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The effect of water in THF/water mixtures on
CMC, aggregation sizes, and fluorescence
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This study explores how water content modulates the self-assembly and fluorescence behavior of a
novel calixarene, C1. C1 forms large, flattened structures in pure THF, but water addition triggers a
transition to smaller, unimodal clusters. A critical micellar concentration (CMC) is identified, decreasing
with increasing water content. Fluorescence quenching is observed upon water addition, attributed to
nonradiative deactivation. These findings highlight water as a key regulator of Cl's assembly and
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1. Introduction

Surfactants are versatile molecules with hydrophobic and
hydrophilic portions, widely used in various industries.’”” They
act as excipients in pharmaceutical and cosmetic formulations,
stabilize dispersed systems, increase drug solubility, and can be
used as drug permeability enhancers.® > Their self-assembling
properties lead to the formation of micelles, and the critical
micelle concentration (CMC) is a crucial parameter for these
molecules.”® When the concentration of the surfactants falls
below the CMC, they form a coating on interfacial surfaces,
reducing surface tension across gas, liquid, and solid inter-
faces. However, when the concentration exceeds the CMC, the
surfactants organize themselves into distinct spherical and
cylindrical micellar mesostructures, which disperse throughout
the bulk aqueous environment as a colloidal solution.’ Resor-
cinarenes and calixarenes are macrocyclic blocks that are easily
available and can act as supramolecular hosts. They are made
up of aromatic rings derived from resorcinol or phenol, which
are connected by carbon bridges. They can be used in their
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fluorescence, paving the way for further development of water-responsive calixarene systems.

natural or functionalized forms to create receptors, cavitands,
and capsules for various purposes, such as sensing, storage,
reaction nanovessels, and biological applications.™ In particu-
lar, resorcin[4]arenes consist of four resorcinol rings bridged
by four -C(R)- H units. When the R substituent at the
carbon bridge is a long aliphatic chain, they are inherently
amphiphilic.

The all-cis isomer of C-methyl resorcin[4]arene is the most
thermally stable. It has a soft m-donor cavity made up of
phenolic rings and hydroxyl groups on the upper rim of the
molecule. These groups can act as hydrogen bond donors.
Although the crown conformation is the most stable due to
the four intramolecular hydrogen bonds between the phenolic
hydroxyl groups, scoop, and boat conformation have also been
found in solids (Scheme 1).*>'®

Due to the relative flexibility of resorcinarenes, two or more
conformations can convert in equilibrium."”*® Resorcinarenes
and calixarenes exhibit an interesting structural feature where
their conformation and mobility can change, affecting their
ability to form host-guest complexes. Restricting their confor-
mational mobility can improve the selectivity and affinity of the
host. Moreover, the self-assembly properties of amphiphilic
resorcinarenes, such as water solubility and aggregate sizes,
can also be affected by conformation mobility. By redirecting
hydrophobic groups towards water, self-assembly can reduce the
conformational mobility of resorcinarenes and calixarenes.'®>*
Controlled changes to the conformation of resorcinarenes can
create motors and switches.”*

Resorcinarenes exhibit fascinating self-assembly behavior influ-
enced by their functionalization. MacGillivray and Atwood identified
a recurring hexameric structure in C-methylcalix[4]resorcinarene,
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stabilized by hydrogen bonds, which persists even in apolar
solvents.?” Larger resorcinarenes with specific substituents can
also form similar hexamers, while octamers with a cubic
arrangement have been observed in toluene.**™® Studies reveal
a range of aggregate sizes (N,g,) for tetramethylene sulfonate-
substituted calix[4]resorcinarenes, demonstrating the influence
of functionalization on self-assembly.>® Functionalization plays
a key role, with hydrogen bonding and metal coordination
being the most common drivers. Vesicles, micelles, and nano-
particles are observed in water, while AFM studies revealed
unexpected layered structures in amphiphilic calixarenes.*®
This highlights the tunable nature of resorcinarene self-
assembly, allowing researchers to design materials with tai-
lored properties for various applications.

Another important consequence of molecular aggregation in
calixarenes and resorcinarenes is related to its effect on their
fluorescence. When compared to diluted solutions, lumino-
phores may exhibit reduced, unchanged, or enhanced emis-
sions in the aggregated state. The reduced or enhanced
emissions resulting from aggregation are called aggregated-
caused quenching (ACQ) and aggregated-induced emission
(AIE), respectively. ACQ is more common than AIE, and from
the viewpoint of real-world application, researchers usually
look forward to avoiding ACQ while pursuing AIE.*' There
are, however, many situations in which ACQ can be beneficial,
for instance in bioimaging of drug nanocarriers®” in biocom-
patible pH sensors®* and ion sensors.>® In particular, ACQ in
calixarenes and resorcinarenes have been used in the sensing
of Cu(n) and Co(n) ions***® and an organic pollutant like
4-nitrotoluene.*”

