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ABSTRACT 

Carbon nanotube (CNT)-based materials allow for the direct conversion of light into heat 

and then into mechanical force in so-called photo-mechanical effect. This effect has been 

observed almost solely in the form of polymer (nano)composites, where CNTs act as active 

fillers. To overcome the issue with heterogeneous distribution, hybrids based on multiwalled 

carbon nanotubes (MWCNTs), covalently modified with poly(2-hydroxyethyl methacrylate)-

graft-poly(ε-caprolactone) brushes (MWCNTs-PHEMA-g-PCL), were prepared, and their 

photo-mechanical actuator behavior, without the need for mixing with an elastomer, was 

proven. The MWCNT-PHEMA-g-PCL hybrids were synthesized using the surface-initiated 

reversible addition-fragmentation chain transfer polymerization of 2-hydroxyethyl 

methacrylate, with subsequent ring-opening polymerization of ε-caprolactone from the pendant 

hydroxyl groups of PHEMA. It was found that the MWCNT-PHEMA-g-PCL hybrid material 

containing 24 wt% of MWCNTs possesses the properties of thermoplastic elastomers, while 

retaining their elastic properties at least up to 100 °C. It exhibits an excellent, fully reversible, 

repeatable, and fast photo-mechanical actuation behavior. 
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INTRODUCTION 

Since their discovery by Iijima in 1991, carbon nanotubes (CNTs) have become an attractive 

material for many applications due to their unique properties, which make them applicable in 

the fields of nanoscience, bioengineering, and nanotechnology 1. The main obstacles to their 

use in many applications are their chemical inertness and hydrophobicity, resulting in a low 

solubility/dispersivity in most solvents 2. Moreover, CNTs tend to agglomerate due to their 

large aspect ratios and the strong π-π interactions between them, resulting in a problematic 

dispersibility in solvents and polymer matrices 3,4. The agglomeration can be avoided by 

chemical functionalization. The functionalization can provide an improvement of the 

dispersibility of the prepared hybrid fillers, ensure their exfoliation in polymer bulk, as well as 

improve their compatibility with other components 5. The functionalization of CNTs by 

polymer chains is usually performed after the initial modification of CNTs, either via oxidation 

6–10 or diazonium coupling reactions of aniline derivatives in the presence of alkyl nitrite 11–14. 

Oxidation is one of the most widely used methods for CNT sidewall modification. The main 

feature of this type of functionalization is that only a small fraction of the carbon in the nanotube 

becomes functionalized, usually ranging from 0.25 to 3.5 wt.% 6. In contrast to the oxidation 

approach, the diazonium coupling approach provides the anchoring of chemical moieties 

bearing different functional groups (COOH, OH, NH2, COCl, COOEt, NO2, Cl, and F) at a high 

functionalization degree (up to 21 wt.% 13), which allows for the use of a broad range of grafting 

polymerization techniques  11,13,15.  

Nowadays, controlled polymerization techniques are widely used for the surface 

modification of CNTs. The “grafting from” approach results in polymer coatings with a 

precisely controlled structure and architecture of the grafted polymer chains, with the possibility 

of varying the grafting density 15,16. Reversible deactivation radical polymerization (RDRP) 

techniques are characterized by a good control over the molecular characteristics, with 
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negligible both chain transfer and irreversible termination 17. Reversible addition-fragmentation 

chain transfer (RAFT) polymerization is one of the RDRP techniques and is highly adaptable 

and widely applicable for various vinyl monomers with a wide range of both solvents and 

reaction temperatures 18. RAFT is based on degenerative chain transfer reactions, which are 

usually mediated by a thiocarbonylthio-based chain transfer agent (CTA) 19. General strategies 

for surface-initiated RAFT polymerization (SI-RAFT) can be achieved in two different ways: 

(a) covalent anchoring of a free radical azo-initiator to the surface, followed by SI-RAFT 

polymerization in the presence of a CTA in the solution 20–22; (b) surface CTA attachment, 

followed by SI-RAFT, which is initiated by a free radical azo-initiator 7,9,10,16,23–29.  

Both neat CNTs 30  and polymer-coated CNT hybrids 31 were also studied in relation to their 

application as photo-mechanical actuators. Photo-mechanical actuators belong to the group of 

smart materials that change their physical properties in the presence of a light stimulus 32. Since 

the neat CNTs showed a limited capability, and their dispersion seems to be crucial 30, 

modification techniques were used to improve this. Non-covalent modification was effectively 

applied to improve the dispersion and thus the photo-mechanical actuation capability 33. 

However, this is just a short-term solution due to the fact that the migration of the non-

covalently attached moieties can occur. Therefore, Ilčíková et al. showed that the covalent 

modification of CNTs with polymers of a similar structure as that of polymer matrices 

(polystyrene-based 34 and poly(methyl methacrylate)-based thermoplastic elastomers 35) can 

lead to a significantly improved photo-actuation capability and also to a long-term overall 

mechanical stability of the composite. It was found that the important factors affecting the 

photo-mechanical actuation performance are the homogeneous distribution of the CNTs within 

the polymer matrix and the retention of the elastic properties at higher temperatures.  

Therefore, here, we decided to investigate the photo-mechanical actuation performance of 

neat hybrids consisting of MWCNTs with a covalently bound poly(2-hydroxyethyl 
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methacrylate)-graft-poly(ε-caprolactone) (PHEMA-g-PCL) brush copolymer.  In such a 

material, the homogeneous covering of the MWCNTs by polymers should ensure the 

homogeneous distribution of MWCNTs within the material. At the same time, a sufficiently 

high content of PCL polymer with a low Tg and relatively low Tm could, under irradiation, 

provide the material with elastic behavior, in which CNTs will also serve as crosslinking points 

at higher temperatures. Thus, the work presented here demonstrates the preparation of novel 

hybrids based on MWCNTs modified through the “grafting from” strategy by the combination 

of the RAFT polymerization of HEMA and, subsequently, the ring-opening polymerization 

(ROP) of -caprolactone CL, initiated by the pendant hydroxyl of PHEMA chains. The 

particular synthetic step and the final MWCNT-PHEMA-g-PCL hybrid were analyzed using 

numerous experimental techniques, while MWCNT-PHEMA-g-PCL showed a fully reversible 

and fast photo-mechanical actuation performance in a repeatable manner within the tested 

number of 11 consecutive light off–on cycles.  

