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ABSTRACT: Here, we present an approach to generate materials with programmable thermochromic transition temperatures
(TTTs), based on the reversible microcrystallization of anthraquinone dyes with the assistance of blended Pluronic block
copolymers. At temperatures above block copolymer critical micellization temperature (CMT), hydrophobic anthraquinone dyes,
including Sudan blue II, were dispersed in copolymer micelles, whereas at lower temperature, the dyes formed microcrystals
driven by dye—dye and dye—Pluronic molecular interactions. The crystallization process altered the optical properties of the dye
with bathochromatic shifts detectable by eye and the thermochromic process was fully reversible. Not only could Pluronic
reversibly incorporate the anthraquinone dyes into micelles at elevated temperatures, but it also modulated the crystallization
process and resulting morphology of microcrystals via tuning the molecular interactions when the temperature was lowered.
Crystal melting transition points (and TTTs) were in agreement with the CMTs, demonstrating that the thermochromism was
dependent on block copolymer micellization. Thermochromism could be readily programmed over a broad range of
temperatures by changing the CMT by using different types and concentrations of Pluronics and combinations thereof.

1. INTRODUCTION

Stimuli responsive smart materials exist in nature' and have
been extensively designed including photochromic,” halochro-
mic,"* piezochromic(”7 and thermochromic®™"' materials.
Thermochromic materials, which alter color in response to
changes in temperature, have gained attention,"”™"* varying
from inorganic'® to organic'® and find a plethora of applications
such as labels, sensors, toys, and space satellite coatings.'”"®
Usually the mechanism of organic thermochromism includes
molecular species equilibrium, acid—base, stereoisomers, keto—
enol tautomerism, lactim—lactam, or crystal structures.'’
Among these, polydiacetylenes with two dlfferent structures
and phases,'”™** some 1norgan1c crystals,”® organic crystals™*

and Schiff base materials”>*® have attracted attention. To meet
various practical applications, materials with customizable
thermochromic transition temperatures (TTTs) are desired.
However, such highly tunable materials have been difficult to
design. Fabrication of nano and microcrystals has been studied
to determine the intermediate states between the molecules
and bulk crystals owing to their characteristic properties.”’
Nanostructured materials have been studied extensively and
microcrystals are used in practical applications such as in
semiconductors™ and pharmaceuticals.”” However, relatively
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few studies have reported reversible transitions between micro
and nano structured particles for thermochromism. In this
work, we present a fully reversible thermochromic behavior
with tunable TTTs based on micro and nano phase
transformation of anthraquinone dyes in the presence of
Pluronic block copolymers. At high temperature, hydrophobic
anthraquinone dyes were dispersed in Pluronic micelles
whereas at low temperature, the dyes formed microcrystals
driven by the dye—dye and/or dye—Pluronic molecular
interactions. The crystallization process altered the optical
properties of the dye with a bathochromic change of color.
Pluronic played a role in both solublization of the hydrophobic
dye and changing the crystallization process and morphology of
microcrystals by molecular interactions. Nano and micro
particle transition temperatures (or TTTs) were in accordance
with the critical micellar temperature (CMT) of the Pluronic
solution used as the stabilizer. Considering that CMTs can be
modulated by different types of Pluronic, different concen-
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Figure 1. Reversible thermochromism of anthraquinones in the presence of Pluronic block copolymers. (a) Chemical structures of indicated
anthraquinone dyes. (b) Photograph of 2 uM Sudan blue II in 1% Pluronic F108 at indicated temperatures. Absorption of dyes in 1% Pluronic F108
at indicated temperatures for (c) Sudan blue II, (d) Sudan blue and (e) D&C green. Absorption of Sudan blue II at indicated temperatures in (f) 1%
TX 100 or (g) DMPC liposomes. (h) Reversible thermochromism of Sudan blue II in 1% F108, as measured by the ratio of the absorbance at 715 to

645 nm, during thermal cycling between SS and 15 °C.

trations of Pluronic, or blended Pluronic, TTTs could be
accordingly broadly and precisely controlled.

2. EXPERIMENTAL SECTION

2.1. Materials. 1,4-Bis(butylamino)anthraquinone (Sudan blue II,
Sigma #306436); 1,4-Bis (ethylamino)-9,10-anthrquinone (Sudan
blue, Sigma #229121); D&C Green (Solvent Green 3, Spectrum
#D1126). Pluronic F127 (Sigma, #P2443); Pluronic F108 (Sigma,
#542342); Pluronic F68 (Sigma, #412325); Dimyristoylphosphatidyl-
choline (DMPC, Avanti #850345P); Triton X-100 (Sigma, #X100—
500 ML); Tetrohydrofuran (THF, Avantor, #9440—03); N,N-
Dimethylformamide (Fisher, D119—4); Chloroform (Fisher,
#C298—4).

