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Polythiophene nanoparticles that display reversible
multichromism in aqueous media

Krishnachary Salikolimil2, Masuki Kawamoto!>%, Pan He!, Toshiro Aigaki2 and Yoshihiro Ito!23

Conjugated polymer nanoparticles in aqueous media have received much attention because of their specific electronic, optical
and medicinal properties. However, flexible hydrophilic chains such as oligo(ethylene oxide) groups on the outer surface of the
nanoparticles may induce increases in the particle size resulting from the aggregation of nanoparticles in water. We designed

a bolaamphiphilic monomer to produce polythiophene nanoparticles. The resulting nanoparticles exhibit multichromic responses
to solvent, temperature and acid/base that can be detected by the naked eye. The nanoparticles, with an average diameter of
170 nm and a large zeta potential of —66.6 mV, remain stable in tetrahydrofuran/water mixtures even after 8 months. As the
concentration of water increases, the nanoparticles turn from yellow to violet because the molecular conformation of the
thiophene units changes. The nanoparticles dispersed in water display a reversible thermochromic response between 20 and
90 °C, which originates from their different morphologies of an amorphous solid below and an isotropic liquid above their
melting point of 60 °C. Adding hydrobromic acid yields an almost colorless dispersion because of the formation of polarons
(p-doping), and the nanoparticles revert to their initial violet dispersion upon bubbling with ammonia gas owing to the dedoping

of the polythiophene nanopatrticles.
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INTRODUCTION

Conjugated polymers have emerged as promising candidates for
functional materials.”> Molecular design enables precise control over
supramolecular self-assembly and molecular organization to focus on
modulating the electronic and optical properties.> Chromic responses
are among the most promising molecular functions of conjugated
polymers.* Intriguing changes in color, such as solvatochromism and
thermochromism, have been observed in polydiacetylenes,®
polythiophenes”® and polyfluorenes.>!? Color modulation of con-
jugated polymers is affected by the conjugation length in their main
chain. When chain planarization and concomitant interchain -
stacking occur in a poor solvent or at low temperature, an increase
in the conjugation length can be obtained at the molecular level,
resulting in a color change.

Recently, conjugated polymer nanoparticles in aqueous media have
attracted particular interest because of the specific behavior arising
from their self-assembled nanostructures.!!> Because they are semi-
conducting, fluorescent and non-toxic, these nanomaterials are
attractive for optoelectronic,'® bioimaging''® and nanomedical'”!8
applications. Solubilizing side chains are required to form conjugated
polymer nanoparticles. Because their rigid conjugated main chain
results in low solubility in organic solvents, the unsubstituted polymers
are insoluble in many solvents. Ethylene oxide groups have been used

as solubilizing hydrophilic side chains to obtain self-assembled
nanoparticles in aqueous media.'>?° These nanoparticles consist of
conjugated polymers synthesized from amphiphilic monomers.
Sometimes the flexible ethylene oxide groups give rise to instability,
such as the aggregation of the nanoparticles in water.?! We assumed
that if a nanoparticle is covered with less flexible ethylene oxide chains,
a stable nanostructure could be maintained. To realize this strategy, we
design a bolaamphiphilic monomer consisting of thiophene, oligo
(ethylene oxide) and phenyl groups (Figure 1). The self-assembled
aggregation between hydrophobic thiophene and phenyl groups is
expected to occur in aqueous media. In this study, we use octylphenol
ethoxylate as a side chain in the bolaamphiphilic monomer.
Octylphenol ethoxylate is a nonionic surfactant that is widely used
in pharmacy and medicine?”2* because it induces the solubilization
and dissociation of hydrophobic proteins, such as enzymes and
receptors, to yield spherical or cylindrical micelles in water. From
the viewpoint of side-chain engineering,?> a terminal octylphenol
ethoxylate group that is directly connected to a hydrophobic poly-
thiophene moiety may promote nanoparticle formation.

