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Bigger picture: Moisture as an energy source to trigger the mechanical motion of materials is 

an emerging research area of interest for the development of smart switches, artificial muscles 

and soft robots. Recently discovered periodic networks of covalent organic frameworks (COFs) 

provide a great platform to tune their structures with suitably responsive units and turn them into 

stimuli responsive. However, because of the overall hydrophobic character of conventional 

COFs, they lack the ability to engage in polar interactions, and limits the fabrication of moisture 

sensitive COF-based actuators. To overcome this challenge, we have developed a cationic, 

flexible COF film pre-functionalized with a water-sensitive guanidinium moiety. By exploiting the 

role of H-bonding in extended structure, we have successfully addressed two very important 

problems. Due to the H-bonding of the entrapped water molecules, our material enables a fast 

activation of mechanical motion that is faster that any previously reported porous framework 

materials. In addition to rapid activation, presence of H-bonded water molecules allows the 

creation of a highly efficient pathway for proton conduction within the framework. The designed 
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COF paves the way for innovative advances in the field of moisture-responsive conductive smart 

materials. 

Summary: The design of flexible humidity responsive actuator-based materials capable of 

demonstrating substantial deformation and recovery within a short response time holds 

significant importance in the development of highly functional sensors and intelligent electronic 

systems. Despite the high demand for fast actuating materials, their fabrication process typically 

involves a complex and multistep approach under harsh conditions. Herein, we fabricated a self-

standing cationic covalent organic framework (TG-DFP COF) film comprised of guanidinium and 

pyridine units via a simple one-step synthetic approach at room temperature. Due to the 

presence of H-bonding and ionic surface coverage throughout the COF network, this material 

facilitates the rapid adsorption and desorption of water vapor, leading to an ultrafast actuating 

response rate of less than one second. Apart from fast actuation, notably, under high humid 

conditions, the presence of trapped water molecules creates a significant number of H-bonding 

interactions within the COF network, resulting in an impressive proton conductivity of 2.8 mS 

cm−1, which stands as one of the highest reported among cationic COFs. This study showcases 

a unique example of a 2D-ordered system that exhibits a synergistic combination of proton 

conductivity and shape-deforming capabilities with outstanding stability. 

Introduction 

Smart materials1-4 capable of converting various external stimuli such as magnetic5-7 or electric 

fields,8-11 pH,12-15 temperature,16-19 solvent,20-25 humidity,26-31 and light32-37 into mechanical 

deformation offer significant potential for making unprecedented advances in areas such as 

smart robots,38 artificial muscles,39-41 sensors,42,43 and biomedical devices.44 Among all existing 

external stimuli, humidity is an abundant, easily accessible, and renewable resource.45 Since it 

is a purely natural, environmentally friendly stimulus, humidity-induced actuators are very 

interesting.30,46-60 Humidity-induced actuators are used in a variety of potential applications, 

including thermal imaging,61 sensing,62 medical,44 air control,63 anti-counterfeiting,64 and optical 

recording devices.65 The development of fast-responding materials is critical to the development 

of actuators that can be used effectively in real-world applications.66 The speed of actuation is a 

key parameter that greatly affects the overall performance and usability of such materials.20,66,67 

To date, most actuation materials have been limited to small organic molecules,24,51,68 

supramolecular gels,39,62,66,69,70 metal-organic frameworks (MOFs),71-74 and polymeric 

materials.27,50,52,75 Despite their potential, it is worth noting that these materials exhibit poor 

mechanical properties under extreme conditions and suffer from slowed actuation speeds.76 For 



 

this reason, their practical applications in such systems are currently quite limited. Moreover, in 

polymeric systems, due to the lack of structural order, a complete understanding of the energy 

conversion process is never possible, as the interactions involved cannot be studied without a 

solid structural understanding.77 To overcome the above difficulties, a stable actuating material 

with a defined chemical structure is required. Such properties can be achieved by crystalline 

materials such as metal/covalent organic frameworks (MOFs72-74,76/COFs23,25,37), whose 

ordered structural network can be used to understand and tune the energy conversion process, 

in addition to their application in various fields. In recent decades, moisture-responsive actuators 

in polymer,31,60,62 liquid crystal,27,64 and gel materials51,56 have been well studied, but moisture-

induced actuators in ordered networks such as MOFs72-74 or COFs28 are relatively rare. To date, 

only a hydrazide-based COF membrane decorated with polyethylene glycol (PEG) has been 

reported to exhibit moisture-induced triggering.28 However, this material also exhibits a relatively 

low triggering rate and mechanical deformation compared to other existing polymeric 

actuators.20,66,67 Moreover, the incorporation of PEG into the COF-4278 backbone requires a 

time-consuming and complex multi-step synthesis process. Therefore, the development of an 

