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ode Squaramide-Based Self-Associating Amphiphiles for Anion

Recognition

Lokesh K. Kumawat,” Conor Wynne,” ¢ Emanuele Cappello,” Peter Fisher,”
Luke E. Brennan,” Alessandro Strofaldi,”’ Jennifer J. McManus,”™ <9 Chris S. Hawes,™
Katrina A. Jolliffe,” Thorfinnur Gunnlaugsson,” % and Robert B. P. EImes*® 9

The synthesis and characterisation of two novel self-assembled
amphiphiles (SSAs) SQS-1 and SQS-2 are reported. Both
compounds, based on the squaramide motif, were fully soluble
in a range of solvents and were shown to undergo self-
assembly through a range of physical techniques. Self-assembly
was shown to favour the formation of crystalline domains on
the nanoscale but also fibrillar film formation, as suggested by
SEM analysis. Moreover, both SQS-1 and SQS-2 were capable of
anion recognition in DMSO solution as demonstrated using 'H

Introduction

Self-assembly in molecular systems has inspired a new gen-
eration of supramolecular materials with applications ranging
from solid-state luminescent materials"' to molecular recog-
nition and binding."® Among the developments, self-associat-
ing amphiphiles (SSAs) are emerging as a new motif in the
design of supramolecular macromolecular materials.”’ Self-
assembly in these materials is brought about through a
combination of weak non-covalent interaction such as hydro-
gen-bonds, halogen-bonds, hydrophobic, electrostatic interac-
tions, van der Waals interactions, etc., resulting in the overall
formation of hierarchical materials.”! SSAs have garnered
considerable interest in the development of hierarchical nano-
structures, biomolecular mimics, carrier molecules for drug
delivery and molecular sensing.”'” Recent work by Hiscock and
co-workers has explored the self-associative and physicochem-

NMR and UV/Vis absorption spectroscopy, but displayed lower
binding affinities for various anions when compared against
other squaramide based receptors. In more competitive solvent
mixtures SQS-1 gave rise to a colourimetric response in the
presence of HPO,>~ that was clearly visible to the naked eye.
We anticipate that the observed response is due to the basic
nature of the HPO,>~ anion when compared against other
biologically relevant anions.

ical properties for several low molecular weight SSAs.""'? These
urea-sulfonate based SSAs contain a number of hydrogen bond
donating (HBD) and accepting (HBA) functionalities that allow
self-association via hydrogen bond formation. Indeed, the
combination of different HBD and HBA functionalities within
these SSAs result in a variety of competitive, self-associative
hydrogen bonding modes forming ‘frustrated’ hydrogen
bonded nanostructures.”> Importantly, such urea-sulfonate
based SSA compounds appear to be promising antimicrobial
agents and also show application as selective cell membrane
coordination/disruption systems.>'¥ Related work has also
shown that di-aryl ureas can form extended hydrogen bonding
and m-m interactions in the solid state, to produce
supramolecular gels with antimicrobial properties against
Staphylococcus aureus and Escherichia coli.®® Our interest in
SSAs stems from our recent report on squaramide-naphthali-
mide conjugates that display self-association characteristics.?"
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Using this approach we were able to effectively disrupt self-
association bringing about a disaggregation induced emission
response in the presence of halide anions. In particular, we
discovered that the squaramide-naphthalimide conjugates
exhibited distinct responses with each halide, in the case of Br~
resulting in a dramatic 500-600% fluorescence enhancement.
Through this work, we expected that disruption of self-assembly
in SSAs may also be exploited for the sensing of anionic
analytes. It is now well established that anions play a significant
role in both human health and environmental pollution with
phosphate anions being particularly prevalent owing to their
essential role in metabolism, energy transduction and their use
in agricultural fertilizers and pesticides.”? While several
phosphate sensors have been developed,”* the large
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majority of these have solely operated in organic solvents, and
those that achieve selective anion recognition in aqueous
solution remain scarce. Towards this end, Gunnlaugsson et al.
developed naphthalimide thiourea based receptors, which also
self-assembled into highly ordered hydrogen bonded honey-
comb structures, as effective colorimetric sensing probes for
H,PO,". In aqueous solution a stark colour change from yellow
to red was observed; a result of receptor deprotonation.*%*"
However, the selectivity of these receptors was not optimal
where AcO™ and F~ also exhibited a marked effect. More
recently, the same group has also exploited meta-phenylene bis
(phenylurea) receptors as a supramolecular construct that used
a phosphate anionic core to template a triple-stranded
helicate,®? and in the development of urea tripodal systems,
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that can in the presence of anions such as H,PO,” or SO~
result in the formation of SSA capsules, clusters and 2D nano-
structures.®*>" Similarly, Caltagirone et al. synthesised diindoly-
lureas that showed high affinity for oxoanions. These receptors
showed particular selectivity for H,PO,” in water/DMSO-d;
binding with high affinity (K,>10*M™"), however, no spectro-
scopic changes were reported.”® Jolliffe and co-workers have
reported the synthesis of deltamides that display higher affinity
for H,PO,” than other oxoanions or halides.”” Based on these
results, we reasoned that exploiting SSAs as an anion recog-
nition motif may provide advantages over previously reported
strategies given the ability to modulate supramolecular assem-
bly/disassembly.

