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Abstract

Low molecular weight (LMW) supramolecular hydrogels have great potential as next-
generation biomaterials for drug delivery, tissue engineering, and regenerative medicine. The
design of LMW gelators is complicated by the lack of understanding regarding how the chemical
structure of the gelator correlates to self-assembly potential and emergent hydrogel material
properties. The fluorenylmethyloxycarbonyl-phenylalanine (Fmoc-Phe) motif is a privileged
scaffold that is prone to undergo self-assembly into self-supporting hydrogel networks. Cationic
Fmoc-Phe-DAP derivatives modified with diaminopropane (DAP) at the C-terminus have been
developed that self-assemble into hydrogel networks in aqueous solutions of sufficient ionic
strength. We report herein the impact of side-chain halogenation on the self-assembly and
hydrogelation properties of Fmoc-Phe-DAP derivatives. A systematic study of the self-assembly
and hydrogelation of monohalogenated Fmoc-Phe-DAP derivatives with F, Cl, or Br atoms in the
ortho, meta, or para positions of the phenyl side chain reveal significant differences in self-
assembly and gelation potential, nanoscale assembly morphology, and hydrogel viscoelastic
properties as a function of halogen identity and substitution position. These results demonstrate
the profound impact that subtle changes to the chemical scaffold can have on the behavior of LMW
supramolecular gelators and illustrate the ongoing difficulty of predicting the emergent self-
assembly and hydrogelation behavior of LMW gelators that differ even modestly in chemical

structure.
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Introduction

Supramolecular hydrogels are promising next-generation materials for drug delivery, tissue
engineering, and regenerative medicine.!* Hydrogels composed of self-assembled
macromolecules such as peptides have been developed that exhibit the ideal physical and
biochemical properties for the aforementioned biomedical applications.** However, the high cost
of the constituent peptides has been an impediment to the widespread adoption of these hydrogels
as materials for clinical applications.!?-!> Low molecular weight (LMW) supramolecular hydrogels
have emerged as cost-effective alternatives to peptide-based materials.'>''7 However, the
development of LMW hydrogels that possess the complete range of emergent properties shown by
supramolecular peptide hydrogels has been challenging.!”-! It has proven difficult to accurately
predict the emergent self-assembly and viscoelastic character of LMW gelators as a function of
the chemical structure of the gelator.2-2! This is due, in part, to a lack of understanding regarding
how the molecular packing structure of the self-assembled material is related to the properties of
the gelator.??

Phenylalanine (Phe) derivatives are a privileged class of LMW supramolecular gelator due
to their propensity to undergo noncovalent self-assembly.?3-2> We and others have found that Phe-
derived supramolecular hydrogels have viscoelastic properties that approach those of peptide-
based gels.?6-3¢ The self-assembly and gelation of Phe derivatives is highly sensitive to even
modest changes in chemical structure.’®4* For example, we have found that side-chain
halogenation of fluorenylmethyloxycarbonyl-phenylalanine (Fmoc-Phe) scaffolds imparts
enhanced gelation capacity to these derivatives compared to the parent Fmoc-Phe molecule, with
pentafluorination of the side chain (Fmoc-Fs-Phe) leading to hydrogels with superior emergent

properties.® The self-assembly rate and resulting hydrogel viscoelasticity of monohalogenated
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Fmoc-Phe derivatives was also found to be highly sensitive to both the side-chain halogen identity
and halogenation pattern.*¢ Halogenation position on the phenyl ring determined the rate of
assembly, increasing in the order ortho < meta < para. Hydrogel rigidity trended with both halogen
position and identity, increasing in the order para < ortho < meta for each halogen and in the order
Br < Cl < F within each substitution pattern group. Thus, though a similar fibrillar morphology
was observed for all derivatives, the emergent properties of the resulting hydrogels proved to be
quite sensitive to single-atom variations in the chemical structure.