This study explores the influence of water content on the
self-assembly and photophysical properties of a novel calix[4]-
resorcinarene macrocycle, C1. C1 readily dissolves in THF, but
water addition above 20% triggers aggregation, evidenced by
increased light scattering. Absorption spectroscopy suggests a
critical micellar concentration (CMC) exceeding 0.1 mM for
water contents between 20% and 33%, decreasing with further
water increase. AFM and DLS reveal flattened, layered aggre-
gates in pure THF, which transform into smaller, more uniform
clusters with increasing water content. Fluorescence quenching
is observed upon water addition, suggesting aggregation-
induced quenching (ACQ). Theoretical calculations provide
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insights into the electronic transitions responsible for C1’s
photophysical properties. These findings establish water as a
key modulator of C1’s self-assembly and fluorescence behavior,
paving the way for further exploration of water-responsive
calixarene systems.

2. Results and discussion
2.1. Synthesis of compound C1

The compound C1 was synthesized through a reaction between
compound (a) and resorcinol (see Scheme 2). See ESIY
for characterization by ESI-MS, NMR, FTIR, and physical
characterization.

2.2. Absorption spectroscopy in THF and THF/H,O mixtures
and aggregation

The calix[4]resorcinarene macrocycle compound, C1, experi-
ences some minor absorbance changes within 1 h-24 h after
dissolution in THF or THF/H,O mixtures. Absorption changes
in a similar time-lapse of related resorcin[4]arenes due to
aggregation phenomena have been previously reported.*®
Therefore, all the experimental work reported hereafter was
performed after the stabilization of the absorbance spectra,
i.e. 24 h subsequently C1 solutions were prepared. The calix[4]-
resorcinarene macrocycle C1, when dissolved in THF displays
an intense absorption band in the UV region (An.x = 285 nm,
€285nm = 2.5 x 10* M™' em™') with a slightly less intense
shoulder at 291 nm in the 1-5 x 10~°> M range of concentra-
tions (Fig. 1). At concentrations higher than 10™* M a broad
unstructured and much less intense tail is developed between
330 and 600 nm. The absorption bands of C1 compare well with
the spectral features of a resorcin[4]arene with R = CH3—~(CH,)14
in the same visible region of the spectrum.*

It is expected that resorcin[4]arene, which lacks chromopho-
ric groups, such as C1 and other similar resorcin[4]arenes, and
only contains dialkoxy- and dialkyl-substituted benzene rings
should be colorless.***° However, it has been observed that
when the concentration of this compound is increased above
10~* M, a much less intense tail develops between 350 and
600 nm. This phenomenon may be caused by slow aggregation
(vide infra). A similar absorption spectroscopy study was conducted

(¢
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Scheme 1 Crown, boat, and scoop conformations of all cis C-methyl resorcin[4]arene.
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Scheme 2 The schematic illustration shows the synthesis of a functionalized calix[4]resorcinarene macrocycle through a two-step reaction.

with C1 solutions in the 1 x 107> - 2 x 10~* M range of
concentrations in THF/H,O mixtures of different H,O content
(between 20-95%). The absorption spectra of C1 solutions in
varying concentrations of water mixed with THF were analyzed.
The spectra were observed at 0, 20, 33, 47, 53, 60, 67, 88, and
95% concentrations of H,O. The results are shown in Fig. 1 and
Fig. S5 (ESIt). It was noticed that as the water content increased
from 0 to 20%, the tail between 330 and 600 nm in neat THF
solutions increased relative to the maximum at 4,5, = 285 nm,
as seen in Fig. 1. Absorbance vs. concentration plots at 285, 355,
and 600 nm at 0, 20, 33, 47, 53, 60, 67, 88, and 95% concentra-
tions of H,O are shown in Fig. 2 and Fig. S6 (ESIt). When
the concentration of C1 was increased in THF solutions or
THF with 20% water, an increase in absorbance at 355 nm was
observed.

Moreover, the slope of the line for A;gsnm, vs. C1 concen-
tration was almost identical for both pure THF solutions and
THF solutions containing 20% water. The absorbance between
600 and 700 nm did not show any significant increase even
when the water content in the THF solution was at 20% and C1
was increased. However, when the water content was 33%,
there was an increase in absorption in the range of 600-
700 nm, which indicates light scattering. Additionally, a down
curvature in the plot of Agsnm vs. C1 concentration was
observed above 0.1 mM concentrations, indicating deviation
from linearity. Light scattering became visible above 53% water
content, as seen in the flat portion of spectra between 350 and
700 nm, which increased proportionally with C1 concentration.
Furthermore, the slopes of the lines for A,gsnm vs. C1

This journal is © the Owner Societies 2024

concentration at 47%, 53%, and 95% of water were roughly
half the slope value for neat THF. The light scattering process
was the most intense at 60% water content, with absorbances at
285 nm higher than in neat THF. In addition, the highest
slopes of the Agoonm Vs. C1 concentration lines were observed at
a water content of 60%.