The formation of conjugated polymer nanoparticles in aqueous
media involves competition between interchain aggregation and
intrachain collapse in the conjugated polymers, and the interfacial
surface tension between the polymer and water may dominate.®%”
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Figure 1 Schematic illustration of the formation of polythiophene nanoparticles from bolaamphiphilic monomers.
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Figure 2 (a) Molecular structure of PMTPT. (b) Photographs of (i) PMTPT in THF and (ii) PMTPT nanoparticles in THF:H,0=2:98 (v/v) under irradiation at
633 nm by a HeNe laser beam. (c) Changes in (i) absorption and (ii) fluorescence spectra of the PMTPT nanoparticles with water concentration. Excitation

wavelength (Ex.): 431 nm. THF, tetrahydrofuran.

We expected that if the morphological properties of the nanoparticles
are controlled by external stimuli, the dynamic modulation of the
molecular conjugation in aqueous media could occur. In this article,
we demonstrate that the polythiophene derivative obtained from the
bolaamphiphilic monomer forms self-assembled nanoparticles that
show multichromic behavior including solvatochromism and thermo-
chromism in tetrahydrofuran (THF)/water mixtures. The nanoparticle
color can be tuned from yellow to violet by varying the water
concentration. A thermochromic response is observed because the
nanoparticles can adopt different molecular confirmations without
deformation or aggregation. Furthermore, the nanoparticles display
halochromic behavior in aqueous dispersions upon alternately adding
hydrobromic acid and ammonia gas. This halochromic response also
leads to a change in electrical conductivity in the solid state, resulting
from the chemical doping of the conjugated main chain.
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MATERIALS AND METHODS

Sample preparation

The nanoparticles in THF/water mixtures with various ratios were prepared as
follows. First, the polymer (PMTPT) in THF (2.5 mg1~!) was added to specific
volumes of THF to afford mother solutions of various concentrations. Each
mother solution was injected into certain volumes of water to immediately yield
PMTPT nanoparticle solutions without applying a mechanical force such as
stirring or ultrasonication. For example, PMTPT nanoparticles in THF:H,O
(3ml, 2:98 v/v) was prepared by injecting a THF solution of PMTPT
(60 pl, 2.5 mg1~1) into water (2.94 ml). A similar method was used to afford
the nanoparticles in THF/EtOH mixtures. Thin films of PMTPT were
fabricated by spin-coating chloroform solutions of the polymer (1 wt%) onto
fused silica substrates at a rate of 2000 r.p.m. for 30 s and annealing the films at
60 °C for 15 min. Samples for the electrical conductivity measurements were
prepared by casting PMTPT solution (1 wt%) on interdigitated gold electrodes
(BAS, Inc., Tokyo, Japan) consisting of 130 gold fingers with a length of
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Figure 3 (a) TEM image of the PMTPT nanoparticles. (b) Size distribution of the PMTPT nanoparticles in THF:H,0=2:98 (v/v). TEM, transmission electron

microscopy; THF, tetrahydrofuran.

2.4 mm, width of 10 pm, height of 90 nm and gap between fingers of 5 pm,
followed by drying under reduced pressure before measurement.

RESULTS AND DISCUSSION

Synthesis and characterization of PMTPT

Figure 2a shows the molecular structure of the polymer (PMTPT)
obtained from the bolaamphiphilic monomer; full synthetic details are
provided in the Supplementary Information. To obtain PMTPT,
methoxylated thiophene 1 was conveniently prepared by reacting
3-bromo-4-methylthiophene with sodium methoxide. The nucleophilic
substitution of 4-(1,1,3,3-tetramethylbutyl)phenol with tosylated tetra-
ethylene glycol afforded terminal group 3. Bolaamphiphilic monomer
4 was synthesized by a conventional ether reaction between 1 and 3.
The oxidation coupling of 4 using iron(III) chloride produced the
target polymer PMTPT. The polymer was successfully purified using
size-exclusion chromatography to remove oligomers and impurities.
We analyzed the 'H NMR spectra of PMTPT to evaluate the
integration of the side chains because oxidative polymerization may
result in the oxidation of the ethylene oxide groups (Supplementary
Figure S1B).?® The integration of the oligoethylene oxide groups
(peaks b and ¢) in the side chain was consistent with 16 protons.
In contrast, the integration of the methyl group in the thiophene
ring (peak c) was consistent with three protons (Supplementary
Figure S1A). Judging from the 'H NMR spectra of monomer 4 and
PMTPT, appreciable degradation did not occur under the polymer-
ization conditions used. The number-average molecular weight (M,)
and polydispersity (weight-average molecular weight (M,/M,)) of
PMTPT were 40500 and 1.90, respectively, at 25°C. The thermal
behavior of PMTPT was investigated by thermogravimetric analysis
and differential scanning calorimetry (DSC). Thermogravimetric
analysis indicated that PMTPT had lost 10% of its weight at 325°C
(Supplementary Figure S2A). We also detected endothermic events for
PMTPT corresponding to a glass transition temperature (7T,) of =10 °C
and melting point (T.) of 60°C [change in enthalpy (AH):
63kJmol™!'] on the third cycle in DSC measurements
(Supplementary Figure S2B). PMTPT was readily soluble in THF,
chloroform and DMF (N,N-dimethylformamide) but insoluble in
water, acetone and alcohols.