easy-to-process, moisture-responsive actuator with fast kinetics is of great interest. The key 

factor for the rapid activation of moisture-responsive actuators is the presence of suitable 

docking sites that facilitate the uptake and release of water. These docking sites provide an ideal 

environment for water molecules to interact with the material and enable rapid and reversible 

actuation in response to moisture changes. Compared to conventional COFs with neutral 

building blocks, ionic covalent organic frameworks (iCOFs)79 with hydrophilic functional groups 

embedded in a layered network could promote strong interactions with water molecules to have 

a fast-responsive rate in response to a change in ambient humidity. In contrast to previous 

reports on humidity-controlled hybrid PEG -decorated COF actuators,28 our goal in this study is 

to introduce a cationic guanidinium linker into the COF network. This enables rapid diffusion of 

water molecules within the frameworks due their hydrogen bonding with the guanidinium moiety. 

Based on this hypothesis, we have prepared a guanidinium-functionalized moisture-responsive 

free-standing cationic COF film (TG-DFP, Figure 1). This strategic modification improves the 

actuation performance at low humidity, and continuous self-movement was also achieved by 

placing the film on a wet filter paper. 

In addition to the reversible, rapid activation in TG-DFP COF, the trapped water molecules inside 

the framework interestingly form a electrostatic interation with the cationic guanidinium moiety 

upon hydration. This interaction enables an inherent proton-conducting pathway that adds an 



 

additional intriguing aspect to its functionality. To address the global energy crisis, proton-

conducting materials have gained much attention due to their urgent need in proton exchange 

membrane fuel cells (PEMFCs) and other electronic devices.80 To achieve high proton 

conductivity, researchers have usually adopted three main approaches to improve proton 

conductivity in ordered systems such as COFs81,82 or MOFs83: 1) the use of a porous 

architecture to accommodate proton carriers such as inorganic acids (H2SO4 and H3PO4)84; 2) 

loading of the pore channel with neutral proton donors (e.g. imidazole,85-88 ammonium cations,89 

etc.); and 3) modifying the pore walls of COFs90/MOFs91 by functionalizing  the ligands with 

proton-rich functional groups such as –COOH,92 –NH2,93 and –SO3H94 to increase the acidity 

and  hydrophilicity of the pore surface.  

However, all these strategies encounter numerous synthetic challenges. Remarkably, the study 

of proton conductivity is rarely performed in nonporous systems,95 and it is completely new in 

COFs.96 Compared to other reported proton-conducting porous COFs96 or MOFs,97,98 our 

strategically designed ionic COF (TG-DFP) is very unique. Despite its nonporous nature, the 

free protons in the cationic guanidinium unit can easily migrate along the continuous hydrogen 

bonding pathway within the COF, resulting in a high proton conductivity under wet conditions of 

up to 2.08 mS cm–1, which is higher than any reported cationic porous COFs99,100 and 

comparable to the most proton-conducting neutral COFs reported so far under wet conditions.100 

The free-standing TG-DFP COF film was prepared by a one-pot imine condensation reaction 

between triamino guanidinium hydrochloride salt (TGH•Cl) and diformylpyridine (DFP) at room 

temperature. Our synthesis protocol does not require any additional synthesis effort compared 

to existing state-of-the-art actuator fabrication processes.3,26-29,33 Due to the excellent water 

triggered actuation and high proton conductivity, the TG-DFP COF emerges as an utsanding 

framework model for investigating numerous innovative and functional applications.  

Results and Discussion 

Synthesis, characterization and Structural analysis  

The guanidinium-functionalized TG-DFP COF film was prepared (Figure 1A) by the imine 

condensation reaction of pyridine-2,6-dicarbaldehyde (DFP) and triamino-guanidinium 

hydrochloride salt (TGH-Cl) in a mixture of ethanol and water (2:1, v/v) at room temperature. 

The formation of an imine bond in the TG-DFP COF film was confirmed by Fourier transform 

infrared (FT-IR) spectroscopy (Figure S1). The disappearance of the C=O stretching vibration 

at 1700 cm ̶ 1 of the DFP and the appearance of new C=N stretching vibrations at 1612 



 

cm ̶ 1 confirmed the formation of imine bonds. 13C cross-polarization magic angle spinning 

nuclear magnetic resonance spectroscopy (13CPMAS NMR) in the solid-state spectrum (Figure 