In addition to side-chain modification, we have also reported cationic Fmoc-Phe
derivatives modified at the C-terminus that self-assemble into fibrillar or nanotube hydrogel
networks (Figure 1).47 The cationic Fmoc-Phe-DAP class of gelators undergo self-assembly upon
addition of physiologically relevant concentrations of sodium chloride, which acts to promote self-
assembly by screening repulsive charge-charge interactions. As with the parent Fmoc-Phe
derivatives, the cationic Fmoc-Fs-Phe-DAP and Fmoc-3F-Phe-DAP form hydrogels with higher
viscoelasticity compared to Fmoc-Phe-DAP (Figure 1A).47-* However, while Fmoc-Phe and its
fluorinated variants exhibit a similar fibrillar morphology upon gelation in all cases, the
morphologies observed from assembled Fmoc-Phe-DAP derivatives are more varied and complex.
Fmoc-Phe-DAP self-assembles into fibrils that further hierarchically assemble into flat
nanoribbons, which finally roll into nanotubes over a period of days. Fmoc-3F-Phe-DAP follows
a similar assembly progression but requires a longer sample aging time or a higher temperature to
favor formation of the nanoribbons and nanotubes. In contrast, Fmoc-Fs-Phe-DAP lacks the same
hierarchical assembly pattern, instead forming opaque hydrogels composed of fibers that are

apparently unaffected by progression of time and changes in temperature.
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Figure 1. Chemical structures of Fmoc-Phe-DAP derivatives. (A) Fmoc-Phe-DAP, Fmoc-3F-Phe-
DAP, and Fmoc-Fs-Phe-DAP gelators. (B) Fmoc-2X-Phe-DAP, Fmoc-3X-Phe-DAP, and Fmoc-

4X-Phe-DAP gelators, where X =F, Cl, or Br.

Based on our previous observations of Fmoc-X-Phe gelator behavior, we hypothesized that
self-assembly and gelation of Fmoc-Phe-DAP derivatives might be similarly sensitive to side-
chain halogenation patterns. Accordingly, we herein report the effects of both halogen identity (F,
Cl, or Br) and ring position (ortho, meta, or para) on the self-assembly of monohalogenated Fmoc-
X-Phe-DAP derivatives (Figure 1B). As with Fmoc-X-Phe gelators, the position and identity of
halogens in Fmoc-X-Phe-DAP derivatives had a significant effect on the morphology and
viscoelasticity of resultant hydrogels. Nanostructure morphology varied across the samples, with
halogen position dictating the type of nanostructure formed in the ortho- and meta-substituted
gelator groups and halogen identity having a strong impact in the para substitution position. Trends
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in viscoelastic properties of the assemblies were not as clear due to substantial differences in
assembly morphology, although the ortho-substituted derivatives generally formed hydrogels with
the weakest viscoelastic moduli. Overall, single-halogen variations in identity and position prove
to exert a significant effect on the self-assembly and hydrogelation of LMW Fmoc-Phe-DAP
gelators, granting access to materials with a range of emergent properties. These results illustrate
the unpredictability of the effects of subtle modifications of chemical structure on the emergent
properties of the resultant hydrogels. This work underscores the need for additional insight into
the correlation between chemical structure, supramolecular self-assembly, and the emergent

properties of the assembled networks.

Experimental

Materials. Reagents and organic solvents were purchased commercially and used without further
purification. All compounds (Figure 1B: 2X, 3X, 4X, X = F, Cl, Br) were synthesized by a
modified version of the previously reported protocol.#’ Detailed synthetic protocols and
characterization data for the new compounds are reported in the Electronic Supplementary
Information (ESI). Water used for gelation was purified using a nanopure filtration system
(Barnstead NANOpure, 0.2 um filter, 18 Q).

NMR Spectroscopy. NMR spectra were obtained using Briiker Avance 400 and 500 MHz
spectrometers. 'H, 13C, and '°F chemical shifts are reported as & with reference to TMS at 0 ppm
for 'H, residual solvent for 13C, and CFCl; at 0 ppm for '°F NMR. See the ESI for NMR spectra

and tabulated data of all compounds except 3F, which was previously reported.*’
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Mass Spectrometry. High-resolution mass spectra were acquired on a Thermo Fisher Q
Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer in positive mode. See the ESI
for mass spectra and tabulated data.

Self-Assembly Conditions. All compounds were assembled with a final gelator concentration of
10 mM, final NaCl concentration of 114 mM, and total volume of 2 mL. Compounds 2X—4X (0.02
mmol) were dissolved in 1.6 mL of nanopure water in a glass vial by heating the vial in a 70 °C
water bath for 60 seconds, followed by sonication for 30 seconds, followed by heating again for
an additional 30 seconds. Then, 0.4 mL of a 570 mM aqueous NaCl solution was added to the vial,
which was immediately and briefly agitated by vortex mixer. The samples were allowed to stand
for 30 minutes, then the vial was inverted to determine if the sample was a self-supporting hydrogel
or a viscous colloidal suspension.

