Synthesis and characterization of squaramide-based

supramolecular polymers
Lauria, F.

Citation

Lauria, F. (2022, November 1). Synthesis and characterization of
squaramide-based supramolecular polymers. Retrieved from
https://hdl.handle.net/1887/3485180

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3485180

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3485180

CHAPTER 4

Understanding the self-assembly of
tripodal squaramide-based monomers
through structural substitution



4.1 Abstract

The chemical structure of a supramolecular monomer and the environment it
is placed in plays a critical role on its self-assembly and formation of
supramolecular polymers. However, the structure and the properties of the
formed polymers are difficult to predict starting from the monomers a priori.
We earlier demonstrated that tripodal squaramide-based monomers self-
assemble into long, flexible supramolecular polymers and gel-phase materials
above a critical concentration in water. Modulation of the hydrophobic
domains of the monomer, had a lesser impact on the formation of fibrillar
aggregates, however gel-phase materials were only formed for monomers
with a particular hydrophilic-hydrophobic ratio. In this chapter, I take a step
further in designing a small library of squaramide-based monomers to
delineate the structural modifications that are necessary to trigger the
formation of fibrillar aggregates. Since self-assembly of the monomer in
aqueous solution requires a synergy between hydrophobic and hydrogen
bonding interactions, structural modifications to the monomer involving either
or both of these interactions were examined. In particular, a family of
squaramide monomers were designed to consider the effect of carbamate
bond, ether linkage, decreasing the number of squaramide units from three to
two and varying the number of tetracthylene glycol moieties. Substitution of
carbamate linkage with an ether bond results in the formation of a 4-fold less
stiff hydrogel relative to the native tripodal squaramide monomer. Reduction
in the number of squaramide moieties resulted in the lack of monomer gelation
at similar condition, but the formation of supramolecular polymers was still
observed. Moreover, replacing one hydrophobic domain resulted in the
solubilization of the monomer and the loss of the formed supramolecular
polymers, further emphasizing the importance of the synergy of all monomer
features on supramolecular polymerization and hydrogel formation.
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4.2 Introduction

Supramolecular polymers have sparked much interest for a broad range of
applications in healthcare due to their unique properties that arise from the
inherent dynamic character of the interactions that hold them together.'”
Accessible to this class of polymers are properties such as tunability,
responsiveness, modularity, recyclability, and biomimicry.® Consequently,
they are being examined for several application areas such as tissue
engineering, regenerative medicine,” drug delivery® and as mimics of
extracellular matrix for 3D cell culture.”” ® Two classes of materials are
employed in this area, those consisting of polymers with modules that engage
in molecular recognition and those that self-assemble through stacking of
monomers under physiological conditions.® In both of these classes, gel-phase
materials can be formed when applied above a critical concentration
depending on their molecular structure. Hence, gaining insight into the
features of the monomers that drive supramolecular polymerization and their
effect on the formation of water-based materials is critical to their application
in the abovementioned areas.

In the design of a supramolecular monomer for polymerization, non-covalent
interactions such as hydrogen bonding, n-w, electrostatic and hydrophobic
interactions are strategically positioned taking into account the
microenvironment of the selected interaction (e.g. with respect to the solvent)
and combination of interactions. However, rational design of such monomers
and prediction of the final self-assemblies remains challenging, especially in
water that can have a potent effect on the self-assembly pathway of the
aggregates. The hydrophobic effect’ drives the self-assembly of amphiphile
molecules in combination with other directional interactions.'" Hydrogen
bonding on supramolecular synthons such as 1,3,5-benzenetricarboxamide
(BTAs),"! peptides,'*"* and ureidopyrimidones'*'® have been employed in the
monomer design to prepare supramolecular polymers and gel-phase materials
in water.

Of the examined monomer geometries, tripodal and Cs-symmetric cores, have
have been widely applied in the construction of supramolecular materials.'”"”
BTAs represent one of the most studied scaffolds in supramolecular
chemistry.!" The self-assembly of BTAs into supramolecular polymers in
organic solvent relies on a combination of m-n and hydrogen bonds
interactions from the amide groups with a high degree of cooperativity.'2**!
Reduction of the monomer to a C,-symmetry resulted in a ten-fold lower
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cooperativity as compared to Cs symmetry in methylcyclohexane (MCH). The
consequence of reduced cooperativity results in a decreased size and
morphological change of the resulting aggregates.””> When oligo(ethylene
glycol) chains are added to the periphery of BTAs-based monomer,
possibilities to use this synthon for self-assembly in water are unlocked.”**
In this study, the minimum aliphatic chain length required for the self-
assembly in water, but also the inclusion of stereogenic centers on chiral
handedness of the final aggregates were disclosed.”** Besenius, Meijer and
coworkers further examined the effect of installing periphery units that
provide function on the BTA monomer such as Gd(III)-DTPA (diethylene
triaminepentaacetic acid) introducing electrostatic effects into the self-
assembly and potential for imaging.”

Cyclohexane-based Cs-symmetric 1,3,5-cyclohexane trisamide (CTA)-cores
have also been examined to prepare materials in water, showing potent self-
assembly and gelation properties.***® van Esch and coworkers prepared
phenylalanine derivatives with a CTA core containing different stereogenic
centers and demonstrated their effect on hydrogelation.”® Moreover, Eelkema
and coworkers investigated the potential to tune the morphology of the self-
assembled CTAs by modulating the monomer structure.”’ In particular, the
gelator was designed with two segments: a CTA core functionalized with three
phenylalanines substituted with tetracthylene glycol chains and one with a
hydrophobic aliphatic segment. When a chaperone was added, the self-
assembly properties of each individual segments could be controlled resulting
in a switch in morphology from twisted tapes to nanofibers and the loss of gel
phase properties. On the other hand, addition of HFIP, a good solvent for the
monomer and a hydrogen bond disrupting solvent resulted in the formation of
micellar aggregates. While significant progress in understanding the effect of
certain structural modifications on the self-assembly behaviour of C;-
symmetric amphiphiles in organic solvents and water has been made in these
studies, most examples have been limited to the use of amides as the ditopic
hydrogen bonding unit.

