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Abstract: Recently, mechanochromic soft materials that
enable smart sensing functions by visual inspection without
the need for special devices have been attracting attention.
We have developed a non-close-packed type elastic colloidal
crystal sheet through a simple shear-induced process. The
colloidal crystal state, in which the (111) plane exhibited
significant orientation due to shear stress, was successfully
stabilized in the 4-hydroxybutyl acrylate (4-HBA) monomer
precursor dispersed with desalted silica colloidal particles
through the implementation of UV irradiation radical
polymerization. Consequently, a solid colloidal crystal sheet
was produced, capable of reversibly modulating its structural | 20 130 140 |BN 160

color in response to elastic deformation. In this article report

will address the stress response functions of this sheet due to elastic deformation of stretching, compressing and
bending. In addition, a rapid structural color change at 4.17 ms unit by impacting. By analysis of tensile and strain
curve, Young’s module was 0.56 MPa, tensile strength 0.73 MPa and elongation brake was 142.9%. In addition,
durability repeating elongating the rubber sheet for 100,000 times. Up now 150 cm? sheet produced by hand made
batch process. This simple process is suitable for scaling up colloidal crystal to mass production and is expected
to have a wide range of engineering applications with mechanochromic materials.

Keywords: silica colloids; poly (4-hydroxybutyl acrylate) elastomer; non-close-packed colloidal crystal; shear
stress; elastic deformation; Bragg’s diffraction; structural color

1. Introduction

In recent years, the study of mechanochromism, in which the structural color of soft materials changes because
of deformation or stress, has become increasingly popular [1-3]. Multilayer films [4], block copolymers [5,6], liquid
crystal elastomers [7], and colloidal crystals [8], including opal [9], inverse opal types [10] and core-shelll colloidal
powders [11], have been studied and attempted to be applied to smart materials in a wide range of fields, from
sports, medical, smart skin, and infrastructure damage detection. For engineering applications, a Role-to-Role
coating process, which has been applied to hydroxypropyl cellulose [12] and core-shell colloids [13], has made
mass production possible.

Elastic non-close-packed type colloidal crystal is one of important soft materials to produce smart materials
with tuning structural color by mechanical deformation. There are two approaches; Core-shell nanospheres were
applied thermally shear stress [11,13] and polymerization repulsively charged colloidal crystals embedded in
monomer and polymerization. The later approach is traditional approach to form non-close packed colloidal crystal
in hydrogel [14]. This method allows colloidal particles to be dispersed in a monomer liquid that does not contain
a water-soluble solvent instead of a hydrogel. Recently, non-close packed type of elastic colloidal crystals has
been attracting much attention due to their wide range of structural color tuning and rubber-like mechanical
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properties. Methods have been reported in which silica particles are dispersed in an acrylic monomer that does not
contain aqueous solvent and then polymerized into an elastomer by radical reaction [15—18], and another method
in which a high-quality colloidal crystal embedded in hydrogel is formed and then replaced with an acrylic
monomer to form an elastomer [19]. Research in this field is expected to have applications in smart skins and other
areas and has been actively pursued in recent years. For example, research is progressing on the analysis of the
relationship between changes in the microstructure (crystal lattice) of colloidal crystals due to deformation and
their optical properties [20]. Additionally, a new type of elastomer that does not change structural color under
elastic deformation has been reported [21]. Furthermore, studies are underway to enhance functionality by
combining mechanochromic properties with other functionalities, such as electronic-optical [22] and magnetic-
optical [23] responses.

Sawada et al., have been investigating colloidal photonic crystals made of soft materials: hydro gels and
elastomers [24]. In the previous works, deionized colloidal particles suspension easily form colloidal crystals and
furthermore the quality of colloidal crystal improved by adjusted applied shear flow. However, colloidal crystal
embedded in hydrogel sheet is too soft and wetted with solvent. From a viewpoint of applications like rubber,
solvent free is better. Thus, silica colloids were dispersed in monomer and deionized by ion exchange resin.
Deionization causes colloidal particles to form crystals, resulting in a reflection peak. It is believed that removing
residual Na* ions and other impurities from silica particles during synthesis causes the electric double layer around
colloidal particles to expand, leading to electrostatic repulsion and an Alder phase transition, thereby forming
colloidal crystal. Highly charged silica formed a repulsion layer and formed multi-crystals colloidal crystal in
monomer liquid. It is well known that shear stress is important for forming orientated colloidal crystal [25]. A
shear stress method was used as following procedure and finally monomer liquid was changed to solid rubber like
elastomer by polymerization of UV radical reaction [26]. Non close packed colloidal crystal with uniform
structural color is important for practical mechanochromic applications.

Figure 1 shows the concept image of the process. (A) Preparing UV-curable colloidal dispersion: silica
nanosphere are dispersed in UV-curable acrylate monomer liquid, (B) Randomly oriented colloidal crystal grins
are formed by deionization originated from electrostatic repulsion layer expanding, (C) Orientation of colloidal
crystal planes due to shear stress near the glass plate, and (D) UV-radical polymerization of liquid monomer to
solid without broking colloidal crystal, as a result non-close-packed type silica colloidal crystal to fix in solid
elastomer. As described later, deionized treatment improves the uniformity of structural color for large size (over
150 ¢m?) in colloidal crystal embedded in elastomer sheet. The objective of this study is to provide a
comprehensive report on the fundamental photonic functions of an elastic colloidal crystal sheet under typical
deformation modes, including stretching, compression, and bending. Furthermore, we have demonstrated a simple
and pragmatic photonic functions of elastic colloidal crystal rubber, including strain imaging through the impact
of an object and the durability of a large number of cyclic deformations.
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Figure 1. Conceptual diagram of the process for producing colloidal crystal highly-oriented in an elastomer matrix
using electrostatic repulsion. (A) silica nanospheres are well dispersed in a precursor liquid of monomer, (B) ion
exchange resin is used to deionize the colloids to form small size grains of colloidal crystal with random orientation
planes, (C) the colloidal crystals are oriented in one direction by shear stress near the glass plate, and (D) the precursor
is polymerized by UV irradiation with a radical initiator, and the colloidal crystals are immobilized in the elastomer.
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2. Materials and Methods

As a precursor, silica nanospheres were dispersed in UV curable monomer liquid. Monodispersed silica
nanosphere (Silbol 150, Fuji Chemical Co., Ltd., Osaka, Japan) was dispersed in 4-Hydroxybutyl Acrylate (4-HBA,
Osaka Organic Chemical Industry Ltd., Osaka, Japan). 2-Hydroxy-2-methylpropiophenone (Sigma-Aldrich,
St. Louis, MO, USA) is a radical photo-initiator (PI) molecule that was used in the polymerizing 4-HBA monomer
by exposure of UV radiation. AG 501-X8 Mixed Bed Resin, biotechnology grade (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) was selected as deionized ions from the precursor monomer of 4-HBA and silica colloids.

The concentration of silica in the dispersion was 20 wt% was mixed with 1 wt% PI by tube rotator for
30 min. The de-ionized dispersion indicates a milky bright structural color due to Bragg’s diffraction from small
grain sized colloidal crystals. Supplemental Figure S1 shows a conceptual flow of making rubber sheet from
deionized 4-HBA precursor. This deionized 4-HBA precursor silica suspension was infilled into a between two
glass substrates with a 1 mm spaced gap for applying shear stress, as shown in Figure S1B. The lower glass
substrate by uniaxial vibration indued a shear stress to 4-HBA precursor. The typical vibration motion was 10 Hz
and amplitude length of 1 mm (Vibration shaker (SSV-105) and controller (SVA-ST-30), San-Esu Co. Itd., Tokyo,
Japan). As a result, the structural color became more vivid as many small colloidal crystal grains with randomly
oriented planes were oriented perpendicular to the glass surface. After stopping the vibration, UV LED light was
irradiated through the glass plate as shown in Figure S1C. The 4-HBA liquid changed solid elastomer.

A 365 nm UV LED array (MBRL-CUV7530, 4.3 W LED module and MLEK-A230W2LRDB controller,
MORITEX Co., Yokohama, Japan) was used for UV irradiation. As a result, 4-HBA monomer was polymerized to
homopolymer with highly (111) plane-oriented colloidal crystal. The glass transition temperature of poly(4-HBA)
elastomer is—40 degrees C and shows elastic function like rubber. The LED modules (75 mm % 30 mm) were joined
and cover the entire area of the standard sample size, 100 mm x 100 mm. After UV curing, poly (4-HBA) elastomer
sheet with uniform structural color was obtained, and a free-standing elastomer sheet of 1 mm thickness was formed
by peeling from glass sheet. To support the mechanical strength and improve the structural color, the elastic poly(4-
HBA) sheet was bonded to a 1 mm thick black colored chloroprene rubber CR sheet (CB260N, 1 mm thickness,
AKITSU Industry Co., Ltd., Hiroshima, Japan).

3. Measurement and Equipment

The reflectance spectra of the poly (4-HBA) elastomer sheets and silica colloid dispersions of monomer were
recorded using a miniature fiber optic spectrometer (Ocean Optics, USB2000+, Dunedin, FL, USA). The incident
light was perpendicular to the samples (to measure specular reflectance, the probe was oriented at 90° to the sample
in a reflectance probe holder) at a local spot (less than 2 mm in diameter) by HL-2000 tungsten halogen light
source. The fiber has a core diameter of 200 pm, a numerical aperture of 0.22, and is banded with six illumination
fibers around a single read fiber. Using this probe fiber, we measured the reflectance to analyze the shift of the
Bragg diffraction peaks due to elastic deformations. In addition, transmittance spectroscopy at different angles of
incidence was used to estimate the spacing of the silica array planes. A UV/VIS spectrophotometer with a variable
angle specular transmittance accessory (V-570, JASCO Co., Tokyo, Japan) was used. This simple analysis method
was reported in our previous paper [27]. In the transmission spectrum, the wavelength position of the valley
corresponds to the wavelength of the Bragg diffraction peak. By analyzing the correlation between the angle of
incidence and the wavelength of the valley, the interplanar spacing of the particle array plane can be determined.
Refractive index of monomer 4-HBA and poly(4-HBA) elastomer was measured with an abbe refractometer at the
wavelength of D-Line (NAR-1T SOLID, ATAGO Co., Ltd., Tokyo, Japan).

Reflection photo image and movie were obtained under using a flat high brightness LED white light (LED
viewer 5000A, Color temperature: 5000 K, Shinkosha, Co., Tokyo, Japan) irradiation. Digital camera (EXILIM
EX-F1, CASIO Computer Co., Ltd., Tokyo, Japan) and with a smart phone camera with 240 fps slow movie mode
(iPhone 6 Plus, Apple Inc., Cupertino, CA, US). A part of photo images was taken using a coaxial vertical
illumination to obtain uniform structural color image. Stretching and bending of rubber sheets was done by a one-
axis manual stage. Compression and impact experiments were conducted using a homemade device shown in the
attached figures below.

Stress-strain curves were measured by uniaxial tensile equipment (ZTA-500N+FSA-1KE-500N, IMADA
Co., Ltd., Aichi, Japan). The Danbel-shaped test piece with 1.03 mm thickness was punched out using a metal
template (JIS K6251 #8). The width of center was 4 mm. Initial length of the test piece was 28 mm between
gripping’s length. Due to technical reason, the elongation of test piece was measured as the gripping’s length.
Durability test was performed by desktop model endurance test machine (DMLHP-PP, Yuasa System Co., Ltd.,
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Okayama, Japan). The elastomer had a width of 10 mm, an initial length of 40 mm, and an elongated length of
55 mm. The elongation was 55/40 = 137.5%.

4. Results & Discussion

4.1. Deionized Silica Colloidal Crystal in 4-HBA Monomer Liquid

Figure 2 shows the analysis of the Bragg’s diffraction of the silica colloidal crystals dispersed in monomer
liquid formed by deionization. Figure 2A shows typical reflection spectrum with and without deionization
treatment. Silica of 150 nm diameter colloids were dispersed in 4-HBA monomer liquid and deionization using
ion-exchange resin. A single diffraction peak appears around 653 nm after deionization. This single peak due to
Bragg’s diffraction from array of silica colloidal crystal planes. Supplemental Figure S2 compares two cuvettes at
20 wt% silica colloids, the left with de-ionization shows light red color and the right without deionization as shown
in the photo A. The left cuvette shows light red color due to the Bragg’s diffraction of 653 nm peak. The color of
the cuvette is strongly influenced by the direction of the incident light. In the photo C, the light is reflected
specularly, and the color appears red. In the photo D, the light is reflected at a 90° angle and the color appears light
green or light blue. In the photo B, the light is reflected at a 45° angle and the color of the fiber illumination appears
light orange, while the color of the light reflected at a 90° angle appears light green. From these observations, we
can conclude that the color is a structural color with angle dependence.
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Figure 2. Colloidal crystals formed by silica colloidal particles dispersed in monomer (4-hydroxybutyl acrylate,
4HBA) liquid. (A) The effect of deionization treatment using ion exchange resin on crystallization, (B) The effect
of silica particle concentration on the reflection peak wavelength of the colloidal crystal.

Supplemental Figure S3 shows the silica concentration effect changes the structural color of colloidal crystal
in 4-HBA monomer liquid. At low concentration of 15 wt% shows red and high concentration of 50 wt% shows
purple. This color change depends on peak shift of the diffraction peak at specular reflection. The diffraction peak
position corresponds to the silica particle concentration as shown in Figure 2B. The peak position wide varied
from 460 nm to 722 nm, i.e., covering from almost entire visible color region to near NIR region. This means that
the lattice distance of colloidal crystal can be tuned by only particle concentration silica colloids in wide visible
color range [13,14]. In this paper, we selected initial structural color as red for colloidal crystal rubber sheet for
tunable structural color function by mechanical deformations for wide color changeable range.

4.2. Silica Colloidal Crystal in Poly(4-HBA) Elastomer Solid Sheets

Figure 3 shows the uniaxial tensile stress-strain curves of silica colloidal crystals in a poly(4-HBA) elastomer
sheet. Photo A shows the elongation of the elastomer sample just before fracture. At the time of fracture, the tensile
stress was 3.0 N, and the elongation was 40 mm, as shown in Figure 3B. The tensile strength was calculated to be
0.728 MPa. The elongation at break was 142.9%. The Young’s modulus (elastic modulus) can be determined from
the slope of the strain-stress curve. Therefore, the Young’s modulus was derived from the slope under the low-
load conditions (less than 35%) shown in Figure 3C. The correlation coefficient exceeded 0.998, and the Young’s
modulus was 0.56 MPa.
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Figure 3. Mechanical property measurement by uniaxial tensile. (A) Stretched danbel form specimens, (B) Stress-
strain curves were plotted up to the point of failure and (C) Stress-strain curves at low load conditions.

Figure 4 shows silica colloidal crystals embedded in 4-HBA on a black color supporting CR rubber sheet.
Figure 4A shows a uniform structural color over an area of almost 100 mm % 100 mm. The structural color of
4-HBA elastomer is brighter red, peak position around 637 nm. The refractive index of monomer 4-HBA was
1.452, and that of 4-HBA elastomer was 1.493 at 25 °C. On the other hand, the refractive index of the silica colloid
is about 1.45, and the refractive index contrast increases as polymerization progresses from monomer to elastomer.
This may be one of the reasons why UV radical polymerization contributes to the vividness of the structural color.
The photo image was taken using a coaxial vertical illumination. Figure 4B shows a conceptual diagram of the
cross-section of the rubber sheet. Colloidal crystal layer was 1 mm and thickness of the black color rubber sheet
is also 1 mm. The white light incident at right angles to the colloidal crystal is split into reflected and transmitted
light at the alignment planes of the silica particles. The reflected light, due to Bragg’s diffraction, depends on the
spacing between the alignment planes and causes the red structural color in Figure 4A. Light of other wavelengths
transmitted through the colloidal crystal is absorbed by the black supporting rubber sheet. The Bragg’s diffraction
peak can be expressed by as following equation [27].

A=2d \/(ngvp +n&V,) —sin2 6 (D

Here, 4 is the peak position, d is the interspacing between the particle array planes, n, is the refractive index
of the colloidal particles, ¥} is the volume of the colloidal particles, nn is the refractive index of the matrix, Vi, is
the volume of the matrix, and @ is the angle of the incident light.

Figure 5 shows the transmittance spectrum at different tilting angles 8 and delivered the linear relationship
derived from Equation (1). Here due to a simple measurement method, the Bragg’s diffraction peaks were
corresponding to the dips in the transmission spectrum. From the slope of the line in Figure 5B is 0.4775, the
interspacing of silica planes, d was obtained as 229.5 nm. In the case of a colloidal crystal with silica particles
arranged in the closest packing of 150 nm silica colloid, the distance between the planes of the silica array can be
calculated to be 122.5 nm. Therefore, the difference in interplanar spacing between the non-closest packed and
closest packed colloidal crystals is 107 nm, which is a maximum displacement that can change the interplanar
spacing. This corresponds to a wavelength of approximately 289 nm when converted to the wavelength of the
diffracted peak. The wavelength of the initial state of the non-close-packed colloidal crystal elastomer is 637 nm
(red), and it covers a wide range of visible light from 348 nm (ultraviolet region), which means that the range of
visible color change is wide due to the advantage of non-close packed colloidal crystal architecture.
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Figure 4. An elastic sheet of colloidal silica crystals arranged in a regular pattern in an elastomeric matrix. (A)
Digital camera photograph of the surface of the sheet taken under coaxial illumination, showing the nearly red
structural color spread over the entire area of the sheet. (B) Cross section of the rubber sheet and the concept of
structural coloration by selective reflection. Incident white light is selectively reflected only in red by the colloidal

crystal sheet. Light of other colors passes through the colloidal crystal layer and is absorbed in the black rubber
sheet of the supporting substrate.
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Figure 5. Measurement of the interplanar spacing of colloidal crystals in Poly(4-hydroxybutyl acrylate) using the
Bragg-Snell formula. (A) Transmittance spectra measured at different angles, from 0° to 30° in 5° steps,
(B) Measurement data plotted against wavelength and angle of incidence, showing a linear relationship between
the two, and the interplanar spacing of the colloidal particles can be calculated from the angle of the straight line.

4.3. Mechnochromic of Silica Colloidal Crystal in Poly(4-HBA) Elastomer

Figure 6 shows the structural color change due to the application of basic mechanical forces; stretching,
compressing, and bending. An initial red structural color shown in the photo A was changed to green color by
horizontal directional stretching shown in the photo B. A disk-shaped sample sandwiched between two glass
plates. The initial sample with no pressure shows a red structural color as shown in the photo C. On the other hand,
the disk with pressure applied by the glass plate changed to green color as shown in the photo D. For bending
deformation, there are two types, convex and concave, as shown in the photo E and the photo G. The original sheet
shown in the photo F is red color. In the photo E, the structural color changed to green color by convex bending.
In contrast in the photo G, the structural color changed to deep red color in the middle area by concave bending.
The structural color change is available as a Supplementary Video S1.
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Figure 6. Structural color change due to mechanical-elastic different deformation modes. (A) an initial rectangular
specimen, (B) under stretching, (C) an initial disk specimen, (D) under applied pressure by pressing a glass plate.
(E—G) show the structural color change by convex and concave bending of a 100 mm square plate.

As the first deformation mode, the colloidal crystal was stretched in one direction using a single-axis stage.
The change in structural color due to stretching is shown in the comparison images of coaxial irradiation in
Supplementary Figure S4. Before stretching, the red structural color at 0 mm changes to green when stretched to
6 mm. When the stretching is stopped and the stage is returned to its initial state, the structural color returns
perfectly to red. Structural color changes are quantitatively analyzed by Bragg diffraction analysis via reflection
spectroscopy. Figure 7 show the elastic colloidal crystal was stretched to 8§ mm in 1 mm increments and the
reflectance spectrum was measured at each strain. Figure 7A shows that the Bragg’s diffraction peak shifts to a
lower wavelength direction and the reflection intensity decreases due to elongation. Figure 7B shows the
relationship between the diffraction peak wavelength and elongation. When comparing the linear approximation
and quadratic equation approximation on Figure 7B, the correlation coefficient R? is closer to 1 for the latter and
expressed as following equation.

A =637.9 —16.8AL + 0.51AL? 2)

This result suggests that elastic colloidal crystal can be applied to tension sensor by elongation.
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Figure 7. Analysis of structural color changes due to stretching using reflectance spectrometry. (A) Change in
diffraction peak due to stretching, (B) relationship between peak wavelength and stretching length.

Next mechanical mode, we investigated structural color change by compressing deformation. A compression
test on elastic colloidal crystals that had been punched out and molded into a disc shape using the equipment and
setup described in Supplementary Figure S5. The concept idea of measurement is shown in illustration of Figure
S5A. The sensing part of the probe is contacting to the surface of the top table of weigh meter photograph shown
in the photo B. The diameter of the disk was 5.5 mm in diameter was mounted on the edge of probe shown in the
photo C. The pressure applied to the disk sample came from compressing by vertical moving one dimensional
precision stage and as measured by the weight meter. Figure 8 shows change of Bragg’s diffraction peaks by
increasing pressure on the disk. By increasing pressure, the Bragg diffraction peak shifted to a lower wavelength
and its intensity also decreased monotonically (Figure 8A). The relationship between the peak wavelength and
pressure is shown in Figure 8B. When comparing the correlation of the two-order approximation fit better than the
first-order (linear). In this experiment, the increase in area due to compression was not taken into account. This should
affect the approximation of the correlation, but it is currently difficult to measure, so we used the following equation.

A= 6242 —2.1P + 0.024P2 3)

By calibrating with the weight scale for each disk, the probe system of colloidal crystal elastomer can be used
as a tactile sensor.
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Figure 8. Analysis of structural color changes due to compression using reflectance spectrometry. (A) Change in
diffraction peak due to compression, (B) relationship between peak wavelength and compression force.

Figure 9 shows a bending deformation mode. There are two types of bending, concave and convex, and they
have different optical property. The concavity bending show in the photo A and the center indicates red color. In
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contrast convexity bending show in the photo B and the center area indicates green color. To investigate the
mechanical deformation on both bending, to compare Bragg’s diffraction peak shifts shown in Figure 9D,E. In
addition, the bending quantity was evaluated by deflection, d as shown in the photo C. As increasing deflection d,
Bragg’s diffraction peak shift to long wavelength in concavity bending. In contrast, Bragg’s diffraction peak shift
to short wavelength in convexity bending. The relationship deflection and peak position for both bending modes
are shown in Figure 9F. A linear relationship is expressed as following equation.

1 =616.4 —28.28d @)

More detailed information on the mechanism of structural color changes in the two modes were investigated
in Supplementary Figure S6. Photographs A, B, and C correspond to concave, flat, and convex curvature,
respectively. The flat silica colloidal crystal elastomer shows a uniform red structural color for all area, and its
cross-sectional view image is shown in Figure S6E. The elastic colloidal crystal sheet is composed of a 1 mm thick
colloidal crystal sheet and a 1 mm thick black rubber sheet. The neutral axis of the bending deformation is the
junction layer of the two parts. The plane spacing affects the compression and tension caused by bending. This is
mainly the central region of the rubber sheet. In addition, the inclination angle of the plane also affects the structural
color change caused by bending deformation. As shown in Figure S6D, the concave center part is subjected to
compressive strain. As a result, the center part shows a deeply red color, and the two sides indicated by the white
arrows show green and yellow. The color change on both sides is due to the sample tilting due to the concave
bending deformation. As shown in Figure S6F, the convex central part is subjected to tensile strain. As a result,
the colloidal crystal plane is compressed and the central part changes color to green. On the photo C, both side of
the center area also may influence of tilting angle. However, it is not clear structural color change compare with
the photo A. The phenomenon of peak shift due to bending deformation shift to longer or shorter wavelength has
potential applications in bending sensors. However, bending deformation is dependent on the depth of the sample
and produce tilting effect, it is complicated to be applied to sensor applications. Next, we investigated at the
characteristics of long period stretching, and impacting phenomena as characteristics related to practical needs.
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Figure 9. Analysis of structural color changes due to bending in convexity and concavity deformation. (A) concavity
bending, (B) concvexity bending, (C) cross section image of the concvexity bending, (D) change in diffraction peak
due to concavity bending, (E) change in diffraction peak due to concvexity bending and (F) a relationship deflection
of bending and peak position.

4.4. Structural Color Material Properties for Practical Use

For structural color material properties for practical use, we will show two topics: Rapid structural color
change by impaction and durability evaluation of repeatable elastic deformation. The former visualizes the change
in the impact that the rubber sheet receives when a SUS steel ball falls as structural color. The video movies were
shot in slow motion mode (240 frames per second, fps) using an iPhone camera. The details of the video shooting
are shown in Supplementary Figure S7. An i-phone was set up below the position of the elastic colloidal crystal
sheet. A steel ball was dropped and collided to the back rubber side and pressure was imaging bottom surface of
the elastic colloidal crystal sheet. As a result, the structural color change enables to observe from downside. White
LED backlighting (color temperature 5000 K) was applied to white diffused glass at an angle of approximately
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45 degrees, and the reflected light was applied to the rubber sheet from below side. The pressure distribution image
on the rubber sheet was acquired by the camera of the i-phone through the transparent acrylic plate. Figure S7B
shows a series of each snap shot images at 240 fps mode. One frame (f) is equivalent to 1/240 of a second, or
0.004167 s. This is equivalent to 4.17 milliseconds. This means the 10th frame image is after 37.6 ms from the 1st
frame. We can obtain high speed camera images with 4.17 ms resolution. The video movie can be available in
Supplementary Video S2. Another movie was analyzed as shown in Figure 10. The position of the impact was first
confirmed in the second frame. In the fifth frame, the color changes to a vivid green. In the seventh frame, the
structural color of the second position changes due to the second collision of the rebounding steel ball. In the
twentieth frame, the third position changes color. The structural color change caused by compression due to the
collision can be visualized as a high-speed phenomenon with a minimum step of 4.17 ms or less. On the other
hand, it takes some time for the elastically deformed area to return to its original shape, and the structural color
change (from green to red) is slower than the collision. However, it recovered to its original structural color of red
within one second. From these results, it is expected that by using a high-resolution high-speed camera, it will be
possible to visualize collision phenomena of less than 1 mS as structural color changes, and by using the correlation
with compression phenomena shown in Figure 8, it will be possible to analyze the change in stress distribution at
high speeds. In this experiment, the slow-motion function of a commercially available general-purpose smartphone
was utilized. The employment of a high-resolution high-speed camera will facilitate the capture of high-speed
phenomena with enhanced precision, which is anticipated to be instrumental in elucidating collision phenomena.

Oms 4.17ms 20.83ms 29.17ms
- - -

= 10 mm l

145.95ms 83.34ms 45.84ms 41.67ms
<m e <am

Figure 10. Rapid structural color change by impacting on a steal ball on an elastic colloidal crystal sheet shown in
Figure 3A. The images were taken by 240 frames per second (fps) movie mode of iPhone camera. Eight snapshots
corresponding to 0 ms to 145.95 ms, respectively.

One of issues on strain sensor issues to be addressed for practical application is the evaluation of durability
against repeated elastic deformation. The desktop device (DMLHP-PP, Yuasa System Co., Ltd.) used in the
evaluation test is shown in Figure S8. The photo A shows the appearance of the device. The rubber sheet was
stretched in one direction by 15 mm at a rate of 15 times per minute (The video movie can be available in
Supplementary Video S3). The photo B is a snapshot of the state before stretching, and the photo C is a snapshot
of the state after stretching. The former shows a red structural color, and the latter shows a green structural color.
As a durability test, we decided to check whether the structural color change function of the elastic colloidal crystal
could be maintained after 10,000 or 100,000 cycles of stretching. The evaluation results are shown in Figure 11.
The graph A shows the reflectance spectrum of the rubber sheet with initial state (sample length of 40 mm) and
stretching (sample length of 50 mm) before durability test. The red line shows the structural color of initial state
with a peak wavelength 600.0 nm. In contrast, stretched 10 mm from its unloaded state shows green structural color
with a peak wavelength 560.5 nm. Figure 11B shows comparison three state conditions. It was confirmed that the
structural color changes with elastic deformation and that this function is maintained even after 100,000 cycle tests.
There is no change or damage after durability test. Although there is a little variation in the peak wavelength due to
differences in the measurement points, we can conclude that the durability of the material is not a problem.
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Figure 11. Evaluation of durability by repeated stretching. (A) comparing the initial state (length of sample: 40 mm)
and after stretched (50 mm), (B) Comparison of peak wavelengths after repeated stretching of the sample. Red bar
(no stretching) and blue bar (under stretched) after 0, 10,000 and 100,000 cycles elastic deformation.

5. Conclusions

By embedding non-close packed colloidal crystals of silica colloidal particles in polyacrylate elastomer, we
fabricate smart material sheet whose structural color changes with elastic deformation.

The formation of this colloidal crystal elasticity was achieved by aligning the silica particle orientation planes
through desalination and shear stress using ion exchange resin. In addition, the monomer 4-HBA was polymerized
through UV irradiation radical polymerization. The lattice constant of the initial colloidal crystal depended on the
particle concentration, and by adjusting it to 20 wt%, the structural color of the colloidal crystal was designed to
be red. This elastic sheet was made from 1 mm thick 4-HBA polyacrylate with 150 nm silica particles oriented in
one direction at distance of 225 nm between the surfaces. By attaching it to a 1 mm thick black rubber sheet, it
becomes a rubber sheet that reversibly changes color with deformation, with a vivid structural color.

In this paper, we investigated three basic mechanical deformation modes (stretching, compression, and
bending) as well as impact and durability. In stretching and compression, the peak wavelength of the Bragg
diffraction that causes structural color was found to be simple correlated with the amount of stretching,
compression stress, and bending (displacement). On bending is two type mode of deformation, concavity and
convexity. On concavity bending deformation, peak shift to shorter wavelength. In contrast, concavity
deformation, the peak shift to longer wavelength. Bending is also corresponding a simple relationship between
peak position and deflection. These three modes suggest that mechanical deformation is applied to smart sensing.
In finally, using a high-speed camera, rapid strain changes images on 5 ms order were obtained in the impacting
test. The imaging function the strain mapping enables wide applications from sport to industry. Finally, the
durability test for elongation suggests that practically application use. 100,000 cycle stretching the rubber has kept
the tunable structural color function.

Supplementary Materials: The supporting information can be downloaded at: https://media.sciltp.com/articles/others/
2505151015568327/MI-Supplement.zip.
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Abstract: Photochromic materials are pivotal for

rewritable smart media, yet conventional systems suffer 750
from sluggish kinetics, UV dependency, and low =
optical contrast. Herein, we present a visible-light- X
responsive  Sn-TiO»/phosphotungstic acid (PTA) ‘?‘:z%\
nanocomposite film mediated by polyvinylpyrrolidone IZOQ

(PVP) that addresses these challenges through
interfacial engineering and bandgap modulation. Sn-doped TiO, nanoparticles, synthesized hydrothermally, are
covalently linked to phosphotungstic acid (PTA) clusters via PVP-assisted dispersion, enabling efficient charge
separation under 450 nm illumination. The Sn-TiO»/PTA/PVP nanocomposite film achieves ultrafast coloration
within 10 s, attributed to the reduction of W to W3* in PTA. The colored state exhibits remarkable air stability
(48 h) and rapid recovery (<30 min) via H>O, vapor, sustaining >80 reversible cycles without degradation. With a
narrowed bandgap (2.23 eV) and broadband intervalence charge transfer (IVCT) absorption (600-800 nm), the
film demonstrates high-contrast black-state coloration and 2-day legibility as a rewritable medium. This work
overcomes the limitations of organic dyes and UV-dependent systems, offering an inorganic, eco-friendly platform
for smart displays, anti-counterfeiting labels, and energy-efficient photochromic technologies.

Keywords: photochromic nanocomposites; visible-light response; Sn-doped titanium dioxide; phosphotungstic
acid; rewritable smart media

1. Introduction

Photochromic materials, capable of reversible color changes under external stimuli, have emerged as critical
components in smart windows [1—5], rewritable media [6—12], and anti-counterfeiting systems [13—18]. Among
inorganic photochromic candidates, transition metal oxides (e.g., WOs3;, MoQs, TiO;) and polyoxometalates
(POMs) dominate due to their thermal stability, environmental robustness, and tunable redox properties [19—25].
However, conventional systems face intrinsic limitations: (i) narrow visible-light absorption (typically <450 nm) due
to wide bandgaps [26—28], (ii) sluggish coloration/bleaching kinetics caused by inefficient charge separation [29],
and (iii) low optical contrast due to their characteristic blue/gray coloration, which reduces readability under ambient
lighting [30]. For instance, Zhang et al. [31] reported UV-driven TiO,/PMoA rewritable paper with a 70-cycle
lifespan, yet its reliance on UV light and blue-phase coloration pose safety concerns and visual limitations, such
as poor legibility under white-light illumination. These unresolved challenges underscore the need for material
systems that simultaneously achieve visible-light activation, rapid switching kinetics, and high-contrast optical states.

Recent advancements focus on enhancing light absorption and charge transfer efficiency through
nanostructuring [32,33], heterojunction engineering [34—36], and doping strategies [5,37,38]. Sn-doped TiO, (Sn-
TiO,), for example, demonstrates extended visible-light response (up to 450 nm) by introducing intermediate
energy levels via Sn*'substitution, which introduces intermediate energy levels to narrow the bandgap [39].
Concurrently, phosphotungstic acid (PTA, H;PW1,04), a Keggin-type POM, exhibits reversible redox activity
and structural integrity during coloration [29,40,41]. Xiong et al. [42] developed PTA-polyurethane films with
UV-triggered photochromism, yet their reliance on UV light and slow recovery (>5 h) limit scalability. Hybrid
systems combining Sn-TiO, with organic dyes (e.g., neutral red) partially address visible-light activation [39], but
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organic components degrade rapidly under prolonged irradiation and fail to achieve black-state coloration due to
narrow absorption bands. Despite these efforts, achieving inorganic composites with integrated fast color
switching, black-state optical contrast, and visible-light-driven photochromism remains a formidable challenge.

A critical yet underexplored aspect lies in achieving a high contrast black-state through tailored IVCT absorption.
While reduced POMs typically exhibit broad absorption in the near-infrared region (600-800 nm) [43—45], their
integration with visible-light-active semiconductors could enable intense black coloration by spanning the entire
visible spectrum. However, this requires precise interfacial engineering to maximize electron transfer efficiency
and minimize parasitic absorption losses. Recent studies on polyvinyl alcohol-polyethyleneimine-PTA (PVA-PEI-
PTA) composites achieved grey mauve [41], but their limited IVCT bandwidth and insufficient electron density
prevented true black-state formation. Thus, designing a material system that synergizes visible-light absorption,
efficient charge transfer, and broadband IVCT transitions is essential for high-contrast photochromic applications.

In this work, we propose a PVP-mediated Sn-TiO»/PTA nanocomposite film that synergizes visible-light
absorption, efficient charge transfer, and black-state optical contrast. By employing PVP as both a dispersant and
interfacial stabilizer, Sn-TiO, nanoparticles and PTA clusters are uniformly integrated, enabling enhanced charge
separation while suppressing recombination. This architecture enables dual functionality: (i) Sn** doping narrows
the TiO, bandgap to 2.23 eV, extending absorption to 450 nm, and (ii) PTA acts as an electron acceptor, triggering
broadband IVCT transitions between W>* and W species upon reduction. The optimized nanocomposite film
achieves ultrafast coloration (10 s) under 450 nm illumination, sustains >80 reversible cycles via H,O, vapor
treatment, and delivers intense black coloration through synergistic visible-light absorption and IVCT transitions.
As a rewritable medium, the film enables high-resolution patterning with 2-day legibility, surpassing the
performance of organic dye-based and UV-dependent systems. This work establishes a sustainable, inorganic
platform for smart displays and energy-efficient photochromic technologies, addressing the long-standing trade-
offs between speed, contrast, and stability.

2. Experimental Part
2.1. Materials and Methods

2.1.1. Materials

Titanium (IV) ethoxide (Ti(OC;Hs)4, 33—35%) was purchased from Macklin Biochemical Co. Ltd., (Shanghai,
China) Ethylene glycol (EG, 99.0%), tin (II) chloride dihydrate (SnCl,-2H,0, 98.0%), polyvinylpyrrolidone (PVP,
K30), and phosphotungstic acid (PTA, H3PW2040-21H,0, 99.9%) were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Hydrazine hydrate (N>H4 H>O, 80%) were purchased from Tianjin Damao
Chemical Reagent Factory, (Tianjin, China). Glass substrates (2.5 x 2.5 c¢cm?) were purchased from Luoyang
Nuozhuo Technology Co. Ltd. (Luoyang, China). All chemicals were analytic grade and used without any further
purification during the synthesis.

2.1.2. Synthesis of Sn-TiO, Nanoparticles

Sn-TiO; nanoparticles were synthesized via a hydrothermal method. In a typical procedure, SnCl,-2H,0
(0.216 g, 0.96 mmol) was dissolved in EG (33 mL) under magnetic stirring (500 rpm, 30 min). Ti(OC,Hs)4 (1 mL)
was added dropwise to the solution, followed by N,H4 -H,O (2 mL, 80%) under continuous stirring (30 min). The
mixture was transferred into a 50 mL Teflon-lined autoclave (Shanghai Yanzheng Experimental Equipment Co.,
Ltd., Shanghai, China) and heated at 200 °C for 36 h. Light yellow precipitates were obtained by centrifugation,
washed 3 times with acetone, and then dried overnight at 60 °C.