 

EXPERIMENTAL 

Materials 

Multiwalled carbon nanotubes (MWCNTs) were provided by Nanostructured & 

Amorphous Materials (Houston, TX). The MWCNTs were obtained using a chemical vapor 

deposition, with an outside diameter of 60-100 nm, length of 5-15 m, specific surface area of 

40-600m2/g, and purity  95%. 4-(4-cyanopentanoic acid) dithiobezoate (CPAD) (Sigma 

Aldrich,  97%) and 2-hydroxyethyl methacrylate (HEMA) were purchased from Acros 

Organics, with a purity  98%.  Azobisisobutyronitrile (AIBN) (Sigma Aldrich,  98%) was 

purified by recrystallization from ethanol. N,N-Dimethylformamide (DMF) was supplied by 

Acros Organics, with a purity of 99.8%. -Caprolactone (-CL, Sigma Aldrich, 97%) was 

distilled twice before use. Stannous octoate (SnOct2) was received from Sigma Aldrich with 
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purity 92.5 – 100.0%. Ethylene glycol (anhydrous, 99.8%) and thionyl chloride (97%) were 

supplied by Sigma Aldrich, and 4-dimethylaminopyridine (DMAP, 99%) and N,N´-

dicyclohexylcarbodiimide (DCC, 99%) were obtained from Acros Organics and were used 

directly. All other reagents were used without further purification. 

 

Analyses 

The 1H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer, using 

deuterated methanol or chloroform as a solvent. 

The molar masses and molar masses dispersity were determined using gel permeation 

chromatography (GPC), consisting of a P102 pump from Watrex, with a flow rate of 1.0 

mL/min, and evaporative light scattering detector (ELSD) model 1000 from PL-Agilent UK-

USA at an evaporation temperature of 120 °C. As a stationary phase, the column TSKgel 

GMHHR -M from TOSOH was used. The DMF from Sigma-Aldrich or chloroform from 

MACRON, both HPLC grade, was used as an eluent. The GPC system was calibrated with 

polystyrene standards.  

The ATR-FTIR spectroscopy measurements were performed using a Nicolet Impact 400 

FTIR spectrometer, with a resolution of 4 cm-1 and a scan range of 4000 – 400 cm-1.  Raman 

measurements were performed using a Thermo Fisher Scientific DXR Raman microscope, with 

a 532 nm laser.  

The XPS spectra were recorded using a Thermo Scientific K-Alpha XPS system (Thermo 

Fisher Scientific, UK), equipped with a monochromatic Al Kα X-ray source (1486.68 eV).  An 

X-ray beam of 400 µm was used at 6 mA × 12 kV. The spectra were acquired in the constant 

analyzer energy mode, with a pass energy of 200 eV, for the survey. Narrow regions were 

collected with a pass energy of 20 eV. The Thermo Scientific Avantage software, version 

5.9918 (Thermo Fisher Scientific Inc., East Grinstead, UK), was used for digital acquisition 
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and data processing. Spectral calibration was achieved using the automated calibration routine 

and the internal Au, Ag, and Cu standards supplied with the K-Alpha system. 

The X-ray diffraction spectra were taken on Empyrean (PANalytical) diffractometer 

using the irradiation source, Cu Kα1 (0.15406 nm), at a tension of 45 kV, current of 40 mA, 

and the PIXcel1D detector. The data were acquired in gonio mode within a 2θ range from 10° 

to 60°, with a step size of 0.0066° and scan speed of 0.01° s−1. The Debye–Scherrer equation 

is as follows 36. 

𝐷 = 0.94
𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                  (1) 

where D is the apparent particle size, â is the full-width at half-maximum (FWHM) of the X-

ray diffraction line in radians, ë is the wavelength (0.15425 nm), and č is the angle between the 

incident ray and the scattering planes. 

 Thermogravimetric analysis (TGA) was conducted using the TGA instrument Perkin Elmer 

TGA 4000 (PerkinElmer, USA) under a flow of nitrogen atmosphere and at a temperature range 

from 50 °C to 700 °C and heating rate of 10 °C min−1.  

 Broad dielectric spectrometry was carried out on a Broadband Dielectric Impedance 

Analyzer (Novocontrol, Germany) in the frequency range from 0.01 Hz to 10 MHz, and the 

standard sample cell BDCS 140 was used.  

 The surface morphologies of the MWCNT hybrids were analyzed using an optical surface 

metrology confocal system profilometer, Leica DCM8 (Leica Microsystems, Germany). The 

images, with a surface area of approximately 29 × 22 µm2, were obtained using a 100 × 

magnification objective, with 6x zooming and EPI 100X 0.9-L objective lens. 

The surface morphologies/topographies of the MWCNT hybrids were observed by atomic 

force microscopy (AFM) using an MFP-3D system (Asylum Research, USA), equipped with 

an AC160TS cantilever (Al reflex coated Veeco model-OLTESPA, Olympus, Japan). Scanning 
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was carried out under ambient conditions using tapping mode in air (AC mode) at a scan rate 

of 0.5 Hz over an area of 5 × 5 µm2.  

The dynamic mechanical analysis was performed using DMA/SDTA 861 (Mettler Toledo, 

Switzerland) in shear mode at a frequency of 1 Hz in a temperature range from 25 °C to 100 °C 

and under a nitrogen atmosphere. The linear viscoelastic region (LVR) was established from 

Fig. 9a at 0.1 strain deformation () value. Frequency sweeping was performed in the LVR from 

0.05 Hz to 50 Hz. The samples of a circular shape with an 8 mm diameter and 0.3 mm thickness 

were cut from the films prepared by the solution casting method, using chloroform as a solvent. 

The photo-mechanical actuation performance of the samples were measured using thermo-

mechanical analyzer (TMA, Mettler Toledo) following previously reported studies for 

comparison 31. Briefly, a red LED diode (Luxeon Rebell, Philips) was applied for irradiation, 

and 10 s on/ 50 s off intervals were established. The diode operates at 627 nm at various light 

source intensities from 6 mW to 12 mW, under a 7% pre-strain of the samples. The investigated 

samples were in the form of stripes, with a 15 mm length, 1.9 mm width, and 0.3 mm thickness. 

