
 

 

 University of Groningen

Low-dimensional solution-processable electronics
Talsma, Wytse

DOI:
10.33612/diss.182730251

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Talsma, W. (2021). Low-dimensional solution-processable electronics: from field-effect transistor to artificial
synapse. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.182730251

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.182730251
https://research.rug.nl/en/publications/95b0ad9e-9fc4-4436-9a70-d26bbbf64c04
https://doi.org/10.33612/diss.182730251


3

Chapter 3

Efficient Selective
Sorting of Semiconducting Carbon Nanotubes
Using Ultranarrow-Bandgap Polymers

This chapter is based on a recently submitted article.
W. Talsma∗, G. Ye, Y. Liu, H. Duim, S. Dijkstra, K. Tran, J. Qu, J. Song, R. C. Chiechi,

M. A. Loi,

Abstract

For sorting and discriminating semiconducting single-walled carbon nanotubes (s-
SWCNT), the use of narrow bandgap conjugated polymers is desired due to the low
injection energy barrier for charge carrier transport. In this chapter, we report three
newly synthesized narrow bandgap conjugated polymers (PNDITEG-AH, PNDITEG-
TVT and PNDIC8TEG-TVT) based on naphthalene diimide (NDI) and head to head
bithiophene or thienylennevinylene (TVT) building blocks, decorated with different
polar side chains that can be used for dispersing and discriminating s-SWCNT. The
vinylene linker minimizes the intrinsic steric congestion of head to head bithiophene
and prompts the backbone planarity. Therefore, the π-conjugation length is extended
and results in a smaller bandgap. Cyclic voltammetry (CV) measurements and density
functional theory (DFT) calculations suggest that inserting a vinylene group in a head
to head bithiophene efficiently lifts the highest occupied molecular orbital (HOMO) level.
All three polymers show a good ability to select s-SWCNT, as evidenced by the sharp
transitions in the absorption spectra. Field-effect transistors (FETs) fabricated with the
polymer:SWCNT inks display p-dominant properties, with higher hole mobilities when
using the NDI-TVT polymers as compared with PNDITEG-AH. This is due to improved
alignment of the HOMO level of PNDITEG-TVT and PNDIC8TEG-TVT with that of
the dominant SWCNT species.

∗Contributions to the experimental work: preparation of the semiconducting SWCNT dispersion, opti-
cal characterization of the semiconducting SWCNT dispersion by recording absorption, device fabrication
and electrical characterization, surface morphology characterization

75



3

3. Efficient Selective Sorting of Semiconducting Carbon Nanotubes Using
Ultranarrow-Bandgap Polymers

3.1 Introduction

Single-walled-walled carbon nanotubes (SWCNT) are, due to their excellent semi-
conductive properties, one of the most promising next-generation electronic ma-

terials candidate for field-effect transistors (FETs) [1–5], logic circuits [6–10], sen-
sors [11, 12], flexible electronics [13–15], microprocessors [16, 17] and other appli-
cations [18–21].

Among these applications, FETs based on semiconducting SWCNT (s-SWCNT)
are attractive because of their high charge carrier mobility, their low dimensionality,
and the possibility for high-density integration and low-cost solution processabil-
ity. [22–24] Indeed, pure s-SWCNT FETs have demonstrated performance superior
to that of traditional silicon. [25] However, as-synthesized SWCNT are a mixture of
roughly 2:1 s-SWCNT and m-SWCNT (metallic SWCNT), which is a strong limita-
tion for the development of a reliable technology. [26, 27]

To overcome these issues, several approaches to isolate SWCNT of identical elec-
tronic types have been developed. Among them are density gradient ultracentrifu-
gation (DGU), [28] size-exclusion chromatography methods, [29] and non-covalent
selective sorting of s-SWCNT by conjugated polymers. [22–24] The last technique
has received significant attention because of its high dispersion efficiency, selectivity
and low cost. [27]

Since the pioneering work of Nish et. al. in 2007, where polyfluorene was used to
select semiconducting carbon nanotubes in low concentration, [30] many conjugated
polymers able to selectively disperse and sort s-SWCNT have been developed and
reported. [22, 27] Most of those conjugated polymers are fluorene-[30, 31], carbazole-
[32, 33], and thiophene-based polymers [34, 35], with a highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level energy dis-
tance of about 2 or 3 eV (see Figure 3.1a). [23, 24, 27] From the perspective of de-
vice fabrication, the advantage of using conjugated polymers to selectively wrap
s-SWCNT is that the non-covalent bound polymer does not deleteriously affect the
intrinsic charge transport of the single tubes.

