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ABSTRACT 
 

The understanding of the conformational interaction between conjugated polymers and 
carbon nanotubes in solution is essential to develop the applications of carbon nanotubes, 
particularly conjugated polymer-carbon nanotube hybrid materials. The visible absorption 
spectroscopic study shows that curved carbon nanotube surfaces can induce the planarization of 
individual conjugated polymers such as poly(p-phenyleneethynylene)s and poly(3-
alkylthiophene)s in solution. The impact of nanotube surface quality on the interaction between 
carbon nanotubes and conjugated polymers is investigated. 
 
INTRODUCTION 
 

Noncovalent functionalization of single-walled carbon nanotubes (SWNTs) by conjugated 
polymers has received increasing interest recently [1-7]. It not only enables the solubilization of 
SWNTs in various solvents while still preserving nearly all of nanotube’s intrinsic properties, but 
also creates the conjugated polymer-SWNT hybrid materials for a variety of electro-optical 
devices, chemical and biological sensing, and other applications [2,4,8]. It has been previously 
recognized that a semiconjugated polymer such as poly(m-phenylenevinylene-co-2,5-dioctyloxy-
p-phenylenevinylene) (PmPV) wraps around the SWNTs [1-4]. This is consistent with the 
observation of a blue shift of lowest energy absorption band of PmPV in PmPV-SWNTs because 
of a significant reduction in π-electron delocalization as compared to the pure PmPV [3]. While 
the previous research mainly focused on using the flexible polymer backbones to wrap around 
the nanotubes [1-4,9], we are interested in noncovalent engineering of carbon nanotube surfaces 
by rigid, functional conjugated polymers such as poly(p-phenyleneethynylene) (PPE) [5,6]. 
Since the rigid backbone of PPE [10] is unlikely to wrap around the nanotubes, the major 
interaction between polymer backbone and nanotube surface is believed to be π-stacking [11,12] 
without polymer wrapping [5]. 

 
Despite previous studies, the understanding of the conformational interaction between 

SWNTs and fully conjugated polymers remains poor. Although PPEs are considered as rigid 
conjugated polymers [10], due to the low barrier of rotation of adjacent phenyl rings around the 
triple bond, any dihedral angle between two phenyl rings can be assumed in solution in good 
solvents [13,14]. In the solid state, the rotation around the triple bond is restricted and a 
planarization of the conjugated backbone with concomitant interchain π-stacking is observed 
[13,14]. Such a planarization leads to an increase in π-electron delocalization of PPE backbone. 
A similar planarization of PPE backbone is also observed in aggregated PPEs induced by 
addition of poor solvents (e.g. methanol) into good solvents (e.g. chloroform) [13,14]. It’s 
therefore important to understand the conformation and π-electron delocalization of PPE 
backbone on curved nanotube surface in solution. Regioregular poly(3-alkylthiophene)s are fully 
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conjugated polymers [15,16], which are more flexible than PPEs, but more rigid than PmPV. An 
analogous planarization of poly(3-alkylthiophene) backbones is observed in solid state and in 
aggregated state in poor solvents, but not in solution in good solvents [17,18]. Although a 
SWNT-poly(3-octylthiophene) composite has been previously reported [7] and used for 
photovoltaic devices [8], the conformational interaction between SWNTs and poly(3-
alkylthiophene)s remains unknown and requires further investigation. In this paper, we use the 
visible absorption spectroscopy to investigate these issues. Finally, it’s well known that carbon 
nanotube surface can be either clean or contaminated with amorphous carbon, acidic, ionic or 
neutral molecules. It’s necessary to explore the impact of nanotube surface quality on the 
interaction between carbon nanotubes and conjugated polymers such as PPEs and poly(3-
alkylthiophene)s. Our study not only provides the new insightful information about the 
conformational interaction between SWNTs and conjugated polymers in solution, which is 
critical to functionalize and solubilize the SWNTs and develop the conjugated polymer-SWNT-
based devices, but also offers a convenient method to quickly assess the surface quality of 
numerous commercially available carbon nanotubes.  
 
EXPERIMENTAL DETAILS   
 

PPE (1) [10] and regioregular head-to-tail poly(3-decylthiophene-2,5-diyl) (P3DT, 2) [16] 
were synthesized and characterized according to literature methods (Figure 1). Purified HiPco-
SWNTs (p-SWNTsHiPco) were purchased from Carbon Nanotechnologies, Inc. Other CNT 
materials are either purchased or synthesized according to literature methods as noted in the text. 