 

Preparation of MWCNTs-OH 

A suspension of MWCNTs (2.0 g) in 65% nitric acid was prepared by bath sonication for 

30 min and subsequent stirring under reflux for 24 h. After cooling them down to laboratory 

temperature, the carboxylated MWCNTs were separated by vacuum filtration and washed with 

deionized water several times, until a neutral pH was achieved. The isolated product was dried 

under vacuum at 50 °C, yielding 1.22 g of MWCNTs-COOH. Dried MWCNTs-COOH (1.2 g) 

were reacted with a SOCl2 excess (50 mL) under reflux for 24 h. The residual SOCl2 was 

removed under vacuum. The remaining MWCNTs-COCl were immediately reacted, without 

further purification, with ethylene glycol (40 mL) at 120 °C for 24 h. The solid product was 

separated by vacuum filtration using a 0.22 m PTFE membrane and carefully washed out with 
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deionized water and THF. The resultant solid was dried overnight under vacuum at 50 °C, 

yielding 1.0 g of hydroxyl group-functionalized MWCNTs (MWCNTs-OH).  

 

Attachment of CPAD on the MWCNT surfaces 

The compounds CPAD (0.63 mmol, 177 mg) and MWCNTs-OH (0.60 g), were added to a 

25 mL two-necked flask, and the mixture was sonicated in 10 mL of DMF for 30 min. After 

the addition of DMAP (75 mg) and DCC (130 mg) to the mixture, the dispersion of MWCNTs-

OH was reacted for 1 h at 0 °C.  Subsequently, the mixture was stirred at room temperature in 

the dark for 48 h. Then, the solid part was filtered off using a 0.22 m PTFE membrane and 

washed out with ethanol, THF, and deionized water to completely remove any possible 

absorbed CPAD.  The resultant solid was dried overnight under vacuum at room temperature, 

yielding 0.50 g of MWCNTs-CPAD. 

  

Grafting of poly(2-hydroxyethyl methacrylate) via surface-initiated RAFT polymerization  

100 mg of MWCNTs-CPAD, HEMA (1.65 g, 12.6 mmol), free CPAD (9 mg, 0.03 mmol), 

and 4 mL of DMF were added to a 10 mL dry Schlenk flask and sealed with a glass stopper. 

After sonication for 30 min at 25 °C, the Schlenk flask was degassed by three freeze-pump-

thaw cycles, back filled with argon, immersed in an oil bath pre-heated to 70 °C, and stirred. 

Polymerization was initiated by the addition of 0.127 mL of azo-initiator (AIBN) from a stock 

solution of 0.5 M AIBN in DMF.  The polymerization was quenched after 24 hours by the 

immersion of the flask in ice water, and the polymerization mixture was diluted with 200 mL 

of DMF, sonicated for 30 min at 25 °C, and filtered through a 0.22 m polycarbonate 

membrane. To ensure that free polymer chains were completely removed from the product, it 

was subsequently purified by dispersion in methanol and filtering. This procedure was repeated 

three times, followed by drying under vacuum to a constant weight.    
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Cleavage of poly(2-hydroxyethyl methacrylate) from MWCNTs-PHEMA 

PHEMA chains were cleaved from the MWCNT surfaces under basic conditions as follows: 

The MWCNTs-PHEMA (50 mg) was dispersed in 50 mL of a solution prepared from 1 M 

NaOH and ethanol (1:1) and stirred under reflux for 48 h. The reaction mixture was then filtered 

through a 0.22 m polycarbonate membrane. The resultant MWCNTs, after PHEMA cleavage, 

were analyzed by Raman spectroscopy.  

 

Synthesis of MWCNTs-PHEMA-g-PCL hybrids 

The resulting MWCNTs-PHEMA (80 mg), -CL (2.4 g, 0.021 mol), and SnOct2 (1.05 × 10-

4 mol) were placed in a two-necked flask and sonicated for 30 min at 25 °C. The bulk 

polymerization was carried out in an inert atmosphere under reflux for 4 h at 140 °C. The 

polymerization was stopped by cooling down to room temperature, 200 mL of CH2Cl2 was 

added, and the mixture was filtered through a 0.22 m PTFE membrane. The solid was thrice 

re-dissolved in a mixture of CH2Cl2:acetonitrile (1:2 by volume) and separated by centrifugation 

at 20 000 rpm for 15 min. The MWCNT-PHEMA-g-PCL hybrids were dried under vacuum at 

60 °C for 24 h. The non-grafted PCL, formed from the water present in the system, was 

precipitated from the collected solutions into the methanol, dried under vacuum, and analyzed 

by GPC (see Fig S2).   

 

Synthesis of MWCNT-PCL hybrids 

The MWCNTs-OH (80 mg), -CL (2.4 g, 0.021 mol), and SnOct2 (1.05 × 10-4 mol) were 

placed in a two-necked flask, purged with argon for 15 min, and sonicated for 30 min at 25 °C. 

The polymerization was carried out at 140 °C for 2 h and stopped by cooling down to room 

temperature and adding 200 mL of CH2Cl2. The mixture was filtered through a 0.22 m PTFE 
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membrane, and the solid was thrice re-dissolved in a mixture of CH2Cl2:acetonitrile (1:2 by 

volume) and separated by centrifugation at 20 000 rpm for 15 min. The MWCNT-PCL product 

was dried under vacuum at 60 °C for 24 h. The non-grafted PCL, formed from the water present 

in the system, was precipitated from the collected solutions into the methanol and analyzed by 

GPC. 

 

Synthesis of PHEMA-g-PCL matrix  

HEMA (0.165 g, 1.26 mmol), free CPAD (2.5 mg, 0.008 mmol), and 2 mL of DMF were 

added to a 10 mL dry Schlenk flask and sealed with a glass stopper. The Schlenk flask was 

degassed by three freeze-pump-thaw cycles, back filled with argon, immersed in an oil bath 

pre-heated to 70 °C, and stirred for 24 hours. Polymerization was initiated by the addition of 

AIBN (6 × 10-4 mmol from stock solution of 0.5 M AIBN in DMF). The polymerization was 

stopped after 24 hours by the immersion of the flask in ice water and aeration. The monomer 

conversion determined by 1H NMR was 82%. The Mn and dispersity of PHEMA were 11,000 

g mol-1 and 1.26, respectively. 

PHEMA (0.135 g, 1.04 mmol of hydroxyl groups) in 1.5 mL of DMF, -CL (9.9 g, 86.6 

mmol), and SnOct2 (352 mg, 0.86 mmol) were placed in a two-necked flask and purged with 

argon for 15 minutes. The polymerization was carried out at 140 °C and stopped after 4 h by 

cooling down to room temperature. Subsequently, 200 mL of CH2Cl2 was added, and the 

mixture was precipitated twice into the methanol dried under vacuum. The bimodal character 

of GPC traces was observed with the Mn of individual peaks of 139,000 g mol-1 and 3400 g 

mol-1, corresponding to the PHEMA-g-PCL copolymer and PCL homopolymer, respectively, 

at an approximate ratio of 2:1 (see Fig S3). 

