette to yield thin films to assess the influence on the
supramolecular interactions in the solid state (Fig. 1). The
ellipticity of the bulk SPU revealed that the urea adopted only

View Article Online

Polymer Chemistry

a single configuration which indicated the alignment during
the self-assembly process of the end-groups. The enhancement
of the directionality of interactions among the end-groups pro-
moted the hard segment alignment, entailing the strengthen-
ing of multiple non-covalent bonds and the physical properties
of the SPU material (vide infra). The enhancement of peaks in
the CD spectra confirm the development of supramolecular
chirality as concentration increases.’"%*

For the purposes of the remainder of this study, the
S-terminated polymer was used to investigate the properties of
the homochiral polymer on account of facile and viable access
to the desired homochiral end-group. The influence of stereo-
genic centres on the self-assembly mechanism was established
by temperature dependent CD experiments to probe the
thermo-reversible nature of the SPU interactions. The ellipti-
city due to the chiral end-groups was measured in 10 °C incre-
ments after heating at 5 °C min~" and holding at a set temp-
erature for a further 5 minutes to allow the polymer to reach
thermal equilibrium. Interestingly, a disengagement of the
supramolecular interactions occurs in the temperature range
between 80 °C and 90 °C, as indicated by the reduction in CD
signal (Fig. S11}), potentially as a result of the disruption of
supramolecular network formed mainly by multiple weak
hydrogen bonds as well as relatively weaker aromatic n—n stack-
ing interactions. The intensity of the CD signal is restored on
cooling through self-assembly, confirming the thermo-revers-
ible nature of the supramolecular interactions between the
SPUs under investigation that form the helical aggregates. The
chirality activity detected by CD spectroscopy correlated well
with the efficiency of the hydrogen bonding interactions of the
end groups observed by variable temperature FTIR spec-
troscopy and the related mechanical properties measured by
rheology experiments (vide infra).

The hydrogen bonding network in films of SPUs 1 and 3
was also probed by variable temperature FTIR spectroscopy to
exemplify the difference in the specific interactions between
the homochiral recognition motifs when compared to the
racemic end-groups (Fig. 2). As expected, thermo-responsive

1500

1550

1650 1600
Wavenumber / cm™

1700

1650 1600 1550 1500

Wavenumber / cm™!

1750 1700

Fig. 2 VT-FTIR spectroscopic analysis (25 °C-150 °C) for the homochiral SPU 1 and racemic SPU 3 terminated supramolecular polymers in the
bulk. Trend arrows demonstrate the change in absorbance profiles with respect to temperature from low (blue arrow terminus) to high (red arrow

terminus) temperature.
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behaviour analogous to that observed in variable temperature
CD experiments was observed. The vibration bands for both
the free (1740 ecm™) and hydrogen-bonded (1710 cm™)
urethane groups were identified in both the homochiral 1 and
racemic 3 SPUs at room temperature, arising from the
urethane linkers bonds from the polymer core. In addition,
the ordered hydrogen bonded urea band at ca. 1640 cm™" was
predominant among urea vibration modes for both SPU
derivatives. However, the urea vibration band of the racemic
derivative 3 features a sharp band superimposed at slightly
higher wavenumbers (Fig. 2), implying weaker association and
diminished urea stacking whilst the relative intensity of the
ordered urea vibration mode is greater in 1, suggesting that
the homochiral centres within the end-groups improve the
ordering of the urea assembly motifs. The intensity of both the
urethane and urea vibrational bands diminished at elevated
temperatures in both classes of SPU (1 and 3), whilst simul-
taneously the magnitude of the free urethane absorbance was
observed to increase, attributed to the dissociation of the
hydrogen bonding motifs. Upon cooling, the hydrogen
bonding urea and urethane vibrational band were seen to
increase in intensity as a result of the thermally reversible
assembly process (Fig. S127).