Transmission Electron Microscopy (TEM). TEM images were obtained using a Hitachi 7650
transmission electron microscope with an accelerating voltage of 80 kV. Each sample (8 pulL) was
applied directly onto 200 mesh carbon-coated copper grids and allowed to stand for 1 minute.
Excess sample was removed carefully by capillary action using filter paper. Each grid was then
stained with 2% (w/v) uranyl acetate solution (8 pL) for 2 minutes, and excess stain was removed
via capillary action using filter paper. Grids were allowed to air dry for at least 10 minutes.
Dimensions of nanostructures were determined using Imagel] software and are reported as the
average of at least 100 independent measurements with error reported as the standard deviation
about the mean, or as a range for nanotubes that occurred infrequently or that varied widely in size.
Oscillatory Rheology. Rheological measurements were obtained using a TA Instruments
Discovery HR-2 rheometer operating in oscillatory mode. A 20 mM parallel plate geometry and

standard Peltier plate were used for the experiments. Hydrogels of 1 mL volume were formed in
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1.5 mL plastic microcentrifuge tubes following the standard assembly procedure discussed above
and allowed to stand for 24 hours. Immediately prior to rheological characterization, the plastic
tube containing the hydrogel was cut at the 0.5 mL line using a razor blade and the cylindrical
hydrogel from the top portion of the tube was placed directly onto the Peltier plate for
characterization. Experiments were performed with an average gap size of 1.2 mm. To determine
the linear viscoelastic region for each sample, strain sweeps were performed from 0.01%—100%
strain at a constant angular frequency of 6.283 rad s!. All strain sweeps are provided in the ESI
(Figure S30). Frequency sweeps for each sample were performed from 0.1-100 rad s at a
constant strain of 0.2%, which was within the linear viscoelastic region for all hydrogels studied.
Immediately prior to each frequency sweep, a time sweep at constant strain of 0.2% and constant
angular frequency of 0.1 rad s*! was performed for 5 minutes to allow the sample to equilibrate on
the plate after the transfer process. Values at the upper end of the frequency sweep were cut off
from reported data when the raw phase angle increased above 175° as recommended for the TA
DHR series of rheometers, since values beyond this point are dominated by the instrument inertial
torque instead of the sample torque (most prominently seen in samples with low G'/G” values).>°
Reported values for storage and loss moduli (G’ and G”, respectively) are the average of at least
three distinct measurements on separate hydrogels with the error reported as the standard deviation

about the mean. All frequency sweeps are provided in the ESI (Figure S31).

Results and Discussion
Self-Assembly and Hydrogelation of Fmoc-X-Phe-DAP Derivatives. The gelation capacity of
Fmoc-X-Phe-DAP compounds 2X—4X (Figure 1) was assessed by mixing a solution of each

gelator with sodium chloride to increase the ionic strength and initiate self-assembly. Each gelator
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was dissolved in water by heating and sonication of the vial, then an aliquot of aqueous sodium
chloride was added, and the vial was briefly agitated by vortex mixer. Samples were assembled at
a final concentration of 10 mM gelator and 114 mM sodium chloride. After 30 minutes had
elapsed, each vial was inverted to check for the formation of a self-supporting hydrogel (Figure
2). Of the ortho-substituted derivatives, 2F and 2Cl formed viscous, slightly turbid colloidal
suspensions that did not withstand vial inversion, while 2Br formed a slightly turbid hydrogel
(Figure 2A-C). In contrast, all meta-substituted derivatives, 3F, 3Cl, and 3Br, formed self-
supporting hydrogels with varying turbidity, with 3F forming a transparent hydrogel while
hydrogels of 3Cl and 3Br were more turbid (Figure 2D-F). The para-substituted derivatives
exhibited the most diverse gelation outcomes; 4F formed a transparent, self-supporting hydrogel,
4Cl formed an opaque, weak partial hydrogel, and 4Br formed a slightly turbid hydrogel (Figure
2G-I). Examining the data by halogen identity, it is notable that fluorinated assembles were the
most optically transparent regardless of the ring position. This is likely due to the lower
hydrophobicity of the fluorinated compounds compared to the others, which was approximated by
observing lower retention times upon reverse-phase HPLC analysis under identical mobile and
stationary phase conditions (Figure S27). However, hydrophobicity alone does not fully account
for the observed turbidities. For example, 3Br was the least optically transparent sample observed
but not the most hydrophobic based on the HPLC approximation. Thus, we next examined the
assembly morphology of each of these samples on the nanoscale to better understand their

