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Intercalation and Flexibility Chemistries of Soft Layered Materials 

Yuya Oaki*a 

Layered materials, alternate stackings of two or more components, are found in a wide range of scales. Chemists can design 

and synthesize layered structures containing functional units. The soft-type layered materials exhibit characteristic dynamic 

functions originating from two-dimensional (2D) anisotropy and structure flexibility. This feature article focuses on 

“intercalation” and “flexibility” as two new perspectives for designing soft layered materials. Intercalation of guests is a 

characteristic approach for design of layered structures. Flexibility is an important factor to control the dynamic functions 

of the layered structures. As a model case, the intercalation-induced tunable stimuli-responsive color-change properties of 

layered polydiacetylene (PDA) are introduced to study the impact of the intercalation and flexibility on the dynamic functions. 

Recently, layered materials drastically expand the research area from conventional rigid inorganic compounds to new self-

assembled nanostructures consisting of organic components, such as polymers, metal-organic frameworks, and covalent-

organic frameworks. These new layered architectures have potentials for exhibiting dynamic functions originating from the 

structure flexibility beyond the static prpperties originating from classical intercalation and host-guest chemistries. 

Therefore, intercalation and flexibility chemistries of soft layered materials are regarded as new perspectives for design of 

advanced dynamic functional materials. 

1. Introduction 

Two-dimensional (2D) materials are one of the recent hot topics 

in chemistry, physics, and materials science.1–12 The ultrathin 

nanostructures, such as monolayers and few-layers, exhibit the 

unique properties originating from the characteristic 

architectures.13–21 In recent years, 2D materials based on 

organic compounds and organic-inorganic composites, such as 

network polymers, metal-organic frameworks (MOFs), and 

covalent organic frameworks (COFs), have attracted much 

interest as new families of 2D materials.22–31 Therefore, new 

perspectives are required to understand the syntheses, 

structures, and properties of diverse 2D materials. For example, 

Ariga et al. summarized recent advances about organic ultrathin 

nanostructures and their potential applications as a new 

perspective of ‘soft’ 2D nanoarchitectonics.10 However, recent 

developments of “stacked and layered structures” have not 

been fully studied in contrast to those of “ultrathin 2D 

materials.” This feature article focuses on new intercalation and 

flexible chemistries of ‘soft layered materials’ with dynamic 

structures and functions. Fig. 1 summarizes the structural 

advantages of the flexible soft layered materials. Soft layered 

materials can be defined as layered structures exhibiting 

molecular motion. The flexibility plays important roles for 

emergence of the dynamic properties and functions based on 

the molecular motion. In addition, the 2D anisotropy affords to 

provide the specific morphologies, such as anisotropic shapes 

and homogeneous coating on substrates. Molecular design and 

intercalation are important approaches to control the 

structures and functions of soft layered materials. Langmuir-

Blodgett (LB) films and layer-by-layer assemblies as soft layered 

materials with dynamic functions are well established and 

summarized in previous reviews.32,33 This feature article focuses 

on the other types of soft layered materials. 

 

Fig. 1.   Conceptual illustration of soft layered materials with their characteristic design 

strategies including molecular design, structures including 2D anisotropy and flexibility, 

and properties including morphology and dynamic function. 

Classical inorganic layered compounds accommodate 

guests in the interlayer space. The static host-guest chemistry 

based on intercalation has been well studied for these layered 

compounds.34,35 The functional guests in the nanoscale space 
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exhibit the characteristic properties and functions different 

from the bulk states.36–40 However, soft layered materials 

including intercalation and flexibility chemistries are not 

reviewed in the previous literatures. Therefore, this feature 

article focuses on soft layered materials toward design of 

advanced dynamic functional materials. The intercalated guests 

and flexibility play important roles for the dynamic properties 

and applications, such as sensors, actuators, and 

transportations. Section 2 briefly summarizes the structure 

advantages of the soft layered materials. Section 3 introduces 

the nice works about design of functional soft layered materials. 

Section 4 shows our recent works about functional soft layered 

materials, such as layered polydiacetylene (PDA) with tuned 

stimuli-responsive color-change properties by intercalation. 

Finally, Section 5 mentions the summary and future directions. 

The present article inspires a wide variety of researchers to 

develop new molecules and functional materials. 

 

Fig. 2.   Flexibility of the layered structures based on the interlayer interactions. 

Typical layered compounds are classified into the soft and rigid types originating 

from van der Waals and electrostatic interactions between the layers, respectively.  

2. Soft and rigid natures of the layered structures 

Section 2 focuses on the softness and rigidness of the layered 

materials. Soft layered materials are mainly found on organic 

materials, such as lamellar crystal structures, liquid crystals, and 

layer-by-layer assemblies (Fig. 1).41–45 Although the host-guest 

chemistry of organic layered materials were studied in a couple 

of previous works,46–48 the control of the flexibility and 

emergence of the dynamic functions were not demonstrated. 

Herein, an intrinsic question is what is structure softness and 

rigidness in layered materials. Although the soft or rigid is a 

common sense in general chemistry and materials science, 

those are now not quantitative factors but qualitative ones 

based on the experience and intuition by chemists. Here the 

typical layered compounds are classified into the soft and/or 

rigid types according to the interactions between the layers (Fig. 