 

RESULT AND DISCUSSION  
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Synthesis design  

The overall synthesis route for preparation of novel hybrid material based on MWCNTs 

grafted with brush copolymer is presented in Figure 1. It is well known that MWCNTs possess 

light-to-heat-to-mechanic conversion activity, where they serve as a light absorber and 

molecular heater at the same time. Such properties were used primarily in composite materials 

to form actuator or storage material 37. The advantage and significance of the hybrid designed 

in the present work is that it does not need to use any polymer matrices or other components 

for its photo-mechanical actuation performance. Rationally, the oxidation of MWCNTs to form 

MWCNTs-COOH (Figure 1, step A-1) was chosen as a technique for introducing a low 

population of reactive places, allowing for subsequent brush-like structure formation. The 

subsequent reaction with ethylene glycol allowed for the introduction of hydroxyl groups 

(MWCNTs-OH, Figure 1, steps A-2 and A-3) for further modification. The CPAD was used as 

a CTA for covalent bonding on the MWCNT-OH (Figure 1, step B). Dithiobenzoates are 

frequently used as CTAs for the RAFT of (meth)acrylate and styrene-based monomers 38–40. 

Moreover, they are utilized for the grafting of polymers from a wide range of surfaces, such as 

silica and gold nanoparticles 16,41, cellulose 42, and MWCNTs 10.  The surface immobilization 

of CPAD to MWCNTs-CPAD was conducted using the R-group approach through a 

condensation reaction between carboxyl functional groups of CPAD and hydroxyl groups 

present on the MWCNT-OH surfaces. Further, MWCNTs-CPAD were grafted with PHEMA 

using SI-RAFT polymerization to MWCNTs-PHEMA in order to increase the population of 

hydroxyls, as pendant groups. (Figure 1, step C). Finally, the pendant hydroxyl groups of 

PHEMA were used as initiators for the ROP of -CL to produce MWCNTs-HEMA-g-PCL 

(Figure 1, step D).  

From the point of view of the applicability of such a material, it is worth mentioning that in 

addition to the expected photo-mechanical actuation behavior, the poly(hydroxyethyl 
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methacrylate)-graft-poly(ε-caprolactone) (PHEMA-g-PCL) grafted to the different types of 

surface, such as  hydroxyapatite 25, silicon wafer 43, Fe3O4 magnetic nanoparticles 44, and carbon 

black 45, has previously been found to improve the physicochemical and thermoresponsive 

properties, and thanks to the biocompatible and hydrophobic characters of PCL, the hybrids can 

also be used for various biomedical applications 46,47.   

 

 

Figure 1. Schematic illustration of the sequential grafting of polymers from the surface of the 

MWCNTs. 

 

PCL, HEMA-g-PCL, and MWCNTs-PCL (Figure 1 step B’) were also prepared and 

included in the discussion to compare them with the properties of the MWCNT-HEMA-g-PCL 

hybrid. 

 

Synthesis and characterization of MWCNTs-PHEMA-g-PCL 

The successful incorporation of CPAD on the surface was verified using ATR-FTIR and 

XPS. The FTIR spectra (Figure S4a) of MWCNTs-OH showed the absorption of OH groups at 

around 3280 cm-1. After the subsequent attachment of CPAD, the absorption peak at 1086 cm-

1 assigned to the vibration of the C=S group 26 appeared. Additional characteristic peaks of CTA 

moieties, such as C-H and C=O stretching vibrations centered at 2920 and 1720 cm-1, 

respectively, could also be seen (Figure S4b). The modification of the surface of the MWCNTs 
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was also confirmed by XPS analysis (Table 1 and Figure 2). Pure MWCNTs showed only a 

small oxidation on the surface, with a strong C1s asymmetric signal from sp2 carbon at  284.4 

eV and a symmetric loss peak at 291 eV, corresponding to excited  electrons (labeled as -* 

in Figure S5). The MWCNT-OH sample showed a signal increase at  286.0 eV, corresponding 

to the C-O group 48. Additionally, an increase of oxygen signals, corresponding to aromatic 

carbonyls (C=Oar at ~531.5 eV), aliphatic carbonyls (C=Oal at ~532.4 eV), and hydroxyls (C-

O at ~533.4 eV), was observed. In the XPS spectra of MWCNTs-CPAD, a successful 

immobilization of CTA on the MWCNT-OH surfaces was confirmed by presence of sulphur 

and nitrogen elements at  164.1 eV and  399.5 eV, respectively, due to the CPAD 

modification (Figure 2b, Table 1). 10  
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Figure 2. XPS data of a) neat and modified MWCNTs, b) C1s comparison of neat and modified 

MWCNTs, and c) S2p region of MWCNT-CPAD. 
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Table 1. Surface composition of the samples in atomic percentages, as determined from the 

XPS survey spectra. 

 Surface chemical composition (at.%) 

Sample O1s 

C=Oar/C=Oal/C-

O/# 

C1s 

sp2/sp3/CO/C=O/OCO/* 

S2p Cl2p/ 

N1s/Si2p/Sn3d 

MWCNTs 
1.2 

0.1/0.6/0.4/0.1 

98.8 

89.6/5.3/1.2/-/-/2.8 

- -/-/- 

MWCNTs-OH 
4.3 

1.4/1.1/1.5/0.3 

95.5 

83.6/6.6/2.3/-/0.1/3.0 

0.1 0.1/-/- 

MWCNTs-CPAD 
4.5 

0.5/1.7/2.1/0.2 

94.7 

76.8/9.3/4.7/-/0.7/3.1 

0.3 0.1/0.4/- 

MWCNTs-PHEMA 
11.6 

0.3/6.1/4.9/0.3 

85.2 

57.6/14.8/7.4/2.6/1.4/1.3 

0.2 0.1/1.7/ 

1.2 

MWCNTs-

PHEMA-g-PCL 

23.6 

0.6/15.4/7.1/0.5 

66.9 

8.5/40.5/10.2/1.4/6.2/0.1 

- -/-/9.3/0.1 

   # refers to the O2C=O signal;49 * refers to -* signal. 

 

From the TGA curves (Figure 3), it can be seen that while crude MWCNTs remained 

basically stable up to 600 °C, MWCNTs-OH had about a 2.5% weight loss below 450 °C, and 

