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Fluorescent Micelles

Synthesis and Design of Aggregation-Induced Emission Surfactants:
Direct Observation of Micelle Transitions and Microemulsion Droplets

Weijiang Guan, Wenjuan Zhou, Chao Lu,* and Ben Zhong Tang*

Abstract: The direct visualization of micelle transitions is
a long-standing challenge owing to the intractable aggregation-
caused quenching of light emission in the micelle solution.
Herein, we report the synthesis of a surfactant with a tetraphe-
nylethene (TPE) core and aggregation-induced emission
(AIE) characteristics. The transition processes of surfactant
micelles and the microemulsion droplets (MEDs) formed by
the surfactant with a TPE core were clearly visualized by
a high-contrast fluorescence imaging method. The fluorescence
intensity of the MEDs decreased as the size of MEDs increased
as a result of weakening of the restriction of intramolecular
rotation (RIR). The results of this study deepen our under-
standing of micelle-transition processes and provide solid
evidence in favor of the hypothesis that the AIE phenomenon
has its origin in the RIR of fluorophores in the aggregate state.

Surfactants have been widely used in many areas, from basic
technologies in daily products to advanced applications in
biotechnology and nanomedicine.!! Although an ancient
subject, transition processes of surfactant micelles are still
a topic of intense interest in both academic and technological
research.”’) Kinetic monitoring of transition processes of
micelles from spherical to wormlike micelles by in situ
small-angle X-ray scattering (SAXS) has led to an impressive
amount of data.’! The development of a visualization tech-
nology would open new opportunities for the interrogation of
the world of micelles. However, the direct visualization of
micelle transitions by a high-contrast fluorescence imaging
method has not yet been described.

A micelle is an aggregation of surfactant unimers in
aqueous solution as a result of the inevitable process of
surfactant self-assembly when the concentration of the
surfactant is greater than the critical micelle concentration
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(CMC)."! In principle, the formation of micelles could be
directly visualized by confocal fluorescence microscopy
(CFM) if the micellar aggregates could emit light. Although
the unimers of well-known fluorescent surfactants emit
intensely, their luminescence is quenched upon the formation
of micelles as a result of the intrinsic aggregation-caused-
quenching (ACQ) effect.” Therefore, the direct visualization
of micelle transitions seems to be a great challenge.

An important class of aggregation-induced emission
(AIE) materials have emerged: molecules that are non-
emissive in the solution state but are induced to emit intensely
upon aggregate formation.® Since then, a large number of
new AIE-active materials, in which tetraphenylethene (TPE)
is a typical structural unit, have been explored for their
potential application in a wide range of fields, such as optical
sensing, bioimaging, and optoelectronic devices.["! Therefore,
it is reasonable to anticipate that the direct visualization of
surfactant-micelle-transition processes may be enabled by the
design of TPE-based surfactants, thus avoiding the wide-
spread occurrence of ACQ in micelles of conventional
fluorescent surfactants.

In this study, we incorporated TPE units into sodium
dodecyl sulfonate (SDS) molecules to generate luminescent
surfactant (denoted as TPE-SDS) with AIE characteristics.
Fluorescence microscopy was used for the direct visualization
of the as-prepared TPE-SDS micelles in aqueous solution
with excellent imaging contrast. More interestingly, the
micellar transition that occurred during the continuous
addition of a salt could also be visualized directly. We found
that the original spherical micelles are first fused into bigger
rodlike micelles, and that these rods continue to grow into
wormlike micelles. Furthermore, the microemulsion droplets
(MEDs) formed from TPE-SDS could also be observed
directly, and the fluorescence intensity of MEDs was found to
be inversely proportional to their size, because the restriction
of intramolecular rotation (RIR) of TPE units is gradually
weakened.

