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Abstract text. The assembling of 3-dimensional porous organic frameworks on the surface of 

carbon nanotubes have been designed and successfully developed for the first time, thought 

hybridization of imine-based porous organics polymer (i-POP) and oxidized MWCNT in one-

pot chemical synthesis. The resulting hybrid material, ox-MWCNTs@i-POP, exhibits a 

conformal structure that consists in a uniform amorphous organic layer covering the ox-

MWCNT surface. Insights into the mechanical fracture strength of individual hybrid 

nanotubes has been provided from atomic force microscopy measurements. The results 
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evidence a very robust hybrid tubular nanostructure that preserves the benefits from the 

porous organic polymer, such as CO2 adsorption. In addition, this hybrid material presents 

exceptional mechanical and electrical properties, merging the properties of the CNT template 

and i-POP. Further digestion of the organic structure with aniline enable to study the interplay 

between the hybrid interface and its nanomechanics. 

1. Introduction

The appeal of nanomaterials lies in their ability to downscale conventional technologies

through their unique features such as large surface-to-volume ratio and their physical-

chemical properties, which are often distinct from the bulk material.[1] The possibility to 

anchor nanomaterials through bottom-up fabrication from molecular precursors has a large 

influence on their stability, performance and the ability to produce more consistent and 

reproducible structures.[2] The strategy of combining two nanomaterials to form hybrids is 

gaining attraction for solving the current issues associated to the fabrication of nanodevices 

such as mechanical stability and long-term performance.[3] The in-situ synthesis of 

nanomaterials on the surface of other nanomaterials can lead to interfacial effects as 

consequence of the interaction between both components, which can influence on its 

composition, structure, surface area and related properties.[4,5]  

Porous organic polymers (POPs) have appeared as a new promising material of 

microporous solids with robust carbon backbones. They form covalently bonded organic 

frameworks with well controlled 2D o 3D structures as a consequence of the assembling of 

molecular building blocks.[6–9] The molecular units are organic molecules that react and form 

strong covalent bonds, which provide rigidity to form novel architectures. Design and 

development of POP-based hybrid structures holds interesting prospects to create hybrid 

materials with unprecedented properties.[10–12] Among the possibility to hybridize POP with 

functional nanomaterials, carbon nanotubes (CNTs) are great candidates to be used as 
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templates for the POP nucleation and growth.[13] These hybrid materials can take the 

advantages of the self-assembling aspects of the POP and its intrinsic chemical properties 

(useful for CO2 capture, storage or catalysis)[14,15] along with the exceptional physical 

properties of the CNTs (superior mechanical strength and electrical conductivity).[16,17]  The 

interaction between the POP building blocks and the CNTs will affect fundamental properties 

of these hybrid nanomaterials, determining its reactivity,[18] and morphology.[19] Only few 

examples in the literature report the synthesis of porous organic materials using nanocarbons 

as template (either CNTs or graphene).[20–27] These examples used POP with 2-dimensional 

structure and showed the improvement of the hybrid performance for different potential 

applications such as catalysis, gas adsorption, batteries or supercapacitors. Although the 

properties of these molecular hybrids at the nanoscale are pivotal for their performance at the 

macroscale, their study at the single molecule level has been scarcely explored. 

Mechanical properties constitute one fundamental beacon providing relevant insights 

about the molecular structure of nanocarbon materials, including graphene and carbon 

nanotubes.[28] This issue is special relevant for CNTs, which usually requires the oxidation of 

its structure in order to achieve chemical functionalization. It is well-known that such 

oxidation induces degradation of many different properties of this material, in particular a 

clear decrease in the toughness of CNTs is observed upon defect creation via oxidation.[29] 

Therefore, it would be highly convenient to have a chemical approximation to tune the 

durability of these CNTs and permit their simultaneous functionalization. 

Atomic Force Microscopy (AFM) is an adequate approach for exploring molecular 

materials at the nanoscale in a multiple fashion, including topographical structure, electrical 

and mechanical properties.[30] In fact, the nanometric tip of AFM allows the controlled 

manipulation of molecular materials at the nanoscale and the deformation of such nano-sized 

materials will allow the study of their mechanics.[31,32] In contrast with the average 

information provided by bulk measurements of a large ensemble of molecules, the single 
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molecule approach enables to study details at the nanoscale, which may have a large influence 

on its macroscopic performance. For example, it is well known that the mechanical strain is 

an intrinsic property of a material, but it can be importantly modified as a function of defect 

density or grain boundaries.[33,34] Additionally, the mechanical behaviour of a certain material 

strongly depends on its structure at molecular level and how the chemical bonds respond to 

the mechanical stress,[35] thought elastic[36–38] or plastic[39-41]  deformations that have been 

measured at single molecule level. However, to the best of our knowledge, nothing is known 

about the effect on mechanical properties of hybridizing nanocarbons with organic materials. 