MWCNTs-CPAD had about a 4.0% weight loss below 450 °C. The weight loss difference of 

1.5% for MWCNTs-CPAD corresponds to a CPAD concentration of 5.5 × 10-5 mol per gram 

of MWCNTs-CPAD. 
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Figure 3. TGA curves of (a) crude MWCNTs, (b) MWCNTs-OH, (c) MWCNTs-CPAD, (d) 

MWCNTs-PHEMA, (e) MWCNTs-PHEMA-g-PCL, (f) MWCNTs-PCL, and (g) PCL. 
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The MWCNTs-CPAD were used for the RAFT polymerization of HEMA. In order to 

suppress the termination reactions on the surface due to the high local concentration of radicals, 

sacrificial CTA was also used. Free CTA is commonly added to a reaction system to suppress 

termination reactions by recombination and to improve the control of the growth of molar 

masses of the grafted polymers 27–29,50–52. After 24 hours of polymerization, MWCNTs-PHEMA 

was separated from the free PHEMA formed from the sacrificial CTA. The Mn and dispersity 

of the free PHEMA were determined to be 12,300 g/mol and 1.2, respectively, confirming a 

good control of the polymerization. The chemical structure of the polymers grafted onto the 

MWCNT surfaces was confirmed by FTIR and XPS. In the FTIR spectra of MWCNTs-

PHEMA, the peak at 3425 cm-1 can be attributed to the stretching vibration of the pendant 

hydroxyl groups of PHEMA (Figure 2). The presence of grafted PHEMA via the RAFT 

polymerization of HEMA was also proved by XPS, where a significant increase of the oxygen 

content, from 4.5 at.% for MWCNT-CPAD to 11.6 at.% for MWCNT-PHEMA, with an 

increase of the typical C1s signals at  286.3 eV (C-O) and at  289.0 eV (OC=O), was observed 

(Figure 2, Table 1). The signal of sp2 carbon is a strong indication that the thickness of the 

PHEMA layer on the MWCNT surface is low.  

The TGA of the MWCNTs-PHEMA showed a 10.5% weight loss in the region up to 450 

°C (Figure 3). Thus, the density of the grafted PHEMA calculated from the TGA and Mn of 

PHEMA was ~ 1.2 × 10-2 chains per nm2. This is in good agreement with our expectations, 

based on generally known lower density of functional groups obtained by the oxidation of 

CNTs, compared to the density of hydroxyl groups achieved by the modification of MWCNTs 

using diazonium chemistry11. In addition, the grafting density value is also in good agreement 

with a comparable “grafting from” experiment that we conducted using the ring-opening 

polymerization of CL from MWCNTs-OH. In this case, the weight loss in the TGA of the 
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MWCNTs-PCL was 24%, corresponding to the density of the grafted PCL, with an Mn of 

49,700 g/mol and approximately 1.1 × 10-2 chains per nm2.  

The low grafting density determined for MWCNTs-PHEMA provided sufficient space for 

the subsequent grafting of the CL from the pendant hydroxyl groups of grafted PHEMA. After 

the grafting of PCL, the peak at 3425 cm-1 from the pendant hydroxyl groups of PHEMA was 

significantly decreased. At the same time, a significant increase of the absorption peaks at 1723 

cm-1 and 2950 cm-1 from the carbonyl group stretching vibrations and C-H vibrations of the 

methylene groups, respectively, both attributed to PCL, were observed (Figure 4), similarly as 

reported by Lee et al.53, and also observed by us, for MWCNTs directly grafted by PCL (see 

also Figure S6).  

In XPS, the grafting of PCL from MWCNT-PHEMA resulted in a further increase of the 

oxygen content to 23.6 at.%. The C/O ratio for this sample was calculated to be ~ 2.84, which 

is close to the theoretical C/O ratio of pure PCL (equal to 3). It should be mentioned that, in the 

MWCNT-PHEMA-g-PCL sample, some silicon contamination (Si2p at  102 eV) was also 

detected, so some of the determined oxygen can come from this contamination too, thus slightly 

increasing the C/O ratio. The C1s spectra showed a decrease of sp2 carbon down to only 8.5 

at.%, accompanied by the presence of strong C1s signals at  286.3 eV (C-O) and at  289.0 

eV (OC=O), which is typical for polymers and indicates a dense coverage of the MWCNT 

surfaces by PHEMA-g-PCL copolymer (Figure 2, Table 1). 

The TGA of MWCNTs-PHEMA-g-PCL showed a 76% weight loss. From the TGA results, 

it could be calculated that there is approximately 46 CL units per one HEMA unit grafted on 

the MWCNT surfaces. Thus, the average Mn of grafted PCL should be 5250 g/mol, under 

expectation that the ROP of CL was initiated from all hydroxyl groups of the grafted PHEMA. 

However, it should be pointed out that the Mn of free PCL formed simultaneously in the 

polymerization mixture, most probably initiated by residual water, which was found to be 22 
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600 g/mol. This inconsistency with the results from the TGA can be caused by steric hinderance 

in the case of a growth of PCL from MWCNTs-PHEMA, leading either to the formation of 

shorter grafted PCL chains, compared to the free ones, or a growth of PCL chains from not all 

hydroxyl groups of PHEMA or a combination of both, leading to the formation of a tree-shaped 

copolymer. 
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Figure 4. FTIR spectra of MWCNTs-PHEMA, MWCNTs-PHEMA-g-PCL, and PCL. 

 

Raman spectroscopy provided additional proof of the sidewall functionalization of the 

MWCNTs. For the neat MWCNT sample, the strong peak at 1580 cm-1, known as the G band, 

represents a high-frequency scattering mode of sp2 hybridized carbon atoms bonded in a two-

dimensional hexagonal lattice in a similar way to the vibration in a graphitic layer 54. 