Quantitative analysis of the urea and urethane vibration
mode absorbances was then used to calculate the extent of
hydrogen bonding (Fig. 3) within the supramolecular polymer
networks by deconvoluting and fitting the absorptions from
VT-FTIR spectroscopic data. Interestingly, the SPU with homo-
chiral terminal groups (1) exhibited a 12% increase in hydro-
gen bonded ureas at room temperature when compared to the
racemic analogue 3 which was attributed to enhanced ordering
of the end groups. Furthermore, a 11% increase in the extent
of hydrogen bonding in urethane motifs was noted in 1 when
compared to 3. Upon heating, the percentage of bound
urethane in both the chiral 1 and racemic 3 networks dimin-
ished rapidly although still present above 50% in both cases.

8 72. T T T T T T T 94
764 ©
:C(E 741 & . ° 192 o
o 727 ° 490 5
=) 70_: . . u e o o o ° o lgg ©
- 68 . © 186 3
8664 ° ¢ =
c 64 o 184 8
8 621 o . 182 =
60 o O g ()
5 58_' o 5 . = '80 8')
o 56] @ 1-Urea - ° 178 5
S 541 o 1-Urethane L. "1 2
S, 52 o © = o o T
> ] = 3-Urea o S 174 o
T 509 o 3.Urethane ° S

X 48+— . T : : T . 72
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Fig. 3 Hydrogen bonding extent of both urethane and urea moieties of
homo-chiral 1 (S) enantiomer and racemic 3 (+) supramolecular deriva-
tives. Left-hand y-axis corresponds to percentage urethane hydrogen
bonding and right-hand y-axis corresponds to percentage urea hydro-
gen bonding.
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Furthermore, the onset temperature for the dissociation of
urea groups occurred between 40 °C and 60 °C in both SPUs,
reaching a steady plateau above 80 °C before diminishing
further at 130 °C for 1 (S derivative) and 110 °C for 3 (race-
mate). The increase in final dissociation temperature was
attributed to more ordered assembly in the homochiral termi-
nated polymer 1. Additionally, the extent of hydrogen bonding
of urea and urethane groups remained greater in the homo-
chiral polymer network 1 when compared with previously
reported®*®” SPUs featuring similar end-groups, remaining
stable even at 150 °C, indicating a more stable assembly
formed in 1 through the enhanced order in the packing of the
hard domain. After thermal equilibration of the SPU 1 film for
approximately 30 minutes at room temperature, full recovery
of the relative percentage of hydrogen bonding was observed
within the SPUs. The recovery of the relative percentage of
hydrogen bonding over time demonstrates the thermoreversi-
ble nature of the SPUs and is in good agreement®* ®” with our
previous studies for analogous SPUs. The homochiral end-
groups enable the efficient packing within the hard domains
whilst retaining the hydrogen bonding characteristics of the
urethane/urea functional groups.

To further understand the effects of soft segment molecular
weight on hydrogen bonding interactions within the poly-
urethane network, VI-IR spectroscopic analysis was also con-
ducted on SPU 12 derived from a higher molecular weight
polyol (Fig. S13a and cf). Although the behaviour of both
urethane and urea moieties followed the equivalent trends
described for SPUs 1 and 3 (Fig. 3), qualitative analysis of the
extent of hydrogen bonding interactions revealed a decrease in
their prevalence by approximately 10% (Fig. S13b¥) at room
temperature when compared to both SPU 1 and 3. The dis-
sociation of the hydrogen bonding network in 12 as tempera-
ture increased occurred to essentially the same degree as SPU
3, despite the lower concentration of end-group.

The thermal evolution of the nanostructure of segmented
SPUs (1 and 3) was explored by variable temperature SAXS
experiments (Fig. 4). Initially, a broad reflection centred at ca.
0.62 nm™" was observed, this correlates to a nanophase separ-
ation morphology. This peak shifted to ca. 1 nm™' upon
heating (80 °C), yielding a narrow reflection in agreement with
the reorganisation of the hard domains resulting from the
annealing above the hard domain 7,. The average domain
spacing obtained (ca. 10 nm at room temperature and then
6.9 nm at high temperature) corresponded to the extended
conformation of the hard domains for all the SPU derivatives
with a polybutadiene (3000 ¢ mol™") midblock.®® The SPU 12
derived from the higher molecular weight (5000 g mol™)
polyol (11) showed a greater domain spacing as a result of the
larger midblock (Fig. S14 and S15%). The development of the
nanophase separated structure followed a thermo-reversible
response and remained phase separated within the tempera-
ture range studied.