Squaramides are ditopic hydrogen bonding synthons consisting of a
cyclobutenedione ring that have applied in the areas of catalysis,
bioconjugation, as ion receptors and in the design of supramolecular materials
due to their ability to form strong hydrogen bonds.****> We recently reported a
tripodal squaramide-based monomer that self-assembles into supramolecular
polymers and gel-phase materials in water.*® Specifically, the squaramide
synthon was incorporated into the hydrophobic domain and surrounded with
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tetrachtylene glycol chains. Supramolecular monomers were designed with
different aliphatic chain lengths ranging from 6-12 methylene units, but only
those with 8 and 10 methylenes resulted in the formation of hydrogels
highlighting the importance of the hydrophilic-hydrophobic balance on the
self-assembly of the monomers. Inspired by these results, we were interested
to further understand the self-assembly scope of this monomer, examining
non-uniform changes to its geometry and hydrophobic content, as well as the
number of squaramides and presence of the carbamate moiety. Herein a library
of tripodal squaramide-based monomers was reported and the effect of these
structural substitutions on their self-assembly into supramolecular polymers
and hydrogels was examined.
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Figure 4.1 Squaramide-based tripodal supramolecular monomers used in this study and the
examination of their self-assembly into supramolecular polymers and gel-phase materials.
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4.3 Results and discussions

In order to better understand the features of the tripodal squaramide-based
monomer (1a) that enables it to form supramolecular hydrogel, a small library
of monomers were prepared with various structural modifications. The
molecular structure of the monomer contains three squaramide moieties, C10
aliphatic and tetraethylene glycol chains. The combination of these features
drives their self-assembly into supramolecular polymers in water and thus,
modifications that would impact this process were examined.’” Hence, the
effect of structural modifications involving either or both of these interactions
simultaneously on the monomer were explored. In our earlier design, a
carbamate moiety was used to connect the aliphatic spacers to the
oligoethyelene glycol chains because of its synthetic facility. However, to
understand the effect of the carbamate bonds on supramolecular
polymerization of the squaramide monomers, this linkage was exchanged for
an ether in all molecules of the library (1b and 2a-c).

Ether linkages were introduced into squaramide-based amphiphile (6)
according to an earlier report by Mejier’® and coworkers (scheme 1).
Tetraethylene glycol monomethyl ether was coupled with the C10 aliphatic
spacer in presence of NaH and 1,10-dibromodecane. The obtained amphiphile
containing a halide (3) was converted in primary amine by the Gabriel
synthesis in presence of potassium phthalimide and subsequent use of
hydrazine monohydrate. The primary amine on the amphiphile (5) was
subsequently coupled with 3,4-dibutoxy-3-cyclobutene-1,2-dione to obtain
the squaramide-based amphiphile (6). The monomer 1b was synthesized as
reported previously by our group®® with the coupling of tris(2-aminoethyl
amine) (TREN) core in presence of an excess of squaramide amphiphile (6).

The effect of reducing the number of squaramide moieties and modifying the
hydrophilic-hydrophobic ratio of the monomer were examined in a second
group of monomers. Two of the tripodal arms were outfitted with the
squaramide amphiphiles and third one was coupled with either an
oligoethylene glycol 2a, (wrec = 0.55), a chain short alkyl chain 2b, (oTec =
0.53), or an alkyl and oligoethylene glycol 2¢, (wtec = 0.46) chain attached
directly to the nitrogen of the monomer core. As reported in scheme 1, the
syntheses of 2a-c¢ were performed starting from the squaramide-based
amphiphile (6) that was coupled with N,N"-di-Z-diethylenetriamine
functionalized with an oligoethylene glycol (2a), a short alkyl chain (2b) or
an alkyl and oligoethylene glycol chain (2¢) respectively. To prepare N,N"-
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di-Z-diethylenetriamine, benzylic alcohol was first activated with 1,1-
carbonyldiimidazole (CDI) and coupled to bis(2-aminoethyl)amine in
excellent yields (8). The N,N”-di-Z-diethylenetriamine core was further
reacted with oligoethylene glycol, a C10 alkyl chain or an alkyl and
oligoethylene glycol chain as reported by Wadas®® and coworkers.
Subsequently, after hydrogenation in situ with Et;SiH on Pd/C to remove the
Cbz protecting group, the core was coupled with squaramide-based
amphiphile (6) to obtain the monomers 2a-c, in moderate yields.
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Synthetic scheme 1: Synthesis of monomers 2a-¢