2.1.3. Fabrication of Sn-TiO»/PTA/PVP Nanocomposite Films

A precisely measured quantity of 14.4 mg Sn-TiO» nanoparticles was dispersed in a mixed solvent system
containing 100 mg of 20 wt.% PVP aqueous solution, 0.6 mL EG, and 103 mg of PTA solution (5.76 g/mL). The
resultant suspension underwent magnetic stirring to ensure uniform colloidal distribution. The optimized coating
formulation was then deposited on pre-cleaned glass substrates (2.5 cm x 2.5 cm) followed by drying at 60 °C for
6 h to obtain the typical Sn-TiO,/PTA/PVP nanocomposite films with Sn-TiO,:PTA molar ratio of 5:1. Films with
varying Sn-TiO,:PTA molar ratios (3:1, 7:1) were prepared by adjusting precursor quantities. Three independent
batches were fabricated for each ratio to ensure reproducibility.
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2.1.4. Characterizations

The X-ray powder diffraction (XRD) patterns of the products were performed on a Rigaku SmartLab
diffractometer with Cu Ka radiation (L = 1.54178 A). Scanning electron microscope (SEM) images were
performed on a Hitachi SU8S010 microscope. Transmission electron microscopy (TEM) images and elemental
mapping results were obtained on Hitachi-7700 and FEI Tecnai G2 F20 microscopes. X-ray photoelectron
spectroscopy (XPS) measurement was measured on an Imaging Photoelectron Spectrometer (Escalab 250X,
Thermo Scientific, Waltham, MA, USA) with a monochromatic Al Ka X-ray source. The Fourier transform
infrared (FTIR) spectra were conducted on a Bruker Alpha spectrometer in the range of 500-4000 cm™'. UV-vis
absorption spectra were measured using a UV—vis spectrophotometer (UV-2600, Shimadzu Co., Tokyo, Japan)
equipped with an integrating sphere unit (ISR-2600, Shimadzu Co., Tokyo, Japan). The Raman spectra were
recorded on a micro-Raman LabRAM HR800 spectrometer (Horiba Jobin Yvon Ltd., Tokyo, Japan) with a 633 nm
laser. Electron spin resonance (ESR) spectrum was measured with a bruker ESR5000 spectrometer at X-band at
77 K. All photochromic tests were conducted under ambient conditions (temperature: 25 + 2 °C; relative humidity:
50 + 5%; atmospheric oxygen content: ~21%). The digital photographs were obtained by a cellphone.

2.2. Results and Discussion

2.2.1. Synthesis and Structural Characterization of Sn-TiO»/PTA/PVP Nanocomposite Films

The Sn-TiO»/PTA/PVP nanocomposite films were synthesized through a hierarchical strategy combining
hydrothermal synthesis of Sn-TiO, nanoparticles and their subsequent integration with PTA clusters via PVP-
mediated interfacial engineering. The structural evolution and chemical interactions within the nanocomposite
were systematically investigated using XRD, TEM, FT-IR, XPS, and UV-vis spectroscopy.

The crystalline structure of the synthesized components was first evaluated via XRD. As shown in Figure 1a,
pristine Sn-TiO, nanoparticles exhibited distinct diffraction peaks at 27.4°, 36.1°, and 54.3°, corresponding to the
(100), (101), and (211) planes of the rutile TiO, phase (JCPDS No. 21-1276) [38]. Notably, the absence of SnO»-
specific peaks (e.g., ~26.5° and ~33.8°) confirmed that Sn** ions were substitutionally doped into the TiO; lattice
rather than forming segregated SnO, phases [46,47]. This substitutional doping is critical for narrowing the
bandgap and enhancing visible-light absorption, as later evidenced by UV-vis analysis. In contrast, the XRD
pattern of pristine PTA clusters (Hs:PW1,040) displayed sharp peaks at 10.2°, 25.6°, and 34.8°, characteristic of the
Keggin-type structure (JCPDS No. 50-0655) [48,49]. The XRD peak broadening observed in the Sn-
TiO»/PTA/PVP nanocomposite film is attributed to the dual functionality of PVP as both a steric stabilizer and a
hydrogen-bonding mediator. The pyrrolidone groups within PVP coordinate with Sn-TiO, and PTA, disrupting
long-range crystallinity and simultaneously enhancing interfacial charge transfer. This observation is supported
by FT-IR and XPS data (discussed below), which demonstrate weakened intra-component vibrations (Figure 1g)
and electron redistribution (Figure 2a—d).

TEM and SEM images provided insights into the morphology and elemental distribution of the Sn-
Ti0,/PTA/PVP nanocomposite film. The TEM image (Figure 1b) revealed that the Sn-TiO, nanoparticles exhibited
an average size of approximately 5 nm. Figure 1c illustrates the uniform dispersion of Sn-TiO, nanoparticles and
PTA clusters within the PVP matrix. A digital image (Figure 1d) showed the Sn-TiO»/PTA/PVP nanocomposite film
to be transparent with a yellowish-green color, and the UV-vis transmittance spectrum (Figure S1) indicated a
transmittance of approximately 80%. Furthermore, a cross-sectional optical microscope image (Figure le)
confirmed a film thickness of ~270 um, while low-magnification SEM (Figure 1f) highlighted a smooth surface
morphology with minimal porosity. This dense structure is critical for minimizing oxidative degradation during
photochromic cycling by impeding oxygen diffusion into the interior of film. The corresponding elemental
mapping (Figure 1f) demonstrated uniform distribution of Sn, Ti, W, P, and N (from PVP) across the
nanocomposite film, confirming the absence of agglomeration. The homogeneous elemental distribution
underscores the effectiveness of PVP as both a dispersant and interfacial linker, ensuring optimal charge transport
pathways [50]. The dual functionality of PVP originates from its pyrrolidone ring, where the carbonyl oxygen
(C=0) acts as both a hydrogen bond acceptor and a coordination site. The C=0 group forms hydrogen bonds with
hydroxylated Sn-TiO; surfaces and oxygen-rich PTA clusters, as evidenced by FT-IR peak broadening observed
at 1665 cm™! (Figure 1g). Furthermore, coordination between C=0 and Ti*/Sn*" stabilizes Sn-TiO, nanoparticles,
while electrostatic interactions with PTA anions ensure their uniform dispersion, as depicted in Figure 1f.
Complementing these interactions, the hydrophobic polymer backbone provides steric hindrance, effectively
preventing agglomeration (Figure 1c). These mechanisms work synergistically to enhance interfacial charge
transfer without compromising the structural integrity of the composite.
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Figure 1g shows the FT-IR spectra of Sn-TiO,, PTA, and the typical Sn-TiO,/PTA/PVP nanocomposite film
(Figures 1g and S2). The peaks at 36053412 cm™! belong to the stretching vibration of O-H bond on the surface
of Sn-TiO,, PTA, and the typical Sn-TiO,/PTA/PVP nanocomposite. The characteristic peaks at 28562928, 1665,
1373, 1280, 1080, 981, 825 and 656 cm™' arise from the stretching vibration of -CH, group, stretching vibration
of C=0, wagging vibration of CH, group, stretching vibration of the C—N bond, stretching vibration of C-O-Ti or
P=0, vibration of W=0, bending vibration of W-O-W, and Ti-O, respectively [39,51,52]. The FT-IR spectra of
Sn-TiO»/PTA/PVP nanocomposite film showed diminished intensity in W—O-W and Ti—O-Ti vibrations (740—
525 cm™"), indicative of robust interfacial interactions that suppress nanoparticle aggregation [53,54]. UV-vis
diffuse reflectance spectroscopy and Tauc plots (Figure 1h,i) elucidated the optical absorption characteristics and
bandgap modulation induced by Sn doping and PVP-mediated integration. The Sn-TiO»/PTA/PVP nanocomposite
exhibited a narrowed bandgap of 2.23 eV, as calculated using Kubelka-Munk function, compared to pristine Sn-
Ti0; (2.29 eV) and PTA (3.05 eV) [55]. Similar bandgap narrowing has been reported for Sn-TiO, systems, where
Sn** substitution creates defect states that extend visible-light absorption [39]. The broad absorption of the Sn-
TiO,/PTA/PVP nanocomposite film in the 600-800 nm range (Figure 1h) is attributed to IVCT transitions between
W5+ and W species within the reduced PTA clusters. This IVCT absorption is critical for achieving high-contrast
black coloration, as it spans a significant portion of the visible spectrum [56—59]. In contrast, conventional WOs-
based systems exhibit narrower IVCT bands (~600—700 nm), resulting in grayish color [60]. The synergistic effect
between the visible-light absorption of Sn-TiO, and the broadband IVCT transitions of PTA enables the
nanocomposite to achieve enhanced optical contrast.

Due to the shielding effect of the PVP polymer matrix on XPS signals from Sn-TiO, and PTA, direct
characterization of the photochromic process was performed using Sn-TiO»/PTA nanocomposites. The survey
XPS spectrum (Figure S3) of the Sn-TiO»/PTA nanocomposite revealed the presence of Ti, Sn, W, P, O, and C
signals, originating from the Sn-TiO; nanoparticles and PTA components. High-resolution XPS analysis revealed
critical insights into interfacial charge transfer dynamics. The Ti 2ps,» core-level spectrum (Figure 2a) exhibited a
binding energy shift from 458.2 eV (pristine Sn-TiO>) to 458.7 eV in the nanocomposite, while the Sn 3ds,, peak
shifted from 485.9 eV to 486.5 eV (Figure 2b). These upward shifts indicate electron depletion at Ti and Sn sites,
suggesting electron transfer from Sn-TiO; to adjacent species. Conversely, the O 1s peak shifted downward by 0.1 eV
(from 530.5 eV in pristine PTA to 530.4 eV in the nanocomposite; Figure 2d), reflecting increased electron density
on oxygen atoms, likely due to electron accumulation from Sn-TiO, [61,62]. Notably, the W 4f spectra remained
unchanged, ruling out direct involvement of W redox states in the interfacial charge transfer process (Figure 2c).
The directional electron flow aligns with the observed photochromic kinetics (discussed later), where Sn-TiO, acts
as an electron donor under visible light, reducing PTA and triggering IVCT transitions. This mechanism is further
corroborated by the stability of W 4f signals, which confirms that PTA maintains its structural integrity during
charge transfer, serving as a robust electron acceptor. By excluding PVP, this analysis isolates the intrinsic
interactions between Sn-TiO, and PTA, clarifying their synergistic roles in photochromic behavior.

2.2.2. Photochromic Performance of Sn-TiO,/PTA/PVP Nanocomposite Films

The photochromic behavior of the Sn-TiO»/PTA/PVP nanocomposite films was systematically evaluated
under 450 nm illumination and H,O, vapor treatment, with a focus on coloration kinetics, bleaching dynamics,
cyclic stability, and component ratio effects. For the optimal Sn-TiO,:PTA molar ratio (5:1), the film exhibited
ultrafast coloration within 10 s (Figure 3a), achieving a maximum absorbance at 750 nm (Figure 3b). [llumination
with 450 nm light resulted in a pronounced color change in the nanocomposite film, transitioning from an initial
light yellow to a black color. This color change is indicative of efficient electron transfer from the Sn-TiO,
nanoparticles to the PTA component (Figure 3a). Concurrently, the UV—vis diffuse reflectance spectra of the Sn-
TiO,/PTA/PVP nanocomposite film exhibited a time-dependent increase in absorption across the visible region
(470-800 nm) upon exposure to 450 nm light for 10 s, with a characteristic absorption peak observed at 750 nm
(Figure 3b). This absorption peak is attributed to IVCT transition between W>* and W species, providing direct
evidence for the reduction of W% to W3 within the nanocomposite film under 450 nm illumination [31]. The
bleaching kinetics of the Sn-TiO,/PTA/PVP nanocomposite film were initially investigated under ambient
atmospheric conditions (Figure 3c). The UV—vis diffuse reflectance spectrum of the photoreduced (darkened) film
revealed a gradual decrease in absorption intensity as a function of time, which is attributed to the slow reoxidation
kinetics of W3* back to W by molecular oxygen present in the ambient air [61]. Beyond 50 h, no further decrease
in the UV—vis diffuse reflectance intensity was observed, suggesting that oxygen diffusion from the surface to the
interior of the film becomes diffusion-limited due to PVP’s oxygen-blocking effect. The prolonged color retention
of the photoreduced Sn-TiO»/PTA/PVP nanocomposite film, lasting for more than 2 days, renders this system a
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promising candidate for rewritable paper applications. In order to further manipulate and accelerate the bleaching
process for potential applications, the nanocomposite film was subjected to treatment with H,O, vapor. As depicted
in Figure 3d, the UV—vis diffuse reflectance spectra of the photoreduced (darkened) film exhibited a gradual shift
towards the reverse direction, with complete recovery to the initial state achieved within a period of 22 min upon
exposure to H,O, vapor (3 wt. %). This rapid bleaching is attributed to the efficient oxidation of W>* back to W¢*
within the Sn-TiO»/PTA/PVP nanocomposite film, where H>O, acts as an effective oxidizing agent [62]. The
resulting H>O,-treated film demonstrated an enhanced bleaching rate (Figure 3e). The coloration and bleaching
process, induced by illumination with 450 nm light and subsequent treatment with 3 wt.% H>O, vapor,
respectively, was repeated multiple times to investigate the reversibility and stability of the Sn-TiO»/PTA/PVP
nanocomposite film for potential applications (Figure 3f). The UV-Vis diffuse reflectance spectra were acquired,
and the intensity at 750 nm was monitored to quantify the coloration and bleaching efficiency. The nanocomposite
film demonstrated exceptional photochromic reversibility and repeatability, retaining over 95% of its initial
absorbance after 80 cycles. The performance of the Sn-TiO»/PTA/PVP nanocomposite film surpasses that of many
existing photochromic systems, as detailed in Table S1.
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To further elucidate the impact of component ratios, the photochromic performance of Sn-TiO.,/PTA/PVP
nanocomposite films with Sn-TiO,:PTA molar ratios of 3:1 and 7:1 was also investigated, respectively. While the
3:1 ratio nanocomposite film exhibited a noticeable color change from light gray to black upon 10 s of illumination
with 450 nm light, its cycling stability was limited to only 50 cycles (Figures S4 and S6a). This limited stability at
the 3:1 Sn-TiO,:PTA ratio can be attributed to the lower Sn-TiO, content, which restricts the number of
photogenerated electrons available for PTA reduction. Consequently, the reduction of W to W>* is slowed due
to this insufficient electron density, leading to incomplete coloration and accelerated degradation of the partially
reduced PTA clusters during cycling. Conversely, the 7:1 ratio resulted in excessive aggregation of Sn-TiO,
nanoparticles, which hindered film formation. Consequently, the 7:1 ratio nanocomposite film displayed minimal
color change after 10 s of illumination at 450 nm (Figures S5 and S6b). These findings highlight the critical
importance of maintaining balanced component ratios to achieve optimal photochromic performance.

2.2.3. Mechanistic Insights into Photochromic Behavior

The photochromic mechanism of the Sn-TiO»/PTA nanocomposite was elucidated through XPS and FTIR
analyses. Upon 450 nm illumination, this peak of W 4f;, peak shifted from 35.6 eV to 35.4 eV (Figure 4a),
confirming the reduction of W to W3+ [58]. The intensity ratio of W>*/W*®* increased after illumination, indicating
efficient electron accumulation at PTA clusters. Concurrently, the Ti 2ps/, peak shifted from 458.7 eV to 458.5 eV
(Figure 4b), signifying the formation of Ti** species via electron trapping at oxygen vacancies [31]. These
vacancies, introduced by Sn** substitution into the TiO, lattice, act as hole scavengers, prolonging electron
lifetimes (>10 ns) and enhancing charge separation efficiency [38]. The O 1s peak shifted downward by 0.2 eV
(from 530.5 to 530.3 eV; Figure 4c¢), reflecting increased electron density at oxygen sites due to interfacial charge
transfer. These observations align with prior studies on metal oxide-POM systems, where visible-light excitation
drives directional electron flow from the semiconductor to POM clusters [31]. The survey XPS spectra (Figure S7)
confirmed the absence of elemental leaching or phase decomposition during cycling, with C 1s and P 2p peaks
remaining unchanged, underscoring the structural integrity of the Sn-TiO, and PTA clusters.
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FT-IR spectroscopy (Figure 4d) provided further evidence of dynamic interfacial interactions during
photochromic cycling. The W—O-W vibrational peak at 895 cm™! decreased in intensity within 30 s of illumination,
indicating electron localization at W sites. Simultaneously, the ~OH vibrational peak at 3452 cm™! exhibited a
sharp intensity decline with prolonged illumination, attributed to hydroxyl group formation via water oxidation by
photogenerated holes. This process stabilizes charge-separated states by suppressing hole recombination [63,64].
The W=0 stretching vibration at 981 cm™ also diminished, suggesting partial reduction of terminal oxygen atoms
in PTA. These spectral changes correlate with enhanced interfacial electronic coupling between Sn-TiO, and PTA,
facilitating unidirectional electron transfer under visible light. Notably, the C—N vibrational peak of PVP (1280 cm™)
remained almost unchanged during illumination, confirming its non-redox role as a structural stabilizer. PVP
suppresses nanoparticle aggregation and oxidative degradation by forming a protective matrix, ensuring uniform
dispersion of Sn-TiO, and PTA clusters.

2.2.4. Application of Sn-TiO»/PTA/PVP Nanocomposite Films as Rewritable Smart Media

The practical utility of the Sn-TiO»/PTA/PVP nanocomposite film as a high-performance rewritable medium
was demonstrated through photopatterning experiments and environmental stability tests, as illustrated in Figure 5.
Leveraging its ultrafast visible-light-driven photochromism, high optical contrast, and robust reversibility, the film
enables precise, durable, and eco-friendly information recording and erasing, addressing critical limitations of
conventional rewritable systems. As shown in Figure 5a, high-definition text patterns were printed onto the
nanocomposite film using 450 nm illumination through a photomask (10 s exposure). The printed patterns
exhibited sharp edge definition and no pixel bleeding, demonstrating the localized photochromism of the material.
This spatial selectivity arises from efficient electron transfer from Sn-TiO, to PTA exclusively in illuminated
regions, triggering W% -to-W>* reduction and subsequent broadband IVCT absorption. The environmental stability
of printed information was assessed under ambient conditions. As illustrated in Figure 5b, legible text remained
discernible for up to 3 days, with complete disappearance observed after 6 days (Figure Sb, panels i—vi). This
extended retention time represents a significant improvement compared to organic dye-based systems, such as
spiropyran, which typically exhibit a retention period of less than 3 days [65]. This performance characteristic
aligns well with the requirements for temporary display applications in logistics, signage, and anti-counterfeiting
labels. The slow oxidative fading is attributed to the dense PVP matrix, which impedes oxygen diffusion into the
film’s interior.
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Figure 5. (a) Schematic illustration of photoprinting on the Sn-TiO2/PTA/PVP nanocomposite film under 450 nm
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3. Conclusions

In summary, we present a visible-light-responsive Sn-TiO»/PTA/PVP nanocomposite film that synergizes
ultrafast photochromic switching, high-contrast black coloration, and exceptional environmental stability for
rewritable media applications. By leveraging Sn*" doping to narrow the TiO, bandgap (2.23 €V) and PVP-mediated
interfacial engineering to integrate PTA clusters, the nanocomposite achieves efficient visible-light absorption
(400-500 nm) and broadband IVCT transitions (600-800 nm), enabling full-spectrum black coloration. The
material exhibits ultrafast coloration (10 s under 450 nm illumination) and rapid bleaching (<30 min via H,O,
vapor), sustaining over 80 reversible cycles with negligible performance decay. This represents a significant
improvement over organic dyes and UV-dependent inorganic systems in terms of both speed and durability. The
dense PVP matrix further ensures long-term stability by suppressing oxidative degradation, retaining legible
patterns for >48 h under ambient conditions. As a rewritable smart medium, the film enables high-resolution,
energy-efficient information storage and erasure, showcasing direct applicability in temporary displays, smart
packaging, and dynamic signage. From an environmental perspective, the Sn-TiO,/PTA/PVP nanocomposite
offers a sustainable alternative to conventional photochromic systems. The inorganic components (Sn-TiO,, PTA)
are non-toxic and abundant, while the aqueous synthesis process avoids hazardous solvents. The visible-light-
driven mechanism reduces energy consumption compared to UV-dependent systems, and the film’s long-term
stability (>80 cycles) minimizes material waste. These attributes align with global efforts toward green chemistry
and energy-efficient technologies. By harmonizing visible-light activation, high optical contrast, and mechanical
durability within an eco-friendly inorganic framework, this work establishes a transformative platform for next-
generation smart displays, anti-counterfeiting technologies, and energy-efficient rewritable media.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/others/
2505151554522574/M1-953-SI-final.pdf, Figure S1: UV-vis transmittance spectrum of the typical Sn-TiO2/PTA/PVP
nanocomposite film; Figure S2: FT-IR spectra of Sn-TiO2, PTA, and the typical Sn-TiO2/PTA/PVP nanocomposite film; Figure
S3: Survey XPS spectra (a) and high-resolution XPS spectra of C 1s (b) and P 2p (d) of PTA, Sn-TiO2 nanoparticles and Sn-
TiO2/PTA nanocomposite; Figure S4: (a) Digital photographs showing the color switching process of the Sn-TiO2/PTA/PVP
nanocomposite film (the molar ratio of Sn-TiO2:PTA is 3:1) upon 450 nm illumination and treatment with H2O> vapor. (b,c)
UV-vis diffuse absorption spectra showing the coloration process upon 450 nm illumination (b), upon the bleaching process in
the 3 wt.% H20:2 condition (c); Figure S5: (a) Digital photographs showing the color switching process of the Sn-
TiO2/PTA/PVP nanocomposite (the molar ratio of Sn-TiO2:PTA is 7:1) upon 450 nm illumination and treatment with H.O-
vapor. (b,c) UV-vis diffuse absorption spectra showing the coloration process upon 450 nm illumination (b), upon the bleaching
process in the 3 wt.% H20: condition (c); Figure S6: (a) The coloration rate and (b) the bleaching rate of Sn-TiO2/PTA/PVP
nanocomposite films with different Sn-TiO2:PTA molar ratios under 450 nm light illumination in the initial state, treatment
with vapor of H20z, respectively. (c) Absorption intensity at 750 nm of films with Sn-TiO2:PTA molar ratios of 5:1 (80 cycles)
and 3:1 (50 cycles) during continuous color switching. Figure S7: Survey XPS spectra (a) and high-resolution XPS spectra of
C (b), P (c), N (d) of the Sn-TiO2/PTA nanocomposite before and after 450 nm illumination. Table S1: Comparison of
photochromic performance between Sn-TiO2/PTA/PVP and existing systems. References [66—69] are cited in the
supplementary materials.
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reflections. The third section focuses on the recent advances in other

additive manufacturing methods, including digital light processing, two-photon lithography, and fused deposition
modeling. This review summarizes a perspective on potential opportunities, challenges, and future prospects
encountered by advanced printing technology and functional structural-color materials.

Keywords: additive manufacturing; structural color; direct ink writing; inkjet printing; colloidal crystals; chiral
liquid crystals

1. Introduction

Structural-color materials possess periodic dielectric nanostructures that reflect light at visible wavelengths,
exhibiting vivid colors [1-5]. Nature has evolved different types of periodic nanostructures over millions of years
of evolution to develop structural colors that intensify or weaken the visibility of biological organisms for purposes
of camouflage, communication, and predator warning [6—8]. For instance, chameleons may camouflage by
changing their skin colors to blend them with the background colors [9]. The spectacular iridescent colors of certain
insects, opals, butterflies, plants, and peacocks are created due to periodic nanostructures on their surfaces that
reflect light in specific spectral ranges [10—14]. Inspired by nature, investigators have proposed synthetic periodic
nanostructures which offer nonfading, tunable, nontoxic, and iridescent structural colors [15-17]. In recent
decades, structural-color materials have attracted substantial attention because of their fundamental importance
and technological applications. The exploitation of exquisite structural-color patterns capacitates the manufacture
of customized color images that are crucial for several emerging applications like sensors [18], decoration [19],
bioanalysis [20], displays [21], anticounterfeiting [22], and optical communication [23]. Furthermore, three-
dimensional (3D) structural-color materials enable the manipulation of optical properties and light paths, such as
amplitude regulation, phase, and polarization, and generate new or enhanced optical properties [24]. In this context,
functional structural color patterns and 3D structural color objects have been developed based on diverse
fabrication strategies, including swelling [25], stamping [26], regioselective etching [27], mask-assisted
photography [28], and die making [29]. However, these methods require expensive tooling, lithographic masks,
and time-consuming multi-step processes.
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Additive manufacturing, which involves ink-based printing techniques that allow the digital design and
manufacturing of exquisite patterns or 3D objects, is upgrading the science and engineering of advanced structural-
color materials. In contrast to traditional manufacturing techniques, additive manufacturing enables the conversion
of computer-aided designs into intricate objects as needed [30—36]. Additive manufacturing facilitates the on-
demand production of customized products, characterized by specific shapes and sizes, while ensuring high
production efficiency. This capability presents a significant economic actuation for its adoption across a range of
industrial sectors, such as robotics, biomedicine, automotive, and aerospace [37-40]. Recently, additive
manufacturing has emerged as a versatile method for fabricating structurally colored materials using micro- and
nanoscale building blocks as printable inks. Several additive manufacturing approaches, including direct ink
writing (DIW), inkjet printing, digital light processing (DLP), two-photon lithography (TPL), and fused deposition
modeling (FDM), have been proposed for the manufacture of structural-color materials from diverse building
block systems such as colloidal particles, chiral liquid crystals (CLCs), cellulose nanocrystals (CNCs), and block
copolymers (BCPs). These printing platforms use building blocks in the following forms: polymer solution,
photocurable resin, or thermoplastic monofilament. Additive manufacturing of structural-color materials currently
stands in the limelight of research on account of the unparalleled advantages including remarkable universality,
diversity, and stability. By carefully choosing the appropriate additive manufacturing parameters and techniques,
it is possible to achieve sophisticated and customized patterns or 3D geometries of structural colors while attaining
desirable optical properties.

Several reviews have focused on printable structural colors or the design of structural-color patterns [41-43].
To the best of our knowledge, there is no specific classification for the additive manufacturing of structural-color
materials. Herein, an up-to-date account of the advancements in high-throughput printing methods capable of
fabricating structural-color materials is showcased (Scheme 1). This review focuses on the following three aspects:
In the first section, the DIW of colloidal crystals, CLCs, CNCs, and BCPs is introduced. The second section
introduces recent significant progress in inkjet printing strategies, including inkjet printing of colloidal crystals,
inkjet printing of CNCs, inkjet printing inks on photonic polymer coatings, and inkjet printing based upon total
internal reflections. The third section summarizes the recent advances in other additive manufacturing methods,
including DLP, TPL, and FDM. Finally, this review summarizes with perspectives on the opportunities and
challenges in the future exploitation of additive manufacturing for structural-color materials.

P

Direct ink g Inkjet printing
writing (DIW) 3
|
O ’

Additive

Manufacturing of
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Materials .

Digital light

Fused deposition processing (DL
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Scheme 1. Schematic of additive manufacturing of structural-color materials. The additive manufacturing
approaches include DIW, inkjet printing, DLP, TPL, and FDM. The building block systems used for printable inks
include colloidal particles, CLCs, CNCs, and BCPs.
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2. Bioinspired Structural-Color Materials and Additive Manufacturing Technologies

2.1. Principles of Bioinspired Structural-Color Materials

In nature, the brilliant iridescent colors of some opals, fruits, and butterflies are induced by the periodic
nanostructures on their surface that reflect light in specific ranges of the spectrum. Taking lessons from nature,
bioinspired structural color materials derive their colors from periodical micro-nanoscale structures that interact
with light, which has been recommended as a more environmentally friendly and long-term stable alternative to
traditional pigments and dyes. The photonic crystal structure is featured with long-range order. The characteristics
of amorphous structure are short-range order. They all follow Bragg’s law of light interference, diffraction, and
reflection. These properties of structural colors hinge on the design of the structure-function relationship to a great
degree [42].

According to the structural principles and fabrication techniques, structural-color materials can be
categorized into colloidal crystals, chiral liquid crystals, cellulose nanocrystals, block copolymers, etc. As a few
to name, opals have been known since ancient times (Figure 1a) [12]. The unusual gemstones are impressed by
their gorgeous coloration that results from a highly ordered, densely packed arrangement of silica spheres with several
microns in diameter indicated by scanning electron microscopy (SEM) (Figure 1b) [44]. Following suit, colloidal
crystals can be formed by the self-assembly of monodisperse micro/nanoparticles in a facile and cost-effective manner
like face-centered cubic packing, which possess long-range order to manipulate light and display vibrant colors with
strong iridescence (Figure 1c). For practical coloration, it is essential to pattern colloidal arrays with a manipulated
arrangement and robust mechanical stability in a reproducible and reliable way [45]. Pollia condensate is an African
forest understory spherical species exhibiting bright metallic blue arising from Bragg reflection of helicoidally
stacked cellulose microfibrils shown by transmission electron microscopy (TEM) (Figure 1d,e) [46]. CLCs have
hierarchical architecture consisting of superimposing planar layers of parallel-aligned rod-like
molecules/nanostructures with a certain twisting angle. This chiral morphology reflects circularly polarized light
of the same handedness as the helicoid structure and transmits circularly polarized light with the opposite
handedness (Figure 1f) [47]. The helical pitch of CLCs is proportional to the peak wavelength of the selective
reflection. Thus, the reflection spectrum and the rendered structural color can be dynamically controlled via
applying the physical stimuli to tune the helical pitch. The resulting helicoidal organization have been extensively
studied to exploit structural colors which are iridescent, circularly polarized, tunable, and non-fading. Moreover,
the inherent long-range order self-assembly of liquid crystals (LCs) can be a perfect characteristic for the
manufacturing of structural-color materials on a large scale [48—50]. Especially, if LC molecular suffers a process
of double-twist arrangement and self-organizes into a three dimensional (3D) periodic cubic lattices, blue-phase
liquid crystals (BPLCs) are formed and treated as 3D photonic materials, whose name derives from the brilliant
blue color when it was first discovered. [51-54]. BPLCs are widely utilized in flexible displays, tunable photonic
devices, and biomimetic materials for the properties of the three-dimensional photonic bandgap and tunable
structural coloration. CNCs are the crystalline regions of cellulose nanofibers, which consist of parallel linear
cellulose chains bound by van der Waals forces and hydrogen bonding. The excellent amphiphilic character owing
to different surface chemistries at varying crystal planes facilitates the heterogeneous interaction with other
amphiphilic nanocomponents used in assembling hierarchical nanostructures similar to CLCs. The addition of
water-soluble polymers can manipulate the mechanical stability and the pitch length of the chiral structures to
fabricate brilliant structural-color patterns via evaporation-driven self-assembly [55]. Morpho butterflies’ rainbow-
like, shimmering iridescence can maintain bluish even over an extensive range of viewing angle, which is resulted
from the light interference within the multilayered, periodic ridges on the scales covering the surface of their wings
(Figure 1g,h) [56]. BCPs comprising a corporate backbone attached to grafted side chains are a promising
substitute for linear block copolymers to fabricate the analogous one-dimension periodic structure and realize
structural colors in the visible range [57]. The spatial repulsion among dense side chains generates more extensive
cylindrical conformations and restrains chain entanglement, accelerating self-assembly into large ordered-region-
size nanostructures (Figure 11) [58]. The facile preparation of photonic crystals with BCPs holds promise for
various potential applications containing the production of 3D-printed photonic structures, photonic pigments,
photonic resins, and stress-responsive photonic structures [59,60]. In addition, woodpile photonic crystals (WPCs)
as a specific structural-color material are fabricated through stacking plentiful parallel square columnar units in
the vertical direction. The photonic band gaps of WPCs can be simultaneously and independently engineered in
three dimensions to display structural colors with ultrahigh resolution due to the effective regulation of the
nanometer-scale lattice constant, which are one of the most versatile platforms among the micro/nanodevices for
the stability and scalability [61].
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(a)

Figure 1. Photonic nanostructures in nature. (a) Photograph of black opal. Reproduced with permission [44].
Copyright 2011, Elsevier Ltd. (b) SEM image of the opal nanostructure. Reproduced with permission [12].
Copyright 2009, Wiley-VCH. (¢) Schematic illustration of 3D self-assembly of colloidal crystals. (d,e) Photograph
and TEM image of singe Pollia condensata fruit collected in Ghana. Reproduced with permission [46]. Copyright
2012, National Academy of Sciences. (f) A schematic representation of the cholesteric helix for both handedness.
Reproduced with permission [47]. Copyright 2014, Elsevier Ltd. (g,h) Photograph and cross-sectional SEM image
of a Morpho didius butterfly. Reproduced with permission [56]. Copyright 2012, Wiley-VCH. (i) Schematic
illustration of 1D BPCs prepared by hierarchical thermal self-assembly. Reproduced with permission [58].
Copyright 2020, American Chemical Society.

2.2. Additive Manufacturing Technologies

The remarkable advancement in additive manufacturing technologies has revolutionized the realm of the
intelligent manufacturing system and offered remarkable universality, diversity, and stability for the preparation
of structural-color materials. In accordance with the difference of logical sequence in operation, fabrication
methods of additive manufacturing technologies for structural colors can be categorized into two types: top-down
and bottom-up approaches. The former is to utilize multilayer deposition or lithography techniques to transform
bulk materials into the desired micro-nano structures, such as DIW, inkjet printing and DLP. The latter relies on
the self-assembly of basic building blocks through physical and chemical interactions to achieve ordered
nanostructures, which includes TPL and FDM [62].

In DIW printing, nanoparticle clusters in liquid media with highly stable dispersibility and viscosity, which
serves as the ink, are extruded directly onto a substrate for manufacturing materials with designed architectures
and components, while a computer-controlled translation stage simultaneously moves the nozzle to realize an
automated injection molding process [63]. Similar to DIW, inkjet printing has been more previously but commonly
utilized in the patterned printing of structural-color materials. In inkjet printing, inks are ejected from a
micrometer-sized printing nozzle as droplets and subsequently deposited onto the target substrates [64]. For DLP,
particles dispersing in precursor solution polymerize under the irradiation of projected light to create a customized
structure. A DLP machine can project 2D images sliced from target 3D objects, and the exposed parts are
selectively polymerized. Once a layer was cured, the platform moved vertically for a certain distance and project
the next image. Until the entire 3D object was constructed, this process needed repeat layer by layer [65]. In TPL
processing, bulk materials produce localized photochemical reactions by utilizing high-energy pulsed lasers [66].
This technique enables the precise orientation and manipulation of chemical reactions in stereoscopic space,
realizing the construction of high-precision structures on the micro-nano scale with a high-resolution [67].
Thermoplastic ingredients incorporated suitable building blocks can be melted into filamentous individuals and
stacked layer-by-layer via FDM. These wires are self-assembled rapidly during the extrusion at high temperature.
Desired products with centimeter-size 3D geometric shapes can be printed quickly and conveniently through this
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process [68,69]. The selection of additive manufacturing technologies plays a pivotal role in determining the
scalability, speed, and resolution of the process, meanwhile the choice of materials significantly influences the
resulting color, durability, and performance of the structures. Thus, the properties of printable structural colors
heavily hinge on the precision of structure construction fabricated by the printing technique employed and the
options of materials.

3. Direct Ink Writing of Structural-Color Materials

For DIW of structural-color materials, the ink must be formulated for microscopic self-assembly properties
and macroscopic printing rheology [70]. During the DIW printing, the parameters (e.g., the printing speed,
pressure, and substrate temperature) could also make influences on the result of deposition and further control the
quality of colors.

3.1. Direct Ink Writing of Colloidal Crystals

The DIW of colloidal crystals can be used to print photonic patterns according to the type of target substrate,
color combination, and design. Colloidal crystal inks must be designed to provide a satisfactory printing rheology
and conspicuous coloration after deposition.

Kim et al. reported the use of DIW with colloidal photonic inks in the preparation of customizable structural
color graphics (Figure 2a) [71]. To eliminate the prolonged evaporation process, colloidal particles were designed
with an exclusive interparticle potential lacking volatile components that induced particles to order spontaneously
(Figure 2b,c). The lines were written directly through a dispenser using these inks, and the line width could be
regulated by controlling the speed of writing. Faces were obtained through merging lines. The colloidal arrangement
within the lines and the faces was scheduled to construct an amorphous array for relatively matte coloration or a
crystalline array for strongly iridescent coloration in accordance with the viscosity of resins (Figure 2d,e). In addition,
the structural-color patterns could be detached from the substrates for forming free-standing films or transferred
onto other surfaces. Later, Kim et al. prepared elastic photonic microbeads via variable-size bulk emulsification
and formulated photonic inks including microbeads for DIW [72]. The photonic inks retained the excellent color
saturation of microbeads and provided reinforced capacity of printing. These printed graphics exhibited robust
mechanical durability because of the elastic microbeads imbedded into the polyurethane matrix. Additionally, the
resultant colors showed an extensive viewing angle with weak angle dependency by reason of light refraction at
the interface of the air matrix and the optical isotropy of the single microbead. Color graphics can be determined
by customers and printed on apparel and accessories for fashions. Besides, twinkling and iridescent colors and
unique shape of the reflectance spectrum featured by a sharp single peak enable to function as anticounterfeiting
patterns for top-secret documents and art masterpieces.
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Figure 2. DIW of colloidal crystals. (a) Scheme of DIW of colloidal crystals. (b) Construction of a solvation layer
on the silica surface with hydrogen bond assistance. (¢) Crystalline and glassy packing in viscous ethoxylate acrylate
(EA) and ultra-viscous urethane acrylate (UA). (d) Pattern of a rose and leaves printed directly with UA and EA inks.
(e) Mickey Mouse written with UA and EA inks. Reproduced with permission [71]. Copyright 2021, AAAS.
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3.2. Direct Ink Writing of Chiral Liquid Crystals (CLCs)

Currently, the fabrication techniques for CLC-based materials are often complicated owing to the inevitable
employment of alignment procedures for uniform LC orientation and high-quality structural colors. Particularly
for DIW, CLC inks must be formulated with satisfactory printing rheology for DIW [73-75].

