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Chapter 3  
 

Selecting Semiconducting Single-

Walled Carbon Nanotubes with 

Narrow Bandgap Naphthalene 

Diimide-based Polymers 
 

Non-covalent functionalization of carbon nanotubes by wrapping them using π-conjugated 

polymers is one of the most promising techniques to sort, separate, and purify 

semiconducting nanotube species for applications in opto-electronic devices. However, 

wide energy bandgap polymers commonly used in this technique, reduce charge transport 

through the nanotube network. To avoid the formation of insulating barriers between the 

tubes, challenging procedures for the removal of the polymer from the nanotube walls are 

necessary. Here we use two narrow band-gap polymers based on naphthalene-

bis(dicarboximide) (NDI), namely, poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)},(N2200) and its molecular 

cousin, poly{[(N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl)-alt-

5,5′-(2,2′-bithiophene)]-co-[(N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-

2,6-diyl)-alt-5,5′-(2,2′-(4,4’-dimethoxybithiophene))]}(PE-N-73). The ability of the 

polymers for selecting semiconducting single-walled carbon nanotubes (s-SWNTs) is 

demonstrated. The influence of the chemical structure of these polymers on the nanotube 

selectivity as well as the effect of residual excess polymer and their band-gaps are 

investigated through optical spectroscopy and charge transport measurements. While the 

electron transport of the devices fabricated with PE-N-73 and N2200 wrapped SWNTs are 

comparable, a substantial difference is observed in the hole transport. The alignment of 

the HOMO level of PE-N-73 with that of the nanotubes allows achieving improved p-type 

characteristics even with a large amount of residual polymer in the network. 

 

 

This chapter is based on the article: 

 

J. M. Salazar-Rios, W. Gomulya, V. Derenskyi, J. Yang, S. Z. Bisri, Z. Chen, A. Facchetti, M. A Loi, Adv. 

Electron. Mater. (2015) 1500074. 
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 Introduction  3.1

Field effect transistors (FETs) based on semiconducting single-walled carbon nanotubes 

(s-SWNTs) are one of the most promising building blocks for the fabrication of the next 

generation high-performance electronics. This is due to the outstanding properties of s-

SWNT such as the high carrier mobility and the robustness.
[1,2]

 Indeed, single strand 

nanotube devices with outstanding carrier mobility (≈10 000 cm
2
/Vs) and on-off ratios of 

10
6
 have been demonstrated.

[3]
 Unfortunately, most of the techniques used for single strand 

nanotube device fabrication are unsuitable for large-scale production and device 

integration.
[2-4]

 For this reason, one of the most viable ways to mass-produce SWNT-based 

devices is their use in networks. However, several challenges have to be overcome to 

produce SWNT network-based devices with performances comparable to those obtained 

from single strand nanotubes. The first and most important issue is to prevent the 

occurrence of metallic species in the channel.
[5-12]

  

Polyfluorenes were the first conjugated polymers to be utilized for SWNT wrapping 
[10]

 

and have shown great selectivity. However, their wide band gap (~ 3.6 eV) results in an 

insulating energetic barrier strongly hindering inter-tube charge transport in networks.
[13]

 

Thus the removal of the excess polymer from the SWNT samples is necessary to achieve 

good transport properties in the fabricated devices.
[14,15,16]

 Few studies have addressed the 

problem of the polymer removal using high-temperature treatments 
[16,17,18]

 or chemical 

methods.
[19,20]

 However, both strategies have shown to be difficult to implement.
[21]

 

Therefore, it is plausible to expect that the use of polymers with narrower band-gaps would 

allow an increase in the electrical performance of carbon nanotube network-based 

devices.
[21]

   

In this chapter, we investigate two narrow bandgap naphthalene-bis(dicarboximide) (NDI) 

based polymers to select s-SWNTs. The first one is poly{[N,N9-bis(2-octyldodecyl)-

naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)}(N2200). 