All the absorption spectra of Fig. 1 and Fig. S5 (ESIt) were
analyzed by chemometric techniques to retrieve, from the
absorbance matrix, the concentration profiles and the spectra
of each contributing factors. These methods can be applied to
bilinear spectroscopic data from a chemical reaction to provide
information about composition changes in an evolving system.
In the present work, we used the multivariate curve resolution
coupled to alternating least-squares (MCR-ALS) algorithm to
simultaneously estimate concentration and spectral profiles.
MCR-ALS extracts useful information from the experimental
data matrix A(i x j) by the iterative application of the following
matrix product: A = CS™+ E where C(i x n) is the matrix of the
concentrations profiles, ST(n x j) is that containing the spectral
profiles, and E(i x j) represents the error matrix. The indexes i,
n, and j denote the samples, absorbing factors, and recorded
wavelengths, respectively.*" To perform the MCR-ALS analysis,
we took into account the non-negative absorption spectra and
non-negative concentration constraints. It was necessary to
consider three independent factors (n = 3) to accurately repli-
cate all of the experimental data. These three factors, which
are F1, F2, and F3, have spectral profiles of E(F1), E(F2), and
E(F3), along with relative concentrations of C(F1), C(F2), and
C(F3). The spectral profiles and the dependence of relative

Phys. Chem. Chem. Phys., 2024, 26, 11933-11944 | 11935
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Fig. 1 Absorption spectra of Cl1 at several concentrations in THF/H,O
solutions at 0, 20 and 95% of H,O.

concentrations on the total concentration of C1 and water
content of the solution are shown in Fig. S7-S16 (ESIt).

The spectral features of F1 are identical to those of C1 in
pure THF. The spectral features of F2 account for the absorp-
tion tail that appears between 330 and 600 nm in pure THF
solutions, in comparison to the peak at /. = 285 nm, as a
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Fig. 2 Absorbance vs. concentration of C1 at 285 nm.

result of increased water content from 0 to 20%. The flat
spectral shape of F3 corresponds to the scattered light compo-
nent in the absorption spectra.

It is observed that only C(F1) in pure THF is required to
explain the absorption spectra dependence on C1 concen-
tration, and a linear relationship exists between C(F1) and C1
concentration. At a water content of 20%, the primary contribu-
tion to the absorption spectra is from F1, but F2 also makes
significant additional contributions. The linear relationship
between C(F1) and C1 concentration begins to curve down-
wards at approximately 2 x 10~ M. At a water content of 33%,
the primary contribution to the absorption spectra is from F1,
with minor contributions from F2 and F3. The increase in the
concentration of F3 at C1 concentrations between 1.5-3 X
10~* M indicates the appearance of light scattering effects.
The linear relationship between C(F1) and C1 concentration
begins to curve downwards at approximately 1 x 10~* M. At a
water content of 47%, the primary contributions to the absorp-
tion spectra are from F1 and F3, with negligible participation of
F2. The concentration of C(F3) becomes higher than that of
C(F3) at C1 concentrations above 5 x 10> M, and the scatter-
ing of light becomes prevalent. As the concentration of C1
increases, the value of C(F3) also increases steadily. At a water
content of 53%, F3 dominates absorption spectra with minor
contributions from F1 and F2. C(F3) increases as C1 concen-
tration increases. Between water content of 60-95%, F2 and F3
absorption spectra dominate, with F1 contribution being neg-
ligible. As C1 concentration increases, C(F3) and C(F2) also
increase steadily. It appears that there is a critical micellar
concentration (CMC) at concentrations above 0.1 mM, as
indicated by the downward curvature in the plot of C(F1) versus
C1 concentration. This CMC is observed for water contents
between 20% and 33%. Additionally, the CMC seems to
decrease as the percentage of water increases.

An extended multiplicative signal correction (EMSC) prepro-
cessing method allowed a separation of physical light-scattering

This journal is © the Owner Societies 2024
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effects from chemical light absorbance effects in spectra form
from powders or turbid solutions.*>** After pretreating the UV-vis
absorption data of Fig. 1 and Fig. S5 (ESI{) with EMSC, the
scattering effects on the absorbance of the solutions were
removed, resulting in the presentation of chemical effects only.
Fig. 3 presents the results. Fig. 3a displays the EMSC pretreated
data of Fig. 1 and Fig. S5 (ESI¥). It can be observed that the spectra
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Fig. 3 (a) EMSC pretreated UV data. (b) F4 and F5 decomposed data. (c)
F4 and F5 relative concentration vs. % H,O.