S2) showed a resonance signal at 150 ppm, which further validated the formation of the C=N 

bond. Powder X-ray diffraction (PXRD) analysis of TG-DFP COF film was recorded to confirm 

the crystalline nature of the COF (Figure S3). We synthesized the material in powder form, the 

crystallinity is improved compared to the film form and the experimental PXRD pattern matched 

the simulated pattern (Figure S4a). Furthermore, we constructed several models based on 

honeycomb (hcb) layered structures, and optimized their geometry using universal force field 

energy minimization (Figure S3), finding good agreement for models within the monoclinic Pm 

space group (Figure 1B). The atomic positions of the structural models are now given in the 

revised SI. Accordingly, the position of the first peak in the experimental pattern is assigned to 

the (10–1), (100), and (001) Miller plane reflections, the position of the PXRD peaks and 

diffraction pattern are consistent with our previous reports on a TG-DFP-based gel or COF.101,102 

The position of the peak centered at 2q = 26.1° agrees well with the interlayer distance given by 

the (010) ad (020) planes for the eclipsed and staggered conformations, respectively. The broad 

feature observed in our TG-DFP COF network arises from the substantial charge repulsion 

between adjacent cationic sites, suggesting the absence of a specific stacking sequence. Similar 

observations have been reported for other guanidinium-based COFs in previous studies.103 

Furthermore, the structural order of the TG-DFP COF film was disrupted by the high degree of 

flexibility and non-planar structure of the guanidinium amine. Moreover, HRTEM analysis reveals 

well-defined lattice fringes, further confirming the periodic nature of the COF film. Unlike most 

reported COF-based films, the TG-DFP COF film is exceptionally transparent as it can be seen 

from Figure 2A. The morphology of the TG-DFP COF film was investigated by scanning electron 

microscopy (SEM, Figure 2B and S5), high-resolution transmission electron microscopy (HR-

TEM, Figure 2C-E and S6), and atomic force microscopy (AFM, Figure 2F and S7). 

The continuous and crack free nature of the smooth membrane surfaces is evident in the 

scanning electron microscopy (SEM) images (Figure 2B and S5 a). The cross-section images 

reveal that the thickness of the film is 2 ±1 µm (Figure 2B). For microscopic analysis, the COF 

film was ultra-sonicated in ethanol for about 60 minutes. The resulting supernatant liquid was 

then drop-cast onto either a TEM grid (Cu) or an AFM silicon substrate. HR-TEM and AFM 

images showed that TG-DFP COF film has a laminated sheet-like morphology (Figures 2C–F, 

Figure S7). The ordered, oriented crystal lattice fringes (Figure 2E) of TG-DFP COF were 

confirmed by HR-TEM analysis at high magnification (Figure S4b). This was attributed to the 



 

adjacent stacked 2D layer with a stacking distance of 0.38 nm (Figure S8); the stacking distance 

agrees well with the experimental wide-angle PXRD data. A final inspection of the AFM images 

(Figure 2f, Figure S7) revealed that the thickness of the obtained TG-DFP film is about 0.2 µm 

(as a film, Figure 2F), indicating that the COF network consists of multilayer stacked layers. 

Mechanical behavior, humidity-induced mechanical actuation, and Mechanistic 
Investigation 

To check the mechanical behavior of the TG-DFP COF film, a tensile stress-strain experiment 

was performed on the rectangular film using an MTI tensile stage (Figure 3A). The TG-DFP COF 

film is extremely durable and can be easily bent and folded (video S1) over several cycles 

without any mechanical stress (Figure 3B). The gage length was 25.4 mm, and the 5 N load cell 

was calibrated with loads from 10 to 90 g (0.098–0.883 N). The loading rate was 5 mm/minute. 

Stress was calculated through the cross-sectional area of the foil (10 mm and 3 mm by ruler, 

and 20 µm by cross-sectional SEM). The Young's modulus was calculated from the slope of the 

curve in the linear region and is in the range of 0.543 GPa to 1.27 GPa, which is comparable to 

other reported COF films.28 In addition, we performed the water adsorption analysis of the COF 

film. The purpose of the water vapor adsorption capacity study was to evaluate the moisture-

dependent behavior of the TG-DFP COF film. The water vapor adsorption behavior of the fully 

activated TG-DFP COF film exhibits type II isotherm, displaying considerable water sorption 

capacity at low and moderate relative humidity levels (%RH). This behavior is characteristic of 

hydrophilic materials, as shown Figure 3C. The TG-DFP COF achieves a maximum water 

uptake of 41.6 wt % at saturation. To evaluate the stability of the film under humid conditions, 

TG-DFP film was exposed to three consecutive cycles at equilibrium. The film showed high 

recyclability as observed by the almost identical water adsorption isotherms over three cycles 

(Figure S9). The water uptake capacity is comparable to the other porous COFs materials 

reported.103,104 

To quantify the number of trapped water molecules and the thermal stability of the TG-DFP COF 

film (Figure S10), we performed thermo-gravimetry analysis (TGA). The TGA analysis shows 

that the COF network maintains thermal stability of up to 227 ⁰C. However, below 200 ⁰C, there 

is a significant weight loss (13 wt%, 17-140 ⁰C), which can be attributed to the presence of 

trapped water molecules within the framework. Through the TGA analysis and simulated 

structure, we have determined that the number of water molecules per unit cell is approximately 

39.2.  



