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ABSTRACT: We demonstrate a new strategy for improved stabilization of polydiacetylene micelles. They show
temperature-induced color changes, which are fully reversible even at varying pH. A novel azo chromophore-
functionalized amphiphilic diacetylene molecule is synthesized and used to prepare self-assembled cylindrical
micelles. The micelles can be polymerized by 254 nm light irradiation. The azo chromophores form H- and
J-like aggregates in the polydiacetylene micelles and increase the stability of the micelles, which leads to fully
reversible thermochromism of the micelles in the temperature range between 20 and 90 °C and the pH range
between 5.6 and 9.6.

Introduction

Polydiacetylenes (PDAs) are well-known for their stimuli-
responsive blue to red color change,1-4 which depends on
temperature,1,4,5 pH,6 stress,7 ions,8 solvent,1,9 and biologic
ligand interactions.2,10 The color change can be easily perceived
by the naked eye. Therefore, this unique property of PDAs is
attractive for applications as chemosensors,3,11 biosensors,2,10

ion sensors,12 and molecular switches.13 In many cases, the color
change of PDAs is irreversible. This is a drawback for their
applications as sensors and “on-off-on” switches. To achieve
reVersible color changes, modifications of diacetylene monomers
have been pursued. For example, multiple hydrogen bond-
ing,14-20 both hydrogen bonding and strong aromatic interac-
tions,14,15,21 ionic interations,22 and covalent bonds23,24 were
introduced into diacetylenes to enhance the bonding among the
substituent groups in side chains. The most popular and useful
methods reported are hydrogen bonding and covalent bonds.
Recently, it was demonstrated that the reversible thermo-
chromism of PDAs occurs in thin films by the covalent bond
interactions among the substituent groups of PDAs.23,24 Fur-
thermore, it was also demonstrated that the network of multiple
hydrogen bonding can induce reversible color changes of PDAs
in both thin films and vesicles or micelles dispersed in
solvents.14-20

However, micelles stabilized by hydrogen bonding suffer
from poor stability at high pH values. It is well-known that the
pH will affect the hydrogen-bond formation. In principle, the
network of hydrogen bonding among substituent groups will
be lost at high pH so that the reversible color changes of these
PDAs will become irreversible. The specific sensor action of
PDAs is sometimes hindered by the multiple responses of PDAs
to many stimuli. It is a challenge to obtain a sensor system, for
example, which responds to temperature only but is independent
of pH. Therefore, it would be highly desirable to get an alternate
stabilization method of PDA vesicles or micelles with reversible
color changing property, which is useful in a broader range of
pH.

The aim of our work is to fabricate a pH stable PDA which
enables reversible color changes and provide platforms for

specific sensing and molecular switches. H- or J-like aggregation
is a kind of supermolecular interaction, which forms among
close-packed chromophores.25,26 As compared with hydrogen
bonding, the stabilization by aggregation is not so sensitive to
pH. The aggregation properties of azo chromophores are widely
studied. They can easily form H- or J-like aggregation in thin
films, vesicles, or micelles.27-36 Here, we report on the design
and synthesis of a novel azo chromophore-functionalized
diacetylene and demonstrate that aggregation of the azo chro-
mophores improves the pH stability of the PDA micelles and
enables reversible thermochromism of the PDA.

Experimental Section

The chemical structure of the new azo chromophore-function-
alized diacetylene molecule ((E)-4-((4-(tricosa-10,12-diynoyloxy)-
phenyl)diazenyl)benzoic acid, short for AzoDA) is shown in Figure
1. The synthesis of AzoDA is described in the Supporting
Information. The chemical structure is fully characterized by 1H
NMR, FTIR, and mass spectrometry.