Self-assembly of the tripodal squaramide-based monomers 1b and 2a-¢ were
first examined at the molecular level in water using UV-vis spectroscopy
(Figure 4.2a). In our previous publication®® the self-assembly of 1a in water
resulted in two absorbance maxima at 255 and 329 nm from the HOMO-
LUMO and HOMO-LUMO+1 transitions of the squaramide when self-
assembled in a head-to-tail hydrogen bonding arrangement (1a). Here, the
exchange of the carbamate moiety for ether bonds in the molecular structure
of 1b, resulted in a similar profile to 1a with the transitions at 255 and 329
nm, respectively. The reduction to two squaramide moieties and one aliphatic
spacer replaced with an oligoethylene glycol chain in 2a resulted in the loss
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of these transitions with only one band at 280 nm, consistent with the
monomer species and suggestive of a distinct aggregation mode. The addition
of an alkyl chain on the third position in 2b to form a more hydrophobic
monomer, gave rise to a UV-vis profile with two bands at 250 and 329 nm as
in 1a, b, but with decreased intensity likely due to its poor solubility. The
addition of an amphiphile on the third position that lacks a hydrogen bonding
group in 2c¢ results in two maxima at 260 and 329 nm, that are shifted to a
lesser degree than either 1a or b, is suggestive of the formation of shorter
polymers. Overall, the differences in the shifts of the maxima and their
absorbance intensity suggest a variable aggregation patterns of the various
squaramide monomers in their respective assemblies.

To further probe the aggregate structures at the molecular level, a fluorescence
spectroscopy experiment in the presence of Nile Red dye was performed
(Figure 4.2b). The Nile Red dye is a hydrophobic probe that increases in
fluorescence intensity with a blue-shifted maximum relative to its emission in
water when in a hydrophobic environment. Consequently, this dye has been
often used to understand the self-assembly of a range of amphiphiles in
water.*®*" The fluorescence spectrum of the Nile Red dye in water displays a
low intensity emission band at 640 nm. Monomer la was previously
demonstrated to show an intense blue-shifted emission band at 622 nm due to
the size of the hydrophobic domains formed on self-assembly in water. The
fluorescence spectrum of 1b displays the same maximum at 622 nm
suggesting formation of self-assembled aggregates on par with la as
suggested in UV-vis measurements. Because of the increased hydrophilic
character of 2a, the fluorescence emission is comparable to the band in water
suggesting a lack of aggregation. Conversely, 2b containing an aliphatic
spacer shows a blue-shifted emission signal at 615 nm of decreased intensity
compared to 1b, whereas 2¢ displays an increased fluorescent signal at 622
nm that is consistent with formation of supramolecular aggregates. Thus, the
differences in the blue-shifting of the emission maxima and their intensity are
consistent with the changes to the hydrophobic and hydrophilic domains of
the monomers and their distinct mode of aggregation.
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Figure 4.2 Spectroscopy of tripodal squaramide self-assemblies: (a) UV-vis absorption spectra
of 1b, 2a-c (cso=15 uM); (b) Fluorescence spectra (cso=15 uM) of Nile Red dye embedded
tripodal molecules (1b, 2a-c): (cNileRed=0.005 mg/mL, dexc = 550 nm., Aem = 570-800 nm), Nile
red in MilliQ is used as a control.

Static light scattering (SLS) is a technique used to determine the critical
aggregation concentration (CAC) of monomer or the concentration at which a
supramolecular polymer is formed. This value is determined from the
inflection point of the measured scattering intensity of monomer solutions as
a function of concentration.*' In our previous publication, a concentration-
based UV-vis experiment of 1a displayed the retention of blue- and red shifted
bands at even at low concentration (3.75¢10 ° M). Also, the distinct UV-vis
profiles of 1b and 2a point to the importance of the hydrophobic/hydrophilic
balance on monomer self-assembly. Therefore, the critical aggregation
concentration was determined for these two monomers as shown in Figure
4.3a and b. The CAC of 1b and 2a was determined from samples prepared in
a concentration range from 100 uM to 10 nM. Despite their different UV-vis
profiles and solubility in water, 1b and 2a displayed comparable CACs (2.4
*10 °M and 2.13 *10 > M).
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Figure 4.3 Variable concentration SLS measurement of a) 1b and b) 2a to determine the critical
aggregation concentration.

To further probe the spectroscopic differences observed in UV-vis
measurements that suggest a difference in the aggregation mode of the
monomers, AFM imaging was performed to gain insight into the morphology
of the aggregates (Figure 4.4). Self-assembly of 1b in water results in the
formation of nanofibers consistent with the observed UV-vis spectra (Figure
4.3a). Conversely, the increased hydrophilic character of 2a resulted in the
formation of amorphous structures (Figure 4.3b) that could be a drying effect
and is consistent with a single absorption band at 280 nm and lack of
fluorescent signal in the Nile Red experiment. In case of 2b and 2¢ (Figure
4.3 ¢,d) the formation of fibrillar aggregates is observed with lesser degree of
polymerization compared to 1b. These observed morphologies are in line with
the results obtained from UV-vis spectroscopy and point to the importance of
the hydrophilic-hydrophobic ratio in combination with the squaramide
synthons inside the molecular structure to drive monomer self-assembly into
fibrillar aggregates that entangle to form hydrogel materials. To gain further
insight into the morphological differences between the aggregates of 1b, 2b
and 2¢, measurements that are performed in the solution state such as small
angle x-ray scattering and cryogenic electron microscopy are necessary.
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Figure 4.4 AFM micrographs of 1b (a) (scale bar 3 um), 2a (b), 2b (¢) and 2¢ (d), (scale bar:
1 pm).
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The capacity of the monomers that form fibrillar aggregates to gelate water
were probed by a gel inversion test and oscillatory rheology (Figure 4.5).
Monomers 2b and 2¢ did not yield hydrogels, as they precipitated at a higher
concentration of 1 mM likely due to their increased hydrophobic character in
comparison to the other monomers. Alternatively, 1b gelated water. In
contrast to gelator 1a that showed a cgc at 3.1 mM, 1b exhibited higher cgc of
5 mM and viscous solutions at lower concentrations. The stiffness of the
hydrogel composed of 1b was further quantified by oscillatory rheology in a
time sweep measurement. The storage modulus (G’) at the end of the
measurement was 16 Pa. This value is lower in comparison to the G’ obtained
for 1b (67 Pa) in a similar concentration range.