2). A number of layered compounds, such as graphite, black 

phosphorus, and transition-metal chalcogenides, consist of van 

der Waals interaction. On the other hand, layered compounds, 

such as transition-metal oxides, clays, and layered-double 

hydroxides, have the interlayer interaction based on 

electrostatic interaction. According to general chemistry, the 

interlayer interaction is assumed to be stronger for layered 

compounds based on electrostatic interaction and weaker for 

those based on van der Waals interaction (Fig. 2). Since these 

interactions are compositive, the soft and rigid natures are 

tuned depending on each layered material.  

Our group has prepared the layered composites of 

transition-metal oxide and interlayer organic guest for tuning 

the flexibility. The exfoliation into the nanosheets is actually 

promoted by softening the layered structures with intercalation 

of the organic guests.49–56 The results imply that the flexibility of 

the layered structures is tuned by the guests. Therefore, the 

flexibility can be changed and tuned by the structures and types 

of the hosts, guests, and host-guest combinations. The 

structure flexibility can be an important factor for dynamic 

functions of soft layered materials. 

 

Fig. 3. Soft layered materials based on liquid crystals exhibiting transportation 

properties.57,62 (a) Rod-like molecule with ionic and nonionic parts. (b) Schematic 

illustration of 2D nanosegregated structures containing poly(ethylene oxide) or 

ionic-liquid domain for anisotropic ion transportation. Reprinted with permission 

from the American Association of the Advancement of Science.57 (c) Molecular 

structures, their self-organized structures, and their application to the electrolyte 

for quasi solid-state lithium-ion battery.62 Reprinted with permission from Wiley-

VCH.62 

 

3. Impact of flexibility for emergence of dynamic 
functions from soft layered materials 

Section 3 shows three representative studies of soft layered 

materials with dynamic functions in previous works. These 

studies nicely applied the flexibility and intercalation for 

emergence of the dynamic functions as the devices.  

3. 1. Liquid crystals exhibiting transportation properties 

Liquid crystal is a typical soft material with dynamic functions. 

Smectic phase has layered structures consisting of lamellar 

molecular arrangement. Kato and co-workers have studied the 

self-organized soft layered structures for anisotropic 

transportation of ions and electrons (Fig. 3).57–64 Self-
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organization of the designed rod-like molecules consisting of 

ionic and nonionic parts forms the layered structures (Fig. 3a). 

The rigid nonionic part contributes to form the stable host 

layers. The interlayer flexible ionic part acts as functional units 

for intercalation and transportation of guest ions.57–63 The 

flexible interlayer domain exhibited the anisotropic 2D 

conduction of the intercalated ions, such as lithium ions and 

ionic liquids (Fig. 3b). In addition, the anisotropic electron 

conduction was demonstrated by introduction of the π-

conjugated moieties in the host nonionic domain.64 These soft 

layered materials are applied to quasi solid-state electrolyte for 

lithium-ion battery and solar cells (Fig. 3c).62,65 

These works indicate general design strategies of functional 

soft layered materials. The designed molecules with ionic and 

nonionic moieties can provide the segregated layered 

structures. Although the overall layered structures are flexible, 

both the soft and rigid domains are coexistent in the layered 

structures. The more rigid part contributes to generate and 

preserve the stable layered structures. The more soft interlayer 

domain plays an important role for the dynamic motion of the 

molecules exhibiting dynamic functions, such as transportation. 

Moreover, these liquid-crystalline soft layered materials enable 

control of the macroscopic orientation and morphology on 

substrates. These works clearly show the design strategies how 

to design soft layered materials with anisotropic dynamic 

function based on the intercalation and flexibility.  

3. 2. Designer layered organopolysiloxane 
with photomechanical properties 

Organopolysiloxane with layered structures is a good model 

case to study the importance of the flexibility. Shimojima and 

co-workers have shown the importance of the flexibility in the 

layered structures based on organosiloxanes.66–68 A number of 

the organoalkoxysilanes containing azobenzene moiety were 

designed and synthesized for generation of the lamellar 

structures (Fig. 4a).66–68 The structure flexibility can induce 

reversible cis-trans transitions of the azobenzene moiety and 

macroscopic motion of the layered material itself. Brinker et al. 

previously reported the layered structures of 

organoalkoxysilane 1 containing azobenzene and 

intermolecular hydrogen-bonding units (Fig. 4a).69 The 

photochromism of the azobenzene moiety was not observed for 

the self-organized layered structure derived from the 

organosilane 1. The strong intermolecular interaction via the 

hydrogen bonding causes the lack of the flexibility. Shimojima 

et al. showed the microscopic reversible changes in the basal 

spacing of the lamellar structures, originating from the cis-trans 

isomerization, derived from the designed organosilanes 2 and 

3.66 However, the macroscopic motion was not observed. These 

results imply that the cis-trans isomerization can be induced by 

the weaker intermolecular interaction between the 

organosilane units. Although layered inorganic compounds with 

intercalation of the guests containing azobenzene units showed 

reversible changes of interlayer spacing upon irradiation of UV 

light,70,71 the macroscopic bending and unbending motions 

were not observed for these layered composites. Shimojima et 

al. reported the newly designed organosilanes 4 and 5 having 

both the -CH2-O-CH2- and -CH2-S-CH2- moieties in the alkyl 

spacer chain between azobenzene and silane moieties (Fig. 

4a,b).68 The longer alkyl chain with -CH2-S-CH2- linker inhibits 

the close packing and lowers the crystallinity. Therefore, both 

the reversible changes in the microscopic basal spacing and 

macroscopic motion were observed on the free-standing film of 

the soft layered materials derived from the mixture of the 

organosilanes 4 and 5 (Fig. 4c,d). 