In 2021, Sol et al. synthesized a CLC oligomer ink for DIW (Figure 3a) [76]. The ink was squeezed out of
the nozzle and organized into a visually impactful cholesteric arrangement via a shear-induced alignment.
Controlling the speed and writing direction generated a programmed construction of cholesteric liquid crystal
elastomers (CLCEs) that exhibited polarization selectivity and atypical iridescence. This chiroptical photonic ink
paves the way for design of specialized polymeric optical elements with disparate optical effects. The attractive
and uniquely iridescent appearance of materials can be utilized in high-end decorative elements. Later, they
synthesized a humidity-sensitive CLC oligomer ink for printing hydrochromic coatings that could be activated
with aqueous hydrochloric acid solvent, inducing an obvious redshift in the reflectance spectrum when exposed to
water (Figure 3b,c) [77]. No apparent negative impact had happened on the optical qualities of the material during
the extended exposure to the acidic environment even up to 17 weeks, while resulting in swelling and changes in
the reflectance spectrum due to the protonation. This stimuli-responsive ink can be integrated with information
technologies and function as 3D-printed optical sensors and actuators.
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Figure 3. DIW of CLC oligomer inks. (a) Schematic of the DIW of the cholesteric liquid crystal elastomers
(CLCEs) (top), mesophase transitions of the CLCEs (bottom-left), and the eventually proposed molecular structure
for a perfect planar aligned CLCE (bottom-right). Reproduced with permission [76]. Copyright 2021, Wiley-VCH.
(b) Free-standing CLCE films presenting visible color changes after protonating and pursuant exposure to water.
Scale bar: 1 cm. (¢) Schematic of the transition of CLCE undergoing acidic treatment, highlighting the occurrence
of chemical modification with the synchronous change in the length of the cholesteric pitch. Reproduced with
permission [77]. Copyright 2022, Wiley-VCH.

To create spatially controlled CLCE geometries, Choi et al. proposed DIW for CLCEs with a programmable
mechanochromic response [78]. After deposition, the helical axis was tilted by approximately 32° relative to the
printing direction for the combined effects of shear-induced alignment and the generated elongational force upon
deposition onto the substrate. The printed CLC elastomers exhibited anisotropic mechanochromism when
stretching owing to stretching-direction-dependent differences in the slant angle of the helical axis.

Because CLC oligomer inks are viscous, it is challenging to prepare well-defined helical nanostructures with
outstanding color reflection [79-86]. The DIW of solution-processable and low-viscosity CLC inks for dynamic
molecular self-assembly allows the preparation of structural-color graphics with vivid colors. Recently, our
research group proposed solution-processable CLC inks for DIW of chiral structural-color patterns characterized
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by bright colors and mechanochromic responses (Figure 4a) [87]. The solution-processable CLC inks were
formulated optimally to enable microscopic self-assembly and macroscopic printing. After deposition onto target
surfaces in line with preprogrammed trajectories, the monomers in CLC inks quickly self-organize into helical
nanostructures through the evaporation-induced self-assembly process, in which Michael addition reaction enables
to proceed in situ on the substrate for several hours at room temperature. The printed LCs are consequently
polymerized by UV light for approximately 10 min to cure the microscopic helical arrangement. Multicolored,
circularly polarized photonic patterns were fabricated on diverse substrates (Figure 4b). A concept of the circular-
polarization cinefilm was proved by printing CLC inks which possess inverse chirality (Figure 4c,d). In addition,
mechanochromic, circularly polarized photonic graphics were fabricated by printing CLC inks directly onto highly
stretchable elastomeric films (Figure 4e). The as-proposed CLC inks were further printed on a wireless
somatosensory electronic glove that can output synchronous visual and electrical signals. Upon bending the human
fingers, the glove fingers accordingly stretch, resulting in immediate and simultaneous changes in the structural
color and capacitance which can be converted into distinctive electrical signals. The interactively stretchable
electronics possessing brilliant colors and antifading characteristics can be extensively utilized in numerous
applications like entertainment, home healthcare, medical industry, and robotic control.
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Figure 4. DIW of CLC molecular inks. (a) Schematic of DIW of CLC inks on glasses. (b) Temple of Heaven
pattern printed by utilizing four kinds of CLC inks. (¢) Beetle C. gloriosa (left) and the printed beetle patterns (right).
Green iridescent color was observed with a right-circular polarizer and disappeared with a left-circular polarizer. (d)
Circular polarization cinefilm via observation under right-circular polarizer (top) and left-circular polarizer (bottom).
(e) CLC pattern changed colors from red to blue upon stretching. Reproduced with permission [87]. Copyright 2024,
Elsevier Ltd.

3.3. Direct Ink Writing of Cellulose Nanocrystals (CNCs)

The range of wavelengths reflected by the CNCs films can be extended via introducing additives like
polyethylene glycol (PEG) or hydroxypropyl cellulose (HPC) to enlarge the length of the cholesteric pitch.
Cellulose-based materials can form photonic nanostructures and provide an opportunity to develop eco-friendly
structural-color materials and coatings. HPC is an inexpensive, biocompatible cellulose capable of exhibiting
lyotropic LC properties. At low concentrations (<40 wt.%), HPC aqueous solutions exhibit a disordered, isotropic
structure and are extensively applied as thickening agents and binders in the food and pharmaceutical industries.
At high concentrations (5070 wt.%), polymer chains in a photonic chiral nematic phase constructed using HPC
solutions self-assembled into helicoidal nanostructures similar to those found in scarab beetles.
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Zhang et al. proposed a CNC ink for fabricating 3D structural-colored objects (Figure 5a) [88]. Two other
elements, poly(acrylamide-co-acrylic acid) (PACA) and gelatin, were incorporated into the HPC solutions to
produce printable HPC-gelatin-PACA ink. PACA could maintain the shape after printing by in-situ UV
crosslinking, and gelatin afforded appropriate rheological properties during printing. This ink can be designed into
3D customized objects on substrates to exhibit angle-independent and vivid structural colors (Figure 5b—d). The
resultant macroscopic 3D objects exhibited color adjustability under the control of the ambient temperature owing
to the synergic thermoresponsiveness of PACA and HPC. Thus, this CNC ink system can be extended to daily-
life commodities including colorant-free decorations in wearable biosensors, cosmetics, and drugs, as well as food
industry or customized bionic skins.
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Figure 5. DIW of CNCs. (a) DIW of CNC inks for 3D structural coloration. (b) Single-colored graphics. (¢)
Multicolored graphics. (d) 3D objects. Scale bars: 4 mm. Reproduced with permission [88]. Copyright 2022,
National Academy of Sciences.

Similarly, George et al. incorporated PEG into anisotropic HPC solutions to establish printable CNC inks for
the DIW of CNCs [89]. At higher shearing rates (97 s™!), the alignment along print paths at an approximately 20°
could be attained, generating the coloration with high angle dependence. Materials with unique chiroptical
properties displaying an optical response to mechanical deformation were fabricated due to the plasticizing effect
of PEG in conjunction high-shear-rate extrusion. The utilization of path-dependent cholesteric domains to be an
additional parameter expanded the design space further and allowed the response pattern to be modified by
changing the infilling path of objects. The aesthetics of the materials acquired by HPC-based inks during high- or
low-shear extrusion afford a sustainable source of structural colors capable of being utilized in optical sensing and
coating applications.

Despite the capability of DIW to accomplish the printing of some complex-shaped 3D structural-colored
materials, it is limited by inherent defects, leading to pervasive challenges such as coarse surface texture,
constraints in material versatility, and reduced printing precision. In DIW, the ink is extruded through a nozzle,
which means that the printing resolution is limited by the nozzle diameter. In addition, to achieve a bright structural
color, a lengthy post-treatment is necessary, which may cause material cracking. These limitations restrict the
application of DIW in printing high-precision structural-colored materials.

3.4. Direct Ink Writing of Block Copolymers (BCPs)

For high-production volume printing of BCPs, Patel et al. reported customizable DIW for BCP deposition to
achieve functional, spatial, and microstructural patterning of structural colors (Figure 6a) [90]. Well-designed
poly(dimethylsiloxane)-block-poly(lactic acid) (PDMS-b-PLA) bottlebrush BCPs were used as ink. The structural
colors of bottlebrush photonic crystals could be modulated via controlling the bed temperature and printing speed
during DIW printing (Figure 6b). After the comparison of printed samples, a pronounced blueshift in reflected
wavelength is observed as printing speed increases, while increasing temperature results in a marked redshift. The
intricate spatial and functional control for depositing more versatile patterns like the chameleon pattern comprising
diverse colors printed as sequential layers via nonequilibrium assembly techniques with the integration of hardware
and software approach.
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Jeon et al. achieved the dynamic tunability of structural colors during printing by integrating polystyrene-
block-polylactide (PS-b-PLA) cross-linkable BCPs with a UV-supported 3D printer (Figure 6¢) [91]. By
employing a single ink material, multiple colors were achieved within a single printing process by UV-
crosslinking-driven kinetic trapping of the evaporative assembly. The technique realized the preparation of
structural colors from dark blue (392 nm) to orange (582 nm) in the visible wavelength spectrum through reducing
UV light irradiance from 411 to 0 uW/cm?. A mimic of Van Gogh’s “The Starry Night” with yellow-to-green-to-
blue village, yellow-to-green moonlight, and blue-to-green night sky through programming the temporal profile
of UV light irradiance to create patterns with color gradients merely adopting a single ink material. (Figure 5d). It
can be predicted that this approach would shine light on anticounterfeiting patterns for art masterpieces and
decorations in luxurious furniture.
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Figure 6. DIW of BCPs. (a) Scheme of molecular self-assembly and DIW of BCPs during the solution-casting
process. (b) Chameleon patterns created under stationary printing conditions (bed temperature, pressure, and
printing speed) as successive prints. Reproduced with permission [90]. Copyright 2020, AAAS. (c) Printed lines
under various standards of irradiance of UV light when printing. (d) Starry Night pattern fabricated via dynamic
UV-assisted DIW printing. Reproduced with permission [91]. Copyright 2024, National Academy of Sciences.

4. Inkjet Printing of Structural-Color Materials

Inkjet-printed structural-color materials could be categorized into two types according to the mechanism of
generation of structural-color patterns: drop-on-demand inkjet-printed inks on substrates and continuous inkjet-
printed inks on photonic polymer films. In drop-on-demand inkjet printing, droplets are merely created and ejected
when needed, allowing for minimal material usage, smaller drop size generation, higher placement accuracy, and
low cost. Typically, drop-on-demand inkjet printing is a functional technique for preparing structural-color
patterns by integrating direct writing with particle self-assembly in droplets [92-94]. The inkjet-printing quality
of structural-color patterns is subject to elements such as ambient temperature, humidity, substrate wettability, ink
composition, and inkjet printing parameter settings. Continuous inkjet printing of inks on photonic polymer films
is an emerging strategy for printing multicolor patterns [95,96]. The advantage of this strategy is that the pattern
can be erased by removing the ink and reprinting.

4.1. Inkjet Printing of Colloidal Crystals

Song et al. achieved significant results and made tremendous contributions to the preparation of patterned
colloidal crystals for practical applications [97-99]. In their researches, structural-color patterns containing dots,
lines, and surface shapes were fabricated successfully by the self-assembly of colloidal nanoparticles via adjusting
the preparation conditions of inkjet printing. For the dot-like structural-color patterns, inkjet printing was applied
to deposit latex droplets onto an octadecyltrichlorosilane-treated substrate which afforded a high receding contact
angle and enabled free sliding of the three-phase contact line (TCL). All the particles within each droplet were
driven inwardly during the drying process for the effect of the free-sliding TCL and assembled into structural-
color domes spontaneously, realizing a great height-to-diameter (H/D) ratio (Figure 7a) [100]. The printed
structural-color domes had a uniform shape and size with the particles assembled into a densely-packed face-

163



Mater. Interfaces 2025, 2(2), 155179 https://doi.org/10.53941/mi.2025.100013

centered cubic structure. Interestingly, structural-color domes with H/D ratios exceeding 3/8 exhibited angle
independence (Figure 7b). This convenient printing approach affords an efficient method for exploiting displays
with extensive viewing angles. The facile printing approach could offer a high-efficiency strategy for creating
advanced displays and other optical devices. DIW-printed advanced displays based on structural-color materials
through this method can control the phase, amplitude, and polarization of light at subwavelength scales as beam
deflectors and optical encryption devices. Structural-color optical sensors capable of making adjustment to their
reflection wavelength in response to environmental stimuli can be extensively applied in environmental
monitoring, biosensing, and wearable health diagnostics.
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Figure 7. Inkjet printing of colloidal crystals. (a) Inkjet printing patterned PC domes onto hydrophobic surfaces
through adjusting the sliding TCL. (b) Fluorescent structural-color domes’ angle-independence of the fluorescence
images. Reproduced with permission [100]. Copyright 2014, Wiley-VCH. (¢) Schematic of the fabrication of dual-
color domes on a basis of phase separation. Reproduced with permission [101]. Copyright 2022, American
Chemical Society. (d) A butterfly-like pattern printed via heterogeneously self-assembling on a PDMS substrate.
180 nm and 220 nm silica nanoparticles were utilized to construct green-blue and red-green depositions,
respectively. Scale bar: 1 cm; zoom in 0.5 mm. Reproduced with permission [102]. Copyright 2023, American
Chemical Society. (e) Inkjet-printed pattern combined with the structural colors and fluorescence for multiplex
encryption and anticounterfeiting. Reproduced with permission [103]. Copyright 2024, Wiley-VCH.

Dual-color spots are significant identity labels that deliver warnings and mating information. Li et al.
developed a one-pot method on a basis of the phase-separation-associated non-uniform self-assembly of silica
nanoparticles to fabricate dual structural-color domes (Figure 7c) [101]. In the drying droplets, individual
nanoparticles were nonuniformly distributed into two compartments owing to the varying compatibility of
nanoparticles between the two phases and the droplet inner flows. The colors of the domes resulted from
nanoparticles’ self-assembly are capable of being programmed via modulating the assembly conditions. A
tremendous volume of content in encrypted patterns was designed using dual-color domes, presenting promising
applications for information transfer. Later, Li et al. utilized the spatial restriction induced owing to the skin layer
packaging of a drying colloid PEG droplet to enable the heterogeneous self-assembly of individual nanoparticles
(Figure 7d) [102]. Colloidal crystals with homogeneous or heterogeneous plane orientations were fabricated by
modulating the concentration of PEG within the droplets. This heterogeneous self-assembly approach enables the
extensive utilization of various colloidal nanoparticles, different droplet shapes, and diverse substrates. Coatings
fabricated by this strategy have the advantages of tunable colors, unfadeness, and low-energy consumption, which
can be extensively used in anti-counterfeiting for economic security and human health.

The combination of fluorescence and structural color is a good strategy for fabricating multiplex encryption
systems. Gao et al. proposed a robust multiple encryption system with integration of structural color and
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fluorescence via programmable inkjet printing using colloidal photonic inks (Figure 7e) [103]. Colloidal photonic
crystals exhibit structural-color patterns under sunlight. Under UV light, those exhibiting fluorescence in the same
region display different fluorescence patterns. Microscopic fluorescence patterns which are unclonable physically
can be observed in specific regions with fluorescence microscopy, the resulting macroscopic dual-mode encryption
offered strong identifiable encrypted information. Moreover, evaporation process-induced fluorescence patterns
exhibit unparalleled, uniform, and irrelevant random properties with high complexity and sufficient encoding
capacity and further deep learning could be employed to construct a database and certify its credibility. It is
expected that this system will provide a promising technique to combat counterfeiting and reinforce the practical
application of fluorescent and structural colors for anticounterfeiting in high value products.

4.2. Inkjet Printing of Cellulose Nanocrystals (CNCs)

CNCs are ideal candidates for use as cost-effective and sustainable inks to print bespoke patterns and scalable
photonic coatings. Whereas, the small volume and large surface area of sessile CNC droplets typically generate
rapid evaporation, producing microfilms with a coffee-stain-like morphology and pretty vague coloration.
Williams et al. proved that inkjet printing of CNC droplets directly via an immiscible oil layer enables instantly
inhibit water loss, realizing a reduced internal mass flow and more sufficient time used for cholesteric self-
assembly [104]. The color of individual microfilm depended on the initial composition of the droplet, which was
capable of being adjusted as required through leveraging the overprinting and coalescence of numerous smaller
droplets of various inks. The approach realizes the fabrication of multicolored patterns with intricate optical
behaviors, like polarization-selective reflection and angle-dependent color. Finally, the array could be achieved
responsive to stimulations (e.g., polar solvents and UV light) by the inclusion of degradable additives. These
advantageous properties make inkjet-printed photonic CNC arrays suitable for optical anticounterfeiting and smart
colorimetric labeling applications. It can be envisaged that high-quality, full-color photonic patterns could be
highly compatible with the stringent processability demands of commercial printing including packaging labels.

4.3. Inkjet Printing Inks on Photonic Polymer Coatings

In 2018, Schenning and coworkers proposed inkjet printing of CLC inks on photonic polymer coatings for
the first time (Figure 8a) [105]. They first prepared CLC polymer coatings containing nonpolymerizable LCs.
Elimination of the non-polymerizable cyanobiphenyl LC derivative (SCB) resulted in the collapse of the polymer
network, achieving to reduce the helical pitch length and impart a violet color to the coatings. This process also
made the network highly flexible and optical response to stimuli enhanced. Moreover, this flexible network can
be swollen using nematic-phase LC inks E7, which could be readily filled in an inkjet printer cartridge and
precisely introduced at the desired areas in a controlled method. The wavelength of the reflected light is in direct
proportion to the helical pitch length. Therefore, full-color images can be patterned on polymer coatings through
inkjet printing with different amounts of LC ink on demand. Importantly, the printed patterns exhibited stability
and durability under ambient conditions and could be entirely erased to allow for printing another new pattern.
The fully rewritable and printable photonic coating from a CLC polymer network paves the avenue for rewritable
photonic papers and arbitrary polymer patterns responsive to external stimulus.

For universal patterning of program dual-mode images, Liu et al. designed fluorescent LC polymer coatings
to create geminate patterns using two-chromatic inkjet printing technique (Figure 8b) [106]. Nanocomposites as a
novel paradigm of fluorescent LC materials integrate colloidal quantum dots with CLC polymer networks for
producing extensive color palettes of photoluminescence and Bragg reflection. Based on two-chromatic inkjet
printing technology, geminate, high-resolution, and full-color patterns with two colors of different mechanisms
have been inkjet printed, for example, fluorescent dragon and reflective Phoenix.

BPLCs can be used as photonic polymer coatings for inkjet printing. Yang et al. fabricated a printable
photonic polymer coating was on a basis of a monodomain BPLC network (Figure 8c) [107]. BPLC polymer
coatings were covalently bonded to a glass substrate that was patterned with LC ink to swell the polymer network.
The degree of swelling was determined by the amount of LC ink printed, which could be manipulated via
regulating the voltage of the inkjet printer. Random multicolor patterns spanning the visible light wavelength from
451 to 618 nm could be printed and erased multiple times, rendering these BPLC polymer coatings shine light on
responsive photonic materials and rewritable photonic papers. Meng et al. reported a high-resolution “live” pattern
was resulted from the well-scheduled diffusion of LC ink on BPLC polymer networks with modified wettability
(Figure 8d) [108]. This hydrophobic substrate significantly suppressed random spreading and diffusion of the ink,
generating high-resolution patterns. BPLC materials featured with the intrinsic properties like ultrafast electro-
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optical switching and wide viewing angle generate field-sequential color displays in the millisecond range, which
function as advanced optical communication and adaptive photonic devices.

In addition to LC inks, water can also be used as an ink for inkjet printing. Yang et al. fabricated humidity-
responsive, color-changing photonic polymer coatings on a basis of hydrogen-bonded BPLC networks [109]. The
polymer coatings exhibited humidity-responsive reversible color changes in the visible spectrum of light, which
were driven by breaking the hydrogen bonds and subsequently converted into hygroscopic polymer coatings.
Rewritable photonic patterns were obtained by inkjet printing water onto the dried hygroscopic BPLC polymer
coatings. This work shines light on applications in diverse civil and military fields containing adaptive camouflage,
information encryption, sensors, and beyond.
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Figure 8. Inkjet printing of LCs on photonic polymer coatings. (a) Working mechanism of patterning in the CLC
polymer coating. Reproduced with permission [105]. Copyright 2018, The Royal Society of Chemistry. (b)
Photographs of a full-color pattern achieved by two-chromatic printing technique to display the images of
fluorescent Dragon and reflective Phoenix upon UV excitation and white light irradiation, respectively. Scale bars:
5 mm. Reproduced with permission [106]. Copyright 2024, Wiley-VCH. (¢) Working mechanism of patterning in
the BPLC polymer coating. Reproduced with permission [107]. Copyright 2019, The Royal Society of Chemistry.
(d) Four-leaf flower pattern created through well-designed multilayer printing on a BPLC polymer coating.
Reproduced with permission [108]. Copyright 2022, Wiley-VCH.

4.4. Inkjet Printing Based on Total Internal Reflections

In 2020, Goodling and Zarzar illustrated brilliant structural colors could be created at microscale concave
interfaces and proved the coloration principle of interference due to total internal reflections systematically,
thereby establishing the feasibility of manipulating the structural colors using low-index materials [110]. The
structural colors of total internal reflections could be directly achieved using single microstructure without
applying complex particle self-assembly or polymer phase-separation structures [111-113].

Based on the total internal reflection effect, Li et al. developed a facile structural-color printing technique
were capable of realizing the full-color fabrication of highly photorealistic images with an individual transparent
ink by the commercial inkjet printing approach (Figure 9a) [114]. Transparent inks can be produced in a large
quantity from monomer or polymer solutions. When ink droplets are printed on a transparent and hydrophobic
substrate, they retract into the ideal microdomes with large curvature angles for the effect of surface tension. These
inverted microdomes can generate an interference color from total internal reflections and function as independent
pixels for constructing the color images. The color of each microdome which was controlled by the optical path is
adjusted across the whole visible region by modulating the physical morphology (Figure 9b). Thus, we can facilely
gain full-color pixels using one transparent ink and one printing nozzle. Every pixel was decoded into the
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corresponding printing parameters, and a digital programmable printer was utilized to prepare the full-color
structural-color images. The lightness, grayscale, gamut, and saturation of the image can be systematically
manipulated using single-pixel precision (Figure 9c). Additionally, this color-printing approach is entirely
compatible with the commercial printing technique and is suitable for large-scale industrial production. Therefore,
it is greatly anticipated that the optical Janus property of coloration and transparency gained from different sides
will facilitate structural colors for the practical applications in colorimetric sensor, anticounterfeiting technology,
dynamic display, and smart window. For instance, the facile flipping can realize the fully reversible switching
between radiative cooling and heating due to the asymmetrical optical effect.
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Figure 9. Full-color printing based on total internal reflections. (a) Process of structural-color printing with an
individual transparent polymer ink. Polymer ink can be directly created by dissolving the polyacrylic acid into the
mixture of ethylene glycol and water. Scale bar: 2 cm. (b) Schematic of the D-B-D printing (b: to bs) to fabricate
and integrate the different microdomes through which the microdome diameter can be controlled precisely.
Viewing from the bare-glass (blank) side (bs), the microdomes can display size-dependent colors for diverse optical
paths of total internal reflection. (¢) Designed grayscale and experimental colorful patterns of Isaac Newton’s
portrait. Scale bars: 40 pm. Reproduced with permission [114]. Copyright 2021, AAAS.

5. Other Additive Manufacturing Methods for Preparing Structural-Color Materials

5.1. Digital Light Processing (DLP)

The formulation of precursor solutions for DLP printing is critical for the successful printing of 3D structures
with ideal performance. Specifically, the precursor solutions used in DLP printing consist of monomers, cross-
linking agents, and photosensitizers, which can be cured by the phase transition from liquid to solid during
exposure to UV or blue light. Because precursor solutions containing colloidal particles have been extensively
utilized in the fabrication of patterned photonic crystal films, they can also be cured layer-by-layer to theoretically
establish a 3D structure through integration with DLP [115]. DLP enables the fabrication of complex, high-
resolution aesthetic patterns with durable structural colors. DLP-printed structural-color materials can be precisely
engineered to manipulate light for sensing, display, and counterfeiting technologies [116].

Liao et al. were the first to report a combination of DLP and precursor solutions containing colloidal
particles [117]. They reported a printable colloidal photonic crystal ink consisting of highly charged elastic
nanoparticles (HENPs) achieved dispersion in a precursor solution. They fabricated 3D colloidal photonic crystal
hydrogels with macroscopic geometries and the corresponding structural colors using DLP (Figure 10a,b). The
key to this approach is to preserve the ordered arrangement of the HENPs in the precursor solution through
electrostatic interactions before printing. During the printing process, the precursor solution polymerizes under the
projected pattern, which locks the arrangement of the HENPs into the printed structure. Consequently, a 3D
customized object with a stable structural color is formed. This approach allows the production of 3D colloidal
photonic crystal hydrogels with the desired functions by tuning the ink composition or printing parameters. For
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instance, using an ink containing a thermoresponsive monomer, such as N-isopropylacrylamide (PNIPAm), they
prepared bioinspired structures that exhibit color variations corresponding to temperature changes. The tunable
and reversible structural-color performance reinforces the practical applications like color-morphing soft robots
for surveillance, reconnaissance, and wildlife observation without disturbing natural habitats.

However, the printing process in this method is non-continuous, as each consequent layer cannot be printed
until the previous layer is complete. This limitation results in a layered structure with a rough surface and poor
fidelity. To solve this problem, continuous DLP has been proposed, and a similar method has been successfully
employed for the fabrication of structural-colored materials.

Zhang et al. utilized a hydrogen-bond-assisted colloidal resin to print 3D structural-colored materials which
have been self-assembled well through a previously developed one-droplet 3D printing strategy (Figure 10c—f) [118].
During the printing process, the resin was refilled while the supporting platform was simultaneously elevated.
Figure 9d,e shows the ink composition and the final printed structures. In the UV-curable system, polystyrene
latex particles as the structural color provider, carbon black designed to decrease incoherent scattering, and
photocurable monomers were stabilized by hydrogen bonds between them during printing. Meanwhile, using the
continuous curing method, the pressure difference between the newly filled resin and the already cured layer
creates a suction force that ensures the inward filling of the resin and tight self-assembly of the colloidal particles
within the cured layer. Just-printed objects exhibit minimal structural colors. After the removal of water via
evaporating, the printed objects can construct a densely arranged hexagonal colloidal particle structure to generate
a brighter structural color. Moreover, the structural color could be fine-tuned through controlling the printing speed

and particle diameter [119-123].
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Figure 10. Structural-color materials via DLP. (a) Schematic of the DLP 3D printing of colloidal photonic crystals.
(b) Printed 2D and 3D non-close-packed colloidal photonic crystals with different colors. Scale bars: 2 mm.
Reproduced with permission [117]. Copyright 2024, Elsevier Ltd. (¢) Scheme showing the process of consecutive
resin refilling and hydrogen bond-assisted synergistically DLP 3D printing apparatus. (d) UV-curable structural-
color ink formation. (e) pH characterization of pure aqueous dispersion solution of PS latex particles, pure aqueous
solution of monomer acrylamide (AM), and aqueous mixture of PS latex particles with AM. (f) Optical images of the
multiple structural-color models printed using various PS latex particle diameters. Reproduced with permission [118].
Copyright 2022, Nature Publishing Group.
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5.2. Two-Photon Polymerization Lithography (TPL)

TPL relies primarily on a process known as two-photon polymerization. During this process, the
photoinitiator at the laser focus simultaneously absorbs two photons and generates radicals that trigger
polymerization in the photoresist. TPL has been extensively investigated for the manufacture of various 3D
micro/nanodevices with high resolutions, which can be utilized in fluidic devices, optical materials, metamaterials,
and cell cultures [124].

Using TPL technology, freely designed structural-color materials with highly ordered 3D nanostructures
could be prepared using photoresists. However, creating forbidden gaps in the visible light wavelength desires a
high resolution that exceeds that of the regular TPL system. The laser-writing process disturbs the stable
microenvironment in the photoresist and results in unwanted polymerization within the surrounding regions. To
overcome this challenge, Liu et al. proposed a heat-shrinking technique was leveraged to fabricate 3D-printed
photonic crystals which possessed a 5x reduction in the lattice constants, realizing sub-100-nm features with a full
spectrum of colors (Figure 11a,b) [125]. The lattice structures as 3D color volumetric elements facilitated the
printing of the 3D microscopic scale objects, such as the first multicolor microscopic model of the Eiffel Tower,
which measured just 39 um in height and a color pixel size of 1.45 pm. This method for printing colorful 3D
structures at the microscopic scale offers significant potential for direct patterning and the integration of spectrally
selective devices, including photonic crystal-based color filters, onto curved surfaces and freeform optical
elements. This ability to precisely produce structural color within complex 3D objects could be extended to
developments in integrated 3D photonic circuitry and compact optical components, achieving position tracking
and full-color wide angle panoramic views.
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Figure 11. Structural-color materials via TPL. (a) Schematic of 3D-printed structural-color materials via heat-
induced shrinking. (b) 3D color prints. Scale bars: 10 pm. Reproduced with permission [125]. Copyright 2019,
Nature Publishing Group. (¢) Schematic of the sacrificial-scaffold-mediated TPL process. (d) Colloidal crystal
microstructures manufactured via the sacrificial-scaffold-mediated TPL. Scare bars: 20 um. Reproduced with
permission [126]. Copyright 2022, Nature Publishing Group. (e) Fabrication of 4D photonic microactuators via
TPL. (f) Polarized optical micrographs of the flower presenting the color changes driven by humidity. Reproduced
with permission [127]. Copyright 2020, American Chemical Society.

Endowing structural-color materials with highly precise 3D microarchitectures will open exciting prospects
for novel applications. Liu et al. reported a sacrificial scaffold-mediated TPL method to enable the preparation of
intricate 3D colloidal crystal microstructures possessing ordered nanoparticles inside (Figure 11c¢,d) [126].
Utilizing a degradable hydrogel scaffold, the disturbance effect of the femtosecond laser on the self-assembly of
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nanoparticles can be solved. Thus, colloidal crystal microstructures in hydrogel and solid state with variable
structural colors, free-designed geometries, and diverse compositions can be facilely manufactured.

Stimuli-responsive photoresists can also be used to construct four-dimensional (4D) microstructures. Pozo et al.
reported a photonic photoresist on a basis of supramolecular CLC was developed for fabricating stimuli-responsive
photonic microactuators using two-photon polymerization direct laser writing, during which hydrogen bonds as
supramolecular cross-linkers formed and cleaved after base treatment. This reversible process contributed to a
stimuli responsive network (Figure 11e,f) [127]. Photonic 4D microactuators, including butterflies, flowers, and
pillars with submicron resolution, have been created according to the advanced method. In addition, these
structures exhibited dual responses to changes in humidity (directly) and temperature (indirectly). The hygroscopic
character of the polymer network induced a shape change of up to 42% at 75% RH. The controlled expansion of
the microactuators under conditions of various humidity and temperatures generates a corresponding color change
for the adjustment of the nanoscale CLC pitch within the ordered network. This dual-mode responsive material
can construct microrobots, which can release drugs and operate tissue repair within the physical environment in a
directional manner.

5.3. Fused Deposition Modeling (FDM)

A FDM machine comprises a movable platform and a mechanical arm that controls the extrusion nozzle.
Customized 3D structures can be created by controlling the movements of the nozzle and platform in the X, Y,
and Z directions. The main difference between the FDM and DIW is the printing material. In DIW, the printing
materials are in a liquid or paste state that can be directly extruded. In contrast, FDM requires the material to melt
into filaments before printing. Similar to the previously mentioned DIW, FDM can also print structurally colored
materials by incorporating suitable “building blocks” into the extruded material [128]. FDM enables to facilitate
the practical applications including new passive color mixing [129], biocompatible scaffold [130] and biomimetic
soft robots [131].

Boyle et al. designed a structural-colored material using a ring-opening polymerization method and used it
as a building block in FDM to create 3D objects exhibiting structural color [132]. As depicted in Figure 12a, such
a material is composed of dendritic BCPs that can self-assemble into various kinds of 1D, 2D, and 3D periodic
structures. More specifically, BCPs can self-assemble into a layered structure with a scale similar to the wavelength
of light, thus resulting in a structural color. By directly controlling the molecular weight of the block copolymers,
the domain size of the nanostructure in the printed parts could be adjusted to tune the reflection peak across the
visible light spectrum. Therefore, printed objects with diverse structural colors can be manufactured by altering
the molecular weights of the BCPs (Figure 12b). This FDW 3D printing approach has the advantages of ease of
use, reliability, and low cost; however, each object is merely available in an individual color. Thus, intricate parts
of diffractive optical elements with customized optical properties can be fabricated without any pigments or dyes.
The printed photonic objects with high precision enable to manipulate the wavefront in line with different
wavelengths and generate the desired pattern or structural beams for filtering light or even guiding specified light
frequencies around a curved geometry.
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Figure 12. Structural-color materials via FDM. (a) Synthesis of the rigid-rod dendritic block copolymers and their
self-assembly process. (b) Colorless block copolymers self-assemble into a colored filament during extrusion in
the extruder nozzle. Reproduced with permission [132]. Copyright 2017, American Chemical Society.
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Similar to DIW, FDM presents challenges such as surface roughness, restricted printing resolution, and
limited material selection, as it also involves the controlled extrusion of certain materials from a nozzle. Moreover,
to ensure the homogeneous dispersion of the nanoscale building blocks in the raw materials, a prolonged agitation
and blending process is required, which is essential for achieving consistent color and optical properties throughout
the printed objects. However, these extended processes require long-term stirring at high temperatures, which inhibits
the incorporation of molecules with low thermal stability, such as bioactive molecules, into the raw materials.

6. Conclusions

In this work, we deliver a state-of-the-art review of the additive manufacturing of structural-color materials.
A comprehensive overview of each manufacturing method, printable ink, properties, and limitations is presented
in Table 1. For the DIW of structural-color materials, several printable inks, such as colloidal crystal inks, CLC
inks, CNC inks, and BCP inks, have been formulated with both macroscopic printing rheology and microscopic
self-assembly properties. For inkjet printing of structural-color materials, four strategies have been showcased:
inkjet printing of colloidal crystals, inkjet printing of cellulose nanocrystals, inkjet printing inks on photonic
polymer coatings, and inkjet printing based on total internal reflections. For the DLP of structural-color materials,
the printable inks are cured from the liquid state to the solid state when exposed to UV or blue light; this process
is repeated layer-by-layer until the entire 3D object has been constructed. For TPL of structural-color materials,
high-energy pulse lasers are utilized to induce localized photochemical reactions within the material and produce
high-resolution photonic nanostructures. In the FDM of structural-color materials, the printable build blocks self-
assemble into filaments, and 3D structural-color objects are formed via filament extrusion.

Despite significant progress, additive manufacturing of structural-color materials for practical applications is
still in the early phases of development. There are numerous challenges and opportunities to accelerate the
development of this exciting field. On the one hand, the structural designability of additive manufacturing
approaches is limited. Extrusion-based printing methods, like DIW, inkjet printing, and FDM, are characterized
by rough surfaces and limited ink options because the printing materials and resolution are strictly constrained by
the extrusion process. Structurally colored materials generated using DLP methods also exhibit notable layered
structures and have limited design freedom. TPL can achieve high printing resolutions but faces challenges in
efficiently printing large-scale structures. Therefore, novel additive manufacturing strategies that facilitate rapid
and efficient material processing on a large scale are necessary to address these issues [133,134]. On the other
hand, the capabilities of structure-color materials need to reinforce and extend its practical applications. The
following key respects of printed structure-color materials should be considered to achieve this goal: (1) Printable
structural-color inks: currently, the printable structural-color inks mainly involve colloidal particles, CLCs, CNCs,
and BCPs. The limited material selection is a prevalent barrier for additive manufacturing manners, considering
the compatibility of ink properties with additive manufacturing methods. Structural-color inks with high
printability and stable periodic arrangements are urgently desired. Under the support of machine learning, the
relevant abundant samples can be assembled and managed to predict ink formulations that optimize printability
and color vibrancy. (2) High quality structural color: the color quality is often unsatisfied owing to the inevitable
impact of the additive manufacturing process on the self-assembly. Considerable efforts are still required to obtain
fine color resolution, broad color gamut, high color reflectivity, and improved color stability. Achieving this goal
entails novel materials and self-assembly mechanism that can mitigate the undesired influence caused by the
printing process [135]. Specifically, it can be solved via leveraging microfluidic droplet-based methods to precisely
deposit self-assembling colloidal particles in a controlled manner either or applying programmable electric,
magnetic, or acoustic fields to guide nanoparticles positioning for defect-free photonic structures. (3) Functionality:
the long-term development goal of structure-color materials is to reinforce its functionality for practical applications.
Key solutions for achieving this goal include using functional inks [136], printing combinatorial materials [137], and
expansion of functional substrates capable of supporting structural colors [138,139], such as flexible substrates,
textiles, and three-dimensional objects. The functionalization of materials with versatile and robust properties should
be highlighted in the future, which aims at reinforcing resistance to environmental factors and exploiting extensive
opportunities of environmentally conscious manufacturing practices. In the last decade, the additive manufacturing
of structural-color materials has shown a feasible path for programming and manipulating photonic crystal objects in
customized geometries. With the development of additive manufacturing technology and a deepening understanding
of artificial structural-color materials, we believe that structural colors with free-designed structures and
unprecedented properties will be developed in the near future. It is anticipated that the exploitation of additive
manufacturing of bioinspired structural-color materials would yield vast opportunities and significant challenges, and
joint collaboration from scientific researchers in the fields of multi-disciplinary specialties will expedite the
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development of advanced manufacturing techniques, which mainly contains portable medical devices [140,141],

biomedical imaging [142,143], personal wearable devices [144,145], etc.

Table 1. The manufacturing methods, printable inks, properties and limitations of structural colors.