emergent properties.
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Figure 2. TEM images and digital images of assemblies of compounds 2X—4X taken 30 minutes
after mixing the gelator solution with sodium chloride to initiate self-assembly. (A) Fmoc-2F-Phe-
DAP (2F); (B) Fmoc-2CI-Phe-DAP (2Cl); (C) Fmoc-2Br-Phe-DAP (2Br); (D) Fmoc-3F-Phe-
DAP (3F); (E) Fmoc-3Cl-Phe-DAP (3Cl); (F) Fmoc-3Br-Phe-DAP (3Br); (G) Fmoc-4F-Phe-DAP

(4F); (H) Fmoc-4CI-Phe-DAP (4Cl); (I) Fmoc-4Br-Phe-DAP (4Br).

Morphology of Fmoc-X-Phe-DAP Assemblies by TEM. Since we have previously shown that
Fmoc-Phe-DAP derivatives assemble into a variety of polymorphic structures, including fibrils,
nanoribbons, and nanotubes,*” we next characterized the effect of halogen identity and ring

position on the resulting assembly morphology. All ortho-substituted Fmoc-2X-Phe-DAP
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derivatives, 2F, 2Cl, and 2Br, assembled into thin nanotubes approximately 15 nm in diameter
(Figure 2A-C, Table 1). Despite the uniform morphological features, these samples exhibited
different gelation capacity, indicating that specific halogen-related interactions could be stabilizing
the overall network in the case of bromine. Samples were observed up to a week after the initial
assembly, and though no morphological changes were observed during this time, the solution of
2Cl1 did form a self-supporting hydrogel network that was stable to vial inversion after
approximately 24 hours (Figure S28A—C). Thus, electronic or steric effects may also contribute
to the overall hydrogel stability for the ortho-substituted derivatives, since hydrogel stability

increases with the halogen identity from F < Cl < Br.

Table 1. Morphology and width of nanostructures observed in samples of gelators 2X—4X after
assembly with sodium chloride. *Note: Single fibril width is provided for 3F, but the dominant

morphology was twisted bundles of 2—3 fibrils.

Gelator Morphology Width (nm)
2F Thin nanotubes 153+1.1
2Cl1 Thin nanotubes 151+14
2Br Thin nanotubes 153+1.1
3F Fibrils* 10.8 £0.8
301 Nanoribbons 38.3+9.2

Small nanotubes 32.2-50.4
ABr Nanoribbons 32.5+4.8

Small nanotubes 35.0-39.5
4F Fibrils 6.8+£0.6
4C1 Small nanotubes 30.2+4.1

Large nanotubes 92.0+13.6

4Br Wavy twisted nanoribbons 204+ 1.5

Twisted fibril, nanoribbon, and nanotube assemblies were observed for each of the Fmoc-

3X-Phe-DAP derivatives (Figure 2D—F). Unlike the ortho-substituted derivatives in which each
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halogen derivative assembled into similar nanotubes, each of the meta-substituted halogen
substituent formed unique polymorphic assemblies. Fluorinated 3F assemblies were twisted
bundles of fibrils as previously reported;* bundles of 2-3 fibrils were most commonly observed
with an individual fibril width of 10.8 + 0.8 nm (Table 1). Chlorinated and brominated derivatives
3Cl and 3Br formed similar twisted nanoribbons that were 38.3 = 9.2 nm and 32.5 + 4.8 nm wide,
respectively (Table 1). In each 3Cl and 3Br sample, polymorphic nanotubes 30—50 nm in diameter
were also observed, apparently formed by the twisted ribbons in which the edges had fused (Table
1). The appearance of the larger nanoribbon and nanotube structures generally correlated with an
increase in sample turbidity, most likely due to increased light scattering from these assemblies.
Additionally, assemblies in hydrogels of 3CI and 3Br exhibited noticeable changes in morphology
after aging for one week (Figure S28E and S28F). We have previously reported that the parent
compound, Fmoc-Phe-DAP, undergoes a hierarchical evolution from fibrils to nanoribbons to
nanotubes over a period of days.** Also as previously reported, this transition is much less
pronounced with 3F when using NaCl to initiate assembly, with nanoribbons and nanotubes only
becoming prominent morphologies at high temperatures or over long time periods.* In this work,
assemblies of 3F remained unchanged as twisted fibril bundles when allowed to stand at room
temperature for one week. Hydrogels of 3Cl and 3Br exhibited more extensive nanotube formation
after one week than was observed on the first day, a hallmark of the hierarchical progression of
assembly structure observed with Fmoc-Phe-DAP. The different morphologies of 3F fibrils
compared to 3Cl and 3Br nanoribbons and nanotubes may possibly be due to differences in the
steric profile of the appended halogens, with Cl and Br occupying significantly greater volume

than F. In addition, the inherent asymmetric electronic distribution of the meta-substituted phenyl

