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ABSTRACT

A comparative study of the solubilising effect of polycyclic aromatic hydrocarbon (PAHs) on single
walled carbon nanotubes (SWCNTSs) produced by high pressure decomposition of carbon monoxide
(HiPco) and the arc discharge (AD) method has been carried out with the aid of fluorescence and Raman
spectroscopy. For this study, polyphenyl and polyacene PAHs of different lengths are used. From the
study it has been found that the binding energy of PAHs with AD SWCNTs is the same as that with
HiPco SWCNTs. Shorter PAHs molecules better solubilise SWCNTs and in general smaller diameter
SWCNTs. Thus, given their smaller diameter profile, significantly larger amounts of HiPco SWCNTs

are solubilised than AD SWCNTs.



KEYWORDS: Single walled carbon nanotubes, polycyclic aromatic hydrocarbon, fluorescence

quenching, binding energy, dispersion limit.

INTRODUCTION

Single walled carbon nanotubes (SWCNTs) are one of the most studied nano-materials due to their
high strength [1], electrical[2] and thermal conductivity [3]. These SWCNTSs can be produced by arc
discharge (AD) [4, 5], laser ablation (LA) [2, 6, 7], high pressure decomposition of carbon monoxide
(HiPco) [8], and catalytic decomposition of hydrocarbons [9]. In bulk production, SWCNTSs produced
by different processes contain bundles and ropes of SWCNTs with significant quantities of impurities.
For many application purposes it is important to disperse SWCNTs from their bundles and remove
impurities. But due to their relative insolubility in solvents, non reactive surfaces, in combination with
their high surface area and high aspect ratio which leads to significant agglomeration via intrinsic
intertubule van der Waals attractions, it is difficult to process and handle them [10]. Various methods
have been reported for the solubilisation and dispersion of SWCNTSs in water and organic solvents [11-
12]. It has been found that SWCNTs can be solubilised in water with linear polymers; polyvinyl
pyrrolidone (PVP) and polystyrene sulfonate (PSS) [19]. It is also reported that in water SWCNTSs have
been dispersed with the aid of surfactant [20]. Functionalization also increases the solubility of

SWCNTs [16, 21] in water and organic solvents.

It has been also found that organic polymers such as poly PmPV-co-DOctOPV and polycyclic
aromatic hydrocarbons (PAHs) can solubilise and aid in the purification of the SWCNTSs in organic
solvents [12-15, 18]. The interaction can cause the SWCNTs to disperse from their bundled form [12-
15, 18] and there is a strong suggestion that the organic species interact preferentially with SWCNTSs of
certain diameters or diameter range and even electronic structure [12,13,22]. In other studies it was
found that adsorption of specifically designed and geometrically constrained pentacenic and

quaterrylene based amphiphiles was found to be selective of the nanotube helicity angle [23].



To optimise the solubilisation and dispersion of SWCNTSs in solvents using PAHs, it is important to
understand the interaction of SWCNTSs with PAHs. In a previous study, the interaction of PAHs with
SWCNTs produced by the HiPco process was studied in a systematic way using PAHs of different
lengths from the polyacene and polyphenyl series [14, 15]. From this study, clear structure property
relationships governing the binding energies of the molecules to the HiPco SWCNTSs and the dispersion
limit of HiPco SWCNTs in the composite solutions [14, 15] were obtained. From a Raman spectroscopy
study, a limited degree of structural specificity was evident, although PAHs were seen to solubilise both

chiral and achiral HiPco SWCNTs [24].

The objective of the study presented here is to explore the interaction of these PAHs of systematically
varied chain length with SWCNTs produced by the HiPco and AD methods, exploring the significance
of the diameter and length of SWCNTs on the interaction of PAHs with SWCNTs. For this study,
fluorescence and Raman spectroscopy were used. For the fluorescence study, a model based on the
adsorption/desorption equilibrium of SWCNTSs and PAHs has been used [11]. The details of this method
are described elsewhere [11, 14, 15, 17, 22]. It probes the interaction of the PAH molecules with the
SWCNTs bundles and their resultant dispersion into isolated nanotubes by monitoring fluorescence
quenching as a function of concentration. It yields a characteristic concentration (C,)) at which the rate of
adsorption of PAH molecules onto the SWCNT surfaces is equal to the desorption rate, which is in turn
dependent on the molecular binding energy, E,. The effect of systematic variation of PAH length and

structure on C, and E, can lay the foundation for structure activity relationships.

