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Supramolecular self-associating amphiphiles are a class of amphiphilic salt, the anionic component of

which is ‘frustrated’ in nature, meaning multiple hydrogen bonding modes can be accessed simul-

taneously. Here we derive critical micelle concentration values for four supramolecular self-associating

amphiphiles using the standard pendant drop approach and present a new high-throughput, optical

density measurement based methodology, to enable the estimation of critical micelle concentrations

over multiple temperatures. In addition, we characterise the low-level hydrogen bonded self-association
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Introduction

Amphiphilic molecules have the capability to naturally self-
associate into a variety of structures, including but not limited
to vesicles, bilayers, nanotubes and micelles."”* The resultant
self-associated structures formed are stabilised through an
assortment of intermolecular non-covalent interactions such
as: hydrogen bonding; ion-ion interactions; van der Waals
forces; stacking; and  hydrophobic/hydrophilic
interactions.> The importance of this class of compounds
cannot be underestimated, with examples utilised as anti-
microbial agents,®® anticancer agents,”'" drug delivery
vehicles,'*** and within the oil related industries.*>*®
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events in the solid state, through single crystal X-ray diffraction, and in polar organic DMSO-dg solutions
using a combination of *H NMR techniques. Moving into aqueous ethanol solutions (EtOH/H,O or EtOH/
D,O (1:19 v/v)), we also show these amphiphilic compounds to form higher-order self-associated
species through a combination of *H NMR, dynamic light scattering and zeta potential studies.

Amphiphiles, in aqueous solutions, have two simultaneous
tendencies: to aggregate within the solvent bulk to form struc-
tures such as micelles, or to adsorb at the interface,'” a
process which affects surface tension.'® When designing
amphiphilic systems, a key characterisation parameter for
both fundamental study and commercial development is the
critical micelle concentration (CMC). CMC is commonly
defined as the concentration at which the solution interface
becomes saturated with amphiphilic molecules."® After this
point any further increase in amphiphile concentration will
result in the formation of higher-order self-associated species
within the bulk of the solution.

Many different methods have been developed to enable
CMC determination, through the monitoring of physical pro-
perties, such as electrical conductivity, surface tension,
density, dynamic light scattering (DLS), refractive index, fluo-
rescence emission, and UV-visible absorption with respect to
amphiphile concentration.'®*® However, these techniques all
exhibit major drawbacks such as high costs, need for specialist
equipment, large sample volumes, ineffective environmental
control as well as low throughput methodology, and contami-
nation issues that could lead to some inaccuracy in CMC deter-
mination. For example, commonly employed DLS methodology
suffers from a lack of automation and comparatively large
sample volumes (=1 mL).*® In addition, the amphiphilic
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species present at a solution interface may also exist in
dynamic equilibrium with larger aggregated structures within
the solutions bulk at concentrations below the CMC, leading
to the reporting of inaccurate results.”™*?

Given these limitations, CMC is more commonly reported
as the point at which surface tension of a aqueous solution no
longer decreases with increasing amphiphile concentration.*®
There are a number of experimental procedures available to
measure surface tension including the (i) Wilhemly plate
method.** However, this method often suffers from contami-
nation issues and requires comparatively large sample
volumes; while the (ii) Pendant drop method®**® offers little
control over environmental parameters such as temperature,
the variation of which is known to affect the CMC.?*”

A number of fluorescent probes have also been developed
to enable CMC determination.”>** However, this methodology
requires the addition of molecular dyes/probes to a system,>®
which have the capability to influence the self-association
events present in solution, and as a result the CMC.>°

Recent work by Cai and co-workers has gone some way
towards removing those limitations commonly associated with
CMC determination such as low throughput, need for special-
ised equipment or chemical probes, large sample volumes and
ineffective environmental control, through the use of micro-
plate reader technology.*® This readily available biological
equipment can be fully automated, environmentally controlled
and monitor up to 384 samples simultaneously. Here the
authors monitor the comparative change in surface curvature
(and thus change in surface tension) of an amphiphile con-
taining solution within the wells of a microwell plate. The
change in surface curvature was found to cause substantial
signal differences in spectroscopic readings, recorded using a
vertical detecting light beam. However, this methodology does
suffer from limitations associated with highly curved liquid
surfaces such as water, where measurement sensitivity is
decreased.