12
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ring may also impact assembly morphology of these derivatives, with F being significantly more
inductively electron-withdrawing than CI or Br.

Halogen substitution at the para position on the phenyl ring resulted in the largest observed
variation in assembly morphology between these derivatives (Figure 2G-I). Fluorinated 4F self-
assembled to form thin fibrils that were 6.8 = 0.6 nm wide. The narrow fibrils dimensions of 4F
assemblies likely explain the high transparency of 4F hydrogels due to less light scattering (Figure
2G and Table 1). In striking contrast, the opaque partial hydrogel formed by self-assembly of
chlorinated 4Cl was composed of two groups of nanotubes of smaller and larger diameter (Figure
2H). The smaller nanotubes were 39.2 &+ 4.1 nm wide, while the larger nanotubes had an average
width 0 92.0 £+ 13.6 nm (Table 1, Figure S29). Nanoribbon structures were very rarely observed
when examining 4Cl assemblies, indicating that the nanotubes formed quickly as the dominant,
stable morphology. Finally, the brominated 4Br derivative self-assembled to form wavy twisted
nanoribbons with an average width of 20.4 + 1.5 nm (Figure 2I and Table 1). The larger size of
the nanostructures that define the 4Cl and 4Br hydrogels account for their relatively high turbidity,
since larger nanostructures will scatter light to a greater degree. No significant changes were
observed in these assemblies after observation for 1 week (Figure S28G-I). It is fascinating that
halogen identity exerts a strong effect on the morphology of assemblies in the meta and para
positions, while the morphology of the ortho-substituted assemblies is evidently insensitive to
halogen identity. It is possible that the ortho-substituents strongly restrict the rotational flexibility
of the phenyl ring due to steric interactions and that this restricted rotation defines the assembly
morphologies that are accessible. In contrast, this steric effect may be mitigated as the halogen is

moved further away from the benzyl carbon, providing a wider range of rotational conformations
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of the phenyl ring and amplifying the electronic, hydrophobic, and steric properties of the halogen

substituents in the meta and para substituted derivatives.

Viscoelastic Properties of Fmoc-X-Phe-DAP Assemblies. Hydrogels of Fmoc-X-Phe-DAP
derivatives were characterized using oscillatory rheology to interrogate the effects of side-chain
halogenation pattern on emergent viscoelastic properties. A strain sweep was performed on each
sample at constant angular frequency to determine the linear viscoelastic range for each hydrogel
(Figure S30). Subsequently, frequency sweep analyses of each sample were performed at a
constant strain of 0.2%, which was found to be within the linear viscoelastic range for all hydrogels
(Figure 3). Average values for the storage (G’) and loss (G"”) moduli of each sample were
determined from triplicate frequency sweep experiments for each hydrogel (Table 2 and Figure
S31). Generally, it was found that G' and G” were parallel and nearly independent of frequency,
and that G’ exceeded G” by an order of magnitude, indicating the presence of a structurally robust
gel state for all samples.®! It should be noted that even though compounds 2F, 2Cl, and 4Cl did
not form self-supporting hydrogels stable to vial inversion (Figure 2A, 2B, and 2H), they still
possess the viscoelastic characteristics that define a gel state. These three samples had storage
moduli under 100 Pa, which did not provide enough elastic or solid-like character for the materials
to withstand inversion in glass vials, but these samples can still be considered very weak or soft
hydrogels (Table 2).