The diameter dependent selective interaction of both types of SWCNTSs with the PAH molecules is
studied by Raman spectroscopy. Raman spectroscopy is a powerful tool to investigate the vibrational
properties and thus characterize SWCNTs. The radial breathing modes (RBMs) of SWCNTs which lie

in the region of ~ 200 cm™ give information about the diameter and chirality of SWCNTs. In this region,



carbon atoms undergo uniform radial displacement [25-27]. As the RBM frequency is related to the
SWCNT diameter and the structural indices (n, m), a Raman spectrum of a SWCNT sample can be
employed to establish the range of diameters present in a sample [28]. It was recognised at an early stage
that, for a given sample of SWCNTSs containing a range of diameters, the Raman spectrum is dominated
by the SWCNT which are resonant at the frequency of the source laser [28]. Thus, for the complete
characterisation of a sample of SWCNT, a broad range of laser excitation energies should be used [26].
To investigate the interaction of different PAHs with HiPco and AD SWCNTs, the Raman spectra were
recorded with four different laser excitation energies. Employing these four different laser excitation
energies, the range of SWCNT diameters within the pristine SWCNTSs and composite samples were
obtained. Comparing the diameter distribution of composite samples to those of pristine samples the
information about selective interaction of different PAHs with HiPco and AD SWCNTSs were obtained.
Combining the fluorescence and Raman studies, a quantitative assessment of the relative efficacy of

PAHs in solubilising SWCNTSs made by the two production methods is made.

EXPERIMENTAL SECTION

As received HiPco SWCNTs obtained from Carbon Nanotechnologies, Inc. (16200 Park Row,
Houston, TX 77087), AD SWCNTs (Sigma-Aldrich, Ireland) and PAHs (Sigma-Aldrich, Ireland), were
used to prepare different composite solutions with chloroform as solvent. HiPco SWCNTs typically
contain up to 10% metal catalyst (Fe) impurities, encapsulated in the tips [8, 29], and AD SWCNTs up
to 30% amorphous carbon or turbostratic graphite and catalyst impurities [5, 30]. Chloroform was used
because of its poor affinity for SWCNTs [11, 31]. Although, a small degree of solubilisation is affected
at low concentration[32], precipitation is observed within hours of sonication. In the presence of PAHs,

however, the solutions are stable for more than 24 months.

Two sets of solutions (the ranges are provided below) were prepared. To one of the two sets,

HiPco SWCNTs were added in a 1:1 ratio by weight (w/w); HiPco SWCNTSs: PAHs.



~1.25 x 10° mol/L to ~ 1.22 x 10° mol/L for naphthalene,
~7.81 x 10° mol/L to ~ 3.72 x 10" mol/L for tetracene,
~1.56 x 10" mol/L to ~ 1.19 x 10” mol/L for biphenyl and
~7.81 x 10° mol/L to ~ 3.63 x 10" mol/L for p-quaterphenyl

At the highest concentration, both PAHs and composite solutions were sonicated using a sonic tip
(Ultrasonic processor VCX 750 W) for 3 x 10 s at 38% of the power output. Then these samples were
serially diluted by a factor of two with pure chloroform down to the lowest concentration. Each diluted
sample was further tip sonicated as above and was then allowed to settle for 72 hours, after which the
supernatant liquid from the composite samples was carefully withdrawn. The suspensions were allowed
to settle for a further 24 hours before being characterized by fluorescence spectroscopy (Perkin Elmer
LS55). The same procedures and concentration ranges as above were used to prepare composites of AD

SWCNTs with the corresponding PAHs.

It was noted that for both HiPco SWCNTs and AD SWCNTs composites, in suspensions above
the dispersion limit, described below, a considerable amount of precipitation of SWCNTSs was observed
and so the solubilisation is only partial. The dispersion limit is the concentration where SWCNTs are
maximally dispersed [20, 23]. At concentrations where the SWCNTSs are well dispersed, no precipitate
was found. As composite solutions were prepared by using SWCNTs/PAHs in 1:1 ratio by weight
(w/w), it can be stated that below the dispersion limit the concentration of PAHs and SWCNTs are the

same. Concentrations quoted are thus those of the as prepared solutions in terms of PAH concentration.