Therefore, we hypothesized that the encasement of ox-MWCNTs with POP would preserve 

and even improve the mechanical properties of the CNTs in the hybrid material, with the POP 

acting as a reinforcement.  

In this work, a novel ox-MWCNTs@i-POP hybrid is synthetized through the in-situ 

growth, for the first time, of a 3D imine-containing organic polymer, referred as i-POP 

(Figure 1a),[42] that conformally coats the carbon nanotubes (Figure 1b). This material has 

been characterized by  electron microscopies, X-ray, Raman, RMN and FT-IR spectroscopies. 

In addition, their optical, electrochemical and CO2 adsorption properties have been studied. 

Furthermore, this material has been manipulated using the torsional force of the AFM 

cantilever, which allows the quantitative study of the fracture dynamics of the hybrid 

nanotube in comparison with oxidized and pristine MWCNTs. These studies allow to connect 

the mechanical response and the structure of the material, showing that it is a great candidate 

for application in nanodevices such as CO2 capture and storage. 

2. Results and Discussion

2.1. Synthesis, morphology, structure and composition of the hybrid 

The synthesis of a robust material bonded by strong imine bonds have been achieved by 

dynamic covalent chemistry between tetrakis(4-aminophenyl)methane and terephthaldehyde, 
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referred as i-POP. Through bottom-up assembling of those building blocks with oxidized 

MWCNTs (ox-MWCNTs), we have been able to produce a hybrid nanotube structure. We 

thought that the oxidation of MWCNTs will facilitate the hybridization with the i-POP, 

through imine condensation reaction,[43]  keeping both components strongly bonded (vide 

infra). The resulting material is denoted as as ox-MWCNTs@i-POP hybrid. The synthesis of 

this i-POP layer on the surface of p-MWCNTs was unsuccessful and resulted in the formation 

of POP particles randomly nucleated independently from the CNTs (Figure S15). This 

control experiment indicates that p-MWCNTs cannot act as template for the POP nucleation 

and suggest that for the formation of a homogeneous POP coverage, it is of the utmost 

importance the adequate functionalization of the MWCNTs prior to the POP synthesis.  

The morphological characterisation of the ox-MWCNTs (left, Figure 2) and ox-

MWCNTs@i-POP hybrids (right, Figure 2) performed using different microscopies (from 

top to bottom: SEM, TEM and AFM) is shown in Figure 2a. The relatively low 

magnification of the SEM data reveals a homogeneous nanostructure of the hybrid material. 

TEM data revealed that a well-controlled coating of the CNTs has been achieved during the 

in-situ synthesis of the organic material on the ox-MWCNTs surface. Indeed, the tubular 

structure of ox-MWCNTs can be clearly resolved from a conformal coating layer that 

uniformly cover the carbon material with a homogeneous thickness. In addition, the 

topographical height of the nanotube adsorbed on a solid substrate determined by AFM can be 

interpreted as the nanotube diameter. All microscopies reveal a conspicuous thicker diameter 

of the ox-MWCNTs@i-POP hybrid than the corresponding ox-MWCNTs. The thickness of 

the i-POP coating, measured from TEM images, ranges from 8 to 12 nm (see Supporting 

Information, Figure S2). 

The diameter distribution of ox-MWCNTs and ox-MWCNTs@i-POP from an analysis 

of SEM, TEM and AFM images is shown in Figure 2b. Diameters of ox-MWCNTs and ox-

MWCNTs@i-POP are of 11±4 nm and 32±7 nm (average ± SD), respectively. In general, the 
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diameter of the ox-MWCNTs@i-POP is around three times higher than that of the ox-

MWCNTs. It is worth mentioning that the diameter distribution for each technique is slightly 

different to the others in terms of absolute numbers. This is due to the proper limitations of 

sample preparation as well as the intrinsic properties of each technique. 

The elemental chemical analysis of the new hybrid material is presented in Table 1 

together with those of their individual components, ox-MWCNTs and i-POP. The results 

show that the hybrid contains an intermediate composition between the individual materials. 

In addition, the nitrogen content in the hybrid material is a clear indication of the contribution 

of i-POP material to the hybrid composition. In order to evaluate the composition and 

structure of the hybrid material, we have performed Raman spectroscopy since it is a very 

useful technique to reveal the presence of carbon nanotubes in the hybrid structures (Figure 

3a).[44] In general, the spectrum of the hybrid shows the contribution of the vibrational modes 

of ox-MWCNTs and i-POP materials. More specifically, the hybrid contains several bands at 

⁓1163 cm-1  (C-Harom from benzene rings), at ⁓1349 cm-1  (D band of ox-MWCNTs), at 

⁓1592-1623 cm-1 (C=C from benzene rings, C=N groups from imine linkage and G band of 

ox-MWCNTs) and at ⁓2696 cm-1 (2D peak of ox-MWCNTs). [44,45]  