This journal is © the Owner Societies 2024

View Article Online

Paper

maxima shift from 284 to 291 nm. This trend was also noticed in
Fig. 1 and Fig. S5 (ESIt), but light scattering effects in the
absorption spectra obscured the tendency. Data in Fig. 3a were
decomposed by chemometric techniques into two factors (F4 and
F5) based on their spectral profiles (Fig. 3b) and relative concen-
trations (C(F4) and C(F5); Fig. 3c). F4 has an absorption maximum
of 285 nm and F5 peaks at 289 nm. C(F4) and C(F5) represent the
average concentrations of F4 and F5 at each C1 concentration in
Fig. 1 and Fig. S5 (ESI}) after EMSC pretreatment and chemo-
metric analysis. Fig. 3c presents the dependence of C(F4) and
C(F5) on the percentage of H,O. C(F4) and C(F5) show two
different patterns. In the first pattern, the concentration of F5
increases from 0% and reaches a plateau at around 20-30% of
water. After that, the concentration of F5 increases sigmoidally
until it reaches the maximum value at 95% of water. The pattern
of F4 concentration mirrors that of F5: it decreases from 0% to a
plateau around 20-30% water and then continues to decrease
until reaching the minimum value. Both C(F4) and C(F5) vs. % of
water concentration profiles cross at ~ 47%. When the water
content in a THF solution of C1 exceeds 47%, the molecule starts
to aggregate regardless of its concentration, as suggested by the
crossing of C(F4) and C(F5) profiles. This is consistent with
the observation that the critical micellar concentration (CMC)
decreases as the water content increases. This suggests that the
increased water content plays a dominant role in driving aggrega-
tion, making the concentration of C1 less relevant above a certain
water threshold.

Dynamic light scattering confirmed the presence of aggre-
gates, with significant size variability and large particles
detected in pure THF. However, the poor data quality precluded
reporting numerical values for the hydrodynamic diameter (dy,)
sizes. In contrast, DLS analysis at 53% water concentration
showed a bimodal size distribution with two populations: large
aggregates (1001 £+ 145 nm diameter, contributing 94.4% to the
total scattering) and smaller factors (2.88 £ 0.04 nm diameter,
contributing 5.3%). Unfortunately, determining the polydisper-
sity index for this sample was not possible. At 95% water
concentration, DLS indicated an unimodal size distribution
with a d}, of 166 £ 2 nm and a polydispersity index of 0.10 +
0.01. See Fig S17 and S18 and Tables S1 and S2 (ESIf) for
detailed data. In DLS experiments, the dependence of aggrega-
tion size on water concentration can be compared to the
insights gained from absorption spectroscopy. When the water
concentration is below 50-60%, DLS reveals a bimodal size
distribution. This indicates the presence of two types of aggre-
gates. Large aggregates dominate the distribution with an
average hydrodynamic diameter (d},) of 1001 + 145 nm. Small
aggregates contribute much less to the overall scattering and
have an average d;, of 2.88 + 0.04 nm. This observation aligns
with the first pattern identified in the EMSC/chemometric
analysis of the absorption profiles shown in Fig. 3. These
figures suggest the presence of two distinct factors at lower
water concentrations. On the other hand, when the water
concentration reaches 95%, DLS shows an unimodal size dis-
tribution with a d}, of 166 + 2 nm. This finding is consistent
with the observation from absorption spectroscopy that F5,

Phys. Chem. Chem. Phys., 2024, 26, 11933-11944 | 11937
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the factors associated with larger aggregates, reaches its maxi-
mum concentration at around 95% water content. These results
highlight the complementary nature of DLS and absorption
spectroscopy for studying aggregation behavior. While DLS
provides direct information about particle size distribution,
absorption spectroscopy offers insights into the composition
and relative concentration of different factors present in the
solution. By combining these techniques, we gain a compre-
hensive understanding of how aggregation changes with water
content.

2.3. Fluorescence

When a solution of C1 in neat THF is optically excited at its
high energy absorption maximum (e, = 285 nm), fluorescence
is observed with a peak emission wavelength of approximately
319 nm (Fig. 4a). Upon the addition of water, the fluorescence
intensity begins to decrease, indicating quenching. At 95%
water content, the luminescence intensity is reduced by a factor
of 10 compared to pure THF. Luminescence quantum yields
were measured using the integrating sphere method and are
listed in Table 1 as a function of water percentage. Fig. 4b
displays two key plots: the ratio of initial fluorescence to
measured fluorescence (Po/®P) versus water content and the
fractional quenching (1 — ®/®,) versus water content. The
upward deviation from a linear Stern-Volmer plot observed
in the ®,/® versus water content plot even at low water

1.04

Emission (a.u.)
o 3 o
» o ©
1 1 1

o
)
L

o
o
1

T T T 1
300 350 400 450

A (nm)