From fluorescence studies, the regions where SWCNTs were dispersed to a maximum in the
presence of PAHs of different lengths were obtained. At these concentrations, the SWCNTSs bundles

were fully dispersed. The concentration range was chosen such that it spanned the region of dispersion
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observed in these fluorescence based studies [14, 15]. The sample below the dispersion limit [14, 15, 20,
33] (Table 4) for each PAH composite was chosen for Raman characterization and was drop cast onto
clean quartz substrates. AFM confirmed that at concentration below the dispersion limit, the bundles

remained isolated on the substrate (supplemental information Figure S1).

The Raman instrument used in this study was a LabRAM HR 800 Raman Microscope (Horiba
Jobin Yvon) with a confocal imaging microscope system. Four laser lines, 785 nm (~ 1.58 eV) at 240
mW, 660 nm (~ 1.88 eV) at 80 mW, 532 nm (~ 2.33 eV) at 40 mW and 473 nm (~ 2.62 e¢V) at 40 mW
were employed as sources. To study the effect of PAH length on solubility and selectivity of SWCNTs,
the four laser lines were used to extensively probe the range of diameters present in the composite
samples. Spectra were acquired by mapping the 25 um x 25 um field of view of a x50 long focal length
objective with a step size of 5 um. By scanning two different areas within the samples, on average fifty
spectra for each sample were obtained. Raman spectra were corrected for the quartz substrate
background. The RBM features obtained were fitted with a combination Lorentzian/Gaussian line shape

using the instrument LabSpec software version 4.02.

RESULTS AND DISCUSSION

Before studying the interaction of different PAHs with HiPco and AD SWCNTs using the
fluorescence model, pristine SWCNTSs were characterised using Raman spectroscopy. Figure 1 shows
the Raman spectra in the RBM region of a pristine HiPco and AD SWCNTs sample for the four
different laser sources; 785 nm (1.58 eV), 660 nm (1.88 eV), 532 nm (2.33 eV) and 473 nm (2.62 eV).
Due to the different resonance conditions [34], each different source wavelength gives rise to a markedly

different profile and these profiles are also very different for HiPco and AD SWCNTs. Figure 1 (i1) and



(iv) show the combined profiles of RBMs with the four different laser energies of HiPco and AD
SWCNTs respectively by a simple addition of the respective spectra which have been normalized
according to the intensities of the RBMs of each laser line for pristine HiPco and AD SWCNTs
respectively.

Using a previously reported method [24], the diameter distribution of pristine HiPco and AD
SWCNTs were obtained (Table 1 and 2). From Table 1 and 2 and Figure 1, it is found that the SWCNTSs
used for the interaction study were of diameter ranges from ~ 0.7 nm to ~ 1.4 nm and from ~ 1.3 nm to ~
1.7 nm for HiPco and AD SWCNTs respectively. These diameter ranges are consistent with reported
values of HiPco ( 0.7 nm to 1.4 nm [8]) and AD SWCNTs (1.1 nm to 1.74 nm [35]) obtained by TEM
and Raman studies respectively.

To study the interaction of PAHs with HiPco and AD SWCNTs, containing markedly different
structural profiles, a fluorescence based model was employed. In SWCNTs/PAHs composite solutions,
free PAHs molecules and those that are bound to the SWCNTSs are present simultaneously [11]. In the
composite solution, quenching of the fluorescence in the presence of SWCNTs relative to the
fluorescence of PAH solutions in the absence of SWCNTs, indicates the interaction of PAHs with
SWCNTs [11, 17, 18, 22, 36]. In the case of composite solutions, the observed fluorescence is due to the
free molecules only. Adapting the fluorescence model of Coleman et al. [11], a plot of the fraction of
free PAHs molecules as a function of concentration was achieved (Figure 2). This model is based on the
adsorption and desorption of molecules in solution by the SWCNT surface at low concentration and
when the system is in equilibrium, the adsorption rate equals the desorption rate [11]. According to this
model, as the concentration is varied, the variation of the fraction of free molecules can be described in

terms of a characteristic concentration [11] and the concentration of SCWNTs.

