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ABSTRACT: Reported herein is the synthesis, characterization, and dye o
removal applications of a highly solvent-selective organogel-forming amide, ;

compound 1, which contains a 1,8-naphthalmide moiety, flexible n-hexyl O N/\/\/YN\/@ ‘
chain, and benzene ring. This compound displayed remarkable solvent O ° ©

selectivity, with gel formation occurring only in the presence of alkylated
aromatic solvents. Detailed structural characterization of the gels, combined
with notable theoretical insights, is invoked to explain the highly selective
gelation properties of compound 1, as is a comparison to non-gel forming
structural isomer 2, which contains the same structural elements in a
different arrangement. Finally, the ability of the gel derived from compound
1 to act as a reusable material for the efficient removal of cationic organic
dyes from contaminated aqueous environments is also reported, with up to
11 repeated uses of the gel still maintaining the ability to effectively remove
Rhodamine B.
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supramolecular organization, which lead to trapping of a variety
of solvents, particularly non-polar and aromatic solvents, within
the ordered structure.'® In many cases, however, the amide
groups do not form intermolecular hydrogen bonds with the
solvent, and gelation occurs via different interactions, such as
aromatic'* and heteroaromatic stacking interactions.'> Such a
supramolecular-induced structural order is particularly apparent
in peptides and proteins that form a-helices, -sheets, and -
strands,'® but also occurs in non-peptide amides, particularly
those with aromatic ring components that have the ability to

B INTRODUCTION

The ability to form supramolecular gels from the interaction of
small organic molecules with organic' and aqueous solvents” has
been studied extensively within the chemistry and material
science communities,” and has been used in a variety of high-
impact applications.*”® The optimization of such applications,
including applications in thermal energy storage,” fluorescence
detection,® and supramolecular catalysis,9 are predicated on
one’s ability to understand how molecule—solvent interactions

lead to gel formation, and how the structural features of both
system components determine the propensity for gelation, the
conditions under which gels form, and the stability and material
properties of the resulting gels.'” Nonetheless, much of the
existing literature in the area of supramolecular gels relies on
empirical observations (i.e., noticing that a particular compound
interacts with a given solvent to form a gel), and lacks an
understanding of the key structure—property relationships. Such
an understanding, in turn, would directly enable accurate
predictions of which compound—solvent combinations form
gels, and ideally, what the properties of such gels would be.
One class of molecules with a known propensity for gelation
are amides and amide-containing small molecules, oligomers,
and polymers,”” including peptides and proteins."" The fact that
amides form organogels with a broad variety of solvents has
sometimes been attributed to the highly polar nature of the
amide bond that facilitates strong intermolecular interactions
with polar organic solvents.'> Moreover, the same polar amide
bonds facilitate amide—amide interactions and concomitant
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participate in favorable 7—7 stacking interactions'” in addition
to the amide—amide interactions."®

A second class of compounds with a high propensity for
gelation are naphthalimide-containing compounds.'” These
compounds, largely because of their large, flat aromatic
structure, readily participate in - 7 stacking interactions within
or between the molecules, enabling the “trapping” of organic
solvents within the ordered structure.”® Moreover, because
naphthalimide has a well-studied and highly tunable fluores-
cence emission profile,”' structures containing naphthalimide
can be characterized via fluorescence spectroscopy and/or
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fluorescence-based microscopy,”” and supramolecular structural
changes (i.e., gelation and de-gelation) can be easily detected.”

Despite the significant interest in amide-containing small
molecule gelators,”* and the known ability of naphthalimide to
participate in and/or induce gelation,” there are only isolated
instances in which amide moieties and naphthalimides have
been combined in the same gelator molecule.”*™** Moreover,
none of the reported instances of amide-containing naphthali-
mides investigate how structural modifications in the position of
the amide bond affect gelation propensities. This is true despite
the fact that achieving a detailed understanding around
structure—property relationships in supramolecular gelators is
expected to improve the fundamental understanding of non-
covalent interactions involved in both gelation and de-gelation
processes, as well as advance the pace of applications that rely on
such gels.