However, when investigating devices composed of networks of s-SWCNTs, the
presence of mid- or high-bandgap polymers around s-SWCNT often results in an
energetic barrier, limiting inter-tube charge transport in networks, thus lowering the
electrical performance of devices. To reduce the barrier between the polymer and
nanotubes, the HOMO-LUMO level of the wrapping polymer should match the en-
ergy levels of the SWCNTs more closely. While the energy levels of the polymer can
also be used to select one of the carriers to be preferentially transported, when both
carriers should be transported efficiently narrow bandgap conjugated polymers are
desired as wrapping polymers.

Until now only a few narrow-bandgap conjugated polymers have displayed the
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Figure 3.1: Chemical structures of (a) representative wide- or mid-bandgap conjugated poly-
mers for selecting and sorting SWCNT reported in the literature and (b) narrow-bandgap
conjugated polymers for selecting and sorting SWCNT reported so far. The mentioned mo-
bilities are for s-SWCNT FETs only. (c) naphthalene diimide based low bandgap conjugated
polymers presented in this work.

ability to disperse SWCNT. [36–40] Bao et al. reported a series of diketopyrrolopy-
rrole based random conjugated narrow-bandgap polymers for dispersing and dis-
criminating s-SWCNT (see Figure 3.1b). However, many metallic species are ob-
served in the resulting absorption spectra, indicating insufficient discrimination. [37,
38]
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In our previous work, the naphthalene diimide based low-bandgap conju-
gated polymer N2200 (1.46 eV) and PE-N-73 (1.16 eV) was successfully used for
dispersing HiPCO SWCNT, but the yield was limited, resulting in inks of low-
concentration. [39] Due to their low concentration of the tested solution, the inks
show relatively low performance when used to fabricate field-effect transistors
(FETs) as compared with other polymers (P3DDT, PFO), the HOMO level of PE-N-
73 is better aligned with that of s-SWCNTs, which consequently benefits inter-tube
charge transport resulting in reduced IV hysteresis. [1, 39]

To narrow the bandgap of conjugated polymers, one of the most effective meth-
ods is to promote backbone planarity, which extends π-conjugation. [41–44]. It has
been proposed in the past that higher backbone planarity and higher aromatic sur-
face area of the polymer could also enhance π − π interactions with SWCNT, thus
enhancing the s-SWCNT wrapping capability. [37, 38] However, an overly rigid con-
jugated polymer backbone would make the wrapping process energetically difficult,
pushing the yield for the selection of s-SWCNTs down. [40] Therefore, only narrow
bandgap conjugated polymers with sufficiently flexible backbones are promising for
the selection of s-SWCNT and for the control of their electronic properties.

Based on the above considerations, in this work, we design and synthesize three
naphthalene diimide based conjugated polymers decorated with hydrophilic or
amphiphilic side chain for dispersing and discriminating s-SWCNT. Compared
with PNDITEG-AH, where the backbone consists of naphthalene diimide and a
twist head-to-head bithiophene moiety, PNDITEG-TVT and PNDIC8TEG-TVT
have more planar backbone, where the backbone consist of naphthalene diimide
and planar thienylennevinylene moiety. We introduce a small conjugated vinyl
group into the head-to-head bithiophene units, minimizing the intrinsic steric hin-
drance of head to head bithiophene, prompting backbone planarity, and extending
π-conjugation.

All these polymers demonstrate the capacity of dispersing SWCNT with a prefer-
ence for semiconducting species. Although, the absorption measurement of the inks
reveal that PNDITEG-AH exhibited the highest yield for s-SWCNT dispersion due
to higher twist conformation, the planar structure of PNDITEG-TVT only sacrifices
12 % dispersion ability. Encouragingly, we found that FETs fabricated from these
polymers wrapped s-SWCNT inks all display p-dominated charge transport prop-
erties, with mobilities between 0.8 cm2 V−1 s−1 and 2.3 cm2 V−1 s−1 and on/off ratios
above 106.
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Figure 3.2: Synthetic routes to naphthalene diimide based low bandgap conjugated polymers
PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT, as used in our work.

3.2 Synthesis and Characterization

Depicted in Figure 3.2 are the synthetic routes and chemical structures of the three
new donor-acceptor (D-A) conjugated polymers that were used to study the disper-
sion and discrimination of semiconducting carbon nanotubes.

The monomers were synthesized and purified according to published proce-
dures with slight modifications. [45–47]. All polymers were synthesized by a typical
palladium-catalyzed Stille polycondensation of symmetrical dibromo naphthalene
diimide and distannyl thienylennevinylene monomers or distannyl head to head
bithiophene monomers. Polymers were obtained by refluxing the degassed poly-
merization mixture for three days. After polymerization, the crude polymers were
collected by precipitation in methanol. Impurities and low-molecular-weight frac-
tion were removed by continuous extraction with methanol followed by hexane,
chloroform in a Soxhlet extractor. Finally, the polymer solution in chloroform was
concentrated to give the target material. The polymer was then dissolved, precipi-
tated into cold methanol, collected, and further dried in vacuum.