NJ (NAN,) =1/ (1+C/C) =Fl _/Fl Equation 1

comp polymer

where C= * | A, """/ (48Df) Equation 2



In Equation 1, C, is the characteristic concentration as defined in reference [11] and C,, is the
concentration of SWCNTSs. It represents the concentration at which the number of free molecules, N, is
equal to the number of bound molecules, N,, and thus the concentration at which the rate of molecular
adsorption on the SWCNT surfaces is equal to the rate of desorption. As SWCNTs and PAHs are used
in a 1:1 ratio by weight, C,; can also represent the concentration of the molecules. N, is the number of
free molecules, N, is the number of bound molecules, FI, is the fluorescence of the composite and
Fli is the fluorescence of the polymer which gives the fraction of free molecules in solution. In

polymer

Equation 2, 1is a pre-exponential frequency factor, , is the SWCNT bundle mass density , A, is the

bundle surface area, E, is the binding energy, k is the Boltzmann constant, 7 is the absolute temperature,
f1s the spatial integral, D is the diffusion coefficient and D = kT/ (6 a), where is the solvent viscosity
and a is the molecular hydrodynamic radius [11]. From Equation 2 the binding energy E, between the

molecules and the SWCNTSs can be obtained [11].

In Figure 2, the curves show the same general trend regardless of the type of SWCNTS, in agreement
with the behavior seen by Coleman et al. [11] and Hedderman et al. [22]. At the highest concentrations,
shown in Figure 2 for the example of p-quaterphenyl only, the molecularly dispersed PAHs interact with
SWCNT bundles. With decreasing concentration, the PAHs act to disperse the SWCNTs, decreasing the
bundle size (as confirmed by AFM [11, 20, 22]), increasing the effective surface area per SWCNT
available to the molecules for adsorption, resulting in a concentration dependent decrease in the fraction
of free PAH molecules, as represented by the ratio of Equation 1. This decrease reaches a minimum at
the point when the SWCNTSs are maximally dispersed. Similar concentration dependent debundling has
been observed and verified using AFM in organic solvents [33] and water/surfactant dispersions [20] of
HiPco SWCNTs and the concentration of maximum dispersion has been termed the dispersion limit [20,
33]. In the plots of fluorescence quenching, the dispersion limit is determined by the concentration of
maximum quenching. From this point, further decreasing the concentration, the surface area per

SWCNT is constant and the fluorescence quenching behavior can be fitted by Equation 1 using C, (the



characteristic concentration) as a fitting parameter. For the range of PAHs, it has been observed that the
dispersion limit, or concentration of maximal fluorescence quenching, and the characteristic

concentration C

,» are linearly correlated (supplemental information Figure S2).

Figure 3 shows the relationship between the estimated dispersion limit of HiPco and AD SWCNTs,
and the molecular weight of PAHs. With increasing length of the PAH molecules the concentration at
which SWCNTs bundles are maximally dispersed is reduced for both HiPco and AD SWCNTs. This is
an indication that the shorter molecules are more effective at dispersing the SWCNTs bundles. The
polyacene PAHs are more effective than their polyphenyl counterparts and this may be an indication
that the more planar and rigid polyacenes are more effective at debundling than the polyphenyl
oligomers in which the phenyl units are free to rotate relative to each other. From Figure 3 it can be seen
that, except for the tetracene composite, the dispersion limits of AD SWCNTs estimated for the three
different PAHs are almost identical to those estimated for HiPco SWCNTSs with the corresponding

PAHs.

It is worth noting that for the case of the interaction of tetracene with both types of SWCNTs, the
observed minimum of the fluorescence curve is considerably less that for the other PAHs and occurs at a
concentration which is lower than the fitted characteristic concentration. This implies that less than 50%
of the molecules are bound at the minimum and may indicate that tetracene is not very efficient at
debundling SWCNTs in general, albeit slightly better for AD SWCNTs. The dispersion limit of AD

SWCNTs by tetracene is higher than that for HiPco SWCNTSs by tetracene.

The observed quenching of the fluorescence of the PAHs is a result of n-m stacking interactions [18,

22] between SWCNTs and the PAH molecules. Figure 4 shows the relationship between the maximum
quenching of PAHs with HiPco (squares) and AD (triangles) SWCNTSs, and molecular weight of PAHs.

Starting from high concentrations, the degree of quenching increases as the composite solutions are



diluted, due to a progressive debundling and therefore increase of the effective area of the SWCNTs.
This reaches a minimum when the SWCNTs are maximally debundled, whereafter the concentration
dependence follows the trend predicted by Equation 1. Comparing the polyacene PAHs to their
polyphenyl counterparts, significantly higher quenching is seen for the polyphenyl series, indicating that
a significantly higher fraction of (bound) polyphenyl molecules are required to affect the debundling
process. Comparing AD to HiPCo SWCNTs for a given PAH, the quenching observed for AD is
consistently larger than for HiPco, indicating that a larger fraction of (bound) PAH molecules are
required to affect debundling. Within a given series (e.g. polyacene/AD or polyphenyl/HiPco) the
degree of maximal quenching observed decreases monotonically, indicating a consistent mode of action
within a series. Notably, the binding energy for both PAHs has previously been demonstrated to be
linearly dependent on molecular weight, indicating an approximately constant interaction per carbon or

ring [14, 15].