The internal structure of the hard domains of the SPUs was
monitored by WAXS analysis. Interestingly, the local packing of
the generated SPUs featured a crystalline structure (Fig. 5 and

Polym. Chem.
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Fig. 5 Variable temperature WAXS profiles of homochiral SPU 1 and racemic SPU 3.

S161) when compared to previously reported®>®*®* SPUs that
feature end-groups capable hydrogen bond formation and
hard segment generation. The chiral self-assembly of the end-
groups promotes the packing of the hard-segments in a
fashion analogous to that of end groups featuring multiple
urea/urethane moieties or flexible DBDI linkers that permitted
enhanced the stacking of the urethane/urea motifs.*>®® In
addition, the structure of the SPU derivatives were the same as
that of the analogous model compounds (Fig. S157), indicating
the assembly of hard segments to yield helical columnar

Polym. Chem.

stacks.>® The chiral 1 and racemic 3 SPU derivatives as well as
the corresponding model compounds (14 and 15) are charac-
terised by slightly different crystalline structures whilst gener-
ating reflections typical of staggered ureas (ca. 4.7 A) as well as
aromatic n-m stacking assemblies (ca. 3.5 A). Furthermore, the
homochiral derivatives (both model compounds®* in bulk and
SPU 1) feature a reflection centred at 7 nm™" (ca. 8.98 A) that is
comparable to the reflection observed for the xerogel of the
model compound in an extended configuration. However,
upon heating the SPU derivatives, a decrease of the crystallinity

This journal is © The Royal Society of Chemistry 2021
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and shift to lower angles was triggered around 50 °C as well as
the disappearance of the reflection at 7 nm™" related to partial
melting of the SPU hard segments. The less complex WAXS
profile of the homochiral SPUs 1 and 12 (Fig. S15 and S167)
indicate that the hydrogen bonding interactions define a more
ordered configuration when compared to the racemic SPU 3 as
a result of the inherent recognition imparted by the chiral
centre in the end groups.

Alignment of the adjacent urea/urethane moieties in supra-
molecular polyurethanes with stereogenic end groups, could
lead to the formation of fibrillar or other higher order aggre-
gates. Therefore, the morphology of the segregated segmented
SPUs was probed by AFM to assess the ability of the SPUs with
chiral 1 or racemic end-groups 3 to form aggregates. Polymeric
solutions were spin coated prior to analysis to yield homo-
geneous films. Microphase separation was observed in the
SPUs because of the immiscibility of block components (con-
sistent with the SAXS analysis discussed above) and ordered
stacking of the urea/urethane moieties within the polymer
backbone and association of the diol end-groups. In an
attempt to allow the polymer to reach a thermodynamic equili-
brium, samples were annealed for 4 hours at 80 °C.°*®°
Subsequent morphological analysis by AFM (Fig. 6) on the
annealed polymer films revealed fiber-like aggregates, with
more defined phase separation observed when compared to
the initial spin coated films. Additionally, a modest improve-
ment in the phase separation of SPUs with the homochiral
end-groups was observed when compared to the racemic SPU
3. The morphological observations from AFM imaging were
also in good agreement with the assembly determined by SAXS

Topological Images
B S aas TNy

Fig. 6 AFM phase micrographs of homochiral SPU 1 and racemic SPU 3.
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wherein nano-phase separated regions featuring a domain
spacing of ca. 10 nm were observed for the SPUs 1-3.
Furthermore, AFM investigations of the SPU 12 (Fig. S177) con-
firmed, as expected, that increasing the molecular weight of
the soft segment resulted in smaller aggregates generated by
the hard segments within the soft domain (lower hard
segment content [7.49 wt%] for 12 with respect to 1 and 3
[17.49 wt%]) and was in good agreement with SAXS measure-
ments. The ordered aggregates of the hard segment formed by
12 reflect the capability of the chiral end group to interact
specifically even when diluted within the large soft segment
matrix.