A disordered structure induced a peak in the region around 1350 cm-1 related to the D band, 

which is usually associated with the presence of defects in the hexagonal graphitic lattice. These 

defects correspond to the sp3 carbon hybridization and usually serve as proof of the disruption 

of the conjugated delocalized -electron system on the nanotube sidewalls. The increase in the 

sp3 carbon population of the outer layer of the MWCNT surface may also be due to the 

covalently attaching functional groups and grafting with polymer chains 55–57. Accordingly, the 

functionalization of MWCNTs significantly influenced the D-band intensity, resulting in a 
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gradual increase of the ID/IG ratio, with individual modification steps (Figure 5, Figure S8). The 

ID/IG ratio for MWCNTs-PHEMA and MWCNTs-PHEMA-g-PCL achieved values of 0.93 and 

1.10, respectively, compared to the ID/IG ratio of 0.59 for neat MWCNTs. It is worth noting 

that, after the cleavage of the PHEMA chains from the MWCNT-PHEMA surface, the intensity 

of the D band significantly decreased, and the calculated ID/IG ratio was close to that determined 

for MWCNTs-OH (Figure S8). This confirmed that the changes in the ID/IG ratios were due to 

the modification of the surface by polymer chains. 
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Figure 5. Raman spectra of (a) neat MWCNTs, (b) MWCNTs-CPAD, (c) MWCNTs-

PHEMA, and (d) MWCNTs-PHEMA-g-PCL. 
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Physical structure 

The physical structure of the MWCNTs-PHEMA-g-PCL was investigated using X-ray 

diffraction and DSC and compared with the structure of pure PCL, MWCNTs-PCL, and 

PHEMA-g-PCL. In the XRD profiles, the characteristic peaks of MWCNTs can be seen at the 

2θ values of 26.4° and 43.40° indexed to the (002) and (100) reflection of the planes 58. The 

inter-planar spacing (d) was calculated using Bragg’s law (nλ = 2dsinθ), with a peak (002) at 

0.331 nm. The modification of MWCNTs using the RAFT agent and grafting of MWCNTs 

with PHEMA did not influence the MWCNTs crystallographic structure. In sample MWCNTs-

PHEMA, the amorphous structure of PHEMA was confirmed (Figure S10 and Figure 6). In the 

case of the MWCNT-PHEMA-g-PCL sample, the diffraction pattern shows characteristic PCL 

peaks at 2θ = 21.3° and 23.6°, which correspond to the (110) and (200) crystallographic planes, 

respectively (Figure S11). Similarly, these peaks were also observable for the PCL, MWCNTs-

PCL, and PHEMA-g-PCL samples (Figure 6, Figure S11). The apparent crystal size was 

obtained from FWHM by applying Equation (1) to the main peak (110). The results are 

summarized in Table 2. It can be seen that larger crystal domains were formed when PCL was 

grafted from either MWCNTs-OH or PHEMA, compared to neat PCL. In such cases, the 

crystallization of PCL can be simplified by the close presence of parallel PCL chains, thus 

simplifying the formation of larger crystal domains. On the other hand, smaller crystal domains 

were formed in the case of MWCNT-PHEMA-g-PCL. Even though in this hybrid the PCL 

chains are also grown close to each other, the limited space between the PHEMA grafts, in 

which the PCL chains are grown, provides steric hinderance. The steric hinderance can limit 

the PCL chain mobility and can result in a smaller crystal formation, even though the overall 

crystallinity does not need to be affected (see below). 
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Figure 6. The XRD pattern of MWCNTs grafted with various polymers. 

 

Table 2. Summary of the results from XRD analysis, determined from the peak corresponding 

to the (110) crystallographic plane, and from DSC analysis. 

Sample XRD DSC 

2θ    

[°] 

FWHM 

[°] 

D   

[Å] 

Tc 

[°C] 

Tm
a 

[°C] 

ΔHm
a 

[J/g] 

Xc
a 

[%] 

PCL 21.36 0.606 139.5 28.1 54.7 64.4 47.3 

MWCNT-PCL 21.32 0.582 145.2 42.0 52.4 30.5b 22.4 

PHEMA-g-PCL 21.45 0.577 146.5 15.3 45.2 58.6 43.1 

MWCNT-PHEMA-g-PCL 21.35 0.704 120.0 34.5 57.3 55.7b 40.9 
a determined from the 2nd run; b recalculated to the PCL content; cΔHref = 136.1 J/g59. 

 

In DSC, melting and crystallization peaks could be observed in the samples containing PCL. 

It can be seen, from the Table 2, that the grafting of PCL from MWCNT-OH led to a significant 

increase in the crystallization temperature. This is in good agreement with the previously 

reported nucleation effect of fillers on PCL crystallization60. The increase in Tc is less 

pronounced for MWCNT-PHEMA-g-PCL, which may be due to the covering of the MWCNT 

surface by PHEMA chains, thus decreasing the nucleation effect. In addition, a similar decrease 

in Tc was also observed for PHEMA-g-PCL, compared to PCL (see Table 2) 61. Despite the 

strong nucleation effect of MWCNTs, a lower crystallinity was observed for the PCL grafted 

on MWCNTs. This may be due to the lower mobility of the grafted PCL chains60.  In the case 
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of MWCNT-PHEMA-g-PCL, the crystallinity is, however, not so dramatically decreased, 

compared to the crystallinity of pure PCL. This is in good agreement with the reported 

observation that both the Tm and crystallinity of grafted PCL increased with the increasing of 

the grafting density60. In MWCNTs-PHEMA-g-PCL, the grafting density of PCL can be 

expected to be higher than for grafted MWCNTs-PCL with a quite low density, as described 

above. In addition, the crystallinity is closer to that of pure PCL for MWCNT-PHEMA-g-PCL 

hybrids, which may be due to the significantly higher content of PCL, compared to MWCNT-

PCL hybrids. 

  

Morphology 

First, the MWCNTs modified with the RAFT agent, as well as the MWCNTs grafted with 

either PCL or PHEMA-g-PCL copolymer, were visualized using profilometry (Figure 7). In the 

case of MWCNTs-CPAD, both individual and small aggregates could be visible. After the 

surface initiation of the ROP of -CL from MWCNTs-OH, it can be clearly seen that some parts 

of the MWCNTs are not modified, while some bundles are still present, which are paradoxically 

located at the part where the grafted PCL is presented. Evidently, the PCL is grown only from 

a few active hydroxyls from the MWCNTs surface. This is in good agreement with the low 

grafting density calculated from the TGA. Profilometry thus showed a high tendency of 

MWCNTs-PCL to stack and lower aggregation of CNTs, compared to MWCNTs-CPAD, was 

not achieved. In the case of MWCNTs-PHEMA-g-PCL, the images confirmed the presence of 

preferably individual MWCNTs evenly coated with a copolymer layer. This observation 

confirms the effectiveness of the copolymer grafting process in the breaking of MWCNT 

bundles and improving their dispersion. 
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Figure 7. Profilometry of (a) MWCNTs-CPAD, (b) MWCNTs-PCL, and (c) MWCNTs-

PHEMA-g-PCL. 