Supramolecular self-associating amphiphiles (SSAs) are a
class of ‘frustrated’ amphiphilic salts, the anionic component
of which contains an uneven number of covalently linked
hydrogen bond donating and accepting moieties, meaning
that this amphiphilic unit can access multiple hydrogen
bonding modes simultaneously.>'?*%'"** This class of com-
pound has been shown to act as novel antimicrobial
agents,” " therapeutic enhancement agents,*®*° as electro-
chemical agents within flow cell technologies®® and potential
drug delivery vehicles.”" Vital to developing SSAs towards use
within the clinic is the derivation of CMC within an aqueous
environment. However, due to the large compound libraries
often required to identify a lead therapeutic agent, alongside
current experimental limitations associated with the aforemen-
tioned CMC derivation techniques, we have identified the
need for a step-change in CMC derivation methodologies. In
response to this need, we present a novel plate reader-based
methodology, to enable the automated, high-throughput col-
lection of optical density (OD) data from which we derive the
CMC for four SSAs (Fig. 1) as a proof of principle, in an EtOH/
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Fig. 1 Chemical structure of SSAs 1-4. TBA = tetrabutylammonium.

H,O (1:19 v/v) solution under environmentally controlled
conditions.

Results and discussion

Compound 1 was synthesised through the reaction of the
appropriate benzothiazolyl aniline with carbonyl diimidazole
(CDI) and tetrabutylammonium (TBA) aminoethanesulfonate
in chloroform, affording the pure product as a pale yellow
solid in a yield of 61%. Compound 4 was synthesised through
the reaction of the appropriate amino coumarin with triphos-
gene and TBA aminomethanesulfonate in ethyl acetate,
affording the pure product as a white solid in a yield of 45%.
Compounds 2 and 3 were synthesised through previously pub-
lished methods.*" See experimental for synthetic details.{

Amphiphile self-association

Initially, physicochemical analysis of 1-4 was performed to
enable characterisation of both molecular low-level and aggre-
gate high-level self-association events observed for this class of
compound.”® As illustrated in Fig. 2, single crystal X-ray diffrac-
tion studies showed the anionic component of 4 to dimerise in

Fig. 2 Single crystal X-ray structure of 4. The TBA counter cations have
been omitted for clarity. Grey = carbon; white = hydrogen; blue = nitro-
gen; yellow = sulphur; red = oxygen. Red dashed line indicates hydrogen
bonding. CCDC = 1999015.7

This journal is © The Royal Society of Chemistry 2022
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Table 1 Summary of the results collected for the anionic component of SSAs 1-4 from: quantitative *H NMR studies conducted in (i) DMSO-ds,
standardised with 1.0% DCM at 112 mM and, (ii) D,O standardised with 5.0% ethanol at 5.56 mM. Values given represent the proportion of compound
to become NMR silent; SSA anion dimerisation constants (kqm), calculated from *H NMR dilution studies conducted in a DMSO-dg/0.5% H,O
mixture at 298 K;>2 *H NMR DOSY (DMSO-de/0.5% H,0) studies conducted at 298 K. All quantitative *H NMR experiments were conducted with a

delay time (d;) of 60 s at 298 K

Quantitative "H NMR

'H NMR dilution studies

'H NMR DOSY
SSA DMSO-dg (%) D,0 (%) kgim MY + error (%) dy (nm)
1 0 48 0.0 >0.1 1.5
2 0 (ref. 31) 10 (ref. 31) 2.7 (ref. 31) 0.3 (ref. 31) 1.6 (ref. 31)
3 0 0 0.6 (ref. 31) 1.1 (ref. 31) 1.4
4 26 10 “ “ 1.5

“ Dimerisation constant could not be calculated due to the presence of higher-order self-association events. However, a downfield change in
chemical shift with increasing concentration of SSA was observed, indicating the presence of self-associative intermolecular hydrogen bond

formation.

the solid state.f These anionic dimers are stabilised through
the formation of four hydrogen bonds, one from each NH
hydrogen bond donating group to a different sulfonate oxygen
atom (Fig. S22, and Table S5).}

To verify the presence of hydrogen bonding events between
the anionic units of 1-4 within the solution state, a combi-
nation of complimentary quantitative "H NMR studies (per-
formed in DMSO-dy standardized with 1.0% DCM), 'H NMR
dilution studies (performed in DMSO-de¢/0.5% H,0O) and 'H
NMR DOSY (in DMSO-d¢/0.5% H,0) studies were performed.
The results of these studies have been summarised in Table 1.