To improve hydrogen donor ability and potentially the self-
assembly properties of SSAs we sought to employ the
squaramide motif in our design.”® Squaramides display stron-
ger hydrogen bond donor and acceptor abilities when
compared with ureas and thioureas and are also known to
display high levels of binding affinity for various anions.
Furthermore, due to the restricted rotation about the C—N
bond, double secondary squaramides exist predominantly as
the extended anti/anti conformer, which allows the simulta-
neous participation of the two NH groups in the formation of
hydrogen bonding interactions. This often giving rise to higher
order structures in both solution and the solid state.***” We
have reported several classes of squaramide based receptors for
a variety of applications such as anion recognition, anion
sensing and anion transport,“'™ and furthermore Costa and
co-workers and Kieltyka and co-workers have exploited squar-
amides to create a wide variety of self-assembled systems,*=>"
thus it was an obvious design decision. Herein, we report the
design and synthesis of two novel squaramide based SSAs, an
evaluation of their self-assembly behaviour and their ability to
recognise various anionic species in both organic and aqueous
solutions.

Results and Discussion

The two squaramide based SSA structures SQS-1 and SQS-2
were designed to possess an aryl (UV-Vis absorption) reporting
group, possessing an electron withdrawing substituent, and
both HBD and HBA functionalities within a single structure.
Both compounds were synthesised by the reaction of two
different substituted aniline derivatives with diethyl squarate

(Scheme 1), followed by the addition of aminomethanesulfo-
nate to give both SQS-1 and SQS-2 in moderate yields of 55-
60% as their NBu," salts. Both compounds were fully charac-
terised as outlined in the experimental section, with the H
NMR of SQS-1 being shown in Figure 2 below (c.f. Supporting
Information for all experimental data). Squaramides suffer
routinely with poor solubility, however, the design of these
HBD and HBA mixed systems, facilitated both SQS-1 and SQS-2
to be fully soluble in organic polar solvents such as DMSO,
MeCN as well as in DCM and gratifyingly, also in highly
competitive solvents such as H,O, MeOH and EtOH. Crystals
suitable for single crystal X-ray diffraction analysis were
obtained for both SQS-1 and SQS-2 by recrystallization from a
concentrated DMSO solution, which allowed for the evaluation
of their solid-state behaviour; the resulting structures shown in
Figure 1.