Solvatochromic behavior
The maximum absorption wavelength Ay.x of PMTPT in THF was
431 nm, which was attributed to a m—x* transition of the
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Figure 4 Relationship between particle size and zeta potential (¢) of PMTPT in
solutions with various concentrations of THF and H0. THF, tetrahydrofuran.

polythiophene units arising from a random coil conformation in the
polymer backbone.?? No marked change in A, occurred in chloro-
form (429 nm) or DMF (445 nm; Supplementary Figure S3A). The
polymer displayed yellow fluorescence in THF, with an emission peak
at 542 nm (excitation wavelength: 431 nm). The fluorescence quan-
tum yield of PMTPT in THF, determined using fluorescein as
a standard, was 8%.3°

As the concentration of water in the solution mixtures was
increased, the color clearly changed from yellow to violet (Figure 2b
and Supplementary Figure S8A). PMTPT in THF:H,O (2:98 v/v)
formed a colloidal dispersion, as evidenced by the light scattering of
a 633nm laser beam. Unfortunately, the formation of a violet
precipitate of PMTPT occurred in pure water after the evaporation
of THF from the THF/water mixtures. Figure 2c-(i) shows changes in
the absorption spectra of PMTPT at various concentrations of water.
As the water content increased, the absorbance at 431 nm decreased
and new absorption peaks appeared at 552 and 598 nm. These
new absorption bands are assigned to the vibronic propagation of
the m—r* transition in the polymer main chain, and 1.« depends on
the conformation of the polythiophene groups. PMTPT with a A5, of
approximately 430 nm has a nonplanar conformation with less
conjugation. In contrast, the absorption peaks at approximately

431
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Figure 5 (a) Thermochromic behavior of PMTPT nanoparticles in THF:H,0=2:98 (v/v) between 20 and 90 °C. (b) Changes in (i) absorption and
(ii) fluorescence spectra of PMTPT nanoparticles in THF:H,0 =2:98 (v/v) upon heating. Excitation wavelength (Ex.): 431 nm. THF, tetrahydrofuran.

550-600 nm originate from a planar conformation with an extended
conjugated structure.’! PMTPT in a neat film (Supplementary
Figure S3B) exhibited similar absorption peaks to the PMTPT
nanoparticles in THF:H,O (2:98 v/v). We also found that an isosbestic
point at 486 nm was observed when the concentration was above
50 volume percent of water. This indicates that the molecular
conformation of PMTPT is affected by changes in the concentration
of water.

We assume that the modulation of the absorption spectra is caused
by the polymer assembly in aqueous media, which leads to a planar
organization of the polythiophene units. The formation of the
assembled structure was also observed as changes in the fluorescence
spectra (Figure 2c-(ii)). As mentioned above, PMTPT exhibited yellow
fluorescence in THF following excitation at 431 nm. The fluorescence
intensity gradually deceased with the increasing water concentration.
In THFE:H,O (2:98 v/v), the fluorescence intensity of PMTPT was
almost negligible. These results also suggest that fluorescence quench-
ing is caused by the formation of the assembled structure with planar
polythiophene units in aqueous media.