 

Fig. 4. Soft layered materials based on organopolysiloxane with 

photomechanical properties.66–69 (a) Molecular structures of organosiloxanes 1–5. 

(b) Schematic illustration of the layered structures derived from the 

organosiloxanes 4 (upper) and 5 (lower) after hydrolyzation and spin-coating on 

substrate. (c) Microscopic reversible variation of the interlayer distance, namely 

d-spacing on the X-ray diffraction pattern, with irradiation of UV and visible lights 

on the thin-film derived from organosiloxane 4. (d,e) Macroscopic bending and 

unbending behaviors of a free-standing film derived from the mixture of the 

organosiloxanes 4 and 5 with UV–vis irradiation from the upper (d) and reverse (e) 

sides. Reprinted with permission from ref. 66. Copyright 2020 American Chemical 

Society. 

These works indicate that the appropriate flexibility is 

significant for emergence of both the microscopic and 

macroscopic dynamic motions from the soft layered materials. 

Although the typical inorganic layered materials are rigid, the 

flexibility is changed to the more soft by the designed organic 

spacer in the layers. In addition, the 2D anisotropic structures 

with tuned flexibility provide the macroscopic free-standing film. 

This softening strategy is applied to design the other organic-

inorganic hybrid layered materials with dynamic functions.  

3. 3. Layered inorganic materials with flexibility in vertical 

direction for sensing applications 

As discussed in Section 2, inorganic layered compounds 

consisting of electrostatic interlayer interaction are regarded as 

the rigid type (Fig. 2). In general, these layered compounds can 

intercalate guest ions. The intercalation initiates osmotic 

swelling with introduction of the solvent. The osmotic swelling 

eventually induces exfoliation into the nanosheets in liquid 
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phase. Lotsch et al. applied the swelling behavior as the 

flexibility in vertical stacking direction to develop photonic 

sensors for humidity and vapor (Fig. 5a,b).72–75 The exfoliated 

nanosheets, such as phosphatoantimonic acid and tantalum 

phosphate, formed the thin films as the host layer several-

hundred nanometer in thickness with re-stacking by spin 

coating (Fig. 5a).73 Then, the nanoparticles were deposited as 

the guest layer. The alternate stackings of the host nanosheet 

layers and guest nanoparticles formed the thin films exhibiting 

the structural colors on substrates (Fig. 5c). The restacked 

nanosheets as the host layer showed swelling with introduction 

of water and guest ions (Fig. 5b). This microscopic expansion 

with swelling yields to macroscopic changes in the thickness of 

the host layers. Therefore, the visible structural color was 

changed by the swelling with intercalation of the target 

molecules, such as water (Fig. 5b,d). The structural color was 

gradually changed depending on the humidity (Fig. 5d). The 

sensing devices enabled the colorimetric quantification and 

real-time imaging of humidity.73–75 In addition, the types of the 

organic amines and their diffusion behavior were successfully 

visualized by the structural colors.76,77 

 

Fig. 5. Soft layered materials with flexibility in vertical direction for sensing 

applications based on the structural color.73 (a) Cross-sectional scanning electron 

microscopy images of the layered architectures consisting of the exfoliated 

phosphatoantimonic-acid nanosheets and silica particles fabricated by spin 

coating at 4000 rpm. (b) Schematic illustration of the humidity sensing mechanism. 

(c) Optical spectra and photographs of the stackings fabricated by spin-coating at 

2000, 3000, and 4000 rpm (from left to right in the photographs), respectively. (d) 

Experimental (solid spectra) and simulated (dashed spectra) reflectance spectra 

of the stacking at different humidity. (e) Microscope images at humidity 32%, 93%, 

and 100%, respectively. Reprinted with permission from Wiley-VCH.73 

These works show that the dynamic motion is induced by 

the vertical flexibility originating from the swelling behavior 

with intercalation of the target molecules. The microscopic 

dynamic motion is transferred to the macroscopic one leading 

to changes in the structural colors. In addition, these 

nanosheets-based vertically soft layered materials enable 

formation of the large-area thin-film devices. The vertical 

flexibility is also an important strategy to design the dynamic 

functions using soft layered materials.  

 

4. Soft-layered materials for tunable stimuli-
responsive color-change properties 

Section 3 reviewed three previous works indicating the impact 

of the flexibility in the soft layered materials on the dynamic 

properties. Section 4 shows tunable structure flexibility and 

dynamic properties of the soft layered materials in our recent 

works.78–89 The layered conjugated polymers with tunable 

flexibility enable design of a variety of stimuli-responsive 

colorimetric sensing materials. The flexibility of the soft layered 

materials is controlled by intercalation of the guest ions and 

molecules. 

4. 1. Layered conjugated polymers 

Conjugated macromolecules have a variety of properties, such 

as electronic, photochemical, and electrochemical 

properties.90–95 These macromolecules show visible and 

fluorescent colors depending on the effective conjugation 

length. If the effective conjugation length is changed by an 

application of external stimuli, the color changes can be applied 

to detection and sensing. In addition, the tunable stimuli 

responsivity is required for applications to sensing materials. 

Our group has focused on conjugated polymers with the layered 

structure for development of tunable stimuli-responsive color-

change materials (Fig. 6).78–89 The structure flexibility of the 

layered conjugated polymers is designed and controlled by the 

intercalation of a variety of guests. This section focuses on the 

flexibility control and its impact.  