Preparation of the micelles: 2 mg of AzoDA was dissolved into
2 mL of THF in a flask. The solvent was removed by a stream of
N2 gas, and then the flask was vacuum pumped for about 4 h to
remove residual organic solvent. After that, 6 mL of a buffer
solution (HEPES, 5 mM) was added into the flask to hydrate the
dry materials. The sample was sonicated at 80 °C for 30 min. The
resulting emulsion is cooled at 4 °C overnight. Polymerization was
carried out at room temperature by irradiating the emulsion at 254
nm with an ordinary UV-hand lamp. The micelle emulsion was
filtered through a 5 µm filter before measurements. Normally, the
sample is diluted to 1/6 concentration by Milli-Q water before
UV-vis absorption spectra measurement. The pH is about 5.6 at
room temperature.

UV-vis absorption spectra were measured on a Perkin-Elmer
Lambda 900 spectrometer, which was also equipped with a Perkin-
Elmer temperature control system. Scanning electron microscopy
(SEM) images of polyAzoDA micelles were obtained on a LEO
Gemini 1530 system. Atomic force microscopy (AFM) images of
polyAzoPDA micelles were obtained on a Dimension 3100 system.
The samples for SEM and AFM were prepared by applying a drop
of the original high-concentration micelle emulsion onto a clean
silicon wafer surface and leaving it dry in air overnight. Isolated
micelles were prepared by spin-coating a diluted emulsion on a
clean silicon wafer.
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Results and Discussion

The micelles of the amphiphilic AzoDA molecules were
prepared as described above. The absorption spectrum of the
AzoDA micelles in water is shown in Figure 2a. The micelles
show light scattering, which causes an apparent tail in the
absorption spectrum. The scattering background of the micelles
at λ > 600 nm can be fitted well by an empirical law of the
form37

where A is the contribution of large particle scattering, B is the
contribution of the inhomogeneities on the order of λ in size
(Mie scattering), and D is the contribution of inhomogeneities
much smaller than λ (Rayleigh scattering).

If the scattering background spectrum is subtracted from the
measured spectrum, we obtain the corrected absorption spectrum
of the micelles, which is also shown in Figure 2a. This intrinsic
absorption spectrum of AzoDA micelles is compared with the
absorption spectrum of AzoDA dissolved in DMF and shown
in Figure 2b. There are two important differences in the
absorption spectra between the solution of AzoDA in DMF and
the micelles of AzoDA in water. One is that the π-π*
absorption peaks of the micelles and DMF solution are at 333
and 337 nm, respectively. The absorption peak of the micelles
is slightly blue-shifted. The main difference is that the absorption
band of the micelles becomes much broader. The blue shift
cannot be caused by differences of polarity between DMF and
H2O, since the polarity of H2O is even bigger than that of DMF.
If AzoDA could form a real solution in H2O, the π-π*
absorption wavelength at the peak should be red-shifted
compared with the DMF solution.

We explain the absorption spectrum of the AzoDA micelles
with aggregations of the azo chromophores.26-36 The type of
aggregation refers to the angle between the coplanar transition
dipoles and their interconnecting axis as shown in Figure 1.
There is a critical angle θc ) 54.7°. Two cases are distinguished.
Azo chromophores form so-called H-aggregates if θ > θc and
so-called J-like aggregates if θ < θc.27-36 As compared to the
isolated chromophore, the absorption bands of H-aggregates are
blue-shifted and the J-like aggregates are red-shifted.

The blue shift in the π-π* absorption indicates an increase
in population for azobenzene groups in the H-aggregated state.
It is a well-known phenomenon that azobenzene groups form
H-aggregates in thin films as well as in vesicles or micelles.27-36

The full widths at half-maximum of the π-π* absorption bands
are 105 nm for the micelles and 67 nm for the solution. Detailed
inspection of the micelle absorption spectrum shown in Figure
2b reveals a shoulder at around 390 nm, which is not present
in the AzoDA absorption in DMF. This indicates an additional
red-shifted band compatible with J-like aggregates.27,29,31,34,36

This result indicates that not only H-aggregates but also J-like
aggregates appear in AzoDA micelles, which is in accordance
with reports of other groups.27,29,31,34,36 We conclude that our
AzoDA micelles contain both H- and J-like aggregates with
widely varying angles θ, which are responsible for the broaden-
ing of the spectrum in the near-UV range.