To clarify the assembly behavior of PMTPT in aqueous media,
structural examination was performed by transmission electron
microscopy (TEM). TEM samples were prepared by pipetting a few
microliters of the PMTPT solution in THF:H,O (2:98 v/v) onto
a TEM grid. TEM analysis revealed the formation of colloidal
nanoparticles with an average size of ~150 nm (Figure 3a). To
determine the size distribution of the PMTPT nanoparticles, dynamic
light scattering (DLS) measurements were conducted (Figure 3b).
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A narrow particle size distribution was obtained: all the particles
were in the range from 100 to 300 nm, and the average particle size
was 168 nm with a polydispersity index of 0.07. The average particle
size determined by DLS was similar to that observed by TEM.
Furthermore, the dispersed nanoparticles were negatively charged,
with a high zeta potential ({) of —66.6 mV. The stability of the
nanoparticles was investigated; they displayed an average particle size
of 190 nm with a polydispersity index of 0.12 following standing for
8 months (Supplementary Figure S4). The ¢ value of the nanoparticles
was —81.9 mV after 8 months, revealing that the aqueous dispersion
of PMTPT nanoparticles was stable without precipitation because of
the electrostatic repulsion induced by their highly negative surface
charge. The observation of the stable and high ¢ value is still unclear at
the present stage. The introduction of negatively charged carboxylic
acid®? and sulfonate leads to an electrical double layer with a high
negative ¢ value. In contrast, PMTPT is a neutral polymer without the
charged group. One possibility is that the self-assembled aggregation
between hydrophobic thiophene and phenyl groups may contribute to
the formation of the stable charge at the surface of the nanoparticle.
Furthermore, the hydrophilic oligo(ethylene oxide) group in the outer
part of the nanoparticle is crucial for the formation of a stable
dispersion in aqueous media.

Next, the relationship between the particle size and water concen-
tration was investigated (Figure 4). PMTPT nanoparticles with
a particle size of 750 nm were observed when THF:H,O=75:25
(v/v). The particle size clearly decreased with the increasing water
concentration in the mixtures. In contrast, the { values became more
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Figure 6 (a) Changes in the absorption and fluorescence intensity of PMTPT nanoparticles in THF:H,0=2:98 (v/v) between 20 and 90 °C. Monitoring
wavelength: absorbance at 431 nm (i) and 598 nm (ii); fluorescence intensity at 545 nm (iii). (b) XRD patterns of PMTPT powder obtained at (i) —30 °C,
(ii) 10 °C, (iii) 40°C, (iv) 80°C and (v) 120 °C. (c) Schematic illustration of the thermochromic behavior of the PMTPT nanoparticles in aqueous media.

THF, tetrahydrofuran; XRD, X-ray diffraction.

negative with the increasing water concentration. These results
indicate that the size of the PMTPT nanoparticles is affected by the
change in the aggregation structure in aqueous media with different
solvent compositions. PMTPT consists of conjugated thiophene rings
with hydrophilic oligo(ethylene oxide) side chains. When the water
concentration is high, the conjugated thiophene unit tends to undergo
self-assembled aggregation with the terminal phenyl group inside the
nanoparticle because of its hydrophobicity. Effective hydrophobic
aggregation results in m—m packing, providing a smaller particle
size as the water content increases. In contrast, miscible behavior
is observed between the thiophene units and THF when the
concentration of water is low. This miscibility may cause the particle
size to increase, resulting from the insertion of solvent into the
nanoparticles. The absorption spectra of the PMTPT nanoparticles in

THF:H,0=75:25 (v/v) resembled those of the PMTPT solution
in anhydrous THF (Supplementary Figure S5). A yellow dispersion
is obtained in both cases because the polythiophene units adopt
a random coil conformation in the nanoparticles.