 

Fig. 6. Schematic illustration of the layered PDA. (a) DA monomer, its 

topochemical polymerization, and molecular motions with the application of 

external stimuli. (b) Layered crystal structure of PCDA, an amphiphilic DA 

monomer, intercalation of cations in the interlayer space consisting of the carboxy 

groups, and topochemical polymerization. 
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Polydiacetylene (PDA) with ene-yne conjugated main chain 

is synthesized by polymerization of diacetylene (DA) 

monomers.96–105 When DA moieties are organized in the 

condensed state with the distance shorter than 0.5 nm, the 

topochemical polymerization proceeds with irradiation of UV 

light and X-ray (Fig. 6a).106 PDA derivatives have color-change 

properties with application of external stimuli, such as thermal 

and chemical stresses. As external stimuli induce distortion of 

the PDA main chain through motion of the side chain, the color 

change is observed by shortening the effective conjugation 

length. The color changes have been applied to detection and 

sensing external stimuli, such as thermal, optical, mechanical, 

and chemical stresses.96–105 A number of the organized states, 

such as vesicles, were formed by DA monomers.107–109 In 

previous works, the designed DA monomers were synthesized 

for tuning the responsivity and sensing the desired targets.110–

123 Kim et al. designed and synthesized a variety of DA 

monomers to achieve control of the color-change properties 

and their versatile applications.98,99,101,103,1010–112,116,120,121,123 

Among a variety of monomers, amphiphilic DA monomer forms 

the lamellar-like layered structures (Fig. 6b). The alkyl chain 

length and functional group actually have impacts on the 

stimuli-responsive color-change properties. Our group has 

focused on the layered crystal structure of commercially 

available 10,12-pentacosadiynoic acid (PCDA), an amphiphilic 

DA monomer, to demonstrate control of stimuli-responsive 

color-change properties by the intercalation. The flexibility of 

the layered structures was tuned by the types of the 

intercalated guests.  

4. 2 Intercalation chemistry of layered PDA  

Two methods, such as intercalation and self-organization 

methods, were developed for intercalation of guests in the 

interlayer space consisting of the dimerized carboxy groups (Fig. 

7).78–89 The layered composites consisting of the host DA 

monomers and guests are polymerized with irradiation of UV 

light. The intercalation and subsequent topochemical 

polymerization are the important sequence for syntheses of the 

layered composites based on PDA. If the guests are introduced 

in the interlayer space of the polymerized DA, the color change 

from blue to red occurs during the intercalation process. The 

resultant red-color PDA is not fully used for the sensing. In fact, 

since the intercalation of the guests itself acts as an external 

stimulus for PDA, the previous works used this color-change 

scheme for detection of the target molecules.124,125  

The layered PCDA monomer crystal accommodates cationic 

guests, such as metal cations and organic amines, in the 

interlayer space consisting of the intermolecular dimerized 

carboxy groups through the intercalation process (the route (i) 

in Fig. 7).78–84 The powdered sample and thin coating of the 

layered monomer crystal were immersed in an aqueous 

solution containing guests and tetrahydrofuran (THF). The guest 

ions and molecules were spontaneously introduced in the 

interlayer space. The guest molecules are introduced through 

exchange of proton to metal and ammonium cations with 

softening the layered monomer crystal by THF. However, the 

types of the intercalated guests were limited for this 

intercalation route. For example, the bulky amines, such as alkyl 

amines having the branches, were not intercalated in the 

interlayer space because of the weaker intermolecular 

interaction and lower packing density.  

 

Fig. 7. Schematic illustration of the intercalation route (i) and self-organization 

route (ii) for preparation of the layered composites based on PDA with 

topochemical polymerization. Reprinted with permission from Wiley-VCH and 

Elsevier.79,82,85 

The self-organization approach was developed as the more 

general approach for preparation of the layered composites 

(the route (ii) in Fig. 7).85,88,89 The precursor solution containing 

PCDA monomer and organic guests were prepared with organic 

solvents. The precipitates were obtained before or after 

evaporation of the solvent. When substrates were immersed in 

the precursor solution, the thin and homogeneous coating was 

obtained by dipping. In the self-organization method, the 

complex between host PCDA monomer and guest amines was 

formed via the electrostatic interaction in the solution phase.85 

Then, the host-guest complexes were organized in the layered 

structures. Whereas a limited type of the guest molecules is 

introduced in the interlayer space by the intercalation approach 

for several days, the self-organization route facilitates 

formation of the layered composites with a variety of guest 

amines within a day. 

 
Fig. 8. XRD patterns (a) and FT-IR spectra (b) of the layered PCDA (i) and PCDA-

Zn2+ (ii) samples. Reprinted with permission from Wiley-VCH.79 

The original PCDA had the interlayer distance (d0) around 

4.6 nm corresponding to the bilayer structure. The d0 increased 

with intercalation of the guests depending on the types (Fig. 

8a).79 The original PCDA had the dimerized carboxy group in the 

interlayer space. The layered composites had the carboxylate 

ones after introduction of the guest ions and molecules (Fig. 8b). 

The facts mean that the guests are intercalated in the interlayer 
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space of the PCDA host layer via electrostatic interaction. The 

normal alkyl amines are accommodated in the interlayer space 

with the interdigitated state (the right panel in Fig. 7). In this 

manner, the layered composites of monomer PCDA and guests 

are prepared by the intercalation and self-organization 

methods. The resultant layered composites are topochemicaly 

polymerized with irradiation of UV light.  