The trans-cis photoisomerization of azobenzene groups is
well-known.38 It was frequently pointed out that aggregation
can strongly hinder the photoisomerization of azobenzene
groups.32-34,36,39 The formation of aggregation in the micelles
is in line with the absence of photoisomerization in AzoDA
micelles. We verified that AzoDA can be easily isomerized by

Figure 1. Chemical structure of AzoDA and model of the H- and J-like aggregates in polyAzoDA. The type of aggregation refers to the angle θ
between the coplanar transition dipoles and their interconnecting axis.

Figure 2. UV-vis absorption spectra of AzoDA. (a) AzoDA micelles
in water (full line), scattering background fitted to the micelle
absorbance in the range 600 nm < λ < 800 nm using eq 1 and
extrapolated to the shorter wavelengths (dashed line) and absorption
spectrum of AzoDA micelles in water after subtraction of scattering
background (dotted line). (b) Comparison of normalized absorption of
AzoDA micelles in water after subtraction of scattering background
(full line) and AzoDA in DMF (dashed line). The arrow points at the
shoulder in the absorption of AzoDA micelles which indicates J-like
aggregates.

Rscattering ) A + B/λ2 + D/λ4 (1)
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the irradiation of UV light and visible light in DMF solution.
AzoDA micelles in water, on the other hand, did not show any
detectable change in the absorption spectrum after 10 min
irradiation by 365 nm UV light provided by a high-pressure
mercury arc combined with water and UG11 filters. The
photoisomerization behavior of azobenzene groups is obviously
inhibited by the aggregation in the micelles. The absence of
the photoisomerization in the micelles indicates that the ag-
gregation in the AzoDA micelles is very strong as reported
earlier.32

Aggregation can occur only when the chromophores can
approach each other in space.26,33 The photopolymerization of
diacetylene also needs a close-packed structure because the
mechanism of photopolymerization of diacetylene is a to-
pochemical reaction.40 The polymerization happens in close-
packed structures, such as crystals,40 monolayer,41,42 Langmuir-
Blodgett films,43,44 liposomes,45 micelles, or vesicles.45 AzoDA
micelles can be polymerized by the irradiation of UV light at
254 nm as shown in Figure 3. The characteristic absorption band
of PDA appears at around 647 nm. This result indicates that
AzoDA is in a densely packed environment and polymerized
micelles are formed, called polyAzoDA micelle. This kind of
structure is compatible with aggregation of azo chro-
mophores.26,33 Figure 1 shows the model of the aggregation in
the polyAzoDA micelle.

We also designed another experiment to study the aggregate
properties of polyAzoDA micelles. After polymerization, the
micelles become stable to the addition of some organic solvents.
We added DMSO to the micelles and measured the absorption
spectra of polyAzoDA micelles in the mixture of water/DMSO.
The π-π* absorption band gradually becomes narrow as the
content of DMSO increases. The photoisomerization of azo
chromophores in polyAzoDA can also take place as the organic
solvent is added. This result indicates that the aggregates of
azo chromophores are destroyed by adding the organic solvent.
This experiment confirms again that azo chromophores in
polyAzoDA micelles in water must be in a strong aggregation
state.

The morphology of the polyAzoDA micelles is observed by
scanning electron microscopy (SEM) and atomic force micros-
copy (AFM). The samples for SEM and AFM measurements
were prepared by casting micelle emulsions on silicon wafers
as described in the Experimental Section. The SEM images in
Figure 4a,b show that polyAzoDA micelles have a preferred
cylindrical shape; i.e., they appear as rodlike micelles. The
morphology of the cylindrical micelles is further confirmed by
AFM images shown in Figure 4c for comparison. In Figure 4c,
the morphology of the micelles is similar to that in Figure 4a,b.
Isolated micelles can be obtained by spin-coating, and the
morphology of the isolated micelles is shown in Figure 4d,
which provides further evidence that the micelles have preferred
cylindrical shapes. Usually, the cylindrical micelles are large

and polydisperse.46 From the SEM images, we can see that the
size range of polyAzoDA micelles is between <100 nm and
several micrometers.