Manufacturing Refs

Methods Printable Inks Properties Limitations
Silica particles/carbon . . High viscosity (>1.6 x 106
[71] black nanoparticles in Customized structurgltcolor graphics o r.nPa-s);. o
acrylate resin (absolute reflectivity > 80%) Immiscibility of distinct inks
for limited material selection

Tunable chiroptical properties; Low saturation:

[76] CLC oligomer inks Polarization independence of reflected Low pattern resolu’tion
light (—60° <8 < 60°)

. . Humidity-sensitive “hinge” drivin, Low saturation

1771 CLC oligomer inks actuatioZl with reﬂectedgcolor shiftg Low pattern resolution
Mechanochromic structural-color
[87] CLC oligomer inks grap'h.lc's ’ Limited material selection
Sensitivity
~1.64 nm% !
DIW 3D customized objects on arbitrary
substrates;
[88] HPC-gelatin-PACA inks Environmental friendliness; Low pattern resolution
Color tunability via temperature (from
green to red in the range of 2040 °C)
Optical response to mechanical

. deformation; Low saturation;

[89] HPC-PEG inks Path-dependent tilt of the cholesteric Low pattern resolution
domains

Spatial patterning of structural colors;
[90] PDMS-b-PLA BBCP inks Exquisite modulation of microstructural
(>70 nm)

Limited material selection;
high cost

Multiple-color adjustment (from deep
blue to orange via UV light irradiance
from 411 to 0 uW/cm?)

PS-b-PLA cross-linkable
BBCP inks

Limited material selection;
high cost

PS particles in mixture of

. Angle i t structural colors;
deionized water and ngle independent structural colors;

[100] Enhanced brightness (>40 times);

2D patterns only

ethyfl{;t;er egslzggigmh Wide viewing-angle (from 0° to 180°)
Silica nanoparticles in ~ Dual-color domes for nonuniform self-
L1011 ATPS of PEG and DEX assembly 2D pattern only
biii na;l(ﬁgz;t:c(zilr;eie Unclonable multiplex encryption pattern;
[103] | (f(})/l and formani,i de) Rapid (=2 s) and accurate (0 false alarm 2D pattern only
& ywi th fluorescence rate) authentication
Inkjet printing Angle-dependent color and polarization-
[104]  Aqueous CNC suspension selective reflection, 2D pattern only

Ability to be printed in full-color dot-
matrix patterns and bespoke images

colloidal quantum Fluorescent LC polymer coatings;

[106] dots/CLC networks inks Full-color, high-resolution geminate ~ Limited material selection
patterns
[108] BPLC inks Erasable high-resolution “live” pattern  Limited material selection

Fluorinated monomer in 1
[110] wt% Pluronic F-127 in
water

Full-color printing using only one
transparent ink

Complex preparation process

NCPC composed of
HENPs dispersed ina  Tunable multicolor NCPC patterns and
crosslinkable pre-gel mechanical properties
solution

[117]

DLP

Low Resolution; Rough
surfaces;

aqueous solution of PS
latex particles mixing with
CB, AM, PEGDA and
TPO-H

Excellent shape fidelity;
High precision;
Angle dependence

[118]

Low Resolution; Rough
surfaces;
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Table 1. Cont.

Manufacturing Refs

Methods Printable Inks Properties Limitations
Multicolor microscopic 3D objects;
Silica polymeric woodpile The smallest achievable color voxel size: Limited size (um level);
[125] . L -
microstructures xy-directions: 1.45 um Low efficiency
z-direction: 2.63 um
TPL Silica particles .Wlth Complex. 3D colloidal crystal Limited size:
[126] hydrogel as sacrificial microstructures: .
.. . Low efficiency
scaffold minimum feature size down to 3 um
Response to variations in humidity and Limited size:
[127] Supramolecular CLCs  temperature through modulation of their .
Low efficiency
shape and color
FDM [132]  Rigid-rod dendritic BCPs Filter llght or even guide specified light Low saturation;
frequencies around a curved geometry Low resolution
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Abstract:  Stimuli-responsive luminescent
PL color change

liquid materials have recently attracted

considerable attention due to their potential to “

address the limitations of solid-state materials, Supercooled SCR\
such as the necessity of organic solvents and liquid pLon [l  PLON

the difficulty in fabricating composite systems.
Liquid-state ~ materials  offer  superior

PL OFF PL ON

processability and enable facile modulation of .“‘;'*,,.‘
photophysical properties by simply selecting NA-N(CHs)z ‘
appropriate solutes. In particular, molecular PL off / on

designs incorporating electron-donating or

electron-accepting properties into liquid materials allow to form charge-transfer (CT) complexes upon dissolving
solutes with their opposite electronic properties, altering both solution color and photoluminescence (PL) behavior.
In this study, we developed a room-temperature supercooled liquid material based on an electron-accepting
naphthalene diimide (NADI) derivative, BR-Val-NADI. Upon dissolving electron-rich naphthalene-based
derivatives (NA-##s) into BR-Val-NADI, NA-##/BR-Val-NADI with CT character were readily obtained as
solutions, exhibiting various colors and PL properties. NA-##/BR-Val-NADI also functioned as printable PL inks
that could be applied onto various substrates such as glass and paper. Notably, the PL properties of NA-##/BR-
Val-NADI were responsive to thermal stimuli, with temperature-induced changes in PL color and PL off/on
switching. These results highlight the potential of NA-##/BR-Val-NADI as a new class of stimuli-responsive soft
materials for applications in printable photonic devices and smart sensing platforms.

Keywords: naphthalene diimide; stimuli response; liquid material; stimuli-responsive liquid; photoluminescence

1. Introduction

Stimuli-responsive luminescent solid-state materials have been extensively reported and have emerged as a
major research focus in materials science over the past two decades [1-10]. Molecular design strategies based on
n-conjugated frameworks have been established for such materials, and research is underway not only on the
development of novel compounds but also on their response to external stimuli and potential practical applications.
However, these solid-state materials often require the use of volatile organic solvents during thin-film fabrication
and precise molecular engineering techniques to avoid crystal polymorphism [11-13], which result in variations
in luminescence colors in thin films. To address these challenges, the development of liquid-state materials has
recently attracted growing attention, as they offer promising soft materials to overcome the limitations associated
with solid-state systems [14—18].

Solvent-free liquid materials composed of m-conjugated frameworks are promising candidates for
environmental-friendly soft materials [19-29]. Because these materials can be used under a wide range of conditions
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without harmful volatile organic solvents, they present a sustainable alternative to conventional solid-state materials,
of which applications align with some of the Sustainable Development Goals (SDGs) [30-32]. One of the key
advantages of liquid materials lies in their ability to dissolve/disperse a wide variety of compounds such as organic
and inorganic materials, enabling the facile preparation of composite materials [20,21,23,33-35]. For example, 7-
conjugated liquid materials with electron-accepting properties can readily dissolve electron-donating n-conjugated
compounds, allowing for the straightforward preparation of charge-transfer (CT) solutions [20,36,37]. In contrast,
the fabrication of composite solid-state materials typically requires complicated procedures such as co-crystallization
or co-evaporation, which are both technically demanding and time-consuming. In this study, for the development of
novel liquid materials in response to external stimuli, we focus on the liquification of 1,4,5,8-naphthalene diimide
(NADI) framework.

NADI, a well-known rylene-based aromatic planar molecule, has attracted considerable attention due to its
high thermal and photochemical stability, along with its intrinsic electronic and optical properties [38—40]. In
particular, NADI exhibits high electron affinity and has been widely studied as an electron acceptor in CT
complexes, both in the bulk state and in the dilute solution state in the field of supramolecular chemistry [38,39].
Recent studies have explored the incorporation of the NADI framework into macrocyclic molecules with host—guest
interactions [41—45], covalent organic frameworks (COFs) [46—49], and n-type organic semiconductors [50-53].
Among these applications, the use of NADI-based materials for solid-state photoluminescence has drawn growing
interest [39,54,55], however, their photoluminescent (PL) properties are often quenched due to strong molecular
aggregation (aggregate-caused quenching (ACQ)) in the bulk state [56], which poses a significant challenge. To
overcome this problem, various molecular design strategies have been reported, including the introduction of bulky
substituents to suppress intermolecular interactions [57], the utilization of aggregation-induced enhanced emission
(AIEE) properties [58—60], and the precise control of molecular packing. Despite the wide applicability of NADI
derivatives, to the best of our knowledge, no reports have been reported on the liquefaction of NADI showing PL
properties, except for one report on the preparation of the CT liquid composed of a supercooled-liquid NADI
derivative [36].

In this study, we aimed to suppress the aggregation of the NADI core by introducing valine, a bulky amino
acid with isopropyl side chains, during the imidization step, as well as by incorporating branched alkyl chains with
large excluded volumes (Schemes 1 and 2). As a result, we obtained compound BR-Val-NADI exhibiting a
supercooled liquid state at room temperature upon heating and subsequent cooling. Also, we found that BR-Val-
NADI exhibits clear photoluminescence in its supercooled liquid state, whereas its luminescence is significantly
reduced in the solid state. Notably, the emission color could be tuned by dissolving various m-conjugated
naphthalene derivatives (NA-##s) via CT/exciplex formation. Also, their thermal stimuli enabled modulation of
the PL properties. To the best of our knowledge, this represents the first report on the development of a PL NADI-
based liquid material.

SRR o

BR-Val-NADI
PL color change

Supercooled
liquid PL ON
PL OFF PL ON

PL off / on

NA-N(CH,), -

Scheme 1. Molecular structure of BR-Val-NADI, its photographs under room light and coated onto glass substrate
under black light (365 nm), and photographs of thermal-responsive behaviors for NA-H/BR-Val-NADI and NA-
NMez/BR-Val-NADI solutions under light and black light (365 nm).
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Scheme 2. Synthesis of BR-Val-NADI.
2. Materials and Methods

2.1. General Methods

The 'H and '*C NMR spectra were recorded on a Bruker AscendTM Avance 111 HD 400 MHz or UltraShield
Plus 400 MHz NMR spectrometers (‘H: 400 MHz, '*C: 101 MHz). All the spectroscopic measurements were
carried out at room temperature. The chemical shifts of the '"H and '*C NMR signals are quoted relative to
tetramethylsilane (6 = 0.00) as internal standards. High-resolution atmospheric-pressure-chemical-ionization time-
of-flight (HR-APCI-TOF-MS) mass spectra were collected on a Bruker compact QTOF spectrometer. UV-vis
absorption spectra were recorded on a JASCO V-770 UV-vis spectrometer and the fluorescence spectra were
recorded on a JASCO FP-8500 luminescence spectrophotometer. UV-vis and PL spectra were measured in thin
films coated onto quartz glass substrates. DSC and TG-DTA measurements were performed on a Hitachi High-
Tech EXSTAR6000 DSA6220 and Hitachi High-Tech EXSTAR6000 TG/DTA6200 at a scan rate of 10 °C min ™.
A OLYMPUS BX53M optical and polarizing optical microscope equipped with a Mettler FP90/82HT hot stage
was used for visual observations of the optical textures. All reagents, all naphthalene derivatives, and solvents
were purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan), Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), Kanto Chemical Co., Inc. (Tokyo, Japan), or Sigma Aldrich (St. Louis, MO, USA), and were used
as received. Val-NADI was prepared according to previous reports [61].

2.2. Synthesis of BR-Val-NADI

To the CH>Cl, (50 mL) solution of Val-NADI (3.50 g, 7.5 mmol), 2-hexyl-1-decanol (4.00 g, 16.5 mmol), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 3.16 g, 16.5 mmol), and 4-dimethylaminopyridine
(DMAP, 4.58 g, 37.5 mmol) were added and stirred at room temperature for 2 days. After the addition of deionized
water, the resulting mixture was extracted with CHCI; three times and the combined organic layer was dried over
Na,SOs, filtered, and evaporated. The residual oil was purified by column chromatography (silica gel) with
EtOAc/hexane (1/19) as the eluent to afford BR-Val-NADI (1.63 g, 23.8%) as a colorless waxy solid.

BR-Val-NADI: 'H NMR (400 MHz, CDCls) & 8.78 (s, 4H), 5.35 (d, J = 9.2 Hz, 2H), 4.10-3.97 (m, 4H),
2.93-2.82 (m, 2H), 1.59-1.49 (m, 2H), 1.33 (d, J=7.1 Hz, 6H), 1.31-0.93 (m, 48H), 0.87 (t, J = 7.1 Hz, 6H), 0.80
(t, J=7.4 Hz, 12H); *C{'H} NMR (101 MHz, CDCl5) 8 169.3, 162.5, 131.4, 126.8, 126.3, 68.1, 59.3, 37.1, 31.8,
31.7,31.6,31.3, 31.3, 29.9, 29.9, 29.5, 29.5, 29.4, 29.4, 29.3, 27.6, 26.6, 26.6, 26.5, 26.5, 22.6, 22.6, 22.1, 19.2,
14.1, 14.0; HRMS (APCI/TOF), m/z: Found: 915.6461 ([M+H]+), Calcd. for Cs¢HgsN,Og ((M+H]+): 915.6457.

2.3. Computational Details

To obtain details of the electronic structure of NA-#/BR-Val-NADI complexes, computational studies were
carried out by using the model compound Val-NADI instead of BR-Val-NADI. All calculations were performed
in the gas phase using the Gaussian 16 program package (Rev. C.01) [62]. The ground-state geometry optimization
of NA-#/Val-NADI was carried out with a B3LYP-D3(BJ) functional using 6-311+G(d,p) basis set [63]. After
each geometry optimization, a frequency calculation at the same level was performed to verify that all the
stationary points had no imaginary frequency. The time-dependent density functional theory (TD-DFT) [64,65]
calculation was performed with a CAM-B3LYP-D3(BJ) functional using 6-311+G(d,p) basis set [66]. The results
for TD-DFT calculations are summarized in Table S1. HOMO and LUMO levels for NA-##s and Val-NADI were
calculated with a B3LYP-D3(BJ) functional using 6-31G (d,p) basis set.

2.4. Arrhenius Plot

TG diagrams obtained using the heating method can be analyzed by reaction kinetics theory [67]. The
sublimation rate v follows an Arrhenius trend as
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d AE
7T=V=Ae><p(—ﬁ)f(m) )

where m, A, AE, R, and T are mass loss rate, a pre-exponential factor, the activation energy, the universal real gas
constant, and absolute temperature, respectively. f(m) denotes (1-m)", and the parameter » is 1.0 when the sample
is a supercooled liquid for BR-Val-NADI and a liquid for BR-Val-PMDI. Equation (1) can be rewritten as

lnv—nln(l—m):—(%)%ﬂn/l (6)

The AE can be calculated from the slope of plots of Inv—nln (1-m) and 1/T. Arrhenius plots of TG diagrams
in Figure 1c was illustrated in Figure 1d by using the temperature range of vaporization for BR-Val-NADI and
BR-Val-PMDI, where the values of AE were determined, respectively.

3. Results and Discussion

We investigated the fluidic behavior of BR-Val-NADI using differential scanning calorimetry (DSC) (Figure 1a).
During the 1st heating, BR-Val-NADI exhibited a distinct endothermic peak derived from the melting. Upon the
Ist cooling, no exothermic peak indicative of crystallization was observed corresponding to the endothermic peak
observed on the 1st heating, whereas a glass transition (7)) was observed at approximately —21 °C. Furthermore,
the 2nd heating showed T, similar to that upon the 1st cooling, however, the peak due to the post crystallization
did not appear. Then, we conducted optical microscopy (OM) and polarized optical microscopy (POM)
observations of BR-Val-NADI before and after melting by thermal treatment at 100 °C in Figure 1b. Before
heating, BR-Val-NADI at room temperature showed a crystalline state with birefringence, whereas, after melting
and subsequent cooling back to room temperature, no birefringence or crystalline features were observed. In
addition, BR-Val-NADI could be used as an ink to be coated onto glass substrates and papers at room temperature,
indicating that BR-Val-NADI adopts a room-temperature supercooled liquid state under ambient conditions.

It should be noted that 7, of BR-Val-NADI at —21 °C is higher than that of PMDI-based liquid material
(BR-Val-PMDI) at —50 °C reported previously, which is composed of pyromellitic diimide core smaller p-
conjugated framework than of BR-Val-NADI [20]. This increase in 7, suggests that BR-Val-NADI shows
stronger intermolecular interactions, likely due to the expansion of the n-conjugated core as well as the influence
on increase in the molecular weight compared to BR-Val-PMDI. It should be noted that the cold crystallization
process was not observed during heating. Oguni et al. have reported that the supercooled liquid may have the
crystal nucleation processes much lower than the glass transition temperature [68]. For BR-Val-NADI, the glass
transition occurred prior to crystallization by branched alkyl chains suppressing the molecular ordering during the
cooling. As a result, during heating, it presumably speculated that the phase transition from glass state to liquid
state happened through no cold crystallization due to the molecular ordering. To evaluate the thermal stability of
BR-Val-NADI, we performed the thermogravimetry-differential thermal analysis (TG-DTA) in Figure lc. The
TG trace of BR-Val-NADI showed a clearly single-step weight loss, indicating that BR-Val-NADI undergoes
thermal evaporation without decomposition, which is an almost similar feature to BR-Val-PMDI [20]. Both of
temperatures corresponding to 5 wt% and 100 wt% weight loss for BR-Val-NADI (365 °C and 433 °C) were higher
than those of BR-Val-PMDI (318 °C and 416 °C), suggesting that the thermal durability of BR-Val-NADI should
be improved. Furthermore, we estimated the activation energies AE due to the evaporation of both BR-Val-NADI
and BR-Val-PMDI in Figure 1d from results of TG traces, of which values were calculated to be 171.1 kJ/mol for
BR-Val-NADI and 113.4 kJ/mol for BR-Val-PMDI, respectively. These results are consistent with the observed
T, trends and suggest that the expanded n-conjugated core and the increase in molecular weight in BR-Val-NADI
should enhance intermolecular interactions, contributing to its improved thermal and phase behavior.

To investigate the photophysical properties of BR-Val-NADI and its CT complexes, we measured the UV—
vis absorption and PL spectra of BR-Val-NADI solutions containing various naphthalene derivatives as solutes in
Figure 2. The solutions (NA-##/BR-Val-NADI) were prepared by dissolving NA-##s into BR-Val-NADI ata 1:1
molar ratio under heating, respectively. The UV—vis absorption spectrum of pure BR-Val-NADI exhibited a no
characteristic peak in the long-wavelength range (Figure S1), whereas the NA-##/BR-Val-NADI showed new
absorption bands at different wavelengths, distinct from that of BR-Val-NADI alone, indicating the formation of
new electronic transitions (Figure 2a). In particular, NA-NMe2/BR-Val-NADI, dissolving NA-NMe: with the
strongest electron-donating substituent, showed a new absorption peak at 620 nm, of which solution color is deep
blue. To investigate the nature of this longer-wavelength peak observed in NA-NMez/BR-Val-NADI, time-
dependent density functional theory (TD-DFT) calculations were performed using Gaussian 16 at the TD-CAM-
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B3LYP-D3(BJ)/6-311+G(d,p) level of theory. For the calculation, a 1:1 complex of NA-NMe: and Val-NADI
instead of BR-Val-NADI was used (Figure 2). The TD-CAM-B3LYP functional was selected due to its long-
range correction, making it suitable for modeling CT transitions. The TD-DFT results of 1:1 complex (NA-
NMe:/Val-NADI) revealed a low-energy absorption peak at 580 nm, which is almost consistent with the
experimentally observed peak in the NA-NMez2/BR-Val-NADI solution. The frontier molecular orbital analysis
revealed that this transition is indicative of the electron transfer from the HOMO localized on NA-NMe: as electron
donor to the LUMO localized on Val-NADI as electron acceptor (Figure 2a). These results strongly support the
assignment of the observed band as a CT transition from NA-NMe: to BR-Val-NADI. In addition, TD-DFT
calculations were performed for NA-H/Val-NADI and NA-CN/Val-NADI, which shows weaker electron-
donating abilities compared to NA-NMez. In both cases, the calculations indicated the presence of CT transitions
corresponding to HOMO-LUMO electron transfer, of which predicted CT bands appeared at shorter wavelengths
than that of NA-NMe:, consistent with their deeper HOMO levels. In the UV—vis absorption spectrum, NA-H/BR-
Val-NADI showed a weak CT band. It is noteworthy that the position of the CT band was dependent on the HOMO
levels of NA-##s. Peaks arising from the CT transition tend to undergo a bathochromically red-shift as the HOMO
level of NA-##s becomes shallower, which correlates with a reduction in the energy gap between the HOMO level
of NA-##s and the LUMO level of BR-Val-NADI (Figure S2). In contrast, solutions containing NA-CN and other
electron-deficient derivatives (NA-HCO and NA-COMae) exhibit less CT bands than those with electron-donating
NA-#i#s (Figure S3). This absence might be due to the weak donor ability of these compounds with electron-
deficient substitutes and/or overlap between the expected CT bands and intrinsic absorption peaks of either BR-
Val-NADI or NA-##s itself.
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Figure 1. (a) DSC thermograms of BR-Val-NADI (red-colored lines: 1st heating and 1st cooling; orange-colored
line: 2nd heating) at 10 K min"!. S: solid state; L: liquid state; SCL: supercooled-liquid state; G: glassy state. (b)
Photographs, polarized optical photomicrographs (POM) and optical photomicrographs (OM) of BR-Val-NADI in
solid state (left) and supercooled-liquid state (right) at room temperature. S: solid state; SCL: supercooled-liquid
state. Arrows indicate the directions of polarizer (P) and analyzer (A) axes. BR-Val-NADI in the solid state was
obtained after purification through column chromatography, evaporation from hexane/ethyl acetate, and drying
under vacuum. (¢) TG analysis of BR-Val-NADI and BR-Val-PMDI over the temperature range from 25 to 500
°C under N2 atmosphere with their temperatures at 5 wt% and 100 wt% weight loss. (d) Temperature dependence
for weight loss due to vaporization process of BR-Val-NADI and BR-Val-PMDI (In}# vs. T'!) at 10 K min™!
heating rate under static N2 atmosphere. These plots correspond to the range of weight loss of BR-Val-NADI and
BR-Val-PMDI in TG traces. The values shown in the figure indicate activation energies of BR-Val-NADI and
BR-Val-PMDI, respectively.
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Figure 2. Experimental (neat) and simulated (gas) UV-vis absorption spectra and frontier orbitals based on TD-
DFT calculations (TD-CAM-B3LYP-D3(BJ)/6-311+G(d,p)) for (a) NA-NMe»/BR-Val-NADI and NA-NMez/Val-
NADI, (b) NA-H/BR-Val-NADI and NA-H/Val-NADI, and (¢) NA-CN/BR-Val-NADI and NA-CN/Val-NADI.

Next, we investigated the PL properties of the BR-Val-NADI-based solutions in Figures 3a,b, S2 and S3. In
its supercooled-liquid state, BR-Val-NADI exhibited sky-blue emission with a peak at 481 nm, which is distinctly
different from its solid state showing less emission (Figures 3b and S1). Upon dissolving NA-H into BR-Val-
NADI, the resulting solution NA-H/BR-Val-NADI exhibited yellow emission with a PL peak at 550 nm.
Furthermore, varying the substituents introduced into NA-##s could tune the emission colors. For instance, NA-
##ts (NA-CN, NA-HCO and NA-COMe) bearing electron-withdrawing groups exhibited blue-shifted PL peaks
compared to NA-H, while those (NA-Me) with electron-donating substituents showed red-shifted emissions, with
the appearance of peaks at longer wavelengths than NA-H. To understand these trends, we examined the correlation
between the observed PL emission peaks and the HOMO levels of NA-##s by DFT calculations (Figure 3c). The
results revealed a clear trend: as the HOMO level becomes shallower (i.e., higher in energy), the emission peaks
shifts toward the bathochromic region, indicating a stronger CT interaction.

Finally, we investigated the thermal responsiveness of NA-##/BR-Val-NADI (Figure 4). Given that NA-##s
are known to volatilize upon heating [69,70], we hypothesized that selective evaporation of the NA-## component
from NA-##/BR-Val-NADI could modulate the emission properties. When a filter paper coated with NA-H/BR-
Val-NADI was observed under UV light (365 nm), it emitted yellow fluorescence similar to the original solution
(Figure 4). After heating the coated paper at 150 °C for 5 min, the emission color changed from yellow to sky-
blue. This change indicates the evaporation of NA-H, leaving behind BR-Val-NADI, which emits sky-blue
fluorescence. In contrast, NA-NMez/BR-Val-NADI, which initially exhibited no emission, could emit sky-blue
fluorescence after heating at 150 °C for 5 min by the evaporation of NA-NMe: only. These findings suggest that
NA-##/BR-Val-NADI systems can function as thermal-responsive liquid materials, enabling tunable PL color
changes or PL OFF/ON switching of emission through thermal stimuli.
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Figure 3. (a) Photographs of NA-##/BR-Val-NADI under 365 nm light. (b) PL spectra of NA-##/BR-Val-NADI
in a neat state. (¢) The relationship between peaks in PL spectra and HOMO-LUMO gap estimated by DFT

calculations with a B3LYP-D3(BJ) functional using 6-31G (d,p) basis set.
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Figure 4. Thermal-responsive behaviors of NA-H/BR-Val-NADI in PL color change for system A and NA-
NMez/BR-Val-NADI in PL color change for system B.

4. Conclusions
We successfully synthesized a room-temperature supercooled liquid material based on an electron-accepting
naphthalene diimide derivative, BR-Val-NADI. By dissolving NA-##s, NA-##/BR-Val-NADI can be readily
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obtained as CT-type liquid solutions, that exhibited tunable colors and distinct PL properties. NA-##/BR-Val-
NADI also demonstrated excellent printability, enabling their application as PL inks on various substrates such as
glass and paper. Also, the PL characteristics of NA-##/BR-Val-NADI were highly responsive to thermal stimuli,
including temperature-dependent color change and PL off/on switching. These findings underscore the promise of
NA-##/BR-Val-NADI systems as a new class of thermos-responsive soft materials with potential for use in
printable photonic devices and smart sensing technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/others/
2506041708351758/MI-1043-SI-final.pdf, Figure S1: Photographs of BR-Val-NADI under room light and under 365 nm light.
SCL: supercooled liquid; S: solid. The UV-vis absorption and PL spectra of BR-Val-NADI in supercooled-liquid state; Figure S2.
The UV-vis absorption (left) and PL (right) spectra of NA-H/BR-Val-NADI, NA-Me/BR-Val-NADI, NA-OMe/BR-Val-NADI,
and NA-NMe2/BR-Val-NADI in solution states. Photographs of solutions under room light and under 365 nm light. Arrows
indicate CT peaks; Figure S3. The UV-vis absorption (left) and PL (right) spectra of NA-CN/BR-Val-NADI, NA-HCO/BR-Val-
NADI, and NA-COMe/BR-Val-NADI, in solution states. Photographs of solutions under room light and under 365 nm light;
Table S1. Calculated wavelengths for the absorption spectrum of (a) NA-NMez/Val-NADI, (b) NA-H/Val-NADI, and (c) NA-
CN/Val-NADI complexes, their oscillator strengths (>0.02), and the associated transitions with |CI coefficient| > 0.2.
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Abstract: The lipophilic linear Fe" triazole complexes .

[Fe''(L)s]CL, (L = 1-5) were synthesized using ligands 1-5 {Fe ( NN Y ) } %
containing amide bonds between alkyl chains and 1,2,4- .

triazole ligands with various spacer methylene length. When [~ a

the amido and ether linkages are introduced in the alkyl = . v ou
chain moiety, the iron complexes are dissolved in Heating ( ¢ ( r
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low spin (LS) state. Atomic force microscopy (AFM) and 4 *"A 7 o @291K) w/ i ~/°
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transmission electron MiCroscopy (TEM) of the jelly-like Maintenance of H-bonding .

phase confirm the formation of networks of fibrous nano LS Thermal hysteresis of SCO

assemblies with widths of 10-30 nm. The observed widths

are larger than the molecular lengths of the triazole ligands. The pale purple jelly-like phase turned into a pale-yellow
solution by heating above ca 310 K, indicating the formation of high spin (HS) state complexes. The complexes show
irreversible spin crossover in the solid state, characterized by SQUID. Interestingly, an abrupt spin crossover is observed
in solution reversibly with some thermal hysteresis. UV-vis spectra also showed reversible spin crossover phenomena
dependent on the spacer length between the amide group and the Fe(Il) triazole complexes. IR spectra of these complexes
in chloroform show the formation of hydrogen bonding from amide groups, which enhanced alkyl-chain packing in the
coordination polymers. The freeze-dried iron triazole complexes form lamellar structures, which indicates the alkyl
chains extending radially from the octahedral triazole complex moiety are oriented in a lamellar packing due to the
presence of flexible ether linkages in alkyl chains, which allowed decoupling the alignment of the dodecyloxy alkyl
chains from the spacer methylenes connected to the Fe(Il) triazole complexes. Introducing amide bondages to the
lipophilic one-dimensional coordination systems stabilizes the low-spin state by hydrogen bond networks. It provides
hysteresis in the spin crossover in solution, ascribed to the recombination of hydrogen bonds during the temperature
change between the heating and cooling sides. Combining hydrogen bonds and lipophilic one-dimensional complexes
provides a valuable means to enhance their stability and control physical properties in solution.

Keywords: spin crossover; thermal hysteresis; nano metal complex; coordination polymer; self-assembly

1. Introduction

The concept of spin crossover (SCO) was first introduced by Cambi and colleagues in the 1930s [1]. Since
then, a significant number of SCO compounds have been reported, particularly those in solid-state materials. The
phenomenon of spin crossover with hysteresis, realized by strong cooperative effects, has attracted much attention
due to its potential applications in magnetic devices and information storage materials [2,3]. Cooperativity, a
crucial phenomenon, facilitates the propagation of spin state information from a metal complex to neighboring
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complexes, resulting in collective spin state transitions throughout the system. In crystalline solids, the degree of
cooperativity is determined by the interactions between neighboring metal complexes, which are influenced by the
molecular structure of metal complexes, intermolecular interactions, and molecular arrangement in crystals.
Achieving enhanced cooperativity in spin-crossover systems with long-range interactions between metal ion units
is essential. Realizing such cooperativity in one-dimensional (1D), two-dimensional (2D), or three-dimensional
(3D) networks, along with the rational control of the spin crossover behavior is essential to develop next-generation
materials with quantum spin functions [4—12].

In particular, the spin crossover properties of 1D iron(Il) triazole complexes have been studied extensively by
both chemists and physicists. For instance, Kahn and his collaborators reported that mixed-ligand iron(II) triazole
complexes exhibit abrupt spin crossover with sizeable thermal hysteresis near room temperature [3,13]. After this
seminal work, iron(Il) triazole complexes were recognized as promising candidates for magnetic devices. These
complexes have been studied in bulk crystalline forms and other matrices, including polymer films [14-16], polymer
derivatives [17-20], and surfactant-capped crystalline nanoparticles [21,22]. Thus, iron(Il) triazole complexes serve
as spin crossover materials that can be realized in bulk solids and various material systems [23-25].

In addition to the conventional studies focusing on the solid state, spin crossover has also been investigated
for monomeric complexes in solutions, [26—32] self-assembly in liquid crystals or gels [25,33—38], and polymer-
hybrid systems in gels [39—42]. In solutions, molecularly dissolved iron(II) complexes show spin equilibrium
without hysteresis. Metal complexes in gels are more or less solvated by solvent molecules, resulting in a
substantial reduction in the cooperativity that requires strong intermolecular interactions. The spin crossover
observed for these solutions and gels generally reflects the thermal equilibrium of each complex governed by the
Boltzmann distribution, resulting in gradual changes [27-32]. It is widely observed that metal complexes
exhibiting abrupt spin crossover in the solid state exhibit a smooth spin equilibrium in solution [43—45], and it
remains a challenge to develop molecular design principles to achieve cooperative spin crossover with hysteresis
in organic media.

To address this issue, we have developed lipophilic bridging triazole ligands by introducing an alkyl chain
containing a flexible ether linkage to disperse one-dimensional triazole complexes as nanowires in organic media
[46-53]. Iron(II) complexes bearing 4-dodecyloxypropyl-1,2,4-triazole ligands revealed a low-spin (LS) state in
solid or film state and formed organogels when dispersed in organic solvents such as chloroform. Meanwhile, the
low-spin (LS) state is destabilized in gels due to the solvation of alkyl chains that increased the Fe-Fe distances,
and the gels showed a high-spin (HS) state. To overcome the destabilization of the LS state based on the solvation
of'the lipid-soluble alkyl chains directly bound to the triazole ligand, we introduced anionic lipids as counter anions
of the 1D iron(Il) 1,2,4-triazole complexes [54]. This supramolecular approach led to a remarkable stabilization
of LS complexes in organic media. It enabled spin conversion, i.e., the spin control via temperature-dependent
dynamic self-assembly of linear coordination chains [54]. These results indicate the importance of supramolecular
stabilization of LS complexes and self-assembly as valuable strategies for improving spin crossover phenomena
in soluble coordination polymer systems.

In this study, we introduced hydrogen bond networks to stabilize the LS state of 1D iron(Il) 1,2,4-triazole
complexes. We developed new ether-lipophilic triazole ligands containing an amide bondage. These complexes
were dispersible in organic media, and we investigated their spin crossover properties in solutions and gels. We
found that hydrogen bonding enhances the thermal stability of the low-spin (LS) state in solution. In addition, after
the LS-HS transition by heating, the reversed HS-LS transition during the cooling process showed thermal
hysteresis originating from the recombination process of hydrogen bonds. The cooperative spin crossover behavior
is discussed regarding the structural changes of iron(Il) 1,2,4-triazole complexes and their mesoscopic
nanostructures formed by self-assembly. These findings provide a simple and valuable means to regulate the self-
assembly behavior of iron(Il) 1,2,4-triazole complexes and their spin crossover characteristics.

2. Experimental Section

2.1 Materials

Reagents and solvents were obtained from commercial sources. Anhydrous chloroform and methanol were
obtained by distillation over CaCl, and CaH,, respectively. The product was synthesized according to the previous
report (see Supporting Information) [55]. The structures of triazole derivatives and the final ligands were
confirmed by thin-layer chromatography, Fourier Transform Infrared Spectroscopy (FT-IR PreStage21, Shimadzu,
Kyoto, Japan) and Nuclear Magnetic Resonance (NMR) spectroscopies (DRX600, 600 MHz, Bruker, Billerica,
MA, USA), and elemental analysis.
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2.2 Measurements

Ultraviolet-visible (UV-vis) spectra were measured on V-550, V-560, or V-570 spectrophotometer (JASCO,
Tokyo, Japan). Transmission electron microscopy (TEM) was conducted on a JEM-2010 (JEOL, Tokyo, Japan),
operating at 120 kV. Specimens for TEM were prepared by transferring the surface layer of gels or solutions on carbon-
coated TEM grids or HOPG [56]. Atomic force microscopy (AFM, contact mode) was carried out with a PicoPlus
microscopy (Molecular Imaging, Tempe, AZ, USA) with a cantilever of SI-AF01. Specimens for AFM observations
were prepared by using a freshly cleaved, highly oriented pyrolytic graphite (HOPG, ZYA, 10 x 10 mm?, NT-MDT Co.,
Tempe, AZ, USA). Differential scanning calorimetry (DSC) was conducted on an SSC-5200H instrument (Seiko
Instruments Inc., Chiba, Japan) (heating rate = 1 K min"). Samples for DSC measurements were placed in an aluminum
pan (SSCO00E33, Seiko Instruments Inc., Chiba, Japan). Magnetic susceptibility measurements were performed on an
MPMS-7XL superconducting quantum interference device (SQUID) magnetometer (Quantum Design, San Diego, CA,
USA) in a temperature range of 100400 K (solid state) and 210-350 K (liquid state). Magnetic data were corrected for
diamagnetic contributions from triazole ligands and sample holders. The Pascal constants of the ligands and
susceptibilities of the holders, which were measured separately, were used for the correction. The wide-angle X-ray
diffraction (WAXD) data were recorded on a powder X-ray diffractometer at BL02B2 in SPring-8 (Hyogo, Japan;
operation energy = 8 GeV, stored current = 100 mA, A= 1 A). For XRD, samples are placed in a capillary (Markrohrchen
aus Glas Nr. 14, 80 mm(long) x 0.5 mm(diameter) x 0.01 mm(thick)), Hilgenberg GmbH, Malsfeld, Germany).

3. Result and Discussion

The lipophilic triazole ligands 1-5 (Scheme 1) were synthesized by modifying the literature method [55]. A
flexible ether linkage was introduced in 1-5, since it enhances the solubility in organic media and provides the
packing of alkyl chains in the supramolecular assemblies [57-61] and coordination polymers [46,48—52]. The iron
triazole complexes containing ligands 1-5 were prepared by mixing each ligand with FeCl, in dry methanol at
room temperature and were obtained as powders.

H
=\
N~/ */n

o)

[Fe(L)3]Cl,

L=1n=1),2(n=2),3(n=3),4(n=4),and 5 (n =5)
Scheme 1. Chemical structure of [Fe(L);]Clz, (L = 1-5).

When [Fe''(1);]Cl, was dissolved in chloroform, a pale purple jelly-like solution was formed at room
temperature (concentration, 5 unit mM, Figure 1a). Here, the “unit mM” refers to the concentration per [Fe(1)3]*"
monomeric unit of the coordination polymer. Upon heating, the jelly-like solution turned to a yellow solution
above the temperature of ca. 310 K (Figure 1b). It indicates that the LS state is thermally stabilized by possibly
polymeric self-assemblies that form the jelly-like solution. In contrast, the complex in the HS state does not retain
the jelly-like solution and is dispersed in chloroform. The pale purple jelly-like solution was also formed in the
case of [Fe'(2);]Cl,. On the other hand, the complex with a more extended spacer methylene unit [Fe(3);]Cl»
formed a colorless, i.e., HS-state jelly-like solution, indicating the absence of LS species. The longer-spacer
compounds [Fe'(4);]Cl, and [Fe'(5);]Cl, were dispersed in chloroform without forming jelly-like solutions at
5 unit mM. These results indicate that the solution characteristics depend on the spacer length between the
dodecyloxypropyl chain and the triazole ring, and their solution properties and spin state are controlled by the
spacer moiety. The spacer-length-dependent properties of the solution are further examined in detail, as discussed
later, by FT-IR spectroscopy and wide-angle X-ray diffraction.