Below the dispersion limit, the concentration dependent quenching curves are well fitted by Equation
1 and a value of the characteristic concentration C, derived. For the range of PAHs, it has been observed
that the dispersion limit, or concentration of maximal fluorescence quenching, and the characteristic
concentration C,, are linearly correlated (data not shown). The values of C, are found to be consistently

larger in the case of the AD tubes, however, although only marginally (Table 3).

In the previous study of HiPco SWCNTs, it was found that the binding energy between PAHs and
HiPco SWCNTs increases almost linearly with increasing molecular weight of PAHs [14, 15]. A similar
linear relationship was obtained by Chakarova et. al. [37] and Zacharia et. al. [38] from the interactions
of PAHs with themselves and graphite using density functional theory and experimentally determined

using thermal desorption spectroscopy.
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To establish the binding energy between PAHs and AD SWCNTs, the same fluorescence model is

used [11, 14]. The value of ,, for HiPco and AD SWCNTs is taken as 1.6 x 10” Kg/m™ and 1.33 x10”

U

Kg/m™ respectively [39], the value of A, , is taken as 1.5 x 10" m’ for HiPco and for AD it is 2.2 x 10™°

m’ [39]. The value of other parameters is taken from literatures [11, 14, 39].

From Table 3 it can be found that regardless of SWCNT type, the binding energy between SWCNTSs
and corresponding PAH is the same. It can be thus be stated that the binding energy between SWCNTSs
(HiPco and AD) and PAHs is constant but due to the different dimensions of the respective SWCNTSs,

the Co value is slightly different (HiPco and AD SWCNTs) for the corresponding composite.

To probe the selective interaction of different PAHs with HiPco and AD SWCNTs, Raman
spectroscopy was used. The concentrations of the composite samples selected for the Raman study are

listed in Table 4.

In Figure 5 (i) and (ii), which are the examples of single point Raman spectra of HiPco /naphthalene
composite samples at two different concentrations, it can be seen that above the dispersion limit at ~
1.17 x 10" mol/L, HiPco SWCNTs remain bundled but below the dispersion limit ~ 1.46 x10° mol/L
predominantly isolated SWCNTs are observed. The insets of these figures show the RBM region of the
corresponding sample and are corrected for the quartz substrate background. As for pristine HiPco and
AD SWCNTs, maps of the composite sample of HiPco and AD SWCNTs with different PAHs at
concentrations below the dispersion limit were performed using the four laser sources. Although in all
cases the RBM spectrum was predominantly singly featured, the spectral positioning varied significantly
from point to point. Therefore, a histogram of occurrence of single RBM features at specific frequencies
was constructed for each source wavelength. To understand the overall effect of these PAHs on the
diameter distribution of both SWCNTs, histograms of overall diameter distribution of solubilised,

dispersed and isolated HiPco and AD SWCNTs are plotted on the same plot (Figure 6). As the RBM
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frequency is inversely proportional to the diameter, in these plots the histograms represent the
percentage of occurrences of SWCNTs of different diameters, for each composite, at each of the four
different laser excitation energies.

It is well established that the diameter of SWCNT (d) can be related to the RBM frequency @, and

structural indices (n, m) by the following equation [40]

5+C2 = s
d

= +Cyii Equation 3,
a, . \/3(712 +nm+m*)

Wppy =

where,
a,is the distance between the C-C bonds, 0.144 nm, [40]

C,1s a constant of proportionality [41],

C, is essentially a damping factor which accounts for a frequency shift dependent on the damping

caused by the local environment of the SWCNT [34].