 

Fig. 9. Photographs of PDA and PDA-M2+ with changes of the temperature by 

the protocol including heating (the upper panels) and subsequent cooling (the 

lower panels) as shown in the top part. (a) PDA, (b) PDA-Zn2+, (c) PDA-Ba2+, (d) 

PDA-Cu2+, and (e) PDA-Ni2+. The temperature of the samples in the panels (a–e) is 

referred to the same position in the top part. Reprinted with permission from 

Wiley-VCH.79 

4. 3 Stimuli-responsive color-change properties of the layered PDA 

The layered PDA shows blue color in the initial state at room 

temperature (Fig. 9a). The color change was observed by an 

application of external stimuli, such as heat, force, light, and 

chemical. The color-change properties, such as color, 

responsivity, and reversibility, varied by the types of the guests. 

Our group has used thermo-responsive color-change properties 

for the quantitative characterization of the responsiveness. PDA 

derived from PCDA without interlayer guests showed the color 

transition from blue to red around 65 °C (Fig. 9a).79,80 The 

reversibility was not observed after cooling. In Fig. 9, the sample 

was heated to the target temperature (i), then cooled at 25 °C 

(ii), heated to the next target temperature (iii), and cooled at 

25 °C (iv). The heating and subsequent cooling operations were 

repeated according to the protocol displayed in the top of Fig. 

9. When metal ions, such as zinc (Zn2+) and barium (Ba2+) ions, 

were introduced in the interlayer space, the blue color was 

gradually changed to red via purple in response to the 

temperature (Fig. 9b,c).79,80 The red color recovered to the 

original blue one with cooling. These color-change properties 

are regarded as the temperature-dependent and gradual type 

with reversibility. The characteristic color-change properties 

were observed even when the guest Zn2+ ions were partially 

introduced, namely occupancy around 30 %, in the interlayer 

space.81 The other types of the metal ions, such as copper (Cu2+) 

and nickel (Ni2+) ions, induced the irreversible color transition 

from blue to red at the threshold temperature (Fig. 9d,e).79,80 A 

couple of the metal ions showed the different color other than 

red, such as yellow for Ni2+ and green for Cu2+ ion (Fig. 9d,e). 

The absorption originating from the intercalated metal ions 

themselves have also an effect on the color.  

 

 

Fig. 10. Photographs of the alkyl-amine-intercalated PDA samples with heating. 

Reprinted with permission from Wiley-VCH.85 

 
Fig. 11. Photographs of the alkly-diamine-intercalated PDA samples with 

changes of the temperature by the protocol including heating (the upper panels) 

and subsequent cooling (the lower panels) as shown in the top part. The yellow 

arrows indicate the color-change temperature to red recognized by the naked eye. 

The yellow frames in the lower panels show the reversible color change to the 

original blue. Reprinted with permission from Springer Nature.83 

When the monoamines with the normal alkyl chains 

(CnH2n+1NH2, Cn-NH2, n = 1–18) were intercalated in the layered 

PDA, the irreversible color transition was observed (Fig. 10).82,85 

The color-change temperature showed the odd-even effects of 

the alkyl-chain length.85 The temperature-dependent gradual 

color changes with reversibility were achieved by the 

introduction of the alkyl diamines (CnH2n(NH2)2, Cn-(NH2)2, n = 4, 
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6, 8, 12) and p-xylylendiamine (Ph-(CH2NH2)2) (Fig. 11).83 As the 

alkyl chain length increased, the temperature-dependency and 

reversibility gradually appeared as shown in the yellow frames 

in Fig. 11.83 

 

Fig. 12. Quantitative characterization of the color-transition temperature (Ttrs). 

(a) Relationship between the temperature and x value of the PDA-C8-NH2.82 The x 

and ∆x represent the intensity of the red color and the overall color change, 

respectively. The Ttrs is defined as the temperature to achieve 0.5∆x. Reprinted 

with permission from Elsevier.82 (b) Summary of the Ttrs values of the layered PDA 

with intercalation of a variety of the guests.79,82,83,85 Reprinted with permission 

from Wiley-VCH.85 

The temperature-responsive color-changing properties 

were characterized using the red-color intensity (x) of the 

photographs by the image analysis based on an international 

standard (Fig. 12a).82 The x values as a red-color intensity were 

estimated from the images at each temperature. The color-

transition temperature (Ttrs) was defined as the temperature to 

achieve 0.5Δx (Fig. 12a), where Δx was the differences in the x 

values in the original and final states. Fig. 12b summarizes the 

Ttrs of the layered PDA with intercalation of a variety of the 

guests. Ttrs of the layered PDA with intercalation of dialkyl 

amines ((Cn)2-NH: H2n+1CnNHCnH2n+1, n = 4, 6, 8, 10, 12) and 

branched amines (Cm-C(NH2)-Cn: H2m+1CmCH(NH2)CnH2n+1, m = 1, 

n = 5, and m = 3, n = 3) was lower than that of the PDA- Cn-(NH2)2 

with the same carbon number. Ttrs varies in the range of 40–

150 °C depending on the types of the interlayer guests (Fig. 12b). 

These results imply that the color-change properties are 

controlled by the flexibility of the layered structures originating 

from the intercalated guests.  