a) b)
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Figure 4.5 (a) Oscillatory rheology time sweep of 1b, (cso=5 mM), Time sweep measurements

were collected at a fixed frequency of 1.0 Hz and strain of 0.05% for up to 7200s. (b)
Representative photograph of the gel inversion test for 1b at 5 mM.
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Overall, the structural modifications to monomers 1b and 2a-c and their self-
assembly demonstrated the extent they could be altered while preserving
supramolecular polymer assembly. Maintenance of a sufficient
hydrophilic/hydrophobic ratio despite a reduction of one squaramide unit in
2b, 2¢ permitted the formation of supramolecular polymers, however gel
phase materials are not obtained. More specifically, removal of the
hydrophobic domain at the core in 2a results in loss of nanofiber formation as
evidenced by spectroscopic and AFM measurements. Retention of a
hydrophobic domain at the core with and without oligoethyelene glycol as in
2b and 2¢ provides nanofibers with increased flexibility and a lesser degree of
polymerization compared to 1b. Moreover, in these experiments the
carbamate moiety in 1 was found to be relevant for increasing hydrogel
stiffness. In the absence of the carbamate a four-fold lower storage modulus
of the hydrogel was obtained.
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4.4 Conclusions

In this study, the systematic modification of the chemical structure of tripodal
squaramide monomer on their self-assembly properties was examined in
water. Thus, a small library of monomers was synthesized in moderate yields
and their self-assembly properties were investigated and compared with the
corresponding parental tripodal squaramide-based hydrogelator. Exchange of
the carbamates with the ether linkages resulted in a reduction in hydrogel
stiffness, whereas reduction of the number of squaramide units resulted
inability to form gel phase materials. The observed effects on gelation likely
result due to the reduced degrees of polymerization of the squaramide
monomers with a reduction in the number of the squaramide synthons
affecting their entanglement. Additionally, the hydrophobic shielding of the
regions near squaramide are critical as an increase in hydrophilicity near the
center of the monomer hinders the formation of fibrillar aggregates. These
results point to the importance of the location of the hydrophilic moieties on
the self-assembly of the aggregates, and the hydrophilic/hydrophobic ratio.
Cumulatively, these demonstrate the necessary structural features to guide the
gelation of tripodal squaramide-based monomers in solution, but also their
hints at their tolerance to structural modifications for future works that involve
their conversion into functional supramolecular biomaterials.
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SUPPORTING INFORMATION

4.5 Material and methods
4.5.1 Materials

All reagents and chemicals were purchased from Sigma Aldrich, Acros
Organics and Bioconnect and used without further purification. Deuterated
chloroform was purchased from Euriso-top and Milli-Q water was employed
for all experiments. Acetonitrile for the hydrogenation reaction was dried
using molecular sieves 3A (20% w/v) and used after 24 h of equilibration.
Tetraethylene glycol p-toluenesulfonate (PegsOTs) was synthesized as
reported in literature.*

4.5.2 Instrumentation

Compounds were either purified by normal-phase silica gel column
chromatography or on a X1 flash chromatography system equipped with a
C18 column from Grace Reveleris. '"H-NMR and "*C spectra were obtained
on a Bruker (300 MHz) or Bruker DMX-400 (400 MHz). LC-MS analyses
were performed on a Finnigan Surveyor HPLC system equipped with a
Gemini C18 50 x 4.60 mm column (UV detection at 254 and 214 nm) coupled
to Finnigan LCQ Advantage Max mass spectrometer with ESI. For the mobile
phase, a gradient of 10-90% of CH3CN/ H,O with 0.1% trifluoroacetic acid
over 13.5 minutes was used. MALDI-TOF-MS spectra were obtained on a
Bruker Microflex LRF mass spectrometer in reflection positive mode using o-
cyano-4-hydroxycinnamic acid as a matrix with a laser power of 30%. UV-
vis measurements were performed on a Cary 300 UV-vis spectrophotometer
using a quartz cuvette of a 1 cm path length. DLS measurements were carried
out using a Malvern Zetasizer Nano ZS ZEN3500 equipped with a laser of
633 nm and with a scattering angle of 173°. Fluorescence experiments were
recorded on an Infinite M1000 Pro Tecan plate reader using a 96-well plate
with a black background. Atomic force microscopy (AFM) images were
recorded in tapping mode on a Veeco-Bruker Multimode AFM with a
Nanoscope Illa controller at room temperature. The AFM tips used were
Oltespa Opus probes with a reflex aluminium coating with a nominal spring
constant of 2 N/m, a nominal resonance frequency of 70 kHz and a tip radius
of 7 nm. The images were processed using Nanoscope software. The
mechanical properties of the squaramide-based hydrogels were measured on
a Discovery HR-2 hybrid rheometer using cone-plate geometry (40 mm,
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1.995°) at 25 £ 0.2 °C with a Peltier-based temperature controller and a solvent
trap.
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4.6 Synthetic schemes