The thermal properties of these three polymers were evaluated by thermogravi-
metric analysis (TGA) and differential scanning chromatography (DSC). The tem-
perature of 5 % weight-loss was selected as the onset point of decomposition (Td).
As shown in Figure 3.3 a, all the polymers show excellent stability with a decom-
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b)a)

Figure 3.3: Thermal properties for the polymers PNDITEG-AH (black), PNDITEG-TVT (red)
and PNDIC8TEG-TVT (blue). (a) Thermogravimetric analysis on second heat, measured at a
rate of 20◦C/min. (b) DSC analysis on second heat, measured at a rate of 10◦C/min.
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Figure 3.4: (a) Normalized absorption spectra of pristine PNDITEG-AH (black), PNDITEG-
TVT (red) and PNDIC8TEG-TVT (blue) as drop-cast (from CHCl3) films. (b) Cyclic voltam-
mograms of a thin-film of PNDITEG-AH (black), PNDITEG-TVT (red) and PNDIC8TEG-
TVT (blue) versus Fc/Fc+ on a glassy carbon working electrode immersed in 0.1 mol L−1

n-Bu4NPF6 acetonitrile solution at 100 mV s−1.

position temperature of 361 ◦C for PNDITEG-AH, 373 ◦C for PNDITEG-TVT and
407 ◦C for PNDIC8TEG-TVT, respectively. The DSC curves of PNDITEG-TVT and
PNDIC8TEG-TVT reveal no distinct phase transition observed in the range from
room temperature to 300 ◦C, while PNDITEG-AH shows a melting transition at
239 ◦C in the second heating cycle (Figure 3.3 b).
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3.3 Optical and Electrochemical Properties

Figure 3.4a shows the absorption spectra of PNDITEG-AH, PNDITEG-TVT,
and PNDIC8TEG-TVT in solid thin-film state. All these polymers show two
distinct absorption bands which are assigned to the high energy π − π∗ transition
(300 nm to 400 nm for PNDITEG-AH, 300 nm to 500 nm for PNDITEG-TVT and
PNDIC8TEG-TVT) and the low energy broad intramolecular charge-transfer
transition (400 nm to 700 nm for PNDITEG-AH, 550 nm to 1000 nm for PNDITEG-
TVT and PNDIC8TEG-TVT) originating from its donor-acceptor structure. [45]
PNDITEG-TVT and PNDIC8TEG-TVT have almost identical spectra due to
their shared backbone structure, with only subtle changes in their side chains.
Their spectra are red-shifted about 193 nm with respect to that of PNDITEG-AH,
indicating that inserting a vinylene linker effectively minimizes the intrinsic steric
hindrance of head-to-head bithiophene, prompts backbone planarity and extends
the π-conjugation length. [43, 44, 48–51] The absorption onsets (λ film

onset) in films
of PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT are 718 nm, 1035 nm
and 1020 nm and their corresponding optical bandgap are calculated to be 1.73 eV,
1.20 eV and 1.21 eV respectively.

Table 3.1: Summary of the photophysical properties, electrochemical properties and energy
levels of PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT.

Physical Property PNDITEG-AH PNDITEG-TVT PNDIC8TEG-TVT
λsol.

max (nm) 335, 560 390, 690 390, 690
λfilm

max (nm) 340, 593 411, 783 411, 785
λfilm

onset (nm) 718 1035 1020
Eopt.

g
a (nm) 1.73 1.20 1.21

Ered
onset (V) -0.93 -0.98 -0.92

LUMO (eV)b -3.87 -3.82 -3.88
HOMO (eV)c -5.60 -5.02 -5.09
LUMO (eV)d -3.64 -3.56 -3.48
HOMO (eV)d -6.15 -5.45 -5.41
a Eopt.g = 1240/λfilm

onset.
b Calculated from CV: ELUMO = -(4.80 + Ered

onset) eV.
c Calculated from ELUMO and Eopt.

g : EHOMO = ELUMO + Eopt.
g

d From DFT calculations

To determine the energy level of PNDITEG-AH, PNDITEG-TVT and
PNDIC8TEG-TVT, cyclic voltammetry (CV) was carried out. The results are
shown in Figure 3.4b and summarized in Table 3.1. All polymers exhibit two quasi-
reversible reductions waves, corresponding to n-doping (reduction) of the strong
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electron-deficient nature of the naphthalene diimide moieties. The onset reduction
potentials (ERed.onset) of PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT are
−0.93 V, −0.98 V and −0.92 V, respectively. The energy levels of polymers were calcu-
lated using the equation ELUMO = −(4.80 +ERed.onset)eV. Therefore, the LUMO levels
of polymers are −3.87 eV, −3.82 eV and −3.88 eV, respectively. Based on the optical
bandgap and LUMO levels, the HOMO level of PNDITEG-AH, PNDITEG-TVT
and PNDIC8TEG-TVT is calculated to be −5.60 eV, −5.02 eV and −5.09 eV. These
results reveal that incorporation of a vinylene linker into the polymer backbone
effectively elevates the HOMO level, which we expect to be beneficial for the hole
transport between the polymer and s-SWCNT.