([)O/(l)
1-D/d,

% H,0

Fig. 4 (a) Luminescence spectra of C1 in pure THF and (b) B &,/® and
O 1 — &/dg values as a function of % H,O.
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percentages signifies the presence of a static quenching pro-
cess. Comparing the Stern-Volmer (@,/®) and fractional
quenching (1 — @/®,) versus water content reveals a critical
water concentration of approximately 50%, where the slope of
the @,/® plot changes. This suggests a significant alteration in
the dominant factors at this water content. The plot of frac-
tional quenching exhibits two inflection points, one around
47% and another around 80% water content, further high-
lighting the complex dependence of quenching on water
concentration. Fig. S19 (ESIt) shows normalized fluorescence
spectra at various water percentages. As water is added, the
emission maximum shifts from 319 nm to 308 nm, and the
spectral shape broadens. This suggests changes in the under-
lying molecular environment and potentially the presence of
different emitting factors. Chemometric analysis of the fluores-
cence spectra in Fig. S19 (ESI}) reveals the presence of three
distinct factors contributing to the overall emission: F6, F7, and
F8 (Fig. S20, ESIf). Their concentration profiles are shown in Fig.
S21 (ESIt). Both F6 and F7 contribute to the fluorescence observed
in pure THF, with F7 exhibiting a higher initial contribution. As
the water content increases, the contribution of F7 becomes
increasingly dominant, reaching a maximum of 60% water.
Beyond this point, the contribution of F7 decreases significantly,
becoming negligible at water concentrations above 67%. In con-
trast, the contribution of F6 increases steadily between 60% and
92% water, displaying a bell-shaped dependence with a peak of
around 80%. The presence of F8 only becomes significant at water
concentrations above 80%, and at 95% water content, it is the
only factor contributing to the overall fluorescence. These obser-
vations demonstrate the complex interplay between water content,
aggregation behavior, and the relative contribution of different
emitting factors in C1 solutions.

The fluorescence decay of C1 required two exponential
functions to be fitted properly. The longer lifetime (tjong) Was
mostly consistent, regardless of the water content, at around
1.1-1.3 nanoseconds for water content between 0 to 95%. The
shorter lifetime (tghore), however, varied between 0.5 and
0.2 nanoseconds and decreased as the water content increased,
as shown in Table 1. At 0% H,O, the longer lifetime contributed
60% of the total relative amplitude, while the shorter lifetime
contributed 40%. As the water content increased, the relative
amplitude remained roughly at the same levels up to 80% water.
Between 80% and 95% water content, the relative amplitude of
the longer lifetime started to decrease, and that of the shorter
lifetime increased. Eventually, at a water content of 95%, the
relative amplitude of the longer lifetime was 20%, while that of
the shorter lifetime was 80%. Amplitude average lifetimes,** 7,
amps Were computed with Tjone and Tenor. The value of amplitude
average lifetimes decreased from 0.4-0.5 ns for water contents
between 0-20% to 0.2 ns at 95% of water content. USing Tayeamp;
the average radiative (k,) and radiationless (k) deactivation rate
constants were calculated by applying the following formulas:

kr = d)f/favefamp

knr = (1 - ¢f)/Tave-amp

This journal is © the Owner Societies 2024
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Table 1 Fluorescence quantum yields (@), luminescence lifetimes (tshore and Tiong). amplitude average lifetimes (tave-amp). radiative (k,), and radiationless

(kny) deactivation rate constants of C1 in THF at different % H,O

% H,0 ® Tshort/ NS Tiong/NS Tave-amp/NS k/10% s71 knr/10° 571
0 0.15 £+ 0.02 0.40 £ 0.06 1.1 £ 0.1 0.65 £+ 0.04 2.3 £ 0.2 1.30 £+ 0.09
20 0.11 £+ 0.01 0.47 £+ 0.06 1.2 £ 0.1 0.67 & 0.03 1.63 £+ 0.09 1.34 £+ 0.08
33 0.091 £ 0.009 0.45 £+ 0.02 1.13 £ 0.04 0.66 £+ 0.01 1.38 + 0.04 1.38 £ 0.04
47 0.086 £ 0.009 0.49 + 0.03 1.33 £ 0.01 0.753 £ 0.005 1.14 + 0.02 1.21 £ 0.02
53 0.079 £ 0.008 0.40 &+ 0.10 1.2 £ 0.2 0.65 £ 0.09 1.2 £ 0.2 1.4 £ 0.2
60 0.071 £+ 0.007 0.32 £+ 0.05 1.17 £ 0.08 0.50 £ 0.06 1.4 + 0.2 1.8 £ 0.2
67 0.059 £ 0.006 0.33 + 0.08 1.2 £ 0.2 0.48 £ 0.08 1.2 £ 0.2 2.0 + 0.4
82 0.043 £+ 0.004 0.32 £+ 0.08 1.0 = 0.1 0.48 £ 0.08 0.9 £ 0.2 2.0 £ 0.4
88 0.035 £ 0.004 0.20 £+ 0.08 1.2 £ 0.2 0.25 £+ 0.07 1.4 + 0.4 4+1

92 0.030 £ 0.003 0.22 + 0.04 1.1 £ 0.1 0.26 £ 0.04 1.2 £ 0.2 3.8+ 0.7
95 0.024 £+ 0.002 0.17 £+ 0.03 1.05 £+ 0.04 0.21 £ 0.04 1.2 +£ 0.3 5+1

In neat THF, the values of k, and k., are 2.3 x 10® and 1.3 x
10° s, respectively. However, upon adding water, the value of
k, decreases to 0.9-1.6 x 10° s~ while the value of k,, increases
to a range between 1.8 x 10° and 5 x 10° s™' as shown in
Table 1.