The composition of the hybrid material has been also studied using FT-IR and NMR 

spectroscopies in solid state. The FT-IR spectra of the hybrid (Figure 3b) shows the same 

fingerprints than corresponding i-POP, with the most characteristic peaks of the imine linkage 

highlighted with a pale grey box in Figure 3b. These signals, observed at 1620 and 1200 cm-1, 

correspond to C=N and C-C=N-C stretching vibrational modes,[43] proving the formation of 

imine covalent bonds (see FT-IR spectra of molecular precursors in Figure S3). In addition, a 

peak at around 1700 cm-1 is presented in both samples, which is ascribed to aldehyde moieties 

from residual unreacted functional groups. The hybrid structure was further analysed by 13C 

CP/MAS solid NMR (Figure S4). The assignation of the peaks, presented in Table S1, 

confirms the formation of i-POP structure. It also appears a peak at 191.97 ppm that 
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corresponds to aldehyde groups from non-reacted terephtaldehyde molecules, which agrees 

well with FT-IR results.  

In addition, the crystallinity of the resulting hybrid material was evaluated by X-ray 

diffraction (Figure S5). A PXRD diffractogram of a typical amorphous material was found 

for the ox-MWCNTs@i-POP. To this regards, we tried to improve the crystalline of the ox-

MWCNTs@i-POP material under solvothermal conditions (Figure S6). However, we found 

that the crystallization process results in the segregation of large 3D crystals of the imine 

material. The resulting hybrid material consists in a mixture of MWCNTs and i-POP crystals, 

most probably because the large 3D crystal sizes (200-500nm crystal size) cannot be folded 

onto the high curvature of the oxidized MWCNTs.  

2.2. Mechanics of ox-MWCNTs@i-POP hybrid 

The results shown above demonstrate the formation of a hybrid material with a well-

controlled morphology and structure. The growth of the organic polymer has occurred on the 

ox-MWCNTs surface forming a uniform POP coating. Until now, we have discussed bulk 

techniques that cannot access to the individualized physical properties of the nanotubes. In 

this sense, we have studied the individual nanotubes using AFM, a convenient tool for the 

morphological and mechanical characterization of different materials at the nanoscale. In 

particular, we have studied the fracture behaviour of nanotubes with the aim of understanding 

the mechanics of this hybrid material at single-molecule level. We used the nano-

manipulation abilities of AFM to cut individual ox-MWCNTs and hybrid nanotubes with 

torsional force (Figure 4a). First, the AFM tip stablishes mechanical contact with the mica 

surface with a loading force of 60 nN. Afterwards the tip is dragged on the mica to induce the 

nanotube breakage. Subsequently, the tip releases the surface to come back to imaging mode. 

When the cantilever is bent and the tip is pushing on the surface, it is laterally moved at a 
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constant velocity of 250 nm/s while recording the normal and torsional forces. Thus, the 

forces during the nanotube-tip contact are monitored and combined with the AFM 

topographies, which enable to study its fracture mechanics. When the torsional force exerted 

by the tip exceeds the fracture strength, the nanotube is laterally broken. The topographies 

(Figure 4b) reveal little deformation of the tube at the fracture place, indicating that the 

torsional force is mostly invested in the breakage process. 

Figure 4c (bottom) shows a typical lateral force-distance curve obtained during the 

cutting process for ox-MWCNTs@i-POP hybrid nanotube. The chart present three 

differentiated behaviours. First, the curve represents the lateral force between the tip and the 

mica surface. The torsional force is around ⁓2.5 µN while the loading force on the surface is 

about 60 nN. The second region accounts to the interaction between the tip and the tube: the 

lateral force presents a short jump that indicates the contact between the tip and the tube. 

Afterwards the torsional force increases on the stationary tube from 2.5 to 3.5 µN. At this 

point, the static friction has been overtaken and the lateral torsion of the AFM tip induces the 

fracture of the nanotube. The normal force just increased 0.7 nN (see Figure S7), which 

means that the fracture was mainly caused by the torsional force. After the peak (Figure 4c), 

the lateral force decreases progressively, relaxing the accumulated torsional force and bending 

the extremes of the ox-MWCNTs@i-POP. Finally, the cantilever recovers the initial torsion. 

Figure 4c (top) shows the topographical profiles of the nanotube before (dark blue) and after 

(pale blue) its fracture. 

Figure 5a shows a comparative study of all the breakage events carried out with ox-

MWCNTs, ox-MWCNTs@i-POP hybrids and pristine-MWCNTs. The p-MWCNTs material 

was used to control how the functionalization process has an influence on their fracture 

resistance. Our data, as it was expected, confirms that the oxidized MWCNTs are less 

resistant to the fracture than the p-MWCNTs (average ± SE of 0.7±0.1 and 1.0±0.1 µN, 

respectively). Even though CNTs are considered an extremely resistant material,[46,47] the POP 
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coating the ox-MWCNTs increases the lateral force necessary for the fracture to 1.5±0.1 µN. 