The data were first plotted in groups based on substitution position, since this was the factor
that primarily influenced the morphology of self-assembled Fmoc-X-Phe-DAP derivatives
(Figure 3A—C). Ortho-substituted compounds 2F, 2Cl, and 2Br, produced the weakest hydrogels

regardless of halogen identity, with storage moduli of 21 + 2 Pa, 42 + 3 Pa, and 305 + 31 Pa,

14
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respectively (Figure 3A and Table 2). As stated previously, these three samples were composed
of nearly identical thin nanotubes, so the presence of bromine specifically in compound 2Br may
be imparting increased stability to the overall network since its viscoelastic moduli are an order of
magnitude larger than networks of 2F and 2Cl. Interestingly, meta substitution of the phenyl ring
with fluorine (3F) and chlorine (3Cl) produced hydrogels with similar G’ values of 1287 = 51 Pa
and 1366 + 4 Pa, respectively, while hydrogels of the meta-brominated derivative 3Br had a G’
value of only 363 + 48 Pa (Figure 3B and Table 2). This is perhaps unexpected since bromination
at the ortho position resulted in samples with the highest moduli of 2F, 2Cl, and 2Br, but
bromination at the meta position had the opposite effect, producing hydrogels with moduli that
were over three times lower than those of hydrogels of 3F and 3Cl1. Additionally, hydrogels of 3C1
and 3Br showed this variation in viscoelastic moduli despite exhibiting very similar morphologies,
indicating again that morphology is not the sole factor influencing the viscoelastic properties of
Fmoc-X-Phe-DAP derivatives. Finally, the para-substituted derivatives, 4F, 4Cl, and 4Br, formed
hydrogels with varying network strength, with G" values of 1289 + 110 Pa, 78 + 4 Pa, and 573 +
81 Pa, respectively (Figure 3C and Table 2). The low moduli of hydrogels of 4Cl could be
attributed to the presence of large nanotubes, as we have previously observed that the formation
of large nanotubes can destabilize the hydrogel network of the unsubstituted parent molecule,
Fmoc-Phe-DAP. No clear overall trend emerged in these viscoelastic data based on halogen

position on the phenyl side chain except that ortho substitution led to the lowest moduli values.
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Figure 3. Representative frequency sweep data collected via oscillatory rheology for 10 mM
hydrogels of Fmoc-X-Phe-DAP derivatives. G' and G” values (Pa) are represented by closed
shapes and open shapes, respectively. Fluorinated gelators are graphed in red, chlorinated gelators
are graphed in blue, and brominated gelators are graphed in green. Ortho-substituted gelators are
represented as diamonds, meta-substituted gelators are represented as triangles, and para-
substituted gelators are represented as circles. Values at the upper end of the frequency sweep were
cut off from reported data when the raw phase angle increased above 175° as recommended for
the TA DHR series of rheometers, since values beyond this point are dominated by the instrument
inertial torque instead of the sample torque (most prominently seen in samples with low G'/G"
values).’? (A—C) Frequency sweeps plotted in groups sorted by substitution position: (A) Fmoc-

2X-Phe-DAP derivatives (2F, 2Cl, 2Br); (B) Fmoc-3X-Phe-DAP derivatives (3F, 3Cl, 3Br); (C)

Fmoc-4X-Phe-DAP derivatives (4F, 4Cl, 4Br). (D-F) Frequency sweeps plotted in groups sorted

16
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by halogen: (D) Fmoc-XF-Phe-DAP derivatives 2F, 3F, and 4F; (E) Fmoc-XCI-Phe-DAP

derivatives 2Cl, 3Cl, and 4Cl; (F) Fmoc-XBr-Phe-DAP derivatives 2Br, 3Br, and 4Br.

Table 2. Storage (G') and loss (G”) moduli for hydrogels of Fmoc-X-Phe-DAP derivatives 2X—
4X reported as the average from three frequency sweeps. Error is reported as the standard deviation

about the mean value.

Gelator G' (Pa) G" (Pa)
2F 21 +£2 33+£0.2
2C1 42+3 86+1.5
2Br 305 £31 42 +7
3F 1287 + 51 214 £8
3Cl1 1366 +£4 131 £8
3Br 363 £48 367
4F 1289 £ 110 12111
4Cl1 78 £4 11+1
4Br 573 £ 81 86+ 7