2.4. AFM analysis of C1 aggregates

AFM analysis of an amphiphilic calixarene revealed two distinct
particle populations. The first comprised surprising round
objects roughly 200 nm in diameter. However, the most un-
expected finding was the presence of a second type of structure:
a layered system with a height of 1.5-2 nm, resembling sup-
ported lipid bilayers.*> The morphology of C1 aggregates was
investigated using AFM. Samples were prepared by placing C1
solutions on mica surfaces and drying them under vacuum. In
neat tetrahydrofuran (THF), AFM revealed the presence of
flattened round bilayer sheets with a trimodal distribution.
The largest clusters exhibited a diameter (d) of 605 + 317 nm
and a height (#) of 47 £ 34 nm. Intermediate-sized clusters
displayed d = 399 £ 99 nm and 2 = 15 =+ 9 nm, while the
smallest clusters had d = 336 & 107 nm and 2 = 8 £ 5 nm
(Fig. 5a and Fig. S22, ESIf). Notably, all clusters exhibited
pronounced flattening, resembling supported lipid bilayers
reported by Shahgaldian et al*® Adding water significantly
impacted the aggregate morphology. At 53% water content
(Fig. 5b and Fig. S23, ESIf), the number and size of larger
clusters decreased significantly. A predominantly unimodal
distribution with d = 302 &= 89 nm and 2 =9 £ 5 nm remained,
indicating that water addition flattened and shrunk the larger
clusters. Further increasing the water content to 95% led to a
near-complete disappearance of large clusters (Fig. 5¢ and Fig.
S24, ESIt). Instead, a prevalent unimodal distribution with even
smaller dimensions (d = 72 + 19 nm, A = 2.8 + 0.5 nm)
emerged. Interestingly, the morphological properties of C1
observed in Fig. 5 and Fig. $22-S24 (ESIf) resemble the self-
assembly behavior of para-carboxy modified amphiphilic calix-
arene in water.*’

2.5. Comparison of AFM and DLS results

The sizes of C1 aggregates measured by AFM differed signifi-
cantly from those obtained by dynamic light scattering (DLS).
DLS consistently revealed aggregate sizes much larger than

This journal is © the Owner Societies 2024

those observed by AFM. See Table 2 for a summary of aggregate
dimensions measured by DLS and AFM. This suggests that
different aggregate structures exist in the solution and the solid
state. According to the computational section, DFT calculations
have determined that the average volume of each C1 molecule
is ~2.5 nm®. Based on the data in Table 2, it can be roughly
estimated that the number of C1 molecules per aggregate
ranges from approximately 10° to 10® for solution aggregates
and from approximately 10° to 10> for solid-state aggregates.
The exact number depends on the water content and dimen-
sions of the different aggregates. This is a rough estimation as
only two conformers, i.e. Cl-c and C1-b, were considered to
calculate the average volume of each C1 molecule. Importantly,
the smallest cluster height observed at 95% water (2.8 + 0.5 nm)
is similar to the calculated total length of the C1 molecule
(approximately 2.8 nm). This suggests that the smallest clus-
ters consist of single C1 molecules arranged in a flattened
configuration.

2.6. Aggregation caused quenching in THF/H,O mixtures

Experiments employing absorption spectroscopy, dynamic light
scattering, atomic force microscopy, and both steady-state and
time-resolved fluorescence revealed the phenomenon of aggre-
gation caused by quenching (ACQ) in C1 molecules due to
increasing water content in THF solutions. Fluorescence and
absorbance spectroscopy revealed the presence of three distinct
factors whose concentrations depend on both C1 concentration
and the percentage of water, further suggesting the coexistence
of different clusters of varying sizes. These varying sizes were
confirmed by dynamic light scattering and atomic force micro-
scopy analysis. The plot of 1 — (@/®,) versus % H,O (Fig. 4b)
exhibits two distinct regions, each with an inflection point. The
first inflection point occurs at around 40-50% water, while the
second appears at approximately 80-85%. This suggests that
the quenching mechanism is altered by the formation of large
clusters when water concentration exceeds 33%, followed by a
decrease in size with a subsequent increase in water content.
The deviation from a linear Stern-Volmer plot, even at low
percentages of water, indicates a static quenching process. The
quenching of C1 fluorescence by water appears to proceed in a
two-step process. Initially, C1 fluorescence is quenched by
water up to 40%, where a plateau of 1 — (®/®,) is reached at
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Fig. 5 AFM images of Clin: (a) pure THF, (b) THF (47%)/H,0O (53%) and (c)
THF (5%)/H>0 (95%).