Atomic force microscopy (AFM) was performed to investigate the morphology of the coordination structures.
Figure 2a shows an AFM image of [Fe'(1);]Cl, transferred on highly oriented pyrolytic graphite (HOPG).
Networks of fibrous nanoassemblies with a width of 10-30 nm are abundantly observed. Transmission electron
microscopy (TEM) was also conducted to investigate [Fe'[(1);]Cl, transferred onto a carbon-coated copper grid
(Figure 2b). Fibrous nanostructures with a width of 20—50 nm are abundantly seen. The formation of the fibrous
nanostructures are also observed for the other iron triazole complexes [Fe'(2-5);]CL ([Fe'(2);]Cl, 10-30 nm,
Figure Sla; [Fe'(3);]Clp, 10-30 nm, Figure S1b; [Fe'(4);]Cl, 10-50 nm, Figure Slc; [Fe'(5);]Cls, 10-50 nm,

193



Mater. Interfaces 2025, 2(2), 191-200 https://doi.org/10.53941/mi.2025.100015

Figure S1d). Since the molecular length of ligands 1-5 is in the range of 26-32 A (1,26.5 A;2,27.1 A;3,29.0 A;
4,30.0 A;5,31.5 A, estimated by Corey—Pauling—Koltun (CPK) model), the widths of fibrous structures are larger
than twice the molecular length of ligands. Therefore, they comprise a few strands of linear triazole complexes, as
schematically shown in Figure 2c.

Figure 1. Pictures of [Fe(1)3]Clz in chloroform: (a) a pale purple jelly-like phase at 298 K. (b) a pale yellow solution

at 323 K.

L
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Figure 2. (a) AFM image of [Fe(1)3]Cl2 (5 unit mM) transferred on HOPG. (b) TEM image of [Fe(1)3]Clz (5 unit mM)
transferred on a carbon-coated TEM grid. (¢) Schematic illustration of iron triazole complexes in fibrous nanofiber.
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Figure 3 compares the temperature dependences of the magnetic susceptibility for [Fe"(1);]Cl, in chloroform
and that observed for the powdery [Fe'(1);]CL. In the solid state, [Fe"(1);]Cl, exhibits a spin crossover upon
heating at 340 K, whereas the HS state was maintained during the cooling process to 200 K (Figure 3a). It indicates
the spin crossover is irreversible in the solid state. On the other hand, [Fe'(1);]Cl, in chloroform provides
reversible spin crossover with thermal hysteresis around room temperature. Spin crossover temperature (7s) was
301 K (7« 1) and 291 K(7|, Figure 3b). T is the temperature at which the crossover produces a half-fraction of
the HS state. Surprisingly, the spin crossover of [Fe''(1);]Cl, in chloroform was accompanied by thermal
hysteresis, although the coordination polymer was dispersed as fibrous nanostructures. To confirm the presence of
thermal hysteresis, we measured the temperature dependence of UV-vis absorption spectra for [Fe''(1);]Cl,
dispersed in chloroform, as shown in Figure 4a. At lower temperatures, a peak is observed around 528 nm, ascribed
to the 'A; — !T) transition of the LS complex. Upon heating the LS dispersion, the intensity of the '!A; — T,
transition decreased, while a new peak appeared around 800 nm. This near-infrared peak is assigned to a d-d
transition of the HS complex (°T> — °E). Upon cooling the HS dispersion to 265 K, a reversible spectral change
was observed with thermal hysteresis, which is in good agreement with the result of magnetic susceptibility
measurement ([Fe'(1);]Cl,, Ti.1 301 K, Tic| 291 K, Figure 4b).

To date, thermal hysteresis of the spin crossover exerted by one-dimensional coordination polymers is
observed in bulk or nano-crystalline structures, indicating that the expression of cooperativity requires crystalline
order [6—12]. When Fe(Il) 1,2,4-triazole complexes are dispersed in organic media as nanofibers, thermal
hysteresis is not observed in their spin crossover [46,48,49,51]. Therefore, the thermal hysteresis observed for
[Fe'(1);]Cl, in chloroform indicates that the hydrogen bonding enhances the cohesive forces operating among
ligand alkyl chains and effectively stabilize the LS complexes.
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Figure 3. Temperature dependence of magnetic susceptibility ymT of [Fe(1)3]Cl2 in solid state (blue symbols and
arrows) (a), and in chloroform (5 unit mM, red symbols and arrows) (b). The arrows accompanying the A (A) or
V (V) symbols represent the heating or cooling processes, respectively. These data suggest reversibly thermal

hysteresis in solution, in contrast to irreversible changes observed in the solid state.
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Figure 4. (a) Temperature dependence of UV-vis spectra of [Fe(1)3]Cl2 in chloroform (5 unit mM). The arrows
indicate a decrease in the LS-derived absorption band at 528 nm and an increase in the HS-derived band around
800 nm upon heating from 265 K to 313 K. (b) Temperature dependence of the absorption intensity (at 540 nm)
during the heating and cooling cycles. The arrows accompanying the ¥ or A symbols represent the heating or

cooling processes, respectively.
Figure S2 shows temperature dependences of the absorbance at 528 nm (LS species) during the heating and
cooling cycles, observed for [Fe'(L);]Cl, (L = 2-5). All these complexes showed spin crossover phenomena with
weak thermal hysteresis around ambient temperatures. The temperature ranges of spin crossover shifted to lower
temperatures for complexes containing more extended spacer unit ([Fe™(2);]Cly, st 293 K, Tw| 292 K, Figure
S2a; [Fel'(3):]CL, Tscl 298 K, Tyl 289 K, Figure S2b; [Fe''(4);]CL, TiT 292 K, Tyl 281 K, Figure S2c;
[Fe"(5);]Cl, Ts1 287 K, Ti| 282 K, Figure S2d). Among these complexes, however, we note that the complex
[Fe'(2);]Cl, did not show sufficient thermal hysteresis despite those observed for the iron(Il) triazole complexes
with longer-spacer chains (L = 3, 4, and 5, Figure S2a). The peculiar absence of a distinct thermal hysteresis in
[Fe'(2);]Cl,, in contrast to the behavior observed for the longer-spacer analogues ([Fe(L);]ClL, L = 3, 4, and 5),
is further discussed in terms of molecular packing based on the wide-angle X-ray diffraction analysis (discussed
later). Moreover, the observed stabilization of the low-spin (LS) state as the spacer length decreases can be
attributed to the closer proximity between the hydrogen-bonding amide moieties and the triazole rings, as described
by the FT-IR spectra in the following paragraph. In particular, in chloroform, effective intermolecular hydrogen
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bonding between the amido linkages is more likely to occur due to this structural proximity, which can restrict the
molecular mobility of the triazole complexes. This suppression of dynamic motion may result in enhanced spin
compaction and a preference for the LS state even at relatively higher temperatures.

Fourier transition infrared (FT-IR) spectra of iron triazole complexes, [Fe''(L);]Cl, (L = 1-5) in chloroform
were measured at varied temperatures to investigate the relevance of hydrogen bonding between amide bonds to
the observed thermal hysteresis. Chloroform dispersions of [Fe(L);]Cl, (L = 1-5) were introduced into a thin
layer cell made of NaCl (Figure S3). In the course of heating chloroform dispersion of [Fe'(1);]Cl,, C=0 stretching
(v(C=0)) and N-H vending (8§(N-H)) vibrations were observed at 1680 and 1561 cm™!, respectively (Temperatures
at 278 K and 293 K, Figure S3a). These peaks indicate the formation not only of intermolecular hydrogen bonding
among amido groups, but also intermolecular hydrogen bonding between amido group and halide anion, and
intramolecular hydrogen bonding between amido group and C-H of triazole ligand [62,63]. In addition, a C=N
stretching vibration (v(C=N)) of the triazole unit was seen at 1416 cm™!, characteristic of the LS complex [64]. At
323 K, the peak at 1416 cm™! disappeared and was replaced by a new peak at 1401 cm™!, a typically observed
change in IR spectra during the spin crossover of iron(II) 1,2,4-triazole complexes. When the dispersion was cooled
to 293 K, the wavenumber of the v(C=N) band did not change, but further cooling to 278 K shifted it back to
1413 cm™'. The hysteretic change of v(C=N) band is consistent with those observed in SQUID and UV-vis
measurements. On the other hand, the C=0 stretching (v(C=0)) and N-H vending (6(N-H)) peaks from the amido
group were maintained in the temperature range from 278 K to 323 K. This indicates that hydrogen bonds are
maintained during the process of spin crossover between LS and HS species in this temperature range, which
contributes to stabilizing the coordination polymer structure in chloroform solution. It is also likely that the
appearance of hysteresis is due to the recombination of hydrogen bonds during the cooling process.

[Fe'(2);]Cl, and [Fe''(3);]Cl, showed the different temperature-dependence in FT-IR spectra (Figure S3b,c¢).
In the case of [Fe'(4);]Cl, and [Fe"(5);]Cl,, not only a gradual change of v(C=N) band but also the red shift of
v(C=0) on heating was observed ([Fe'(4);]Cl,, 1643 cm ! at 278 K, 1651 cm ™! at 323 K, Figure S3d,; [Fe'((5);]Cl,,
1649 cm™! at 278 K, 1655 cm™! at 323 K, Figure S3e¢). The reversible shift of v(C=0) indicates that these
intermolecular hydrogen bondings are formed and are not maintained at higher temperatures. Since the shorter
spacer methylene length between the alkoxy chain and the triazole ring in [Fe''(1);]Cl, led to the maintenance of
hydrogen bonding, whether hydrogen bonding works strongly or not depends on the spacer chain length directly
connected to the triazole complex. In amide bonds close to the triazole group, effective hydrogen bonds are formed
because of the proximity of the amide groups. Still, as the spacer chain length increases, the distance between the
alkyl chains extending radially from the triazole complex increases, and at high temperatures, the intermolecular
hydrogen bonds become easily broken due to the increased thermal fluctuations of the alkyl chains. Consequently,
in [Fe''(4);]Cl, and [Fe''(5)3]Cly, the radially extended alkyl chains become less susceptible to hydrogen bonding,
which weakens the intermolecular interactions necessary for jelly-like formation. As a result, these complexes are
presumed to be dispersed as solutions rather than forming jelly-like states.

After the dispersions of iron triazole complexes in chloroform were freeze-dried, wide-angle X-ray
diffraction was measured for dried powder of [Fe''(1);]Cl, at 223 K and 373 K (Figure 5). [Fe"(1);]Cl, showed the
001, 002, and 003 Bragg peaks, respectively. These diffraction peaks indicate the presence of a lamellar structure
with a long period of 41.0 A. The heating of the powder samples of [Fe'/(1);]Cl, increases a lamellar d-spacing to
44.5 A. The increase in the long spacing is consistent with the melting of long alkyl chains and the changes in the
molecular orientation of lipophilic alkyl chains [47,49,51,52]. [Fe''(L”);]Cl, (L” = 3-5) also produced a lamellar
structure with the increase of d-spacing depending on temperature (Figure S4b—d). It indicates the introduction of
the alkyl chains with ether-linkage effectively decouples the alignment of alkyl chains from the radially oriented
chains around the iron triazole complex. Previous reports on 4-alkylated triazole complexes form anisotropic,
rodlike structures with organic substituents radially attached to the main chains [13,23,33,34,64—68]. In the present
system, introducing the ether linkage into the alkyl chain moiety has effectively decoupled the alignment of alkyl
chains from linear Fe' tris-triazole main chains, thereby allowing the formation of regular lamellar structures. In
addition, it also seems to separate van der Waals interaction among alkyl chains from hydrogen bonding of amido-
linkage. In contrast, the complex [Fe''(2);]Cl, exhibited a decrease in d-spacing upon heating (see Figure S4a),
suggesting that it adopts a distinct molecular packing mode compared to its analogues with other spacer lengths.
This distinctive structural behavior aligns with the spin crossover properties observed in UV-vis spectroscopy,
where [Fe''(2);]Cl, did not exhibit a thermal hysteresis profile that diverged from those observed in complexes
with longer or shorter spacers. Furthermore, FT-IR analysis revealed that the C=0O stretching vibration for
[Fe'(2);]Cl, appears at 1651 cm™! (Figure S3b), which is at lower energy compared to [Fe'(1);]Cl, and
[Fe'(3);]Cl,, and shows negligible thermal dependence. These results suggest that the hydrogen bonding mode in
[Fe'(2);]Cl, is less susceptible to thermal fluctuations, indicating the presence of a relatively weak hydrogen-
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bonding environment. Given that the distance from the triazole ring to the amide group in [Fe(2);]Cl is neither
excessively short nor long, it is likely that ether intramolecular hydrogen bonding involving intermolecular
hydrogen bonding between the alkyl chains moderately contributes to the observed spin crossover behavior and
molecular packing characteristics. These findings highlight the crucial role of spacer length in regulating
hydrogen-bonding interactions and spin-state dynamics in lipophilic iron(II) triazole complexes.
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Figure 5. WAXS profiles of freeze-dried samples from [Fe(1)3]Clz in chloroform (5 unit mM) at 223 K and 373 K.

4. Conclusions

In conclusion, we have investigated the spin crossover phenomena of lipophilic iron triazole complex in
organic media. Regarding nanofibrous dispersions in organic media, this is the first example of spin crossover with
thermal hysteresis. A few works have been reported as lipophilic iron triazole complex in organic media to date.
However, there has been no example of spin crossover with thermal hysteresis since the 3D interaction among
triazole chain chains is weak in organic media [46,48,49,51,54]. It is to be noted that hydrogen bonding plays a
key role in realizing spin crossover phenomena with hysteresis. The spacer length between the alkoxy chain and
triazole ring is essential to the effective formation of hydrogen bonding from amide bondings, which is critical in
determining the spin crossover characteristics. Introducing lipophilic chain units around coordination polymers is
essential to convert solid-state pseudo-one dimensional complexes to flexible, soluble supramolecular nanowires.
The effective use of hydrogen bonding contributes to stabilizing the coordination polymers in solution and creates
bistable properties in thermally induced dynamic structural changes. These findings will be widely used to create
functional, soft, and innovative functional coordination polymers.

Supplementary Materials: Synthetic procedures, Thermal dependence of UV-vis spectra, TEM images, FT-IR spectra, and
WAXD pattern can be downloaded at https://media.sciltp.com/articles/others/2506051646541837/MI1-777-S1.pdf.
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Abstract: The ability to synthesize nanoparticles of desired shape,

size and composition relies heavily on our understanding on how to Tmin [ 8min J 17 min J§ 38 min
finely control various factors influencing the formation, such as the ]
kinetics of growth. Fundamental study on the nucleation and growth - a3
of nanoparticles found itself at the forefront with the application of Original Processed ]| Size Analysis
liquid-phase transmission electron microscopy (LTEM) in the . ; |
investigation of dynamic growth and assembly processes. Since early

study using LTEM to observe and quantify the nucleation and growth

of single colloidal platinum nanoparticles, several theoretical models 0
have been developed. More complex mode of formation was also Emn S
revealed based on a hybrid growth process of gold on platinum * = st s@ﬁééégés ; §§§$ ?iiﬁis z;
icosahedral nanoparticles to form core-shell structures. These studies Errno e S R
have been carried out by focusing on single or a small number of ¢(min)

nanoparticles. Herewith, we present a study on the establishment of an analytical method to quantify the particle
formation using in situ LTEM technique. This approach is based on the analysis of median particle size and focused
on main events accounted for the formation of nanoparticles at a given time. We found that unlike the cases for
single particle analysis, the observed formation rate could not be explained by any single formation mode, such as
diffusion- and/or reaction-controlled growth described by the Liftshitz-Slyosov-Wagner theory or formation
through coalescence as described by the Smoluchowski aggregative kinetics. A global fit was used to describe the

entire formation of nanoparticles in an ensemble.
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1. Introduction

Nanomaterials are important in various fields including catalysis, biomedicine, gas sensing, and magnetic data
storage, just to name a few, because of their unique properties, which arise from size- and shape-related properties
[1-8]. It is essential that the formation of well-controlled nanoparticles can be quantitatively understood through the
analysis of data obtained in reaction media throughout the various stages of formation [9—11]. Transmission electron
microscopy (TEM) has been the method of choice for studying the kinetics and formation mechanisms of
nanoparticles, such as growth and dissolution of colloidal nanocrystals. Prior to the invention of liquid-phase TEM
(LTEM), a commonly used strategy for obtaining information regarding growth is to examine samples taken out from
solutions at predetermined time points using TEM imaging [12—14]. This method, however, has the intrinsic
uncertainty on whether ex situ data can offer an accurate picture of the formation in solution.

In this regard, LTEM is a powerful tool to investigate the formation of nanoparticles through various dynamic
processes, such as growth and attachment in reaction media [15-24]. Noticeably, LTEM has been used to quantify
the growth rate of colloidal Pt nanocrystals [25], Pt;Fe nanorods [16], and core-shell nanostructures [26-28].
LTEM is also instrumental in revealing details of complex growth processes such as hybrid growth and subsequent
surface diffusion [28,29], oriented attachment [9,30-33], self-assembly [34,35], and formation of superlattices and
supracrystals [36-38]. LTEM studies have not only furthered the development of existing theories, but also

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.




Mater. Interfaces 2025, 2(2), 201-212 https://doi.org/10.53941/mi.2025.100016

uncovered new growth processes that do not strictly adhere to those classical models of nucleation and growth
based largely on precipitation phenomena [39—42].

The majority of LTEM studies on the formation of nanoparticles have so far focused on single or few
nanoparticles without giving the much-needed consideration of the dynamics of nanoparticle formation as an
ensemble [24,43,44]. While it is extremely useful in understanding the growth [45], the current approach does not
entirely encompass the formation of nanoparticles in a solution containing a population of polydisperse
nanoparticles at various growing stages, herein referred to as an ensemble, which is the most common case. For
an ensemble, coalescence is yet another major factor for the formation of nanoparticles, besides the nucleation and
growth from monomers [46,47]. Therefore, there is a clear need to develop methods to describe the formation by
taking into consideration of both individual nanoparticle and ensemble in a solution environment.

Previously, it was shown by in situ LTEM the rate of formation of hybrid organic-inorganic perovskite
nanoparticles did not follow either diffusion- or reaction-limited growth model as predicted by the Liftshitz-Slyosov-
Wagner (LSW) theory [44]. Non-classical growth modes involving aggregation and coalescence were reported to be
responsible for the formation of Au nanoparticles in an ensemble [43]. Quantitative analysis on particle size reveals
that although the rate of growth follows that explained by the classical LSW theory, particle size distribution follows
the model described by Smoluchowski aggregative kinetics [43]. In this study, we present a new method to quantify
the formation of the whole formation of Au nanoparticles, including both the growth and ensemble, through
mathematical fitting of particle size and size distribution. The data obtained through in situ LTEM are used to analyze
the possible contributions of major driving forces for the formation of nanoparticles, that is, diffusion, surface
reaction, and particle coalescence. We show that no single formation factor can be used to fit the entire experimental
data obtained for an ensemble of Au nanoparticles formed under different conditions in a spatiotemporal analysis.
Instead, the formation rate can be in both diffusion- and reaction-controlled regime in the early stages, while the
coalescence-controlled regime is too complicated to be interpreted by the classical models.

2. Experimental Section

2.1 In Situ Growth of Au Nanoparticles

The solution mixture for the synthesis was made of 0.1 M tetrachloroauric acid (HAuCls, Sigma-Alrich (St.
Louis, MO, USA), 99.995% trace metal basis) prepared by dissolving its hydrated form in deionized water (DI,
H,0). A droplet of the growth solution was placed in a liquid cell made of two 50 nm thick silicon nitride (SiN)
windows supported on Si wafers separated by a 250-nm thick spacer (Figure 1). First, the spacer chip was placed
into its slot in the tip of the LTEM holder (Hummingbird Scientific, Lacey, WA, USA), followed by the placement
ofa2-pL droplet of 0.1 M HAuCls. The top chip was then carefully positioned atop the droplet of growth solution.
A toothpick was used to gently press the top chip down so that the droplet spread out and to align the SiN windows.
Once the windows were aligned, the cell was closed and tested for vacuum leakage using an external vacuum
pump. Upon achieving a desirable pressure in the order of 107° bar, which is an indication of a well-sealed cell,
the liquid cell was inserted into a TEM (Hitachi 9500, Hitachi High-Tech., Schaumburg, IL, USA) for study.

Au nanoparticles formed under the electron beam that was also used for the imaging of the growth process
inside the liquid cell in TEM. The growth of Au nanoparticles was recorded at a beam current density of 8 x 10712
A/cm? and magnification of x12,000, corresponding to a constant electron dosage of 0.727 electron per A2 per
second (e /(A%s)). The typical total recording time was 40 min, after which no further changes were observed.
The electron beam was kept on the imaging area for the entire duration of in-situ study.

2.2 Image Analysis

Still frames of 1 min apart each were obtained from the recorded in situ video of LTEM study. Imagel
software was used to count and measure the sizes of Au nanoparticles over time. By utilizing the difference in
contrast between the nanoparticles and the surrounding solution, outlines of the nanoparticles in each frame were
extracted (Figure 2). ImageJ was then used to measure the projected area of the nanoparticle. To comparing the
formation rate of these nanoparticles over time with the growth rate predicted by LSW theory, the areas were
converted to radius according to the equation, A = 7r?2, where 4 is the projected area of the particle and 7 is the
calculated radius. Particle overlapping can be an issue when the density of particles is high, especially at the later
stage of particle growth. Thus, we only applied the proposed analysis to frames obtained from the very beginning
till the time when particle overlapping became significant (i.e., 38 min in this study). Overlapped particles
exhibited dark color and were distinguishable from non-overlapping ones in our TEM micrographs, which all had
relatively clean backgrounds.
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Figure 1. Illustration of the liquid cell for TEM used in this study. The scale bars in the micrographs are 200 nm.
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Figure 2. Illustration of the analysis of particle number and size from a LTEM micrograph using ImagelJ software.
(a) Still frame extracted from the LTEM video recorded during the growth, (b) processed image based on the
contrast, and (c¢) image showing the outlines of the counted nanoparticles.

3. Results and Discussion

Figure 3 shows an ensemble of Au nanoparticles formed over a period of 38 min in an aqueous solution inside
a TEM liquid cell at a dose rate of 0.727 e /(A%s). This rate of irradiation is significantly lower than the typically
imaging condition, i.e., 5~50 e /(A%-s) [48-50], thus the dendritic growth of Au particles was efficiently suppressed
at the onset of the process [28]. Both the number and size of particles grew over time. The nanoparticles forming
at the initial stages tend to be spherical in shape but became faceted and irregular in shape over the time of the
recording period [51].

In the first 20 min, these nanoparticles grew both by the addition of monomer and later through the
interactions among neighboring particles (Figure 4). Two types of particle interactions were observed from 8 to
20 min: the consumption of small particles by large ones (i.e., Ostwald ripening) and the coalescence of
nanoparticles of similar sizes. Toward the end of recording, dendritic growth, which appeared to be suppressed to
some extent, could however still be observed even though the dose rate was kept at a low level. It is likely the
solvated electrons generated by the interaction between the electron beam and the aqueous solution was able to
accumulate over time till eventually establishing a steady state, because the experiments were carried out under
the static environment [52]. In addition, the last two images recorded at 36 and 38 min were noticeably brighter in

203



Mater. Interfaces 2025, 2(2), 201-212 https://doi.org/10.53941/mi.2025.100016

contrast than the others, suggesting a decrease in the thickness of liquid layer (Figure 3). The accumulation of
solvated electrons and thinning of liquid thickness likely caused the formation of dendrites.

Figure 3. Still images extracted from in situ LTEM video of the formation of an ensemble of Au nanoparticles over
the given times in minutes (at the top right of each TEM micrograph). The scale bars are 200 nm.

Figure 5 shows the quantitative analysis of number of nanoparticles formed using ImageJ software. The
formation could be divided into three stages, as determined by the rate of change in the number of nanoparticles
(ns) and particle size over time (#), which is the slope of the linear function between n, and ¢ (Figure 5a). In Stage
I, nanoparticles grew rapidly at a rate of ~59 particles/min, apparently via monomer addition, up to about 6 min.
During Stage 11, the total number of nanoparticles decreased with time at a rate of 23 particles/min. In Stage III,
the combination of neighboring particles slowed down, as indicated by a decrease in the rate of change of s over
t to 6.6 particles/min from 23 particles/min in Stage II. The main mode of formation at this stage was dendritic
growth from the existing particles with some combination of particles, judging by the TEM images. No major
changes in ns and particle size were observed after reaction time reached 38 min, as shown in Figure 3.
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Figure 4. TEM images showing the formation of three Au nanoparticles via monomer addition (circle), coalescence
(square), and Ostwald ripening (triangle). Same color is used to follow the same particle. The scale bars are 200 nm.
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Figure 5. Changes of number and size of particles extracted from in situ LTEM data. (a) Number of particles (1s,)
as a function of time (7). (b) Particle size (r) over time (¢) in the form of a box plot with outliers. The line and blue
square inside each box represent the median and average particle size at that time, respectively. The top of the box
represents the upper quartile while the bottom of the box represents the lower quartile. The upper and lower

whiskers represent particles with sizes that fall outside the middle 50%. (¢) Median and average particle size as a
function of time extracted from (b).
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One challenge on analyzing ensemble data from the LTEM is the heterogeneity of the nanoparticle formed
under rather complex reaction conditions due to the electron beam irradiation of static nature of the cell [53]. Thus,
it was important to perform a statistical analysis to determine the data set to be used prior to the fitting of
experimental data. Particularly, it is necessary to determine whether to choose the average or median radii for the
particle size. As shown in Figure 5b, as time increased, the variation in size increased. Furthermore, the average
radii were deviated greatly from the median at some time points (Figure Sc). Our study indicates based on the
statistical analysis, median radii could be the representative values to analyze the rate of formation based on
majority of the particle population in the ensemble and were used for the data analysis.

Based on the data set obtained through the above statically analysis of median radii, we quantified the
formation of nanoparticles by considering main controlling factors, including diffusion, reaction, and particle
coalescence both individually and in a global analysis. For the growth, we turned to the classical LSW theory,
which considers the nanoparticle growth a solution in two major steps: diffusion of monomers from the bulk
solution onto the surface of a seed, and reaction of monomers at the surface [54]. Equation (1) gives the general
expression describing the size evolution of a single nanoparticle (a detailed derivation of Equation (1) based on
the Fick’s first law is presented in the Supporting Information):

dr 2YV2Cy 1/m, —1/7
dt  RT(1/D + 1/kyr) r

()

where r is the radius, 73, is the distance from the bulk to the center of the particle, y is the interfacial energy, Vi,
is the molar volume, C,, is the concentration of a flat particle, R is the gas constant, 7 is temperature, D is the
diffusion coefficient, and k, is the rate constant. In the case of a diffusion-limited growth that the particle size is
controlled by the diffusion of the monomers to the surface Equation (1) is reduced to the following form:

dr  2yDViCe, (r/1, — 1)
dt  RT 72

®)

Given that the total mass of the system is conserved, the LSW theory shows that the ratio r/1;, is a constant;

Equation (2) can further be simplified to
dr K 1 ©)
dat ~ " Pr2

Equation (3) can be solved to obtain the time-dependent expression for particle size:
3 —1d = Kpt (10)
where 1, is the median radius of the particle at time t = 0, and K) is a coefficient leading ¢ and is given by the
following expression:
_ 8yDV,2C,,
P 9RT

For the growth of particle controlled by reactions of monomers at a surface of a particle, Equation (1) is
reduced to the following form:

(11)

dr _ 2ykqViiCo (r/m, — 1) (12)
dt RT r

Similar to the diffusion-controlled growth, the ratio r /17, remains constant if the total mass of the system is
conserved. Integrating Equation (6) yields the relationship between particle size and time for the case of a reaction-
controlled growth:

7% = Kyt (13)

The obtained radii of the nanoparticles were fit with the above equation (Figure 6). Neither the diffusion- nor
reaction-controlled case derived from LSW theory could fit the experimental data of the relationship between
particle size and time over the entire period. For particle formation under this experimental condition, the initial
formation was indeed influenced mainly by both the diffusion of monomers and surface reaction, as shown by a
reasonable fit using the LSW theory to the experimental data within the first 6 min or so (Figure 6) [45,55].

The deviation from the experimental data based on the LSW theory stems from the formation dominated by
modes other than growth, that is, particle coalescence in the ensemble. One approach is to include new terms to
the existing fit to account for the formation through both monomer growth and particle coalescence. In another
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word, the formation through coalescence can be factored into the fit describing only the growth. We hypothesized
effect of coagulation should be included to fit the curve of size evolution over time when particle aggregated [56].
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Figure 6. Experimental data and theoretical fits of median particle size as a function of time using expressions
describing reaction- and diffusion-controlled growth by LSW theory.

The necessity to incorporate both LSW theory and coagulation kinetics was analyzed based on particle size
distribution (PSD) of the samples. As shown in Figure S1, PSD is obtained by normalizing the radii of
nanoparticles in each time frame to the respective mean nanoparticle radius at that time. The normalized radii are
then normalized to the total integral to gain the frequency. To compare experimental data with existing theories,
PSD predicted by LSW theory and Smoluchowski aggregation kinetics were included. The expressions and
derivation for theorical PSD can be found in the SI. As can be seen in Figure S1, the PSD extracted from the
growth of nanoparticles did not follow those predicted by either LSW or Smoluchowski theories. The experimental
PSD is observably more symmetric compared to theoretical PSD curves in general. For the first stage of growth
(stage I), the PSD decreased in magnitude and shifted to the left, as indicated by the red arrow. Based on the PSD
predicted by the LSW theory and the Smoluchowski coalescence kinetics, the changes in the PSD for the first 6
min reflected a shift from growth via mixed diffusion- and reaction-limited regime toward growth via coalescence.
During the second stage of growth (stage IT), PSD shifts from right to left with an increase in magnitude, suggesting
a shift in the mode of formation. In this study nanoparticles could freely move to coalesce to reduce surface energy
because there was no surfactant used. After the movable nanoparticles exhausted, the ensemble reverted to the
growing mode via monomer addition. In the last stage of growth (stage III), the PSD determined experimentally
showed little change in terms of shift in relative size and magnitude in frequency.

It is worthwhile to note that during the last stage of growth, nanoparticles continued to grow via the formation
of dendrites. The formation of dendrites is characteristic of a kinetic-controlled process and highly sensitive to the
monomer supersaturation level in the growth solution. Dendrites tend to form under high supersaturation conditions
and evaporation time of the aqueous precursor solution. Oversaturation (S) was calculated and plotted against time
(9) in Figure S2 using experimental growth rate, based on the relationship between critical radius (7;,.) [45]:

_ 2YVn
Tr = RTTns

(14)

Figure S2 shows that oversaturation decreased rapidly over time because of monomer consumption during
the growth process. Other factors may include evaporation or thinning of the liquid layer, as evidenced by the
change to lighter contrast of the background at the later stages of formation of particles (as shown in the inset of
Figure S2) or movement of the liquid within the cell, causing oversaturation to be much higher than expected and
subsequent formation of dendrite.

Evolution of an ensemble of nanoparticles was previously examined theoretically using Monte Carlo
simulation [45]. The obtained rate from the simulation was much higher than that predicted by the LSW theory,
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but similar to the rate obtained experimentally in this study. A solution thus is to include an additional parameter
to the two-term expansion of the Gibbs-Thompson equation in the followings:

dr 2K'yV;2C,, s
dt  RTr2(1/D + 1/kgyr) (15)

Equation (9) can be rearranged to
RT

7"2
2DK'yV;2C.,

T
dr + —————rdr = dt
"t 2 kvzc, (16)

which can then be integrated to obtain the following equation for data simulation:
Ar®+Bri+C=t (17)

where 4 is equal to , B is equal to , and C is a constant. This treatment considers the

RT R
2DKY Vi Coo 2kgK' YV Coo
intermediate regime in which both diffusion and surface reaction contribute to the growth process and the ratio
r/1;, is assumed to be a constant, K'.

Particle growth via coalescence has been analyzed using a power law in the Monte Carlo simulation, r~t# [57],
where f is the coalescence exponent and a function of a parameter a that describes the nature of the movement
of nanoparticles. The relationship between £ and « is described by the following expression:

1
S ICE) 9

Equation (11) offers an approach via which formation of nanoparticles based on coalescence can be
considered by measuring the coalescence exponent. To evaluate what a likely value f§ could be, we analyzed the
changes in size of several individual nanoparticles at the late stages, during which coalescence took place and
plotted against time (Figure S3). The radii as a function of time of several nanoparticles were fitted using a power
law, r~t#, and the results for £ are shown in Figure 7.
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Figure 7. § value obtained from fitting the growth rate of nanoparticles grown via coalescence.

Values for @ were typically in the range of 0 < a < 2, corresponding to f values not to exceed 0.5 [56]. In
this study, all of experimentally determined f values met this upper limit. For the analysis, an average value of
0.412 was used for f, corresponding to an a value of 0.214. Thus, to factor in contribution to the particle formation
from coalescence, a term corresponding to the particle formation via coalescence in the form of t~r/# should
be added to Equation (10) to obtain a new form describing the formation of particles in an ensemble in solution
through all the stages:
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t~Ar3+Br?+Cr/f +D (19)

We used this new global analysis equation to fit the experimental data for the formation of Au nanoparticles
in solution obtained by in situ LTEM (Figure 8). The fitting resulted in the following equation for quantifying the
change of particle size over time, 7(f):

(8.06 x 1071973 + 0.31r%2 — 0.062r%*3 +1.92 =t (20)

where the values of 4, B, C and D are 8.06 x 107%°, 0.31, —0.062, and 1.92, respectively; and § is 0.412. One may use
the obtained coefficients and experientials to further examine the various regimes for the particle formation, though
the negative value of coefficient C is not understood. For example, in this system the value of 4 (8.06 x 107%) is
much smaller than that of B (0.31). This result indicates that under this reaction condition, diffusion is more
prominent than surface reaction, because coefficient 4 is inversely related to the diffusion coefficient, while
coefficient B is inversely related to the surface reaction coefficient (k).
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Figure 8. Time (¢) as a function of radius () and a fit based on Equation (13) aiming at describing the formation of
nanoparticles by mixed diffusion- and reaction-controlled growth and particle coalescence (red curve).

4. Conclusions

In this study, the formation of Au nanoparticles was quantitatively analyzed using in situ LTEM. The
simulation of the data for the formation was analyzed by considering both LSW theory for nucleation and growth,
and coagulation kinetics of an ensemble. No existing treatment could satisfactorily describe the entire formation
process observed, and a polynomial expression was developed to fit the diffusion- and reaction-controlled growth
and particle coalescence. This approach allows for a description of the complexity in the particle formation for the
entire process: the initial monomer addition controlled by both diffusion and surface reaction processes (Stage I);
the monomer addition and coalescence (Stage II); and the dendritic formation at the end (Stage III). Using
polynomial expression to fit the data could be applicable for simulation of the formation of nanoparticles that go
through growth and coagulation in solution, though understanding the insight of the formation is still a challenge.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506181658399634/M1-439-Supplementary-Materials.pdf, Supplementary notes on derivation of LSW theory and PSD;
Figure S1: Particle size distribution (PSD) of the experimental radii compared to those predicted from the LSW theory;
Figure S2: Oversaturation (S) as a function of time (t); Figure S3: Analysis of nanoparticles grown via coalescence.
Reference [58] is cited in the Supplementary Materials.
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state synthesis can be achieved by adding one reactant dropwise while using the other reactant in large excess, but
this method is not suitable for scale-up production in a continuous flow reactor. There is a pressing need to develop
alternative methods capable of establishing the steady-state kinetics characteristic of dropwise addition while
introducing both reactants by one-shot injection. In this Perspective, we discuss a number of methods that allow
for both one-shot injection and steady-state synthesis.

Keywords: metal nanocrystals; colloidal synthesis; steady-state kinetics; one-shot injection; scalable production

1. Introduction

The last two decades have witnessed the development of many methods capable of producing colloidal metal
nanocrystals with uniform sizes and diverse shapes [1-4]. These nanocrystals not only provide a well-defined
system to investigate the structure-property relationship [5-7], but also offer opportunities for applications in
catalysis, plasmonics, electronics, and medicine [8—14]. Owing to their well-defined surface structures, in
particular, these nanocrystals are causing a paradigm shift in an array of catalytic applications for energy
conversion (as exemplified by fuel cells and water splitting devices), environmental protection, as well as
production of chemicals, pharmaceuticals, and agrochemicals [15-20]. As an immediate advantage over the
conventional catalysts based upon poorly-defined nanoparticles, these nanocrystals offer a viable platform to
optimize their catalytic performance by maximizing the proportion of the most active and/or selective facets on
the surface. For example, the area-specific activities of Pt and Pt;Ni alloy toward oxygen reduction were enhanced
by two and nine folds, respectively, by switching from cubic to octahedral nanocrystals to maximize the proportion
of {111} facets on the surface [21-23]. In the case of benzene hydrogenation, only cyclohexene was formed on Pt
nanocubes encased by {100} facets while both cyclohexane and cyclohexene were produced on Pt cuboctahedral
nanocrystals covered by a mix of {111} and {100} facets [7]. These and many other examples demonstrate the
promise held by shape control in augmenting the merits of metal nanocrystals for a spectrum of catalytic
applications, both existing and emerging.

Despite recent progress, shape-controlled synthesis of metal nanocrystals is yet to reach the ultimate goal for
robust, reproducible, and scalable production. Even with the adoption of seed-mediated growth [24], the products
can still become out of control due to the involvement of self-nucleation and/or stochastic symmetry reduction.
Recent studies suggest that these issues can be addressed by achieving and keeping the reduction kinetics in a
steady state characterized by a constant and relatively slow reduction rate [25,26]. In this case, self-nucleation can
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be suppressed by slowing down the reduction kinetics and thus maintaining the atom concentration at a level below
the threshold for homogeneous nucleation. A constant reduction rate is also advantageous for tightly controlling
heterogeneous nucleation and growth. Under steady-state kinetics, for example, the reduction rate can be tuned to
different levels, enabling a tight control over the pattern of symmetry reduction.

