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————————————————————————————————————— 

Abstract 

A soluble polyhedral oligomeric silsesquioxane (POSS) functionalized multi-walled carbon 

nanotube (MWCNT) hybrid material (MWCNT/POSS) was synthesized, in which the POSS 

content was estimated to be 44wt.%.  This material exhibits a remarkable optical limiting 

performance for nanosecond laser pulses at 532 nm. Thermally-induced nonlinear scattering 

is the primary mechanism for the nonlinear optical response. This behaviour demonstrates 

that the MWCNT/POSS hybrid material is a suitable candidate for viable optical limiting 

devices. 

————————————————————————————————————— 

1. Introduction 

Nanoscale science, engineering, and technology are emerging fields where scientists 

and engineers are beginning to manipulate matter at the atomic and molecular scale levels to 

obtain materials and systems with significantly improved properties.[1] The structural, 

mechanical and unique electrical and optical properties of carbon nanotubes (CNTs) have 

stimulated extensive research activities across the world.[2, 3]  The lack of solubility and 

http://ees.elsevier.com/carbon/viewRCResults.aspx?pdf=1&docID=12171&rev=1&fileID=281272&msid={11BEADDE-8C16-4133-8357-C4AE2BEF1384}
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their difficult manipulation in any solvent have, however, imposed great limitations on their 

use. To improve the solubility of CNTs, various methods have been proposed for their 

functionalizations.[4-10]  Chemical modification of CNTs usually include: (a) the addition 

of 1,3-dipoles and dienes, (b) the addition of nucleophiles, and (c) the addition of radicals. 

Soluble CNTs can be analyzed more thoroughly using various spectroscopic techniques, and 

can also be used to fabricate electronic and optoelectronic devices. 

    It has long been recognized that the need for passive laser protectors to protect human 

eyes and all optical sensors from intense laser beams is not limited to the military, but is a 

growing societal problem that can only escalate.[11] In the past decade, significant research 

effort has been invested into optical limiting materials and processes in an attempt to achieve 

some measure of protection from such laser beams. CNT-based functional materials exhibit a 

broadband optical limiting response covering the visible to infrared region.[12-18] The optical 

limiting responses of CNT suspensions are shown to be dominated by nonlinear scattering as 

a result of thermally induced solvent-bubble formation and sublimation of the nanotubes, 

while solubilized CNTs demonstrate optically limiting   as a result of nonlinear absorption. 

The optical limiting responses exhibit significant solution-concentration dependency . 

    Here an aminopropylisobutyl polyhedral oligomeric silsesquioxane (POSS-NH2) was 

directly reacted with the MWCNTs with surface-bonded acyl chloride moieties 

(MWCNT-COOH) to give a soluble hybrid material MWCNT/POSS (Figure 1). This 

material exhibits a remarkable optical limiting performance for nanosecond laser pulses at 

532 nm. After completion of this work, a similar synthetic method for the preparation of 

MWCNT/POSS has been reported by Chen and his coworker.[19] In their work, 
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MWCNT/POSS was used to prepare the hybrids of the poly(L-lactide)(PLLA).  
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Figure 1. Preparation of the POSS-covalently functionalized MWCNTs. 

2. Experimental  

2.1 General 

    All chemicals were purchased from Aldrich and used without further purification. 

Organic solvents used in this study were purified, dried and distilled under dry nitrogen. The 

MWCNTs, with a diameter of 10~20 nm, a length of 5~15 μm and a >95% purity as well, 

were purchased from Tsinghua Nano-Powder Engineering Centre (Beijing, China). 
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POSS-NH2 was purchased from Hybrid Plastics Company. The operations for synthesis prior 

to the termination reaction were carried out under purified argon.  

Infrared (IR) spectra were recorded on a Nicolet Nagma-IR 550 spectrophotometer 

using KBr pellets. Raman spectra were taken at room temperature with a MicroRaman 

System RM3000 spectrometer and an argon ion laser operating at a wavelength of 514.5 nm 

as the excitation source. The Ultraviolet /Visible (UV/Vis) absorption spectral measurements 

were carried out with a Shimadzu UV-2450 spectrophotometer. Thermal properties of the 

samples were measured using a Perkin-Elmer Pyris 1 thermogravimetric analyzer (TGA) in 

flowing (100 mL min
-1

) N2. Transmission electron microscopy (TEM) images were recorded 

on a JEM-2100S TEM system operated at 100 kV. 