The ability of stereogenic transcription to strengthen the
polymeric network was assessed by rheological experiments
(Fig. 7a and b). The maximum storage modulus (G’) for all
SPUs observed at ca. 107 Pa was attributed to the glass phase
region related to the soft segment of the SPUs in agreement
with comparable SPUs previously reported.'?>>3766:68770 The
dramatic drop of the mechanical properties at higher tempera-
tures was consistent with the disruption of the physical cross-
links between discrete supramolecular oligomers above the
hard segment transition. Overall, the modifications of the
hard domain® dramatically alter the viscoelastic properties
and thus the mechanical properties which are governed largely
by the degree of immiscibility between the domains.

The storage moduli of SPU 1 containing homochiral end-
groups was substantially improved when compared to the
racemic analogue 3 (the storage modulus of 3 is only 55% of 1
at 40 °C) and the plateau modulus for 1 was more consistent
over a broader temperature range. Racemic SPU 3 possessed a

Phase Images
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Fig. 7 Temperature sweep analysis of homochiral SPUs 1 and 12, racemic SPU 3 and achiral SPU tetrol 13 over the temperature regime of —70 °C to

120 °C (A) storage and loss modulus and (B) tan 6.

characteristic phase mixing behaviour revealing a lower degree
of microphase separation achieved by the hard/soft domains
when compared to the homochiral SPU 1. The high modulus
in the rubber plateau for 1 provided excellent evidence that the
efficiency of packing within the hard segment afforded stron-
ger phase segregation resulting from the enhancement of the
supramolecular interactions between the hard segments. It is
important to highlight that the rubber plateau of SPU 1 is
observed at a higher modulus when compared to other analo-
gous SPUs.®*®” The rheology of SPU 1 (Fig. 7) comprising the
homochiral end groups was very different to the structurally
related achiral SPU tetrol®® 13 (Fig. S91). The latter does not
provide a plateau modulus, likely as a result of the phase
mixing generated from the end-group with lower self-reco-
gnition capability.

The increased molecular weight of the soft segment of SPU
12 revealed a reduction in the storage modulus when compared
to SPU 1 (Fig. 7a and b) related to the lower hard segment
content (17.49 wt% of end-group for SPUs 1 and 3 and 7.49%
for SPU 12). Although both SPUs initially exhibited similar rheo-
logical characteristics at low temperatures (—70 °C), an earlier
and more dramatic transition of the storage modulus plateau
was observed for the higher molecular weight SPU 12 as a con-
sequence of the lower T, of the polymer midblock.
Furthermore, the rubbery plateau regime for SPU 1 is more con-
sistent and occurs over a broader temperature range, suggesting
a more ordered assembly of the hard segments. The second
transition in the rheology profile for SPU 12, which was attribu-
ted to dissociation of the hydrogen bonding network of the urea
stacking related to lower hard segment content, reached an
onset at a lower temperature and was observed to take place
over a less well-defined temperature regime. Therefore, it was
proposed that that the hard segments were hydrogen bonded
but at a lower concentration than for SPU 1 which resulted in a
lowering of the temperature of the viscoelastic transition.

DSC analysis also revealed a complex structural transition
upon thermal treatment. This was related to the T, of the
corresponding soft and hard segment as well to the melting or
crystallization of different components of the hard segment
(see Fig. S18-5207).

Polym. Chem.