The initial evidence for the self-association of SQS-1 was
observed from X-ray crystallography, with the diffraction data
solved and refined in the monoclinic space group P2,/n. The
asymmetric unit contains one SQS-1 anion and NBu,™ counter-
ion, with no solvation or other guest species. As shown in
Figure 1(a), two molecules of SQS-1 associate into a centrosym-
metric dimer through multiple hydrogen bonding interactions.
The squaramide N—H groups (N1 and N2) act as hydrogen bond
donors to sulfonate oxygen atom O1, with D--A distances of
2.8118(10) and 2.7761(10) A and D—H--O angles of 156.2(14)
and 167.0(14)°, respectively, and this interaction is reciprocated
in each dimeric unit. These dimers further associate with one
another through parallel face-to-face m-mt interactions which
encompass one face of the entire conjugated portion of the
molecule, at a mean interplanar distance of 3.28 A, as is evident
from Figure 1(c). Additional intermolecular interactions mostly
take the form of C—H--O contacts from the a-methylene groups
of the NBu, counterions; these interactions are shown in
Figure S29 (See Supporting Information).

The structural model of SQS-2 was refined in the monoclinic
space group P2,/c. The local structure of SQS-2 is broadly
similar to that of SQS-1, with one anion in the asymmetric unit
alongside a tetrabutylammonium cation, and no solvation or
other guest species. An equivalent centrosymmetric dimer is
observed in this structure where a sulfonate oxygen atom
accepts chelating hydrogen bonds from the adjacent molecule
(Figure 1(b),). The D--A distances of 2.865(3) and 2.804(3) A for
N1 and N2, respectively, are marginally longer on average than
the equivalent distances in SQS-1. The D—H--A angles of

o, 0O Ry o 0 R
0 TBAOH
R, H N/\S\\\OH _ + o R,
0 N 2 o) EtOH, RT N SN N
H
Rq Ry

PV

$QS-1: R1=H, R2=NO,; Yield: 59%
$QS-2: R{=CF3, Rp=H; Yield: 55%

Scheme 1. Synthesis of SQS-1 and SQS-2 by the reaction of the appropriate mono substituted squarates with aminomethanesulfonate.
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Figure 1. (a) Structure of SQS-1 and (b) SQS-2 as the NBu, salt with heteroatom labelling scheme. Cations and selected hydrogen atoms are omitted for
clarity. (c) Interaction of adjacent dimers in the structure of SQS-1 showing the n-rt stacking between conjugated units. Deposition Numbers 2043909 (for
SQS-1) and 2087917 (for SQS-2) contain(s) the supplementary crystallographic data for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.

148.85(15) and 164.93(14)°, respectively, are also smaller than
those observed for SQS-1, suggesting a less beneficial environ-
ment for dimerization in this species compared to the nitro
analogue. The steric bulk of the trifluoromethyl groups (which
also display minor crystallographic disorder) may also play a
role in hindering m-m stacking interactions in the structure of
SQS-2; while minor contacts are observed between the
squaramide backbones, the aromatic surfaces of the phenyl
rings are capped on both faces by weak C—H--m contacts from
the tetrabutylammonium cations. Directional C—H--O contacts
are also observed between the tetrabutylammonium cations
and the squaramide and (non-hydrogen bonded) sulfonate
oxygen atoms, which are represented in Figure S30 (Supporting
Information).

Molecular self-assembly in solution was also observed; this
behaviour being probed initially by 'H NMR spectroscopy where
a dilution study was conducted at different concentrations of
SQS-1 and SQS-2 in d,-DMSO (1 mM to 100 mM) solution.
Changes in the chemical shifts of various resonances were
observed with the NH, CH, and aromatic protons all showing
some modulations as a function of concentration. For example,
as shown in Figure 2 the NH, signal of SQS-2 underwent a
significant upfield shift (Ad=0.33 ppm) upon dilution with the
CH,, aromatic protons and NH, showing more gradual changes.
This indicates that the chemical environment of all protons is
perturbed to some extent as the molecules undergo self-
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assembly at elevated concentrations. Similar behaviour was also
observed for SQS-1; the results of which are shown in
Figures S12 and S13 (See Supporting Information).