All the Z-scan experiments were performed using 6 ns pulses from a Q-switched 

Nd:YAG laser. The beam was spatially filtered to remove higher-order modes, and tightly 

focused with a 9 cm focal length lens. The laser was operated at its second harmonic, 532 nm, 

with a pulse repetition rate of 10 Hz. Simultaneously, a focusing lens setup was arranged at 

~30° to the direct incident beam to monitor the scattered light from dispersions. All samples 

were tested in 0.1 cm quartz cells. 

2.2 Preparation of MWCNT-COCl 

   5.0 g of crude MWCNTs were marinated in 38% HCl for one day, filtered and washed 

with deionization water until neutral. A mixture of MWCNTs, HNO3 (30 ml, 60%) and H2SO4 

(90 ml, 98%) was sonicated at 40°C for 30 min. first, and then was refluxed 2h. After 

termination of reaction, it was allowed to cool down to room temperature. The mixture was 

diluted with a large amount of deionized water, followed by a vacuum-filtering through a 
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Nylon film (0.45m). The obtained solid, in which polar carboxyl groups were introduced 

into the convex surface of MWCNTs, was washed with water until the aqueous layer reached 

neutral, and then was vacuum-dried at 60°C for 3h. The COOH-containing MWCNTs (500 

mg) were reacted with a large excess of SOCl2 containing a catalytic amount of 

N,N-dimethyllformamide under reflux for 24h. After centrifugation, the remaining solid was 

washed with anhydrous tetrahydrofuran (THF) to remove the residual thionyl chloride.   

2.3 Preparation of MWCNT/POSS hybrid material 

 To a suspension of MWCNT-COCl (50 mg) in anhydrous THF (30 ml) was added  

POSS-NH2 (500 mg) and Et3N (1 ml) under purified argon. The reaction mixture was 

sonicated 1h at 40°C first, and then refluxed at 60°C for 2 days. After cooling to room 

temperature, the dark solution was vacuum-filtered through a Nylon film (0.22m). The 

solid product obtained was washed with distilled water to remove inorganic salts formed 

during the reaction first, and then washed with THF to remove any possible unreacted POSS 

molecules. 72.0 mg of the target material after vacuum-dryness at 50°C for 24h was obtained.   

3. Results and Discussion 

A typical POSS molecule, represented by the formula (R8Si8O12), consists of a rigid and 

cubic silica core with a 0.53-nm side length. Its core is surrounded by eight organic corner 

groups, which endow the POSS molecule with higher reactivity and solubility in organic 

solvents.[20-22]
  

Incorporation of the POSS molecules onto a CNT surface can considerably 

improve the solubility and processability of CNT, as shown in Figure 2. The solubility of the 

MWCNT/POSS is mainly dependent on the percentage of POSS grafted onto CNT.  
 



ACCEPTED MANUSCRIPT 

 6 

 

 

 

 

 

 

 

Figure 2. Comparison of solubility of the samples in THF: (a) MWCNTs, (b) 

MWCNT-COOH, and (c) MWCNT/POSS( with 44wt% POSS). A black dispersion shown in 

(c) is stable for at least one month. 
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Figure 3. UV/Vis absorption spectra of MWCNT/POSS in different concentrations: (a) 10 mg/L, (b) 5 

mg/L, (c) 2 mg/L, and (d) 1 mg/L in THF. 

 

   After functionalization with POSS, the resultant material exhibited a typical electronic 

absorption spectrum of solubilized carbon nanotube [23 ] (Figure 3), in which the absorbance 

decreases gradually from UV to the visible region. In contrast to the MWCNT/POSS, the 

POSS-NH2 has a flat profile of low absorbance over the ultraviolet-visible region leading to 

its clear appearance. 

a b c 
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Figure 4. TGA profiles of (a) MWCNTs , (b) MWCNT-COOH, (c) MWCNT/POSS and (d) 

POSS-NH2 in flowing (100 mL.min
-1

) N2. 

  

The thermal properties of the samples were investigated by thermogravimetric analysis 

(TGA) in nitrogen atmosphere (Figure 4). There are about 4% weight loss of the pristine 

CNTs after heating to 230
0
C due to the possible organic and inorganic impurities (including 

possible organic solvents) trapped in the MWCNTs. The decomposed MWCNT residues 

seems to be very stable over a wide temperature range of 240-750°C. In contrast, the 

acid-functionalized MWCNTs (i.e., MWCNT-COOH) are less thermally stable perhaps due to 

the defects on the nanotube surface caused by the acid etching. The TGA curve of 

MWCNT-COOH exhibited a rapid mass loss of 15% between 100 and 400°C, followed by a 

very slow weight loss of 5% up to 750°C at which the amount of the MWCNT residue is 

about 80% . By comparing the amount of the residues these two samples left at 750°C, the 

wt% of oxygen-containing groups at MWCNT defect sites was estimated roughly to be about 