This polymer has  shown  outstanding n-type characteristics in FETs and has been used as 

electron-acceptor in polymer-polymer solar cells.
[22-26]

 Furthermore, it has a narrower 

bandgap (Eg = 1.45 eV) than the previously investigated polythiophene derivatives.
[11]

 The 

second is the new random co-polymer poly{[(N,N′-bis(2-octyldodecyl)-1,4,5,8-

naphthalenedicarboximide-2,6-diyl)-alt-5,5′-(2,2′-bithiophene)]-co-[(N,N′ 

bis(2octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl)-alt-5,5′-(2,2′-(4,4’-

dimethoxybithiophene))]}, (PE-N-73). By varying the three co-monomer units into the PE-

N-73 backbone, we were able to tune the bandgap to an even lower value of 1.16 eV, 

which is comparable to the S11 transition of the s-SWNTs used here. Therefore the barrier 

for inter-tube transport is expected to be even narrower than that achievable with N2200. 

Both polymers are able to select efficiently semiconducting SWNTs. The influence of the 

excess polymer and the polymer energy levels on the performance of network field effect 
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transistors is  investigated here. Tuning the bandgap using our chemical design strategy, 

semiconducting SWNTs selected with PE-N-73 did not exhibit transistor performance 

degradation even in presence of a large amount of polymer.  

 Selection of s-SWNT using diimide-based conjugated 3.2

polymers 

High-pressure CO conversion (HiPCO) SWNTs were dispersed in toluene solutions of PE-

N-73 and N2200. The solutions were prepared following a recipe similar to the one 

reported by Nish et al.
[10]

 The structures of  N2200 and PE-N-73 are depicted in Figure 

3.1a and 3.1b respectively. The synthetic and characterization details for the new polymer 

PE-N-73 are described in the experimental section. The randomized structure of PE-N-73 

featuring partial incorporation of the strongly electron-donating 3,3’-dimethoxy-2,2’-

dithiophene (50% mol) with the weaker 2,2’-dithiophene (50% mol) enables to tune the 

polymer bandgap and charge transport properties, compared with the wider band-gap of 

N2200. Indeed, while N2200 is a predominant electron conducting semiconductor with 

strongly aggregated chains, 
[22,25]

 the alternating co-polymer with 100% 

dimethoxydithiophene is much less aggregated and exhibit ambipolar, yet less efficient, 

charge transport.
[27]

 PE-N-73 has LUMO at -3.92 eV and HOMO at -5.07 eV, while N2200 

has LUMO at -3.91 eV and HOMO at -5,36 eV. 
[28]

 Thus, PE-N-73 has a shallower 

HOMO level (relative to vacuum) compared to N2200. 

Figure 3.1c shows the absorption spectra of the HiPCO:PE-N-73 (1:2 weight%) and 

HiPCO:N2200 (1:2 weight%) solutions after 2 hours of sonication. The broad peaks 

centered around 400 nm and 800 nm correspond to the absorption of the polymer. In the 

case of N2200, the absorption reaches to 900 nm, while for PE-N-73 the absorption onset 

is around 1100 nm. The smaller peaks evident in the near infrared region correspond to the 

S11 transitions (inset Figure 3.1c) of the different species of s-SWNTs. The number, 

position, and width of the nanotube peaks elucidate a similar interaction between the two 

polymers and the semiconducting SWNTs. If the polymer would  not be interacting with 

the s-SWNTs, the peaks would appear broader and less defined. After sonication, the 

dispersion is a mixture between individualized semiconducting tubes wrapped by polymer 

chains, excess polymer, SWNT bundles and other carbon impurities. Therefore an 

ultracentrifugation step was used to separate the isolated polymer-wrapped s-SWNTs from 

the heavier components of the mixture. 
[10]
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Figure 3.1 a) Chemical structure of N2200 (blue) and b) PE-N-73 (green). c) Absorption 

spectra of HiPCO-N2200 (blue) and HiPCO-PE-N-73 (green) solutions obtained after 2 hours 

of sonication (and before centrifugation). (Inset) Zoom of s-SWNT peaks. The dispersions are 

obtained using a 1:2 SWNT-polymer weight ratio concentration. 