Here quantitative 'H NMR studies identify the presence
and proportion of larger aggregated SSA species within the
solution bulk. These larger aggregated species adopt solid-like
properties and thus become NMR silent.>" Studies conducted
in DMSO-d; standardized with 1% DCM (Fig. S7-S12+) showed
only the anionic component of SSA 4, to undergo higher-order
self-association processes under these experimental con-
ditions. Here, 26% of the anionic component of 4 was
observed to become NMR silent. We hypothesize this differ-
ence in aggregation behavior is due to the replacement of the
comparatively hydrophobic benzothiazole (1-3) with the hydro-
philic coumarin moiety (4).

To characterize the low-level SSA self-associated species
present in a DMSO-d/0.5% H,O solution, a combination of 'H
NMR DOSY and dilution studies were performed to enable the
calculation of SSA hydrodynamic diameter (dy) and strength of
self-associative  hydrogen bond formation respectively
(Table 1). The results of "H NMR DOSY studies showed the
anion and cation of 1-4 to diffuse at different rates, meaning
the two ionic SSA components are not strongly coordinated
under these experimental conditions. Further to this, the dy

1A suitable crystal was obtained through slow evaporation of a EtOH/H,O (1:19
v/v) solution containing the appropriate compound and the sample selected
then mounted on a Rigaku Oxford Diffraction Supernova diffractometer. Data
were collected using Cu Ka radiation at 100 K. The structure was solved with the
ShelXS®® via Direct methods and refined with ShelXL*® on least squares mini-
misation. Olex2®” was used as an interface to all ShelX programs. CCDC depo-
sition number for the structure shown in Fig. 2 = 1999015.1

This journal is © The Royal Society of Chemistry 2022

calculated via the Stokes-Einstein equation from the appropri-
ate average SSA diffusion constant, showed the anionic com-
ponent of 1-4 to vary between 1.4-1.6 nm, indicating the pres-
ence of lower-order dimeric species. In addition, for SSAs 1-3,
the data generated from 'H NMR dilution study data were
found to fit dimerisation isotherms over more complex self-
associative isotherms,>® providing complimentary evidence for
the presence of anionic SSA hydrogen bonded dimeric species
in solution.

When comparing the dimerisation constants calculated for
1-3, we had previously hypothesized that the decrease in
dimerisation constant observed for 3 (0.6 M™") when compared
to 2 (2.7 M) was due to the presence of an intramolecular
hydrogen bond (Fig. 3b), that prevented optimal inter-
molecular hydrogen bond formation, and as a result weakened
any self-associative event.*' Interestingly, when analyzing
those analogous data sets obtained with 1, we were unable to
find any evidence of measurable SSA hydrogen bonded self-
association. Here we again hypothesize that this may be due to
intramolecular hydrogen bond formation within the anionic
component of the SSA as shown in Fig. 3a.>®

In an EtOH/D,O (1:19 v/v) solution, quantitative "H NMR
experiments confirm the presence of higher order self-associ-
ated species with solid-like properties for SSAs 1, 2 and 4 at
5.56 mM, see Table 1. Interestingly, unlike SSAs 1, 2 and 4, SSA
3 does not demonstrate any evidence of higher-order self-
associated structures under these experimental conditions,
meaning that any larger aggregates that exist at these concen-
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trations either do not adopt any solid-like properties or exist at
concentrations that are below the limit of detection for this
methodology. We hypothesize that this is due to the presence
of SSA intramolecular hydrogen bond formation events pre-
venting effective SSA self-association, combined with effects
relating to the positioning of hydrophobic/hydrophilic moi-
eties within the SSA structure.

The dy and stability of those higher-order self-associated
structures produced by 1-4, in an EtOH/H,O (1:19 v/v), were
obtained via a combination of DLS and zeta potential measure-
ments respectively (see Table 2). The dy; of those higher-order
aggregates produced by 2-4 were found to maintain a similar
size distribution, however the self-associated aggregates pro-
duced by 1 were found to have an average dy > 500 nm, which
may be due to the aggregation of smaller species or to the con-
struction of larger singular structures.