Electrospinning of the SPUs was conducted to explore the
contribution of the chiral hydrogen bonding motifs in the
formation of fibrillar aggregates during the electrospinning
process® and to further confirm the enhancement of the
supramolecular interactions of the hard segments by the self-
recognition of the chiral groups. Solutions of the polymers
were prepared in dichloromethane at different percentages
(10-38% w/v). By varying the weight percentage of the
polymer, the entanglement concentration and thus the
strength of the hydrogen bonding motifs required to over-
come the superficial tension and the stretching forces during
the evaporation process of the polymeric jet was determined
by morphological SEM analysis (Fig. 8). Near spherical beads
with a diameter of 80 pm were obtained when 1 was electro-
spun at a concentration of 10% w/v as a result of the low
entanglement of the polymer chains resulted by the lower
interaction of the end-groups, showing evidence of electro-
spraying. Increasing the concentration to 15% w/v was
sufficient to form short (less than 3 mm) beaded fibres with a
cross-sectional diameter of 8-32 pm as a consequence of
capillary instability created in the thin fibre sections between
beads. Increasing the concentration further to 20% w/v gave
rise to regular wavy fibres of diameter 11-55 pm which
revealed jet instabilities during the stretching of the polymer
jet. Regular and continuous fibres of diameter 17 pm were
electrospun with polymer concentration of 25% w/v in di-
chloromethane. Fibres with incompletely circular cross
section and porous walls were also found which could indi-
cate that the fibres were partially dried when they impacted
the collection surface. However, the wavy fibres afforded con-
firmed that fibres were constantly generated and thus, the
polymer jet was able to overcome the jet instabilities.
Rounded fibres of a reproducible morphology were achieved
successfully with a concentration of 38% w/v which indicated
a homogenous evaporation of the polymer jet. The fibres fea-
tured higher porosity compared to those obtained at lower
concentration which confirmed improved evaporation of the
solvent. Furthermore, the disposition of the fibres in a zigzag
like manner instead of coiled patterns indicated that the
fibres were produced by bending instabilities.

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 SEM images and tabulated data of different morphologies produced by electrospinning SPU 1 at a variety of concentrations and SPU 3 at a

concentration close to the critical entanglement concentration.

To explore the effect of the stereochemistry of the end-
groups, SPU 3 with racemic end group was also electrospun at
15% w/v. The concentration regime where polymer chains
entanglements determine the morphology development was
probed by viscosity studies (Fig. S217). For linear polymer that
do not possess higher organization in solution the power law
exponent in the entangled state ranges from 3.7 to 4.8.”%7>
The higher power law exponent value for SPU 1 (5.52) is
remarkable given the relative low molecular weight (M, ~
6400) of this polymer. Furthermore, the notably lower entan-
glement concentration (C,) value is indicative of stronger inter-
actions of the homochiral end-group with respect to structu-
rally related end-groups as found in SPU 3. When spun near
the C. value at which, in principle, the morphology will be
most affected as a result of the transition from the semi-dilute
unentangled regime to the semi-dilute entangled regime, SPU
3 produced non-continuous fibres with a thinner diameter of
4-24 pm (Fig. 8) in contrast to the short-beaded fibres afforded
for SPU 1. Evidence of electrospraying were also found as well
as a reduced density of fibres of SPU 3 at comparable humid-
ity. The lack of stereospecificity of the end-group interactions
in SPU 3 may lead to a reduction of the strength of the supra-
molecular entanglements when compared to the homo-chiral
hydrogen bonding motifs in SPU 1 which increased the organ-
isation of the interactions within the hard domain. Moreover,

This journal is © The Royal Society of Chemistry 2021

the hydrogen bonding interactions of SPU 1 were observed to
enhance the fibre morphology compared to SPU 3. Notably, a
consistent morphology development was determined as the
polymer concentration was increased (see Fig. S217).

The temperature at which the SPUs were electrospun also
affected the morphology of the fibres afforded. Fibres were
again prepared close to the critical entanglement concen-
tration and an increase of the temperature to 30 °C led to a
reduction in both the proliferation and the control of the fibre
morphology. Regular fibres with diameter of 18.5 um were
obtained (Fig. S221) which are equivalent to those previously
formed with 25% w/v polymer at 25 °C. Fibres obtained at
15 °C and 20 °C (Fig. S237) revealed a lack of fibre junctions,
most probably on account of the solvent evaporation before
impacting the collector.