Figure 3.2a shows the absorption spectra after centrifugation of the dispersion obtained 

with an SWNT-polymer weight ratio of 1:1. Despite both polymers having a similar 

molecular weight (see experimental section), PE-N-73 is easier to solubilize because of its 

chemical structure. N2200 has a higher tendency to aggregate than PE-N-73 at the same 

concentration. As a consequence, at a similar nominal concentration, there may be less 

N2200 free polymer chains available to interact with the carbon nanotube walls.  

Figure 3.2a shows that PE-N-73 gives a higher concentration (about three times) of s-

SWNT than N2200. This observation can be explained by the re-aggregation and 

precipitation (during the centrifugation process) of SWNTs wrapped by N2200. Figure 

3.2b shows the absorption spectra of the SWNT polymer-wrapped solutions obtained with 

a more extended solubilization process of the polymers. For the HiPCO:PE-N-73 sample, 

the nanotube peak intensity is about 20% higher than what was obtained using the short 

solubilization process (Figure 3.2a). While for HiPCO:N2200 the s-SWNTs peaks are 4 

times higher than the sample with the short solubilization process (Figure 3.2a). The 

overnight solubilization reduces the polymer aggregation, leading to more polymer 

covering the carbon nanotube surface as consequence of more individualized polymer 

chains in the solution. The higher surface coverage improved the individualization of the s-

SWNTs. 

Figure 3.2c shows the absorption spectra of the polymer-wrapped SWNTs when the 

polymer concentration is increased up to 1:2 weight of SWNT:polymer ratio. Here, the 

short solubilization procedure (sonication at 69 W for 10 minutes and heating at 60 
o
C for 

10 minutes) was used. At this concentration, the amount of polymer chains in solution 

a)

b)

c)
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increase, therefore more SWNTs were wrapped  , enhancing the nanotube concentration in 

both samples. This result is in line with the observation that when a larger amount of 

polymer chains are available in solution, the SWNT-polymer interactions increases and 

thereby  increasing the SWNT concentration in the final solution. However, a further 

increase of the polymer concentration decreases the selectivity of s-SWNTs as previously 

demonstrated for polyfluorene.
[31,32] 

 Influence of free polymer excess in the s-SWNT network 3.3

After demonstrating the effectiveness of both polymers to  sort semiconducting SWNTs, 

we investigated the role of the energy levels of the wrapping polymer on the charge 

transport properties of the corresponding nanotube networks. For this purpose, we 

fabricated field-effect transistors using the SWNT:polymer solutions with 1:2 weight. The 

nanotubes were deposited using blade coating on SiO2/Si substrate on which interdigitated 

gold electrodes were previously lithographically defined. The devices had a channel length 

of L=10 m and a channel width of W = 10 mm. Recently, using blade coating with a 

similar device structure we have obtained partially aligned nanotube networks.
[21]

 

Moreover, we have demonstrated that the removal of the excess polymer present in the 

solution is necessary to obtain high performing field effect transistors.
[16]

 To study the 

effect of the excess polymer on device performances, we fabricated field effect transistors 

with the pristine solutions using only one ultracentrifugation step and with super clean 

solutions by performing three ultracentrifugation steps (see experimental section). We 

investigated the influence of the polymers N2200 and PE-N-73 by analyzing the four main 

figure-of-merit (current on/off ratio, carrier mobility, current hysteresis, and charge 

injection) of the field effect transistors fabricated using the two different SWNT:polymer 

solutions. A different amount of excess polymer present in the solution will give an 

indications on the influence of the polymer energy levels in the transport of the s-SWNT 

network. 
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Figure 3.2 Absorption spectra of HiPCO: PE-N-73 and HiPCO-N2200 solutions after 

centrifugation. a) 1:1 polymer-SWNT weight ratio solubilized with sonication at 69 W for 10 

minutes and heating at 60 oC for 10 minutes. b) 1:1 polymer-SWNT weight ratio solubilized 

stirring overnight at 90 oC. c) 1:2 polymer-SWNT weight ratio solubilized with sonication at 69 

W for 10 minutes and heating at 60 oC. The chiralities of the SWNTs present in the sample are 

determined using an empirical equation.[29,30] 

a)

b)

c)



Chapter 3 

                   59 

 

 

Figure 3.3. HiPCO:N2200 solutions (initial weight ratio = 1:2) after one-time 

ultracentrifugation (black curves) and three-times ultracentrifugation (red curves). a) Optical 

absorption of the two samples. (Inset) Full absorption spectra. b) FETs ID-VD output 

characteristics. c) FETs ID-VG transfer characteristics. The arrows indicate the sweep direction. 

a)

b)

c)
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The absorption spectra of HiPCO-N2200 solutions (initial weight ratio 1:2) after one-time 

centrifugation and three-time centrifugation are shown in Figure 3.3a. After the third 

ultracentrifugation the concentration of the excess polymer (polymer signature at 700 nm) 

decreased about 6 times, while the concentration of the SWNTs remains constant. 