In literature, different values of C, and C, can be found, ranging from 216 cm” nm to 248 cm” nm and
10 to 19 cm’' for C,and C, respectively [25-27, 40, 42-45]. Therefore there is considerable uncertainty
in the selection of the value of these parameters. For the purpose of this work, two sets of C, (216 cm”
nm and 234 cm” nm) and C, (17 nm and 10 nm) values were used to initially obtain a potential diameter
range for pristine SWCNTs. from the RBM frequencies and Equation 3. An estimate of the most
probable diameters contributing to the Raman spectrum at each source wavelength was made, assuming
that resonant SWCNTs dominate the Raman spectrum, by reference to the so-called Kataura plot [46]
which graphically relates the optical transition energies of metallic and semiconducting SWCNTs with
their diameters. For SWCNTs of diameter in the range of ~ 0.7 nm to ~ 1.4 nm (which is the typical
diameter range for HiPco SWCNTs [8], only semiconducting SWCNTSs should be resonant at a laser
energy of ~ 1.58 eV (785 nm). Therefore, for this laser energy only the diameters of semiconducting

SWCNTs in the selected diameter range were chosen. However, in many cases there exists more than
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one candidate corresponding to the particular @,,,. To assign a single diameter to a corresponding @,,,,,

the inverse of these chosen diameters were plotted against the corresponding value of ®,,,. As there is a

linear dependence between @,,, and the inverse diameter (//d) [26], the plot should be a straight line.
For a particular w,,,, a particular diameter was selected from the best fit to the straight line. Also from
this best fit, the value of C,and C, were found to be 221.5 cm” nm and 14.4 cm™ respectively for 785 nm
(1.58 eV). Similarly, the diameters and the value of C,and C, for the different laser energies were found.
The values of C,and C, thus obtained were 207.5 cm™ nm and 29.1 nm for 660 nm (1.88 eV), 233.0 cm
nm and 8.5 nm for 532 nm (2.33 eV) and 213.7 cm"' nm and 22.7 nm for 473 nm (2.62 eV) laser

frequency respectively.

Given the systematic structural dependence of the binding energy of PAHs to mixed SWCNT
samples, it is reasonable to expect that the binding interaction should be optimal for a direct mapping of
the PAH structure onto the linear backbone of matched SWCNT structures. However, a recent detailed
study of their interaction with HiPco SWCNTSs suggests a binding which is not specific to structure or
chirality [24]. The results from this study are presented in Figure 6, and show that the PAHs interact
with a range of HiPco SWCNT diameters. In terms of structural selectivity, it has been observed that for
HiPco SWCNTs, only the polyacene moieties solubilise the armchair SWCNTs, although biphenyl also
solubilises the (11, 0) and (12, 0) zig-zag SWCNTs [24]. The polyphenyl moieties do not solubilise the
armchair SWCNTs. However, in none of the four composite samples is the solubilisation of nonchiral
SWCNTSs dominant [24]. In general a preference for smaller diameter SWCNTSs is evident, although the
longer PAHs have the capacity to solubilise larger diameter SWCNTSs, due to their increased binding

energy. This general trend is also seen in the interaction of PAHs of varying length with AD SWCNTs.

It must therefore be postulated that the smaller PAHs can relatively efficiently bind normal to the tube
axis of nonchiral nanotubes and along the direction of the chiral vector of chiral nanotubes. Given the

curvature of the SWCNTs, this is more efficient for the smaller PAHs on small diameter SWCNTs, the
13



longer PAHs interacting more efficiently with larger diameter SWCNTs. Additionally, the polyphenyl
PAHs have a degree of rotational freedom about the inter-phenyl bond which may inhibit structurally
specific binding. PAHs are also known to stack orthogonal to the surface of graphite, although this is
energetically favourable only at high coverage [38]. A correlation of such steric and energetic
considerations may reduce any structural selectivity. The curvature of SWCNTSs compared to the width
of PAHs [47] and the solvent, chloroform [48] might also affect the interaction process. Gotovac et al.
reported that in liquid-phase adsorption of tetracene and phenanthrene on SWCNTs, tetracene was
adsorbed more than six times more than phenanthrene which attributed to the effect of the nanoscale
curvature of the tube surface [47]. From the report of Liu et al.[48], it has been found that in liquid-
phase, the solvent also plays an important role for the selective solubilisation of SWCNTSs. It was found
that the pentacene derivative is more effective for extraction of metallic SWCNTs when
dimethylfomamide (DMF) is used as a solvent rather than N-methyl-2-pyrrolidone (NMP) and

chloroform [48].

From Figure 6, it is difficult to obtain quantitative information about the degree of solubilisation by
the different PAHs. In this sense it would be more informative to estimate the number of SWCNTs
solubilised at the characteristic concentration. From a previous study using AFM [39], the average

diameter and length of HiPco and AD SWCNTs were found to be 0.9 nm; 750 nm and 1.3 nm; 1000 nm
respectively. Using these values, the approximate volumes (V,,,, = 2 r’l, where r and 1 are the radius
and the length of a SWCNT respectively) of corresponding SWCNTs were calculated. Using Equation

4, the approximate number of corresponding SWCNTs per concentration, at the characteristic

concentration C, was calculated.