Density functional theory (DFT) calculations were carried out on model com-
pounds for PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT to fully under-
stand the effect of the vinylene linker on the backbone planarity and energy levels of
the frontier orbitals at the B3LYP/6-311G(d) level using Gaussian 16. [52]

In Figure 3.5 the molecular orbital distributions for model compounds of
PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT are shown. All of the
LUMO levels are mainly positioned on the central NDI unit. In contrast, the HOMO
levels are located on the TVT moiety in PNDITEG-TVT and PNDIC8TEG-TVT,
or bithiophene in PNDITEG-AH. Figure 3.6 shows that the calculated energy gaps
of PNDITEG-TVT and PNDIC8TEG-TVT are lower than that of PNDITEG-AH,
which is consistent with the optical bandgap results.

Interestingly, the introduction of vinylene linker into the head-to-head bithio-
phene leads to a remarkably increased HOMO energy and little change in the LUMO
energy, resulting in a decreased bandgap. This result is in agreement with our obser-
vations in the CV measurements. The higher HOMO level of PNDITEG-TVT, and
PNDIC8TEG-TVT, as mentioned earlier, would be beneficial for the charge trans-
port between the polymer and SWCNT.

The dihedral angle between thiophene and thiophene in PNDITEG-AH is with
109.0◦ much higher than that of the thiophene adjacent vinyl in PNDITEG-TVT
(4.8◦, 1.7◦) and PNDIC8TEG-TVT (4.7◦, 1.6◦). In addition, the dihedral angles
between NDI unit and adjacent thiophene also reduce from 61.9◦ for PNDITEG-AH,
to 39.5◦ for PNDITEG-TVT, to 40.1◦ for PNDIC8TEG-TVT, respectively (see Ta-
ble 3.2). Therefore, inserting a vinylene linker significantly decreased the dihedral
angles of the head to head bithiophene due to reduced steric hindrance. Thus,
the backbones of PNDITEG-TVT and PNDIC8TEG-TVT are more planar than
PNDITEG-AH. This improved planarity of PNDITEG-TVT and PNDIC8TEG-TVT
results in a longer π conjugation length, which could eventually benefit charge
transport due to improved alignment of the polymer HOMO level with the average
HOMO level of the s-SWCNT selected.
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a) b)

c) d)

e) f )

Figure 3.5: DFT calculated HOMO (left-side panels) and LUMO (right-side panels) for
PNDITEG-AH (a, b), PNDITEG-TVT (c, d), and PNDIC8TEG-TVT (e, f).

Table 3.2: Dihedral angles in PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT

Polymer θ 1 θ 2 θ 3

PNDITEG-AH 61.9◦ 109◦

PNDITEG-TVT 39.5◦ 4.8◦ 1.7◦

PNDIC8TEG-TVT 40.1◦ 4.7◦ 1.6◦
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Figure 3.7: Absorption spectra of 3 mg of PNDITEG-AH (black), PNDITEG-TVT (red) and
PNDIC8TEG-TVT (blue) in 10 ml toluene as used for wrapping HiPCO SWCNT

3.4 s-SWCNT ink characterization

Absorption spectroscopy is the most common and facile method to evaluate the
quality of s-SWCNT/polymer dispersion ink. Figure 3.8a shows the absolute
absorbance spectra of the HiPCO SWCNT and polymer dispersion ink after the
first sonication and ultracentrifugation enrichment (see the Experimental Section).
Dashed lines correspond to the spectra as obtained directly after first sorting of the
s-SWCNT. The solid lines are the spectra obtained for the enriched s-SWCNT inks,
namely after two ultracentrifugations. [53]

As discussed previously, the absorption peaks of PNDITEG-TVT and
PNDIC8TEG-TVT are located from 500 nm to 1000 nm and in the broad peak
appears a structure upon aggregation of the polymer chains (see Figure 3.7). The
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narrow absorption peaks in the near-infrared region (1100 nm to 1700 nm) are the
evidence of successfully sorted s-SWCNT, corresponding to the first (S11) electronic
transitions of different species of s-SWCNTs present in the sample. Therefore, the
newly synthesized PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT are able
to discriminate and disperse s-SWCNT. As expected, the S11 peaks are enhanced
significantly after the enrichment procedure.

From their intensities, we observe that the inks prepared using the PNDIC8TEG-
TVT polymer yield the lowest density of s-SWCNT compared with PNDITEG-TVT
and PNDITEG-AH in both discrimination-only and enriched inks. While the dif-
ference in the optical density of the SWCNTs as-obtained with PNDITEG-TVT and
PNDITEG-AH appears minimal. Important to note is that to be able to compare the
yield of semiconducting SWCNT selected by each polymer directly, we chose to not
dilute the dispersion inks to an equal optical-density.