In Figure 3.3b the output characteristics of the FET’s fabricated with the solution after one 

ultracentrifugation and after three ultracentrifugations are shown. The additional 

centrifugations improved both the hole and electron currents. The hole current for the 

devices fabricated with enriched nanotubes  is 3 orders of magnitude higher than the 

device fabricated with one time ultracentrifuged solutions. However, the electron current is 

merely one order of magnitude higher for the enriched solution. After the two extra 

ultracentrifugation, the p-channel on/off ratio increases from 10
3
 to 10

6
 (Figure 3.3c) and 

the hole mobility from 4.7×10
-5

 cm
2
/Vs to 8×10

-2
 cm

2
/Vs. In the device with enriched 

nanotubes, the n-channel on/off ratio reaches 10
5
 compared with 10

4 
of devices fabricated 

after a single ultracentrifugation (Figure 3.3c). The electron mobility for the sample 

fabricated with the enriched solution increases by nearly a factor of two compared  to the 

pristine device, namely from 4.2×10
-4 

cm
2
/Vs to 7.1×10

-4
 cm

2
/Vs. The current hysteresis 

for the devices fabricated with the enriched solution is also strongly reduced.  

The characterization of the FETs fabricated with the HiPCO:N2200 solutions suggest that 

the presence of excess N2200 in the solutions is harmful for the device performance. By 

removing the excess of N2200 the mobility and on-off ratio of the FETs is significantly 

improved. The HiPCO:PE-N73 solutions gives rise to contrasting and interesting results. 

Figure 3.4a shows the absorption spectra of HiPCO:PE-N73 solutions after a single 

ultracentrifugation and after three ultracentrifugations. As has previously been shown for 

the HiPCO:PE-N-73 sample, a weight ratio of 1:1 is sufficient to maintain the nanotubes in 

the supernatant during the first centrifugation. After the first ultracentrifugation, the 

intensity of the polymer absorption peak at 800 nm is approximately 5 times higher than 

the highest absorption peak of the s-SWNTs species (at 1300 nm). After the enrichment 

process, the polymer absorption peak becomes comparable to that of the s-SWNTs. 

Interestingly, the amount of s-SWNTs in the final solution after the first centrifugation can 

be increased by changing the initial weight ratio between the nanotubes and the polymer to 

1:2. However, this also increased the amount of polymer in the pristine HiPCO:PE-N-73 

solution about 3 times.For that reason, the 1:1 initial weight ratio solution is preferred for 

device fabrication.  
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Figure 3.4.HiPco:PE-N-73 solutions (initial weight ratio = 1:1) after one ultracentrifugation 

(black) and three ultracentrifugations (red). a) Optical absorption of the two samples. (Inset) 

Full absorption spectra. b) ID-VD output characteristics. c) ID-VG transfer characteristics of the 

FETs. The arrows indicate the sweep direction. 

a)

b)

c)
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Figure 3.4b shows the ID-VD output characteristics of the HiPCO:PE-N-73 devices 

fabricated with both the one time ultracentrifuged and the enriched (three 

ultracentrifugations) solution. The device fabricated with the one-time ultracentrifuged 

solution exhibit a very high saturation current in the p-channel region, working as hole-

dominated ambipolar transistors. The maximum current is of the same order of magnitude 

obtained with enriched HiPCO:N2200 samples. Interestingly, the HiPCO:PE-N-73 devices 

fabricated with the enriched solution exhibit a performance that is similar to the 

performance achieved with the pristine solution. 