Strikingly, in the case of uncoated tubes (either pristine or oxidized) the lateral force grows 

with the nanotube diameter (Figure 5b). This interesting behaviour is related with the 

molecular structure of the carbon nanotubes. In the case of pristine and oxidized MWCNTs 

(uncoated tubes), the fracture resistance depends on the number of layers, i.e. the more walls 

of the nanotube (larger diameter), the higher is the lateral force required for breakage.[48] This 

behaviour is consistent with the scenario where each wall-to-wall interphase acts as a barrier 

for the fracture propagation.[49] Therefore, the total force required to fracture the nanotube 

corresponds to the sum of the forces employed to break each wall of the pristine-MWCNTs or 

ox-MWCNTs. 

In contrast, the fracture behaviour of the ox-MWCNTs@i-POP hybrid nanotubes are 

not dependent on the nanotube diameter. This suggest that the mechanics of the POP coverage 

differs to that of the CNTs. The fact that the fracture force remains roughly constant with the 

POP thickness suggests that once a fracture slit is generated on the POP surface, it penetrates 

through the POP layer and completely breaks the material. Since the force necessary to 

fracture the hybrid nanotube is higher enough to fracture the MWCNTs, the whole ox-

MWCNTs@i-POP hybrid nanotube is cutted. Furthermore, the interesting mechanical 

response to the fracture for the hybrid material can be attributed to the POP dynamic structure 

based on the interlocking network of covalent bond extended in three dimensions. 

2.3. Multifunctional material: optical, electrochemical and CO2 sorption properties 

The mechanical-structure relationship studied above has enabled to know the features of the 

hybrid structure, which plays a crucial role for preserving the nanotube morphology and the 

exceptional physical properties of the CNTs such as robustness. Additionally, the imine-

linkage POP on the CNT surface is a functional material for applications such as sensing, 
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photovoltaics, electrochemistry and catalysis. In this sense, we have studied several properties 

necessary for their conversion into a nanodevice. We have used Diffuse Reflectance 

Spectroscopy (DRS) and fluorimetry to study the optical properties of the materials (Figure 

S8). The absorption spectra reveal that ox-MWCNTS@i-POP absorbs light in the UV and 

visible range as CNTs. However, the absorption properties of the i-POP shows an abrupt 

absorption increase around 500 nm, which indicates that it behaves as a semiconductor with a 

gap energy of 2.5 eV. In addition, the emission curves for the hybrid material show the 

emission band centred at 537 nm, between ox-MWCNTs (533 nm) and i-POP (553 nm). From 

these bulk measurements, the thin semiconductor polymer layer (⁓8 nm) of ox-MWCNTS@i-

POP material seems transparent and thus, their bulk optical properties are dominated for the 

nanocarbon material. 

We have also performed electrochemical cyclic voltammetry (CV) for ox-

MWCNTs@i-POP, ox-MWCNTs and i-POP. The CV of the i-POP material shows a very low 

specific current due to the low intrinsic conductivity of the material (Figure S9). However, 

the ox-MWCNTs and the hybrid material presented an important increase of the specific 

current at positive voltages, which is ascribed to the high electrical conductivity of the CNTs. 

Furthermore, the rectangular-like shape of CVs for ox-MWCNTs and hybrid samples 

indicates a capacitive behavior. The combination of the conductive of CNTS and 

insulator/semiconductor behavior of the i-POP coating results in a significant improvement of 

the capacitive behavior of the materials.   

The nitrogen adsorption-desorption isotherms were studied for the ox-MWCNTs@i-

POP hybrid material and ox-MWCNTs (Figure S10). Since the specific surface area of 

MWCNTs is very high, we found a BET surface area of ox-MWCNTs (244 m2/g). However, 

when such material is coated by i-POP, the BET value decreases to 74 m2/g. Moreover, the 

pore size distribution reveals for the hybrid material the presence of micropores (1-3 nm) 

characteristic of the POP structure together to mesopores (60-80 nm). This characteristic 
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porosity of the hybrid at the micro and mesoscale suggests its potential for hosting guests for 

efficient gas capture, phase separation or catalytic reactions. Therefore, we have studied the 

CO2 adsorption capacity of the ox-MWCNTs@i-POP hybrid material using 

thermogravimetric analysis (method detailed in the experimental part). The CO2 uptake 

experiment of the hybrid sample is presented in Figure 6a.  The CO2 adsorption properties of 

the ox-MWCNTs@i-POP has been compared with their individual materials at temperatures 

of 25, 50, 75 and 100°C (Figure 6b). For all the measured temperatures, the hybrid material 

presents a higher CO2 sorption capacity (reported as mg CO2 adsorbed/g of adsorbent in 

Figure 6b) than that for ox-MWCNTs and i-POP. At lower temperature, the three material 

behaved similarly. By contrast, at higher temperature (100 ºC), the CO2 sorption efficiency of 

the hybrid and i-POP material became similar and are able to adsorb more CO2 than 

MWCNTs. Finally, several cycles of CO2 adsorption-desorption were performed at 25°C 

without any decrease in the adsorption capacities as shown Figure S12, which confirms the 

reversibility and stable reproducibility of the CO2 adsorption on the ox-MWCNT@i-POP. 