Tensiometry experiments confirmed that SSAs 1-4 lower the
surface tension of an EtOH/H,O (1:19 v/v) solution, and thus
exhibit surfactant properties. Therefore, a CMC was calculated for
1-4, using conventional pendant drop methodology. These values
are reported in Table 2. This method was selected based on insti-
tutional equipment availability, the need for small sample sizes to
conserve material and ease of use. Of these four SSAs, 2 was
found to exhibit the lowest CMC at 0.50 mM, with the suspected
presence of competitive intramolecular hydrogen bonding events
within the anionic component of 1 and 3, hypothesised to con-
tribute to an increase in CMC value to 1.92 mM and 9.54 mM
respectively. However, the most dramatic increase in CMC was
observed with the coumarin substituted SSA 4. Here, the presence
of this comparatively hydrophilic residue is thought to cause the
CMC to increase still further to 16.20 mM. However, when com-
paring the stability of those aggregates produced, decreasing zeta
potential values (increasing aggregate stability) were found to cor-
relate with decreasing CMC. Therefore, we also hypothesise that
the stability of the higher-order aggregate produced is dependent
on the hydrophilic nature of the aromatic substituent present
within the anionic component of the SSA.

Determination of critical micelle concentration via optical
density (OD) well scan measurements

Although CMC determination was possible for SSAs 1-4 using
the pendant drop method (Table 2), we were unable to eluci-
date the CMC for this class of potential therapeutic agents at
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near physiological temperatures or establish the effect of temp-
erature on the SSA CMC value. To overcome this limitation, we
designed a CMC determination assay that enables environ-
mental control of the sample to be studied and this parameter
to be calculated through the collection of a series of optical
density (OD) measurements.

OD microplate well scans have been shown as a powerful
tool when assigning/understanding supramolecular self-
association events.”* Here, we demonstrate how the data from
these scans maybe processed to enable the calculation of CMC
values with environmental control, in a high-throughput and
automated manner, using comparatively low sample volumes
and a standard 96-well microplate. These microplate well
scans are able to record an OD reading for up to 177 different
sections of a single well within a standard 96 well plate.
Through analysis of these data, we show that it is possible to
derive CMC values for amphiphiles 1-4. Here the equipment
that we are using has a focal point of 0.3 mm so, in a 96 micro-
well plate with a well diameter of 6 mm there will be minimal
overlap of these OD measurements. Where this minimal
overlap occurs, the multipoint averaging approach used,
enables this overlap to become an advantage, enabling us to
confirm with certainty the trends that we are seeing. In
addition, as we are using an absorbance assay there is unlikely
to be light bleed through or photobleaching (as seen in
luminescence or fluorescence) as adsorption is a quantitative
measure and is therefore unaffected by the surrounding
sample points. OD measurements were performed in the
region 360-380 nm in which the four SSAs showed an absorp-
tion (Table 3). It should also be noted that it is not a require-
ment of this methodology to use the adsorption peak maxima,
merely that the aggregated compound adsorbs at this
wavelength.

A series of OD microplate well scans were obtained for solu-
tions of 1-4 at various concentrations, temperatures and in

Table 3 OD wavelengths (nm) used to obtain CMC values at 25-45 °C

SSA
Wavelength 1 2 3 4
370 360 385 386

Table 2 Summary of DLS, zeta potential and tensiometry data produced to characterise the higher-order self-associated aggregates of 1-4
formed in an EtOH/H,O (1:19 v/v) solution. The dy was calculated from DLS intensity distribution peak maxima data, obtained from a solution of
the appropriate SSA (5.56 mM) at 298 K. The polydispersity index (PDI) for these DLS data is given in %. Zeta potential measurements were also
obtained at an SSA concentration of 556 mM at 298 K. Here the CMC was derived from surface tension measurements obtained at room

temperature®®

SSA dy (nm) PDI (%) Zeta potential (mV) CMC (mM) Surface tension at CMC (mN m™)
1 815 24.25 —88 1.92 46.24

2 59, 300 (ref. 31) 27.21 —101 (ref. 31) 0.50 (ref. 31) 46.50 (ref. 31)

3 300 (ref. 31)° 26.71 —79 (ref. 31)° 9.54 (ref. 31) 48.71 (ref. 31)