 
 
 
 
 
 
 
 

Figure 1. Chemical structures of PPE (1) and P3DT (2). 
 

p-SWNTsHiPco are solubilized in chloroform by mixing with PPE (1) or P3DT (2) along with 
vigorous shaking and/or bath sonication. The empirical minimum mass ratio of 1:p-SWNTsHiPco 
and 2:p-SWNTsHiPco that is needed to solubilize the p-SWNTsHiPco is about 0.4 for both [5]. To 
prepare the conjugated polymer-nanotube solutions for spectroscopic study, we intentionally use 
the minimum mass ratio to minimize the excess free 1 or 2 in solution. Typical preparation 
procedure for 1-p-SWNTsHiPco unsaturated solution is as follows: 30 mg of p-SWNTsHiPco was 
sonicated in 30 ml of CHCl3 for 30 min to give an unstable suspension of visible insoluble solids. 
Next 12 mg of 1 was added, and most of the visible insoluble nanotube solids became soluble 
simply by vigorous shaking. The resulting solution was further sonicated for 10-30 min to give a 
black-colored stable solution, which was further diluted appropriately for solution-phase 
spectroscopic study. 2-p-SWNTsHiPco solution can be prepared by a similar procedure. A bath 
sonicator (AQUASONIC model 250D) was used for the sonication.   
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The thin films of 1 and 2 were prepared by a solution-casting procedure on thin quartz 
substrates for the solid-state spectroscopic study. The visible absorption spectra were obtained 
with an Agilent 8453 UV-visible Spectroscopy System. 
 
RESULTS AND DISCUSSION 
 

The lowest energy absorption band (corresponding to π-π* transition band) of PPE (1) in 
solution is at 440 nm (2.82 eV), which is red-shifted to 487 nm (2.55 eV) in solid state (Figure 
2). The observed 47 nm red-shift of π-π* transition band is due to the planarization of PPE 
backbone in solid state, leading to better π-conjugation with a lower band gap [10,13,14,19]. 
Similarly the lowest energy absorption band of PPE (1) in 1-p-SWNTsHiPco solution in 
chloroform is red-shifted by 65 nm to 505 nm (2.46 eV) relative to pure PPE (1) solution (Figure 
2). The observed 65 nm red-shift of π-π* transition band is not due to the charge-transfer 
interaction between PPE (1) and p-SWNTsHiPco, because the charge-transfer interaction is found 
to be insignificant on the basis of both solid state absorption and Raman spectroscopic analysis 
[5,20]. We can also exclude the formation of PPE (1) aggregate, because chloroform is a good 
solvent for PPE. Therefore the 65 nm red-shift most likely stems from the planarization of 
individual PPE (1) backbone on carbon nanotube surface via π-stacking in solution, which is also 
consistent with our previous study suggesting that the PPE backbone does not wrap around the 
SWNTs [5]. Since the intensity of metallic M11 band is much lower than that of semiconducting 
S22 band [21], the 505 nm band in Figure 2 mainly originate from PPE (1), not from metallic p-
SWNTsHiPco. The near disappearance of free PPE (1) band (440 nm) in 1-p-SWNTsHiPco solution, 
as well as the solution-phase NMR spectra [5], provide strong evidence for the formation of a 
stable and irreversibly bound complexes between PPE (1) and p-SWNTsHiPco, rather than a 
simple mixture.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Absorption spectra of pure PPE (1) solution in chloroform, pure PPE (1) solid film, p-
SWNTHiPco suspension in chloroform, and 1-p-SWNTsHiPco solution in chloroform. 

 
The π-π* transition band of P3DT (2) in solution is at 449 nm (2.76 eV), which is red-shifted 

to 572 nm (2.17 eV) in solid state (Figure 3). As PPE (2), the observed 123 nm red-shift 
originates from the planarization of poly(3-alkylthiophene) backbone [15-18]. The π-π* 
transition band of P3DT (2) in 2-p-SWNTsHiPco solution in chloroform is red-shifted by 113 nm 
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to 562 nm (2.21 eV) relative to pure P3DT (2) solution (Figure 3). Since there is no obvious shift 
of Raman tangential mode peaks of p-SWNTsHiPco in 2-p-SWNTsHiPco as compared to pure p-
SWNTsHiPco, the charge-transfer interaction between P3DT (2) and p-SWNTsHiPco is insignificant 
[20], which is consistent with previous solid-state optical absorption results [8]. Because 
chloroform is a good solvent for P3DT (2), the formation of P3DT (2) aggregate can be 
excluded. The observed red-shift of 113 nm red-shift is therefore due to the planarization of 
P3DT (2) backbone in solution. The fact that the free P3DT (2) band (449 nm) in 2-p-
SWNTsHiPco solution is almost completely diminished strongly indicates the formation of a stable 
and irreversibly bound complexes between P3DT (2) and p-SWNTsHiPco, rather than a simple 
mixture.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Absorption spectra of pure P3DT (2) solution in chloroform, pure P3DT (2) solid film, 
p-SWNTHiPco suspension in chloroform, and 2-p-SWNTsHiPco solution in chloroform. 