Conclusions

The chirality of end groups in supramolecular polyurethanes
has been shown to have a substantial influence on the self-
assembly and physical properties of the resulting polymers. A
series of novel SPUs that feature chiral polar end-groups were
synthesised and chemical and physical analysis ascertained
how these chiral moieties improve the order of the weak hydro-
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gen bonding units of this type of supramolecular polymer.
They induce cooperative ordering of the components of the
hard segments (urethane, urea and aromatic units), ultimately
affording SPUs with enhanced physical properties in compari-
son to racemic analogues. SAXS/WAXS analysis revealed
thermo-responsive nano-segregated assemblies featuring
helical columnar aggregates. Temperature sweep rheological
analysis of the chiral SPUs revealed an enhancement of the
rubbery plateau when compared to analogous achiral SPUs to
further highlight that the enhancement of the self-assembly by
the chiral end-groups to reinforce the polymeric network.
Finally, electrospinning studies revealed that defined microfi-
bers were formed at lower concentrations in the case of the
homochiral SPUs (ca. 15%) when compared to the racemic
analogue, thus confirming the improvement in the supramole-
cular interactions afforded by homochiral end groups.

Experimental
Materials

The reagents used were commercially available from either
Acros Chimica, Aldrich Chemical Company or Alfa Aesar and
were used without further purification. Dry solvents were pur-
chased and used as supplied or distilled with appropriate de-
hydration agents, ie. tetrahydrofuran (THF) which was dis-
tilled from benzophenone and sodium. All other reagents
such as polybutadiene LBH-P 3000, My = 3000 g mol™" and
isomer content; (1,2- = 60 wt%, 1,4-cis = 15 wt%, and 1,4-trans
= 25 wt%), and 4,4-methylenebis(phenylisocyanate) (MDI)
were supplied by Henkel Adhesive Technologies, Slough, UK.
Thin-layer chromatography (TLC) was performed on alu-
minium sheets coated with Merck silica gel 60 F254. Column
chromatography was performed using either SI60 sorbent
silica (40-63 pm) supplied from VWR international or
Brockmann grade 1, standard grade, neutral activated alu-
minium oxide (ca. 150 mesh) supplied from the Aldrich
Chemical Company.

Instrumentation

"H Nuclear Magnetic Resonance spectroscopy (1H—NMR) was
conducted on either a Bruker DPX250 (250 MHz) or a Bruker
AMX400 (400 MHz) spectrometer using the deuterated solvent
as the lock. In the same manner, *C Nuclear Magnetic
Resonance spectroscopy (13C—NMR) was performed on a
Bruker DPX250 (62.5 MHz) or a Bruker AMX400 (100 MHz)
spectrometers. FT Infrared spectroscopy was performed using
a PerkinElmer 1420-X spectrometer with the samples analysed
as either neat films or in solution between two potassium
bromide or sodium chloride disks. A Bruker MicroToF LC-MS
instrument employing ionisation via electrospray was utilised
to obtain mass spectrometric data and samples were injected
by direct insertion via a syringe pump. Circular dichroism
(CD) spectra were recorded on a Chirascan spectropolarimeter
(Applied Photophysics, UK) with a 0.5 nm step, 1 nm band-
width and 1s collection time per step at 20 °C. Samples were
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loaded into quartz cover slip cuvettes 0.01 or 0.1 mm thick. An
electrothermal digital melting point instrument or a TA
Instruments DSC 2920 differential scanning calorimeter were
used to determine the melting point of the SPUs. The average
molecular weight of the polymers generated was determined
via Gel Permeation Chromatography (GPC) using a Polymer
Laboratories PL-GPC 220 high temperature chromatograph
fitted with PL Mixed Gel columns at 40 °C. The samples were
dissolved in analytical grade chloroform (5 mg mL™"), and ana-
lysed against PL Easy-Cal polystyrene as the -calibrants.
Samples for AFM analysis were prepared by spin-coating onto
a silicon wafer from a solution of the respective compound
(1% w/v) in THF. AFM micrographs were collected using a
Veeco Explorer fitted with a tube-type 2 pm scanner and
silicon cantilever tips (spring constant 1-5 N m™'; Veeco). For
all measurements, the set-point amplitude (free oscillating
amplitude of the cantilever divided by the actual oscillating
amplitude) was maintained between 60 and 100 kHz in a
tapping mode. Time resoled SAXS/WAXS experiments during
the polymer crystallization experiments were conducted on the
Dutch-Belgian Beamline (DUBBLE) BM26B of the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France).
The samples were placed in pierced DSC pans and loaded in a
DSC 600 heating stage (Linkam). The windows of the DSC
pans were made of mica and the DSC pans were sealed to
avoid sample loss. The distance to the SAXS detector was ca.
2.848 musing a wavelength of 0.1 nm and collecting the SAXS
patterns in a Pilatus 1 M detector (981 x 1043 pixels of 172 pm
x 172 um) whilst a Pilatus 300 K detector (1472 x 195 pixels of
172 pm x 172 um was placed at a distance of ca. 0.28 m to
record the WAXS patterns. The scattering data was corrected
from background contributions and sample absorption as well
as normalized upon incident beam fluctuations prior to the
data reduction. The scattering vector g-scale was calibrated by
using the scattering of AgBe (silver behenate) for the SAXS scat-
tering angular range and o-Al,O; (alumina) for the WAXS scat-
tering angles. The SAXS and WAXS patterns were reduced to
1D intensity profiles using bubble’” as a function of the scat-
tering vector (g = 4z sin 6/4) and reported in arbitrary units for
both SAXS and WAXS profiles. Thin films of the polyurethanes
were produced for mechanical testing and scattering experi-
ments via a solution casting procedure. All SPUs under study
were dissolved in THF and the solution was poured into flat
PTFE moulds and subsequently placed in a vacuum oven at
70 °C with a pressure of approximately 0.6 to 0.8 bar for a dur-
ation of 24 hours. SPUs films of uniform thickness between
200 and 500 pm were obtained at the end of this procedure
without residual solvent. Rheological analysis was performed
on circular samples (25 mm diameter) that were obtained
from moulded films using a steel punch cutter. Rheology was
performed using a TA instruments AR2000 rheometer.
Temperature sweeps were performed at a single frequency of
10 Hz with a strain amplitude of 0.1%. Initially, the samples
were placed on the rheometer, heated to 115 °C and left to
stabilise before the start of the experiment. The temperature
was then decreased to —70 °C at a rate of 3 °C per minute