The synthetic route to the amphipathic TPE-SDS surfac-
tant is outlined in Figure 1 A. The fluorescent TPE-20H core
(1) was prepared readily through McMurry coupling of 4-
hydroxybenzophenone.®! Its molecular structure was verified
by 'HNMR spectroscopy (see Figure S1 in the Supporting
Information). TPE-20H was treated with NaH (1 equiv) to
activate one of the two hydroxy groups for the installation of
a hydrophobic tail (—(CH,),;CHj;) to provide 2. The structure
of compound 2 was confirmed by '"HNMR spectroscopy,
BCNMR spectroscopy, and mass spectrometry (see Fig-
ures S2-S4). It was necessary to purify compound 2 by silica-
gel column chromatography to assure the complete removal
of unreacted TPE-20H. Next, compound 2 was transformed
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Figure 1. A) Synthetic route to the amphipathic surfactant TPE-SDS
(3). B) "H NMR spectrum of TPE-SDS in [D¢]dimethyl sulfoxide (the
solvent peaks are marked with asterisks). C) Negative-ion ESIMS
spectrum of TPE-SDS. DMF = N, N-dimethylformamide.

into a sodium salt in a basic environment and treated with 1,4-
butanesultone to introduce a sulfonate substituent
(—(CH,),SO;3"). The structure of the product TPE-SDS (3)
was confirmed by the presence of resonance peaks in the
"H NMR spectrum for all alkyl hydrogen atoms (Figure 1B).
A mass-to-charge (m/z) ratio of 611.2842 in the MS spectrum
further proved the formation of TPE-SDS (Figure 1C). This
value is consistent with the exact mass generated for this
compound by the software ChemDraw Ultra 12.0. The
structure of TPE-SDSA was also verified by *C NMR
spectroscopy (see Figure S5).
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The surface activity of the as-prepared surfactant TPE-
SDS in aqueous solution was evaluated through the mea-
surement of surface tension.”’ A plot of surface tension (y)
versus TPE-SDS concentration (log(C); Figure 2A) shows
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Figure 2. A) Plot of surface tension versus log(concentration) for TPE-
SDS. B) Plot of conductivity versus the concentration of TPE-SDS.

C) Absorption spectra of TPE-SDS at different concentrations. D) Plot

of fluorescence intensity at 490 nm versus the corresponding TPE-SDS
concentration.

that at low concentrations, the TPE-SDS unimers were
preferentially adsorbed at the air-water interface, thus
leading to a sharp reduction in the surface tension of water.
When the concentration of TPE-SDS continued to increase,
the adsorption of TPE-SDS at the air-water interface reached
a saturation state, and thus a relatively constant surface
tension was observed. An inflection point appears at around
50 pM, indicative of the CMC of the surfactant TPE-SDS.

The CMC value of TPE-SDS could be measured readily
by the method of conductivity variation."”! The conductivity
(k) of TPE-SDS in water is plotted against its concentration
(C) in Figure 2B. The conductivity increased linearly as the
concentration of TPE-SDS increased up to 30 um; however,
when the concentration was higher than 30 um, the plot was
linear with a lower slope, thus indicating an increase in the
mass-per-unit charge of TPE-SDS. This break between the
two slopes indicates the formation of TPE-SDS micelles.™
These results, along with those obtained by surface-tension
measurements, strongly demonstrated that the as-prepared
TPE-SDS was a typical anionic surfactant. Furthermore,
a transmission electron microscopy (TEM) image of 40 um
TPE-SDS showed a spherical structure of the TPE-SDS
micelles with a radius of (3.5+0.5) nm (see Figure S6A),
which is almost equal to the extended length of a TPE-SDS
molecule (i.e., 2.97 nm).

The optical properties of the surfactant TPE-SDS were
studied by UV/Vis absorption and fluorescence spectroscopy.
The absorption spectra (Figure 2 C) showed two peaks, at 250
and 318 nm. They were assigned to the absorption of the
phenyl groups and the conjugated TPE, respectively.'!l Their
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intensity increased linearly with the TPE-SDS concentration
in the range from 2.5 to 80 um. The peak position at 318 nm
remained unchanged as the TPE-SDS concentration
increased; in contrast, a clear peak shift occurred for reported
aggregates of TPE derivatives."? This difference between
TPE-SDS and other AIE molecules with a TPE core
indicated that the conformation of the TPE-SDS molecules
did not depend on the micelle aggregates.