The CO2 adsorption efficiency at the different temperatures agrees well with reported values 

for ox-MWCNTs and COF-nanocarbon materials.[27,50,51] The higher affinity to CO2 of the 

hybrid material in comparison with ox-MWCNTs is attributed to a more favourable CO2-

material interaction as a consequence of the presence of imine bonds in the i-POP. 

Overall, optical, mechanical, electrical and adsorption properties are pointing out that 

this hybrid material combines the features of its individual components (MWCNT and i-POP). 

2.4. Insights into the hybrid interface 

In order to obtain more information about the i-POP structure, we tried to address the 

interface between the two components of the hybrid nanotube by chemical digestion of the i-

POP. Since the i-POP formation is a reversible chemical reaction, the nucleophilic attack with 
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aniline reacts with the imine linkage of the POP.[52] We stirred ox-MWCNTs@i-POP powder 

in aniline at 80 ºC during one hour that reduced the diameter of the tubes from 29.3±0.5 nm to 

9.4±0.5 nm (average ± SE) as determined by TEM analysis (Figure 7a-b), which is similar to 

uncoated ox-MWCNTs. Surprisingly, we found that the lateral force required for fracturing 

individual ox-MWCNTs@i-POP-digested nanotubes is higher than those necessary for 

uncoated CNTs, but similar to that of the initial hybrid material (Figure S13). Moreover, we 

found that this force does not depend on the diameter of the material as was observed for the 

initial hybrid material. The presence of imine in the ox-MWCNTs@i-POP-digested was 

confirmed by the observation of C=N vibrational modes at the FT-IR spectra (Figure S14). 

Interestingly, even when the sample was digested for 3 days under aniline and 80 ºC, we 

found the same results than those observed for 1 hour digestion. All the above results indicate 

that the i-POP layer at the interface with the ox-MWCNTs present a different chemical 

composition with irreversible covalent bonds, very stable to digestion with aniline.  

AFM topographical data of ox-MWCNTs, ox-MWCNTs@i-POP and ox-

MWCNTs@i-POP-digested allow performing roughness analysis along the tubular structures. 

The Fourier transform of the topographies results in peaks that indicate the existence of 

repetitive grain boundaries (Figure 7c).[53,54] The thick POP layer of ox-MWCNTs@i-POP 

material presents a significant roughness, which indicates that POP has grown in a granular 

structure on the CNT surface. However, the nanometric structure of the ox-MWCNTs@i-

POP-digested tubes present a low roughness, similar to that of the ox-MWCNTs.  

In order to put in the proper context the data obtained, it is necessary the calculation of 

the material fracture strength, which is an intrinsic material property and can be obtained as 

the ratio between the fracture force and the tip-material contact area. Estimation of such area 

depends on the diameter and roughness of the nanomaterial studied (using R=2(Rtip/RNT)1/2 

equation[55]; see SI for further details). Therefore, it is possible to directly compare the 

estimation of fracture strength of  the ox-MWCNTs@i-POP-digested, p-MWCNTs and ox-
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MWCNTs, owing the similar diameters and corrugations found for this series of materials. 

The results (Figure 7d) show a strength fracture values of 0.95±0.09, 1.66±0.13 and 

1.63±0.08 GPa (average ± SE) for ox-MWCNTs, p-MWCNTs and ox-MWCNTs@i-POP-

digested samples, respectively. The results evidence that the mechanical properties towards 

the fracture of the ox-MWCNTs has been improved with the POP coating up to reach fracture 

strength values similar to p-MWCNTs. 

In summary, the data shown above clearly demonstrates a great enhancement of 

fracture resistance of ox-MWCNTs by the formation of a very thin layer of the i-POP, which 

is very stable towards chemical digestion. 

3. Conclusions

This work describes the synthesis and characterization of a new 3-dimensional imine-POP 

material hybridized with ox-MWCNTs. A successful in-situ synthesis of ox-MWCNTs@i-

POP hybrid material have been achieved by one-pot chemical reaction and forming a uniform 

coating on the ox-MWCNTs surface. The characterization of this material confirms that the 

composition and structure correspond to the contribution of both components of the hybrid. 

AFM manipulation has provided a method for observing and measuring the fracture resistance 

of individual tubular nanostructures, observing that hybridization with i-POP results on a 

mechanical reinforcement of the ox-MWCNTs. Importantly, this is the first mechanical study 

that explore POP structure and its hybridization with ox-MWCNTs at single-molecule scale. 