It is also important to underline that while PNDITEG-TVT and PNDIC8TEG-
TVT are similar in both the number average molar mass (Mn) and the mass average
molar mass (MW ), they are lower than the values obtained for PNDITEG-AH (see
Table 3.3). It has previously been shown that there is a correlation between higher
molecular weight and high dispersion yield. [3, 54] Therefore, in this case, a simple
correlation of the yield with the molecular structure is not simple.

Polymer Mn (kg mol−1) MW (kg mol−1) PDI
PNDITEG-AH 9.9 15 1.51

PNDITEG-TVT 2.9 9.6 3.2
PNDIC8TEG-TVT 3.3 9.3 2.86

Table 3.3: The molecular weight of PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT.

To highlight the relative differences in yield and the amount of polymer chains,
the absorbance spectra is normalized to the free polymer peak (at 327 nm for
PNDITEG-AH and 392 nm to 410 nm for PNDITEG-TVT and PNDIC8TEG-TVT),
as shown in Figure 3.8b. Relative to the free polymer, PNDITEG-AH yields the
highest amount of s-SWCNT after both selection and enrichment steps. When com-
paring PNDIC8TEG-TVT and PNDITEG-TVT the first produces a smaller amount
of s-SWCNT for first sorted inks, as can be seen in the S11 (1100 nm to 1700 nm)
region. However, interestingly, after the crucial enrichment step, a different trend is
visible. Now, the PNDIC8TEG-TVT sample yields the higher density of s-SWCNT
and PNDITEG-TVT one contains the lower amount of s-SWCNT relative to the free
polymer. This indicates that it is more difficult to remove the excess PNDITEG-TVT
polymer from these inks. Therefore, considering the remaining free polymer, this
results in a lower overall wrapping efficiency. Important to notice is the change
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in the ratio between the two polymer absorption peaks, as the lower energy one is
sensitive to the aggregation on the SWCNT walls. In particular, after the second
centrifugation the low energy peak becomes more prominent, indicating that the
polymer indeed is coiling around the s-SWCNT.

The absorption data demonstrates that the more planar polymers PNDITEG-
TVT and PNDIC8TEG-TVT have a lower capability of dispersing s-SWCNT than
that of twist polymer PNDITEG-AH. The higher ability of PNDITEG-AH for dis-
persing s-SWCNT is likely a result of the twist head-to-head bithiophene moiety
that make it energetically easier to form a helical conformation for wrapping the
nanotubes. The minor difference between PNDITEG-AH and PNDITEG-TVT in-
dicate that inserting a small conjugation vinylene linker into PNDITEG-AH (thus
forming PNDITEG-TVT) did not sacrifice wrapping capability in a significant way.
Although the planar polymer PNDITEG-TVT is harder to bend into a helical con-
formation to wrap s-SWCNT as compared with PNDITEG-AH, the extended π-
conjugation gives rise to a strong π − π intermolecular interaction. This is consid-
ered by some beneficial for enhanced π − π interaction sites of the polymer with the
s-SWCNT. [24, 37, 38] Therefore, PNDITEG-TVT remains capable of wrapping the
s-SWCNT, but with a lower bandgap than that of PNDITEG-AH, which could in the
end benefit charge transport.

It has been demonstrated that the side chains are also very important. [55] There-
fore, since PNDITEG-TVT and PNDIC8TEG-TVT consist of the same π-conjugated
backbone, the difference in dispersion yield should be a direct result from the varia-
tion in the side chain. Inserting an alkyl chain segment between the glycol side chain
and backbone reduces the polarity of PNDIC8TEG-TVT, which lowers the bonding
energy of PNDIC8TEG-TVT with s-SWCNTs. [23, 24, 27] Thus, PNDIC8TEG-TVT
exhibits the lowest wrapping ability during selection. However, during the enrich-
ment procedure, the excess (free) polymer in the supernatant is easier to be removed
in case of PNDIC8TEG-TVT as compared with PNDITEG-TVT, which is likely due
to the more flexible side chain of PNDIC8TEG-TVT, increasing its solubility. Since
the polymers have a similar molecular weight, and the amount used for preparing
the solutions is kept constant, the number of individual polymer chains within each
solution is comparable.

In Figure 3.8c, the normalized steady-state photoluminescence (PL) spectra of
the inks are shown. Using PNDITEG-AH as a reference, we can see that PNDITEG-
TVT shows a slight preference for emission from high band gap SWCNTs. This is
in contrast with PNDIC8TEG-TVT, which shows slightly more intense emission at
lower energies.