Reported herein are the results of research conducted
precisely to address this knowledge gap, by reporting the
supramolecular gelation properties of naphthalimide-containing
small molecule amide 1 (Figure 1). This structure forms highly
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Figure 1. Structures of amides 1 and 2 investigated herein.

elastic organogels in the presence of alkyl-substituted aromatic
solvents (and no organogels in the presence of other aromatic
solvents and non-aromatic solvents), a result which can be
explained based on theoretical calculations of its supramolecular
ordering propensity. Full characterization of the gels formed
from compound 1 are presented herein as well, as is its ability to
bind and remove organic dyes from solution in a highly efficient,
controlled, and reversible manner, with up to 11 cycles of gel
washing and re-use presented. Computational investigations are
invoked to explain the high solvent selectivity of compound 1,
and a comparison to non-gel forming compound 2 is used to
provide additional scientific insights. Moreover, additional
comparisons to compounds 15 and 16, with shorter aliphatic
linkers, provide specific insights about the effect of the linker
length.

B RESULTS AND DISCUSSION

The UV—visible absorption and fluorescence emission spectra
of compound 1 in chloroform showed the expected fine
structure characteristic of naphthalimide-containing molecules
(Figure 2) 2220 with limited changes in these spectra over a wide
range of concentrations indicative of limited aggregation in
chloroform solutions (see Supporting Information for more
details).

Interestingly, sonicating a solution of compound 1 ([1] =
0.025 M) in alkyl-substituted aromatic solvents (toluene, o-
xylene, m-xylene, p-xylene, mesitylene, and ethyl benzene) led to
the formation of an opaque organogel, as determined through
the vial inversion test (Figure 3A). This gel was characterized in
a number of ways, including through scanning electron
microscopy (SEM) (Figure 3B), which shows the formation
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Figure 2. Absorbance (black line) and fluorescence emission (red line)
spectra of compound 1 in chloroform ([1] = 1.18 X 10™* mM).

Figure 3. Confirmation of the formation of organogels derived from
compound 1. (A) Formation of a gel after mixing compound 1 with (L-
to-R) toluene, o-xylene, or p-xylene, as shown through the inverted vial
test; (B) SEM image of the gel formed from compound 1 and toluene;
and (C) polarized optical microscopy images of a gel formed from
compound 1 and o-xylene.

of an entangled fibrous network when compound 1 is sonicated
with toluene; through polarized optical microscope images
(Figure 3C); and after absorption of thodamine B dye by the
organogel (see Supporting Information for more details).
Finally, the elastic nature of the gel derived from compound 1
was confirmed by rheology studies, which determined that the
storage modulus (G’) was greater than the loss modulus (G”),
indicating a highly elastic material.

Notably, this gelation was both solvent- and structure-specific.
Other aromatic solvents, including benzene and a variety of
halogen-substituted benzene derivatives, led to no gelation, nor
did mixing with polar organic solvents (alkanols, acetonitrile,
dichloromethane) and nonpolar aliphatic solvents (i.e., cyclo-
hexane, n-hexanes, n-heptane). Interestingly, despite the high
degree of structural similarity between compounds 1 and 2,
compound 2 did not induce gelation for any of the investigated
solvents (see Supporting Information for a full list), resulting
instead in either clear solutions, insoluble mixtures, or cloudy
suspensions from which a solid powder precipitated over time
(Figure 4).