2.2. Preparations of Microcrystals and Micelles. Anthraqui-
none particles were prepared by a conventional reprecipitation
method. Briefly, a stock solution of 10 mM 1,4-Bis(butylamino)-
anthraquinone (Sudan Blue II), or 10 mM 1,4-Bis (ethylamino)-9,10-
anthrquinone (Sudan blue), or 10 mM D&C Green in THF was
prepared first. Then 200 uL of the stock solution was injected into 10
mL of 10% (w/v) Pluronics (F127, F108 or F68) aqueous solution or
into Triton X-100 surfactants aqueous solution 10% (w/v) for the
control with vigorous stirring. After stirring for 3 min, the solution was
maintained undisturbed for about 4 h to stabilize the structure. The
resulting solutions were diluted (1 in 10) for absorbance measure-
ments at different temperatures or subjected to spinning at 2000g for 5
min to harvest microcrystals from the pellet. Anthraquinone liposomes
were prepared by dissolving 2 mg dye and 19.9 mg dimyristoylphos-
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phatidylcholine (DMPC) in a small amount (~500 uL) of chloroform,
and then the solvent was evaporated under a nitrogen stream. The
resulting film was rehydrated in 1 mL distilled water and sonicated for
1S min, followed by filtering through a 0.2 pm syringe filter.
Crystallization at different temperatures was conducted by preparing
dyes as described above, but in 1% F108. After adding THF stock
solution and stirring for 3 min, solutions were kept at 4 °C, 25 °C, or
other temperatures (37 °C or 45 °C in a programmable thermal
controller by MJ Research) for 4 h. Microcrystals were then harvested
following centrifugation at 2000g for S min, and scanning electron
microscopy (SEM) was performed.

2.3. Characterization. Absorbance was measured with a Lambda
35 UV/vis spectrophotometer (PerkinElmer) coupled with a Peltier
temperature controller (PerkinElmer, PTP-1 Peltier System). Samples
were placed in the cuvette holder for at least 15 min for heat
equilibration at varying temperatures. For the 15—55 °C thermal
cycling experiment, at least 30 min were required to cool down the
samples at each cooling cycle.

Field emission Scanning electron microscope (JEOL JSM-6500F)
with an accelerating voltage of S000 V was used to determine the
morphology. Microparticles were harvested by centrifugation at 2000g
for 5 min, and the pellet was washed by water 3 times before
characterization.

Dynamic light scattering measurement was carried out using a Nano
7590 Zetasizer (Malvern Instruments) after heating the sample to 70
°C for 30 min.

X-ray diffraction powder pattern was carried out on a Rigaku Ultima
IV with operating conditions 40 kV, 44 mA, and 1.76 kW. The source
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Figure 2. Pluronic effect on crystallizations. (a) Size distribution of Sudan blue II Pluronic micelles upon heating to 70 °C characterized by dynamic
light scattering. SEM images of Sudan blue II microparticles crystallized in (b) Pluronic 10% (w/v) F108 solution, (c) commercials dyes (bulk
crystals) and (d) microfibers formed from dissolving the dye (in an organic solvent) directly in water. (e) XRD patterns of bulk crystals and

microcrystals of Sudan blue II formed with different Pluronic solutions.

of the diffractometer used, was a Cu K « radiation at a 1.54 A
wavelength with a monochromator filter and analyzed in a 6/26 mode
at room temperature. The 26 scan data were collected at a 0.030
interval, and the scan speed was 0.5 deg/min. The technique used for
measuring intensities was the focusing beam method. Before X-ray
diffraction measurement, crystals were centrifuged at 2000g for S min
and resuspended in water, and this washing process was repeated twice
to remove any free Pluronic from the surface of crystals.