 

The simulated structure clearly shows the remarkable flexibility of the TG-DFP COF structure 

(Figure S11a). Motivated by the flexibility or hydrophilicity (Figure 11b) of the framework and its 

sensitivity to water, we investigated the moisture-controlled actuation behavior (Figure 3d) of the 

TG-DFP COF film. The film is mechanically robust and flexible, allowing it to move and 

propagate rapidly in response to moisture. For mechanical actuation, the TG-DFP COF film (3 

cm long, 2 µm thick) was positioned horizontally over a paper cup of warm water using tweezers 

(Figure 3D).  

Upon approaching the top surface of the cup, the film curled up in response to the high humidity, 

bending significantly up to a bending angle of θ =175° (within 0.22 seconds) and then returning 

to its original shape once removed from the cup. The complete folding and unfolding process of 

the TG-DFP COF actuator occurred in only 0.69 seconds. The kinetics of the bending motion is 

measured by plotting the deflection angle of the film against time (Figure 3E). The rate of 

mechanical actuation is faster than any previously reported vapor- or moisture-induced COF, 

MOF, or cage-based actuator (supplemental information, Table S1). The process of curvature 

and recovery was repeated for multiple cycles (video S2). To verify the framework stability of the 

TG-DFP COF film, we performed PXRD (Figure S12) and 13CPMAS NMR spectral analysis 

(Figure S13) on the COF film after it was exposed to wet conditions . The PXRD peak and 
13CPMAS NMR spectrum did not change under wet conditions, an indication of the extreme 

robustness of the COF film. In addition to reversible curvature and straightening of the COF film, 

the film also exhibits moisture-triggered motility that allows it to move from one location to 

another (Figure 3F, video S3). To test this self-mobility, we placed a squared film (size 2 cm × 2 

cm) on a Whatman filter paper that was kept in a glass container filled with lukewarm water. In 

response to the moisture, the film spontaneously and continuously started moving. The 

locomotion of the film consisted of eight phases: (I) the film is initially flat, (II) it folds, (III) it takes 

a tubular shape, (IV) the film rolls up, (V) one side of the film becomes flat and the top side turns 

up, (VI) then the film rolls up again, (VII) then the film tilts, and  finally (VIII) the film rolls with the 

top side down. Figure 3F shows a schematic representation of a complete cycle. In addition, the 

actuating behavior of the TG-DFP COF film was tested in other polar and nonpolar solvents 

(ethanol, DCM, acetone, THF, and hexane). The film showed no mechanical response in these 

solvents (video S4-S6), which confirms that the bending behavior is very selective for water 

moisture. The mechanical bending or rolling of the COF film in response to humidity is driven by 

the absorption and desorption of water molecules on the film's surface. The mechanism 

responsible for humidity responsiveness primarily involves a variety of non-covalent interactions 



 

between the material and water molecules, including hydrogen bonding, electrostatic 

interactions, and ion-dipole interactions.  To confirm our hypothesis, first we conducted dynamic 

vapor sorption (DVS) experiments at ambient temperature, ranging from 0% to 100% relative 

humidity (RH), using dry nitrogen as the carrier gas. The results, illustrated in Figure 3C and 

Figure S8, demonstrate that the TG-COF film exhibited a robust humidity response with 

excellent cyclic stability. The uneven absorption of water by the COF-film triggers asymmetric 

swelling, leading to the deformation. When the film is on a moist substrate, the expansion of the 

surface of the film facing the substrate caused by water adsorption exceeds that of the upper 

surface causing the film to curl up. This bending of the TG-DFP film in response to moisture is 

illustrated by a simple experiment shown in Figure. S14. When a piece of the rectangular film is 

placed on a bare human palm, it absorbs the moisture from perspiration, causing it to curl and 

develop noticeable curvature. The film quickly returns to its original flat shape when placed on 

the dry surface of a palm covered with a rubber glove. Moreover, Ion-dipole interactions between 

water and the halide counterions reduces the ion’s ability to neutralize the charge of the organic 

cation. It is therefore very possible that adsorbed water also increases the cationic charge on 

the side of the film where the water adsorbs. The coulombic repulsion on that side should cause 

the material curl and flip in the opposite direction, as the units try to increase the distance 

between them. This effect would also explain the structural changes observed by FTIR.   