Figure 3.4c shows the ID-VG transfer characteristics of the devices fabricated with 

HiPCO:PE-N-73 solutions with one ultracentrifugation step, and three ultracentrifugations. 

The FETs obtained from the pristine solutions exhibit ambipolar characteristics with a hole 

mobility of 7.7×10
-2

 cm
2
/V (on-off ratio ~10

6
) and electron mobility of 5.5×10

-3
 cm

2
/Vs 

(on-off ratio ~10
5
). 

The achieved hole mobility is similar to the one obtained for FETs fabricated with 

enriched HiPCO:N2200, while the electron mobility is one order of magnitude higher. 

Additional cleaning of the HiPCO:PE-N-73 solutions only leads to a small change on the 

FET characteristics with hole mobility ~ 10
-2

 cm
2
/Vs (on-off ratio ~ 10

6
) and electron 

mobility of around 10
-3

 cm
2
/Vs (on-off ratio ~ 10

5
). These results demonstrate that for the 

HiPCO:PE-N-73 sample, the concentration of residual polymer does not influence the 

charge carrier transport. It is noteworthy to mention that the performance of these devices 

in term of effective carrier mobility can be further increased by applying denser carbon 

nanotube network in the transistor channel, in a similar manner to what we have previously 

reported. 
 [12,16,21]

 A summary of the reported results on these devices are provided in Table 

3.1. 

Table 3.1. Summary of the device performance (best values) for different polymer wrapped 

SWNTs solutions. 

Solutions Hole ON/OFF 

ratio 

Electron 

ON/OFF ratio 

Hole mobility 

(cm2/Vs ) 

Electron 

mobility 

(cm2/Vs ) 

Ratio 

SWNT:  

polymer 

N2200 

1st 103 104 4.7×10-5 4.2×10-4 1:12 

3rd 106 105 8×10-2 7.1×10-4 1:2 

PE-N-

73 

1st 106 105 7.7×10-2 5.5×10-3 1:5 

3rd  106 105 2.7 x 10-2 9.1 x 10-4 1:1 
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The performance differences of FETs fabricated with HiPCO:PE-N-73 and HiPCO:N2200 

solutions can be rationalized by analyzing the electronic structure of the two polymers. 

Figure 3.5 shows the energy level alignment of different conjugated polymers and the (8,7) 

nanotube, which is one of the most represented nanotubes in the dispersions. The 

alignment between the HOMO levels of the PE-N-73 and the s-SWNT (8,7) appears more 

advantageous with respect to the one with N2200 and to the other two well know polymers 

for SWNT wrapping, namely PFO and P3DDT.
[33-35]

 Therefore, the barrier for holes to 

travel from one s-SWNTs to another (with the polymer in between) in the network of 

HiPCO:PE-N-73 is lower than in the one of HiPCO:N2200.  

The results in Figure 3.3 and Figure 3.4, are in agreement with this energetic landscape. 

Thus, for FETs fabricated with HiPCO:N2200 the decrease of the free polymer present in 

the solution is fundamental to improve the performance of the devices. The reduction in 

the residual N2200 in the network improve the transport characteristics of the FETs. 

Instead, in the case of HiPCO:PE-N-73, there are no notable changes in the transistor 

performance observed when the amount of polymer is reduced. In fact, employing 

polymers with the energy levels well aligned with the energy levels of the s-SWNTs is 

beneficial for the fabrication of high-performing network FETs.   

 

Figure 3.5. Energy levels of different conjugated polymers compared with (8,7) nanotubes. The 

bandgap of PFO is 3.6 eV, with HOMO at -5.8 eV and LUMO at -2.2 eV.[34] P3DDT has a 

bandgap of 1.8 eV, with HOMO at -5.3 and LUMO at -3.5 eV.[35] 

 Conclusion 3.4

Here, we successfully demonstrated the use of two naphthalene diimide-based conjugated 

polymers (N2200, PE-N-73) as a new class of macromolecules capable to efficiently select 

semiconducting SWNTs. Between these two polymers, PE-N-73 performed better than 

N2200, as a smaller amount of polymer is required to obtain a high concentrated solution 

of individualized s-SWNTs.  
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Field effect transistors fabricated with s-SWNT selected with both polymers are a tool to 

examine the influence of the presence of free polymer in the charge transport through the 

s-SWNT network. The electron transport of devices fabricated with PE-N-73 and N2200 

wrapped SWNTs are comparable. In contrast, a substantial difference is observed in the 

hole transport when an excess of free polymer is present in the solution. The excess of 

N2200 is detrimental for the hole transport, while the improved alignment of the HOMO 

level of PE-N-73 with the HOMO level of the nanotubes, lead to outstanding p-type 

characteristics, even with a significant amount of residual polymer present between the 

tubes.  

