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Influence of Regiochemistry in the Selective Dispersion of Metallic 

Carbon Nanotubes Using Electron Poor Conjugated Polymers  

W. J. Bodnaryk, N. A. Rice, and A. Adronov
*
 

The incorporation of single walled carbon nanotubes (SWNTs) into electronic devices requires electronically pure samples 

of either semiconducting or metallic SWNTs. Selective extraction of SWNTs by wrapping with electron-rich conjugated 

polymers has proven an effective method for producing samples enriched in semiconducting SWNTs. However, large-scale 

purification of metallic SWNTs with conjugated polymers has proven elusive. Here, we report SWNT dispersions prepared 

with three structurally similar poly(fluorene-co-phenylene) derivatives that possess varying degrees of nitration on the 

fluorene monomers. Differentiation of semiconducting and metallic SWNT populations was carried out by a combination 

of UV-Vis-NIR absorption, Raman, and fluorescence spectroscopy. We found that copolymers with meta-substituted nitro 

groups (with respect to the phenylene component) exhibit minimal inductive effects on the overall polymer backbone. 

When the nitro groups are ortho-substituted, a significant inductive effect occurs on the polymer backbone, resulting in a 

polymer that is more selective toward metallic SWNTs. The assessment of the inductive effects on the copolymer species 

was confirmed using Density Functional Theory (DFT) calculations. These results provide new insight into polymer design 

features, leading to the eventual goal of a conjugated polymer capable of selectively dispersing metallic SWNTs. 

Introduction 

Single-walled carbon nanotubes (SWNTs) have received 

significant attention due to their exceptional mechanical, 

optical, and electronic properties.
1–4

 In particular, the electrical 

conductivity of SWNTs, which ranges from semiconducting to 

metallic depending on the chiral index (n,m) of each tube,
5–7

 

opens numerous opportunities for applications. SWNT-based 

transistors,
8
 sensors,

9,10
 photovoltaics,

11,12
 touch screens,

13
 and 

various flexible electronics
14

 have been reported, and take 

advantage of their unique conductivity properties.  However, 

despite significant progress toward their commercialization,
15

 

the extent to which nanotubes have been incorporated within 

commercial products has lagged behind expectations.  This is 

partly because all current SWNT synthetic methodologies 

(including chemical vapor deposition (CVD),
16,17

 laser 

ablation,
18

 arc discharge,
19

 and plasma torch growth
20

) result 

in the production of electronically heterogeneous samples. 

One third of raw SWNT samples exhibit metallic conductivity 

(m-SWNTs), with the remaining two thirds possessing 

semiconducting (sc-SWNTs) characteristics.
21

 This mixture in 

as-produced SWNTs remains a challenging barrier for 

applications, as many devices require either pure m-SWNTs 

(electrodes,
22

 interconnects
23

) or pure sc-SWNTs (field-effect 

transistors,
24

 chemical sensors
25,26

). Therefore, SWNT 

purification continues to be an area of intense research.
27,28

  

Recently, a number of purification methods for SWNTs 

have been shown effective, including density gradient 

ultracentrifugation (DGU),
29

 agarose gel filtration,
30

 and 

electrophoresis.
31

 While these methods are capable of 

separating metallic and semiconducting species, they are 

challenging to scale to industrial levels at reasonable cost, and 

can currently only yield minute quantities of electronically 

pure materials.  An alternative method of nanotube 

purification involves supramolecular functionalization and 

dispersion by conjugated polymers (CPs).  The broad structural 

versatility of CPs allows precise tuning of their  properties to 

enable selective interactions with specific subsets of SWNTs.  

In addition, large-scale synthesis of CPs is feasible and cost 

effective, making this approach potentially scalable to 

industrial levels.  It has been shown that many CPs exhibit 

selective interactions with sc-SWNTs, and some are capable of 

dispersing narrow chirality distributions.  Polyfluorenes,
27

 

polycarbazoles,
32

 polythiophenes,
33

 and a number of other 

conjugated aromatic polymers have successfully been shown 

to selectively disperse specific SWNT types.
34,35

  However, the 

exact structural features that control selectivity for specific 

SWNT chiralities are poorly understood.
36
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We have recently begun to investigate the interactions of 

electron-rich (e-rich) and electron-poor (e-poor) CPs with 

SWNTs.
37

  By preparing a series of polymers with nearly 

identical length and side-chain structure, but differing in the 

electron-withdrawing character of appended functional 

groups, we have shown that e-rich CPs exhibit preferential 

selectivity for semiconducting SWNTs, while e-poor CPs are 

much more selective for metallic SWNTs.  Although the 

selectivity of e-rich CPs for semiconducting SWNTs has been 

reported numerous times,
38

 the preference of e-poor polymers 

for m-SWNTs has received little attention, and therefore 

warrants further investigation.  In particular, it is instructive to 

compare structurally similar polymers that are systematically 

modified to vary the electronic character of their backbone. 