 

4. 4 Impact of soft and rigid natures on the stimuli-responsive 

color-change properties 

The more rigid layered structures induce the temperature-

dependent reversible color-changing with the higher Ttrs. On the 

other hand, the more soft layered structures show the 

irreversible color transition at lower Ttrs.78,82–85 The packing 

states of the layered structures determine the soft and rigid 

natures. The host-host, host-guest, and guest-guest 

interactions have effects on the structure flexibility. The densely 

packed states of the hosts and guests provide the more rigid 

layered composites because of the host-guest electrostatic 

interaction and stronger host-host and guest-guest van der 

Waals interaction. Therefore, the amine and diamine with the 

longer alkyl chain form the more rigid layered structure (Fig. 

12b). In addition, the densely packed states are achieved by the 

metal ions. The metal-ion-coordinated DA monomers with the 

lower tilted angle perpendicular to the layer provide the more 

densely packed organization state. In contrast, the amines with 

shorter and branched alkyl chains form the loosely packed 

states. In these cases, the more soft layered structures are 

formed via weaker van der Waals interaction. Recently, our 

group has reported that the flexible polymer guests provide the 

more soft layered structure with lower Ttrs.88 In this manner, the 

soft and rigid natures of the layered composites are controlled 

by the types of the intercalated guests.  

 

Fig. 13. Schematic illustration of the structure changes of the more soft and rigid 

layered PDA by heating. (a) Initial state of the layered structure. (b) Layered 

structure including the disordered alkyl domains (density change in the blue part) 

with thermal motion. (c) Torsion of the PDA main chain (the distortion in the red 

band) caused by thermal motion of alkyl side chain. (d) Deformation of the layered 

structure with lowering the crystallinity. The left magnified pannels represent the 

local structure changes in molecular scale. Reprinted with permission from Wiley-

VCH.84 

The color-change processes of the soft and rigid layered 

structures are explained as follows (Fig. 13).84 PDA with blue 

color has a stable original conformation. An application of 

external stimuli, such as heating, induces molecular motion of 

the PDA side chain and remaining monomer and oligomer 

themselves at TIs and TIr for the soft and rigid types, respectively 

(TIs < TIr, Stage I in Fig. 13a,b). Then, the PDA main chain changes 

to the torsional conformation with shortening the effective 

conjugation length at TIIs and TIIr (TIIs < TIIr, Stage II in Fig. 13b,c). 

The layered structures are finally deformed by heating at TIIIs 

and TIIIr (TIIIs < TIIIr, Stage III in Fig. 13c,d). When the torsional 

conformation is stabilized by the guests in the more rigid 
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layered structures, the conformation changes gradually 

proceed with heating at higher temperature (Fig. 13b,c). The 

distorted conformation can recover to the most stable original 

one with cooling (Fig. 13b). Therefore, the gradual color-

changing behavior with reversibility and higher Ttrs is observed 

on the more rigid type. In contrast, the more soft types exhibit 

the molecular motions and distorted conformation with heating 

at lower temperature. However, the recovery to the original 

conformation is not achieved by the cooling because of the lack 

of the stability and rigidity of the original layered structures. In 

this manner, the temperature-responsive color-change 

properties are tuned by the soft and rigid natures of the layered 

composites, namely the types of the guests. Moreover, the 

present strategy is applied to control the responsivity to the 

other external stimuli, such as mechanical stress.85,88 

 

4. 5 Applications of the soft layered materials to visualization 

and colorimetric quantification of external stimuli 

The soft layered PDA are applied to visualization and 

colorimetric quantification of external stimuli, such as heat, 

force, and light. As mentioned in the Section 4. 3, the layered 

composites based on PDA have two types of the color-change 

properties, i.e. reversible temperature-dependent gradual and 

irreversible transition types (Fig. 9). The stimuli-responsive 

color-change properties are tuned by the guest ions and 

molecules. Moreover, the layered composites based on PDA are 

homogeneously coated on substrates and substances through 

intercalation and self-organization methods (Fig. 14).80,85 

Therefore, the soft layered composites based on PDA are 

applied to visualization and quantification of a variety of 

external stimuli.  

 

Fig. 14 Scanning electron microscopy (SEM) images of the PDA-coated papers. 

(a) Secondary-electron image of the PDA-Zn2+-coated (lower-left part indicated by 

blue arrow) and -uncoated (upper-right part indicated by white arrow) parts. The 

inset shows the photograph of the filter paper. Reprinted with permission from 

ref. 78. Copyright 2020 American Chemical Society. (b) Back-scattered electron 

image of the uncoated (left) and PDA-C6-NH2 coated (right) parts. Reprinted with 

permission from Wiley-VCH.85 

4. 5. 1. Visualization and quantification of thermal stress 

The PDA-Zn2+-coated paper and cotton were applied to real-

time imaging of the temperature distribution because PDA-Zn2+ 

shows the temperature-dependent gradual color-change 

properties from blue to red via purple in the range 70–180 °C 

(Fig. 15a–d).80 The temperature distributions on the 2D surface 

and in 3D space were visualized and colorimetrically quantified 

by the devices with coating of PDA-Zn2+ (Fig. 15e–g). Since the 

color-change properties of the layered PDA are controlled by 

the guest molecules, the similar imaging is achieved in the other 

temperature ranges.  