  

As for the morphology study, atomic force microscopy (AFM), which is one of the most 

versatile methods, combining high resolution and surface integrity of samples, was used. Figure 

8 shows the height, amplitude, and phase profiles obtained from the MWCNT hybrids. Due to 

the amorphous nature of PHEMA, the order structure of individual CNTs covered by PHEMA 

can be observed in the case of the MWCNTs-PHEMA hybrid (Figure 8, left images). 

Conversely, PCL crystallites62 forming a symmetrical triangular structure in the case of the 

MWCNT-PCL hybrids fully suppressed the visibility of CNTs (Figure 8, middle images). In 

the case of the MWCNT-PHEMA-g-PCL hybrids, the PCL did not crystalize in the triangular 

structures (Figure 8, right images). The reason may be that shorter PCL chains and/or their 

higher grafting density also affect the size of the PCL crystallites. This is in agreement with the 

observation from the XRD analysis. 

 

Physical properties of MWCNTs-PHEMA-g-PCL 

The conductivity of the MWCNTs-PHEMA-g-PCL was measured under an AC field by a 

frequency sweep. As can be seen in Figure S12, the conductivity of this hybrid was found to be 

approximately 10-5 S cm-1. Considering that the hybrid contains about 24 wt.% of MWCNTs, 

the conductivity is lower than that described for the PCL composites with even one order of 

magnitude lower MWCNTs filling63. The reason is that the uniform shell of the insulative 

a) b) c) 
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polymer in MWCNTs-PHEMA-g-PCL serves as an electrical barrier between the MWCNTs 

cores and prevents conductive pathway formation, which leads to a decrease of the conductivity 

of the hybrid, even though the MWCNT concentration is high. This is in good agreement with 

the results described by Hayashida et al. for MWCNTs grafted with poly(cyclohexyl 

methacrylate)64, who showed that the conductivity of the hybrid, compared to the composite, 

both containing 15 wt.% of MWCNTs, was approximately 7 orders lower.  

 

Figure 8. AFM images (height, amplitude, and phase profiles) of MWCNTs grafted with 

PHEMA, PCL, and PHEMA-g-PCL chains.  

 

It should be mentioned that the conductivity of the MWCNT-PHEMA-g-PCL hybrids was 

approximately the same in the whole measured range of frequencies. Conversely, when the 

conductivity of the poly(divinylbenzene)-coated MWCNT hybrids in epoxy resins was tested, 
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it linearly increased through several orders with the frequency, almost independently of the 

hybrid loadings65.  

In order to show the influence of the grafting of MWCNT surfaces on the mechanical 

performance, the synthesized samples of both the neat PHEMA-g-PCL copolymer and 

MWCNT-PHEMA-g-PCL hybrid were analyzed in the dynamic mode, because their intended 

application is photo-mechanical actuators, where the dynamic deformation prevails. In Figure 

9a, it can be seen that the hybrid showed an enhanced deformation, while the constant behavior 

at 350 kPa for G` was stable almost in the whole range of the investigated strain, only with a 

negligible decrease at a strain of approximately 1. Thus, no crossing point with G`` due to the 

transition from solid to liquid-like behavior was observed, unlike in the case of the PHEMA-g-

PCL copolymer, with a crossing point at a deformation strain of 0.7. This behavior, together 

with the lower values of both viscoelastic moduli, clearly indicate a better elasticity of the 

hybrid material. This can be attributed to the presence of a higher amount of smaller crystallites 

and/or the absence of PCL homopolymer, which could easily be washed out from the hybrids, 

unlike the PHEMA-g-PCL copolymer. It can also be seen, in Figure 9b, that both materials, the 

neat copolymer and hybrid, show a stable behavior in the investigated range of frequencies, 

indicating a high potential for real applications. 

The dynamic mechanical analysis in the temperature range from 25 to 100°C was further 

investigated (Figure 10). At 25°C, the neat copolymer showed higher values of storage modulus 

and lower values of tan delta, indicating that it is a stiffer material. The hybrids exhibited lower 

values of storage modulus and higher values of tan delta. This could be due to the presence of 

a large number of small crystallites, which provide a more elastic structure. In addition, while 

the storage modulus of the copolymer progressively decreases with the temperature over the 

PCL melting region, an elastic behavior can be observed in the case of the hybrid, showing 

relatively high and stable values up to 100 °C. Thus, even after the melting of the PCL chains, 
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the MWCNTs act as crosslink points of the entangled melted polymer chains, ensuring the 

elasticity of the material. In the photo-actuation systems, the light absorbed by MWCNTs is 

transformed into heat and released into the surrounding polymer environment. Close to the 

MWCNTs, however, local overheating can occur, and retaining the elastic behavior of the 

material at higher temperatures, i.e., at least up to 100 °C, is therefore highly desired.  

 

 

Figure 9. Amplitude (a) and Frequency (b) sweep of the storage moduli (solid symbols) and 

loss moduli (open symbols) for the neat HEMA-g-PCL copolymer (blue triangles) and 

MWCNT-HEMA-g-PCL hybrid (black squares). 

 

 

Figure 10. Temperature sweep of the storage modulus E` (a) and tan delta (b) for the neat 

PHEMA-g-PCL copolymer (black dashed line) and MWCNTs-PHEMA-g-PCL hybrids (blue 

solid line). 
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In order to show that the hybrid material acts as a photo-mechanical actuator 66, the typical 

change in the length of the sample (ΔL) was investigated using a 627 nm wavelength diode as 

a light source, similar to the process employed in previous works based on composites with 

graphene oxide 67–69 or CNTs 34,35. It should be mentioned that the neat PHEMA-g-PCL 

copolymer shows an ΔL  of 10 m (Figure 11), which is a typical value for neat elastic matrices 

used in photo-mechanical actuation applications (7 m for neat PDMS 67, or 12 m for neat 

Vistamaxx 34). The performance of the neat MWCNT-PHEMA-g-PCL sample under an 

intensity of light of 6 mW cm-2 showed a length change of nearly 50 m in a 10 s light-on 

regime and a fully reversible process to the starting length after a 25 s light-off regime (Figure 

11). Such behavior of the MWCNT-PHEMA-g-PCL sample was fully reversible and repeatable 

within the investigated 11 consecutive light on-off cycles.  Such a length change is significantly 

higher than that previously reported for composites consisting of MWCNT-based hybrids in 

styrene-b-isoprene-b-styrene thermoplastic elastomer, with a reported change rate of 0.4 m s-