In general, the luminescence of AIE molecules is trig-
gered by aggregate formation."’! Herein, the fluorescence
excitation and emission spectra of TPE-SDS in aqueous
solutions were studied (see Figure S7). The fluorescence
intensity at 490 nm versus the corresponding TPE-SDS
concentration is plotted in Figure 2D. The fluorescence of
the surfactant TPE-SDS gradually increased as the TPE-SDS
concentration increased. One inflection point appeared at
around 30 um (equal to the CMC obtained from conventional
electrical conductivity method), thus suggesting a change in
the aggregation state from surfactant unimers to micelles.!l
The decrease in the slope after the inflection point is possibly
due to the increased freedom of the TPE units in the nonpolar
interior of the micelles as compared to the aqueous environ-
ment.?

The structure transition of the TPE-SDS micelles in the
solution state was directly visualized by CFM. Fluorescence
microscopy images of the TPE-SDS micelles in pure water,
0.5m aqueous NaCl, and 1.0m aqueous NaCl were taken with
a 405 nm laser. Although the micelle size was outside the
resolution of the CFM measurements, diffraction blur ena-
bled the observation of the luminescent dots of the TPE-SDS
micelles (Figure 3 A,D). The spherical structure of the TPE-
SDS micelles was further confirmed by TEM (see Fig-
ure S6A). The formation of the spherical structure was
attributed to the strong electrostatic repulsion between the
anionic head groups, thus leading to a high curvature of the
TPE-SDS micelle core. Furthermore, the electrical double
layer formed at the micelle-water interface has a {-potential
value of greater than —50 mV, thus demonstrating good
dispersion stability of the resulting TPE-SDS micelles.

Generally, the effective thickness of the electrical double
layer can be decreased in a controlled manner by the addition
of neutral electrolytes (e.g., NaCl)."”! Rodlike micelles were
directly observed when 0.5M aqueous NaCl was added to the
solution of the TPE-SDS micelles (Figure 3B,E) because the
repulsion between anionic heads in the micelle is reduced
when the electrical double layer surrounding the anionic
heads is compressed.”! Closer packing of the anionic heads
leads to a transformation of micelle structure from spherical
to rodlike. More interestingly, as the NaCl concentration was
increased to 1.0M, the tendency of the micelles to become
elongated became more obvious until wormlike micelles
could be clearly seen (Figure 3C,F). In conclusion, direct
visualization clearly disclosed the processes of micelle tran-
sition from spherical, to rodlike, and finally to wormlike
structures.

The micelle-transition processes were also investigated by
other techniques, such as dynamic light scattering (DLS),
TEM, and rheology measurements. TEM showed that the size
of the micelles increased during the transition from spherical
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Figure 3. Fluorescence microscopy images of the TPE-SDS micelles in
A) pure water, B) 0.5m NaCl solution, and C) 1.0 m NaCl solution. D—
F) Magnification of the indicated regions in (A—C). TPE-SDS concen-
tration: 80 um. Scale bars: 5 um. All images were taken with a 405 nm
laser.

to rodlike and finally wormlike micelles (see Figure S6). DLS
measurements indicated that the average diameters of the
spherical, rodlike, and wormlike micelles were 7.62, 214.2,
and 2991 nm, respectively (see Figure S8). Rheology meas-
urements provided additional information about the micelle
transitions. We measured the zero-shear viscosity (1,) of
80 um solutions of TPE-SDS as a function of the NaCl
concentration and found that at a low salt content (< 0.5M),
the viscosity increased slowly as the NaCl concentration
increased, thus indicating the formation of rodlike micelles.
When the concentration of NaCl continued to increase above
0.5M, the rodlike micelles grew continuously longer to form
wormlike micelles, thus resulting in a sharp increase in
viscosity (see Figure $9).'""! In conclusion, the processes of
micelle transition as determined by these measurement
techniques were in good agreement with those found by
CFM.