This journal is © The Royal Society of Chemistry 2021
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whilst data were collected. The sample was again heated to
115 °C at 3 °C per minute. Three cycles of tests were measured,
and the results show that the repeating heating does not
change the properties significantly. Shear rate sweeps were
conducted from 1 to 1000 s™* to characterize the specific vis-
cosity (y7sp) of each polymer solution and understand the corre-
lation with the solution concentration. The specific viscosity is
defined as:
Mo — MNs
T =

where 7, is the solvent viscosity and 7, is the zero shear rate
viscosity of the solution.

Electrospun fibres were produced successfully using a glass
syringe mounted in a syringe pump fitted with a needle of
length 2.5 cm and with an internal diameter of 0.71 mm
(22 gauge). A flat aluminium electrode was placed normal to
the needle at distances varying from 10 to 70 cm with a
Glassman high voltage power supply used which allowed
defined voltages over the range 7.5-20 kV.

General synthetic procedure for supramolecular polyurethanes
1-3 and 12

Hydroxy terminated poly(butadiene) 5 (molecular weight as
supplied = 3000 ¢ mol™") or 10 (molecular weight as supplied
=5000 g mol™") was dried under vacuum in oven at 120 °C for
1 hour. The pre-polymers 4 or 11 were first prepared using an
established procedure® by reacting the apolar polybutadienes
5 or 10 (1.68 mmol) with 4,4-methylenebis(phenyl isocyanate)
[4,4'-MDI] 6 (3.37 mmol) in the bulk under N,. The colourless
pre-polymer 4 or 11 thus obtained was then dissolved in dry
THF (100 mL) and allowed to cool to room temperature. The
appropriate 3-amino-1,2-propanediol end-group 7-9 (0.31 g,
3.37 mmol) was then added to the solution and this was main-
tained under reflux for 3 hours. The solvent was then removed
in vacuo and the supramolecular polymer 1-3, or 12 purified
by dissolving in chloroform (30 mL) and repeated precipitation
from methanol (x3) to afford a white solid elastomer 87% yield
(3.92 g). Full spectroscopic data for polyurethanes 1-3 and 12
can be found in the ESL ¥
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