4.6.1 Synthethic procedure 1: Squaramide amphiphile synthesis

H3CO\/\O/\/O\/\Q/\/OH
1. NaH, THF, 0 °C

2. Br\,(/\)v Br,RT
8

Yield: 49.2%

3 H3CO\/\O/\/O\/\O/\/O\/\/\/\/\/\Br

Yield: 57.7% \ Potassium phthalimide, DMF, 60 °C

(6]
4
HSCO\/\O/\/O\/\Q/\/O\/\/\/\/\/\N: 'Z
(0]

Yield: 82.9% \ NH,NH,, EtOH, 80 °C

5
H3CO\/\Q/\/O\/\O/\/O\/\/\/\/\/\NH2
DIPEA, CHCI,, RT
Yield: 63.9% o (0]
\ /\/\oj;fo/\/\ o o
: pm
Hsco\/\o/\/o\/\o/\/o N N

N
H
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Synthesis of 3

Tetraethylene glycol monomethyl ether (3.8 mL, 19.21 mmol) was dissolved
in dry THF (20 mL) at 0 °C. NaH (0.768 g, 19.21 mmol) was added in portions
resulting in a foaming solution. When the foaming ceased, the ice bath was
removed. Subsequently, 1,10-dibromodecane (12.94 mL, 57.62 mmol) was
added and the reaction mixture was stirred overnight at room temperature. The
reaction was quenched with H,O (20 mL) and extracted with diethyl ether (3
x 40 mL). The combined organic fractions were collected, dried with MgSQ,,
filtered, and concentrated. The product was purified by silica column
chromatography (eluent: petroleum ether/EtOAc 8/2-5/5 v/v) and was isolated
as a colorless oil.

Yield = 4.04 g, 49.2%. '"H NMR (300 MHz, CDCls): § (ppm) = 3.58-3.46 (m,
16H), 3.39-3.30 (m, 5H), 1.79-1.72 (t, 2H), 1.52-1.47 (t, 2H), 1.35-1.22 (d,
14H). C NMR (75 MHz, CDCL): & (ppm) = 71.87, 71.38, 70.53, 70.45,
70.01, 58.94, 33.87, 33.74, 32.72, 29.56, 29.38, 29.35, 29.29, 28.99, 28.83,
28.66, 28.08, 26.00. TLC-MS (m/z): 450.1 [M+Na]".

Synthesis of 4

3 (4.04 g, 9.45 mmol) and potassium phthalimide (2.45 g, 13.23 mmol) were
dissolved in DMF (15 mL) and the mixture was refluxed for 2 hours. After the
removal of the solvent by rotary evaporation, the residue was re-dissolved in
DCM (50 mL), extracted with 2 M HCI (2 x 30 mL), dried with MgSQOs,
filtered, and concentrated. The compound was purified by silica column
chromatography (petroleum ether/EtOAc, 1/1) and obtained as colorless oil.

Yield = 2.69 g, 57.7%. '"H NMR (300 MHz, CDCl;): § (ppm) = 7.75 (d, 4H),
3.4 (m, 18H), 3.35 (s, 3H), 1.6 (d, 4H), 1.24 (s, 14H). *C NMR (75 MHz,
CDCl): 6 (ppm) = 168.40, 133.81, 132.14, 123.10,71.91,71.48, 70.57, 70.49,
70.02, 59.00, 38.02, 29.59, 29.46, 29.39, 29.13, 28.56, 26.81, 26.03. TLC-MS
(m/z): 516.5 [M+Na]’, 532.5 [M +K]".
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Synthesis of 5

Hydrazine monohydrate (3.8 mL, 78.34 mmol) was added to a stirred solution
of 4 (2.69 g, 5.45 mmol) in EtOH (50 mL) and the mixture was refluxed
overnight. The solvent was removed by rotary evaporation and the mixture
was dissolved in chloroform (100 mL), extracted with NaOH (3 x 100 mL, 1
M) and the organic layers were dried with MgSQO, filtered, and concentrated.
The compound was isolated as white solid and used for the next step without
any further purification.

Yield = 1.64 g, 82.9%. "H NMR (300 MHz, CDCl3): § (ppm) = 3.40 (m, 16H),
3.26 (t, 2H), 3.20 (s, 3H), 2.50 (t, 2H), 1.80 (s, 3H), 1.30 (m, 4H), 1.11 (s,
12H). *C NMR (75 MHz, CDCL): & (ppm) = 71.77, 71.28, 70.43, 70.33,
69.90, 58.81,41.90, 33.31,29.47, 29.39, 29.37, 29.30, 26.72, 25.92. TLC-MS
(m/z): = 364.5 [M+H]", 386.5 [M+Na]".

Synthesis of 6

5 (1.18 g, 3.26 mmol), 3,4-dibutoxy-3-cyclobutene-1,2-dione (0.9 mL, 3.91
mmol), and DIPEA (0.9 mL, 4.89 mmol) were dissolved in CHCIs (50 mL)
and were stirred at room temperature for 2 h. The mixture was purified by
silica column chromatography (DCM/MeOH, 98/2). The product was isolated
as light brown oil.