1 at 5.8 mW cm-2, 34  and it is comparable to those obtained for graphene oxide-based hybrids 

either in PDMS elastomer  (ΔL = 10-75 m at 6 mW cm-2, depending on the GO concentration 

and grafted polymer structure) 67,68  or thermoplastic elastomer, such as Vistamaxx (ΔL up to 

120 m at 6 mW cm-2, depending on the GO concentration) 70. A significantly higher ΔL of 

280 m at 6.6. mW was previously reported only for composites consisting of poly(methyl 

methacrylate)-block-poly(butyl acrylate)-block-poly(methyl methacrylate) (PMMA-b-PBA-b-

PMMA) triblock copolymer filled with MWCNTs-PBL-b-PMMA hybrids35. In that case, 

however, the baseline was not stable, and both the baseline and signal slightly and progressively 

decreased with the number of cycles.  The reason for this may be the partial interaction of the 

MWCNT hybrids with a “hard” PMMA phase leading to the deterioration of the physical 

crosslinking of the system, which is similar to what was described for MWCNTs in SIS 

composites71.  Conversely, in the system reported here, both the signal and baseline are stable. 
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Since there is no matrix presented, and the material consists only of neat MWCNTs hybrids, 

the MWCNTs can effectively serve as crosslinking points, even if some of the crystalline PCL 

domains may melt due to the heat formed by the transformation of the light absorbed by the 

MWCNTs. 

 

Figure 11. Photoactuation performance after 10s of illumination for the PHEMA-g-PCL 

copolymer (a) and MWCNT-PHEMA-g-PCL hybrid (b) at a light power of 6 mW cm-2 and 

ambient temperature in 11 consecutive cycles of illumination in an on (10 s, yellow area) and 

off (25 s, white area) regime. 

 

The photoactuation performance of MWCNT-PHEMA-g-PCL was also investigated at 

various light intensities.  For all of the investigated intensities, a fully reversible process was 

observed in light on/off cycles, and the changes of the length maxima in the 10s light on regime 

were 48, 65, and 90  m for 6, 9, and 12 mW, respectively (Figure 12). Regardless of the light 

intensity and resultant length change, the time for expansion and contraction was the same and 

efficient. It is assumed that the hybrid system consisting of MWCNTs with covalently linked 

PHEMA-g-PCL as a polymer shell, prepared in a controlled manner, allows for the 

homogeneous distribution of the MWCNTs within the material. For this reason, any dramatic 
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local overheating due to agglomerates is overcome, and the heat energy is homogeneously 

distributed within the whole material, so the photo-mechanical actuation can be more effective. 

The very important thing to note here is that the presented system possesses an excellent 

response and subsequent recovery to the initial state, which is very beneficial and was observed 

for chemically cross-linked systems based on PDMS67–69. The systems based on thermoplastic 

elastomers have not followed this trend34 so far. This property has consequences: first, the 

proper redistribution of the heat formed after light stimulation due to the homogenously 

dispersed MWCNTs; and secondly, the knowledge that, generally, chemically cross-linked 

systems showed a better mechanical stability than common physically cross-linked systems, 

which can show a certain creeping behavior under cyclic deformation when subjected to a 

mechanical load. As shown in Figure 10, in the current system, the MWCNTs can act as 

crosslinking points, retaining elastic properties even at a higher temperature and contributing 

to a good shape recovery. The reproducibility and repeatability of this behavior were confirmed 

by 11 consecutive cycles for all of the applied intensities. A maximum experiment result of 

approximately 0.1 mm for 12 mW cm-2  can be acceptable and suitable for the intended 

applications in tactile displays72 and also play the role of photo-mechanical actuator. 

 

Figure 12. Photoactuation performance for the neat MWCNT-PHEMA-g-PCL hybrid at a light 

power of 6 mW cm-2 (a), 9 mW cm-2 (b), and 12 mW cm-2 (c) at an ambient temperature in 11 
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consecutive cycles of illumination during an on (10 s, yellow area) and off (25 s, white area) 

regime. 

 

CONCLUSIONS 

The surface of the MWCNTs modified by CPAD as CTA was successfully grafted with the 

PHEMA-g-PCL copolymer by the combination of SI-RAFT and ROP techniques. The 

synthesized MWCNT-PHEMA-g-PCL hybrids contained 24 wt.% of MWCNTs, and the molar 

ratio of the CL/HEMA units was 46, as calculated from the TGA. The crystallization of the 

PCL in the MWCNT-PHEMA-g-PCL hybrids was affected by both the nucleation effect of 

MWCNTs and steric hinderance in densely grafted chains, leading to crystallization at higher 

temperatures and the formation of smaller crystal domains, compared to the pure PCL 

homopolymer and PHEMA-g-PCL copolymer. The investigation of the mechanical properties 

using viscoelastic measurements showed lower values of storage moduli and higher values of 

tan delta, indicating a more elastic behavior of the hybrid sample, compared to the PHEMA-g-

PCL copolymer. This trend was maintained at elevated temperatures, including above the 

melting temperature of PCL. Such behavior can be connected to the presence of MWCNTs, 

which act as crosslinking points between the entanglements of melted PCL chains. Importantly, 

the high photo-mechanical actuation capability of the neat MWCNT-PHEMA-g-PCL hybrid 

materials was proved, achieving fully reversible and repeatable changes over a sample length 

of 48 m and 90 m for at least 11 consecutive light on-off cycles at 6 mW and 12 mW light 

intensities, respectively. To the best of our best knowledge, this is the first reported photo-

mechanical actuation system based purely on a hybrid material, i.e., without the use of any 

elastic matrix. The advantage of such a system is that modified MWCNTs with a covalently 

linked size-controlled PHEMA-g-PCL polymer shell are homogeneously, regularly, and 

uniformly distributed within the material itself. Thus, dramatic local overheating due to 
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agglomerates is overcome, and the heat energy is homogeneously distributed within the whole 

material, so the photoactuation can be more effective and efficient. Such an approach opens a 

pathway for the design of hybrid materials with a controlled architecture for photo-mechanical 

actuation applications.  

In addition, despite the high MWCNT content, the conductivity of the hybrid was found to 

be only in the order of 10-5 Scm-1 due to the thick and homogeneous polymer shell, which acted 

as an insulator. This broadens the potential application of such flexible hybrids, possessing a 

resistivity in the order of 105 Ohm cm, for area of pressure sensors for human body motion73, 

indicating a further direction for studies on this material. 
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