Electron-rich polyfluorenes, such as poly(9,9-

dioctylfluorenyl-2,7-diyl) (PFO) have recently been shown to 

form strong interactions with SWNTs.
35

  A number of reports 

have clearly shown that this CP backbone can exhibit 

selectivity for sc-SWNTs.
35,39,40

  However, the underlying 

reason for this selectivity has not been clearly determined.  

Several variables, including molecular weight, side-chain 

length, and electronic character can play a role in dictating the 

selectivity of this CP backbone.
32,39

  We hypothesize that the 

electronic character of the polymer backbone is a dominant 

factor in dictating selectivity for sc-SWNTs versus m-SWNTs.  

Thus, we set out to vary the extent of e-rich character of the 

polyfluorene backbone, while keeping the polymer molecular 

weight and side-chain structure constant.  To achieve the 

desired gradient in e-rich character, the inherently e-rich 

fluorene monomer can be depleted of electron density via 

functionalization with electron-withdrawing groups.  Here we 

describe the nitration of the fluorene monomer to different 

extents, followed by polymerization to produce a series of CPs 

that systematically differ in the number of nitro functionalities 

within each repeat unit.  We demonstrate for the first time 

that it is not only the extent of nitration, but also the position 

of the nitro groups that dictates the electronic character of the 

polymer backbone and its selectivity for certain SWNT types.  

Specifically, conversion of the polyfluorene-co-phenylene 

backbone from one that is e-rich to one that is e-poor has a 

significant impact on the polymer’s ability to interact with m-

SWNTs. 

Results and Discussion 

 

 Two nitrated fluorene monomers were prepared by first 

brominating commercially-available fluorene to produce 2,7-

dibromofluorene (1), followed by alkylation to produce a 

monomer bearing solubilizing hexadecyl chains (2), as shown 

in Scheme 1.  Nitration of the alkylated dibromide 2 to varying 

extents was carried out by treatment with acetic and nitric 

acids at different temperatures.
41

 Stirring 2 with the acid 

mixture in CH2Cl2 at room temperature for 6 h resulted in the 

mono-nitrated 2,7-dibromo-9,9-dihexadecyl-4-nitrofluorene 3.  

Alternatively, heating the same mixture in CHCl3 to reflux for 3 

h resulted in formation of the di-nitrated 2,7-dibromo-9,9-

dihexadecyl-3,5-dinitrofluorene 4 (Scheme 1).  With these two 

monomers (3 and 4) and the non-nitrated analog 2 in hand, 

their copolymerization with 1,4-benzene diboronic acid 

bis(pinacol) ester as the co-monomer via Suzuki 

polycondensation was carried out using Pd((o-tol)3P)2 as the 

catalyst (Scheme 2).
42

  The resulting three polymers, which 

included the non-nitrated control poly(fluorene-co-phenylene) 

along with the mono-nitrated and di-nitrated analogs (PF-P25, 

PMNF-P25, and PDNF-P23, respectively) were isolated in good 

yield as solid powders which ranged in color from white (PF-

P25) to yellow (PMNF-P25) and green (PDNF-P23). All three 

polymers were soluble in common organic solvents, including 

THF, toluene, and chloroform. Gel permeation 

chromatography (GPC) was used to assess the molecular 

weight of the three isolated polymers (Table 1), which were all 

very similar in their Mn and polydispersity values. Keeping the 

molecular weights of each of the three polymers constant was 

critical to enabling robust comparison of their relative ability 

to interact with specific SWNT types. 