The chemical treatment with aniline digest the i-POP coating without complete elimination, 

importantly keeping its mechanical reinforcement. This suggests the formation of covalent 

bonds at the interface between the ox-MWCNT and i-POP. Tuning of robustness and 

dimensions of hybrid nanotubes can be very useful for the optimal design and manufacturing 

of nanodevices. Furthermore, optical, mechanical, electrical and adsorption properties are the 
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result of the combination of the features of its individual components (MWCNT and i-POP), 

and suggest the possible use of this material in nanodevices for sensing, storage or 

electrocatalysis. 

4. Experimental Section

Synthesis procedure: A 15 mL ethanolic mixture of tetrakis(4-amino-phenyl)methane (30 mg)

with terephthalaldehyde (21.8 mg) and acetic acid (10 µL) are mixed with a dispersion of 5 

mg of ox-MWCNTs – either pristine or oxidized – in ethanol (15 mL). The mixture was 

stirred overnight at ambient conditions. The precipitate was obtained by vacuum filtration, 

washed with ethanol and dried in vacuum for 24 hours. Same procedure was used to produce 

a referenced POP material except for the incorporation of CNTs. The crystallization process 

was performed to the hybrid material under hydrothermal condition using same amounts of 

building block and nanocarbons and a solvent mixture of mesylene:dioxano (1:9) during 

several hours (from 1 to 72 h) and at 120ºC. Also, a re-growth from the amorphous material 

was carried out under the same hydrothermal conditions. The nucleophilic attach to the imine 

covalent bond was performed by 1 hour and also, extended to 3 days stirring of ox-

MWCNTs@i-POP sample in aniline at 80 ºC. All the chemical reagents, solvents and 

building blocks were purchased by Sigma-Aldrich. The oxidized MWCNTs were purchased 

to Nanocyl Ltd. 

Morphological and structural characterization: Morphological characterization of the 

materials was carried out using a scanning electron microscope (Philips XL30 S-FEG) at 2.5 

keV and transmission electron microscope (JEOL JEM 1011 with Gatan ES1000Ww camera) 

operating at 100 keV. Measurements of the nanotube diameter were done using ImageJ 
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software. Crystallinity was studied using X-Ray Diffraction (XRD), Panalytical X'pert PRO. 

FT-IR spectroscopy was used to evaluate structural features of the different materials using an 

Agilent Cary 630 FTIR spectrometer in Attenuated Total Reflectance (ATR) mode. The 

chemical structure of the hybrid material was also analysed by solid NMR spectroscopy in a 

Bruker AV 400 WB spectrometer running at 300 MHz for 13C. Raman spectroscopy was 

performed to analyze the features of both materials but especially, those of the CNTs using a 

Renishaw PLC spectrometer with 532 nm wavelength laser-excitation, 1 µm spot size and 0.5 

mW of power.  The chemical composition was obtained by Elemental Analyzed LECO 

CHNS-932. Electrochemical experiments were performed under argon atmosphere at RT in 

aqueous solution (NaClO4) as supporting electrolytes. Measurements were carried out with an 

Ivium CompaqStat potentiostat interfaced with a computer. A standard three-electrode 

electrochemical cell was used. Potentials are referred to an Ag/AgCl. The working electrode 

was a Pt wire and the auxiliary electrode consisted in 1 mg of the sample deposited on glassy 

carbon electrode. The optical features of the samples (absorption and emission spectra) were 

analyzed using UV-Vis Diffuse Reflectance Spectroscopy (DRS). Absorption studies were 

obtained in the range of 250–700 nm by UNICAM. Emission spectra of solid samples were 

measured in a Fluorescence Spectrofluorometer Jasco FP-800, using 450nm as excitation 

wavelength. Adsorption–desorption isotherms were carried out on Micrometrics ASAP 2010 

at 77K with N2 as adsorbate. Specific surface area (according to BET) and porosity (according 

to BJH) were determined assuming 0.162 nm2 as the nitrogen molecule area. 

Thermogravimetric analysis: Thermogravimetric analysis (TGA) were performed using TA 

Instruments TGA Q500 (TA Instruments, New Castle, USA) with a ramp of 5◦C/min under 

Ar gas from room temperature to 800◦C. For CO2 adsorption experiments, Ar and CO2 were 

used as the purge and furnace gases at the flow rates of 90 mL/min. In order to dehydrate and 
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degas the samples prior CO2 adsorption, the temperature of the furnace was raised to 100◦C 

at the rate of 5◦C/min, then the temperature was down to room temperature and after 

verification of stable weight, the furnace gas was changed to CO2. At each temperature (25, 

50, 75 and 100◦C), an isotherm of 60 minutes was performed. Cycling test was performed 

by a similar method at 25◦C. As initial step, the sample was heated to 100 °C under Ar 

atmosphere and results in a mass decrease due the presence of moisture in the sample. Once a 

constant mass was achieved, the temperature was reduced to a set level of 25°C and the flow 

gas was switched to CO2. After an isotherm of 60 minutes, temperature was increased by 

steps of 25°C up to 125°C, observing a mass decrease since temperature facilitates the CO2 

desorption process. 