Yield = 1.07 g, 63.9%. '"H NMR (300 MHz, CDCl3): § (ppm) = 4.73 (t, 2H),
3.66 (m, 16H), 3.43 (t, 4H), 1.77 (q, 2H), 1.56 (m, 4H), 1.44 (m, 2H), 1.27 (s,
12H), 0.96 (t, 3H). *C NMR (75 MHz, CDCl;): § (ppm) = 177.48, 73.38,
71.89, 71.47, 70.58, 70.54, 70.47, 70.02, 59.00, 44.88, 31.99, 30.65, 29.59,
29.44, 29.39, 29.10, 26.34, 26.03, 18.63, 13.65. LC-MS: t = 7.65 min, (m/z):
515.69.[M]"
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4.6.2 Synthetic procedure 2: Synthesis of 2a, 2b and 2¢

©/\OH

THF | CDI
Yield = 80,6%
5 ey 8
H
S~ L e
— THF O\g/HN\/\N/\/N\g/O
7 Yield = 76,5% H
Yield(9a) = 88.5% K2CO3,Nal, PegqTs
or 1-bromodecane or 2, ACN

Yield(9by =
ield(9b) = 81.1% reflux

Yield(9¢) = 66.3%

H
9, 9b, 9¢ @\/O HN\/\N/\/N o\/@
T 7% ¥

(i) EtsSiH, Pd/C,MeOH
(i) DIPEA, 1, CHCl3

Yield (2a) = 40.6%
Yield (2b) =47.1%
Yield (2¢) = 59.7%

H H H H
e T, e
4 R
o

a /O\/\o/\/o\/\o/\, -7
b P N N N

c /O\/\o/\/o\/\o/\/o\/\/\/\/\/ ~
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Synthesis of 7

Benzyl alcohol (1.6 mL, 15.42 mmol), and CDI (5.00 g, 30.83 mmol) were
dissolved in THF (20 mL) and were stirred at RT for 30 minutes under N,
atmosphere. After quenching the reaction with distilled H,O (70 mL) and
extraction with EtOAc (3 x 100 mL), the combined organic fractions were
dried with MgSOQs,, filtered, and concentrated. The solution was purified by
silica column chromatography (EtOAc/hexane, 1/2) and the product was
isolated as a colorless oil.

Yield = 2.51 g, 80.6%. '"H NMR (300 MHz, CDCl;): § (ppm) = 8.07 (s, 1H),
7.34 (m, 6H), 6.98 (m, 1H), 5.32 (s, 2H). *C NMR (75 MHz, CDCl5): § (ppm)
= 148.51, 137.09, 134.02, 130.58, 128.95, 128.78, 128.64, 117.10, 69.73.
TLC-MS (m/z): 203.2 [M+H]", 228.2 [M+Na]".

Synthesis of 8

7 (2.51 g, 12.41 mmol) was dissolved in THF (50 mL) and diethylenetriamine
(0.6 mL, 5.77 mmol) was added dropwise to the reaction mixture and stirred
for 2 h at RT. The solution was purified by flash chromatography on a C18
silica column using a gradient of HoO/CH3CN 10-90 % over 35 minutes. The
product was concentrated and lyophilized.

Yield = 1.64 g, 76.5%. "H NMR (300 MHz, CDCL3): § (ppm) = 7.33 (s, 10H),
5.65 (t, 2H), 5.08 (s, 4H), 3.25-3.21 (t, 4H), 2.68 (t, 4H), 1.33 (s, 1H). C
NMR (300 MHz, CDCL): 8 (ppm) = 156.77, 136.60, 128.50, 128.09, 66.64,
48.59, 40.70. TLC-MS (m/z): 394.3 [M + Na]".

Synthesis of 9a

Tetraethylene glycol p-toluenesulfonate (0.42 g, 1.15 mmol), 8 (0.23 g, 0.62
mmol), K,CO; (0.12 g, 0.88 mmol), and Nal (0.096 g, 0.64 mmol) were
dissolved in anhydrous acetonitrile (15 mL) and were refluxed for 36 hours.
The solution was concentrated and the residue was redissolved in DCM (25
mL). After washing with 1 M NaOH (15 mL) and back extraction of the
aqueous layers with DCM (3 x 10 mL), the combined organic fractions were
dried with MgSOQs, filtered, and concentrated. The residue was purified by
flash column chromatography on C18 silica column using a gradient of
H,O/CH;3CN: 10-90% over 40 minutes.

169



Yield = 0.31 g, 88.5%. 'H NMR (300 MHz, CDCL): 8 (ppm) = 7.29 (s, 10H),
5.91 (t, 2H), 5.05 (s, 4H), 3.50 (s, 12H), 3.41 (t, 2H), 3.33 (s, 3H), 3.219 (q,
4H), 2.61 (t, 6H). *C NMR (75 MHz, CDCL): & (ppm) = 156.80, 136.86,
128.38, 128.05, 127.90, 71.84, 70.49, 70.46, 70.35, 70.32, 70.16, 69.99, 66.39,
58.96, 54.23, 53.19, 39.17.

Synthesis of 2a

9a (0.149 g, 0.265 mmol) and Pd/C (0.021 g, 0.197 mmol) were dissolved in
dry MeOH (10 mL) and placed under a N, atmosphere. Et3SiH (4.5 mL, 26.5
mmol) was added dropwise to the reaction mixture and stirred at RT
overnight. The solution was filtered over celite and the solvent was removed
by a stream of N, gas. Subsequently, the residue was dissolved in CHCIs (50
mL) and 6 (0.30 g, 0.59 mmol) and DIPEA (0.14 mL, 0.80 mmol) were added
and refluxed overnight. After the removal of the solvent by rotary evaporation,
the residue was redissolved in DCM (20 mL), washed with H,O (3 x 10 mL)
and dried with MgSQs,, filtered, and concentrated. The final compound was
purified by silica column (DCM/MeOH, 9/1), lyophilized and obtained as
white solid.