The same data were also plotted in groups based on halogen identity to ascertain any further
effects that each halogen had on the resulting hydrogel viscoelastic moduli (Figure 3D-F). For
fluorinated hydrogels, meta (3F) and para (4F) substitution of the phenyl ring resulted in very
similar G’ values, while ortho (2F) substitution resulted in the formation of a very weak hydrogel
as discussed earlier (Figure 3D). Both the ortho-chlorinated (2Cl) and para-chlorinated (4Cl)
derivatives formed very weak hydrogels as well, while mefa-chlorinated hydrogels (3Cl) exhibited
similar moduli to meta-fluorinated hydrogels (3F) (Figure 3B and 3E). The most striking
observation is the close moduli clustering of hydrogels composed of brominated gelators 2Br, 3Br,
and 4Br, when compared to the wider distribution of moduli of fluorinated and chlorinated
hydrogels (Figure 3F). Network interactions facilitated by the presence of bromine in the phenyl

side chain evidently dominate other effects in these samples to provide a relatively consistent
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network strength regardless of the ring substitution pattern or observed assembly morphology.
Halogen identity and position as well as the assembly morphology influence the hydrogel network
viscoelasticity in self-assembled Fmoc-X-Phe-DAP derivatives. However, there are no obvious
trends in this data, illustrating the complex relationship between the chemical structure of
supramolecular gelators, the morphology of the resulting assemblies, and the emergent properties

that arise from these networks.

Discussion. These data demonstrate how subtle, single-atom changes in the chemical structure of
Fmoc-Phe-DAP based gelators dramatically affects the self-assembly and emergent material
properties of these derivatives in an unpredictable manner. To attempt to rationalize the emergent
supramolecular behavior of Fmoc-X-Phe-DAP gelators, it is instructive to consider prior reports
of similar systems. First, we can compare these results to the patterns observed in self-assembly
and gelation of previously reported Fmoc-X-Phe derivatives.?6 The Fmoc-X-Phe derivatives
presented more obvious trends in the viscoelastic storage and loss moduli than was observed for
the cationic Fmoc-X-Phe-DAP systems discussed herein. The viscoelastic moduli for Fmoc-X-
Phe derivatives decreased with halogen electronegativity from F > Cl > Br when comparing
derivatives with identical halogen substitution position on the phenyl side chain. Additionally, the
moduli for Fmoc-X-Phe hydrogels generally decreased as the substitution pattern changed from
meta > ortho > para. In contrast, the cationic Fmoc-X-Phe-DAP derivative hydrogels reported
herein presented no obvious trend in viscoelastic moduli related to the halogen identity at each
position. The ortho-substituted Fmoc-2X-Phe-DAP hydrogels produced the lowest viscoelastic
moduli of the positional variants with no clear trend emerging in the case of meta- or para-

substituted hydrogels. One possible explanation for these findings is the significant morphological
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differences between these two gelator systems. Fmoc-X-Phe derivatives with unmodified C-
terminal carboxyl groups self-assembled into similar fibrils regardless of side-chain halogen
identity or position. However, the cationic Fmoc-X-Phe-DAP class of gelators assemble to form a
more diverse set of polymorphic assembly morphologies, ranging from fibrils to nanoribbons to
nanotubes, that may either enhance or destabilize overall network interactions between the
fibrils/nanoribbons/nanotubes present in a particular sample.

Additionally, we can consider reports of structural data available for similar systems to
gain further insight into the potential packing interactions of the Fmoc-X-Phe-DAP systems. Since
many Fmoc-Phe derivatives are prone to gelation through supramolecular assembly, they are often
difficult to crystallize. There are examples of Fmoc-Phe derivatives that undergo serendipitous
hierarchical assembly from hydrogel fibrils to crystals, which has enabled high-resolution x-ray
diffraction analysis to define the packing structure of these derivatives.?’3841:32 These crystal
structures have been used to infer possible packing architectures in the initially formed hydrogel
fibrils, although it is debatable how similar these structures are to the packing architecture in the
hydrogel state.?’:41:33-55 However, in the absence of readily available techniques to obtain high-
resolution data of the native hydrogel packing architecture, crystal data is suggestive of key
interactions that may influence self-assembly.