To understand the mechanism of actuation, we performed additional experiments by coupling 

thermogravimetry with FTIR analysis (Figure 4, Figure S15-16).105,106 This allows simultaneous 

observation of the evolution of the sample mass (Dm resolution=1µg; Figure 4A) and its IR 

spectra (Figure 4B) under different conditions. Thus, important and quantitative information 

about the adsorption mechanism, the structural change, the extinction coefficient of the 

corresponding bands, and the adsorption enthalpy (Figure 5) can be obtained. Figure 4A shows 

the mass gain of the films and the evolution of their FTIR spectra after 6 wet (RH = 4%) and dry 

cycles at 25°C. The results show a high reversibility during the six cycles. The IR analysis also 

shows a reversible shift of some characteristic vibrational bands (1700 cm ̶ 1-800 cm ̶ 1) of the 

TG-DFP structure (Figures 4 B, C, and Figure S14) with water adsorption and desorption (band 

3378 cm ̶ 1). However, the original spectra (Figure S15 in SI) show that some bands of the 

structure are not affected by the water adsorption, such as the band at 1707 cm ̶ 1 assigned to 

the carbonyl vibration of the terminal DFP group of the structure. It is noteworthy that the band 

associated with C=O vibration (approximately 1707 cm-1) is still present in the IR spectra of the 

COFs, although its intensity is negligible compared to that of DFP (Figure S1). This could be 



 

ascribed to the terminal aldehyde groups situated at the edges of the COFs. In the 13C CP/MAS 

spectrum of the TG-DFP COF film (Figure S2), the presence of the C=O group could not be 

detected.  A similar observation has been reported in other COFs as well.107 It should be noted 

that 50% of the amount of water can be reversibly adsorbed or desorbed at 25°C and RH = 4% 

with respect to the activated sample at 100°C, showing that the samples can respond to water 

moisture without having to be thermally activated first. 

FTIR experiments clarified how the structure was modified during the process by observing a 

shift of the structural bands after water adsorption: The shift of the main characteristic vibrational 

bands of the TG-DFP film may be mainly due to two possible water effects: a direct effect due 

to hydrogen bonding between the adsorbed water molecules and the corresponding functional 

groups of the film (e.g., the bands affected by the presence of water in Figure 4B could be 

assigned as follows: 3389 cm ̶ 1 (ν(OH)), 2530 cm ̶ 1 (ν(NH)),  1286 cm ̶ 1 and  1327 cm ̶ 1 

(aromatic C-N stretching vibration),  804 cm ̶ 1 and 821 cm ̶ 1 (ν(CH)).108,109 Indirect effects of 

hydrogen bonding can lead to changes in bond length, bond angle, and electron distribution of 

bonded atoms within a molecule. These changes, in turn, affect the vibrational frequencies of 

neighboring functional groups, indicating changes in the molecular structure of the material. 

Hydrogen bonding can have a significant impact on the overall properties and behavior of a 

material due to these structural changes. To better distinguish between these two phenomena, 

we performed a two-dimensional correlation FTIR spectroscopy experiment 110 using D2O and 

H2O (Figure S17), respectively, with similar RH values. This correlation allows us to distinguish 

the bands shifted due to water adsorption by hydrogen bonds (shift to the lower wavenumbers 

in D2O) from those due to changes in molecular structure (bands crossing the diagonal as no 

change is observed between the two experiments). The results (Figure 4D-F) show that the 

position of the bands around 1430 cm ̶ 1, 1300 cm ̶ 1, and 930 cm ̶ 1 does not change between 

D2O and H2O, unlike the other bands. These bands are likely to be associated with the (CH) and 

(C-N-C) bands of the aromatic moiety of the TG-DFP COF structure.105 Thus, the shift observed 

in these bands has nothing to do with hydrogen bonding but more likely with the change in 

molecular structure when the film is exposed to moisture. Moreover, the shift in certain structural 

bands serves as direct evidence that water adsorption promotes microscopic modifications, 

which manifest as a macroscopic mechanical response in the materials. This phenomenon 

highlights the significance of the interaction between water and COFs as the primary driving 

force. The stress-strain behavior following exposure to water typically emerges from intricate 

electrostatic interactions and hydrogen bonding between the material and water molecules. 



 

Finally, we measured the bending curvature of the film under different relative humidities (Figure 

S18). Finally, we measured the bending curvature of the film at different relative humidities 

(Figure S18). Under ambient conditions (RH = 51%), the TG-DFP COF film is flat, and this state 

(curvature 0) is defined as the reference point. With an increase in RH from 51% to 95%, the 

curvature gradually increases and reaches a maximum of 0.144 mm⁻¹ at 95% RH. All 

experimental evidence clearly indicates that the actuation mechanism involves the formation of 

a thin hydrated surface layer that causes the entire film bend when exposed to the humidity 

gradient. In order to obtain thermodynamic information about the adsorption of water in TG-DFP, 

three isotherms were performed at different temperatures: 20, 50, and 70 °C. All measurements 

and simulations are shown in Figure 5. The optical isotherms (area of the OH band at 3380 

cm-1versus H2O pressure) are shown in Figure 5A. The isotherms were modeled at the various 

temperatures using the least squares method (Figure 5C). Each modeled isotherm is the 

combination of two curves. The first is proportional to the curve with respect to the band height 

of 1286 cm ̶ 1 (an identical proportional factor was used for the three temperatures), as shown 

in Figure 5B. The second curve is characterized by a classical Langmuir model. For high 

pressures, the interaction is weaker. Using a method described in the literature, it is possible to 

determine the thermodynamic values (DH) of H2O adsorption considering a combination of the 