Yield = 0.122 g, 40.6%. 'H NMR (300 MHz, CDCls): § (ppm) = & 3.59 (m,
50H), 3.42 (t, 8H), 3.35 (s, 6H), 3.31 (s, 3H), 2.68 (m, 6H), 1.58 (m, 12H),
1.24 (s, 20H). >*C NMR (75 MHz, CDCl3): § (ppm) = 183.25, 181.50, 168.98,
168.81, 72.26, 71.82, 71.67, 71.49, 70.87, 70.53, 70.49, 70.44, 70.36, 69.92,
58.98, 57.15, 53.89, 44.61, 43.52, 31.14, 29.55, 29.51, 29.44, 29.25, 26.50,
26.03. LC-MS: t= 6.20 min, (m/z): 1175.42 [M]", MALDI (m/z): 1177.95,
[M+H]"

Synthesis of 9b
8 (0.21 g, 0.58 mmol), 1-bromodecane (0.14 mL, 0.67 mmol) and K,COs3
(0.37 g, 2.69 mmol) were dissolved in dry acetonitrile (30 mL) and refluxed

overnight. The compound was purified by silica column chromatography
(DCM/MeOH: 95/5).
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Yield = 0.24 g, 81.1 %. '"H NMR (300 MHz, CDCL:): 8 (ppm) = 7.32 (s, 10H),
5.08 (s, 2H), 3.23 (t, 4H), 2.48 (m, 6H), 1.27 (d, 16H), 0.91 (¢, 3H). °C NMR
(75 MHz, CDCls): 8 (ppm) = 156.68, 136.72, 128.44, 128.01, 127.98, 66.56,
54.03, 53.51, 38.86, 34.01, 31.93, 31.90, 29.71, 29.62, 29.53, 29.36, 29.30,
27.39,26.89, 22.71, 14.16. TLC-MS (m/z): 512.7 [M + H]", 534.7 [M + Na]".

Synthesis of 2b

9b (0.71 g, 1.39 mmol) and Pd/C (0.08 g, 0.72 mmol) were dissolved in dry
MeOH (30 mL) and flushed with argon for 10 minutes. Et;SiH (11.0 mL, 68.9
mmol) was added dropwise to the reaction mixture and stirred overnight at
RT. The solution was filtered over celite and the solvent was removed by a
stream of N gas. Subsequently, the residue was redissolved in CHCI3 (50 mL)
and 6 (0.32 g, 0.61 mmol) and DIPEA (0.17 mL, 0.99 mmol) were added and
refluxed overnight. After the removal of the solvent by rotary evaporation, the
mixture was dissolved in DCM (20 mL) and washed with H,O (3 x 10 mL)
and dried with MgSO4 The product was purified silica column
chromatography using DCM/MeOH (9:1) and successively lyophilized to
obtain the final compound as a white powder.

Yield = 0.17 g, 47.1%. '"H NMR (300 MHz, CDCl3): § (ppm) = & 3.65 (m,
35H), 3.44 (t, 4H), 3.38 (s, 5SH), 2.73 (t, 6H), 1.59 (m, 12H), 1.25 (d, 36H),
0.88 (m, 3H). C NMR (75 MHz, CDCl;): & (ppm) = 181.81, 168.79, 167.18,
71.85, 71.53, 70.57, 70.53, 70.46, 70.38, 70.01, 69.94, 59.01, 57.41, 54.76,
44.68, 31.91, 31.07, 29.63, 29.59, 29.54, 29.50, 29.35, 29.29, 26.57, 26.07,
22.68, 14.13. LC-MS: t= 8.06 min, (m/z): 1125.62 [M]"), MALDI (m/z):
1127.23 [M+H]".

Synthesis of 9¢
8 (0.20 g, 0.54 mmol) and 3 (0.29 g, 0.67 mmol) and K,CO; (0.37 g) were
dissolved in dry acetonitrile (30 mL) and refluxed overnight. The purification

was performed by flash chromatography on a CI18 silica column using a
gradient of H,O/CH3CN (10-90%) over 40 min.
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Yield = 0.26 g, 66.3 %. "H NMR (300 MHz, CDCls): & (ppm) = 7.33 (d, 10H),
5.08 (s, 4H), 3.66 (m, 17H), 3.57 (m, 4H), 3.45 (m, 3H), 3.39 (d, 3H), 3.26 (s,
2H), 2.52 (d, 4H), 1.58 (t, 3H), 1.27 (d, 16H). '*C NMR (75 MHz, CDCL): §
(ppm) = 136.61, 128.45, 128.02, 71.93, 71.52, 70.61, 70.59, 70.51, 70.05,
66.63, 54.06, 53.55, 29.63, 29.55, 29.46, 27.30, 26.08.

Synthesis 2¢

7c¢ (0.18 g, 0.25 mmol), and Pd/C (13 mg, 0.13 mmol) were dissolved in
MeOH (30 mL) and flushed with N» gas for 10 minutes. Et3SiH (4.0 mL, 25.21
mmol) was added dropwise and the reaction mixture stirred overnight at RT.
The solution was filtered over celite and concentrated using a gentle stream of
N> gas. Subsequently, the residue, 6 (0.44 g, 0.85 mmol) and DIPEA (0.19
mL, 1.10 mmol) were dissolved in chloroform and refluxed overnight. After
the removal of the solvent, the residue was dissolved in DCM (20 mL),
washed (3 x 10 mL) with H>O and dried with MgSO,. The compound was
purified by silica column chromatography using EtOAc and then
DCM/MeOH (9/1). Successively, the final compound was lyophilized and
isolated as a white powder.