We and others have been able to obtain crystal packing data for Fmoc-Phe and a several
closely related structural derivatives with substitutions at the phenyl side chain.?7-38-256-58 While
Fmoc-Phe derivatives differ at the C-terminus from the Fmoc-Phe-DAP gelators described herein,
they may provide clues that help explain the halogen substituent effects exhibited by Fmoc-Phe-
DAP derivatives. Packing along the one-dimensional stack unit of Fmoc-Phe crystals is facilitated

by backbone H-bonds between the amide NH and Fmoc carbonyl oxygen of neighboring
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molecules, as well as offset face-to-face fluorenyl-fluorenyl and phenyl-phenyl n-n interactions
(Figure 4A and 4B).27°2¢ The orientation of side chain phenyl-phenyl stacking has given some
insight into how substitution of the phenyl ring perturbs the ring electronics, which in turn
influences the energetics of phenyl-phenyl aromatic and dipole-dipole interactions in assemblies
(Figure 4C and 4D).3® For example, para substitution of the phenyl side chain with electron
withdrawing groups introduces a favorable dipolar interaction between the electronegative atom
in the para substituent and a neighboring partial positive H atom, as exemplified by side chain
packing data retrieved from crystals of Fmoc-4-NO,-Phe (Figure 4D).3%52 It is theorized that this
interaction could also stabilize self-assembly into the hydrogel state, since Fmoc-Phe derivatives
with electron-deficient substituents at the para position had enhanced gelation rates compared to
those with electron-rich substituents.’® Additionally, another interaction is found between the
partially positive H atom ortho to the substituent and the partially negative C atom on the
neighboring ring that is meta to the substituent (Figure 4C and 4D). If a similar offset parallel
phenyl ring arrangement is present in the Fmoc-Phe-DAP class of gelators, these stabilizing
interactions may be greatly perturbed by addition of electronegative halogens to the different

positions of the ring.
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Figure 4. (A) Molecular packing arrangement of Fmoc-Phe in the crystalline state (retrieved from
the Cambridge Crystallographic Data Centre, identifier VERXUQ).>¢ (B) Molecular packing
arrangement of Fmoc-4-NO,-Phe in the crystalline state (retrieved from the Cambridge
Crystallographic Data Centre, identifier PEBTAYV).2 (C) Partial packing arrangement of the side-
chain phenyl rings of Fmoc-Phe. (D) Partial packing arrangement of the side-chain phenyl rings
of Fmoc-4-NO,-Phe. Key dipolar interactions are highlighted between offset parallel side-chain

phenyl rings of neighboring molecules.

Additional data that may be considered is the characterization of para-halogenated Fmoc-
Phe derivatives by Pizzi et al.>” It was found that halogen bonding interactions between the halogen
atom and neighboring Fmoc aromatic ring systems were present in crystal structures of Fmoc-4Br-
Phe and Fmoc-4I-Phe, but absent in structures of Fmoc-4F-Phe and Fmoc-4Cl-Phe. In fact, while
Fmoc-4F-Phe and Fmoc-4Cl-Phe crystallized in an overall packing arrangement similar to
unmodified Fmoc-Phe, the presence of halogen bonding in iodinated and brominated derivatives

reinforced a different hexagonal packing architecture between the 1D stacks of molecules,
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highlighting the strength of this interaction. It could be reasonable to believe that such halogen
bonding interactions may also be present in our brominated Fmoc-X-Phe-DAP derivatives. Such
an interaction could be the dominant force responsible for the similar viscoelastic moduli shared
by the brominated derivatives. It is important to remember that the insights we stand to gain from
all the aforementioned structural studies are greatly limited without further high-resolution
characterization of these materials using emerging structural techniques that are beyond the scope
of this work. Additional structural analyses using techniques, such as cryo-EM, that can provide
high resolution models of Fmoc-Phe-DAP derivative supramolecular packing will enable

explanations of the fascinating empirical results reported herein.

Conclusion

Herein, we have demonstrated the significant impact that single-atom substitutions to a
LMW gelator scaffold can have on self-assembly and emergent properties of the assembly
network. Self-assembly of Fmoc-X-Phe-DAP derivatives proved to be sensitive to
monohalogenation at the phenyl side chain as evidenced by the variable formation of fibrils,
nanoribbons, and nanotubes as a function of halogen identity and substitution pattern. The identity
and position of the halogen substituent also influenced gelation potential and subsequent hydrogel
viscoelastic moduli in ways that are not neatly summarized in trends, underscoring the
complexities of these supramolecular systems. This work motivates further research into the
relationship between chemical gelator structure and emergent self-assembly and gelation behavior.
Further research into these phenomena may include the use of emerging high-resolution structural
techniques such as cryo-EM, as well as leveraging artificial intelligence and machine learning to

bridge the gap in our understanding of the correlation between structure and supramolecular
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outcomes. This will be of paramount importance to enable rational design of LMW gelators with
specific emergent properties suitable for applications such as drug delivery, tissue engineering,

and regenerative medicine.
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