AFM characterization: The AFM imaging and nanomechanical measurements were evaluated 

using an atomic force microscope (Nanotec Electrónica) operating in dynamic mode.[56] The 

AFM was housed inside a temperature-controlled chamber (18 ºC). All the experiments were 

carried out with rectangular silicon nitride AFM cantilevers (RC800PSA, Olympus, Tokyo, 

Japan) with nominal length of 100 µm, width of 20 µm and thickness of 800 nm. The 

employed AFM probes have a nominal spring constant of 0.35 N/m and were routinely 

calibrated using the Sader´s method.[57] The lateral force applied to the AFM tip was 

calibrated using a TGZ1 silicon grating[58] and the lateral spring constant was calculated using 

the formula: KN/KL = ½ (h/l)2 being KN and KL the normal and lateral spring constant, h the 

tip height and l the length of the cantilever.[59]  More information about the calibration of the 

lateral force can be found in the supplementary information (Figure S1). The tip radii of our 

AFM probes were estimated to be 15 nm based on the shift observed between the 

topographical curve and the lateral force curve when measuring the calibration Si-grating. For 

evaluation of the fracture mechanics of the nanotubes, a script was developed in WSxM 
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software to draw a path line, through which the AFM tip will be moved at a constant speed of 

250 nm/s and an indentation of 200 nm (60 nN). Lateral and normal forces curves were 

recorded for the forward indentation, lateral displacement and backward indentation. 

Furthermore, images before and after the tip lateral displacement were acquired.  All the 

obtained images and curves were processed using the WSxM software.[60] 

For adsorption of the samples, 10 µL of the sample dispersion (1%wt. in ethanol, sonication 

of 1 hour) were deposited on a mica flat surface. The non-adsorbed particles and contaminants 

were removed by drying the sample with N2. 
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Figure 1. Schematic representation of a) the synthesis of i-POP, constructed from two organic 
building blocks (amine and aldehyde) linked by imine bonds and b) synthesis strategy of this 

work to combine organic building blocks with ox-MWCNTs. 
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Figure 2. Nanotube morphology. a) From top to bottom: SEM, TEM and AFM images of 
ox-MWCNTs (left images) and ox-MWCNTs@i-POP hybrid materials (right images). b) Box 

chart of diameter distribution of ox-MWCNTs (black) and ox-MWCNTs@i-POP hybrids 
(red) measured from SEM, TEM and AFM images. 

Figure 3. Structural characterization. a) Raman spectra showing the vibrational structure of 
ox-MWCNTs@i-POP in comparison with its individual components (their characteristic 
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Raman modes are highlighted in the graph). b) FT-IR spectra of as-synthesized i-POP and ox-
MWCNTs@i-POP. Pale grey boxes indicate the features of the imine linkage, the C=N (at 

1620 cm-1) and C-C=N-C (at 1200 cm-1) stretching vibrational modes. 

Figure 4. Fracture experiments. a) Representation of the breakage process for an individual 
nanotube using the torsional force of the AFM probe. b) Topographical images before (left) 

and after (right) the breakage of a ox-MWCNTs@i-POP hybrid nanotube, indicating the path 
length of the AFM tip with a white arrow. c) Top: topographical profile before (dark blue) and 
after (pale blue) the nanotube fracture and bottom: lateral force as a function of the path of the 

AFM tip. 

Figure 5. Mechanical behaviour of nanotubes. a) Box chart of lateral force applied by AFM 
tip to cut individual nanotubes. b) Effect of the diameter in the lateral force for cutting 

nanotubes of ox-MWCNTs, ox-MWCNTs@i-POP and p-MWCNTs as a reference. 
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Figure 6. CO2 uptake. a) TGA showing mass changes due to the CO2 adsorption obtained 
from the ox-MWCNTs (black line) and ox-MWCNTs@i-POP (red line). Black dashed line 
indicates the temperature of the experiment. b) CO2 sorption capacity of the hybrid material 

and its individual components. 

Figure 8. Digestion of ox-MWCNTs@i-POP hybrids. a,b) TEM images of ox-
MWCNTs@i-POP-digested showing the decrease of the hybrid nanotube diameter c) 

roughness measured by FFT of nanotube topographies measured by AFM as function of the 
length profile and d) fracture strength calculated from the lateral force measured during the 

breaking events. 
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Table 1. Content in atomic percent of C, H and N for ox-MWCNTs, i-POP and ox-
MWCNYs@i-POP hybrid. 