Considering that the methods currently available for polymer removal are either time 

consuming or inefficient, our results are an important finding towards the design of 

conjugated polymers for the selection of s-SWNT. A polymer with high dispersion yield 

and proper energy level alignment with the SWNTs is a promising candidate to prepare 

high-quality nanotube inks for the fabrication of electronic devices.  

 Experimental section 3.5

Polymer Synthesis: The polymers poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)},(P(NDI2OD-

T2)(commercialized under the name Polyera ActivInk
TM

 N2200) and poly{[(N,N′-bis(2-

octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl)-alt-5,5′-(2,2′-bithiophene)]-co-

[(N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl)-alt-5,5′-(2,2′-(4,4’-

dimethoxy-bithiophene))]}(Polyera ActivInk
TM

 PE-N-73) were provided by Polyera 

Corporation. 

Polymer P(NDI2OD-T2),
[28]

 compound N,N’-bis(2-octyldodecyl)-2,6-

dibromonaphthalene-1,4,5,8-bis(dicarboximide) (NDI2OD-Br2),
[28]

 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene,
 [28]

 and 5,5'-bis(trimethylstannyl)-3,3'-dimethoxy-

2,2'-bithiophene 
[36]

 were synthesized according to literature reports, respectively. All other 

reagents and solvents were purchased from Aldrich and VWR and they were used without 

further purification. Unless otherwise stated, all reactions were carried out under inert 

atmosphere using standard Schlenk line techniques. NMR spectra were recorded on Varian 

Unity Plus 500 (500 MHz) spectrometers, and chemical shifts are referenced to residual 

protio-solvent signals. Elemental analyses (EA) were performed by Midwest Microlab 

(Indianapolis, IN).  Polymer molecular weights were determined on a Polymer 

Laboratories PL-GPC 220 using trichlorobenzene as eluent at 150 ºC vs polystyrene 

standards. 

Preparation of copolymer P(NDI2OD-T2-co-NDI2OD-(MeOT)2) (PE-N-73): The 

synthetic pathway was followed. Under argon, a mixture of NDI2OD-Br2 (239.4 mg, 0.24 

mmol), 5,5'-bis(trimethylstannyl)-3,3'-dimethoxy-2,2'-bithiophene (58.3 mg, 0.11 mmol), 
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5,5'-bis(trimethylstannyl)-2,2'-bithiophene (52.0 mg, 0.11 mmol), and Pd(PPh3)2Cl2 (7.5 

mg, 0.011 mmol) in anhydrous toluene (25 mL) was stirred at 90 
o
C for 22.5 hours. 

Bromobenzene (1.0 mL) was then added and the reaction mixture was maintained at 90 
o
C 

for an additional 24 hours. Upon cooling to room temperature, a solution of potassium 

fluoride (2 g) in water (4 mL) was added. This mixture was stirred at room temperature for 

2 hours before it was extracted with chloroform (150 mL). The organic layer was washed 

with water (80 mL3), dried over anhydrous sodium sulfate, and concentrated on a rotary 

evaporator. The residue was taken with chloroform (50 mL) and precipitated in methanol 

(100 mL) and acetone (100 mL) in sequence. The obtained solid product was purified by 

Soxhlet extraction with acetone for 48 hours. The remaining solid residue was redissolved 

in chloroform (90 mL) and the resulting mixture was heated to boil. Upon cooling to room 

temperature, the chloroform solution was filtered through a 5 m filter, and the filtrate was 

added slowly to methanol (100 mL). The precipitates were collected by filtration, washed 

with methanol, and dried in vacuum, leading to a dark solid as the product (192.0 mg, yield 

88.8%). 
1
H NMR (CDCl2CDCl2, 500MHz): : 8.20–9.00 (m, br, 4H), 6.90–7.40 (m, br, 

6H), 3.60-4.50 (m, br, 14H), 2.00 (m, br, 4H), 1.05–1.55 (s, br, 128H), 0.86 (s, br, 24H). 