 

 
Fig. 15 Real-time 2D and 3D temperature-distribution imaging by the PDA-Zn2+-

coated devices. (a) Sample temperature. (b,c) Photographs of the PDA- and the 

PDA-Zn2+-coated filter paper with changes of temperature. (d) Relationship 

between the temperature and x value of the PDA (triangles) and PDA-Zn2+ (circles) 

estimated from the image analysis. (e) Experimental setup and photographs of the 

two different temperature distributions on the 2D surface, namely the setups (i) 

and (ii). (f) Relationship between the position in z axis and temperature in the 

setups (i) (circles) and (ii) (triangles). The x values of the PDA-Zn2+-coated filter 

paper were converted to temperature by using the relationship in Fig. 15d. (g) 

Time-course color change of the PDA-Zn2+-coated cotton in a glass bottle after the 

setting on the temperature-controlled stage at 150 °C. Reprinted with permission 

from ref. 78. Copyright 2020 American Chemical Society. 

A resin containing the layered PDA exhibited the color 

change with molecular motion of the glass transition.87 When 

styrene (St) monomer containing PCDA monomer was 

polymerized, polystyrene (PSt) and PCDA formed the 

segregated structures in micrometer scale through 

simultaneous polymerization and crystallization processes.95,126 

The composite of PSt and PDA was obtained by the subsequent 
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topochemical polymerization of the PCDA monomer. As 

molecular motion of PSt domain proceeded with heating, PDA 

showed the color change from blue to red near glass transition 

of PSt.  

 

 

Fig. 16 Visualization and quantification of strong and weak friction force using 

the PDA-C6-NH2- and PDA-PEI-coated papers, respectively. (a) Schematic 

illustration of the experimental setup for quantitative measurement of the applied 

friction force (F). (b) Photographs of the PDA-C6-NH2-coated paper with the 

application of F = 7.6 N (left panels) and 23.0 N (right panels) at nF = 0, 2, 4, 6, 8, 

10. (c) Relationship between nF and Δx for the PDA-C6-NH2-coated paper with the 

application of F = 7.6, 15.3, and 23.0 N. (d) Relationship between nF and Δx for 

PDA-PEI-coated paper with the application of F = 0.20, 1.20, 2.45, and 6.37 N. (e,f) 

Colorimetric quantification of the writing pressure (e) and toothbrushing force (f) 

using PDA-C6-NH2- and PDA-PEI-coated papers, respectively. Reprinted with 

permission from Wiley-VCH.85 Reprinted from ref. 86 published by The Royal 

Society of Chemistry. 

4. 5. 2. Visualization and quantification of friction force 

Recently, mechano-responsive materials have attracted much 

interest for detection of mechanical stress by the color.127–142 A 

variety of mechano-responsive fluorescent color changes were 

observed in previous reports. Recent reports showed the 

mechano-responsive color changes using the PDA 

derivatives.143–145 However, in general, it is not easy to tune the 

responsivity, visualize without excitation light, and quantify the 

strength. Our group not only visualizes but also quantifies the 

applied number and strength of friction force without excitation 

light using layered PDA.85,88 The PDA-coated paper substrates 

showed the color changes with application of friction force (Fig. 

16a,b).85 The red-color domain and Δx value increased with an 

increase in the number of applied friction force (nF), whereas 

the blue-color domain decreased (Fig. 16b). In other words, the 

Δx values and nF had the specific relationship on the trace with 

the application of the friction force (Fig. 16c). The nF was 

visualized and quantified by the Δx under the same strength. 

Moreover, the strength of the applied friction force was 

visualized and quantified by the Δx value at the same nF.  

The stimuli responsivity is controlled by the types of the 

guests. The weaker and stronger friction forces are visualized 

and quantified by the more soft and rigid layered composites, 

respectively. The layered composites of PDA and normal alkyl 

amines (C6-NH2) were used for visualization and quantification 

of friction force in the range 5–30 N (Fig. 16c).85 The guest 

molecules were changed to polyethyleneimine (PEI) to obtain 

the more soft layered composites.88 The layered composites of 

PDA and PEI showed the color changes by application of friction 

force less than 5 N (Fig. 16d).88 The paper-based devices of PDA-

C6-NH2 and PDA-PEI realized the colorimetric quantification of 

writing pressure and toothbrushing forces as unknown strong 

and weak friction forces, respectively (Fig. 16e,f),85,88 

respectively. In these cases, the applied friction force directly 

induces motion of the alkyl-side chains and subsequent 

distortion of the conjugated main chain.  

 

Fig. 17 Visualization and quantification of NIR using PPy/PDA-coated paper. (a) 

Structure of the device consisting of layered PDA with PPy coating and its NIR 

visualization mechanisms with the irradiation (i), photothermal generation (ii), 

and color change (iii). (b) Photographs of the PDA-coated paper (left), after the 

PPy coating for 15 min (center), and after writing the characters with irradiation 

using a NIR laser pointer (808 nm) (right). (c) Photographs before (t = 0) and after 

the irradiation (NIR on t < 0.5 s and t = 5, 10 s) of NIR (50, 100, 200 mW). (d) Time-

dependent changes of the Δx value with irradiation of 50 (red circle), 100 (blue 

square), 200 mW (green triangle) NIR. Reprinted from ref. 84 published by The 

Royal Society of Chemistry. 

4. 5. 3. Integration of the other stimuli-responsive materials 

to soft layered PDA 

The layered composites based on PDA were used for detection 

of thermal and mechanical stresses in our group. In addition, 

color of PDA is generally changed by chemical stresses, such as 

organic solvent and its vapor.96–105 The other stresses were 

detected by the specifically designed DA monomers.98,107–109 It 

is not so easy to design new DA monomers with both selected 

and tuned responsivity to the target. Our group has studied 

another approach, namely integration of stimuli-responsive 

materials, to detect more variety of external stimuli. If the 

target stimulus is not directly detectable by the layered PDA, the 

detection can be achieved by conversion of the original stress 
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to the detectable one with combination of another stimuli-

responsive material. This integration strategy has potentials for 

visualization and quantification of the other stresses by the 

color of PDA. 