The small difference in intensity of the PL, considering that the absorption spectra
of the three dispersions are almost identical, indicate subtle variation in the degree
of energy transfer among SWCNTs of different chirality.
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b)a)

d)c)

Figure 3.8: (a) Absorption spectra (in O.D.) of HiPCO:PNDITEG-AH (black),
HiPCO:PNDITEG-TVT (red) and HiPCO:PNDIC8TEG-TVT (blue) for inks as ob-
tained directly from discrimination (dotted lines) and after the enrichment procedure
(solid lines). (b) Absorption spectra normalized to the free polymer peak. (c) Normalized
steady-state photoluminescence of the s-SWCNT inks for HiPCO:PNDITEG-AH (black),
HiPCO:PNDITEG-TVT (red) and HiPCO:PNDIC8TEG-TVT (blue) (d) time-resolved photo-
luminescence of the s-SWCNT peak at 1140 nm. No discernible differences in lifetimes were
found between the SWCNT solutions obtained with the two polymers, a concatenated fit to
I =

∑2
i=1 Aiexp(

−t
τi

) yields lifetimes: τ1 = 15ps(43 %) and τ2 = 39 ps(57 %).

This is further confirmed by the time-resolved PL in Figure 3.8d, the 1140 nm
transition shows similar decay for all inks, with extracted lifetimes of τ1 = 15ps

(43 %) and τ2 = 39 ps (57 %). Since the lifetime is typically strongly quenched in
the presence of metallic species and proximity with SWCNTs of different chirality,
this indicates that the inks fabricated from the reported polymers result in a similar
degree of s-SWCNT individualization. [56] It is important to note that this is not
always the case, as we have demonstrated that in case of SWCNTs wrapped with
polythiophenes the formation of twins is favoured. [57]
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b)a)

c) d)

Figure 3.9: Comparison of electrical characteristics for the s-SWCNT:polymer-hybrid inks.
(a-c) FET output characteristics for the examined inks for (a) a device fabricated from
HiPCO:PNDITEG-AH, (b) HiPCO:PNDITEG-TVT and (c) HiPCO:PNDIC8TEG-TVT. The
arrows represent an increase in gate bias from 0 V to ±50 V in steps of 10 V. (d) FET
transfer characteristics for HiPCO:PNDITEG-AH (black), HiPCO:PNDITEG-TVT (red) and
HiPCO:PNDIC8TEG-TVT (blue). The arrows represent the sweep directions.

3.5 Thin-film transistor performance

To evaluate the quality of the s-SWCNT:polymer inks, and probe their charge trans-
port properties, we fabricated bottom-gate and bottom-contact field-effect transis-
tors (FETs). The enriched polymer sorted s-SWCNT inks were blade-cast onto the
substrate with lithographically defined electrodes.

Figure 3.9 displays the electrical characteristics of a representative set of
FET devices which are made from the enriched polymer wrapped HiPCO s-
SWCNT inks. There is a peculiar shift from p-type dominated towards more
ambipolar, n-type dominated transport, going from HiPCO:PNDITEG-AH to
HiPCO:PNDITEG-TVT to HiPCO:PNDIC8TEG-TVT. As shown in Figure 3.9a,
the fabricated PNDITEG-AH sorted s-SWCNT transistors exhibited p-dominated
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Figure 3.10: Figures of merit of the FETs fabricated from the s-SWCNT:polymer-hybrid inks
for HiPCO:PNDITEG-AH (black), HiPCO:PNDITEG-TVT (red) and HiPCO:PNDIC8TEG-
TVT (blue).

output characteristics. While in Figure 3.9b, HiPCO:PNDITEG-TVT based FET still
displayed p-dominated output characteristics, slightly more electrons are present
in the channel. In Figure 3.9c, the HiPCO:PNDIC8TEG-TVT based FET displayed
n-dominated output characteristics.

The p-type charge carrier dominated HiPCO:PNDITEG-AH ink exhibit
the highest hole saturation current. While the HiPCO:PNDITEG-TVT and
HiPCO:PNDIC8TEG-TVT inks exhibits similar hole current saturation. However,
the electron current for the devices made from the enriched PNDIC8TEG-TVT
sorted s-SWCNT inks is 40 times larger in magnitude as compared with enriched
PNDITEG-TVT sorted s-SWCNT inks.

Figure 3.9d shows the ID-VG transfer characteristics of all three devices.
The FETs obtained from PNDITEG-AH-sorted s-SWCNT exhibit a hole mobility of
0.82 cm2 V−1 s−1 (on-off ratio≈ 9× 106) and an electron mobility of 0.02 cm2 V−1 s−1

(on-off ratio ≈ 8× 103). The FETs obtained from PNDITEG-TVT-sorted s-SWCNT
exhibit a hole mobility of 1.52 cm2 V−1 s−1 (on-off ratio 2× 107) and an elec-
tron mobility of 0.05 cm2 V−1 s−1 (on-off ratio 5× 105). The FETs obtained from
PNDIC8TEG-TVT-sorted s-SWCNT exhibit ambipolar characteristics, with a hole
mobility of 2.31 cm2 V−1 s−1 (on-off ratio 2× 106) and an electron mobility of
0.38 cm2 V−1 s−1 (on-off ratio 2× 106).