Once a gel derived from compound 1 and alkylated aromatic
solvents was successfully formed, potential applications of the
gel were investigated, with a particular focus on the ability of the
organogel to purify contaminated aqueous samples. This
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Figure 4. Lack of gelation seen when mixing compound 2 with aromatic

solvents after sonication. (Left-to-Right): toluene, o-xylene, p-xylene,
benzene, 1,2-dichlorobenzene.

application was facilitated by the fortuitous observation that in
biphasic mixtures of aromatic solvents and water, compound 1
interacts only with the aromatic solvent to form a gel, and the
aqueous layer remains unaffected (see Supporting Information
for more details). This opens the possibility of using such
organogels, with their high aqueous stability, for the removal of
aqueous phase pollutants. To investigate this application, we
prepared a variety of cationic aqueous dye solutions (as
representative organic contaminants), and mixed the organogel
formed from compound 1 and o-xylene with the solutions. Of
note, the selection of cationic dyes exclusively was due to the
known strength and versatility of the cation- 7 interaction, and
the expectation that the aromatic components of the organogel
will interact favorably with the cationic components of the dyes
investigated herein. The absorbance of the dye in solution over
time was then recorded, with decreasing absorbance of the dye
in solution indicating effective removal from solution and
adsorption of the dye to the gel.

For all dyes investigated (compounds 10—14, Figure 10), we
determined that the gel formed from compound 1 and o-xylene
effectively removed the dyes from water over a period of up to 72
h (Table 1). Of note, the efficiency of such removal depended

Table 1. Removal of Dyes from Aqueous Solutions after
Treatment with Organogel Formed from Compound 1 and o-
Xylene, as Measured by the Normalized Integrated
Absorbance of the Dye Remaining in Solution®

removal time normalized integrated absorbance of the dye
dye (h) in solution”

methyl orange 60 0.39 + 9.4 x 107°
10

methyl violet 72 0.26 +2.4 x 1077
11

rhodamine B 48 0.01 +12x107°
12

rhodamine 6G 60 047 +24 %1078
13

thioflavin T 14 72 0.40 + 5.7 x 107*

“The gel was formed from mixing 7.5 mg of compound 1 with 0.75
mL of o-xylene. Integration of the absorbance spectra was done from
250—500 nm, using wavenumbers on the X-axis and OriginPro
software. [10] = [11] = [12] = [13] = [14] = 1 mg/mL. bThe
integrated absorbance was normalized so that the initial absorbance of
the dye in solution was set to 1.0.

strongly on the identity of the dye, with rhodamine B showing
complete removal from solution after 48 h (Figure SA). In
contrast, the least efficient dyes, rhodamine 6G and thioflavin T,
showed removal from solution of up to 53 and 60%, respectively,
even after a longer time period of mixing the gel with the
solution (see Supporting Information for more details).

The practical applicability of such gels for pollutant removal
efforts is dramatically enhanced in situations in which the gel can

be used for multiple pollutant removal cycles. To that end, a gel
formed from compound 1 and o-xylene was first used to remove
thodamine B 12 from aqueous solution, according to the
procedures detailed above. After effective adsorption of the dye
to the gel, the gel was removed from the solution. In a separate
step, the water-soluble dye was extracted into an aqueous
solvent, and the compound 1-derived organogel was dis-
assembled in ethyl acetate. The recovered amide 1 was then
used to re-form an organogel with o-xylene, and the resulting gel
was used for another cycle of rhodamine B removal from
contaminated aqueous solutions. This gel remained effective in
removing rhodamine B from solution, although the percent
recovery of amide 1 diminished with each repeat cycle (Figure
6). By the start of the fourth cycle, therefore, only 53% of the
initial amount of compound 1 remained. These results show
good initial data that gel reusability is feasible, and efforts to
optimize this reusability cycle are currently underway in our
research group. Moreover, preliminary data also demonstrated
that the newly formed organogels could undergo self-healing,
with two distinct gel segments (one with adsorbed dye and one
without such dye) undergoing adhesion in the span of 15 min
(see Supporting Information for more details).