Yield=0.11 g, 21.5%. "H NMR (300 MHz, CDCls): § (ppm) = 3.58 (m, 54H),

3.45 (m, 8H), 3.37 (s, 9H), 2.56 (d, 6H), 1.40 (m, 46H). 3C NMR (75 MHz,
CDCL): § (ppm) = 185.16, 168.71, 167.27, 71.89, 71.85, 71.53, 70.56, 70.52,
70.44, 70.37, 70.02, 69.92, 69.56, 59.01, 44.59, 37.71, 31.08, 26.54, 26.06.
LC-MS: t= 7.14 min, (m/z): 1331.65[M]", MALDI (m/z): 1355.31
[M+Na+H]".
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4.6.3 Synthetic procedure 3: Synthesis of 1b

1b
(6]

R
Al
O

H,N N H
. H
1 NH, DIPEA, 6, CHCl, H \L \ N-R
N NS
o)
o)

reflux

NH, N\H
O

N
R” "H

R= /’\/\/\/\/\/O\/\o/\/o\/\o/\/o\

Synthesis of 1b

Tris(2-aminoethyl)amine (0.015 mL, 0.10 mmol), 6 (0.17 g, 0.34 mmol) and
DIPEA (0.071 mL, 0.05 mmol) were dissolved in chloroform (50 mL) and
refluxed overnight. The solvent was removed by rotary evaporation and the
residue was dissolved in DCM (15 mL), washed with H,O (3 x 10 mL) and
dried with MgSO4. The compound was purified by silica column
chromatography using EtOAc and then DCM/MeOH (9/1) to isolate the
product was isolated as a colourless oil.

Yield = 0.131 g, 86.9%. 'H NMR (300 MHz, CDCls): § (ppm) = 7.65 (s, 4H),
3.60 (m, 60H), 3.45 (t, 6H), 3.38 (d, 9H), 2.62 (s, 4H), 1.57 (m, 12H), 1.35 (d,
6H), 1.25 (s, 30H). '3C NMR (75 MHz, CDCls): § (ppm) = 182.66, 168.50,
167.17, 71.66, 71.52, 70.31, 70.19, 70.16, 70.11, 70.04, 69.71, 59.01, 56.69,
55.65, 44.50, 31.08, 29.51, 29.44, 29.24, 26.46, 25.96. LC-MS: t= 6.99 min,
(m/z): 1469.83 [M]"), MALDI (m/z): 1470.87 [M+H]".
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4.7 Characterization

Sample preparation protocol

Water was added to 1b and 2a-c to prepare solutions at a concentration of 1
mM - 5 mM and sonicated for 20 min using a Branson 2510 Ultrasonic cleaner
bath. Subsequently, aliquots from the stock solution were taken to prepare
solutions at the desired concentration for solution phase measurements and
used for gelation experiments. All samples were left to stand overnight before
measurement.

UV-vis spectroscopy

Samples for UV-vis spectroscopy were prepared at a 15 uM concentration in
water as described according to the sample preparation protocol above. The
samples were placed in the UV-vis and a spectrum was recorded from 200-
500 nm. The solutions were prepared in triplicate and for each solution the
UV-vis spectra was measured.

Fluorescence spectroscopy

A stock solution of Nile Red dye (0.005 mg/mL) was prepared in MeOH. The
stock solution was pipetted into 4 individual wells of a 96-well plate (12 pL)
and the solvent was removed using a vacuum oven for 2 h. Subsequently 2a,
2b, 2¢ and 1a were prepared at a 15 pM concentration as described according
to the self-assembly protocol. Aliquots of 1a and 2a-¢ (200 pL) were pipetted
into a 96-well plate and equilibrated overnight before the measurement. Water
(200 puL) was measured as a negative control. The experiment was performed
using Infinite M1000 Pro Tecan plate reader, with an excitation wavelength
of 550 nm and measuring fluorescence emission from 570 to 800 nm. The
solutions were prepared in triplicate and for each solution the emission spectra
was measured.

Critical aggregation concentration determination

The critical aggregation concentration (CAC) of 1b and 2a was determined by
first preparing a stock solution at 1 mM concentration that was equilibrated
overnight. The stock solution was diluted to several concentrations between
100 uM to 10 nM and equilibrated for at least 3h prior to measurement of
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scattering intensity. Each measurement was carried out using a disposable
DLS cuvette. The data was plotted using the scattering intensity as a function
of log [C]. The critical aggregation concentration was then determined from
the intersection of the two lines drawn through the points collected for the
scattering intensities collected at the various concentrations.

Atomic force microscopy (AFM)

1b and 2a-c were prepared according to the preparation protocol above at a
concentration of 15 uM and equilibrated overnight. An aliquot (25 pL) from
each of these solutions was pipetted on cleaved mica and dried overnight at
RT before the measurements. The analysis of AFM images was performed
using the Nanoscope software.

Critical gelation concentration (CGC)

The CGC of compounds 1b and 2a-c was determined by the gel inversion
method. Compounds 1b and 2a-c were weighed in the appropriate quantities
in 500 pL of water to prepare gels with final gelator concentrations from 1-5
mM according to the sample preparation protocol above.

Oscillatory rheology

Because compound 1a resulted in a viscous solution at a concentration of 5
mM in water after sonication, an oscillatory rheology measurement was
performed to gain insight into the gel properties. The pre-made hydrogel (600
puL) was gently pipetted onto the lower plate and a gap distance was set at 54
um. Time sweep measurements were collected at a fixed frequency of 1.0 Hz
and strain of 0.05% for up to 7200s.
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Figure S1 Representative photograph of gel inversion test for 1b at 5 mM.

Table S1
TEG weight fraction (orec) of the monomers

Monomers ‘ DTEG |
1a 0.42
2a 0.55
2b 0.53
2¢ 0.46
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