Supramolecular complexes between each of the three 

polymers with raw HiPCO SWNTs were prepared following 

previously reported procedures.
43

 Briefly, 10 mg of SWNTs 

Scheme 1. Synthesis of fluorene monomers. 
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were added to solution of 15 mg of polymer dissolved in 20 mL 

of a 1:1 THF:toluene (v/v) co-solvent mixture.  This solvent 

mixture was found to be optimal in achieving well exfoliated 

and stable SWNT dispersions.  The sample was sonicated for 2 

h in an ice-chilled bath sonicator, followed by centrifugation at 

8,346 g for 30 min. The supernatant was then removed from 

the centrifuge tube, filtered over a 0.2 μm PTFE membrane, 

and thoroughly rinsed with solvent to remove excess polymer. 

The nanotube residue was then redispersed in 15 mL of 

solvent, followed by a second sonication and centrifugation 

step.  

 

Table 1: Yield and molecular weight data for PF-P25, PMNF-P25, and PDNF-P23 

copolymers. 

 

To characterize the polymer-SWNT complexes, we first 

performed UV-Vis-NIR absorption spectroscopy (Figure 1). The 

multiple observed absorption peaks arise from the various 

SWNT chiralities present within the dispersions. There are 

three different regions of interest in the absorption range 

investigated, including two semi-conducting regions, S11 (830-

1600 nm) and S22 (600-800 nm), and one metallic region, M11 

(440-645 nm).
44

 PF-P25-SWNT and PMNF-P25-SWNT show very 

similar absorption features, with the relatively intense peaks in 

the S11 and S22 regions suggesting that exfoliated sc-SWNTs are 

dispersed by these two polymers. Thus, both polymers 

disperse similar populations of sc-SWNTs, except for one 

intense peak corresponding to the (8,7) chirality observed with 

PF-P25-SWNT (at ca. 1284 nm) PDNF-P23-SWNT also shows 

absorption peaks in the S11 and S22 regions, but they are 

significantly broader and there is a noticeable exponential 

background. These features, coupled with the presence of 

absorption peaks in the M11 region, are indicative of the 

presence of m-SWNTs in the PDNF-P23-SWNT suspension.
44

  

Resonance Raman spectroscopy was performed to further 

investigate the m-SWNT and sc-SWNT populations dispersed 

by the three different polymers. Raman spectroscopy is a 

valuable technique for discriminating the diameter of 

dispersed SWNTs (based on positions of radial breathing mode 

(RBM) signals in the 100-400 cm
-1

 range),
45

 as well as the 

relative amounts of of both metallic and semiconducting 

SWNTs present in a sample, which are separately probed using 

different excitation wavelengths.
46

 Polymer-SWNT thin film 

samples were prepared by drop-casting the suspensions onto 

silicon wafers and allowing the solvent to evaporate. A 

reference SWNT sample was also prepared by sonicating the 

raw HiPCO SWNT starting material in chloroform and using this 

suspension to prepare a thin film using the same drop-casting 

method. Raman experiments were performed using three 

different excitation wavelengths: 514, 633, and 785 nm. While 

three excitation wavelengths are not sufficient to fully 

characterize all the SWNT populations present, it has been 

previously demonstrated that using these three wavelengths 

allows adequate discrimination of the electronic nature of 

HiPCO SWNTs.
45

 Figure 2 shows Raman data, focusing on the 

RBM region, for the three polymer-SWNT samples excited at 

the three different wavelengths. All spectra were normalized 

to the G-band (at approximately 1590 cm
-1

) for comparative 

analysis, and offset for clarity. Full Raman spectra can be found 

in the Supporting Information. 

For HiPCO SWNTs, the peaks observed in the RBM using 

the 514 nm excitation wavelength can be grouped into two 

regions (Figure 2A): a broad, low-intensity peak centered at 

180 cm
-1

 arising from sc-SWNTs, and several intense peaks 

between 225 and 290 cm
-1

 arising from m-SWNTs.
47

 Although 

both semiconducting and metallic features are present for all 

three polymer-SWNT samples, the metallic features are most 

pronounced in the PDNF-P23-SWNT spectrum. This is 

corroborated by analysis of the G-band region at this 

excitation wavelength, shown in the inset of Figure 2A. The G-

band is split into two components: the high frequency G
+
 and 

the lower frequency G
-
. With sc-SWNTs, both the G

+
 and G

-
 

exhibit Lorentzian-style lineshapes, whereas with m-SWNTs 

the G
+
 remains Lorenztian but the G

-
 displays a broader Breit-

Wigner-Fano (BWF) lineshape.
48

 The BWF lineshape is 

observed in the G
-
 for PDNF-P23-SWNT, but is not evident for 

PF-P25-SWNT and PMNF-P25-SWNT, suggesting that the latter 

are not highly selective for m-SWNTs. 