16%. Before 550°C the POSS-NH2 has completely decomposed, and the residue that remain 

is less than 2% at 700°C. For MWCNT/POSS, the weight loss of 46% was observed at 700°C. 
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By assuming that before 800°C the POSS residues remaining in MWCNT/POSS have the 

same wt% as that of the POSS-NH2 complex, and the wt% of oxygen-containing groups at 

MWCNT defect sites is close to zero at 700°C, the wt% of MWCNTs in the resulting product 

is found to be about 56%. In other words, the actual amount of POSS grafted onto the surface 

of MWCNTs is about 44%. 
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Figure 5. Typical open aperture Z-scan curves of MWCNT/POSS with the concentration of 

0.5 mg/mL in chloroform. The solid lines are the numerical fittings. 

 

Z-scan technique is widely used to study the intensity-dependent NLO processes, 

including nonlinear absorption, scattering and refraction.[24-27]
 
Typical open aperture Z-scan 

results for a 0.5 mg/mL MWCNT/POSS dispersion were depicted in Figure 5, where the 

normalized transmission was plotted as a function of sample position z at different on-focus 

intensities. For all Z-scans, they showed a reduction in the transmission about the focus of the 

lens, a typical optical limiting characteristic. The depth of reduction varies as the on-focus 

intensity. The minimal normalized transmittance reaches 65% at the on-focus intensity of 0.25 



ACCEPTED MANUSCRIPT 

 9 

GW/cm
2
 (1.50 J/cm

2
), which further decreases to 36% as the intensity increases to 0.93 

GW/cm
2
 (5.58 J/cm

2
). Effective NLO coefficients were deduced from the Z-scan data by 

fitting theory reported previously.[28]
 
No NLO response was detected in the POSS solution. The 

linear and NLO coefficients are summarized in Table 1.  

          

Table 1. Summary of the linear and nonlinear optical properties for MWCNT/POSS and 

POSS in chloroform. 

Samples 
Conc. 

[mg/mL] 

T 

[%] 

Abs 

[cm
-1

] 

βeff 

[cm GW
-1

] 

Im {


eff} 

[  10
-11

esu] 

MWCNT/POSS 0.5 40.9 8.94 90.4 ± 8.6 3.18 ± 0.30 

POSS 0.5 100.0 0 0 0 

  

Figure 6 illustrates the normalized transmission and scattered light as functions of 

incident energy density. The MWCNT/POSS dispersions exhibit strong scattering signal at 

higher intensities, followed by the decreasing of transmission. POSS is a non-optically active 

material, and acts as a solubility promoter in the MWCNT/POSS hybrid material. Therefore 

the observed nonlinear optical response is logically from the contribution of MWCNT itself. 

In this case, the nonlinear scattering is the main mechanism for the optical limiting response. 

For other CNTs containing simple solubilizing reagents,[12] however, the optical limiting 

mechanism of these materials is quite complicated if the grafted solubilizing reagents are 

optically active. Besides nonlinear scattering contribution to the optical limiting, there may 

also be other contributions e.g. nonlinear absorption, electronic absorption and others to the 

optical limiting.[12] In the nonlinear scattering process, the photon energy from intense laser 

pulses is absorbed effectively by the nanotubes, resulting in the vaporization and ionization of 
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nanotubes to form microplasmas. The rapidly expanded microplasmas can strongly scatter the 

incident light, giving rise to an abrupt decrease of the transmitted energy. On the other hand, 

the heat energy can be transferred from the nanotubes to the surrounding liquid to generate 

microbubbles, which is another origin of scattering centers.[28-29] The observed significant 

NLO responses demonstrate that the MWCNT/POSS hybrid material is a suitable candidate 

for viable optical limiting devices.   
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Figure 6. Plots of normalized transmission and scattering response against incident pulse 

energy density for MWCNT/POSS in chloroform. The solid lines are intended as a visual 

guide. 

 

 4．Conclusions 

    An aminopropylisobutyl polyhedral oligomeric silsesquioxane (POSS-NH2) was directly 

reacted with the MWCNTs with surface-bonded acyl chloride moieties (MWCNT-COOH) to 

give a new soluble hybrid material MWCNT/POSS. This material exhibits a remarkable 

optical limiting performance for nanosecond laser pulses at 532 nm. Thermally-induced 

nonlinear scattering is the primary mechanism for the nonlinear optical response. After 
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functionalization with the highly soluble POSS, the processability of MWCNTs is 

significantly improved too.   
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