A summary of the FET performance distribution of devices fabricated with these
enriched polymer-sorted s-SWCNT inks is reported in Figure 3.10. It is clear to see
that HiPCO:PNDITEG-AH based FETs demonstrate the lowest performance as com-
pared with that of HiPCO:PNDITEG-TVT and HiPCO:PNDIC8TEG-TVT based
FETs in both hole and electron mobility. This despite that PNDITEG-AH exhibits
the highest dispersion capability as indicated from absorption spectra. In contrast
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with the absorption spectra, the FET data give a clear indication that there are no
metallic tubes present in the devices. All transistors were functional and for hole
transport all on-off ratios are in the order of 106 or above.

3.6 Energy level alignment and FET hysteresis

The FET performances can be affected by the energy levels and mobility of polymers.
Figure 3.11 shows the energy level alignment of these three conjugated polymers and
the (8,7) s-SWCNT. Compared with PNDITEG-AH, the higher HOMO level of NDI-
TVT based polymers PNDITEG-TVT and PNDIC8TEG-TVT result in an improved
energy alignment with the HOMO levels of the s-SWCNT. Therefore, the energy bar-
rier for inter-tube hole transport in a network of NDI-TVT based polymer-wrapped
s-SWCNT is lower than that of NDI-AH based polymer-wrapped s-SWCNT.

In the case of electron transport, these three polymers show similar energy align-
ment with the (8,7) s-SWCNT. However, as compared with previously reported NDI-
TVT based polymers, the electron mobility of our new NDI-TEG based polymer
PNDITEG-AH is expected to be lower. [43, 44, 58] This can be explained by the twist
structure of the NDI-AH based polymer PNDITEG-AH. This lower electron mobil-
ity within the polymer results in a higher energy barrier for the electron transport
from one s-SWCNT to another, reducing overall FET electron mobilities.

The devices made from the HiPCO:PNDIC8TEG-TVT ink display higher mobil-
ities as compared with PNDITEG-TVT, for both hole and electron properties. Com-
bining these data with the absorption spectra, we suspect this improvement is likely
due to a higher polymer dispersion efficiency, i.e. more s-SWCNT are selected with
respect to the remaining free polymer in the ink after purification. The lower amount
of free polymer significantly reduces the barrier between the s-SWCNT for intra-tube
charge transport, resulting in the higher FET performances as seen for PNDIC8TEG-
TVT as compared with that of PNDITEG-TVT. Other data supporting this hypothe-
sis is that FET devices fabricated from right after selection (before enrichment) using
the PNDITEG-TVT s-SWCNT ink show 100 times higher hole mobility than that of
PNDIC8TEG-TVT.

After enrichment, the excess polymer is removed, and the PNDIC8TEG-TVT so-
lution is still superior over PNDITEG-TVT. Additionally, PNDIC8TEG-TVT based
FET displays more ambipolar electrical characteristics than PNDITEG-TVT based
FETs. The electron mobility of the PNDIC8TEG-TVT based FET is only one order
of magnitude inferior to its hole mobility. Interestingly, the increase of ambipolar-
ity in this sample degrades slightly the hole on-off ratio of the device, leaving it to
values above 105 This is also reflected by statistics over all devices (Figure 3.10 and
Table 3.4). Here, we need to underline that ambipolarity in a field-effect transistor
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Figure 3.11: Energy levels (solid for HOMO, dashed for LUMO) of PNDITEG-AH,
PNDITEG-TVT, and PNDIC8TEG-TVT compared with s-SWCNT (8,7). On the diagram on
the right is displayed the density of states for the (8,7) s-SWCNT schematically represented.
(s-SWCNT data for HOMO and LUMO is taken from literature [59])

for many applications is undesirable. However, to overcome this, a potential so-
lution has previously already been demonstrated; polarity tuning with the use of
dopants. [5]

To further help clarify the role of the wrapping polymer, the FET hysteresis is
examined. The hysteresis has been quantified by taking the difference in threshold
voltage (Vth) between forward and backward sweep, as obtained during the trans-
fer characteristics measurements (summarized in Table 3.4). Interesting to note is
that the hysteresis for holes in HiPCO:PNDITEG-AH is significantly larger than the
value as obtained for HiPCO:PNDITEG-TVT or HiPCO:PNDIC8TEG-TVT. This
can be explained by the higher energetic barrier present for using PNDITEG-AH,
which enhances the possibility of trapping.

In contrast, the hysteresis for electron transport is slightly lower for HiPCO:PNDITEG-
AH, although similar to the one of the other two polymers. Indeed, the LUMO of
this particular polymer lies slightly closer to that of the s-SWCNT, as compared with
PNDITEG-TVT and PNDIC8TEG-TVT (Figure 3.11).