 

Polymer Yield 
Mn 

(kDa) 

Mw 

(kDa) 
PDI DP 

PF-P25 73% 25.4 53.8 2.12 37 

PMNF-P25 

84% 25.4 53.5 2.11 35 

PDNF-P23 78% 23.3 48.9 2.09 30 

Figure 1. UV-Vis-NIR absorbance data for PF-P25-SWNT (red), PMNF-P25-SWNT 

(blue), and PDNF-P23-SWNT (magenta) in 1:1 THF:Tol. Absorbance data has been 

vertically offset for clarity. 
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With the 633 nm excitation (Figure 2B), both metallic and 

semiconducting SWNTs are again in resonance, allowing both 

electronic types to be observed.  At this excitation wavelength, 

HiPCO m-SWNTs can be observed in the 175-230 cm
-1

 range, 

while sc-SWNT features are found at 240-300 cm
-1

.
49

 Again, 

both m-SWNTs and sc-SWNTs are observed for all polymer-

SWNT composites, but the PDNF-P23-SWNT sample gave rise to 

the significantly more intense features in the metallic range 

than PF-P25-SWNT and PMNF-P25-SWNT. These findings 

support the hypothesis that decreasing electron density on the 

polymer backbone increases the selectivity toward m-SWNTs.  

The third excitation wavelength, 785 nm (Figure 2C), is mostly 

in resonance with sc-SWNTs. When excited at this wavelength, 

raw HiPCO SWNTs give rise to an intense peak at ~265 cm
-1

, 

which originates from (10,2) SWNTs that are present in 

bundles. This peak is referred to as the “bundling peak”, and 

allows for a qualitative evaluation of the amount of bundling 

present in a given suspension.
50

 Figure 2C shows that all three 

polymer-SWNT samples exhibit minimal bundling compared to 

the raw nanotube control sample, suggesting that all the 

polymers can efficiently exfoliate SWNTs. In addition, 

significant signals corresponding to sc-SWNTs are observed in 

the 220-250 cm
-1

 range. 

PL maps for the polymer-SWNT samples were recorded 

and overlaid with known locations of sc-SWNT fluorescence 

maxima, assigned based on previous literature reports (Figure 

3).
51

 Both PF-P25-SWNT and PMNF-P25-SWNT exhibited more 

intense PL signals than the PDNF-P23-SWNT sample. 

Additionally, although both PF-P25-SWNT and PMNF-P25-SWNT 

contain similar minor contributors (such as the (10,2), (8,6), 

and (7,5) chiralities), they differ in which chiralities give rise to 

the most intense fluorescence maxima; the (8,7) chirality is 

most intense in the PF-P25-SWNT sample, while the (7,5) 

chirality is most intense for PMNF-P25-SWNT. This is consistent 

with the UV-Vis-NIR results (Figure 1), and suggests that the 

inclusion of the nitro functionality in PMNF-P25-SWNT slightly 

alters the populations of sc-SWNTs dispersed. Despite the 

presence of sc-SWNTs in the PDNF-P23-SWNT sample 

(observed in both the absorbance and Raman results), the PL 

map for this sample did not show any clearly defined PL peaks. 

Fluorescence signals could only be observed from this sample 

when the intensity scale was significantly reduced (Figure 3C). 

The observed fluorescence quenching can be ascribed to 

either the dispersion of nanotube bundles by PDNF-P23, or by 

the selective dispersion of m-SWNTs.  The Raman data 

described above rules out the presence of nanotube bundles 

in this dispersion (based on the lack of a “bundling peak”), 

allowing us to conclude that the presence of m-SWNTs is the 

major source for the observed fluorescence quenching.
5,37

 

Therefore, the combination of Raman and UV-Vis-NIR 

absorption spectroscopy indicates that the di-nitrated PDNF-

P23 is significantly more selective toward m-SWNTs than the 

non-nitrated PF-P25 or the mono-nitrated PMNF-P25. 