Number \%

Solution

x Count % .
— = O D Kg™'m? Equation 4
Concentration pxV,

ube

14



Here, Number = Number of SWCNTs,

V.

Solution

= Volume of the solution
p = mass density of corresponding SWCNTs (HiPco: 1.6x10° Kg/m® and

AD: 1.33x10° Kg/m’)
Concentration = Characteristic concentration for the respective PAH.
Count% is the occurrence obtained from the Raman spectroscopy study.

A plot of Number/Concentration as a function of ®,,,, representing the diameter distribution of HiPco

BMs
and AD composite solutions was plotted (Figure 7). It can be seen that the approximate number of
selected HiPco SWCNTSs per concentration is significantly higher than that of AD SWCNTs and again it
is found that the shorter chain PAHs more efficiently solubilise and disperse the SWCNTs. The
approximate number of SWCNTs selected by different PAHs was obtained by multiplying the
Number/Concentration of different PAHsS/SWCNTs composite samples of corresponding SWCNTSs
(Table 3) with value of C,. A plot representing the approximate number of selected SWCNTs (HiPco

and AD) by different PAHs is shown in Figure 8.

In Figure 8, it can be seen that with increasing molecular weight or size of PAHs, the number of
solubilised SWCNTs decreases. The decrease is approximately exponential, and correlates well with the
approximately exponential decrease of the dispersion limit, as shown in Figure 3 (and characteristic
concentration) with molecular weight of PAH. It can be stated that although longer PAHs bind more
strongly with SWCNTs they solubilise the SWCNTs less efficiently. Therefore, the shorter the PAHs
molecules (here naphthalene) the better the solubilisation of SWCNTSs. From Figure 7 and 8, it is also
evident that the number of AD SWCNTs selected by PAHs is less than that of HiPco SWCNTs. The
reason might be because of the larger diameter and length of AD SWCNTs as well as the larger bundle
surface area than that of HiPco SWCNTSs more PAHs are interacting with AD SWCNTs to make it
soluble than that of HiPco SWCNTs which is also evident from the quenching study (Figure 4).
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The quality and nature of impurities present in SWCNTs might also affect the interaction process
[49]. However, it has previously been indicated that the interaction of PAHs and organic polymers with
SWCNT samples effectively purifies them as amorphous and graphitic residuals are not solubilised [12,
18]. However, as indicated in the experimental section, at concentrations where the SWNTs are well
dispersed, no precipitate was visually observable, indicating that some degree of impurities may be
present in the sample. It is not clear how their presence may effect the interaction process, but in a
quantitative comparison they should be considered. The presence of 30% and 10% impurities in AD and
HiPCo samples respectively should result in a reduction of C, by a corresponding factor. A re-evaluation
of the PAH binding energies results in values for the AD composites which are consistently ~5% than
those for the HiPco composites, a difference which is with in the experimental errors of the
measurement. In terms of number of nanotubes solubilised, a similar correction would result in a further

reduction of the estimate of the number of AD nanotubes solubilised, relative to HiPco.

CONCLUSIONS

The concentration dependence fluorescence study shows that, in a 1:1 composite ratio by weight,
HiPco and AD SWCNTs are debundled at similar concentrations by PAHs. Polyacene PAHs are more
efficient than their polyphenyl counterparts and debundling is affected more readily in HiPco
composites than in AD. The total amount of solubilised SWCNTSs decreases with the increasing
molecular weight of PAHs. Observed differences in characteristic concentration for the two types of
nanotube are largely due to differing dimensions, and once the tubes are maximally debundled, the
binding energy of PAHs is independent of nanotube type. For both tubes types, little or no structural

selectivity is observed, although in general smaller diameter nanotubes are more effectively solubilised.
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Thus, once debundled, the smaller diameter HIPCo SWCNTs are solubilised to a significantly higher

degree than the AD SWCNT samples.
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Figure S1 shows an AFM image of HiPco SWCNTSs deposited on quartz from a ~ 9.536 x10” mol/L
HiPco/tetracene suspension in chloroform. This concentration is below the concentration of maximum
fluorescence quenching of the HiPco/tetracene composite sample. From this figure it is evident that
below this concentration, the samples contain dispersed and isolated SWCNTSs of diameters in the range
of ~ 0.8 to ~ 1.0 nm. This AFM result indicates that the probability of obtaining isolated SWCNTs
below this concentration is high for the corresponding composite, and that this concentration may be
considered to be the dispersion limit of the composite dispersions. This AFM result also confirms that

after drop-casting and drying the dispersed samples, SWCNTSs remain debundled.

