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We use SANS and TEM to elucidate the shape of the micelles that a
spiropyran (SP) surfactant forms. Being both pH- and photo-
switchable to a less surface active merocyanine (MC) form, we find
that their micelles are of cylindrical shape in any case, which leads
us to conclude that the surfactant always switches to its SP form
when micellising.

The capability to alter their surface-active behaviour upon the
activation with light (and potentially other stimuli) renders
photo-responsive surfactants useful auxiliaries for the manip-
ulation of colloidal systems." Literature provides various exam-
ples, where the switching state-dependent tendency to
assemble at an interface is exploited in different applications.
Accordingly, switchable surfactants are used to control active
motion of microscale particles,> the stability of emulsions™®
or foams,””® the morphology of a polyelectrolytes,’ or they are
used to manipulate the shape of a polymeric nanoparticle
consisting of different blocks'®'" among many other examples.

On a microscopic level, light irradiation alters the shape and
size of the micelles formed by photo-switchable surfactants.">*?
As an example, azobenzene compounds have been shown to
exhibit assembly geometries that are significantly affected by
switching, which in turn affects the viscosity of the medium."*">
More complex surfactant architectures provide even more notable
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changes in the assembly architecture, such as transitioning from
spherical to worm-like micelles to lamellar bilayers'®'” or they
may be used to fabricate switchable vesicles.'® Along with the high
significance of azobenzene surfactants, as it is reflected in the
large number of reports on this topic," these systems have been
investigated actively regarding their structural details. Alternative
systems, that are, e.g. based on azopyrazole, are not so prominent,
so that there are only few studies focussing on investigations of
their switching behaviour.">*° In recent years, surfactants based
on other photo-switchable systems,*! such as spiropyrans, gained
increasing interest.'»**° Spiropyran is a photosystem that under-
goes a ring-opening reaction from an electrically neutral to a
zwitterionic betain molecule.”” Recently, we reported a novel
system, which constitutes a surfactant, in which the spiropyran
unit is introduced into its hydrophobic backbone.® It has been
shown, that this system alters its surface-activity (as characterized
by the critical micelle concentration, CMC) under acidic condi-
tions, which, in contrast, remains unaffected at a neutral and
alkaline pH value. In our previous work,® we proposed a plausible
explanation of this observation, based on spectrochemical evi-
dence and quantum-chemical calculations.

The present study aims to underline the hypothesized
switching and micellization behaviour with experimental meth-
ods suitable for this purpose, i.e. SANS and TEM. It is therefore
crucial to understand the stability of the different switching
states in an aqueous environment (Fig. 1).

In an aqueous environment, spiropyran molecules can be
present in the zwitterionic merocyanine (MC) or the non-ionic
spiropyran (SP) form (Fig. 1).® Being obtained as SP derivative,
the surfactant readily dissolves in water to form a deep-red
solution (Fig. 1). The red colour is indicative for the formation
of the MC form, being the thermodynamically stable form in an
aqueous environment due to its zwitterionic nature.?” In MilliQ
water, thus, we observe an equilibrium of the MC and the SP
form, which is significantly shifted to the MC form. Illumina-
tion with blue light (455 nm) will foster the switching to the
SP form.
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Fig. 1 Schematic representation of the photophysical behaviour of the surfactant as well as its behaviour in MilliQ water.

At a concentration > 0.7 mM, the illuminated surfactant in
its SP form will micellise, corresponding to the CMC of the SP
surfactant (Fig. 2).° Interestingly, a similar CMC of 1.0 mM is
determined, when the solution is not illuminated and, thus, the
MC form of the molecule is predominant in solution < CMC
(Fig. 2).° Given the structure of the molecule in its MC form
(Fig. 1, left) possessing a zwitterionic moiety in its hydrophobic
chain, it seems somewhat surprising at a first glance, that the
molecule forms micelles at almost the same concentration as
the molecule in SP form that does not possess any charged
groups along its hydrophobic part. We explain this behaviour
by the spontaneous formation of SP, after which the SP mole-
cules will assemble to form the micelles.® Under acidification,
the MC is protonated to form MCH" (Fig. 1). This species can be
switched to the SP form upon illumination with blue light.

In this form, the CMC of this surfactant could be deter-
mined as 0.7 mM, which corresponds to the CMC of the SP in
the neutral form (Fig. 2). Accordingly, we hypothesize that all
the merocyanine species first switch to the SP form, in which
they assemble to micelles.

For structural elucidation, we use SANS to investigate
micelle morphology with high statistical validity,>® effectively
resolving surfactant micelles’ typical sizes in the low nanometre
range.’® The SANS scattering curves are displayed in Fig. 3. For
all investigated samples, the chosen concentration of 10 mM is
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Fig. 2 CMC values of the surfactant at an acidic and a neutral/basic pH
value. The data is reproduced from ref. 6.
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significantly above the CMC, while it would still be below the
CMC under acidic pH conditions in the dark.

The scattering curves from 10 mM surfactant solution at neutral
pH in the dark and under irradiation with blue light look nearly
identical (Fig. 3a). All curves show a q~* slope in the mid g range
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Fig. 3 Structural elucidation of the micelles. (a) SANS scattering curves of
the micelles forming (including a schematic representation of the micelle)
at (i) a neutral pH value in the dark, (i) a neutral pH after irradiation with
blue, (i) an acidic pH value with blue irradiation. (b) Stacked scattering
curves with model fit. (c) and (d) TEM micrographs.
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from about 0.2 to 0.7 nm ™" which indicates that the micelles have
an elongated structure (Fig. 3b, for clarity, the curves are stacked).
The smeared-out form factor oscillation at 1.8 nm™" shows that the
micelles have the same small dimension under all conditions and
the transition from a plateau to a g~ * slope at about 0.2 nm™* shows
that also the long dimension of the micelles is similar. The volume
fraction ¢ obtained from invariant analysis O = [¢*I(g)dgq =

21(ASLD)?¢)(1 — ¢), where ASLD refers to the difference in scat-
tering length density between solvent and micelles, is in good
agreement with the expected value for a 10 mM sample. Further
information of the fitting is provided in the ESI} of the article.