Despite the high performance of compound 1 in forming
organogels that act as effective, reusable pollutant removal
materials, questions remain about the differential gelation
propensities of compounds 1 and 2, which occur despite their
significant structural similarity. Such differences were inves-
tigated using both experimental and computational studies, with
experimental investigations including solid-state Fourier trans-
form infrared (FTIR) spectroscopy, powder X-ray diffraction
(P-XRD), circular dichroism (CD) spectroscopy, and a variety
of microscopic imaging techniques. These experiments high-
lighted the following key differences between compounds 1 and
2 that affect their supramolecular gelation properties:

1. Stronger hydrogen bonds in compound 2. Evidence of
such hydrogen bonds is seen in the differences in the
amide I bands of the two compounds in their FTIR
spectra, with the amide IIT band of compound 1 found ata
higher wavenumber than the corresponding band in
compound 2 (3300 cm™ vs 3310 cm™) (Figure 7A).
Similarly, the position of the amide I band likewise
differed between the two small molecule amides, with
compound 1 showing a peak at 1660 cm™" and compound

2 showing one at 1630 cm L

2. Sheet, microsphere, and crystalline formation for
compound 2 aggregates compared to interlocked fibers
for compound 1 aggregates. Most conclusively, SEM
images of compound 2 mixed with aromatic solvents
show crystalline morphologies (Figure 7B), sheet-like
morphologies (Figure 7C), or microsphere morphologies
(see Supporting Information). None of these morphol-
ogies seen through SEM have visibly interlocking fibers
that enable the formation of a strong, elastic, organogel. In
contrast, SEM images of compound 1 mixed with toluene
(Figure 3B) showed clear images of interlocked fibers that
support the macroscopically observed gel formation.

Significance of Alkyl Chain Length. In addition to amides
1 and 2, discussed in detail above, we synthesized compounds 15
and 16, amide analogs with shorter aliphatic linkers, instead of
the six-carbon linkers found in amides 1 and 2 (Figure 8).
Notably, neither 15 nor 16 formed organogels upon mixing with
a range of organic solvents. We explain the lack of gelation of

https://doi.org/10.1021/acsomega.1c04453
ACS Omega 2021, 6, 32722-32729


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04453/suppl_file/ao1c04453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04453/suppl_file/ao1c04453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04453/suppl_file/ao1c04453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04453/suppl_file/ao1c04453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04453?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04453?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04453?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04453?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
B — - — C
.
% ‘%9“ W b
- ' . e @
<
10 11 12 13 14

400 500
Wavelength (nm)

300

600 700

Figure S. (A) Illustration of the removal of thodamine B from contaminated aqueous solutions, as seen through changes in the UV—visible absorbance
of the dye in a gel-treated solution at 0 h (black line) and 48 h (red line); (B) photograph of gels derived from compound 1 and o-xylene after absorbing
dyes from contaminated aqueous solutions. (Left-to-Right: methyl orange 10, methyl violet 11, rhodamine B 12, rhodamine 6G 13, and thioflavin T
14); and (C) Photograph of the gel formed from compound 1 and o-xylene before dye absorption occurs.
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Figure 6. Summary of the percent recovery of compound 1 during its
reuse for 11 cycles of pollutant removal applications.
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Figure 8. Structures of short-chain amide analogs 15 and 16.

compound 185 as potentially due to steric repulsion between the
bulky aromatic moieties that cannot be alleviated due to the
short chain length. The lack of gelation behavior observed in
compound 16 is explained much like the behavior of compound
2, namely, that high rigidity in the structures precludes the
intermolecular interactions that are necessary to achieve
effective gelation.

Additionally, significant computational work uncovered
quantitative differences between compounds 1 and 2. Density
functional theory (DFT) calculations of the dimers formed from
compounds 1 and 2 indicated highly favorable dimer formation
(i.e., negative binding energies) for compound 1 in vacuum, and
in the presence of aromatic solvents benzene, toluene,
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Figure 7. (A) Illustration of how differences in FTIR spectra indicate differences in the strength of hydrogen bonds. (Gray line: compound 2; Orange
line: organogel derived from compound 1; blue line: compound 1); (B) SEM image of compound 2 with 1,2-dichlorobenzene, forming a flower-like
(i.e,, non-gel) morphology; and (C) SEM image of compound 2 with toluene, forming a sheet-like (i.e., non-gel) morphology.
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mesitylene, and chlorobenzene (Table 2). In contrast,
compound 2 displayed positive binding energies of dimerization