4 279 26.33 =59 16.20 38.30

% Any higher-order self-associated aggregates produced at these concentrations exist are likely to exist as a minor component of this system.
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Fig. 4 (a) Diagram illustrating the 177 sections monitored during the
OD well scan measurement process. Red = 110 sections that are used to
monitor the increased OD due to compound aggregation at the well
interface. Orange = 52 ‘buffer zone’ sections, not included in analysis.
Green = 15 control sections. (b) Example graph showing average (n = 3)
OD360 Vvalues for the red and green sections for an EtOH/H,0 (1:19 v/v)
solution of 2 obtained at 298 K. Error — standard error of the mean.

triplicate, to ensure the validity of the data collected. Through
comparison of average OD measurements obtained for
different sections of each well (red and green - Fig. 4a) at
different SSA concentrations we can estimate the CMC. This is
made possible due to the propensity of an amphiphile to first
aggregate at the sample interface (periphery of the well) before
the sample bulk. Thus, through the monitoring of increasing
amphiphile aggregation events at the well-solution interface
(Fig. 4a - red), as indicated by increasing OD measurements,
in comparison to those SSA aggregation events which occur
within the central ‘control’ section of each well (Fig. 4a -
green), we may identify the concentration at which SSA aggre-
gation events transition from the well interface to the central
bulk, and thus define the CMC. If no SSA amphiphile aggrega-
tion events occur within the solution, then the OD measure-
ments will remain uniform/proportional across the microwell
plate as the concentration of the SSA is increased. It is the pro-
pensity of an amphiphile to form self-associated structures at
the interface before initiating aggregate formation within the
sample bulk that we are able to observe using this
methodology.

The first step in this process is achieved through obtaining
the multipoint average value for both the red ‘interface’ and
green ‘control’ section of each microplate well independently.
The multipoint averages obtained for each n = 3 technical
repeat are then further averaged and these data plotted to

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

ensure statistical significance and reproducibility of those data
obtained. An exemplar of these semi-processed data are illus-
trated in Fig. 4b. Here, we can clearly see the immediate
increase in average OD values at the red ‘interface’ area of the
well with increasing SSA concentration in comparison to the
central green ‘control’ area. This is due to the primary amphi-
phile self-association events which occur at the sample inter-
face over those species which exist in the central bulk of the
solution at lower SSA concentrations.

Fig. 4b also shows that we record OD readings of ~3 as the
SSA concentration increases, corresponding to a sample con-
taining a high proportion of solid-state aggregates, which in
this case is what we want and expect to see. This methodology
acknowledges the loss of a linear OD:SSA concentration
relationship when recording such high OD values. However, it
is because of this that we then take the ratio of these average n
= 3 OD interface (red) and ‘control’ (green) values, using the
average ‘control’ (green) OD values to standardize our data
output and mitigate the impact of this limitation on the CMC
values determined through the use of this methodology.

Through plotting the ratio of these average OD interface
(red) and ‘control’ (green) values, it may become possible to
identify three different concentration dependent phases
within the higher-order SSA aggregation process. The first is
the SSA concentration range in which the increasing ratio of
average OD ‘interface’ (red) and ‘control’ area (green) values
are directly proportional to the increase in SSA concentration,
Fig. 5a-d - orange. This indicates that within this concen-
tration range, the majority of the SSA in solution is aggregating
at the well-solution interface. The second phase within this
process is identified where the increasing concentration of SSA
at the well-solution interface is no longer directly proportional
to increasing SSA concentration. This means that the concen-
tration of SSA higher-order aggregated species in the central
‘control’ region of the well is increasing by a larger amount
then that at the well interface upon further SSA addition,
Fig. 5a-d - blue. The third phase exists where again the range
in which the ratio of average OD red : green values are directly
proportional to the increase in SSA concentration, Fig. 5a-d —
grey. However, in this instance this is because we now observe
a directly proportional increase in SSA aggregation events at
the ‘interfacial’ and ‘central’ regions of the well with increasing
concentration of SSA, indicating that the CMC has been
reached and exceeded.