3. RESULTS AND DISCUSSION

As shown in Figure 1la, anthraquinone dyes are tricyclic
quinones which are fairly hydrophobic, and various commer-
cially available derivatives with different substitutions were
investigated. Anthraquinones were first dissolved in organic
solvent and then were introduced slowly into an aqueous
solution of Pluronic. As the organic solvent evaporated, the
hydrophobic dyes formed nano or micro particles, with the aid
of Pluronicc. When the temperature of the solution was
increased, the blue color of the anthraquinone Pluronic
solution turned darker. Figure 1b shows 2 uM Sudan blue II
in 1% Pluronic F108 as it exhibited thermochromic behavior
when the temperature was increased from 25 to 45 °C.
Temperature-dependent absorption of Sudan blue II in
Pluronic at different temperatures is shown in Figure lc. At
higher temperatures, two characteristic peaks of Sudan blue II
dye were observed at 645 and 598 nm, which could possibly
attributed to 7- 7 * and n-z * transitions, respectively.’’ At
lower temperature, these two characteristic peaks disappeared
and a longer wavelength peak appeared at 715 nm, with an
isosbestic point at 665 nm. Bathochromic shifts can indicate the
conversion to aggregates or crystals and are based on dye—dye
interactions.’>*" The absorption of other anthraquinones such
as Sudan blue and D&C green at different temperatures is
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shown in Figure 1, parts d and e, respectively. In Pluronic, both
of these dyes also exhibited changes in absorbance with
increasing temperatures. Thermochromism was not observed
when anthraquinones were dissolved in another surfactant,
Triton X-100 (Figure 1f) or in a DMPC liposome solution
(Figure 1g). These alternative solubilization approaches did not
impart thermochromic behavior to the dye, since those carriers
themselves are not appropriately thermosensitive. The spectra
of the dye in liposomes or Triton X-100 resembled that of the
dye in Pluronic at elevated temperatures (where Pluronic
micelles exist) suggesting the dye was similarly dispersed in
those conditions. These spectra resemble that of the dye in
solution in dimethylformamide (Supporting Information Figure
S1). We previously demonstrated that hydrophobic dyes can be
loaded into Pluronic micelles in noncrystalline form.*”
Reversibility is a key factor in practical thermochromic
application and therefore the Sudan blue II Pluronic solution
was subjected to heating and cooling cycles. As shown in Figure
1h, the thermochromism was fully reversible and after 10
heating and cooling cycles, no fatigue in the system was
observed. The absorbance spectra of the 10 cycles are shown in
Figure S2.

To better understand thermochromism, the size was first
investigated using dynamic light scattering and scanning
emission microscopy. At elevated temperature, the anthraqui-
none was dissolved in Pluronic micelles, with sizes around 50
nm (Figure 2a). At lower temperature, the solution became
cloudy, indicating larger particles had formed, which was
verified by scanning electron microscopy (SEM). As shown in
Figure 2b, anthraquinones crystallized into microrods with a
length of ~20 pm using the reprecipitation method while the
bulk materials (commercial dye as it was purchased) exhibited
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Figure 3. Temperature effect on crystallization in 1% Pluronic F108. (a) Thermochromic behavior of Sudan blue II. SEM images of microcrystals
recrystallized at different temperatures (b) at 4 °C; (c) 25 °C; (d) 37 °C; and (e) 45 °C.
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Figure 4. Thermochromism can be controlled by manipulating Pluronic micellization. (a) Thermochromism of Sudan blue II could be tuned by
different types Pluronics (1% F127, 1% F108, and 1% F68 shown in the 1%, 3" and 5% lines, from left to right) or blended Pluronics (mixtures of 1%
F127:F108 (vol/vol = 1:9) shown in the 2™ line and mixtures of 1% F108:F68 (vol/vol = 1:9) shown in the 4th line. (b) Thermochromism of
Sudan blue II could be tuned by different concentrations of Pluronic (F68, 1%, 5%, and 10%). The numbers in parentheses indicate the reported
CMT values of the corresponding Pluronic solutions. (c) Schematic illustration of micellization-dependent thermochromism.

irregular morphology (Figure 2c). Pluronic served not only to
solubilize the anthraquinones at elevated temperatures, but also
played a key role in dye crystallization. The dye was dissolved
in organic solvent and was directly introduced into pure water
without the presence of Pluronic. The morphology of the rods
were fibrous in shape with longer lengths (Figure 2d), rather
than microscale rods. The molecular interactions of Pluronic
and dye likely inhibited dye—dye intermolecular interaction
such as 7—m stacking, hence, the growth of crystals along the
longitude direction was impaired. The structures of micro-
crystals (bulk crystals or the ones formed in Pluronic F127,
F108, and F68 solutions) were investigated by X-ray diffraction
(XRD) analysis (Figure 2e). The sharp peaks show that the

microstructures are highly crystalline; no characteristic peaks of

Pluronic (found at 19° and 24°)* were observed, showing that
Pluronic was not incorporated into the anthraquinone crystal
structures. These bulk crystals and the ones formed in Pluronic
solutions had the similar crystal habits, as shown in Table S1.