Although the origins of the AIE phenomenon are still
under debate, the most widely accepted explanation involves
the RIR of fluorophores in the aggregate state.'’l However,
there is currently no solid evidence to support the claim. In
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this study, we synthesized a water-in-oil (W/O) microemulsion
system containing TPE-SDS, 1-butanol, isooctane, and water
to measure the shortest distance between TPE units for the
emission of light. Interestingly, we found that the fluorescence
intensity decreased as the size of the MEDs increased
(Figure 4 A). The spherical structure of the formed MEDs
was confirmed by CFM (Figure 4 B).
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Figure 4. A) Fluorescence spectra of microemulsion solutions with
differing water content (0.5, 5, 10, 15, and 20 pL; TPE-SDS: 2.0 nmol,
isooctane volume: 3.2 mL, 1-butanol volume: 0.8 mL). B) Fluorescence
microscopy image of a TPE-SDS microemulsion. C) Schematic illustra-
tion of a microemulsion droplet, and the TPE-SDS molecular model
generated with the ACD Labs software.

We calculated the structural parameters of the W/O
microemulsion by wusing a mathematical model (Fig-
ure 4C).") The TPE-SDS and 1-butanol molecules are
arranged closely in an orderly fashion around the water
pools so that the water pools are separated from the oil phase.
In this model, we assume that the size of spherical MEDs is
uniform. A TPE-SDS molecule is considered as a cylinder:
The height of the cylinder is equal to the length of TPE-SDS
(I), and the radius of the circle (r,) is equal to half the
estimated distance between two adjacent TPE units. The
water-pool radius (r,) is calculated by subtracting the TPE-
SDS length (/) from the MED radius (). The size of the MED
was measured with a {-potential analyzer. The spheroidal
volume of the MED (V) and the water pool (V,)) is given by
Equations (1) and (2), respectively:

V=4/377 (1)
Vy,=4/3nr, =4/3a(r-I)’ 2)

www.angewandte.de
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The number of water pools (N,) in the microemulsion
system is then obtained from Equation (3):

NVV = VW,[/V\V (3>

in which V, is the total volume of water in the microemulsion
system. The average aggregation number of TPE-SDS
molecules associated with a water pool is calculated by
Equation (4):

Ny =n,N,/N, 4)

in which n, and N, are the total number of moles of TPE-SDS
and the Avogadro constant, respectively. The effective
volume (V) of a single TPE-SDS molecule as a cylinder can
be written as:

Vi=nr’l (5)

The volume of a single MED is equal to the sum of the
volume of the TPE-SDS layer and the water pool:

V=V,+N,V, (6)

The value of r, can be calculated by combining the above
equations. We estimated the corresponding distance between
two adjacent TPE units attached at water pools with different
sizes. (Note that the amount of TPE-SDS used to synthesize
the microemulsion system was 2.0 nmol.) For example, if
0.5 uL of water is added, the radius of the water pool is
calculated to be 11.76 nm. The estimated distance between
two adjacent TPE units is 0.54 nm, which is equal to half the
TPE length. In this case, the TPE units could be effectively
restricted so that the formed microemulsion could emit
intense light. If 20 uL. of water is added, the fluorescence
intensity of the microemulsion is close to zero, possibly
because the rotation of the two free phenyl groups on the TPE
core can not be effectively restricted. In this case, the radius of
the water pool is increased to 66.00 nm, with a distance of
1.10 nm between two adjacent TPE units. Therefore, we
conclude that MEDs cannot be directly visualized by CFM if
the distance between two adjacent TPE units is above
1.10 nm.

In conclusion, we have presented the synthesis and
micelle characteristics of a novel kind of anionic surfactant,
TPE-SDS, with an AIE effect. Micelle-transition processes
(involving spherical micelles, rodlike micelles, and wormlike
micelles) and TPE-SDS MEDs were directly visualized by
CFM. In comparison to other currently available techniques,
the high-resolution imaging method offers a clear view into
the world of micelles. Furthermore, the fluorescence intensity
of MEDs indicated their size. This study not only establishes
a feasible method for the imaging of micelle-transition
processes, but also deepens our understanding of the AIE
effect. This facile method may open viable opportunities and
inspiration for the direct visualization of other self-assembly
processes of materials related to surfactants. The results of
our current efforts toward these objectives will be reported in
due course.
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