These cylindrical micelles can be formed when the critical
packing parameter V/a0lc of the amphiphilic molecule is between
1/2 and 1/3,46,47 where V is the volume of the hydrocarbon chain,
a0 is the optimal area of the hydrophilic group and lc is the
critical chain length of the hydrophobic group. The formation
of the special cylindrical micelles is probably due to the
aggregation properties of azo chromophores. Usually, cylindrical
micelles are formed by single-chained lipids with small head-
group areas.46 The optimal head-group area a0 is affected by
two factors. One is attractive hydrophobic interactions of the
hydrocarbon chain, which will decrease a0, and the other is the
repulsive interaction between the polar head groups, which will
increase a0.46 In our case, besides the normal hydrophobic
interactions of the hydrocarbon chain, there is H- and J-like
aggregation among azobenzene groups, which provides an
additional attractive interaction. So, the optimal area a0 of the
hydrophilic group becomes even smaller and cylindrical micelles
are formed.

Figure 5 shows the UV-vis absorption spectra of polyAzoDA
at different pH. As expected, polyAzoDA shows good pH
stability. The absorption band at around 650 nm does not shift
in a broad pH range, and the color of the micelle emulsion keeps
blue as the pH changes. In earlier reports, varying pH always
induced reversible or irreversible color changes of PDAs.6,14,18

The pH stability of polyAzoDA micelles presented here is
unique and different from the other PDAs.6,14,18 This absence
of pH sensitivity demonstrates that our design of aggregation
enforced polyAzoDA micelles successfully improves their
stability.

Our aggregation stabilized polyAzoDA micelles enable fully
reversible thermochromism. Figure 6 shows the temperature-
dependent UV-vis absorption spectra of polyAzoDA micelles
during heating and cooling. The wavelengths of the absorption
peaks of polyAzoDA micelles during the heating and cooling
processes are shown in Figure 7. The absorption peak of PDA
in polyAzoDA micelles is at around 647 nm at room temper-
ature. During the heating process, the absorption peak is
gradually blue-shifted, and the color of the micelles changes
accordingly. At 85 °C, the absorption peak reaches 575 nm.
During the cooling process, the absorption peak is reversibly
red-shifted. Correspondingly, the color also changes reversibly
back to blue. We conclude that the thermochromism of
polyAzoDA micelles is fully reversible. The reversible ther-
mochromism can be easily observed by naked eye.

The underlying mechanisms for the reversibility of the
thermochromism are based on two stabilization processes: (i)
the well-known polymerization of diacetylenes induces im-
proved stability of PDA micelles14-24 and (ii) the aggregation
of azo chromophores, which provides a more rigid morphology.
However, the stabilization by polymerized PDA micelles alone
is not sufficient. To prove this, we performed the following two
control experiments.

In the first control experiment, we fabricated PDA micelles
using the commercially available tricosa-10,12-diynoic acid and
polymerized them by 254 nm irradiation. Because of the absence
of azo chromophores, these micelles do not possess the H- or
J-like aggregations and their stabilization properties. The PDA
micelles without azo chromophores show irreVersible thermo-
chromism after heating to 90 °C.

In the second control experiment, we studied the thermo-
chromism of polyAzoDA micelles in the mixture of DMSO/
water. As mentioned above, the aggregation in the polyAzoDA
micelles can be gradually destroyed when the concentration of
DMSO is increased. We expect that when the aggregation is

Figure 3. UV-vis absorption spectra of AzoDA micelles after
subsequent irradiations by 254 nm light inducing the polydiacetylene
absorption band at around 647 nm.
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destroyed, the thermochromism of polyAzoDA micelles will
become irreversible. As shown in the Supporting Information,
the thermochromism of polyAzoDA micelles is still reversible
using DMSO concentrations of 16.7%, 33.3%, and 50%. If we
increase the concentration of DMSO to 66.7%, the thermo-
chromism becomes partly reversible, as we observe that the blue
micelles change to a slightly different red color after heating,
and after cooling the micelles change to purple but not to blue.
If the concentration of DMSO is further increased to 83.3%,
the blue micelles change to the different red color after heating.
But the micelles keep red after cooling. These observations
demonstrate that the thermochromism of polyAzoDA micelles

becomes irreversible if the additional stabilization by the
aggregation of the azo chromophores is missing.