Sample %C %H %N 

ox-MWCNTs 87.7 0.46 0.17 

i-POP 79.86 5.22 8.41 

ox-MWCNTs@i-POP 81.7 4.34 7.52 
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Supporting Information 

Carbon Nanotube Covalently Coated by Imine-based Porous Organic Polymers: 
Exploring Structure-Property Relationships through Nanomechanics 

Alicia Moya,[a] Marta Pérez-Illana,[b] Mercedes Hernando-Pérez,[b] Carmen San Martín,[b] 
Julio Gómez-Herrero, [a],[c] José Alemán,* [d],[e] Rubén Mas-Ballesté, * [e],[f] Pedro J. de 
Pablo* [a],[c] 

Calibration of the AFM and cantilever spring constant: A simple method to calibrate the 

frictional force from lateral force and topographical images using an atomic force microscope 

has been performed using a rectangular silicon nitride AFM cantilevers with the following 

dimensions: 800 nm thick, 100 µm long and 20 µm wide. Its normal spring constant and 

frequency resonance is routinely calibrated using Sader´s method[44] before all the 

experiments and obtaining values of 68-74 kHz and 0.29-0.35 N/m, respectively. From the 

formula described in experimental section, we obtain the lateral spring constant of the 

cantilever, KL = 690-832 N/m, which will be used for the calibration of the frictional force. 

When the tip is laterally moving, the focused laser on the cantilever changes its angle of 

reflection on the photodetector. These changes are registered by a voltage signal, which must 

be calibrated into force units. For such propose, the lateral calibration factor was determined 

using Si-grating with step heights of 20.3 ± 1.5 nm height. Lateral force images were acquired 

for such a grid and converted into force curves to calculate the lateral calibration factor. For 

example, the graph in Figure S1 shows the increase of the lateral force when the AFM tip 

touches the step of the grid and, from this slope, we obtain a calibration factor in units of 

V/nm. The calibrated value obtained from different lateral forces images results 0.022 V/nm. 

Finally, the voltage signal of the lateral force is converted to Newtons using the lateral spring 

constant and the above calibrated value.  
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Figure S1. Lateral force curve obtained from the lateral force image of a Si-grid of 20 nm. 

Figure S2. Left: Relation between the POP thickness and the CNT diameter. Right: 
Distribution of the POP thickness measured from TEM images. 
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Figure S3. FT-IR spectra of ox-MWCNTs (black curve) and POP precursors: tetrakis(4-
aminophenyl)methane (red curve) and terefhalaldehyde (green curve). 
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Figure S4. Solid-state 13C CP-MAS spectrum of synthesized ox-MWCNTs@i-POP hybrid 
material. The characteristic chemical 13C-NMR shifts in ppm hybrid are assigned in the table 

below. 

Table S1. Signal assignment of 13C-NMR spectra of Figure S4. 
Signal Asignement 

30.33 Solvent 

63.84 Aliphatic quaternary: α-aromatic 

117.89 Aromatic: β-aliphatic, γ-imine 

129.77 Aromatic: β-vinyl 

134.9 Aromatic: α-aliphatic, p-imine 

137.94 Aromatic: α-vinyl 

141.53 Aromatic: α-carbonyl 

146.54 Aromatic: β-imine, γ-aliphatic 

157.23 Alkene: α-imine, α-aromatic 

191.97 Carbonyl: α-aromatic 

5 10 15 20 25 30 35 40
2θ (º)

 ox-MWCNTs
 ox-MWCNTs@i-POP
 i-POP

Figure S5. X-ray diffraction pattern of ox-MWCNTs and ox-MWCNTs@i-POP hybrid 
material. 
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Figure S6. TEM image of the crystallized ox-MWCNTs@i-POP material (left) its 
corresponding XRD pattern (right). 
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Figure S7. Normal force as a function of the AFM tip path corresponding to the fracture of 

the individual ox-MWCNTs@i-POP hybrid nanotube showed in Figure 4. 

Figure S8. Optical properties of of ox-MWCNTs (black curve), ox-MWCNTs@i-POP (red 
curve) and i-POP (blue curve): a) absorption spectra and b) emission spectra. 
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Figure S9. Electrochemical cyclic voltammetries of the of ox-MWCNTs (black curve), ox-
MWCNTs@i-POP (red curve) and i-POP (blue curve) materials tested at a scan rate of 50 

mV/s. 

Figure S10. N2 adsorption isotherms (left) and pore size distribution (rigth) of ox-MWCNTs 
and ox-MWCNTs@i-POP hybrid material. 
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Figure S11. Thermogravimetric decomposition curves under Ar atmosphere. 
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Figure S12. Cycling test of the CO2 adsorption on the ox-MWCNT@i-POP hybrid material. 

Figure S13. Effect of the diameter in the lateral force for cutting nanotubes of ox-MWCNTs, 
ox-MWCNTs@i-POP, p-MWCNTs and ox-MWCNTs@i-POP-digested. 

Figure S14. FT-IR spectra of ox-MWCNTs (black curve) and hybrid treated with aniline (red 
curve). 
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Figure S15. SEM and TEM image of the control sample referred as p-MWCNTs@i-POP. 
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