What is surprising about these results is that the mono-

nitrated polymer, PMNF-P25, does not exhibit intermediate 

selectivity for m-SWNTs between the non-nitrated and di-

nitrated analogs.  Instead, it behaves much more like the non-

nitrated PF-P25, despite the presence of a strongly electron-

withdrawing nitro group on each repeat unit. As both 

polymers have similar molecular weights and solubilities, we 

propose that this anomalous behaviour could be due to one of 

three possibilities: the polymers may adopt significantly 

different conformations, the regiochemistry of the nitro group 

could affect its influence on polymer electronics, or the 

addition of the second nitro unit could be essential for 

inducing a significant enough change in the electronic nature 

of the polymer backbone.  
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To investigate the conformations of the polymer series and 

the influence of the location and amounts of nitro 

functionalities on the electron density of the backbone, we 

performed Density Functional Theory (DFT) calculations (M06 

functional and 6-31G(d) basis set) using the GAMESS software 

package (Figure 4).
52

 Trimers of the three polymers used in this 

study, along with a mono-functionalized analog having the 

nitro group in the ortho position relative to the adjacent 

phenyl ring (o-PMNF-P), were computationally investigated. 

We found that despite increasing the number of nitro 

functionalities on the polymer backbone, the conformation of 

the polymers remain comparable, which suggests that the 

difference in observed suspension selectivity is not due to 

polymer conformation. The calculated electron density maps, 

shown in Figure 4, are colour-coded to highlight electron-rich 

regions in red and electron-poor regions in blue. These maps 

show that the electron density distribution along the polymer 

backbone of PF-P25 and PMNF-P25 are remarkably similar, 

despite the presence of the nitro groups located meta to the 

adjacent phenylene unit in PMNF-P25. This suggests that a 

strong electron-withdrawing group in the meta position of 

PMNF-P25 has minimal inductive influence over the polymer’s 

electronic character. In contrast, calculations for both PDNF-

P23 and the hypothetical o-PMNF-P indicate significantly less 

electron density in each of these polymer structures. What is 

more interesting is that both the mono-functionalized (ortho-

substituted) and di-functionalized (ortho and meta-

substituted) polymers appear to have relatively similar 

electron-poor backbones. This further indicates that although 

incorporating a second nitro functionality may help remove 

additional electron density from the backbone, ortho-

functionalization has a more significant impact on the overall 

electronics of the polymer than meta-functionalization. Our 

experimental and theoretical results suggest that the 

substitution pattern of electron-withdrawing groups 

introduced on the polymer backbone is important when 

designing polymer structures for selective dispersion of m-

SWNTs. 

Conclusions 

The design of new conjugated polymers for selective 

dispersion of SWNTs by electronic type requires control over a 

number of polymer variables.  Modification of the 

poly(fluorene-co-phenylene) backbone with electron-

withdrawing groups has a significant effect on its interactions 

with specific SWNT types, demonstrating an enhanced 

preference for m-SWNTs. Furthermore, we have shown that 

the substitution pattern of the electron-withdrawing groups is 

important in dictating the electronic properties of the polymer 

backbone, and the effect on SWNT selectivity. The copolymer 

having a single nitro functionality in the meta position 

exhibited similar SWNT selectivity to a non-nitrated 

copolymer. However, the di-nitrated copolymer resulted in 

dispersions having a larger preference for m-SWNTs, mainly as 

a result of the ortho-substituted nitro functionality (relative to 

the adjacent phenyl comonomer). Understanding that the 

fluorene and phenylene comonomers are relatively electron 

 

Figure 3. PL maps for (A) PF-P25-SWNT, (B) PMNF-P25-SWNT, and (C) PDNF-P23-SWNT. 

Figure 4. Electron density maps for trimers of PF-P25, PMNF-P25 (meta-

functionalized), PDNF-P23 (ortho and meta-substituted), and o-PMNF-P (ortho-

substituted).  Red denotes regions of highest electron-density, green denotes 

regions of intermediate electron-density, and blue denotes regions of lowest 

electron-density. 
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rich, it is not surprising that they are not exclusively selective 

towards m-SWNTs. These results justify future development of 

more electron-deficient polymer systems, and highlight the 

need for careful consideration of regiochemistry when 

installing electron-withdrawing functionalities that enhance 

the polymer’s ability to selectively discriminate m-SWNTs.  
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Graphical Abstract 

Nitration of a poly(fluorene-co-phenylene) backbone influences its selectivity for 

semiconducting versus metallic single-walled carbon nanotubes, and the regiochemistry 

of the nitro group has a significant impact.  
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