Owing to its ability to achieve steady-state kinetics, introducing the reactant solution dropwise rather than in
one shot has emerged as a powerful tool for a number of synthetic tasks [27,28]. However, it should be noted that
dropwise synthesis is not suitable for high-throughput or scale-up production because of the necessity to
continuously add the reactant into a reaction system throughout the synthesis and thus the incompatibility with the
setting of a continuous flow reactor [29]. There is a pressing need to develop alternative methods capable of
achieving the steady-state kinetics characteristic of dropwise addition while introducing the reactant by one-shot
injection. Such methods hold the key to the deterministic, reliable, and scalable production of colloidal metal
nanocrystals with controllable shapes and related properties.

Building on the principles of chemical kinetics, this perspective examines the feasibility and underlying
mechanism to accomplish steady-state synthesis of colloidal metal nanocrystals while the reactants are introduced
in one shot. The essence to achieve steady-state kinetics is to keep one of the reactants (e.g., the metal ion) at a
stable, relatively low level while the other reactant (e.g., the reductant) is used in large excess so its concentration
will stay at the same level during the entire synthesis. Specifically, we discuss the use of consecutive reactions to
help maintain the reactant of interest at a stable, relatively low level by balancing the rates for its formation and
consumption. Typical examples include (7) the use of ascorbic acid (or another weak acid) as a reductant, with its
dissociated form (i.e., the actual reductant) existing in an equilibrium with the acid directly added into a synthesis;
(i) the use of an insoluble salt, with the metal ions (to be reduced to atoms) existing in an equilibrium with the
powder added into a synthesis; (iii) the use of an unreactive metal complex, with the metal ions (to be reduced to
atoms existing in an equilibrium with the complex directly added into a synthesis; and (iv) the use of a controlled-
release system, where the metal ion or reductant is slowly released and immediately consumed to keep its
concentration in a steady state. It is hoped this perspective can serve as a framework for guiding the future synthesis
of colloidal metal nanocrystals under steady-state kinetics by providing both practical strategies and mechanistic
rationale for their stable and scalable production.

2. Conventional Synthesis Involving One-Shot Injection

For a colloidal synthesis of metal nanocrystals, the reaction kinetics is governed by the second-order rate law
because of the requirement for electron transfer and thus collision between the metal ion (M™") and reductant
molecules [30,31]. As such, the reduction rate is directly proportional to the concentrations of both the metal ion
and reductant, and it is expected to decay over time as both reactants are continually consumed. As a common
practice, one of the two reactants is often used in large excess relative to the other one, so its concentration remains
largely fixed during the synthesis. If the reductant is used in large excess, for example, the reduction kinetics can
be approximated to follow the pseudo-first-order rate law with regard to the metal ion [32]:

R =—d[M™)/d¢ = k-[M™], Q1)

where £ is the rate constant, whose magnitude depends on the coordination ligand binding to the metal ion, the
type and concentration of the reductant, as well as the number of active sites on the surface of the growing
nanocrystals (or preformed seeds added into the reaction mixture). Upon integration, we obtain:

[Mm+] — [Mer]()'eikt, (22)
with [M™"], being the initial concentration of the metal ion. The instantaneous reduction rate can be written as:
R=k[M™]p-ek, (23)

In a conventional synthesis, the metal ion is introduced through one-shot injection. As shown in Figure la,
its concentration (Equation (2)) and thus the reduction rate (Equation (3)) will both undergo exponential decay as
a function of time. For the scenario shown in Figure 1b, it involves a reduction rate constant of k= 0.5 min~!. Upon
injection in one shot, the concentration of the metal ion rapidly rises to 1 M, followed by an exponential decay.
The half-life of this pseudo first-order reaction can be calculated as ¢, = (In 2)/k = 1.4 min, indicating that half of
the added metal ions will be consumed after only 1.4 min into the synthesis. The reaction will be nearly completed
by ¢ = 10 min as the concentration of the metal ion is approaching zero, transitioning from exponential decay to
steady-state kinetics toward the end of the synthesis. Despite the establishment of a steady state toward the end of
a synthesis, there is almost no growth for the nanocrystals as all the added metal ions have been consumed.
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The nonlinearity of the reduction rate, as well as its strong dependence on the value of &, has a major impact
on the shape and size distribution of the resultant nanocrystals and it can also cause variations to the spatial
distributions of different elements in a bi- or multi-metallic system [33]. For example, when synthesizing
bimetallic alloy nanocrystals from two distinct metal salts using one-shot injection, the composition of the
nanocrystals is expected to vary continuously along the growth direction, as determined by the ratio between the
instantaneous reduction rates of the metal salts. At the current stage of development, it remains a challenge to
control the compositions of nanocrystals comprised of two or more metals. The issues noted above can be
addressed by conducting the synthesis under steady-state kinetics, in which both the metal ion and reductant are
maintained at constant concentrations throughout the synthesis.
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Figure 1. (a,b) Schematic of a synthesis involving one-shot injection of the metal ion and plot of its concentration
as a function of time (co =1 M and k = 0.5 min!). (¢,d) Schematic of a synthesis involving dropwise addition of
the metal ion and plot of its concentration as a function of time (co = 1 mM, k= 0.5 min!, and z = 1 min). Note that
the concentrations of the metal ion (the vertical axis), and thus the reduction rates, differ by 2-3 orders of magnitude
between these two scenarios. Modified from Ref. [28] with permission.

3. Steady-State Synthesis under Dropwise Addition

One can achieve steady-state kinetics while maintaining growth by switching from one-shot injection to
dropwise addition for either the metal ion or the reductant. For example, by adding a solution of the metal ion as
regularly-paced droplets into a mixture containing an excess amount of the reductant (Figure 1c), it is practical to
maintain the metal ion at a relatively low and stable concentration for the establishment of steady-state kinetics [26].
To simplify the analysis, we assume the solution of the metal ion is added in the form of uniform droplets at a
regular pace while neglecting the slight increase in reaction volume when a droplet is introduced. As such, the
reduction of the metal ion from individual droplets can be treated as independent events, with the concentration
following the same exponential decay as observed in the case of one-shot injection. The addition of the first droplet
contributes to a rapid increase in concentration, followed by an exponential decay, as described by Equation (2),
until the second droplet arrives. The introduction of each subsequent droplet will induce a similar pattern featuring
a sudden increase and then exponential decay in concentration for the metal ion. After six droplets, the concentration
of the metal ion in the reaction mixture will enter a steady state. Mathematically, the concentration of the metal ion
at time point # can be calculated as the sum of contributions from all the droplets added up to this point [26]:
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o= Co'e_kt+ Co.e—k(t—z) + Co,e—k(t—h) 4o+ Co.e—k(t—Nz):CO.e—kt (1 _ eNkr+kr)/(1 _ ekr)’ (24)

where ¢y is the increase in concentration caused by one droplet of the metal ion solution; 7 is the interval of time
between adjacent droplets; and N (i.e., #/7) is the total number of elapsed time intervals. According to Equation (4),
¢; is determined by co, &, and 7, and can be calculated for any combination of ¢y and 7 if & is known.

As the concentration of the metal ion continually increases, its rate of reduction also increases proportionally.
This eventually leads to a steady state in which the decrease in concentration caused by reduction between two
adjacent droplets is fully compensated by the increase in concentration contributed by the addition of one droplet.
In the steady state, the concentration of the metal ion and thereby the reduction rate only fluctuates between two
close values defined by the upper limit (c,,) and lower limit (csw). The condition for establishing such a steady
state 1s:

C0= Cup — Cupe =y (1 — 7). (25)
From Equation (5), we have the upper limit as:
cup = col(1 — e ), (26)
and the lower limit as:
Clow = Cup'e€ ¥ = coe ¥/(1 — &™), 27

The average concentration (cuy) in the steady state can be calculated as the total area under the decay curve
between two adjacent droplets divided by the duration of time (7):

Cave = fy Cupre ™ dt/e = {[ [co/l — e *)]-e7* «dt}/r = co/(k). (28)

When the synthesis described in Figure la is switched from one-shot injection to dropwise addition, the same
amount of metal ion solution is divided into 1000 droplets and added at a regular pace with 7 = 1 min. As shown
in Figure 1d, the concentration of the metal ion in the reaction mixture is maintained at a much lower but stable
level throughout the synthesis. Upon the addition of the first droplet, the concentration reaches a low peak of 1.0
mM, equivalent to 0.1% of the concentration associated with one-shot injection. Upon adding the sixth droplet, a
steady state is established, with a maximum concentration (i.e., c,,) of 2.5 mM. Using Equation (8), the average
concentration in the steady state is calculated to be 2.0 mM, which is 400 times lower than the maximum
concentration involved in one-shot synthesis. It is worth noting that dropwise addition stretches over a much longer
period of 16.7 h, with 99.2% of the synthesis occurring under steady-state kinetics. In this case, the nanocrystals
continually grow into larger sizes under the steady-state kinetics.

In addition to the elimination of self-nucleation and control of the pattern of symmetry reduction, steady-
state kinetics holds the key to maneuvering the elemental distribution of bi- or multi-metallic nanocrystals as the
spatial distributions of the elements are governed by the instantaneous reduction rates of the metal ions involved.
In the steady state, the average reduction rate (R,y) can be expressed as:

Ravg = kecavg = colT. (29)

Significantly, Ra., is only dependent on ¢y and 7, not k. As a result, the reactivity of the metal ion becomes
irrelevant in determining its reduction rate in the steady state. This unique feature of dropwise addition is
instrumental in manipulating the composition of a nanocrystal as it allows for a precise control of the elemental
ratio by simply adjusting the concentrations and injection frequencies of the metal ions, regardless of their
difference in reactivity. This capability offers immediate advantages. For example, when k increases from 0.5 to
1.0 min!, the range of variation in reaction rate expands from 0.77-1.27 to 0.58—1.58 mM min ™' due to the changes
in ¢y and cjo,. However, R,y remains at 1.0 mM min™!, implying that the atomic deposition rate stays unaffected
despite the increase in reactivity for the metal ion. As such, if the solutions of the two metal ions are prepared with
the same concentration and added into the growth solution dropwise at the same frequency, bimetallic nanocrystals
with a uniform atomic ratio of 1:1 will be obtained [34].

In a preliminary study, we utilized the dropwise method to successfully synthesize nanocrystals composed
of'a quaternary alloy [27]. We used four acetylacetonate complexes as the metal ions for Ru, Rh, Pd, and Pt despite
their large difference in reactivity. To assist nucleation and control the facets on the alloy nanocrystals, Rh
nanocubes were added as the seeds. A mixture of the different complexes was introduced into the reaction system
in the form of tiny droplets that contained approximately 2.2 nmol of each metal per droplet. In this way, the
reduction rates of the precursors became synchronized after 1 h into the synthesis (Figure 2a), ensuring the
formation of quaternary alloy nanocrystals with a homogeneous and well-controlled surface composition (Figure 2b).
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In principle, the reductant can also be added dropwise, while the metal ion is supplied in large excess, to
achieve steady-state synthesis. Since the metal ion is often more expensive than the reductant, it is more practical
to apply dropwise addition to the metal ion rather than the reductant. Despite the ability to create steady-state
kinetics, dropwise addition has a set of drawbacks. Firstly, the metal ion must be continuously added into the
reaction system, making it impractical to increase the volume of production by switching from a batch to a
continuous flow reactor. Secondly, about six droplets must be added before reaching the steady state. During the
reduction of these first six droplets, the growth can be forced to take a specific pattern of symmetry reduction
because the deposition of atoms from these six droplets on the surface can create high-energy sites to dictate the
following pathway for reduction and atom deposition. Thirdly, in the steady state, the concentration of the metal
ion still oscillates within a narrow range defined by c¢,, and c;,w, and both of them are dependent on £, as shown in
Equations (6) and (7). In general, one should minimize the value of & in order to reduce the range of fluctuation
and thus possible variations to the spatial distributions of elements along the growth direction. Taken together,
there is a need to develop one-shot injection methods capable of creating and maintaining steady-state kinetics
throughout the synthesis.
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Figure 2. Controlling the composition of quaternary alloy nanocrystals through dropwise addition. (a) Simulated
reduction rate as a function of the reaction time in the case of dropwise addition. (b) Scanning transmission electron
microscopy image and energy-dispersive X-ray spectroscopy elemental mapping of an alloy nanocrystal, showing
the uniform distributions of Rh, Pt, Pd, and Ru. Modified from Ref. [28] with permission.

4. Steady-State Synthesis under One-Shot Injection

An alternative approach to the dropwise method is to avoid directly adding the metal ion or reductant into a
synthesis. Instead, a precursor to the metal ion or reductant is used. During a synthesis, the metal ion or reductant
will be formed and consumed through consecutive reactions, naturally resulting in the establishment of a steady-
state concentration. As an immediate advantage over dropwise addition, the precursor can be added in one shot
into the reaction system at the very beginning of a synthesis, making it practical to conduct the colloidal synthesis
in a continuous flow reactor.

4.1. Consecutive Reactions Involving an Equilibrium

Let us consider a situation where the metal ion or reductant exists in an equilibrium with the precursor while
it is consumed through an irreversible reaction. For simplicity, we can describe this process using the following
equation, with reactant 4 corresponding to the added precursor and intermediate / corresponding to the actual
metal ion or reductant involved in the reduction reaction for the generation of product P:

ki ky
A=1-P. (30)
k_q

In this case, we can express the reaction rates as:

L = —ky [+ ka1, (31)

A — ke [A] = ey [1] = Ko [1], (32)

dc
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ap]
at

= I, [1].

(33)

Under the condition of k-1 + k> > ki, a steady state will be achieved, in which the concentration of intermediate
[ stays at a stable level, with essentially no change over time:

As such, Equation (12) can be rewritten as:

af]

at

d[I]

= 0.
dt

kl[A] - k—l[I]ss - kz[l]ss ~ 0,

(34

(35)

where [/]ss represents the steady-state concentration of intermediate /. From this equation, [/]ss can be derived as:

s =

Meanwhile, Equation (11) can be written as:

da[4]

dt

Upon integration, we have:

feq
k_1+k,

= —ky[A] + ey i [A] = -

[4].

kika

_ kiky
[A] = [A]ge Frvka’,

k_1+ ko

[A

1.

(36)

37

(38)

In Figure 3, we plot the concentration profiles of 4, /, and P for the case of 4o = 100 mM, k> = 1, k1= 5k-1,
with the ratios of k- + k> to k; being 100, 50, 20, 10, 5, and 2, respectively. When the ratio of k- + k> to & is greater
than 20, the intermediate / can be kept at a stable, relatively low concentration throughout the synthesis, resulting
in steady-state kinetics (Figure 3a—c). When the ratio is below 20, as shown in Figure 3d—f, the concentration of /

shows a significant increase at the beginning of the synthesis, followed by an exponential decay, like the scenario
of a conventional one-shot synthesis.
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Figure 3. Plots of [4] (blue), [/] (red), and [P] (green) as a function of reaction time in the case of consecutive
reactions involving an equilibrium, under the conditions of 4o = 100 mM, k2 = 1, k1 = 5k-1, with the ratios of k-1 +
k2 to k1 being (a) 100, (b) 50, (¢) 20, (d) 10, (e) 5, and (f) 2.

In practice, reactant 4 represents the precursor directly added into the reaction system while / pertaining to
the actual metal ion or reductant involved in the reduction reaction. In the following sections, we discuss three
different approaches that can be explored to achieve steady-state synthesis under one-shot injection by engaging
consecutive reactions involving an equilibrium. In these approaches, all the reactants are added in one shot and the
establishment of steady-state kinetics can be validated by analyzing the concentration of the metal ion using
techniques such as inductively-coupled mass spectrometry (ICP-MS) or UV-vis spectroscopy. As a common
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advantage of these approaches, it is feasible to tune the reduction rate in the steady state across a broad range that
varies by several orders of magnitude.

4.1.1. Reductant from the Dissociation of a Weak Acid

Carboxylic acids are widely used as reductants in the synthesis of noble-metal nanocrystals [35]. Notable
examples include ascorbic acid, citric acid, and formic acid. Upon dissolution in water, the carboxyl group quickly
dissociates into carboxylate and proton ions to build an equilibrium:

HA= A+ H*. (39)

Typically, A~ would serve as the actual reductant owning to its much stronger reducing power than HA. By
simply controlling the pH, it is feasible to maintain the concentration of A~ and thus the reduction rate at constant
levels if there is still H4 in the reaction solution. Taking ascorbic acid (H.A4sc) as an example, we can write the
consecutive reactions as follows:

k1 ks
H,Asc kr—‘ HAsc™ - DHA, (40)
-1

where DHA represents dehydroascorbic acid. There exists an equilibrium between H>Asc and HAsc™, while HAsc™
can be subsequently oxidized to DHA by reacting with the metal ion. In a synthesis involving the addition of
HyAsc, HAsc™ serves as the actual reductant to react with the metal ion. Regardless of the concentration of H>Asc
(added into a synthesis in one shot) in the reaction mixture, the concentration of HAsc™ is determined by the
dissociation constant (K,) of H>Asc and the pH: [HAsc ] = K./[H']. When the metal ion is used in large excess and
thus kept at a stable concentration, one can adjust the concentration of HAsc™ to different levels for the creation of
steady states with different reduction rates by simply varying the pH.

In practice, one can also vary the reduction rate constant of ascorbic acid by adjusting the pH. As shown in
Figure 4, an aqueous solution of ascorbic acid is dominated by three different species, respectively, when the pH
is adjusted from 0-14: acid (HaAsc), ascorbate (HAsc"), and diascorbate (4sc?) [35]. For all these forms, the
reduction mechanism is similar in terms of electron transfer and the oxidized product, with each molecule donating
one pair of electrons for the reduction of a metal ion and the formation of dehydroascorbate as the oxidized product.
There is a distinct rate constant associated with each of these forms. As documented in literature, the rate constant
(i.e., the reducing power) of ascorbic acid increases as the pH is increased [36—38], primarily due to the
involvement of different dominant species. As analyzed above, steady-state kinetics can be achieved for both
HAsc™ and Asc?, but not for HrAsc. In such a synthesis, it is crucial to control the pH of the reaction mixture,
while maintaining the metal ion at a constant concentration, to achieve steady-state kinetics. It is worth noting that
most of the synthetic protocols reported in the literature might involve steady-state kinetics albeit this concept has
never been explicitly discussed.
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Figure 4. Graph showing the three species derived from ascorbic acid as a function of pH, including H24sc at pH
below 3, HAsc™ at pH between 6-10, Asc?*™ at pH above 12. Modified from Ref. [35] with permission.
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4.1.2. Metal Ion from the Dissolution of an Insoluble Salt

Insoluble metal salts can also be utilized to achieve steady-state synthesis due to the solubility equilibrium.
When the powder of an insoluble salt is added into a reaction solution, it partially dissolves and then dissociates
into metal ion and counterion to build an equilibrium:

MLy (s) = M™ +mL". (41)

In this case, the consecutive reactions include the dissolution of the powder and the subsequent reduction of
the metal ion, as shown below:

ki my 2
ML,,(s) ) M™ S M. (42)

Regardless of the amount of ML,, powder added into the reaction solution, the concentration of the metal ion
is only determined by the solubility product constant (K,) of ML,, and the concentration of the counterion: [M™"]
= Ky, /[L7]™ If the reductant is used in large excess relative to the total amount of ML,, one can adjust the
concentration of M™* and thereby attain steady states with different reduction rates by varying the concentration
of free L™ in the reaction solution. To this end, powders such as PdCl,, PdBr,, AgCl, AgBr, and AuBrs; can all be
utilized to achieve steady-state synthesis. In general, to achieve the optimal metal ion concentration in the reaction
solution, a metal salt with an intermediate dissolution strength is required. It should be neither too strong to be
completely soluble, nor too weak so that it can serve as a source of metal ion and maintain a stable M™*
concentration in the solution phase. Again, in reviewing the literature, we felt that this concept might have
contributed to the success of some protocols without proper discussion. For example, AgCl and AgBr precipitates
were often formed in situ during the successful synthesis of some Ag nanocrystals with controlled shapes. The
formation of such precipitates might lead to the establishment of steady-state kinetics and thereby enable a tight
control over the nucleation and growth. Of course, it should be pointed out that the shape control might also benefit
from other mechanisms due to the accelerated photo-reduction of AgCl and AgBr in the presence of Ag seeds. A
revisit to, and a systematic study of, such a synthesis is warranted.

4.1.3. Metal Ion from the Dissociation of an Unreactive Complex

Similar to the dissolution of an insoluble salt, steady-state kinetics can also be achieved using an unreactive
complex by leveraging its dissociation equilibrium:

k-n
(ML,)™ = M* + mLCw )™ (43)

when added into the reaction system in one shot, the complex dissociates into the metal ion (the actual precursor)
and ligand, followed by reduction of the metal ion:

k k
(ML,)™ k:l MK+ 3 M. (44)
-1

In this case, the rate constant & (for the dissociation of the complex) should be considerably smaller than the
sum of k-, (for the reverse process of dissociation) and k, (for the reduction of the metal ion). By choosing an
appropriate ligand, it is feasible to control the rate constants k; and k- to ensure k_; + k, > k; and thus
achievement of steady-state kinetics. For instance, switching from CI” to NH3, a ligand with a much stronger
binding to the Pd?" ion, would allow for the achievement of steady-state synthesis [39].

4.2. Consecutive Reactions Involving No Equilibrium

In some cases, it is also possible to have k- =0. As such, intermediate / is directly consumed to generate
product P without going back to reactant 4:

ki k
ASIS3P. (45)
We can define three reaction rates in terms of A4, /, P, respectively, as follows:

d[A]
- = kAl (46)

U = ky[A] - Ky 1), @7)
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A

p” (48)
Integrating [4], [1], [P] with respect to ¢ leads to:
[A] = [A]pe "1, (49)
— kalAlo —kyt _ kot
[1] = 2k (ehat — gmtaty, (50)
1 _ -
[P] = [Alo[1 + = (ke ™" — kye™*20)], (51)
In the case of k» > ki, the concentration of / can be approximated as:
kiAo o —kiey _ k1
[~ =" (7% = ~[A]. (52)

In this case, intermediate / will stay at a stable, relatively low concentration, resulting in the establishment of
a steady state (/). Figure 5 shows the concentration profiles of 4, /, and P calculated for the condition of 49= 100
mM, k, = 1, with the ratios of k: to k; being set to 100, 50, 20, 10, 5, and 2, respectively. If the ratio of k> to &; is
greater than 20, intermediate / will stay at a stable, low concentration throughout the reaction, resulting in steady-
state kinetics (Figure 5a—c). In contrast, when the ratio of k» to & drops below 20, the concentration of intermediate
Iwill show a surge at the beginning, followed by an exponential decay (Figure 5d—f).
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Figure 5. Plots of [4] (blue), [/] (red), and [P] (green) as a function of reaction time in the case of consecutive
irreversible reactions, under the conditions of 4o=100 mM, k2= 1, and ratios of k2 to k1 are (a) 100, (b) 50, (¢) 20,
(d) 10, (e) 5, and (f) 2, respectively.

Again, there are many good examples of such a synthesis in the literature albeit none of the reports attributed
the success to the involvement of steady-state kinetics. Here we choose polyol synthesis as an example to
demonstrate the concept. Polyol synthesis has been widely utilized for the production of colloidal noble-metal
nanocrystals with controllable shapes [40]. Notable examples include Ag nanowires, nanocubes, and right
bipyramids, as well as Au polyhedrons [41-44]. The key feature is the use of a polyol such as ethylene glycol as
both the solvent and a precursor to the actual reductant. When heated in air to an elevated temperature, ethylene

glycol will be partially oxidized to glycoaldehyde, an intermediate believed to be the reductant responsible for the
reduction of metal ion [45]:

k1 ky
Ethylene glycol — Glycoaldehyde — Carboxylic acid. (53)

This process involves two consecutive reactions: the slow oxidation of ethylene glycol to glycoaldehyde by
the oxygen from air and the subsequent fast oxidation of the glycoaldehyde by the metal ion. Under the condition
of k» » ki, glycoaldehyde is expected to exist at a stable, relatively low concentration throughout the synthesis.
Although it was not explicitly discussed in the literature, the steady-state kinetics seems to be responsible for the
control of both nucleation and growth and thereby the twin structure and shape taken by the nanocrystals. Taking
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the synthesis of Ag nanowire as a sample, AgNOj3 can be directly added in one shot into ethylene glycol held at an
elevated temperature for the nucleation of decahedral seeds, followed by their growth into penta-twinned Ag
nanowires [46—48]. In this process, the Ag" ions from AgNO; can be reduced slowly even at a relatively high
concentration for the generation of penta-twinned seeds while preventing self-nucleation and unwanted growth.

4.3. Controlled Release of the Reactant from Polymer Beads

In nanomedicine, drugs are often encapsulated in carriers such as polymer beads to achieve zero-order
release, by which the drug molecules come out at a constant rate to minimize the fluctuation in plasma
concentration while maintaining the plasma drug level in the therapeutic window throughout a treatment, giving
the highest therapeutic efficacy [49]. This concept can also be borrowed to achieve steady-state synthesis by pre-
loading the metal ion or reductant in polymer beads. As shown in Figure 6, the pre-loaded metal ions undergo a
controlled release process from polymer beads into the reaction mixture, followed by reduction into metal atoms.
In this process, the slow release of metal ions corresponds to a small release rate constant (k;), which can be made
smaller than the reduction rate constant (k), leading to the establishment of steady-state kinetics. In principle,
different polymers, such as poly(lactic-co-glycolic acid) of varying compositions can be used to help control the
release profile, thereby controlling the magnitude of &, [50]. Altogether, it is feasible to maintain the concentration
of the metal ion in the reaction mixture at a small and stable by optimizing the release rate constant and/or the
reduction rate constant for the establishment of steady states with different rates.

Polymer beads  + Metalions = Atoms

€ 3 \ P

Figure 6. Schematic illustration showing the controlled release of metal ions from polymer beads during a steady-
state synthesis of colloidal metal nanocrystals.

5. Concluding Remarks

Achieving robust, reproducible, and scalable production of colloidal metal nanocrystals calls for new
methods capable of establishing and maintaining steady-state kinetics in the setting of one-shot injection and
continuous flow reactor. The essence is to keep one of the reactants at a stable, relatively low level while the other
reactant is used in large excess so the reduction rate will stay at the same level during the entire synthesis. A
number of methods are discussed in this Perspective. In the first method, we can leverage the dissociation
equilibrium of a weak acid to help maintain the actual reductant at a constant level throughout a synthesis. A
notable example is ascorbic acid, whose conjugated bases have much stronger reducing powers than that of the
acid. By leveraging the dissociation equilibrium and varying the pH of the reaction solution, we can control the
base (the actual reductant) and its concentration at different levels until all the added acid has been consumed. In
the second method, we can use an insoluble salt to ensure that the metal ion (the actual precursor) in reaction
solution will stay at a constant level controlled by temperature and the concentration of free counterion until all
the solid is consumed. In the third method, we can borrow the concept of controlled release from drug delivery by
loading the metal ion or reductant in polymer beads. Under zero-order release, the metal ion or reductant in the
reaction mixture can be maintained at a low and constant level because it will be immediately consumed as soon
as it has been released from the beads. When the other reactant is used in excess, all these methods can be used to
achieve steady-state synthesis. In principle, the knowledge gained from the monometallic system can be readily
extended to bi- and even multi-metallic systems.

Steady-state synthesis offers immediate advantages over the conventional synthesis that involves reduction
rates in an exponential decay. For example, by controlling the reduction rate in the steady state, self-nucleation
can be eliminated in the presence of seeds while controlling the pattern of growth, moving toward a reliable,
reproducible, and precise synthesis of colloidal nanocrystals. At the moment, steady-state synthesis is mainly
achieved through the dropwise addition of the metal salt solution, but this method is not suitable for scale-up
production in a continuous flow reactor because of the necessity to continuously add the precursor solution during
a synthesis. The methods discussed in this Perspective are capable of achieving steady-state kinetics under one-
shot injection, making it practical to directly translate the synthetic method from a batch to a continuous flow
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reactor. To our knowledge, all these methods are yet to be explored. They hold the key to the deterministic, reliable,
and scalable production of colloidal metal nanocrystals with well-controlled properties.
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crystal structure and a composition of 1:1 Ni/Co as NiCoP. Our results demonstrate that the NiCoP nanorods with
higher aspect ratios exhibit improved HER activity and stability, with the highest aspect ratio nanorods showing
the lowest overpotential and Tafel slope in both acidic and alkaline media. This study highlights the importance
of controlling the size and morphology of bimetallic phosphide nanoparticles to optimize their catalytic activity
for HER, providing new insights into the design and optimization of nanostructured catalysts for electrochemical
water splitting applications.

Keywords: CO; NiCoP; nanorods; DFT; HER

1. Introduction

Transition metal phosphides have emerged as a promising class of catalysts in various industrial applications,
including water splitting for hydrogen production [1-5], biomass hydrogenation or hydrodeoxygenation [6], as
well as energy conversion and storage [7,8]. Their exceptional properties and abundance make them attractive
alternatives to precious metals in these applications, allowing for lower costs. Notably, transition metal phosphides
have been extensively explored for the hydrogen evolution reaction (HER) since the seminal work of one of the
nickel phosphides (Ni,P) as an alternative to Pt for HER reported by Schaak and Lewis in 2013 [9]. Studies have
demonstrated the importance of controlling the size and morphology of nickel phosphide nanoparticles to optimize
their catalytic activity for HER [5]. For example, one-dimensional (1D) nanostructures, such as nanorods and
nanowires, have been demonstrated to exhibit enhanced HER activity [10-13]. Theoretical calculations have
shown that the nickel bridge sites on the surface of the long side of the 1D nanostructures, which grow along the
[001] direction of the hexagonal Ni,P, exhibit lower Tafel slopes for HER compared to the (001) facet [10]. Other
studies have provided evidence that 1D Ni,P can expose a Ni3P surface, generated during HER, as active sites, or
offer the possibility of tuning the surface roughness to enhance HER [11].

On the other hand, adding a secondary metal to create bimetallic phosphides has resulted in significantly
improved catalytic activity, often surpassing that of their monometallic counterparts [14,15]. The enhanced
performance is thought to stem from synergistic electronic and structural modifications that alter the characteristics
of the active sites. Ni.Co,P. is one of the most active catalysts, as predicted by theoretical calculations and
confirmed by the experimental results [14,15]. A composition study of Ni,-,Co,P (0 <x <2) nanocrystals for HER
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showed that these electrocatalysts exhibited enhanced activity, with NiCoP showing particularly promising
performance and excellent long-term stability [16]. Building on these findings, this work focuses on the synthesis
of the NiCoP nanorods using a CO-assisted, trioctylphosphine (TOP)-mediated method, and investigates the
effects of aspect ratios on the HER electrocatalytic activity.

The TOP-mediated synthesis is a solution-based method of metal phosphides involving TOP as the
phosphorus source. Back in the early 2000s, TOP and trioctylphosphine oxide (TOPO) were used for the synthesis
of iron phosphides nanorods and nanowires by Liu and coworkers [17]. The method was generalized to several
mono-metal phosphide nanorods including MnP, Co,P, FeP, and Ni,P by Hyeon and coworkers [18]. Some of the
progress was later summarized by Brock and coworkers for the synthesis of MnP, FeP, and Fe,P with their
magnetic and catalytic applications [19]. Recently, Zhang and coworkers used Co,P nanorods as seeds to grow
Co,P/MP, (M = Fe, Ni, Mn, and Cu) core/shell nanorods, which were then loaded them onto a support for further
annealing to form CoMPy nanorods [20]. However, it remains challenging to synthesize single-crystalline
bimetallic phosphide nanorods using this method.

In this work, we report a TOP-mediated method assisted by the in-situ generated CO for the synthesis of
single-crystalline NiCoP nanorods with different aspect ratios. The method introduces in-situ generated CO into
our previously-established synthesis for nickel phosphides [21], in which the equimolar metal precursors are
thermally decomposed in the presence of oleylamine (OLAM) and TOP, resulting in the synthesis of single-
crystalline NiCoP nanorods. Depending on the stage of CO introduced to the reaction, the aspect ratio could be
tuned from 1:3 to 1:16 while maintaining hexagonal crystal structure the same as that of Ni,P and a composition
of 1:1 Ni/Co as NiCoP. The crystallinity and growth direction of the resulting NiCoP were characterized by high
resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDS). The
NiCoP nanorods are single-crystalline in nature and growing preferentially along the [001] direction. The role of
CO in the synthesis was investigated by monitoring the kinetics of the formation and disappearance of metal-TOP
complex. The electrocatalytic activities and stabilities of these nanostructures for HER were compared, revealing
a positive correlation between aspect ratio and electrocatalytic performance.

2. Experimental Methods

2.1. Chemicals and Materials

Nickel(Il) acetylacetonate (Ni(acac),, 96%) and cobalt(Il) acetylacetonate (Co(acac),, 99%) were purchased
from Acros Organics, Geel, Belgium. 1-octadecene (ODE, 90%) was purchased from Alfa Aesar, Lancashire, United
Kingdom. Oleylamine (OLAM, 70%) and methoxy-polyethylene glycol acetic acid (PEG-COOH, M.W. = 5000)
were purchased from Sigma-Aldrich, St. Louis, MO, USA. Trioctylphosphine (TOP, 90%) was purchased from
Thermo Scientific, Waltham, MA, USA. Toluene was purchased from Macron Fine Chemicals, Radnor, PA, USA.
Ethanol (200 proof) was purchased from Koptec, King of Prussia, PA, USA. Sulfuric acid (95-98%, ACS) and
potassium hydroxide (KOH) pellets were purchased from J.T. Baker, Radnor, PA, USA. Formic acid (=88.0%, ACS)
was purchased from VWR BDH Chemicals, Radnor, PA, USA. Hexane and chloroform were purchased from EMD
Millipore, Burlington, MA, USA. Ultrapure water (18.2 MQ) was obtained from a Milli-Q Integral system (Rahway,
NJ, USA). The chemicals were used directly as purchased, unless further specified.

2.2. Synthesis of NiCoP Nanorods

The NiCoP nanorods were synthesized using thermal decomposition of Ni and Co precursors simultaneously in
the presence of TOP, OLAM, and CO. Typically, Ni(acac), (25.7 mg, 0.1 mmol) and Co(acac), (25.7 mg, 0.1 mmol)
were added to a 3-neck round-bottom flask, followed by adding 4 mL of ODE and 1 mL of OLAM. The reaction flask
was equipped with a magnetic stirring bar, a condenser, and a Schlenk line under Ar protection. The reaction mixture
was degassed for 10 min under Ar. Prior to heating, 1 mL of TOP was injected into the reaction mixture under magnetic
stirring. The reaction mixture was heated to 300 °C and held at this temperature for 20 min. In order to form nanorods,
CO was introduced to the reaction mixture during the heating process twice, using a balloon. Briefly, CO was generated
by mixing 10 mL of sulfuric acid and 10 mL of formic acid in a single neck round-bottom flask equipped with a balloon
via a syringe and a needle. After the formed CO inflated the balloon, the balloon was transferred to the reaction flask
and left there for 10 s. During this process, the CO-filled balloon was introduced to the reaction mixture with a noticeable
smog that was observed. Details regarding CO generation and introduction are provided in the Supporting Information
(Figure S1). For nanorods with a low aspect ratio, CO was introduced at 175 and 240 °C, respectively. For the nanorods
with a high aspect ratio, CO was introduced at 175 and 280 °C, respectively. In this two-step CO addition process, CO
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was generated via one reaction for 10 min prior to the first injection. Each CO introduction delivered 3.2 + 0.32 mL
under approximate ideal gas conditions.

2.3. Synthesis of CoNiP Spherical Nanoparticles (Nanospheres)

The nanospheres were synthesized using the same method, except that no CO was introduced to the mixture
during the reaction.

2.4. UV-Vis Measurement

The UV-vis spectra were acquired by diluting 10 pL of solution at different temperatures or time points from
the reaction of interest in 2 mL of ODE at 60 °C in a quartz cuvette. Warmed ODE at 60 °C was used as a blank.
In a typical reaction, 100 pL aliquots were taken out by a 1 mL syringe equipped with a long needle from the
reaction at each temperature or time point into 1-dram glass vials. From these aliquots, a 10 uL quantity was taken
out by a 50 pL glass syringe for dilution in 2 mL of warmed ODE prior to the UV-vis measurement.

2.5. Characterization

The transmission electron microscope (TEM) images were taken using a TEM (JEOL JEM-1011, Tokyo
Japan) with an acceleration voltage of 100 kV. Each TEM sample was prepared by drop-casting 5—10 pL of diluted
nanoparticle suspension on a 200-mesh carbon-formvar coated copper grid. Powder X-ray diffraction (XRD)
patterns were recorded using a diffractometer (Rigaku XtaLAB Synergy-S, Tokyo, Japan) with a Cu K, radiation
source. A sample pellet of 100 ug was dried using a N, stream before it was loaded on a nylon loop for XRD
measurement. Elemental concentrations of the samples were measured using inductively coupled plasma mass
spectrometry (ICP-MS, Thermo Scientific iCAP Q, Waltham, MA, USA). The samples were digested using nitric
acid and diluted in 2 vol.% nitric acid as a matrix into the concentration range of 1-100 ppb. High-resolution TEM
(HRTEM) images were collected using a JEOL ARM200CF (Tokyo, Japan) operated at 200 kV equipped with
dual CEOS GmbH C; correctors and a Gatan K3 IS detector for image collection. Scanning transmission electron
microscopy—annular dark-field (STEM-ADF) images and energy dispersive spectroscopy (EDS) maps were
collected using a FEI Talos S/TEM (Waltham, MA, USA) operated at 200 kV with a Super-X EDS system.
Annular dark-field (ADF) images were collected with an inner acceptance angle of approximately 30-35 mrad.

2.6. Electrochemical Measurements

All electrochemical measurements were performed in a 3-electrode cell setup using a potentiostat (Biologic
SP-150, Seyssinet-Pariset, France). A glassy carbon (GC) rotating disk electrode (0.2 cm?) was used as the working
electrode. Prior to preparation of catalyst inks, the nanoparticle samples were transferred into an ethanol
suspension via a ligand exchange process where 2 mL of each sample in toluene was stirred with 2.5 mg of PEG-
COOH dissolved in 5 mL of chloroform for 6 h, followed by purification with hexane, ethanol, water, and
subsequently resuspended in ethanol. The catalyst ink was prepared by mixing 500 pL of ~2 mg/mL nanoparticle
suspension in ethanol with 50 uL of a 0.04 wt.% Nafion solution and drop-casted onto the GC electrode with a
catalyst loading of 50 ug/cm?.