 
The above results suggest that carbon nanotube-induced planarization of individual 

conjugated polymers in solution is probably a general feature for conjugated polymer (such as 
PPEs and poly(3-alkylthiophene))-carbon nanotube complexes. Such a conformational 
interaction leads to the minimized π-π* transition energy of conjugated polymers in solution, 
which is dependent upon the dihedral angles along the polymer backbone [13,18]. The π-π* 
transition band of conjugated polymer in conjugated polymer-SWNT complexes in solid state is 
similar to that of corresponding pure conjugated polymer in solid state (see the supporting 
information in reference 5), and both bands are red-shifted as compared to pure conjugated 
polymer in solution. Our current study clearly indicates that the seemingly-similar red-shift of 
two π-π* transition bands originate from the different interactions. The planarization of pure 
conjugated polymer in solid state is due to the interaction among aggregated conjugated 
polymers, whereas the planarization of conjugated polymer in conjugated polymer-SWNT 
complexes in both solution and solid state stem mainly from the interaction between curved 
carbon nanotube surfaces and individual conjugated polymers.    

 
The π-stacking interaction between carbon nanotubes and conjugated polymers requires a 

clean and well graphitized nanotube surface, and such an interaction enables the 
functionalization and solubilization of carbon nanotubes (in the case of soluble conjugated 
polymers) and the simultaneous planarization of conjugated polymers. This provides a simple 
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mechanism to evaluate the surface quality of various types of carbon nanotubes experimentally. 
For example, both raw and purified HiPco-SWNTs (r-SWNTsHiPco and p-SWNTsHiPco) (from 
Carbon Nanotechnologies, Inc.) can be easily solubilized by PPE (1) and P3DT (2) to form a 
stable solution in organic solvents (e.g. chloroform), because the HiPco process is able to 
produce the relatively high purity of carbon nanotubes with little amorphous carbons, as 
evidenced by the high resolution Transmission Electron Microscopy (TEM) [22]. The 
cyclodextrin-coated SWNTsHiPco [22], however, cannot be solubilized by either PPE (1) or P3DT 
(2), as there is no clean nanotube surface available for the conjugated polymers. The raw arc-
grown SWNTs (r-SWNTsarc) (from Carbolex, Inc.) and nitric-acid (2.6 M or concentrated)-
refluxed SWNTsarc (n-SWNTsarc) cannot be solubilized by either PPE (1) or P3DT (2) to form a 
stable solution. Both the r-SWNTsarc and n-SWNTsarc contains more than 30-40 wt% of 
amorphous carbons, which heavily contaminate the nanotube surface [23]. After a cross-flow 
filtration to remove most of the carbonaceous impurities, however, the resulting purified 
SWNTsarc can be solubilized by PPE (1) and P3DT (2). Well-graphitized multi-walled carbon 
nanotubes (g-MWNTsCVD) [24] can be solubilized by either PPE (1) or P3DT (2), whereas the 
less-graphitized MWNTsCVD cannot, possibly because of the difficulty to form an extensive π-
stacking interaction between less-graphitized carbon nanotube surface and the conjugated 
polymers. The solution-phase absorption spectroscopy may even allow the semi-quantitative 
empirical evaluation of the surface quality of various carbon nanotubes.      

  
The performance of solid-state conjugated polymer-based devices is closely related to the 

structural organization of individual polymers. Since organic thin film devices are preferably 
fabricated from solutions by using spin casting or Langmuir-Blodgett (LB) technique, it’s of 
fundamental interest to understand and control the backbone conformation (e.g. planar or 
nonplanar) of individual conjugated polymers in solution. The LB technique, combined with 
specially designed side chains of conjugated polymers, was previously used to control the 
conformational structures of individual PPEs at the air-water interface [19]. The carbon 
nanotube-induced planarization of individual conjugated polymers in solution offers a new way 
to control the backbone conformation and band gap of individual conjugated polymers in 
solution. The stable conjugated polymer-SWNT complexes also provide numerous opportunities 
for developing new functional devices in solution or in solid state, which take advantage of 
combined properties of conjugated polymers and SWNTs. The ability to orient the functionalized 
carbon nanotubes [25,26] will lead to concomitant alignment of the conjugated polymers, 
whereas the versatile polymer backbone and side chain functional chemistry enable the rational 
engineering of carbon nanotube surfaces [5,20] and hierarchical assembly of carbon nanotube-
based structures (e.g. formation of robust SWNT ribbons [5]). With the rapid progress in carbon 
nanotube separation, it becomes possible to explore the physical properties of novel conjugated 
polymer-SWNTsemiconducting and conjugated polymer-SWNTmetallic complexes.  
 
CONCLUSIONS  
 

Our visible absorption spectroscopic study shows that curved carbon nanotube surfaces can 
induce the planarization of individual conjugated polymers such as PPEs and poly(3-
alkylthiophene) in solution. The impact of nanotube surface quality on the interaction between 
carbon nanotubes and conjugated polymers is investigated, and we find that only carbon 
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nanotubes with clean and well graphitized surfaces can form the stable complexes with 
conjugated polymers in solution. 
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