Van’t Hoff and Langmuir equations for the three temperatures. Thus, we determined an enthalpy 

of 43–44 kJ mol ̶ 1 for the weak interaction, which corresponds to the standard liquefaction 

enthalpy of water. The determination of the heat of adsorption of water at low pressure (relatively 

strong adsorption) is not possible because we have two simultaneous phenomena: the heat of 

adsorption of water and the heat relative to the structural evolution of the material. The evolution 

of the amount of adsorbed water (area of the OH band at 3380 cm ̶ 1) during the cycles of H2O 

(5 mbar/1 h) and H2O (0 mbar/2 h) in Ar (20 cm3 min ̶1) at 20 °C (Figure 5 D) shows a fluctuation 

between 150 and 270 (unit of area). This range of variation is symbolized by the arrows in 

Figures 5c and 5d, and is clearly attributed to the variation of the weakly adsorbed water at 5 

mbar and 20 °C. Therefore, the strong interaction between water and the “NH” sites remains 

irreversibly adsorbed under ambient conditions.  

To understand the humidity-dependent actuation mechanism of 2D-COFs at the molecular level, 

PXRD is an extremely valuable technique, the use for which is extensively documented in the 

literature. PXRD analysis (Figure S19) clearly shows that the intensity of the characteristic 

diffraction peak at 5.8° decreases and the π-π stacking peak becomes broader, while the d-

spacing value shifts to higher 2θ values. This observation clearly confirms that the formation of 



 

a water network within the framework results in an in-plane shrinkage of the film. Under humid 

conditions, the reduced layer spacing implies a weakening of the initial intermolecular hydrogen 

bonds between the COF layers, inducing the bending of the film. A similar observation has also 

been noted for previously reported humidity responsive COFs.28 

Proton Conductivity of the TG-DFP COF film 

The remarkable mechanical strength, ionicity, and presence of infinite H-bonding within the COF 

network motivated us to investigate the proton conductivity of the TG-DFP COF film. When it 

comes to proton conductivity, most COFs in powder form face the problem of being very fragile 

during pellet production.111 The application of high pressure in this process can lead to structural 

weaknesses that can result in poor performance under fuel cell operating conditions. 

Interestingly, the TG-DFP COF film we developed with superior flexibility and a large charged 

backbone showed higher water uptake at room temperature, resulting in the formation of 

interconnected ion-water channels, which are highly beneficial for proton conductivity. 

Accordingly, the proton conductivity study shows that the TG-DFP COF film has a conductivity 

of 0.372 mS cm-1 at 20% RH (Figure 6A). At a fixed temperature, the conductivity value 

increases dramatically with increasing humidity, reaching a conductivity of 2.8 mS cm-1 (Figure 

6B) at a high humidity of 99% RH, which is the highest of all proton-conducting cationic 

COFs99,100 and comparable to other neutral COFs84,94,112 (supplemental information Table S2) 

reported to date. The impact of relative humidity on conductivity can be elucidated as follows: 

an increase in relative humidity results in a greater presence of water molecules participating in 

conduction. This, in turn, facilitates the development of dense hydrogen bonding networks, 

establishing an effective pathway for proton hopping and subsequently increasing the proton 

conductivity. The high conductivity under humid conditions clearly indicates that proton 

conductivity is a surface-confined, water-assisted process.113 To understand the proton transport 

mechanism and activation energy, the proton conductivity of the TG-DFP COF film was also 

measured at different temperatures from 20–100 °C (Figure 6C, Figure S20). The conductivity 

value of the TG-DFP COF film was found to be 0.915 mS cm-1 at 20 °C, and increased to 2.08 

mS cm-1 at 100 °C. The activation energy determined from the temperature-dependent 

conductivity profiles is 4.4 kJ mol ̶ 1 (Figure S21), and the low activation energy of the TG-DFP 

COF film is lower than 10 kJ mol ̶ 1, indicating that the proton transfer within the COF network 

obeys the Grotthuss mechanism114 and confirms presence of trapped water molecules could be 

useful for the proton transfer (Figure 6D). There is indeed the possibility of hydrogen bonding 

with the guanidinium core within the framework. However, our simulated structure with water 



 

molecules (Figure S22) clearly confirms that the water molecules form a hydration sphere 

around the chloride ions, which are mainly located near the guanidinium units by ionic 

interaction. The proton-conducting mechanistic pathway via anion-water hydrogen bonding is 

well documented in another cationic system as reported by the Mukhopadhyay group in their 

work on ionic Box.113 To see the effect of other counter anions, we attempted to synthesize a 

TG-DFP COF film with the PF6 anion by anion exchange. Unfortunately, due to the larger size 

of the counter anion, we were unable to obtain a stable COF film. The resulting film was 

somewhat brittle in nature (Figure S23) and unsuitable for conductivity studies. In addition, the 

PXRD pattern of the broken TG-DFP-COF film appeared completely amorphous. 