We also investigated the solvatochromic behavior of PMTPT in
THF/EtOH mixtures (Supplementary Figure S6). The change of the
absorption spectra of PMTPT in THF/EtOH mixtures was similar to
that in THF/H,O mixtures (Supplementary Figure S6A). Unfortu-
nately, the nanoparticles aggregated as the concentration of EtOH
increased, as evidenced by TEM (Supplementary Figure S6B). Several
nanoparticles gathered in the solution, leading to the formation of
large aggregated particles. An increase in particle size was also revealed
by DLS. An average size of 1474 nm with a polydispersity index of
0.25 was obtained at THFEtOH=2:98 (v/v) (Supplementary
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Figure 7 (a) TEM image of PMTPT nanoparticles at 25 °C after thermal treatment. After cooling from 90 °C, the sample was prepared by casting the resultant
solution in THF:H,0=2:98 (v/v) onto a TEM grid. (b) Size distribution of the thermally treated PMTPT nanoparticles. (c) Changes in absorbance at 431 nm
and 598 nm of the PMTPT nanoparticles upon thermal cycling between 20 and 90 °C. TEM, transmission electron microscopy; THF, tetrahydrofuran.

Figure S6C). In contrast to the case in the THF/water mixtures
(Figure 3b), large aggregated particles with an average size of over
10 pm were observed in THF/EtOH. Moreover, the negative ¢ value
of PMTPT in THF:EtOH=2:98 (v/v) (-25.3mV) was smaller
than that in THF:H,O =2:98 (v/v) (=66.6 mV). These results suggest
that the instability of the particles in the THF/EtOH mixtures
was caused by the lower electrostatic repulsion compared with that
in THF/H,O.

Thermochromic behavior

Figure 5a and Supplementary Figure S8B show the change in color of
the PMTPT nanoparticles in THF:H,O =2:98 (v/v) between 20 and
90 °C. The dispersion clearly changed from violet to yellow as the
temperature increased. Conversely, when the solution temperature
decreased from 90 to 20 °C, the yellow solution successfully reverted to
its initial violet. The color of the PMTPT nanoparticles in aqueous
media was investigated by the change of their absorption spectra
with temperature (Figure 5b-(i)). As mentioned above, the absorbance
of Amay at 545 and 598 nm corresponding to the planar conformation
of the PMTPT backbone decreased with rising temperature.
In contrast, the absorbance at 431 nm corresponding to the random
coil conformation of the main chain of PMTPT increased with rising
temperature. The fluorescence spectra of the PMTPT nanoparticles
in aqueous media also changed with the temperature because of
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the thermally induced modulation of the molecular conformation of
the polymer main chain (Figure 5b-(ii)). The maximum fluorescence
intensity at 545 nm at 90 °C was 35 times higher than that at 20 °C.
With increasing temperature, the molecular conformation changes
from the planar structure to the random coil one, leading to
suppression of the fluorescence quenching.

To clarify the temperature modulation of the conjugated structure
in PMTPT, the dependence of the absorbance and fluorescence
intensity on the temperature was monitored (Figure 6a).
The molecular conformation in the PMTPT nanoparticles changed
dramatically near the T, of PMTPT of 60°C. The absorbance of
Amax at 598 nm corresponding to the vibronic band of the n—m*
transition in the planar structure decreased substantially in the
temperature range from 50 to 60°C. In contrast, increases in the
absorbance of A, at 431 nm and in the fluorescence intensity at
545 nm in this temperature range indicated the transformation of the
conjugated polymer chain from the planar structure to the random
coil. We also found that heating led to shifted isosbestic points around
T, in the absorption spectra (Figure 5b-(i)). The cooling profile was
similar to the heating profile (Supplementary Figure S7), but spectral
hysteresis was observed. Such hysteresis mainly originated from the
order—disorder transition from planar to nonplanar of the thiophene
units with different T, values. In the DSC profile, T, was 60 °C upon
heating, as mentioned above. In contrast, an exothermic event at
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Figure 8 (a) Halochromic behavior of PMTPT nanoparticles in THF:H>0=2:98 (v/v), demonstrated using hydrobromic acid (HBrsq) and ammonia gas.
(b) Change in absorption spectra of the PMTPT nanoparticles in aqueous media (i) before treatment, (i) after the addition of HBr,, and (iii) after the
addition of ammonia gas. (c) FTIR and (d) Raman spectra of the PMTPT nanoparticles: (i) pristine sample, (ii) after soaking in HBr,q. and (iii) after bubbling
with ammonia gas. (e) Schematic illustration of chemical doping in PMTPT. FTIR, Fourier transform infrared; THF, tetrahydrofuran.