Hiscock and co-workers have detailed how analogous urea
based SSAs are capable of forming larger order nanostructures
in aqueous media."®*® With this in mind, we performed both
DLS analysis of SQS-1 in solution, as well as dropcasting
samples of SQS-1 and SQS-2 from different solvent mixtures
and investigating their morphological properties with scanning
electron microscopy (SEM). The fact that the crystallographic
results indicated that the HBD and HBA functionalities of these
compounds resulted in dimer formation and further association
due to favourable m-m interactions, we wished to investigate
the formation of higher order self-assemblies.

In our hands, the DLS measurements indicated that SQS-1
did not form spherical aggregates on the nanoscale under the
conditions studied (25 uM-250 uM concentration) in solvents
such as DMSO, EtOH or their mixtures with water. From our
analysis at higher concentrations (250 uM), it was evident that a
small number of larger particles were formed in DMSO as is
evident from Figure3, an indication that there was no
homogeneous assembly in solution but instead the compound
assembled abruptly forming a small number of very large
particles that undergo sedimentation, and not diffusion.

Similarly, measurements in EtOH and EtOH:water mixtures
suggested that particles arise from self-assembly formation that

© 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 2. (a) The NMR spectra of SQS-2 in DMSO-d, (0.5% H,0) at various concentrations (1-100 mM). (b) The changes in the various chemical shifts as a

function of concentration.

results in crystallisation/nucleation of SQS-1. These particles
were observed at early time points in the measurements, and
indicated that they formed immediately and subsequently
underwent rapid sedimentation. Indeed, optically birefringent
needle-like crystals were observed by optical microscopy and
suggest that the particles observed were crystals of SQS-1. This
result is particularly significant given the results reported by
Hiscock et al., where analogous urea based molecules form
discrete nanoscale particles under similar conditions'"'® and it
emphasises the role that the squaramide plays in dictating the
self-assembly properties of such SSAs.
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To further probe any possible self-assembly behaviour we
also investigated, using SEM, the morphological features of
both SQS-1 and SQS-2 in various solvents upon dropcasting
the samples onto silica support using 1 uM stock solutions of
each structure. The samples were allowed to dry in air and
under vacuum prior to imaging. In DMSO, both compounds
showed the formation of compact films (See Supporting
Information; Figure S15 and S$16). Similarly, in CH,CN, the
formation of films was also observed, however, more fibrillar
networks were particularly visible in the case of SQS-1 (Fig-
ure 4(a)). Furthermore, the presence of microcrystalline domains

© 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 3. Hydrodynamic radius distribution of a 250 uM sample of SQS-1 in DMSO. Inserts show the count rate over time and the correlation function.

Figure 4. SEM images obtained from CH,CN solutions of SQS-1 (top, (a) and (b)) and SQS-2 (bottom, (c) and (d)). It is possible to appreciate the formation of

condensed films containing microcrystalline domains.

was also observed (Figure 4(b)) in CH;CN. When recorded in
EtOH, similar features were seen i.e. both the fibrous and
microcrystalline materials were clearly visible. Imaging of SQS-2
in CH;CN demonstrated the formation of more condensed films
(Figure 4(c)), as well as the formation of crystalline structures
within the film (Figure 4(d)). In EtOH, the formation of the
microcrystalline structures was even more apparent for SQS-2.
We also investigated these features when both samples were
dropcast using H,0 and mixtures of DMSO:H,O solutions. On
both occasions, the formation of self-assemblies was observed,
consisting of aggregated particles for SQS-1 of ca. 200-400 nm,
while in the case of SQS-2, the aggregates exhibited a more
rod-like morphology (See Supporting Information). These
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results clearly demonstrate that both SQS-1 and SQS-2 undergo
self-assembly formation, however, their behaviours differ some-
what; an indication of the role the substituents play in
modulating the hydrogen bonding properties and consequently
on the assembly properties of these structures in different
solvents.