4.0 um

50% water. Beyond this point, the slope of 1 — (@/®,) increases
again as the percentage of water is further increased. The static
quenching observed in the fluorescence of C1 upon the addi-
tion of water is likely associated with an enhancement of
nonradiative deactivation due to n-n stacking of neighboring
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resorcinol molecules. This stacking is exacerbated by H-bond
formation and chromophore crowding as the water content is
increased. Within C1 clusters, there may be room for a specific
number of C1 chromophores whose fluorescence cannot be
quenched by further addition of water. This phenomenon is
further supported by the seven factors Fi (i = 1-7) whose
spectral shapes and concentration profiles were recovered from
absorption and fluorescence spectroscopy with EMSC/MCR-ALS
techniques. These factors essentially describe the same phe-
nomenon: the solvent-induced surfactant aggregation of C1
molecules in different cluster shapes, which ultimately leads
to ACQ. The complete set of absorption data requires 3 factors
to explain, which tentatively represents the absorption features
of multiple chemical species both inside and outside the
clusters, as well as the absorption features corresponding to
the scattering effects. However, after the EMSC, the number of
factors reduces to 2, as the scattering effects are eliminated by
this method, leaving only the chemical effects. In the chemo-
metric analysis of the fluorescence data, 3 factors are required
to reproduce the spectral features of the fluorescence spectra at
different water contents of the solutions, in line with the
absorption spectroscopy data. Interestingly, the shape of the
1 — (@/Py) versus % H,O plot closely resembles that of Cy. of F5
in Fig. 3c. This suggests that the factors retrieved from EMSC/
MCR-ALS analysis of absorption spectra are directly responsible
for the photophysical behavior of C1 fluorescence upon the
addition of water to THF solutions. The study also revealed a
competitive fluorescence relaxation of C1 molecules relative to
those free in solution, with C1 molecules forming clusters of
flattened round shape or micellar geometries. The aggregation
state, which is dependent on the solvent, appears to exhibit
flattened round layer sheets at water concentrations between
20% and 60%, and spherical micelles at water concentrations
above 90%, as depicted in Scheme 3. The &, values are largely
independent of the water content of the solutions. However, the
k. values increase steadily at water contents above 60%,
indicating the presence of some dynamic components in
the quenching process in addition to the static one mentioned
above (Table 1).

2.7. Molecular electronic structure

The molecular structures of C1 and Cr were optimized using
DFTBA methods. Cr is a reduced version of calix[4]resorcinarene
where the long hydrocarbon chains of C1 were replaced by a
methyl moiety. The optimization was done at both the crown (c)
and the boat (b) conformations of the macrocycle. The optimized
structures obtained were C1-b, C1-c, Cr-b, and Cr-c. Additionally,
four dimers constructed from Cr-b and Cr-c, i.e., D1-b, D2-b, D1-c,
and D2-c (refer to Fig. S25, ESIT) were also optimized using DFTBA
methods. The molecule has a cavity on its upper rim consisting of
phenolic rings and hydroxyl groups. The cavity is approximately
ellipsoidal with minor and major axis dimensions of about 1.1 nm
and 1.7 nm, respectively. The entire length of the molecule from
the end of the R chain to the bottom of the C1 crown structure
(C1-c) is approximately 2.8 nm. Based on calculated volumes,
the estimated volume of each molecule is either 2.3 or 2.7 nm? for
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Table 2 Hydrodynamic radii (DLS) and diameters and heights of the flattened round layer sheets (AFM) from solutions of C1 prepared from THF or THF/

H,O mixtures

(%) Water DLS d;, (nm) AFM diameter (nm) AFM height (nm)
0 — Trimodal distribution Trimodal distribution
605 + 317 nm 47 + 34 nm
399 + 99 nm 15+ 9 nm
336 + 107 nm 8 + 5 nm
53 Bimodal distribution 302 £+ 89 nm 9 + 5 nm
1001 + 145 nm (94.4%)
2.88 + 0.04 nm (5.3%)
P.I. = n.d.
95 Unimodal distribution 72 + 19 nm 2.8 + 0.5 nm
166 + 2 nm
P.I. = 0.10 £+ 0.01
H,0 / THF pool H,0 / THF pool

Clusters dimensions estimated by AFM
Flattened round layer clusters with
diameters (d) and heights (h)

Clusters dimensions estimated by DLS
Hydrodynamic radius

TR
AEAEAES

302 +89 nm<d <605 %317 nm

d, = 1001 + 145 nm (94.4%)
2.88 +0.04 nm (5.3%)

H,0 > 90% Ci

0% < H,0 < 60%

ACQ

d= 302189 nm
h=9+5nm

8+5nm<h<47+34nm

d, =166 £2 nm

Scheme 3 Flattened round layer sheets and micelles, with their respective dimensions of aggregates, formed by C1 in THF/H,O mixtures, induce

aggregation caused quenching (ACQ).