Table 2. DFT-Calculated Binding Energies of Dimers
Derived from Compounds 1 and 2

medium compound 1 (kcal/mol) compound 2 (kcal/mol)
vacuum —44.31 14.32
benzene —34.17 19.33
toluene —34.21 19.30
mesitylene —34.62 19.04
chlorobenzene —31.63 20.65

“All calculations were performed according to the procedures detailed
in the Experimental Section. Negative values of such binding energies
indicate energetically favorable dimerization.

in all media investigated, indicating that it does not undergo
dimerization. The reason for this differential propensity for
dimerization can be seen through investigating the computed
structures of the dimer of compound 1 (Figure 9A) and
compound 2 (Figure 9B), which highlight that compound 1 has
a geometry that facilitates intermolecular hydrogen bonding and
insertion of the benzene ring of the second monomer between
two parallel rings of the first monomer. In contrast, in compound
2, the fact that the carbonyl group is directly attached to the
aromatic ring precludes geometries favorable for intermolecular
hydrogen bonding and for the highly favorable aromatic ring
insertion. Finally, additional computational work indicated the
highly energetically favorable formation of trimers and tetramers
of compound 1 (binding energy trimer = —53.51 kcal/mol;
binding energy tetramer = —119.82 kcal/mol), highlighting the
energetic favorability of forming compound 1-derived aggre-
gates, including organogels.

Of note, despite the fact that there are negative (ie.,
energetically favorable) binding energies for compound 1 with
both benzene and chlorobenzene, mixing compound 1 with
these solvents did not result in gelation. Reasons for this
discrepancy between the computed properties and experimen-
tally observed phenomena in this case are currently under
investigation, although we hypothesize that it is likely due to the
notable differences in electron density around the aromatic ring.
Alkylated aromatic rings, with higher electron density, facilitate
gelation with electron-deficient aromatic amides, whereas
benzene and chlorobenzene, with lower electron density, do
not undergo the same intermolecular interactions required for
effective gelation to occur.

B CONCLUSIONS

Reported herein is the formation of elastic organogels from
compound 1 and a variety of alkylated aromatic solvents, and the
use of those gels for the effective removal of small molecule
organic dyes from contaminated aqueous environments. In-
sights into the structural dependence of such gelation focus on
the ability of compound 1 to form strongly energetically
favorable hydrogen-bonded dimers and oligomers, in contrast to
structurally related compound 2 which lacks such energetic
favorability upon aggregation. Preliminary efforts are also
presented toward the development of a reusable pollutant
removal system, which has significant potential in the develop-
ment of practical, real-world applications. Efforts toward
realizing such applications are currently underway in our
laboratory, as are efforts to extend the pollutant removal efforts
to non-cationic (i.e., neutral and anionic) organic components,
and the results of these and other investigations will be reported
in due course.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals were purchased
from commercial suppliers and used without further purifica-
tion. All UV/visible absorption spectra were recorded on a
Varian Cary 50 Bio UV—visible spectrophotometer. Fluores-
cence spectra were recorded on a Varian Cary Eclipse
fluorescence spectrophotometer. 'H NMR spectra were
obtained using a Bruker AVANCE III spectrophotometer
operating at 400 MHz and were referenced to signals from the
deuterated solvents. The morphologies of the reported peptides
were investigated using SEM (TESCAN MAIA3 Triglav).
Polarized optical microscopic images were taken at 20-fold
magnification (ZEISS, Axioscope S with polarizer and CCD
camera). DLS experiments were performed using a NANO-
PHOX SYMPA TC instrument. The rheological measurements
were performed on a MCR 102 rheometer (Anton Paar,
Modular Compact Rheometer) with a steel parallel plate
geometry having 40 mm diameter at 25 °C. The rheometer
was attached to a Peltier circulator thermocube in order to
control the temperature. All CD experiments were conducted on
a JASCO spectrophotometer. P-XRD data were taken using a
Rigaku powder X-ray diffractometer.