As the switching of anthraquinones between the micro- and
nano- phase was temperature-dependent, the temperature effect
in the presence of Pluronic (F108 used as an example) on the
crystallization process was further investigated. As shown in
Figure 1c, as the temperature increased from 5 to 55 °C, the
absorption was thermally responsive, and the absorbance at 715
nm (A;5) decreased sharply, whereas the absorbance at 645
nm (Ags) increased sharply. As shown in Figure 3a, the ratio of
the absorbance (A;5/Ags) at the two wavelength dropped
from 12 to 0, indicating that the dye migrated from
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microcrystals to micelles between 35 and 45 °C. In this
transition region, the characteristic absorption peaks of
microcrystals at 715 nm disappeared gradually, whereas the
characteristic peaks at 645 nm gradually appeared. Next, we
studied the morphology of microcrystals formed below the
CMT and in the transition region. The process of crystallization
in Pluronic was conducted at different temperatures: 4, 25, 37,
and 45 °C. SEM images show that at lower temperatures below
the CMT (4 °C, Figure 3b and 25 °C, Figure 3c, below the
CMT of 1% F108 that is 29.5 °C), microcrystals tended to be
rod shape with a length of 8—10 um whereas at higher
temperatures (37 °C, Figure 3c and 4S °C, Figure 3d) the
microcrystals formed with smaller size, being hexagonal or
square shape with the length of around 2—3 um. This can be
explained with the reasoning that higher temperatures favored
the dye solublization process in the micelles, rather than the
crystal formation process and higher temperatures impaired the
growth of crystals in the longitudinal dimension.

Considering that the Pluronic micellization process is also
temperature sensitive, we hypothesized that the micro- and
nano- phase switching process was related to the micellization
of Pluronic. Therefore, different types of Pluronic with different
CMTs were employed to investigate thermochromism. As
expected, the thermochromic transitions occurred at the
temperatures of CMT of different Pluronics. Given that the
CMT of 1% F127, F108, and F68 are 24 °C, 29.5 °C, and 50
°C, respectively, the thermochromic shifts of Sudan blue II
crystals made and suspended in 1% F127, F108, and F68
occurred close to those CMTs (Figure 4a). The thermochro-
mic transition temperature could be readily tuned by blending
different Pluronics (Figure 4a) or different concentrations of
Pluronic. Figure 4b shows an example of crystals made in 1%,
5%, and 10% F68 (with CMTs of 50 °C, 40 °C, 33 °C,
respectively) and the onset of thermochromic transitions
occurred close to those CMTs; comparison of CMTs and
TTTs is shown in Table S2. Micellization-related thermo-
chromism was based on the presence of micelles that existed
only at elevated temperatures which served as carriers for
hydrophobic anthraquinones. A conceptual representation of
the thermochromism of anthraquinone in the presence
Pluronics is shown in Figure 4c. The formation of microcrystals
or dye-loaded micelles are both driven by hydrophobic
interactions. In the aqueous environment, in order to reduce
surface energy, hydrophobic anthraquinones can interact either
with other anthraquinones or with hydrophobic poly-
(oxypropylene) (PPO) block of Pluronic. At elevated temper-
atures, Pluronic forms micelles with hydrophobic cores
comprising primarily PPO blocks. Anthraquinone dyes tended
to interact with PPO, rather than with other dye molecules
probably because at elevated temperatures where micelles are
present, interaction with PPO can minimize the surface energy.
At lower temperature, Pluronic micelles dissociate into unimers,
leaving no capacity for hydrophobic cargo to encapsulate in a
hydrophobic phase-separated region and the dye tended to
form microcrystals dominated by molecular interactions
between the dyes. There should also exist interactions between
dye and Pluronic as well that enabled microcrystals to be
dispersed in aqueous solution, but interactions between dyes
were favored probably because microcrystals gave minimized
surface energy at lower temperatures.

4. CONCLUSIONS

In summary, we developed a tunable and fully reversible system
to control the thermochromic behavior of anthraquinone dyes
with the assistance of Pluronic block copolymers. The
mechanism was based on temperature-dependent micro- and
nano- phase switching, which unlike conventional thermo-
chromism, can readily and precisely be tuned in a wide
temperature range by the selection of different types,
concentrations, or blends of Pluronics. Besides being able to
manipulate micro- and nano- phase behaviors, these approaches
could provide a convenient method to test CMTs of Pluronic
by measuring TTTs. Such thermochromic materials might
eventually be suitable for applications related to thermal sensors
or temperature feedback systems.
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