This data supports our hypothesis that the energy levels of PNDITEG-TVT and
PNDIC8TEG-TVT are better aligned with the s-SWCNT, reducing the energy barrier
for holes and improving charge transport.
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Table 3.4: Summary of the FET data averaged over all samples for inks obtained after selection
(1st) and after enrichment (2nd).

PNDIT
EG-A

H
1s

t

PNDIT
EG-A

H
2n

d

PNDIT
EG-T

VT
1s

t

PNDIT
EG-T

VT
2n

d

PNDIC
8T

EG-T
VT

1s
t

PNDIC
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on/off (h+) 2× 107 4× 106 2× 105 8× 106 2× 104 7× 105

on/off (e−) 1× 103 4× 103 1× 104 3× 105 1× 104 7× 105

µ (h+) (cm2 V−1 s−1) 2× 10−2 0.6 2× 10−3 1.0 2× 10−5 1.6
µ (e−) (cm2 V−1 s−1) 1× 10−5 1× 10−2 8× 10−5 2× 10−2 1× 10−4 0.2
Vth (h+) (V) -2.0 -29.7 -40.0 -44.9 -27.1 -43.8
Vth (e−) (V) 35.4 15.0 15.5 1.1 -0.6 -8.9
Hys (e−) (V) - -10.7 - -12.4 - -11.4
Hys (h+) (V) - 13.4 - 3.4 - 3.3

Overall, the HiPCO:SWCNT dispersions (obtained with PNDITEG-AH,
PNDITEG-TVTand PNDIC8TEG-TVT) are of very good quality and demonstrate
that small variations of the chemical structure of the wrapping polymer can have a
large influence on the transport properties of the inks.

3.7 Conclusion

We have successfully demonstrated that three newly synthesized naphthalene di-
imide based low-bandgap conjugated polymers are able to wrap and select semi-
conducting SWCNT.

Compared to the conjugated polymer with naphthalene diimide and head-to-
head bithiophene unit (PNDITEG-AH), we found that inserting a small conjugated
vinyl group into the head-to-head bithiophene substantially increases backbone
planarity and lowers the bandgap of the corresponding conjugated polymers
(PNDITEG-TVT and PNDIC8TEG-TVT) without sacrificing the wrapping ability
significantly. Furthermore, usage of an alkyl chain spacer between the conjugated
backbone and oligomer glycol ether side chain increases the flexibility and solubility
of PNDIC8TEG-TVT, which leads to efficient removal of excess polymer from the
s-SWCNT ink during the enrichment step.

Field-effect transistors fabricated from PNDITEG-AH, PNDITEG-TVT and
PNDIC8TEG-TVT wrapped s-SWCNT have successfully been fabricated and used
as a tool to evaluate the influence of the backbone on the device performance. The
hole transport of devices fabricated with PNDITEG-AH, PNDITEG-TVT, and
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PNDIC8TEG-TVT selected s-SWCNT increase gradually from twisted polymers
PNDITEG-AH to planar polymers PNDITEG-TVT and PNDIC8TEG-TVT. The
higher performance of PNDITEG-TVT and PNDIC8TEG-TVT originate from
their improved HOMO level alignment with nanotubes, as compared with that of
PNDITEG-AH.

Our work provides insight into the fundamental understanding of the relation-
ship between the molecular structure of the polymer and the corresponding disper-
sion capability of SWCNT and the physical properties of the final inks.

3.8 Experimental

Preparation and characterization of s-SWCNT dispersions
HiPCO SWCNT (0.8 nm to 1.2 nm) inks and devices were prepared and character-
ized as described in our previous work. [60] A detailed description is also available
in chapter 2.

DFT calculations
DFT calculations were performed using Gaussian 16 program with B3LYP functional
and 6-311G(d) basis set. We choose one repeat unit of each polymer as the model
molecule in our simulation to reduce the calculation time. These model molecules
were first optimized at gas phase. Then we used the optimized geometry as the
starting point for further single point energy calculations.

Thermogravimetric analysis
Thermal properties of the polymers were determined on a TA Instruments DSC Q20
and a TGA Q50. DSC measurements were executed with two heating-cooling cycles
with a scan rate of 10 ◦C min−1, and from each scan, the second heating cycle was
selected. TGA measurements were done from 20 ◦C to 800 ◦C with a heating rate of
20 ◦C min−1.

Cyclic voltammetry
Cyclic voltammetry (CV) was carried out with an Autolab PGSTAT100 potentiostat
in a three-electrode configuration where the working electrode was a glassy carbon
electrode, the counter electrode was a platinum wire, and the pseudo-reference was
an Ag wire that was calibrated against ferrocene (Fc/Fc+). Cyclic voltammograms
for NDI-Based polymers film deposited on the glass carbon working electrode in
CH3CN solution containing Bu4NPF6 (0.1 mol L−1) electrolyte at a scanning rate of
100 mV s−1.
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