Synthesis of Compounds 1 and 2. Compound 1 was
accessed through the conversion of 1,8-naphthalic anhydride to
naphthalimide §, followed by a DCC and HOBt-mediated
amide coupling to access the target molecule 1 in 47% overall

Figure 9. DFT-calculated geometries of dimers derived from (A) compound 1; and (B) compound 2.
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Scheme 1. Synthesis of Amides 1 and 2

Synthesis of amide 1:
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Figure 10. Structures of small molecules dyes used for dye uptake studies with organogels.

yield from commercially available starting materials (Scheme 1).
Compound 2 was accessed via the transformation of 1,8-
naphthalic anhydride to naphthalimide 8, followed by DCC and
HOBt mediated coupling to access compound 2 in 56% overall
yield (Scheme 1). All intermediates and final products were
characterized using "H NMR spectroscopy, *C NMR spectros-
copy, and mass spectrometry (see Supporting Information for
more details).

Experimental Procedures for Aggregation Studies.
The concentrations of compounds 1 and 2 were varied between
451 X 1072 and 1.19 X 107! mM, and the UV—visible and
fluorescence spectroscopic properties of each solution were
measured. Fluorescence emission spectra were collected
following excitation at 330 nm.

Experimental Procedures for Solid-State FTIR Studies.
Compounds 1 and 2, as well as a gel derived from sonicating
compound 1 in toluene, were studied using solid-state FTIR
spectroscopy. KBr pellets of each substance were formed, and
spectra were collected after the appropriate background and
control scans.

Experimental Procedures for Gelation Studies. De-
tailed gelation studies were conducted by sonicating a solution

32727

of each compound in an organic solvent (for sonication-induced
gelation) or by heating the solution of each compound in an
organic solvent to 90—100 °C, followed by slowly cooling to
room temperature (for heat-induced gelation). Gel formation
was measured by inverting the vial and determining if the
material remained at the top of the vial (indicating that a gel had
formed) or if it fell to the bottom of the vial (indicating the
existence of a solution or cloudy suspension).

Experimental Procedures for Dye Uptake Studies. Dye
uptake studies were conducted by mixing a solution of
compound 1 with o-xylene to create an organogel, followed by
adding a solution of the dye (compounds 10—14, Figure 10).
Uptake of the dye was measured by monitoring changes in the
UV—visible absorbance spectrum over time.

Experimental Procedures for Gel Reusability Studies.
The potential for reusability of the organogels was measured by
investigating the uptake of compound 12 by a gel formed from
compound 1 and o-xylene, followed by removing the dye from
the gel and re-using the gel for another round of dye uptake.

Experimental Procedures for Imaging Studies. Imaging
studies were conducted using a scanning electron microscope
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after thorough drying of the samples under vacuum, followed by
gold coating prior to imaging.

Experimental Procedures for Rheology Studies.
Rheology experiments were conducted using small amounts of
the gel formed from compound 1 in toluene, o-xylene, and m-
xylene, in which the storage modulus (G’) and loss modulus
(G”) of the gel were measured as a function of angular
frequency.

Experimental Procedures for CD Studies. CD studies
were performed by measuring the spectra of compounds 1 and 2
in methanol ([1] = [2] = 4.51 X 107> mM).

Experimental Procedures for P-XRD Studies. The
powder XRD patterns of samples of compound 1, compound
2, and a gel formed between compound 1 and o-xylene were
measured after each sample was carefully dried under vacuum
and ground with a mortar and pestle.

Procedures for Quantum Chemical Calculations.
Quantum chemical structural optimizations were carried out
using a Gaussian 16 program.”’ All structures were fully
optimized with Khon—Sham DFT, using hybrid functional of
B3LYP in combination with Poples’s basis set 6-311G(d,p).*>**
The effects of dispersion were integrated using Grimmies’s D3
dispersion with the Becky-Johnson damping.** A Truhlar’s
SMD solvation model was used to consider the implicit
solvation effects.’® Once the structural optimizations converged,
the vibrational frequency analysis was performed with the same
level of theory to ensure that the final point is a real minima
(Nime = 0).
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