To estimate CMC we then fit two linear trend lines to those
data which fall within the first and third phase of the aggrega-
tion events observed (Fig. 5a-d - orange and grey) and report
the CMC as the intersection of the linear trend lines associated
with the first and third phases of SSA higher-order association
events. The CMC values calculated for SSAs 1-4 at 298 K, 308 K
and 318 K using this OD methodology are summarised in
Table 4. Here, these data are provided alongside CMC values
calculated using traditional pendant drop methodology as
exemplified in Fig. 5e and f.

A comparison of those CMC values obtained at room temp-
erature (approximately 291 K-298 K) via tensiometry, using the

Org. Biomol. Chem., 2022, 20, 5999-6006 | 6003
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Fig. 5 (a—d) Graphs showing the ratio of average red:green section

OD values (see Fig. 4a), calculated from average (n = 3) OD well scan
data obtained for 1 (4a), 2 (4b), 3 (4¢), and 4 (4d) in an EtOH/H,0O (1:19
v/v) solution at 298 K, with increasing compound concentration. (e and
f) Graphs showing the change in surface tension, calculated from
average (n = 3) tensiometer data obtained for 1 (4e) and 4 (4f) in an
EtOH : H,O 1:19 solution at room temperature with increasing SSA con-
centration. In all cases the CMC value was defined as the point at which
the orange and grey linear lines of best fit, fitted to the two linear por-
tions of these data sets were found to intersect.

pendant drop method, and those obtained using our own OD
based methodology showed the CMC values calculated using
the pendant drop method to be generally higher than those
calculated using the OD based methodology. The difference in
CMC value calculated by these two different methods we
believe may be explained by the second phase of SSA higher-
order self-association (Fig. 5a-d — blue). Within this concen-
tration range there is still an increasing concentration of SSA
at the interface, which will result in a decrease in surface
tension, however there is also an increase in higher-order
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Table 4 Summary of CMC values calculated from OD and surface
tension measurements obtained using the plate reader (described
herein) or pendent drop methodology respectively for an EtOH/H,O
(1:19 v/v) solution.?° Here rt = room temperature (approx. 291 K—298 K)

CMC (mM) values

OD well scan method

Pendant drop method

SSA 298 K 308 K 318K It

1 1.51 1.49 1.37 1.92

2 0.41 0.46 0.48 0.50 (ref. 31)
3 8.91 8.69 7.99 9.54 (ref. 31)
4 14.86 19.64 14.42 16.20

structures within the sample bulk, as identified by the increas-
ing OD values within the central ‘control’ (green) region of the
well. Therefore, within a SSAs phase two concentration range
the samples of increasing SSA concentration will still report a
change in surface tension, while a greater proportion of
higher-order aggregated structures are able to exist in the
sample bulk or ‘control’ region. The larger this concentration
range, the greater the difference is likely to be between the two
comparative CMC values reported by these methodologies.
Finally, when comparing the CMC values calculated for SSAs
1-4 we observe a general decrease in CMC with increasing
temperature for SSAs 1, 3 and 4. Interestingly, for SSA 2 this
trend is reversed, however, the differences here are small and
therefore may not be significant.

Conclusions

We have estimated the CMC for 1-4 in an EtOH/H,0 (1:19 v/v)
solvent system through both the use of standard pendant drop
methodology and the development of our own OD based meth-
odology. This OD methodology not only increases experi-
mental throughput, but also, we believe, may enable the defi-
nition of three phases of higher-order SSA amphiphile self-
association ((i) primary amphiphile aggregation at the solution
interface; (ii) increasing aggregate formation at the interface
and within the sample bulk; (iii) further aggregation events
primarily occurring within the solution bulk), while allowing
environmental control of parameters such as temperature. In
addition, unlike other traditional methodologies, this novel
assay can be fully automated using instrument injector setups
and standard operating procedure (SOP) files, reducing
manual errors and personnel time.

Finally, we have shown that in DMSO-ds solutions, the
anionic constituent of 2-4 self-associates, through hydrogen
bond formation to form lower-order species, e.g. dimers.
However, 1 was not shown to form these self-associated struc-
tures, which we hypothesise to be the result of competitive
intramolecular hydrogen bonding events. In an EtOH/H,0 or
D,0 (1:19 v/v) solution, all SSAs were shown to form higher-
order self-associated species however, these species are
thought to be present in much lower quantities with 3 in com-
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parison to 1, 2 and 4, which we attribute to the presence of
competitive intramolecular hydrogen bonding events within
the SSAs aromatic substituent.
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