The electrochemical measurements were performed in both acidic and basic media with the working electrode
rotated at a rate of 2400 rpm controlled by an electrode rotator (Pine Research, Durham, NC, USA). For the
measurement in acidic medium, 0.5 M H,SO4 was used as an electrolyte, while a Ag/AgCl, double junction
electrode (Pine Research, Durham, NC, USA) was used as the reference electrode, and a graphite rod seated inside
a fritted glass tube (Pine Research, Durham, NC, USA) was used as the counter electrode. The potential conversion
followed: E (vs. RHE) = E (vs. Ag/AgCl) + (0.0591 X pH) + E°(Ag/AgCl), where pH is 1 and E°(Ag/AgCl)
is 0.199 V. For the measurements in alkaline medium, 1 M KOH was used as the electrolyte, while a Hg/HgO
electrode (CHI) was used as the reference electrode, and a home-customized Pt foil or Pt wire (~4.7 cm?) seated
inside a fritted glass tube (Pine Research) was used as the counter electrode. The potential conversion followed:
E (vs. RHE) = E (vs. Hg/HgO) + (0.0591 x pH) + E°(Hg/HgO), where pH is 14 and E°(Hg/HgO) is 0.98 V.
Nitrogen was used to purge the electrolyte solution for 5 min prior to the electrochemical measurements. Linear
sweep voltammetry (LSV) was carried out at a scan rate of 10 mV/s from 0 to —0.5 V vs. RHE. An 85% iR
correction was applied to all scans. The stability tests were performed at 10 mA/cm? for 2 h.
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3. Results and Discussion

The synthesis of NiCoP at a stoichiometric ratio of 1:1:1 was carried out in the presence of OLAM at
elevated temperature using Ni(acac), and Co(acac), at an equimolar ratio as metal precursors, and TOP as the
phosphorus source. During the reaction, CO gas, which was generated by the decomposition of formic acid by
sulfuric acid [22], was introduced via a balloon, syringe and needle at different temperatures for 10 s.
Figure 1A illustrates the reaction scheme of the synthesis. Depending on how the CO was added during the
reaction, three distinct morphologies of NiCoP nanostructures were formed: the spherical nanoparticles or
nanospheres (NSs), the nanorods with low aspect ratio (LAR NRs), and the nanorods with high aspect ratio
(HAR NRs). TEM images reveal that the NSs have an average size of 17.9 £ 2.3 nm (Figure 1B), while the
LAR NRs exhibit lengths of 53.3 = 7.8 nm and widths of 16.8 + 2.6 nm, resulting in an aspect ratio of
3.2 (Figure 1C). In contrast, the HAR NRs display lengths of 50.4 + 5.2 nm and widths of 6.7 + 0.9 nm, yielding
an aspect ratio of 7.5 (Figure 1D). XRD analysis indicates that all of these nanostructures exhibit a set of the
peaks at 41.02, 44.94, 47.62, ~55 (specifically, 54.48, 54.79 and 55.38), 75.48, and 80.94 degrees of 20, which
can be indexed to the XRD pattern of NiCoP (COD1008056) [23-25]. The ICP-MS results, listed in Table S1,
confirm that the composition of the nanostructures is approximately 1:1:1.

H H no CO Nanosphere
=0, 0 /T P
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Figure 1. (A) Schematic illustrating the synthesis of NiCoP nanostructures. (B—D) TEM images of the NiCoP
nanostructures: (B) nanospheres (NSs) with an average size of 17.9 + 2.3 nm; (C) low-aspect-ratio nanorods (LAR
NRs) with a length of 53.3 &+ 7.8 nm and a width of 16.8 £ 2.6 nm, resulting in an aspect ratio of 3.2; (D) high-
aspect-ratio nanorods (HAR NRs) with a length of 50.4 £+ 5.2 nm and a width of 6.7 £+ 0.9 nm, resulting in an aspect
ratio of 7.5. (E,F) XRD patterns of the corresponding samples in (B-D): (E) NS; (F) LAR NR; and (G) HAR NR,
which can be indexed to the XRD pattern of the crystal structure of NiCoP labeled in blue.

In the absence of CO gas, the reaction yielded spherical NiCoP nanoparticles. To further elucidate their
structure, HRTEM and EDS mapping were employed. The results reveal a mixture of single-crystalline and
polycrystalline nanoparticles. A representative single-crystalline nanoparticle, shown in Figure 2A, exhibits lattice
spacings corresponding to the (021)yicop and (121)yicop crystallographic planes, viewed from the [412] zone
axis of hexagonal NiCoP similar to hexagonal Ni,P. In contrast, Figure 2B illustrates a polycrystalline nanoparticle
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with distinct grain boundaries within the particle. Notably, EDS maps (Figure 2D—F) demonstrate that Ni, Co, and
P are uniformly distributed throughout each particle, irrespective of their crystallinity, indicating no elemental
segregation.

Figure 2. HRTEM and EDS mapping of NiCoP NS: (A) HRTEM image of the nanoparticle with lattice spacings
marked with d; = (021)yicop and d, = (121)nicop. (B) HRTEM image of a polycrystalline nanoparticle with
the grain boundary and particle outlined in red. (C—F) EDS mapping of Ni, Co, and P in two nanoparticles, with an
ADF image inset in (C). Simplified scale bars of 7 nm are used in (D-F) for data visibility.

Upon addition of CO gas at 175 and 240 °C, the reaction resulted in nanorods with low aspect ratio. HRTEM
analysis of a representative LAR NR, shown in Figure 3A, reveals that it is single-crystalline in nature. The
crystallographic orientation of the LAR NR is characterized by a lateral direction along the [110] axis and a
longitudinal direction along the [001] axis. It is implied that the reaction conditions promote the growth of the NiCoP
nanostructures along the [001] direction, leading to the formation of nanorods. These observations are consistent with
previous studies on the growth of mono-metal phosphide Ni,P nanorods, which also exhibit growth along the [001]
direction of the hexagonal Ni,P crystal structure [26,27]. Furthermore, the EDS mapping (Figure 3B-E) indicates a
uniform distribution of Ni, Co, and P throughout individual particles, with no apparent elemental segregation. Based
on these results, the addition of CO facilitates the formation of single-crystalline seeds that lead to elongation of the
nanoparticles into nanorods.

The introduction of CO gas at 175 and 280 °C led to the formation of nanorods with high aspect ratio. Similarly,
HRTEM analysis of a representative HAR NR (Figure 4A) confirms its single-crystalline nature, with growth
occurring along the [001] direction and a lateral direction along the [110] axis, analogous to that of the LAR NR. It
is noted that the [112] direction is not aligned with the long axis of the rod, likely due to out-of-plane rotation as the
rod is in a cluster instead of lying flat on the TEM grid as in Figure 3A. While most HAR NRs exhibit a uniform
distribution of Ni, Co, and P throughout the particle, occasional deviations are observed, where excess Co is present
at specific locations (indicated by arrows), coinciding with the absence of Ni, suggesting segregation. P is consistently
present throughout normal and Co-rich regions. Compared to LAR NRs, the second addition of CO gas at a higher
temperature allows the thinner rods to form while both LAR NRs and HAR NRs have similar length. The temperature
of second CO gas addition affects the growth of the NRs in the lateral direction.
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Figure 3. HRTEM and EDS mapping of NiCoP LAR NR: (A) HRTEM image of a thick rod with orientation
indicated. (B—E) EDS mapping of Ni, Co, and P in three rods, with an ADF image inset in (B). Simplified scale
bars of 40 nm are used in (C—E) for data visibility.

Figure 4. HRTEM and EDS mapping of NiCoP HAR NR: (A) HRTEM image of a thin rod with orientation
indicated (B) Lower magnification ADF image of thin rod morphology. (C) ADF image and (D—G) EDS mapping
of two rods with arrows indicating areas of Co segregation/Ni depletion. P was excluded from the composite map
in (D) to highlight the Ni/Co segregation. Simplified scale bars of 10 nm are used in (E-G) for data visibility.

Since CO plays an important role in the synthesis to promote the growth of NiCoP nanorods, we carried out
additional experiments using various CO addition conditions to explore their effects on the nanorod formation.
We determined whether two CO additions are necessary. For comparison, we performed a single addition of CO
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gas at the three different temperatures previously chosen: 175, 240, and 280 °C while keeping all other conditions
the same as the reaction without CO addition. The results are shown in Figure 5. The TEM images display the size
and shape of the nanoparticles. Upon CO addition at 175 °C, the size of the nanoparticles has a length of
51.0 £ 6.0 nm and a width of 29.6 + 3.8 nm, resulting in an aspect ratio of 1.7, whereas both CO additions at
240 and 280 °C resulted in spherical particles with similar average sizes of 9.0 + 1.5 nm and 11.9 + 1.3 nm,
respectively. The XRD patterns of these three samples indicate that they match well with the hexagonal NiCoP,
the same as those of LAR NR and HAR NR. Based on these results, we found that the addition of CO at 175 °C
is important for the formation of elongated particles. The additional CO gas that was introduced to the reaction
allowed for the reduction of the lateral dimension of the nanorods, resulting in the increase of the aspect ratio of
the rods.

—— CO addition at 175 °C —— CO addition at 240 °C —— CO addition at 280 °C
NiCoP (COD1008056) NiCoP (COD1008056) NiCoP (COD1008056)

(111) (111) (111)

40 60 80 40 60 " o0

20 (degree) 20 (degree) 20 (degree)
Figure 5. TEM images (A—C) and XRD patterns (D-F) of products obtained from reactions with a single CO
addition at 175 °C (A,D), 240 °C (B,E), and 280 °C (C,F).

To further investigate the effects of CO on the reaction kinetics, we carried out UV-vis measurements on the
aliquots taken out from the reactions for NS, LAR NR, and HAR NR at various stages. The resulting UV-vis
spectra of the aliquots for each reaction are presented in Figure 6. According to our previous study, the peak at
313 nm can be attributed to electronic transition of Ni(0)-TOP complex [21]. However, we could not find the
spectral signature for Co(0)-TOP which is expected to exhibit a peak at 378 nm based on our theoretical prediction
(Figure S1). Although Co precursor is present, the Ni(0)-TOP complex is expected to form initially due to the
lower redox potential of Ni** to Ni(0) compared to that of Co*" to Co(0). In the absence of CO gas, the peak
intensity at 313 nm increases gradually with the rising temperature, reaching its maximum at 280 °C, and then
decreases and disappears after being held at 300 °C for 5 min (Figure 6A). Based on the TEM results, the reaction
forms a mixture of single-crystalline and polycrystalline spherical nanoparticles with no anisotropic growth.

In the presence of CO gas, CO can play multiple roles in the reaction, including acting as a chelating ligand
to coordinate with the metal center, a reducing agent to reduce the metal cation, and a capping ligand that adsorbs
onto the particle surface. In particular, CO has been introduced as reducing agent in the shape and composition-
control of platinum alloy nanocrystals by Yang and co-workers [28,29]. In our case, the first CO addition at
175 °C facilitates the reduction of metal precursors, as evident from the jump in the intensity of the peak at
313 nm for LAR NR (Figure 6B) and HAR NR (Figure 6C) compared to that of NS. The TEM study also supports
that the first CO addition also facilitates the formation of single crystals which serves as the seeds for the growth
of metal phosphide nanorods. Since the nucleation of the reactions occurs at around 220 °C, the second addition
of CO at a higher temperature can act as a reducing agent to reduce the metal precursors, as well as a capping agent
to guide the nanocrystal growth. The addition of CO at a higher temperature suppresses the lateral growth of the
nanorod, thereby increasing the aspect ratio of the nanorods.
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Figure 6. UV-vis spectra of reaction aliquots taken at various stages during the synthesis of NS (A), LAR NR (B),
and HAR NR (C). (D) Plots of absorbance at 313 nm as a function of temperature for each reaction, with data
points beyond 300 °C corresponding to reactions held at 300 °C for extended periods (5, 10, 15, and 20 min), as
indicated by the green arrow pointing from the dashed green line.

We also investigated the effects of the reaction time on the nanorod growth. We extended the reaction time
at 300 °C from 20 min to 60 min, while keeping the other reaction conditions constant for each set of reactions.
Extending reaction time increases the aspect ratios of nanorods, as shown in Figure 7A—C. For a single CO addition
at 175 °C, the nanorods grew to a length of 64.4 + 12.8 nm and a width of 33.0 + 4.7 nm, with an aspect of
2.0 after 60 min of reaction, compared to 1.7 after 20 min of reaction. For dual CO additions at 175 and 240 °C,
the nanorods resulted in a length of 58.3 + 7.6 nm and a width of 16.1 + 2.2 nm, with an aspect ratio of 3.6 after
60 min of reaction, versus 3.2 after 20 min of reaction. For dual CO additions at 175 and 280 °C, the reaction
yielded a mixture of thinner nanorods (99.0 + 20.8 nm in length and 6.6 + 1.2 nm) width with an aspect ratio of
15 and thicker nanorods (78.5 = 7.3 nm in length and 16.2 + 2.7 nm) width with an aspect ratio of 4.8 after 60 min
of reaction. The comparison of dimensional information for different reaction conditions is listed in Table S2. The
XRD patterns in Figure 7D—F, confirm that all the nanorods are composed of hexagonal NiCoP.

We conducted a comparative study of the HER activities of 1D nanostructures in both acidic and alkaline
media. The LSV experiments were performed at a scan rate of 10 mV/s in 0.5 M H,SO4 and 1 M KOH,
respectively. In the acidic medium (0.5 M H,S0O4), we observed that the HER overpotential at a current density of
10 mA/cm? decreased with increasing aspect ratio of the nanostructures. Specifically, the HAR rods exhibited the
lowest overpotential of 187 mV, while the LAR rods and NS particles showed similar overpotentials of 237 and
264 mV, respectively, as illustrated in Figure 8A. Further analysis of the LSV data using Tafel plots revealed that
the Tafel slopes for the HAR rods, LAR rods, and NS particles were 56, 66, and 88 mV/dec, for their overpotential
ranges of 125-182 mV, 169-236 mV, and 175-262 mV, respectively (Figure 8B). These values suggest that the
HER mechanism on the HAR rods proceeds via a Volmer-Heyrovsky pathway, whereas the LAR rods and NS
particles follow a Volmer mechanism. The result is based on the general consideration that Tafel slop can provide
insights into the reaction mechanism of HER on the catalyst surface with the theoretical values for the Volmer
step, the Heyrovsky step, and the Tafel step in the HER to be 120, 40, and 30 mV/dec [30,31]. In contrast, when
the same catalysts were tested in an alkaline medium (1 M KOH), the HER overpotential at 10 mA/cm? increased
compared to the acidic condition, in agreement with the findings for other catalysts such as noble metals due to
water as the proton source in the HER under the alkaline conditions [32,33]. Notably, the HAR rods still exhibited
the lowest overpotential of 412 mV, while the LAR rods and NS particles showed higher overpotentials of

233



Mater. Interfaces 2025, 2(2), 226238 https://doi.org/10.53941/mi.2025.100018

approximately 500 mV, as shown in Figure 8C. Tafel analysis in the alkaline medium yielded slopes of 101, 142,
and 146 mV/dec in the potential ranges of 306460 mV, 342-495 mV, and 348—500 mV for the HAR rods, LAR
rods, and NS particles, respectively (Figure 8D). These values indicate that the HER mechanism on the HAR rods
also proceeds via a Volmer-Heyrovsky pathway, whereas the LAR rods and NS particles follow a Volmer
mechanism. Based on these results, we conclude that the 1D nanostructures enhance the catalytic activity for HER
by promoting the Heyrovsky mechanism and optimizing the hydrogen binding energy, which is associated with a
more efficient hydrogen evolution process.

—— dual CO additions at 175 and 280 °C
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Figure 7. TEM images (A—C) and XRD patterns (D—F) of products obtained from reactions with a single CO addition
at 175 °C (A,D), dual CO additions at 175 and 240 °C (B,E), and dual CO additions at 175 and 280 °C (C,F).
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Figure 8. HER evaluation on NS, LAR NR, and HAR NR under acidic and alkaline media: (A,B) LSVs at a scan
rate of 10 mV/s in 0.5 M H2SO4 and their Tafel plots; and (C,D) LSVs at a scan rate of 10 mV/s in 1 M KOH and
their Tafel plots. The current density is normalized by the geometric surface area (0.2 cm?) of the GC rotating disk
electrode. The oscillation in the LSVs at high negative potentials (>—0.3 V vs. RHE) is due to the bubble formation
on the catalyst surface.
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The electrochemically active surface area (ECSA) of each catalyst was evaluated using the double layer
capacitance (Cq) method, a widely accepted technique for determining the ECSA of electrocatalysts [34-36]. This
method measures the capacitance of the double layer formed at the electrode-electrolyte interface, which is
assumed to be directly proportional to the ECSA. To determine the ECSA, cyclic voltammetry (CV) was
performed on each catalyst in the non-Faradaic region (+50 mV of open circuit potential, OCP), where no redox
reactions occur, with their scan rate varying from 1 to 250 mV/s. The Cq was calculated from the slope of the
linear relationship between the current obtained at OCP and scan rate. The ECSA was then calculated using the
equation: ECSA = Ca/Cs, where C; is the specific capacitance of the material. The values of C; used in this study
were 0.035 cm? for acidic conditions and 0.040 cm? for basic conditions, which are typical values reported in the
literature [36]. The results show that HAR NR has a significantly higher ECSA than LAR NR and NS under acidic
conditions, indicating that it has a more extensive surface area available for electrochemical reactions (Figure S3
and Table S3). This is likely due to the unique morphology of HAR NR, which may provide more active sites for
HER. In contrast, under basic conditions, the ECSA of HAR NR is only slightly higher than those of LAR NR and
NS, suggesting that the surface area advantage of HAR NR is less pronounced in this environment (Figure S4 and
Table S4). The LSVs normalized by the ECSA of each catalyst were plotted in Figure S5.

We further investigate the stability of NS, LAR NR, and HAR NR for HER under acidic and alkaline
conditions using chronopotentiometry (CP). The CP experiments were conducted at a constant current density of
10 mA/cm?. Figure 9A illustrates the potential changes as a function of time in 0.5 M H,SOa, revealing distinct
stability profiles for each material. Notably, the overpotential increases at rates of —10.0 mV/h and —12.9 mV/h
for HAR NR and LAR NR, respectively. In contrast, NS exhibits a decrease in overpotential at a rate of 0.4 mV/h,
suggesting that its surface may undergo reconstruction to facilitate HER. To further assess activity after the
stability test, we performed LSV before and after the CP experiments, with the results presented in Figure S6. The
LSV data indicate a slight decrease in HAR NR activity, negligible change in LAR NR activity, and an increase
in NS activity. Under alkaline conditions, HAR NR demonstrates superior stability compared to NS and LAR NR,
with overpotential increases of —3.8 mV/h, —7.0 mV/h, and —20.9 mV/h for HAR NR, NS, and LAR NR,
respectively (Figure 9B). Notably, the CP experiments induce a significant enhancement in the catalytic activity
of all three materials, as evidenced by a substantial decrease in overpotential at 10 mA/cm?. Specifically, the
overpotentials decrease from 421 mV to 180 mV for HAR NR, and from 500 mV to 280 mV for both LAR NR
and NS (Figure S7). The enhancement of HER activity can be attributed to the structural evolution of the phosphide
catalysts to their corresponding hydroxide phases under the alkaline conditions [37,38]. The aspect ratio of the
nanostructures plays a crucial role in determining the HER activity and stability, with higher aspect ratios leading
to improved performance. These findings have important implications for the design and optimization of
nanostructured catalysts for electrochemical water splitting applications.
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Figure 9. Chronopotentiometry (CP) evaluation on NS, LAR NR, and HAR NR by recording the potential changes while
holding the current density at 10 mA/cm? under acidic and alkaline media: (A) in 0.5 M H2SOq; and (B) in 1 M KOH.

4. Conclusions

We have successfully synthesized single-crystalline NiCoP nanorods with tunable aspect ratios using a CO-
assisted, TOP-mediated approach. The introduction of CO gas at different temperatures allows for the control of
the nanorod growth, resulting in various aspect ratios while maintaining a hexagonal crystal structure and a
composition of 1:1 Ni/Co as NiCoP. The electrocatalytic activities of these nanostructures for the HER were
investigated, revealing a positive correlation between aspect ratio and electrocatalytic performance. Our results
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demonstrate that the NiCoP nanorods with higher aspect ratios exhibit improved HER activity and stability, with
the highest aspect ratio nanorods showing the lowest overpotential and Tafel slope. Our results are in line with
previous studies on the NioP 1D nanostructures, which have shown that the Ni bridge sites on the surface of the
long side of these nanostructures, oriented along the [001] direction of the hexagonal Ni,P crystal structure, exhibit
enhanced HER activity compared to the (001) facet [10]. The enhanced performance is thought to stem from
synergistic electronic and structural modifications that alter the characteristics of the active sites. The study
highlights the importance of controlling the size and morphology of bimetallic phosphide nanoparticles to optimize
their catalytic activity for HER. The findings have significant implications for the design and optimization of
nanostructured catalysts for electrochemical water splitting applications, which is crucial for the development of
sustainable energy systems.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506201608320087/M1-1091-SI-proofreading.pdf, CO generation setup and experimental details, ICP-MS results, DFT
calculation of the UV-vis spectrum of Co(0)-TOP4 complex, ECSA measurement, LSVs normalized by ECSA, LSVs before
and after CP measurements. References [39—42] are cited in the Supplementary Materials.
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Abstract: As a platform to construct the next-generation flexible
strain and force sensors, anisotropic hydrogels have recently
attracted considerable attention, with an expectation that they e )
would visualize the anisotropic motion of biological systems in a DR R R P
direction-specific manner. To date, a number of anisotropic
hydrogels have been developed with an intensive pursuit to : Poly-acrylamide
improve their practical performance, so that their composition,
preparation, and structure have become increasingly complex « Two Components
over the years. In fact, most of these anisotropic hydrogels are « Well-defined Structurs
prepared from many components including naturally occurring High Orientation
materials, using multiple steps that often require skillful control ::gn Ei:ir(m)ggntyeity
of kinetic events. Therefore, although some of them show good s Anigotroplc Properties
performances, their complicated and unclear structures make it Elastic Modulus
difficult to elucidate the relationship between structure and lon Conductivity

. Nanostructural Change
properties. As an approach complementary to such trend, here we
report a very simple anisotropic hydrogel that would provide a versatile platform for flexible sensors with
directional sensing capability. This hydrogel was simply prepared by one-pot reaction from two components, i.c.,
by magnetic orientation of titanate nanosheet (TiNS) in water and subsequent in-situ formation of a polyacrylamide
network. In the resulting hydrogel (TiNS-gel), TiNS platelets were arranged in a lamellar structure with highly
oriented, periodic, and homogeneous state. Due to such structure, TiNS-gel exhibited remarkable anisotropy in
tensile modulus, nanostructural transformability, and ionic conductivity. Furthermore, TiNS-gel changed its
electrical resistance upon tensile deformation, demonstrating its potential utility as a flexible strain and force sensor.
TiNS-gel, characterized by easy synthesis, simple composition, well-defined structure, and various anisotropic
properties will serve as a useful platform for developing flexible devices with direction-selective strain and force
sensing capabilities.

e One-pot Synthesis

Keywords: anisotropic hydrogels; nanosheets; magnetic alignment; strain sensing; force sensing; flexible
electronics; wearable devices

1. Introduction

Hydrogels, a class of soft and flexible polymer networks that retain abundant water, have attracted
considerable attention as attractive materials for constructing advanced devices [1-3]. Their inherent flexibility,
tunable physical properties, and biocompatibility make hydrogels promising platforms for wearable electronics,
soft robotics, and bio-integrated systems [4,5]. In fact, some hydrogels can conform to complex shapes, respond
to external stimuli, and provide mechanical or electrical feedback, suggesting their potential use in flexible and
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wearable devices. Compared to other soft elastomers, an additional advantage of hydrogels is their similarity to
biological tissue [6,7], which allows for seamless integration with human skin or other soft interfaces, leading to
various applications such as motion monitoring, pressure sensing, and dynamic force detection [8—10].

Traditionally, hydrogels with isotropic structures have been used for such flexible sensors [11,12], while
recently, hydrogels with anisotropic structures and properties [13—20] have attracted considerable attention due to
their potential to visualize anisotropic motion of biological systems in a direction-specific manner. For this aim,
various anisotropic hydrogels have been developed in these years [21-37]. Some of them exhibit excellent sensing
ability, such as high sensitivity [25,28], rapid sensing [24], repeatability [26,31,34], and strain—signal linearity [34].
Remarkable progress has also been made in mechanical properties, including enhanced modulus [23],
stretchability [24,25], fracture strength [23,29] and fracture energy [33]. Additional functions have also been
realized, including moisture-electric generation [21], self-healing [22,23], swelling resistance [26,30], photo
responsiveness [35], and magnetothermal conversion [36]. Further advanced applications have also been pursued,
including action signal prediction and classification driven by machine learning [27], and in vivo intraspinal neural
recordings [31].

However, most of them have been designed with a focus on practical performance only, so that their
preparations, compositions, and structures have become increasingly complex over the years. In fact, most of these
anisotropic hydrogels are composed of three or more components, including biomass-derived materials (white
wood [21-23], cellulose nanofiber [24], chitosan [24], sodium alginate [25,26], etc.) that tend to have different
properties depending on their origin. In addition, these components are assembled through many steps that often
require the skillful control of kinetic events (delignification [21-23], infiltration [21-23,27], spinning [24], pre-
stretching [25-32], post metal chelation [25-30,32], salt out [33], directional ice growth [33,34], etc.).
Consequently, the resulting hydrogels tend to have complex and ambiguous internal structures, whose structural
anisotropy and uniformity are not always quantitatively evaluated. There may also be a potential risk in the quality
control of such hydrogel samples, since their properties tend to depend on the purities of the plant-derived
components and the skill of operators etc. Under such circumstances, even though some of them show good
performance, their complicated and unclear structures make it difficult to elucidate the relationship between
structures and properties.

To address this situation, here we report a very simple anisotropic hydrogel that can provide a versatile
platform for the construction of flexible sensors with directional sensing ability. This hydrogel was obtained in a
one-pot reaction from two components, i.e., by magnetic orientation of titanate nanosheets (TiNS) [38,39] in water
and subsequent in-situ formation of a polyacrylamide network [13,40-44]. TiNS is a sort of monolayer single
crystal of TiOs octahedra with a ultrathin (0.75-nm thickness) and ultrawide (several-um width) shape, and is
magnetically orientable due to its anisotropic diamagnetic susceptibility [45,46]. The resulting gel (TiNS-gel)
exhibited remarkable anisotropy in tensile modulus and ionic conductivity. As a mechanism of tensile anisotropy,
the nanostructure of TiNS-gel was found to drastically change specifically in response to the stretching of the gel
perpendicular to TiNS platelets. Furthermore, TiNS-gel changed its electrical resistance upon tensile deformation,
demonstrating its potential utility as a flexible strain and force sensor. Given the clear relationship between its
structure and properties, TiNS-gel is a useful platform for developing flexible devices with direction-selective
strain and force sensing capabilities.

2. Materials and Methods

2.1. General

For deionization of aqueous dispersions of TiNS, a CF16RXII centrifuge equipped with a T15A41 rotor
(Hitachi Koki, Tokyo, Japan) was used. For magnetic alignment of TiNS, a JMTD-10T100 superconducting
magnet (Japan Superconductor Technology, Inc. (JASTEC), Kobe, Japan) with a bore of 100 mm was employed.
Photoinduced radical polymerization was initiated with an OPM2-502H high-pressure mercury arc lamp (500 W)
(USHIO, Tokyo, Japan). Small angle X-ray scattering (SAXS) measurements were conducted using a NANOPIX
3.5 m system equipped with a HyPix-6000 detector (Rigaku, Tokyo, Japan). Polarized optical microscopy (POM)
images were taken using an Eclipse LV100POL optical polarizing microscope (Nikon, Tokyo, Japan). Mechanical
tensile tests were performed using an ARES-G2 RW rheometer with a normal force sensor (TA Instruments, New
Castle, DE, USA). Electrical resistance measurements were performed using a Keithley 2450 source meter
(Tektronix, Beaverton, OR, USA).

Acrylamide (AAm) and N,N’-methylenebis(acrylamide) (BMAAm) were purchased from Tokyo Chemical
Industry (TCI), Tokyo, Japan. Tetramethylammonium hydroxide (TMAOH; 15% water solution) and 2,2-
diethoxyacetophenone (DEAP) were purchased from FUJIFILM Wako Pure Chemical, Osaka, Japan. The

240



Mater. Interfaces 2025, 2(2), 239-249 https://doi.org/10.53941/mi.2025.100019

commercially purchased regents were used without purification. An aqueous dispersion of TiNS was synthesized
according to the literature [38,39]. Deionized water was obtained from a Millipore Milli-Q integral water
purification system (Merk Millipore, Burlington, MA, USA).

2.2. Preparation of TiNS-Gel

TiNS-gel was prepared by the procedure we reported previously [13,42]. Briefly, an aqueous dispersion of
TiNS was deionized by repeating the cycle of centrifugation of TiNS dispersion, collection of TiNS sediment, and
redispersion of TiNS sediment with deionized water 12 times [41]. The deionized aqueous dispersion of TiNS
(0.6, 0.8, or 1.0 wt%) was mixed with TMAOH (0.3 mM), AAm (6.0 wt%), MBAAm (0.06 wt%), and DEAP
(0.08 wt%) and then filled into a glass cell with 2 mm-thick. The cell was placed in the bore of a superconducting
magnet with applying a 10 T magnetic field applied in the in-plane direction of the glass-sandwiched cell for
2.5 h. The cell was then irradiated with a mercury arc light for 2.5 h to afford a film of TiNS-gel. For each of the
following experiments, the film was trimmed into rectangular strips of appropriate lengths and widths
(e.g., 12 mm x 3 mm) so that the alignment of TiNS platelets became perpendicular and parallel to the sides of the
rectangle (Figure S1).

2.3. SAXS Analysis

A strip of TiNS-gel was irradiated with an X-ray beam (CuKa, wavelength = 1.5418 A) in the direction
perpendicular to the film plane with the sample—detector distance of 1400 mm to collect a 2D scattering image,
where the scattering vector ¢ and the position of the incident X-ray beam were calibrated using the scattering
image of silver behenate as a standard sample. The 2D scattering image was converted into the corresponding
intensity—g  plot and intensity—azimuthal angle plot using Fit2D software version 18
(http://www.esrf.eu/computing/scientific/FIT2D/ (accessed on 1 July 2023)). For the intensity—azimuthal angle
plot, the scattering intensity was integrated along the Debye-Scherrer ring with the ¢ range of 0.1~1.0 nm™'. For
the SAXS measurement under tensile deformation of the gel, the relationship between the TiNS aligned direction
and the stretched direction is shown in Figure 3.

2.4. Tensile Test

A strip of TiNS-gel was attached at its ends of the long axis with the sample stage and with the normal force
sensor of a mechanical tester. With increasing the gap between the sample stage and the normal force sensor at a
speed of 0.1 mm min!, the stress of the gel strip was recorded. The relationship between the alignment of TiNS
platelets and the stretched direction is shown in the corresponding figures.

2.5. Evaluation of Strain/Force Sensing Ability

A strip of TiNS-gel was attached at its ends of the longer axis with copper wires, which connected to a source
meter. The gel’s ends were also attached to the sample stage and the normal force sensor of a mechanical tester.
Upon increasing the gap between the sample stage and the normal force sensor at a speed of 0.1 mm min™!, the
electrical resistance and the stress of the gel strip were measured simultaneously. Alternatively, the gel strip
connected to the source meter as above was pasted along the index finger with covering the second knuckle. Upon
changing the bending angle of the knuckle among 0°, 45°, and 90°, the electrical resistance of the gel strip was
measured. The resistance change (AR/Ry) is defined as follows:

AR/Ry = (R — Ro)/Ro (D

where Ry and R were the initial resistance and resistance after sample stretching, respectively. The gauge factor
(GF) and force sensitivity (FS), which are the indicators of the sensitivity of strain/force sensors, were calculated
as follows:

GF = (AR/Ro)/Ae (2)

FS = (AR/Ro)/AF 3)

where Ag is the change in applied strain, while AF is the change in applied force.
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3. Results and Discussion

3.1. Synthesis and Characterization of TiNS-Gel

Using the magnetic-alignment method as we have reported [13,42], films of TiNS-gel were synthesized
(Figure 1a), where TiNS concentration was systematically changed (0.6, 0.8 and 1.0 wt%). 2D small-angle X-ray
scattering (SAXS) measurements revealed a highly anisotropic and ordered arrangement of TiNS platelets in the
gel. For example, TiNS-gel with [TiNS] = 0.8 wt% exhibited scattering specifically along the longitudinal direction
as an array of regularly separated spots (Figure 1(bi)). Accordingly, the intensity—azimuthal angle plot obtained
from the 2D scattering image showed two sharp peaks at 90° and 270° (Figure 1(bii)), indicating the alignment of
TiNS platelets perpendicular to the magnetic field with an excellent order parameter of >0.95. In addition, the
intensity—¢g plot obtained from the 2D scattering image showed a series of peaks corresponding to a layered
structure of TiNS platelets with a uniform plane-to-plane distance of 35 nm (Figure 1(biii)). Such a large plane-
to-plane distance, no less than 45 times larger than that of the thickness of a TiNS platelet, indicates the presence
of strong electrostatic repulsion between them. Although the observation area of SAXS was limited by the size of
the X-ray beam, polarized optical microscopy (POM) revealed that such a highly ordered arrangement of TiNS
platelets was homogeneously present over a several centimeter size scale in the gel (Figure lc). Overall, the
combination of SAXS and POM analysis revealed the excellent structural anisotropy of TiNS-gel in a direct,
quantitative, and global manner. This is in sharp contrast to the alignment evaluation of conventional anisotropic
hydrogel sensors, which are usually based on the SEM images of gels after drying [21,24-29,31,33-36].
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Figure 1. (a) Schematic illustration of the synthesis of TiNS-gel. (b) SAXS profiles of TiNS-gel: (i) 2D scattering
pattern, (ii) intensity—azimuthal angle plot, and (iii) intensity—g plot. (¢) POM images under crossed Nicols
conditions of TiNS-gel with directing the alignment of TiNS platelets at angles of 0° (left) and 45° (right) relative
to the polarizer. P and A denote the polarizer and analyzer, respectively.

Compared with other alignment methods such as shear-induced alignment and electric alignment, one attractive
feature of magnetic alignment is its applicability to the alignment of thick samples due to the highly penetrative nature
of magnetic fields. Another attractiveness of magnetic alignment is its high reproducibility. Indeed, multiple samples
of TiNS-gel could be synthesized with good reproducibility, in terms of macroscopic homogeneity and microscopic
anisotropy as confirmed by POM and SAXS (Figure S2). Although a drawback of the present method is thata 10 T
magnetic field, which is not easily accessible in general, is indispensable for the alignment of diamagnetic TiNS, this
problem would be addressed by using a ferromagnetic nanosheet TigsC0020; [47] in place of TiNS.
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3.2. Mechanical Properties of TiNS-Gel

In our previous reports, the mechanical properties of TiNS-gel was investigated only in the compression of
cubic samples for ease of operation [13,42]. Meanwhile, such compression is not very similar to the deformation that
sensor films of flexible electronic devices undergo during their use. In addition, composite hydrogels such as TiNS-
gel often exhibit quite different mechanical properties between compression and tensile deformation. Therefore, in
the present work, we performed new tensile tests of TiNS-gel with stretching perpendicular and parallel to the
alignment of TiNS platelets (Figure 2a). Regardless of the TiNS concentration, the modulus when stretched parallel
to TiNS (E)) was much higher than that when stretched perpendicular to TiNS (£.) (Figure 2(ai—iii)). The anisotropic
factor (E,/E.1) was estimated to be 40~70, which manifests that TINS-gel exhibits prominent mechanical anisotropy
not only in compression as we reported previously [13,42] but also in tension. Also, the anisotropy factor of ~70 is at
the top level among reported anisotropic hydrogels [19]. Reflecting on such direction-dependent hardness, the
fracture strain (™*¢) was also direction dependent. Thus, TiNS-gel with [TiNS] = 1.0 wt% was stretchable up to

6.5 times in the direction perpendicular to TiNS (™*¢L = 550%) but was broken at 1.5 times upon parallel tensile
(Mg = 47%).
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Figure 2. (a) Strain—stress curves of TiNS-gel upon tensile deformation along parallel (navy) and vertical (orange)
to the alignment of TiNS platelets with TiNS concentrations of (i) 0.6, (ii) 0.8, and (iii) 1.0 wt%. (b) Optical images
upon tensile and twist deformation of rectangular strips of TiNS-gel with TiNS platelets aligned (i) vertical and
(ii) parallel to the longer axis of the rectangular shape.

In addition to the above uniaxial tensile test, a manual stretching and twisting of TiNS-gel could visualize its
toughness and elasticity sufficient for application as strain/force sensors. Therefore, TiNS-gel was trimmed into
rectangular strips with TiNS platelets aligned perpendicular (Figure 2(bi)) and parallel (Figure 2(bii)) to the long
axis of the rectangle. The strips could be repeatedly stretched and twisted within the strain ranges blow their
fracture points without notable crack formation and plastic deformation.