With a view to further probing the self-assembly process,
the absorption properties of SQS-1 and SQS-2 were also
investigated using UV/Vis absorption spectroscopy to examine
if the self-assembly behaviour could be monitored. SQS-1 was
highly coloured in DMSO (0.5% H,0) solution and showed
strong absorption maxima at 290 nm and 409 nm, respectively.
In the presence of base (0.5% Et;N in DMSO) absorption was

© 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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observed at 538 nm, indicative of partial deprotonation of SQS-
1. Structurally analogous 4-nitrophenyl squaramides are known
to undergo deprotonation in DMSO.®” We expected the
addition of a protic solvent such as water to protonate the
receptor and, indeed, as the proportion of water was increased
a reduction in the band at 538 nm was observed with a
concomitant hypsochromic shift of the absorption at 409 nm by
approx. 20 nm (See Supporting Information; Figure S9). A dilu-
tion study in DMSO/H,0 (99.5:0.5, v/v) demonstrated that bands
at 285 nm and 409 nm increased linearly as a function of
concentration (5-60 uM) for SQS-1, obeying the Beer-Lambert
Law, and giving extinction coefficients of ca. 21,300 M™' cm™'
and 25500 M 'cm™' at 285nm and 409 nm, respectively.
Similar behaviour was observed for SQS-2 with extinction
coefficients of 19,000 M~' cm™' and 23,500 M~ cm™' at 285 nm
and 345 nm, respectively over the same concentration range
(See Supporting Information; Figures S10 and S11). This behav-
iour also suggests that the self-assembly behaviour of these
compounds either cannot be observed easily by UV/Vis
spectroscopy at these concentrations or occurs only at higher
concentrations.

As the UV/vis absorption properties of such squaramide
receptors are known to be sensitive to anionic species,*®*%
their absorption properties upon addition of various anions
were monitored in DMSO/H,0 (99.5:0.5, v/v) solution (See
Supporting Information; Figures S20-523). Upon addition of
anions, such as Br, I, CI7, CIO,~ and NO;~, as their TBA salt
stock solutions, to SQS-1 no colorimetric changes were
observed. In contrast, more significant changes were seen in
the absorption spectra upon addition of F~, AcO~, BzO~, H,PO,~
and SO,*” to a solution of SQS-1. Furthermore, these spectro-
scopic changes were clearly visible to the naked eye, as the
solution was observed to change colour from yellow to red/
purple. Similar changes were observed in the absorption
spectrum where additions of anions such as F~, AcO~, SO,*,
BzO~ and H,PO,” resulted in an increase in absorption at
538 nm and a concomitant decrease in the band at 409 nm.
Similarly, the band at 290 nm showed a large hypochromism

(a)

0.6
0.5
0.4

0.3

Absorbance

0.2

0.1

Wavelenth (nm)

with a concomitant increase in the absorbance centered at
320 nm. Such behaviour indicates that these anions are capable
of deprotonating SQS-1 in DMSO solution. In contrast to these
results, the absorption spectrum remained unchanged in the
presence of ClI~, Br~, CIO,” and I™ at this concentration (4 mM).

More detailed titrations were performed for SQS-1 in the
presence of F~ and SO,*". Addition of F~ up to a concentration
of 240 uM gave rise to an 89% decrease at 409 nm and a large
increase at 538 nm (Figure 5 (a)). In the presence of sulfate,
similar changes were observed, however larger quantities of the
anion were required to effect to exhibit the same degree of
spectroscopic response. The changes observed for F~ were
accompanied with three clear isosbestic points appearing at
304 nm, 358 nm and 455 nm, respectively. Plotting the changes
at the two main wavelengths, 409, and 538 nm, as a function of
anion equivalents, is shown in Figure 5(b); the results demon-
strating that only minor changes were observed within the
addition of one equivalent of F~. However, between the
addition of 1—3 equiv. significant changes are observed. It is
possible that this is due to the initial hydrogen bonding of the
F~ anion with one or both of the N-H protons, followed by a
full proton transfer, and hence, a deprotonation of one of the
squaramide protons, the one adjacent to the nitrobenzene ring
being the most likely candidate. This would result in the
formation of the di-anionic species as well as in the formation
of HF. However, it is well documented that for thiourea and
squaramide receptors, such protonation is often associated with
the presence of a second F~ anion, which results in the
formation of HF,~, and this is likely to account for the dramatic
changes seen in the absorption spectra.°48>76061