Figure 4. Morphology of polyAzoDA micelles: (a, b) SEM images at different magnifications; AFM images of a drop-cast sample (c) and a
spin-coating sample (d). (c) and (d) are 6 µm × 6 µm images.

Figure 5. UV-vis absorption spectra of polyAzoDA micelles at
different pH recorded at room temperature. The decrease in absorption
as pH increases is due to concentration diluting when adjusting the
pH.

Figure 6. UV-vis absorption spectra of polyAzoDA micelles (a) during
heating and (b) during cooling.
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Actually, the successful colorimetric reversibilities of PDA
reported so far are based on the other enhancement factors, such
as the enhanced hydrogen bonding,14-20 both hydrogen-bonding
and strong aromatic interactions,14,15,21 ionic interactions,22 or
covalent modification23,24 among the substituent groups of
PDAs. In contrast, the reversible thermochromism of polyA-
zoDA micelles presented here is caused by the improved micelle
stability, which is induced by the aggregation of the azo
chromophores.

When the pH of polyAzoDA micelles is changed from 5.6
to 9.6, the thermochromism of polyAzoDA micelles also
remains fully reversible as indicated by the fully reversible color
changes. This means the reversible thermochromism of polyA-
zoDA micelles exists in a broad pH range which was not
achieved before to the best of our knowledge.

Conclusion

In summary, a novel azo chromophore functionalized di-
acetylene molecule was designed and synthesized. This novel
molecule is used to prepare self-assembled cylindrical micelles.
The micelles were polymerized under the irradiation of 254 nm
light. The azobenzene groups formed aggregates in the cylindri-
cal micelles. The aggregation of azobenzene groups induced
sufficient stability of the micelles and enabled reversible
thermochromism of PDA at temperatures up to 90 °C in a broad
pH range. Compared with other methods, aggregation provides
a new way for designing PDAs with reversible color changes.
The advantage of aggregation is that it can improve the pH
stability of the PDA and aggregation can be easily achieved in
films, micelles, or vesicles. To the best of our knowledge, we
are not aware of any other demonstration of pH stable PDAs
with fully reversible thermochromism. The stability to pH and
reversible thermochromism of polyAzoDA also provides plat-
forms for specific sensing, molecular switches, and other
applications. The special cylindrical micelle structure is interest-
ing to fabricate new anisotropic nanomaterials.
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1995, 7, 437–443.

(26) (a) Kasha, M. Spectroscopy of the Exited State; Plenum: New York,
1976; pp 337-363. (b) McRae, D. G.; Kasha, M. J. Chem. Phys. 1958,
28, 721–722.

(27) (a) Menzel, H.; Weichart, B.; Schmidt, A.; Paul, S.; Knoll, W.; Stumpe,
J.; Fischer, T. Langmuir 1994, 10, 1926–1933. (b) Stumpe, J.; Fischer,
T.; Menzel, H. Macromolecules 1996, 29, 2831–2842.

(28) Han, M.; Ichimura, K. Macromolecules 2001, 34, 90–98.
(29) Tong, X.; Cui, L.; Zhao, Y. Macromolecules 2004, 37, 3101–3112.
(30) Zakrevskyy, Y.; Stumpe, J.; Faul, C. F. J. AdV. Mater. 2006, 18, 2133–

2136.
(31) Tejedor, R. M.; Oriol, L.; Serrano, J. L.; Ureña, F. P.; González, J. J. L.
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