3.3. Mechanism for Tensile Anisotropy of TiNS-Gel though Nanostructure Change

To clarify the mechanism of the tensile anisotropy from the nanostructural viewpoints, TiNS-gel ([TiNS] =
0.8 wt%) was subjected to 2D SAXS measurement upon stretching perpendicular (Figure 3a) and parallel (Figure 3b)
to the alignment of TiNS platelets. As described in the previous section, TiNS-gel before stretching exhibited a
scattering pattern corresponding to the unidirectional orientation of TiNS platelets with a uniform plane-to-plane
distance of 35 nm (Figure 3(ai—iii), original). However, when TiNS-gel was stretched in the direction perpendicular
to TiNS platelet up to 25% strain, the scattering pattern changed to a more rounded shape with a shift toward the
central region (Figure 3(ai), stretched), resulting in the broadening of the peaks in the intensity—azimuthal angle plot
(Figure 3(aii), stretched) together with the broadening and smaller-g shift of the peaks in the intensity—q plot
(Figure 3(aiii), stretched). Such changes indicate the orientational randomization of TiNS platelets [5] as well as the
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increase and divergence of their plane-to-plane distance. Meanwhile, when the tensile force was released, the
scattering profile became essentially similar to the original state (Figure 3(aiiii), released), indicating the recovery
of the original nanostructure. On the other hand, upon stretching parallel to TiNS platelets, the orientational order
of TiNS platelets was hardly changed, while their plane-to-plane distance became narrower (Figure 3(bi-iii),
stretched) [S]. When the tensile force was released, the plane-to-plane distance returned toward the original one
(Figure 3(ai-iii), released). When the concentration of TiNS in the gel was varied between 0.6 and 1.0 wt%,
essentially identical changes in the SAXS profiles upon tensile deformation were observed (Figures S3 and S4).
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Figure 3. (a,b) Changes in the SAXS profiles of TiNS-gel ([TiNS] = 0.8 wt%) upon tensile deformation up to 25%
strain along parallel (a) and vertical (b) to the alignment of TiNS platelets. Measurements were taken before
deformation (original), after deformation (stretched), and then after releasing the force (released): (i) 2D SAXS
images, (ii) intensity—azimuthal angle plots, and (iii) intensity—g plots.

Based on the nanostructural changes that occur upon tensile direction, as clarified above, the mechanism of
the tensile anisotropy of TiNS-gel (Figure 2a) can be elucidated as follows. Upon parallel stretching (Figure 3b),
the intrinsic hardness of TiNS platelets, the anchoring of polymer chains on TiNS platelets and the electrostatic
repulsion between TiNS platelets are likely to cooperate to restrict the deformation of the gel, so that £, becomes
high. In contrast, upon perpendicular stretching (Figure 3a), TiNS platelets are expected to buckle to lose their
intrinsic hardness and polymer-anchoring ability, and to move away from each other to reduce the electrostatic
repulsion, so that £; becomes small.

The nanostructural changes described above imply that TiNS-gel has a certain durability upon tensile
deformation. The original nanostructure was recovered when the tensile force was released, regardless of the
direction (Figure 3). A more serious issue regarding long-term durability is the evaporation of water, a general
problem with all hydrogels, not just TiNS-gel. When a film of TiNS-gel (10 mm % 10 mm X 2 mm) was placed in
open air (25 °C, 50% RH) for 6 h, the film contracted preferentially in the direction perpendicular to the TiNS
platelets due to water evaporation (Figure S5(ai)), and its weight decreased to 54% (Figure S5(aii)). The film
contracted preferentially in the direction perpendicular to the TiNS platelets (Figure S5(ai)). During this drying
process, the alignment of the TiNS platelets remained intact (Figure S5(bi)), while the periodic distance of the
layered TiNS platelet structure decreased (Figure S5(bii)), consistent with the contraction of the entire film.

3.4. lon Conductivity of TiNS-Gel

In our previous studies on TiNS-gel, its mechanical [13,42], actuation [40,43], and optical [41,44] properties
have been extensively studied, while its electrical properties have never been explored. In the present work, we
begin with evaluating the anisotropy in ion conductivity of TiNS-gel. At an alternating current (AC) mode, the
resistance of TiNS-gel ([TiNS] = 0.8 wt%) was measured in the direction perpendicular and parallel to the
alignment of TiNS platelets (Figure 4a). Over a frequency range of 0.1~10° Hz, the resistance in the perpendicular
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direction was one-order higher than that of the parallel direction (Figure 4(ai)). Furthermore, the phase difference
also differs between the perpendicular and parallel measurements (Figure 4(aii)). These observations indicate that
the ion migration parallel to TiNS platelets is smoother than the perpendicular one and that the capacitance parallel
to TiNS platelets is larger than the perpendicular one.
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Figure 4. (a) Impedance—frequency (i) and phase—frequency (ii) curves of TiNS-gel measured along the direction
parallel (navy) and vertical (orange) to TiNS. (b) Schematic illustration of ion transport in the anisotropic hydrogel.
(¢) Cross-sectional SEM image of the anisotropic hydrogel after fixation of the gel network and subsequent removal
of water.

Such anisotropic resistance of TiNS-gel is attributable to the blocking of ion-migration by unidirectionally
aligned TiNS platelets (Figure 4b,c). As depicted in the SAXS measurements (Figure 1b), TiNS platelets in TiNS-
gel form a layered structure with a plane-to-plane distance of 35 nm. Given this structure, the ion-migration
pathway is ensured in the direction parallel to TiNS platelets over a long range, while in the vertical direction, the
pathway is intersected by TiNS platelets at each of the layer period. Although there exists a certain gap between
neighboring TiNS platelets in same layer that would allow ions to migrate, the ratio of such gap relative to the
whole area is negligibly small, as visualized by the scanning electron microscopy (SEM) cross-sectional image of
the gel (Figure 4c), which was taken after fixation of the gel network by in-situ silica condensation and subsequent
removal of water from the gel.

3.5. Resistance Change of TiNS-Gel upon Tensile Deformation

To evaluate the potential utility of TiNS-gel as a flexible strain sensor, we then investigated how TiNS-gel
changes its electrical properties in response to the tensile deformation along perpendicular (Figure 5a) and parallel
(Figure 5b) to the alignment of TiNS platelets, with resistance measured in the stretched direction. Upon
perpendicular stretching of TiNS-gel ([TiNS] = 1.0 wt%) up to ~200% strain, the resistance change (AR/R) raised
to ~800% (Figure 5(ai)), demonstrating its sufficient sensitivity over a wide strain range. The resistance increased
nonlinearly with strain, so that the gauge factor (GF1) changed from 1.8 (0~50% strain) to 3.5 (60~110% strain)
to 5.7 (120~160% strain). These GF values suggest that the sensitivity of the current system is moderate compared
to other reported sensing systems based on anisotropic hydrogels [21-38]. This is probably because not only the
macroscopic deformation of TiNS-gel but also the nanostructural change that occur upon perpendicular stretching,
as clarified by our in-situ SAXS measurements (Figure 3a), contributed to the increase in resistance. The same
tendency was observed regardless of the TiNS concentration in TiNS-gel (Figures S6 and S7).

Considering that the intrinsic ion conductivity of TiNS-gel is anisotropic (Figure 4) and that the nanostructure
change of TiNS-gel occurs specifically depending on the tensile direction (Figure 3), the resistance change upon
perpendicular stretching was expected to be different from that upon parallel stretching, which is favorable for
directional strain sensing. However, the relationship between resistance change and tensile strain in parallel
stretching differed only slightly from that in perpendicular stretching. The gauge factor of the parallel stretching
(GFy) at 0~25% strain was 2.0 (Figure 5(bi)), which was only 1.1 times higher than that of the perpendicular
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stretching at the similar strain range (GF1 = 1.8 at 0~50% strain; Figure 5(ai)). This unexpected result is likely
because the anisotropy of resistance change is determined by the delicate balance of various anisotropic
parameters. These parameters include not only ion conductivity and nanostructure change, but also macroscopic
shape change, etc. [48,49]. Indeed, we confirmed that TiNS-gel exhibits a highly anisotropic Poisson’s ratio upon
stretching (Figure S8), which should also affect the anisotropy of resistance change. These anisotropic parameters
do not always cooperate, but rather, they may compete to cancel their effects. In any case, to realize more
directional strain sensing, further optimization is necessary, including the size of nanosheets, concentration, and
components, as well as doping the gel with electron-conductive components. It should also be noted that, even
for the latest flexible sensors based on anisotropic hydrogels, the anisotropy factors in GF are either undetermined
[21,23-26,31,35] or moderate, ranging from 1.1 to 2.4 [22,27-30,32—-34,36].
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Figure 5. (a,b) Relative resistance change (AR/Ro) of TiNS-gel ([TiNS] =1.0 wt%) upon tensile deformation along
parallel (a) and vertical (b) to the alignment of TiNS platelets: plots of (i) AR/Ro versus strain and (ii) AR/Ro versus
force. (c,d)(Application of TiNS-gel ([TiNS] =1.0 wt%) as a strain/force sensors for monitoring the bending motion
of a finger, with directing the alignment of TiNS platelets vertical (¢) and parallel (d) to the finger.

Meanwhile, current TiNS-gel already seems to have a great potential as a direction-selective force sensor.
Indeed, the resistance change—force plots (Figure 5(aii,bii)) reveal a critical difference in the force sensitivity (FS)
between the perpendicular and parallel stretching, where FS of perpendicular stretching (Figure 5(aii);
FS1=42~230 kPa™") was about two orders higher than that of TiNS-gel (Figure 5(bii); £S, = 0.9~1.2 kPa™!). Such
pronounced directional dependence of FS (FS1. >> FSy; Figure 5a,b) is attributable to the direction dependency of
tensile elastic modulus (E1 << Ej; Figure 2a); because TiNS-gel is about 70 times easier to stretch in the
perpendicular direction than in the parallel direction, and because the resistance in the stretched direction generally
increases with increasing tensile strain, forces applied in the direction perpendicular to TiNS platelets are more
sensitively reflected in the resistance change. These observations suggest that when TiNS-gel receives tensile
forces in many directions, it would respond specifically to forces perpendicular to TiNS platelets.

Finally, as a preliminary attempt to assess the practical utility as flexible wearable sensors, we used TiNS-
gel to monitor the binding motion of a finger. Thus, TiNS-gel ([TiNS] = 1.0 wt%) was trimmed into a rectangular
strip (12 mm X 3 mm) with the long axis of the rectangle perpendicular or parallel to the alignment of TiNS
platelets (Figure S1), so that the gel strip was preferentially stretched along its long axis. The gel strip was pasted
along the index finger with covering the second knuckle, and its resistance change (AR/R) was monitored when
the bending angle of the knuckle was changed among 0°, 45°, and 90° (Figure 5c,d). As a result, the bending and
stretching motion of the finger could be monitored in real time with satisfactory sensitivity and low noise level
over multiple cycles (Figure 5c,d).
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4. Conclusions

We report an ultimately simple anisotropic hydrogel, which can be synthesized in a one-pot reaction from
only two components. Despite its simple synthesis, our hydrogel possesses near-perfectly aligned structure and
exhibits remarkable anisotropy in tensile modulus, nanostructural transformability, and ion conductivity, as well
as strain/forces responsiveness in its electrical resistance. These observations suggest that our hydrogel will serve
as a useful platform for the development of flexible devices with directional strain/force sensing capabilities. The
clear structure—function relationship, which is a characteristic of our hydrogel compared with other anisotropic
hydrogels developed for sensing applications, would provide new insight into anisotropy-driven mechanisms in
soft sensing materials. Furthermore, this work would also contribute to theoretical elucidation of how nanoscopic
structural orientation governs macroscopic sensing behavior, since the simple, well-defined, and near-perfectly
anisotropic structure of this hydrogel is beneficial for theoretical modeling. Possible interesting challenges based
on this hydrogel include the optimization of compositions to realize directional strain sensing, the introduction of
electrically conductive components to improve sensitivity, and the introduction of photo-functional components
for strain and force sensing by color change.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506251057370684/MI1_882 SM-FC.pdf. Figure S1: Schematic illustration of the trimming of TiNS-gel into two types of
rectangular strips; Figure S2: Reproducibility of TiNS-gel synthesis at 0.8 wt% was confirmed by SAXS and POM characterization
of two additional batches; Figure S3: SAXS reveals anisotropic structural changes in TINS-gel (0.6 wt%) under tensile strain along
parallel and vertical directions; Figure S4: SAXS reveals anisotropic structural changes in TiNS-gel (1.0 wt%) under tensile strain
along parallel and vertical directions; Figure S5: TiNS-gel (0.8 wt%) shows dimensional and structural changes during drying;
Figure S6: Relationship between AR/Ro and applied tensile strain and force of TiNS-gel at [TiNS] = 0.6 wt%; Figure S7:
Relationship between AR/Ro and applied tensile strain and force of TiNS-gel at [TiNS] = 0.8 wt%. Figure S8: TiNS-gel (0.8 wt%)
exhibits different Poisson ratios depending on the tensile direction.
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Abstract: Photochemical generation of N, gas by aromatic
azide derivatives dissolved in transparent polymers
provides a way to generate bubbles without direct heating.
In this work, it is shown that molecules 2-azidoanthracene
(2N3-AN), 2-(azidomethyl)anthracene (2N3;-CH»-AN), 1-
azidopyrene (N3-PY), and 1-(azidomethyl)pyrene (N3-
CH,-PY) are all capable of generating stable surface layers
of N, bubble after exposure to 365 nm light. Bubble
formation is modeled as a multistep kinetic process that
involves molecular photolysis, gas transport through the
polymer, and bubble nucleation in water. Direct conjugation of the azide substituent to the aromatic core leads to
more rapid photolysis and facile bubble formation, but even azides with relatively slow reaction rates can generate
dense bubble layers if high light intensities are used. Rapid transport of the photogenerated N, gas through the
polymer appears to be general, with poly(methyl methacrylate), polystyrene and polycarbonate all supporting
robust bubble growth. The photoinduced bubble layer was shown to significantly enhance the visibility of a coated
glass pipette when imaged by an ultrasound instrument. The ability to prepare polymer coatings that undergo
photochemical gas evolution provides a new functionality that may be useful in medical imaging applications.

Keywords: polymers; azide; bubble generation; ultrasound imaging; photolysis

1. Introduction

Stimuli-responsive polymer materials have potential applications in a wide variety of areas, including actuation,
sensing, and drug delivery [1-3]. The stimulus can take many forms, including changes in temperature, pH, or
humidity. Light is a particularly attractive stimulus because it does not require physical contact with the material or
changing the chemical environment. The response can also take many forms and usually involves a change in physical
properties like size, optical transmission, or surface morphology. In particular, the initiation of a phase change can
have dramatic effects. For example, the generation of a gas from a liquid or solid leads to bubble formation that
dramatically modifies material properties like fluid drag [4,5], light transmission [6,7], acoustic wave
propagation [8—12], force transmission [13], and heat transport [14]. Photogenerated bubbles are often transient,
however, because they are composed of vaporized liquid, usually water [15-19]. Such bubbles are unstable due to
recondensation of the vapor after the heat source is removed [20]. Azide photolysis in crystals [21] and polymer
hosts [22] provides a photochemical route to stable bubbles composed of N gas. In the polymer system, the N, gas
rapidly migrates to the surface and nucleates into a dense layer of bubbles that can survive for days under water.
These bubbles could be patterned across the surface by controlling the spatial distribution of the photolysis light, and
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they adhered to the polymer film with sufficient strength to modify its buoyancy. For example, exposure to 365 nm
light could induce a submerged polymethyl(methacrylate) (PMMA) film to float to the water surface.

The experimental demonstration of photochemical bubble evolution validated the general concept but left open
some questions and challenges. The first question concerns whether the photochemical bubble strategy can be
generalized to other azide derivatives and polymer systems. To address this question, we must gain a better
understanding of how bubble evolution depends on parameters like photochemical reaction rate, light intensity, and
polymer matrix. The second question is whether there exists a practical application for this phenomenon. While
buoyancy changes are good for demonstration purposes, it would be more compelling to identify an existing technology
and show how it could directly benefit from the ability to generate stable bubble layers after exposure to light.

In this paper, we extend our earlier studies on bubble formation by 2-azidoanthracene (2N3-AN) dissolved in
PMMA to new azide derivatives 2-(azidomethyl)anthracene (2N3-CH,-AN), l-azidopyrene (N3-PY), and
1-(azidomethyl)pyrene (N3-CH>-PY) as well as additional polymer systems. We examine the dependence of the
azide photodecomposition rate on azide structure in both dilute liquid solution and in solid polymers. We find that
direct conjugation of the azide substituent to the aromatic core leads to more rapid photolysis and more facile
bubble formation, but even azides with relatively slow reaction rates can generate dense bubble layers if high light
intensities are used. Bubble formation can be modeled as a multistep process whose overall rate depends on
sequential steps, including molecular photolysis, gas transport through the polymer, and bubble nucleation in
water. Rapid transport of the photogenerated N, gas through the polymer appears to be a general phenomenon,
and other transparent polymers including polystyrene and polycarbonate also support robust bubble growth. Lastly,
we demonstrate that a photogenerated bubble layer can dramatically enhance contrast in ultrasound imaging,
suggesting that this phenomenon could be useful for medical imaging. The ability to prepare polymer coatings that
are photochemically active provides a way to create new types of in situ functionality for devices that operate in
challenging environments, like underwater or in biological media.

2. Experimental

2.1. Sample Preparation

The synthesis and characterization of 2N3-AN has been reported previously [22,23]. The synthesis and
characterization of 2N3-CH>-AN, N3-PY, and N3-CH,-PY are described in the Supplementary Information. To
make polymer films, the azides were dissolved in HPLC-grade chloroform (Fisher Scientific, USA) under low-
light conditions and mixed with a solution of poly(methyl methacrylate) (PMMA, Sigma-Aldrich, USA, average
molecular weight ~120,000) in CHCIs. Polystyrene from Sigma-Aldrich (average Mw 280,000) and polycarbonate
resin from Acros Organics, USA (average MW 45000) were also used to make films.

Bubble nucleation from the polymer—water interface is strongly influenced by the underlying surface
topography. Microscale roughness has previously been shown to facilitate heterogeneous gas nucleation into
bubbles by lowering the free energy barrier for phase separation [22,24,25]. To ensure reproducible bubble growth
conditions across all samples, polymer films were cast on top of silica-blasted glass slides with a measured RMS
roughness of 22 + 4 um. This roughened glass acted as a template to ensure uniform roughness for all polymer
films. The azide/polymer solution was deposited onto the rough glass surface inside a 1 in. diameter glass cylinder
to limit spreading and ensure consistent film diameter and thickness. After enough chloroform had evaporated to
make the mixture highly viscous, the glass cylinder was removed, and the films were kept over countertop to dry
overnight. After drying, the films were peeled off the roughened glass template to create free-standing polymer
samples. The film thicknesses were measured to be 150 + 25 pum using a Mitutoyo 543-793—10 ID-S112TX
Digimatic Indicator (Japan).

2.2. Microscopy

To image bubble formation, the azide/PMMA film was suspended in a water-filled Petri dish with the
textured side facing down. The sample was imaged using a stereo microscope model IX50-S8F2 (Olympus Optical
Co. Ltd, Japan) with a 4.5x objective and exposed to light from a AloneFire SV-13 UV flashlight (USA) at
365 nm. The light intensity was attenuated with glass neutral density filters (ThorLabs USA) and measured using
an Ophir Vega power meter (USA). The light irradiation area was 4.91 cm?, and a 0.015 cm? area was imaged
using an AmScope MU1000 digital camera (USA). To calculate bubble volume per unit area, frames were
extracted from videos at specific time points. Two-dimensional images were analyzed to measure bubble diameters
d using the Microsoft Paint application(Paint Windows 11.2503.381.0) to document pixel counts, which were
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converted to microns. Individual bubble volumes were calculated with the formula V = %nd3 and summed up,

then divided by the imaged area to obtain the areal volume of N, gas.

2.3. Spectroscopy

Spectroscopic measurements were carried out using a quartz cell with a path length of 1 cm. The steady state
UV-vis absorption was measured using a Varian CARY-60 spectrometer (Agilent Technologies, USA). To
monitor the reaction’s progress, the azide samples’ absorption spectra were collected at 1-s intervals while exposed
to 365 nm light from an AloneFire SV-13 UV light source (China). The 365 nm light intensity was controlled by
translating the sample with respect to the diverging beam. The reaction rates for all molecules were determined
using global fitting [26] implemented using Origin software (OriginLab, USA, academic version 2017). This
analysis utilized a single exponential rate time constant to simultaneously fit the time dependent changes for at
least 50 wavelengths across the absorption spectrum.

2.4. Ultrasound Measurement

A 2 mm diameter glass pipette was dipped into the azide/PMMA solution and allowed to dry in air. The
coated pipette was suspended in a clear acrylic jar filled with water. Ultrasound imaging was performed using a
TE7 Max/Diagnostic Ultrasound System (Shenzhen Mindray Bio-Medical Electronics Co., Ltd, Shenzhen, China)
with a L14-6s linear array transducer and scanned in B mode. Aquasonic 100 Ultrasound Gel was applied to the
interface of the probe and jar to improve acoustic coupling.

3. Results and Discussion

The four molecules shown in Scheme 1 were synthesized using standard methods as detailed in the
Supplementary Information (Supplementary Figures S1-S14). The effect of the azide group on the molecular
excited states depends on how it is attached to the aromatic core. Figure la compares the absorption spectra of
unsubstituted anthracene with that of 2N3-AN and 2N3;-CH»-AN, while Figure 1b makes the same comparison for
the pyrene azides. For both anthracene and pyrene cores, direct attachment of the N3 group resulted in a large
redshift (~25 nm) and reshaping of the absorption spectrum. However, if a methylene group was inserted between
the N3 and the aromatic core, then the original core absorption was largely preserved, albeit with a roughly 10 nm
redshift in the case of N3-CH,-PY. For both 2N3-AN and N;-PY, direct attachment of the N3 to the conjugated ring
likely creates new charge-transfer character the excited state due to the electron-withdrawing azide group. Similar
effects have been observed for other aromatic azides [23,27,28].

(a) 2N3-AN (b) 2N;-CH,-AN
| 3 é’\l 3
(¢) N3-PY (d) N3-CH,-PY

Scheme 1. The molecular structure of four molecules studied in this paper (a) 2-azidoanthracene 2N3-AN, (b) 2-
(azidomethyl)anthracene 2N3-CHz-AN, (¢) 1-azidopyrene N3-PY, and (d) 1-(azidomethyl)pyrene N3-CH2-PY.

All the azide derivatives in Scheme 1 undergo photoinduced decomposition to the corresponding nitrene
when exposed to ultraviolet (UV) light. Subsequent reactions can lead to formation of nitro groups and other
products [22,29,30], but those are not the focus of this paper. The pronounced absorption changes provide a
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convenient way to monitor the disappearance of the parent azide. Figure 2 shows a series of UV-Vis spectra taken
during photolysis of N3-PY and 2N3;-CH»-AN in CHCI; solution. Both samples show a well-defined spectral
evolution with clear isosbestic points, indicating a single-step transformation to a photoproduct that absorbs across
the visible region. Visually, the samples turn from light yellow to brown under light exposure. The other
derivatives exhibited similar spectral changes (Supplementary Figure S15). Table 1 provides the measured reaction
rates for 365 nm excitation for all four azides in CHCI;. Since these sample had a relatively low absorbance at 365
nm, we can make the assumption that the intensity variation across the sample is negligible. Under the assumption
of constant 365 nm light intensity, dividing the observed reaction rate by the absorption coefficient allows us to
estimate relative quantum yields for the azide photolysis. These yields are also given in Table 1, with the highest
relative yield (N3-PY) normalized to 1.0. It is apparent that direct conjugation of the N3 group to the aromatic core
results in a noticeable enhancement in the photolysis quantum yield, especially for pyrene.

a . . . . .
( ) ——anthracene (AN) (b)1 04
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Figure 1. (a) Absorption spectra of anthracene AN (black), 2-azidoanthracene 2N3-AN (red) and 2-
(azidomethyl)anthracene 2N3-CH2-AN (blue). (b) Absorption spectra of pyrene PY (green), 1-azidopyrene N3-PY
(purple) and 1-(azidomethyl)pyrene N3-CH2-PY (yellow). For both pyrene and anthracene, direct conjugation of
the N3 group leads to a red-shift of the absorption peak.
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Figure 2. Absorption spectra of (a) N3-PY and (b) 2N3-CH2-AN during irradiation with 365 nm (5 mW/cm?)
recorded in chloroform solution. The different color curves show the spectral changes at the time points given in
the legend (units of s).

Table 1. Measured reaction rates and relative quantum yields for 365 nm excitation in dilute CHCI3 solution. Also
given are the reaction rates for highly absorbing PMMA films.

Normalized Relative Quantum

Molecule Rate (s™!) in Solution Yield Rate (s7!) in Film
2N3-AN 0.142 0.9 0.143
2N3-CH,-AN 0.068 0.6 0.002
N;-PY 0.648 1 0.111
N;-CH,-PY 0.035 0.02 0.005

We were unable to find a systematic study in the literature of how azide connectivity affects its
photoreactivity. Although it was originally proposed that the N, dissociation proceeds thermally through a
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vibrationally hot ground state [31], most researchers now believe that it proceeds along a dissociative excited
state [32,33]. In either case, dissociation would be expected to be more efficient when the N3 is directly bound to
the core. The intervening CH, group would inhibit both electronic coupling and vibrational energy transfer,
although the flexibility of the linker may allow the N3 group to have a closer approach to the core that partially
compensates for the extra distance. The results in Table 1 are at least qualitatively consistent with this reasoning.
The important conclusion from the solution data is that the set of molecules in Scheme 1 provides a way to vary
azide reactivity and see whether it affects bubble formation.

In concentrated azide/PMMA films, the photolysis reaction showed changes in the absorption spectrum
similar to those observed in solution, but in some cases without clear isosbestic points. Figure 3 shows the
absorption spectra at various points during the photolysis of N3-PY and 2N3;-CH»-AN in PMMA. Unfortunately,
these films were too optically dense to make the assumption of constant intensity, which prevented estimation of
relative quantum yields. However, there was an even greater variation in the reaction rates in PMMA than in
solution, probably due to absorption shifts and the more rigid polymer environment.
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Figure 3. Absorption spectra of (a) N3-PY and (b) 2N3-CH2-AN during irradiation with 365 nm (9 mW/cm?)
recorded in solid PMMA films with starting concentrations of 0.1 M. The different color curves show the spectral
changes at the time points given in the legend (units of min). The much slower decay in the PMMA films is due to
the much higher starting absorption values.

We expected the different photochemical reaction rates to impact the bubble formation rate for the
azide/PMMA films. To investigate this, we measured the time-dependent volume of bubbles V,,,,(t) produced at
the surface by using microscopy analysis. Representative images of bubble formation are shown in Figure 4a—e
for the azides in PMMA under 365 nm illumination at 10 mW/cm?, along with plots of the growth of the total areal
volume of the bubbles, Vj,,;,. As in our previous paper, the Vj,,;,(t) curves could be fit to an exponential of the
form Vi, (t) = Voo (1 — e koubt) Surprisingly, we found that the kg, rates for the different azides were within
30% of each other (Table 2). But as the intensity was lowered, the bubble forming ability of the different films
diverged, until at 0.180 mW/cm? the 2N3-CH»-AN and N3-CH,-PY films barely showed any bubble formation at
all (Figure 4f—j). At this intensity, the growth for 2N3-AN and N3-PY films showed clear induction periods, with
the first bubbles only appearing after 60 s of irradiation. These low intensity V,,;,(t) curves could not be fit using
the simple exponential growth function.

Table 2. Total areal volume of the bubbles, V,,,,, and bubble growth rate constant ks for all azide molecules at
10 mW/cm? and 365 nm irradiation for 0.1 M azide concentration in PMMA films.

Molecule Vyup (um) koun (s71)
2N3-AN 85.92 5.13x 1073
2N3-CH,-AN 47.25 4.65x1073
N3;-PY 60.01 6.65 x 1073
N;-CH,-PY 49.40 5.11x107°

Bubble formation involves several intermediate steps, including N> production, diffusion to the polymer-
water interface, and finally bubble nucleation, so it is not obvious that this process can be described by a single
first-order kinetic process. To analyze the bubble growth dynamics as a multi-step process, we used the kinetic
model outlined in Figure 5. The assumption that all processes, including N transport to the surface and bubble
nucleation, obey first-order rate laws is clearly a simplification. In particular, bubble nucleation only starts after a
threshold density of N> molecules has been achieved [34], and a first-order kinetic model will not be able to capture
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this behavior. Nevertheless, this model allows us to understand some qualitative features of the data. The coupled
rate equations are

66‘34 = —kpnotoCazide (1)
ag}fﬁ = —kesc G + kpnotoCazide (1b)
agﬁ?t = —kpup O3 + Kesc O3 (1c)

"’Z% = (koup = keaiy) G (1d)

Cozider CB, CYE, and V,,,,;, are the azide concentration, the concentration of N, inside the polymer, the N,
concentration outside the polymer near the surface, and the areal bubble volume, respectively. The rate of
photolysis is kpror, the rate of No escape from inside the polymer interior is ke, the rate of N, diffusion into the
bulk water is ka; and the rate of N» incorporation into a bubble is k.. Note that k. depends on light intensity
and the molecule used, while the other rate constants should not vary. These equations can be solved analytically
with the initial conditions C%(0) = C341(0) = V},(0) = 0. The solution is a rather long expression for the time
dependent volume of N, contained in the bubbles:

2N,-AN
2N,-CH,-AN
Na-PY
N;-CH,-PY

T3 3 55§
0 0.5 min 3 min imE (mln)
1241 (j) "
10 5 2N,-AN - i
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Figure 4. Images of bubble growth on PMMA surfaces with 0.1 M azide doping. Top: Films irradiated at 365 nm
(10 mW/cm?) doped with (a) 2N3-AN, (b)2N3-CH»-AN, (¢) N3-PY (d) N3-CH2-PY. (e) The areal volume of bubbles
Vyup (t) plotted versus time for the four azides. Bottom: Films irradiated at 365 nm (0.1 mW/cm?) doped with
(f) 2N3-AN, (g)2N3-CHz-AN, (h) N3-PY (i) N3-CH>-PY. (j) The areal volume of bubbles Vj,,;, (t) plotted versus
time for the four azides. Scale bars: 500 pum.
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PMMA+azide film water
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Figure 5. Schematic illustration of the kinetic processes and rates used for modeling the time-dependent growth of
N2 bubbles on the surface of the PMMA film.

e*kmt e—k,,,,(,m;
V()= Ky KeseK oro Coazige (0) ks Ry = ki =Kese) K poio Ky = Kaip =K o)
T e o e 2
Kese = K pnoio Koy = iy = Ko X hpy = Ky =K ) )
— kesc —k photo 1 1

(kbub - kdx]f' )(kbub - kdijf - kese )(kbub - kdg'ff ph()ta) kphom (kbub - kdijf - kphvm) kma (kbub dz/)‘ kcs-c)

Equation (2) can be used to simulate the experimental V,,;,(t) for 2N3-AN under different light intensities.
The simulated curves are overlaid with experimental data in Figure 6, and the kinetic parameters used to simulate
the growth curves are summarized in Table 3. At high intensities, a large kyx., value means that the photolysis is
not rate-limiting and the bubble growth is determined by the transport and nucleation rates. This is the situation
for all the azides when I =10 mW/cm? and explains why they exhibit similar Vj,,;, (t) curves at this intensity. As
kpnoo decreases, the photolysis rate eventually becomes the rate limiting step for bubble growth on the polymer
surface. It is in this low intensity regime that differences in photolysis rates become reflected in the observed
bubble growth rates, as observed in Figure 4;.

0.101 v 0.1 mWen?
¢ 1 mWem?
0.08 - 10 m\Wicn? i
g_ 0.06 -
o
=
>‘Q 0.04 -
0.02 1
0.00 -

Time (minutes)

Figure 6. Experimental V,,;,(t) curves measured for different 365 nm intensities for the 0.1 M 2N3-AN/PMMA
film (points) overlaid with fits (solid lines) using Equation (2) of the text and the parameters in Table 3.
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Table 3. Kinetic parameters used to simulate the bubble growth curves in Figure 6 using Equation (2) in the text.
The different values for kpnoro correspond to the three different light intensities given in Figure 6.

Kinetic Parameter Fit Values
Initial azide concentration Cn2)=0.1 M
Rate of azide photolysis kphoto =0.01,0.1,1 57!
Rate of N2 escape kese=0.010 57!
Rate of bubble growth kbup =93 x 1073 57!
Rate of N2 diffusion kaig=10 x 10711 571

The important takeaway is that high light intensity can compensate for a low molecular reaction rate. At
high intensities, all derivatives produced a dense layer of bubbles within a few minutes because the N, transport
is rate-limiting and is similar for all azides. At lower intensities, however, the photolysis becomes rate-limiting,
and the behavior of the different azides diverges. Under low-light conditions, 2N3-AN will still form a dense
bubble layer while 2N3-CH,-AN will generate almost no bubbles at all. While this multistep kinetic model
captures the overall dynamics of N, bubble growth, it does not explicitly incorporate physical parameters like
solvent hydrodynamics [35], bubble coalescence [36] and local gas depletion [37] that also influence bubble
growth dynamics. These processes can be highly nonlinear and would be expected to cause the observed
dynamics to deviate from first-order (linear) kinetics. Thus, the model presented here cannot be regarded as a
first-principles description of the bubble formation, but rather as a framework for comparing kinetic trends
across azide derivatives and light intensities.

In addition to the molecular photolysis rate, the multiple kinetic steps in our reaction scheme suggest that the
polymer matrix should also play a key role in V,,;,(t) by modifying k... However, it does not appear that ke
changes significantly in other polymer systems. We confirmed that azide photolysis could generate bubbles in
other polymers besides PMMA. Rapid bubble growth was also observed for 0.1 M 2N3-AN in both polystyrene
and polycarbonate. At high intensities (10 mW/cm?) the growth rates and bubble volumes were within a factor of
2 of that in PMMA (Supplementary Figure S16, Supplementary Table S1), show that this strategy can be
generalized to a variety of azide/polymer systems.

Sun et al. previously showed that nanoparticles doped with azides could generate N, bubbles via a
photothermal mechanism. These bubbles could modulate ultrasound contrast in liquids [38,39]. We wanted to
determine whether a surface layer of bubbles could generate useful contrast for an object imaged by a medical
ultrasound device. PMMA is a biocompatible plastic that is extensively used in medical devices and implants [40].
The use of gas bubbles is now recognized as a safe and effective method to enhance contrast for biomedical
ultrasound measurements [41—43]. In most ultrasound applications, the microbubbles are prepared ex situ as a
particle containing gas enclosed in a shell composed of lipids, proteins, or polymer. The particle suspension is then
injected into the biological medium or the organ to be imaged. Azide photolysis provides a method to generate N,
bubbles in situ on surfaces, providing a way to generate bubbles on a specific object. Because it is a challenge to
use ultrasound to image surgical instruments inside biological media [44], surface bubble generation could provide
a complementary ultrasound imaging capability.

To mimic a surgical instrument, a glass pipette with a 2 mm diameter was coated with a layer of 2N3;-AN
doped PMMA with a thickness of ~100 um. When irradiated under water by an external 365 nm light source, the
pipette tip rapidly developed a dense layer of bubbles, as shown in Figure 7a,c. This layer of bubbles increased the
contrast when the pipette was imaged using a commercial ultrasound machine, as shown in Figure 7b,d. Using
image analysis (Supplementary Figure S17), we found a 6x increase in image brightness after light exposure. This
enhancement arises due to the large acoustic index mismatch at the liquid-gas interface [45], which is substantially
larger than that of a liquid-solid interface. Moreover, the images in Figure 7 show that this effect leads to good
visualization of the object sides, as well as the top surface. This proof-of-principle experiment demonstrates that
light can be used to create a high density of bubbles that provides a useful contrast enhancement for medical
ultrasound imaging.

One concern about using azide coatings in a biomedical setting is exposure to possibly toxic chemicals.
Previously, we hypothesized that production of free N, inside the polymer creates an internal pressure that forces
the N, molecules toward the surface [22]. This flow is several orders of magnitude larger than what would be
expected based on random diffusion under equilibrium conditions [46,47]. If this is the case, then adding a second
polymer layer to encapsulate the azide layer should still permit N, gas transport to the surface while alleviating
concerns about possible toxicity of the azide component. To test this idea, we deposited a second layer of undoped
PMMA on top of a layer doped with 0.1 M 2N3-AN. Exposure of this bilayer sample to 365 nm light resulted in
growth of a bubble layer with a slightly slower rate than that observed for the monolayer 2N3-AN system
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(Supplementary Figure S18). The ability of the photogenerated N, to flow through a neat PMMA capping layer
shows that it is possible to avoid direct contact between the azide layer and the surrounding medium while still
generating a layer of surface bubbles.

(a)

Figure 7. Photochemically generated bubbles enhance contrast in ultrasound imaging. A glass pipette tip is coated
with a 0.1 M 2N3-AN/PMMA film. (a) Optical and (b) ultrasound images before 365 nm irradiation. (¢) Optical
and (d) ultrasound images after irradiation, showing bubbles and enhanced ultrasound contrast.

4. Conclusions

The results in this paper demonstrate that the phenomenon of photochemical bubble generation can be
extended to a variety of aromatic azide derivatives and biocompatible transparent polymers. While insertion of a
methyl group between the aromatic absorber and reactive N, moiety decreased the photolysis rate, a multi-step
first-order kinetic model was developed to show how lower molecular photolysis rates could be compensated for
by higher light intensities. The bubble layer created by light exposure could significantly increase the contrast in
a medical ultrasound imaging set-up. We also showed that the N produced in the doped PMMA layer could be
rapidly transported through a PMMA capping layer for surface bubble formation, so direct contact between the
azide layer and the aqueous surroundings can be avoided. Taken together, the results here show that photochemical
gas generation by solid polymer films is a general phenomenon that can be understood quantitatively and applied
to ultrasound imaging. It is possible that future optimization of these photoactive polymer systems could lead to
applications in medicine and other fields.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506271013537077/MI-983-Supplementary-Materials-v1.pdf, Synthesis of compounds, UV Vis spectra, Bubble
generation video on Polystyrene film, ultrasound imaging set-up. References [48—54] are cited in the Supplementary Materials.
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