GPC: Mn = 23.9K Da, PDI = 2.7. Elemental Analysis (calc. C, 74.22; H, 8.90; N, 2.75): 

found C, 74.38; H, 8.80; N, 2.77. The molecular weight of N2200 is very similar to the one 

of PE-N-73, from GPC: Mn 23.8K, PDI=2.4. 

Preparation and characterization of semiconducting SWNT dispersion: HiPco 

SWNTs were purchased from Unidym Inc. and were used as received. The polymers were 

solubilized in toluene using a high power ultrasonicator (Misonix 3000) with cup horn bath 

(output power 69 W) for 10 minutes, followed by 10 minutes of annealing at 60 
o
C. 

Subsequently, SWNTs were added to form the HiPco:polymer dispersions with weight 

ratio of 1:1 and 1:2. These solutions were then sonicated for 2 h at 69 W and 16 
o
C. 

Alternatively, the long solubilization process includes stirring the polymer at 90 
o
C 

overnight before mixing in the SWNTs. 

After ultrasonication the dispersions were centrifuged at 40 000 rpm (196 000g) for 1 h in 

an ultracentrifuge (Beckman Coulter Optima XE-90; rotor: SW55Ti) to remove all the 

remaining bundles and heavy-weight impurities. After the centrifugation, the highest 

density components precipitate at the bottom of the centrifugation tube, while the low 

density components, including individualized s-SWNTs wrapped by the polymer and free 

polymer chains, stay in the supernatant. 

Two extra steps of ultracentrifugation were implemented to decrease the amount of free 

polymer in solution (enrichment).
[16]

 For this purpose the supernatant obtained after the 

first ultracentrifigation, is centrifuged for 5 h, 55 000 rpm (367 000 g), the individualized 

s-SWNTs are now precipitated to form a pellet and the free polymer is kept in the 

supernatant. Finally, the pellet is re-dispersed by sonication in toluene. The volume of the 

final solution is chosen to have the same s-SWNT concentration as the solution after the 
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first centrifugation step. Therefore, the only difference between the solutions is the amount 

of excess polymer. 

Optical measurements were performed using a UV-Vis-NIR spectrophotometer (Shimadzu 

UV-3600) to determine the concentration of the carbon nanotubes selected by the 

polymers, as well as the amount of the polymers in the solution. 

Fabrication of Field Effect Transistors (FETs): Field effect transistors were fabricated 

on silicon substrates with thermally grown SiO2 dielectric layer (230 nm thickness). 

Source and drain bottom electrodes (10 nm ITO/30 nm Au) were lithographically patterned 

forming an interdigitated channel. The different SWNTs dispersions tested were deposited 

by the blade coating technique (Zehntner ZAA 2300 Automatic film applicator coater) 

using 20 μl of s-SWNT dispersion and a blade speed of 5 mm/s. The procedure was 

repeated 5 times to achieve sufficient SWNT coverage density. After deposition, the 

samples were annealed at 140 °C for 2 h to evaporate the remaining solvent. 

Electrical measurements were performed using a probe station placed in a nitrogen-filled 

glovebox at room temperature under dark conditions. The probe station was connected to 

Agilent E5262A Semiconductor Parameter Analyzer. All devices were fabricated and 

measured in a nitrogen-filled glovebox, without being exposed to air. 

The reported charge carrier mobilities were extracted from the ID-VG transfer 

characteristics in the linear regime (VDS = +5 V). The gate capacitance was estimated using 

the parallel plate capacitor model, since the nanotube density on the film is above the 

percolation limit. The quantum capacitance of the nanotube was not taken into account, so 

that the total capacitance value is overestimated; thus underestimating the effective 

mobility of the devices. More than 20 devices for each type of sample have been 

measured, the deviation between the figure of merits of different devices is at max 15%. 
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