Thickness dependent Proton Conductivity and Fuel cell applications of the TG-DFP COF 
film 

To understand how film thickness affects both mechanical actuation and proton conductivity, we 

fabricated TG-DFP COF films with different thicknesses. The thickness of the TG-DFP COF film 

we prepared ranged from 2 - 50 μm, as confirmed by the cross-sectional analysis of the SEM 

images (Figure 7 A-E). Remarkably, we observed a notable correlation between the film 

thickness and the bending curvature and proton conductivity. In particular, thinner films exhibited 

larger bending curvatures (Figure 7F). Furthermore, the thicker films exhibited slower moisture 

diffusion within the COF network, resulting in a reduction in bending curvature. The thickness of 

a proton conducting film plays a crucial role in determining its performance under the actual 

operating conditions of fuel cell. Since the TG-DFP COF exhibits high proton conductivity under 

humid conditions, we conducted electrochemical impedance spectroscopy (EIS) on all films 

under high humidity (RH = 98%). The EIS analysis shows that the proton conductivity decreases 

from 2.8 mS-1 to 0.68 mS-1 as the film thickness increases (Figure 7G-H). This is due to the fact 

that the continuity of ionic channels decreases with increasing film thickness, which leads to 

disruption in the mean free path for proton diffusion.82  

To evaluate the potential application of the TG-DFP COF film, we conducted a study utilizing 

microbial fuel cells (MFCs).115 MFCs are devices that can generate energy through microbial 

activity. Typically, MFCs consist of an anode and a cathode chamber separated by a membrane. 

The anode chamber contains a carbon felt anode on which an E-coli biofilm formation occurs, 

which is submerged in a culture medium. The cathode chamber contains a carbon felt electrode 

and is filled with ferricyanide (Fe (CN)6) catholyte. These chambers are separated by a proton-

conducting membrane. Before the measurement, the solution from anodic side is purged with 

nitrogen gas for 30 min to remove the dissolved oxygen and anodic chamber is tightly sealed to 



 

maintain the anaerobic condition while performing MFC experiment. Both MFC experiments are 

performed at ~25 °C. In our investigation, we compared a commercially available membrane 

with the TG-DFP COF film. The first experiment utilized the two Nafion 212 membrane (Figure 

7I), while the second employed a modified sandwich model (Nafion 212/TG-DFP COF/Nafion 

212) (Figure 7J). We measured the power and current density using linear sweep voltammetry 

(LSV) ranging from open circuit voltage (OCV) to 0 V at a scan rate of 1 mV s-1. The results 

showed that the experiment with two Nafion 212 had a power density of about 47 mW m-2, with 

a maximum OCV of 430 mV. The experiments with the sandwich model showed a power density 

of 85 mW m-2 and an OCV of about 600 mV. These results indicate that the sandwich model 

incorporating the TG-DFP COF film membrane has a higher OCV and power density compared 

to Nafion membranes due to the comparable conductivity, thick biofilm formation on anode 

electrode and minimal crossover of ionic species. To see the effect of other counter anions, we 

attempted to synthesize a TG-DFP COF film with the PF6 anion by anion exchange. 

Unfortunately, due to the larger size of the counter anion, we were unable to obtain a stable 

COF film. The resulting film was somewhat brittle in nature (Figure S23) and unsuitable for 

conductivity studies. In addition, the PXRD pattern of the broken TG-DFP-COF film appeared 

completely amorphous. 

 
 



 

Conclusions 

In summary, we have succeeded in developing a moisture-driven cationic COF actuator, 

TG-DFP, with high proton conductivity, mechanical capabilities, and driving power. Unlike 

other reported COFs, we fabricated our COF actuator at room temperature without the 

need for costly or complicated polymeric additives. Our strategically designed actuator 

exhibits rapid deformation (175°/0.2 s), with fast actuation kinetics than any previously 

reported ordered COFs, MOFs, or cages. The presence of entrapped water molecules 

and a significant number of H-bonds within the COF network plays a crucial role in its 

mechanical motion and intrinsic proton conductivity, allowing it to reach up to 2.8 mS cm-1 

under 99% humidity RH. It is clear that the incorporation of ionic guanidinium units, which 

function as water-sensitive units in the COF network, can be an excellent approach for 

the development of conductive moisture-responsive materials, thus advancing the 

development of advanced smart materials. 
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Figure 1. (A) Schematic illustration for the synthesis of theTG-DFP COF film at room 

temperature in ethanol : H2O (1:1). (B) Simulated crystal structure shown in a spacing 

filling eclipsed model (Cl- counterions have been omitted for clarity) in top view and 

cartoon representations showing the mechanical motion in response to humidity. 