a T, of 42°C with a AH of 6.2 k] mol ™! was obtained upon cooling
(Supplementary Figure S2B). This discontinuous chromic response
was also observed for polythiophene derivatives containing oligo
(oxyethylene) units in the solid state.>*

The morphology of PMTPT at the molecular level was investigated
by X-ray diffraction. The X-ray diffraction patterns of the PMTPT
powder showed only a broad halo, consistent with no crystalline
nature below and above T, (Figure 6b). Judging from its DSC profiles
(Supplementary Figure S2B) and X-ray diffraction patterns, PMTPT
possesses  different morphologies in the temperature range
between 20 and 90 °C: an amorphous solid and isotropic liquid are

observed at 20-60 and 60-90°C, respectively. From  these
spectroscopic and morphological results, we conclude that the
thermochromic behavior of the nanoparticles mainly originated
from the varying molecular conformations of the conjugated
thiophene units in the different morphologies (Figure 6¢). Below T,
the PMTPT nanoparticles were a purple amorphous solid in which
the main chains adopted a planar structure. The conformation
of the conjugated thiophene wunits of PMTPT gradually
fluctuated upon approaching T.. Above T, yellow nanoparticles
composed of an isotropic liquid with a random coil structure are
obtained.
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Figure 9 (a) Schematic illustrations of the interdigitated gold electrodes and
sample configuration. (i) Top view of the electrodes and (ii) side view of the
sample configuration. (b) Change in the electrical conductivity of PMTPT
after dipping in hydrobromic acid for 5 min (i) and after exposure to
ammonia gas for 20 s (ii).

The structural stability and reversibility of the thermochromic
response of the nanoparticles were also evaluated using TEM and
DLS analyses. The size of the PMTPT nanoparticles in THEF:
H,0=2:98 (v/v) after the thermal treatment, estimated from the
TEM image, was 139nm (Figure 7a). Comparison with the
TEM image in Figure 3a shows that the particle size and structure
remained unchanged following the thermal treatment. The DLS results
revealed that the average particle size and polydispersity index of the
thermally treated nanoparticles were 150 nm and 0.05, respectively
(Figure 7b). We found that the ¢ of the nanoparticles in THEF:
H,0=2:98 (v/v) after heating to 90°C (-66.8 mV) was almost the
same as that before the thermal treatment (—66.6 mV). Figure 7c
shows the change in the absorbance of the PMTPT nanoparticles in
THF:H,0 =2:98 (v/v) upon repeated cycling between 20 and 90 °C.
The absorbance peaks at 431 and 598 nm corresponding to the
7—n* transitions in the random coil and planar structures changed
during cycling, indicating a reversible transformation between the
amorphous solid and isotropic liquid nanoparticles in aqueous media.

Halochromic behavior

Figure 8a and Supplementary Figure S8C show the color change of the
PMTPT nanoparticles in THF:H,O0=2:98 (v/v) upon chemical
treatment. When hydrobromic acid (47% in water, 0.2 ml, 1.8 mmol)
was added to an aqueous dispersion of the nanoparticles (3 ml,
2.5mgl™ 1), a pale yellowish solution was obtained within 5 min. The
initial purple solution was regenerated by bubbling with ammonia gas
(20 ml min~1) for 2 min.