To gain further structural insight into the interaction of
SQS-1 with these anions 'H NMR measurements were also
carried out. Qualitative measurements were undertaken using a
screening experiment in which 30 equiv. of several anions
(AcO™, BnO™, H,PO,, SO,>~, NO;~, ClO,~, F~, CI~, Br~, and I” as
their tetrabutylammonium salts) were added to the receptor in
solution (5mM in 0.5% H,O in DMSO-d;) (See Supporting

(b)

Information; Figure S17). These results showed significant

0.6

0.5
g 0.4 e
- . e Abs at 409 nm
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Figure 5. (a) Changes observed in the absorption spectrum of SQS-1 (20 uM) upon addition of TBAF (0-240 uM) in 0.5% H,O in DMSO solution.
(b) Absorbance changes observed at 409 nm and 538 nm as a function of F~ concentration.
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changes that suggested that AcO~, BzO™, H,PO,~, SO,>” and F~
give rise to deprotonation of the receptor, in agreement with
the UV/Vis results outlined above. In the case of F~, deprotona-
tion was confirmed by the appearance of a triplet at 16.1 ppm
suggesting HF,™ formation and supports the conclusions drawn
from the absorption titration studies above. Conversely, CI~ and
Br~ addition suggested H-bonding interactions due to signifi-
cant downfield shifts of the NH signals associated with the
squaramide. Other anions such as |-, CIO~ and NO;~ did not
appear to show any significant hydrogen bonding interactions
or cause de-protonation.

More detailed titrations were undertaken with SO,*, CI~
and Br~. From this data, CI~ resulted in the largest spectroscopic
changes (See Supporting Information; Figures S18 and S19).
Figure 6 shows the changes observed in the 'H NMR spectrum

(a) 30.0 eq.

25.0eq. A

20.0 eq.

15.0 eq.

10.0 eq. L

of SQS-1 upon the addition of ClI~ (30 equiv.). A gradual
downfield shift of the NH signal (H,) from 10.4 to 11.6 ppm was
observed upon increasing CI~ concentration. When the result-
ing titration data was fitted to a 1:1 binding model using the
open access BindFit software programme!® ¥ it gave a low
apparent stability constant of K=140M™" (£1.1%). The
changes suggest some degree of H-bonding interaction
between the receptor and the anion, however, the binding
affinity for ClI~ appears to be significantly lower than that
reported for other squaramide based receptors in
DMSQ.#3466581 This may be due to the proximity of the
negatively charged sulfonate functionality to the squaramide
binding site which results in electrostatic repulsion and
prevents strong association with anionic species or it may
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Figure 6. (a) Stack plot of "H NMR spectra of SQS-1 (5 mM) upon addition of TBACI (0-30 equiv.) in DMSO-d, at 25 °C. (b) Changes in the chemical shifts
observed for the squaramide N—H and methylene protons as a function of increasing CI~ concentration, and the corresponding fit to a 1:1 binding model.
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Figure 7. (a) The changes in the absorption as well as the visible colorimetric changes observed for SQS-1 (20 uM) upon increasing concentration of HPO,?~
(0-20 mM) in DMSO/H,0 (1:1, v/v) solution. (b) pH titration of SQS-1 in DMSO/H,0 (1:1) (0.1 MTBAPF,) showing the corresponding four parameter sigmoid
curve fit to the data. The pH of the solution was increased by addition of TBAOH. The pK, value of 11.47 was determined by fitting a four parameter sigmoidal
curves through the data points using Sigma Plot (Systat Software Inc., Chicago, IL, USA) with the point of inflexion corresponding to the pK,.

suggest that self-assembly of the squaramide subunits is
competing with the anion recognition.