 

 

Figure 2. Microscopy analysis of the TG-DFP COF film: (A) Photograph demonstrating 

the transparency of the TG-DFP COF film (2 cm × 2 cm) when placed over a standard 

white paper featuring a printed university logo. (B) Cross-sectional SEM image of the TG-

DFP COF film. C-E) HRTEM images of the film at different magnifications. F) AFM images 

of the TG-DFP COF (the height profile is shown in the inset). 



 

 

Figure 3. (A) Investigation of the stress-strain behavior of the TG-DFP COF film under 

dynamic mechanical conditions; (B) Bending resistance test of free-standing TG-DFP 

COF film with a thickness of 2 μm; (C) Dynamic water vapor sorption (DVS) isotherm of 

TG-DFP COF powder at 298 K (solid circles adsorption, empty circles desorption); (D) 

High-speed snapshots of the motions of TG-DFP COF film in response to humidity during 

a complete curling-to-straight motion cycle; (E) Plot of time ss deflection angle of the TG-

DFP COF film during actuation; (F) Mechanism of flipping locomotive motion by the TG-

DFP COF film after exposure to humidity. 



 

 

Figure 4. Thermogravimetry coupled to FTIR (AGIR) experiments: (A) Evolution of the 

mass gain (in percent) of the TG-DFP COF film during various wet (RH=4%)/dry cycles 

at 25 °C under Ar carrier gas flow (25 cm3/min). (B) and (C) correspond to the 3D and 2D 

plots of the evolution of the IR spectra and bands, respectively, of the film during the 

various cycles. The red and green colors in (C) correspond to the negative and positive 

evolution of corresponding vibration bands, respectively. The spectra were subtracted 

from the spectrum of the film at steady state under dry Ar. (D-F) Two-dimensional 

correlation FTIR spectroscopy (2DCOS) analyses of H2O/D2O-dependent IR spectra of 

the TG-DFP film versus the RH in various vibrational regions (for clarity). 



 

 

Figure 5. (A) Optical adsorption isotherms of H2O on TG-DFP (area of the ν(OH) band at 

⁓3380 cm-1 versus H2O pressure); (B) Evolution of the ν(CN) structural band’s intensity 

of the film (at 1286 cm-1; in absolute value) versus H2O pressure. (C) ν(OH) band area 

versus H2O pressure (modeled curves). Large dotted line: curve proportional to the 1286 

cm-1 band height (identical factor for 20, 50 and 70 °C), small dotted line: Langmuir model 

and solid line: sum of the previous two. (D) Cycles of H2O (5 mbar/1h) / H2O (0 mbar/2h) 

in Ar (20 cm3 min-1) at 20°C. For (A), (B) and (C): experimental data (circle) and modeling 



 

curve (solid line). The vertical arrow in (C) and D) indicates the range of ν(OH) band area 

variation during cycles at 20 ⁰C and 5 mbar of H2O. 

 

Figure 6. (A) Nyquist plot of TG-DFP COF film under varying humidity levels; (B) Plot of 

relative humidity vs proton conductivity; (C) Temperature-dependent proton conductivity 

measurements for the TG-DFP COF film (20–100 °C); (D) Graphical representations 

depicting the suggested pathway for proton conduction. 



 

 

Figure 7. A-E) Cross-sectional SEM images of TG-DFP COF film at different thickness, F) The 

plot of the maximum bending curvature of the TG-DFP COF film (2cm) as a function film thickness 

(µm), G-H) Thickness dependent proton conductivity analysis of TG-DFP COF film, Microbial fuel 

cells (MFCs) experiment for (I) Nafion 212 membrane and (J) Nafion 212/TG-DFP COF/Nafion 

212). 

 

 

 

 

 



 

Supplemental videos 

Video S1: Mechanical flexibility of the TG-DFP COF film. 

Video S2: Actuation cycles in response to humidity. 

Video S3: Locomotive motion of TG-DFP COF film. 

Video S4: Actuation behavior of the TG-DFP COF film in presence of acetone. 

Video S5: Actuation behavior of the TG-DFP COF film in response to dichloromethane and water. 

Video S6: Actuation behavior of the TG-DFP COF film in response to ethanol.   
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