Spectroscopic results indicated that the color change of the PMTPT
nanoparticles was essentially reversible (Figure 8b). After the addition
of hydrobromic acid, the absorbance of A, at 552 and 598 nm
corresponding to the m—n* transition of the planar polythiophene
structure decreased, and a broad peak appeared in the near-infrared
region at approximately 855 nm (Figure 8b-(ii)). The initial absorption
spectra returned after adding ammonia gas (Figure 8b-(iii); the
decrease in absorbance was due to change in the concentration of
the aqueous solution after addition of hydrobromic acid). We assumed
that this change in the absorption spectra might be caused by the
generation of polarons by the chemical doping of the thiophene units
with hydrobromic acid.
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The formation of polarons in the PMTPT nanoparticles was
examined by Fourier transform infrared and Raman spectroscopies
(Figures 8¢ and d). Specific bands corresponding to antisymmetric and
symmetric stretching modes of the thiophene rings at 1511 and
1455 cm ™1, respectively, and an asymmetric C-O stretching band of
the oligo(ethylene oxide) group at 1129 cm ™! were observed for the
pristine film (Figure 8c-(i)). After the addition of hydrobromic acid to
the dispersion, the resulting cast film exhibited a sharp decrease in the
intensity of the ring-stretching modes. In addition, new broad bands
were observed at 1172 and 1039 cm ™!, which are consistent with the
polarons of polythiophene derivatives such as poly(3-methylthiophene)
(1165 and 976cm™ 1% and poly(3-hexylthiophene) (1129 and
1068 cm~1).>%7 Because the corresponding bands overlapped with
the asymmetric C-O stretching bands of the oligo(ethylene oxide)
groups, the polarons of PMTPT could not be detected clearly.
The specific stretching bands of the thiophene rings were recovered
after bubbling ammonia gas through the solution treated with
hydrobromic acid (Figure 8c-(iii)).

The Raman spectra clearly exhibited polaron formation. The bands
at 1490 and 1443 cm™! were assigned to the antisymmetric and
symmetric stretching bands of the thiophene rings (Figure 8d-i),
respectively, and the band at 1391 cm ™! was attributed to symmetric
C—C stretching deformation.® After the hydrobromic acid treatment,
the Raman intensity of these aromatic bands weakened, and the
C—C stretching mode originating from the positive polaron was
observed at 1380 cm™! (Figure 8d-(ii)).>® The initial spectra were
regenerated by bubbling ammonia gas through the hydrobromic acid-
treated solution (Figure 8d-(iii)).

We concluded that the color change of the PMTPT nanoparticles
was derived from halochromic responses induced by the chemical
doping of the conjugated thiophene units (Figure 8e). The addition of
hydrobromic acid in aqueous media led to almost colorless nanopar-
ticles composed of p-doped PMTPT. The initial purple PMTPT
nanoparticles were observed after the addition of a reducing reagent
(ammonia gas), resulting from the dedoping of the p-doped PMTPT
(Figures 8a and b-(iii)). After the formation of neutral PMTPT, the
hydrobromic acid reacted with ammonia gas to yield water-soluble
ammonium bromide.

We anticipated that the halochromic reaction of PMTPT would
change its electrical conductivity (). To evaluate this hypothesis, the
alternating p-doping and dedoping of PMTPT in the solid state was
performed. A sample was prepared by casting PMTPT solution onto
an interdigitated gold electrode (Figure 9a). The estimation of the ¢ of
the solid-state samples is described in the Supplementary Information.
Figure 9b shows the change in ¢ of the sample upon immersion in
hydrobromic acid (0.1 ml, 0.89 mmol) and exposure to ammonia gas
(20 mlmin~!) repeatedly. Neutral PMTPT exhibited a low ¢ of
1.0x 1078 Scm ™. The change in ¢ after immersion in hydrobromic
acid was nearly 10°% and its value was immediately reverted by
ammonia gas treatment. Reversible changes in the ¢ could be achieved
by the chemical doping of PMTPT in the solid state.

CONCLUSIONS

We successfully demonstrated that a polythiophene derivative
(PMTPT) formed stable nanoparticles in aqueous media that
displayed reversible multichromic behavior. The solvatochromism of
the nanoparticles was observed when the concentration of water in the
solution was increased. The nanoparticle size gradually decreased upon
increasing the concentration of water. The resultant nanoparticles with
an average diameter of 170 nm and a large zeta potential of — 66.6 mV
formed an aqueous dispersion that remained stable even after



8 months. The thermochromic responses of the PMTPT nanoparticles
were derived from the morphological changes between an amorphous
solid and isotropic liquid, and the color changes originated from the
different molecular conformations of the conjugated main chain,
including planar and random coil polymer structures. The halochro-
mic behavior of the PMTPT nanoparticles was achieved by the
p-doping and dedoping of the conjugated thiophene units. Chemical
doping caused the conductivity of the solid-state nanoparticle samples
to change.
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