C1-c or C1-b, respectively. Assuming a “mean” volume of ~ 2.5 nm>
for the C1 molecule, the number of molecules present in each
aggregate (as mentioned earlier) can be estimated.

TD-DFT calculations were carried out at the B3LYP/6-31-
G(d,p)/PCM (THF) level of theory for all of the optimized
structures mentioned above. The calculated absorption spectra
can be compared with the experimental ones in THF (Fig. 6).
Some general observations can be made: (i) the electronic
structures of C1-b and C1-c¢ poorly describe the experimental
absorption spectra, with a blue shift of approximately 20 nm
and 30 nm, respectively, of the calculated absorption maxima
relative to the experimental one; (ii) substitution of long methyl
chains by -CH; does not affect the performance in predicting
the absorption spectrum, i.e., the calculated spectra of C1-b
(C1-c) and Cr-b (Cr-c) are nearly the same; (iii) in the crown
conformations, new absorptions (as shoulders in the calculated
spectra) appear at longer wavelengths; and (iv) the best descrip-
tion of the experimental absorption spectra is given by the
crown dimers, with differences between calculated and experi-
mental maxima around 10-14 nm. In all dimers, crowns, and

This journal is © the Owner Societies 2024

boats, intermolecular H-bonds occur. Regarding the electronic
structure, the crown and boat conformations differ mainly due
to the formation of intramolecular hydrogen bonds between
resorcinols in the former. When two Cr molecules are close to
each other and a dimer is formed, intermolecular hydrogen
bonds are created. The presence of intermolecular hydrogen
bonds is more significant than intramolecular hydrogen bonds
when predicting the accurate absorption spectrum of C1 with
the help of TD-DFT calculations.

We will now delve into the electronic transitions of C1-b,
C1-c, Cr-b, Cr-¢c, D1-b, D1-c, D2-b, and D2-c. Please refer to
Tables S3-S10 (ESIt) for the calculated electronic transitions.
For each electronic structure, we have selected the two or three
most intense singlet-singlet excitations that have contributed
the most to the calculated spectra of Fig. 6. The natural
transition orbital (NTO) analysis has given us a more concise
orbital representation of molecular orbitals (MOs) for those
selected transitions. Tables S11-S18 (ESIf) show the H — 3,
H-2,H-1,H L L+1,L+2,andL + 3 MOs from NTO
analysis for the selected electronic transitions of C1-b, Ci-c,
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Fig. 6 The experimental absorption spectrum of Cl in THF and the
calculated absorption for all the optimized structures. The structures were
optimized using DFTBA methods. TD-DFT calculations were performed at
the B3LYP/6-31-G(d,p)/PCM (THF) level of theory on the optimized struc-
tures. Please refer to the text for further details.

Cr-b, Cr-c, D1-b, D1-¢, D2-b, and D2-c. As the electronic struc-
ture of D2-c has better represented the experimental absorption
spectra of C1, we will discuss the NTO analysis of it.

The electronic transitions Nr. 8 (Acac = 282.54 nm), Nr. 9
(Acale = 281.29 nm) and Nr.10 (Acac = 281.24 nm) are the three
ones that best represent the overall calculated spectra for D2-¢
with calculated oscillator strengths of fis. = 0.05 for all them
(See Table S10, ESIt). In the three electronic transitions, NTO
analysis of those electronic transitions (Table S18, ESIT) shows
that the electron density is transferred mainly from the four
resorcinols at the crown cavity to the (CH;-0),~(C¢H;)- moiety
in one of the two bridged molecules, i.e. an intramolecular
charge transfer in one of the bridged molecules. Since boat and
crown conformations can be in equilibrium in THF solutions,
the observed absorption spectra of C1 can be the result of many
conformations, some of them similar to D2-¢ and others that
may be more complex, with aggregates with N, higher than 2.

3. Conclusions

This investigation reveals a significant influence of water con-
tent on the self-assembly behavior of a novel calixarene, C1.
We demonstrate a water-mediated transformation, where C1
transitions from forming large aggregates in pure THF to well-
defined, smaller clusters as water concentration increases. This
precise control over C1’s self-assembly is accompanied by a
phenomenon known as aggregation-induced quenching (ACQ),
which effectively modulates C1’s fluorescence intensity. While
ACQ may initially appear to be a limitation, it presents a unique
opportunity for sensor design. Prior research has established
the utility of ACQ in calixarenes and resorcinarenes for selective
detection of specific targets, including Cu(u) and Co(u) ions and
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organic pollutants like 4-nitrotoluene. Our findings suggest
that C1, with its water-tunable ACQ, possesses significant
potential as a platform for the development of next-genera-
tion sensors with precise fluorescence control.
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