The determined radius of the micelle of about 1.8 nm is
compatible with the length of the molecule in its SP form.
Along with the fact, that the shape of the micelles seems to be
identical under all conditions, it seems highly likely that the
surfactant switches from the MC to the SP form whenever
micellising. This observation is in contrast to azobenzene
surfactants, where different micellar shapes were observed
depending on the surfactant’s switching state.**

For comparison, we conducted cryogenic TEM (cryo-TEM) of
the micelle solution of a neutral sample kept in the dark.
Similar size regimes were determined, where micelles with
diameters of approximately 4 nm (Fig. 3c) could be obtained.
Additional micrographs revealing the micellar anisotropy more
pronouncedly are provided in Fig. S1 (ESL{ note that TEM
micrographs represent a projection of the sample).

At a low pH value, the surfactant is present in its MCH"
form. Irradiation with blue light fosters the switching MCH" —
SP. The scattering curve of this case looks identical to the
scattering curves of the SP form as previously described (Fig. 3a
and b), indicating that in the three different cases, i.e. dark and
illuminated at a neutral as well as illuminated at an acidic pH
value, the same micelles occur.

Despite its permanent, dual-positive charge rendering the
surfactant in its MCH' form well water-soluble under acidic
and non-illuminated conditions, the surfactant will form
micelles at a concentration > 12.5 mM. Here, we again assume
that the protonated merocyanine may spontaneously switch to
the SP form (MCH' — SP + H"), which in turn will form the
micelles. For elucidation, we conducted proton nuclear mag-
netic resonance (‘H NMR) spectroscopy. Fig. 4a shows the
respective 'H NMR spectra recorded in deuterated water
(D,O, peak assignment further explained in Fig. S2, ESIY).
The spectrum clearly reveals a difference in the aromatic region
between the two concentrations, pointing towards the predo-
minant presence of the MCH' molecules at concentrations
below and the SP form above the CMC. Having shown that
the SP form is predominant > CMC, we conducted cryo-TEM
for structural elucidation. In the corresponding micrographs,
we see the formation of micelles with slightly heterogenous
appearance (additional micrographs are provided in Fig. S1,
ESIY). In the projection, a diameter of ~4 nm is observed. The
size of the micelles is in good agreement with that obtained
from the SP micelles. On the basis of this data, we deduce that
the MCH" species first switch to the SP species, which assemble
to the micelles.

This journal is © The Royal Society of Chemistry 2025
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. (a) Comparison of *H NMR of the
surfactant > CMC and < CMC in D,O. (b) Cryo-TEM micrograph of the
solution (20 mM) at an acidic pH value.

In order to understand the interaction with respect to
thermodynamics, we conducted isothermal titration calorime-
try measurements (ITC), where all species were kept in the dark.

Thus, we used a solution with the surfactant under acidic or
neutral conditions both far above the CMC and titrated it in (1)
MilliQ water or (2) acidic water (pH ~ 4).

We observe the reaction enthalpies AH of the de-micellization
(and subsequent) processes, when we dilute the micelle-
containing solution during titration (see Fig. S3, ESIT). (1) First
we discuss the titration against MilliQ water, where we observe
an endothermic reaction with a value of AH = (15 + 1) k] mol "~
The latter comprises two processes measured simultaneously: (i)
de-micellization of the molecules being present in SP and (ii) the
subsequent switching from the less stable SP into more stable
MC-form in water.®

(2) When the reaction is conducted at a pH value of 4,
we observe a less endothermic reaction with a value of AH =
(8 + 4) kJ mol~". This reaction encompasses three elementary
reactions by first a (i) de-micellization via dilution, (ii) then a
switching from SP into more stable MC form in water, followed
by (iii) a protonation MC + H* — MCH" under acidic condi-
tions. Enthalpy values point towards a less endothermic reac-
tion compared to the dilution of the surfactant at a neutral pH
level (see Fig. S3b, ESIT). In order to elucidate the MC + H' —
MCH" process, we titrated the surfactant at a concentration <
CMC by successively adding an aqueous solution of trifluoroa-
cetic acid (TFA). The protonation reaction is a rather exother-
mic reaction (Fig. S3c, ESIT).

Accordingly, we explain the less endothermic reaction of the
de-micellization of the surfactant under acidic conditions,
compared to the more pronounced process under neutral
conditions, by the fact that the exothermic protonation reaction
to MCH' compensates the endothermic de-micellization. Note,
that the AH values cannot be compared quantitatively, given

Chem. Commun., 2025, 61, 5585-5588 | 5587
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the fact that the measurements were conducted in solutions
possessing different ionic strengths.

In conclusion, we demonstrate that spiropyran-based sur-
factants tend to self-assemble into the SP form, despite the MC
form being the more stable form in water. This suggests that
only one micellar type exists based on the micelles of the
surfactant in the SP form. Only protonation inhibits the ten-
dency to self-assemble and shifts the CMC towards higher
concentration presumably due to the exothermic protonation
reaction to MCH', which compensates the endothermic de-
micellization.
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