Given the observation that addition of water is capable of
reprotonating these receptors in the presence of basic anions
and their high degree of water solubility, we also sought to
investigate if selectivity of spectroscopic response could be
achieved by introducing a more competitive solvent. Conse-
quently, the UV/Vis absorption measurements were carried out
in DMSO/H,0 (1:1, v/v) media where the changes in the
absorption spectra of both SQS-1 and SQS-2 (20 uM) were
monitored (See Supporting Information; Figures S24-527).
Under these conditions, two broad absorbance bands appeared
for SQS-1 at 290 nm and 392 nm, and at 285 nm and 345 nm
for SQS-2. Unfortunately, the addition of the sodium salts of
anions such as |-, F7, Br, AcO™, SO,*, ClI~, H,PO,”, NO;~ and
MoO,*" resulted in minimal spectroscopic responses. However,
addition of HPO,?~ gave rise to significant spectral changes. In
the case of SQS-1, a red shift from 290 nm to 310 nm, and from
390 nm to 455 nm was observed; this culminating in a visible
colour change from yellow to orange-red (Figure 7(a)). Given
our previous observations on the deprotonation of 4-nitro-
aniline containing squaramides and the basicity of HPO,*",
we suspected that these changes were once again likely to be
due to deprotonation and not due to a H-bonding interaction.
Indeed, a pH titration was also performed in DMSO/H,O
solution (1:1, v/v, 0.1 M TBAPF,) by addition of TBAOH across a
pH range from 3.5-13.5 (Figure 7(b). During the measurements,
SQS-1 underwent a hypochromism at 410 nm band, which was
accompanied by a concomitant hyperchromism at 510 nm.
Concomitantly, an isosbestic point at 430 nm; mirroring the
changes observed in the HPO,> titration and was also
complemented with a similar colour change from yellow to
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orange-red. A four parameter sigmoid curve was fitted through
the data points using Sigma Plot (Systat Software Inc., Chicago,
IL, USA) giving a pK, value of 11.47 in this solvent mixture.

Conclusion

In conclusion, we have designed and synthesised two self-
associating amphiphiles based on the squaramide moiety SQS-
1 and SQS-2. Importantly, both compounds are fully soluble in
a range of both organic and aqueous solutions. Indeed,
solubility is often a drawback with the use of squaramides and
such an approach may be a useful strategy in increasing
solubility of squaramide analogues. We have demonstrated
their self-association properties using X-ray crystallography, 'H
NMR measurements and through the use of SEM imaging.
While DLS measurements suggest that these compounds do
not form discrete spherical self-assembly structures on the
nanoscale in solution, the results seem to indicate that they
rapidly form self-assemblies at higher, mM concentrations,
which ultimately results in crystallisation. Both SQS-1 and SQS-
2 showed a non-selective response to various anions where
basic anions are capable of deprotonation while less basic
anions such as Cl~ are capable of H-bonding in polar aprotic
solvents. Such H-bonding interactions do not appear to give
rise to a significant spectroscopic response. Nevertheless, this
interaction can be measured using 'H NMR. Finally, by
increasing the competitiveness of the solvent medium, we have
shown that both SQS-1 and SQS-2 undergo colormetric
changes upon addition of HPO,? in an aqueous solution which
is not observed for less basic anions. These changes are caused
by the basicity of the HPO,>~ that results in a deprotonation of

© 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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the squaramide receptor. Overall, these results further demon-
strate the usefulness of squaramides as a scaffold for construct-
ing self-assembled materials and also as a useful moiety for
anion recognition. Further work is on-going in our laboratories
where we seek to construct more complex molecular receptor
structures that possess both increased sensitivity and selectivity
for anions in competitive media, as well as exploring their
materials properties further.
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