We studied coating of polypyrrole (PPy) with photothermal 

conversion properties to sensing of near-infrared light (NIR) (Fig. 

17).86 A number of previous works showed the photo-thermal 

conversion properties of the conjugated macromolecules and 

nanocarbons.146–149 Fujii et al. used the photo-thermal 

conversion properties from NIR light to heat for motion of liquid 

marble consisting of core liquid droplet and shell solid 

powder.150,151 The thin PPy coating was performed by our 

vapor-phase method on the PDA-coated substrates.152 When 

NIR was irradiated to the substrate, the generated thermal 

stress induced the color change of the PDA (Fig. 17a,b). The PPy 

layer changes NIR to thermal stress. Moreover, the red-color 

intensity was increased with an increase in the irradiated power 

of NIR (Fig. 17c,d).  

 

Fig. 18 Visualization and quantification of microwave using PNIPAAm gel 

containing PDA-VBA. (a) PNIPAAm/PDA-VBA thermoresponsive color-change gel 

synthesized by preparation of the layered composite of PCDA and VBA, grafting 

and polymerization of NIPAAm to the interlayer VBA, and topochemical 

polymerization of PCDA. (b) Stretching behavior of the PNIPAAm/PDA-VBA gel. (c) 

Photographs with irradiation of microwave (210 W) for 5, 10, 20, and 33 s. (d) 

Relationship between the irradiation power (P / W) and time to complete the color 

change (tf). Reprinted with permission from ref. 87. Copyright 2020 American 

Chemical Society. 

The PDA-containing hydrogel was prepared for visualization 

and quantification of microwave.89 The layered PCDA monomer 

crystals containing vinylbenzylamine (VBA) were prepared for 

grafting of poly-N-isopropylacrylamide (PNIPAAm) from the 

vinyl group of the interlayer VBA (Fig. 18a). Then, the 

stretchable PNIPAAm hydrogel containing PDA was obtained by 

the topochemical polymerization of PCDA (Fig. 18b). When 

microwave heating was performed on the PNIPAAm hydrogel 

containing PDA, the color was changed from blue to red (Fig. 

18c). The temperature distribution was visualized by the color. 

The irradiation time and power of NIR were visualized and 

quantified by the color (Fig. 18c,d). Since the volume change of 

the PNIPAAm gel is gradually induced by the heating with 

irradiation of NIR, the molecular motion of PDA proceeds with 

that of the PNIPAAm gel network. These model cases indicate 

that integration of another stimuli-responsive material to 

layered PDA has potentials for sensing a variety of external 

stimuli.  

 

5. Summary and Outlook 

This feature article focuses on intercalation and flexibility 

chemistry of soft layered materials exhibiting dynamic functions. 

Inorganic layered compounds and their intercalation chemistry 

were well studied in previous works. 2D materials derived from 

layered structures is one of the most promising nanostructures 

in recent materials science. Compared with these well-

established chemistry and materials, soft layered materials are 

an emerging research area for design and development of 

dynamic functional materials. Section 2 introduced a potential 

new perspective for the soft and rigid natures of the layered 

materials. A variety of well-known layered materials can be 

classified by the softness and rigidness of the structures. Section 

3 showed a couple of the representative studies about 

syntheses, structures, and applications of soft layered materials 

inspiring the design strategies. The flexibility and interaction are 

efficiently used for emergence of the dynamic functions. 

Section 4 focused on the tunable stimuli-responsive color-

change properties of layered PDA and their applications in our 

recent works. The soft and rigid natures of the layered PDA are 

controlled by the intercalated guests. These facts indicate that 

the controlled flexibility is an important factor to tune the 

dynamic properties. Intercalation is an important and 

characteristic approach to control the flexibility and dynamic 

functions of soft layered materials, as well as designing the 

structure units and their organized states (Fig. 19). In addition, 

the 2D anisotropy contributes to control the macroscopic 

morphologies favorable to prepare the devices. Therefore, soft 

layered materials based on intercalation and flexibility 

chemistries have potentials for development of advanced 

dynamic functional materials. 

 

Fig. 19.   Overview of the summary and future directions for designing of the advanced 

dynamic functional materials and quantitative understanding of the structure flexibility. 

One of the important remaining challenges is how to 

quantify soft and rigid natures of layered materials (Fig. 19). 

Structural softness and rigidness of molecules and materials are 

usually discussed in general chemistry and materials science. 

However, the flexibility is still a qualitive factor based on 
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experience and intuition of professional researchers. The 

quantification is required for further understanding of 

organized materials including layered materials. In this respect, 

layered materials are good model case to explore the 

quantitative factors regarding the rigidness and softness 

because of the structure definitude (Fig. 19). The calculational 

study is required for exploration of the quantitative factors 

determining the soft and rigid natures. Moreover, our group 

suggests that application of data-scientific approach including 

machine learning is helpful for extraction of the descriptors 

from dataset to explain the target properties and 

phenomena.153–155 Machine learning will assist extraction of the 

descriptors to explain the flexibility and dynamic function of soft 

layered materials. Quantitative understanding the true natures 

of soft layered materials will contribute to design the dynamic 

properties. Moreover, the factors are applied to understanding 

the structure softness and rigidness of a wide variety of 

molecules and organized materials.  
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