As shown in Figure S2, the dispersion limit is well correlated with the characteristic concentration

These materials are available free of charge via the Internet at http://pubs.acs.org.
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Figure S1: AFM image of HiPco SWCNTs of HiPco/tetracene sample at concentration ~ 9.536 x10
mol/L (i). Diameters of HiPco SWCNTs in this sample are shown in (ii).
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Table 1 RBM spectral positions and the corresponding structure assignments for pristine HiPco

SWCNTs at different laser energy excitations.

785 nm 660 nm 532 nm 473 nm
1.58 eV 1.88 eV 2.33eV 2.62 eV
a)RBMs d wRBMs d O‘)RBMS d wRBMs d
(cm-) (@m) |(cm-) (@m) |(cm-) (mm) [(cm-) (nm)
207.6 1.145 1180.2 137511824 1.349| 180.9 1.335
217.7 1.102 | 186.2 1.326 1925 1.270]196.0 1.232
227.7 1.032 1193.6 1.260|213.7 1.125|204.8 1.169
236.5 0.994 |216.1 1.111]2225 1.091|218.5 1.091
249.6 0.936 2240 1.068]233.2 1.038]229.3 1.038
261.4 0.894 |243.0 0.965]244.8 0.991 | 244.5 0.962
269.9 0.873 1250.0 0.936]254.0 0.952]258.4 0.901
307.1 0.757 | 2547 0915]268.3 0.901 | 271.1 0.858
2624 0.884|278.0 0.858]288.2 0.805
281.8 0.828 12959 0.805]305.5 0.757
2949 0.781|317.2  0.777 | 330.5 0.692
338.7 0.678
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at different laser energy excitations.

Table 2 RBM spectral positions and the corresponding structure assignments for pristine AD SWCNTSs

785 nm 660 nm 532 nm 473 nm
1.58 eV 1.88 eV 2.33eV 2.62 eV
wRBMs d a)RBMs d O‘)RBMS d wRBMs d
(cm-) (@m) |(cm-) (@m) |(m-) (@m) [(cm-) (nm)
147.01 1.672 | 14998 1.663 | 146.25 1.697 | 153.68 1.581
151.62 1.621 |159.34 1.545 |157.21 1.563 | 161.90 1.508
157.95 1.549 [165.30 1.487 |166.60 1.470 | 167.77 1.431
163.74 1.487 |169.70 1.435 |172.25 1.411 |176.19 1.356
167.17 1.448 [173.54 1395 |176.35 1.384 | 182.48 1.299
179.21 1.354 | 183.89 1.321
188.01 1.260 | 190.98 1.270

Table 3 Parameters for the calculation of binding energy.
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PAHs For HiPco For AD

For HiPco For AD

composite ~ composite ~ composite  composite

C,(Kg/m3) C,(Kg/m3) E,|eV) E (eV)
Naphthalene 7.68x10°  8.96x10° 0.46 0.46
Anthracene 3.11x10° e 049 -
Tetracene 9.13x10°  1.36x10" 0.58 0.58
Biphenyl 231x10°  2.92x10° 0.50 0.50
p-terphenyl 575x 107 cemmemeee- 072
p-quaterphenyl  2.14x 10°  2.69x10* 0.81 0.81
p-quinquephenyl 4 x 10" —memmeemee- .12 e

Table 4 Concentration of each PAH composite used for Raman study.

PAH Sample concentration (mol/L)
HiPco AD
~1.17x10"

Naphthalene ~2.92x107
~1.46x10°

Tetracene ~4.76 x10” ~1.90x10*

Biphenyl ~3.05x10" | ~1.95x107

p-Quaterphenyl ~3.72x10™" ~3.72x10™

FIGURE CAPTIONS
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Figure 1: RBMs of pristine HiPco (i) and AD (iii) SWCNTSs with 785 nm (1.58eV), 660 nm (1.88 eV),
532 nm (2.33 eV) and 473 (2.62 eV) as source (ii) combined Raman spectra of HiPco (ii) and AD (iv)

SWCNTs for the different lasers.

Figure 2: A plot of the fraction of free PAHs as a function of concentration for HiPco SWCNTs and
AD SWCNTs composite. The solid and dashed curves are the best fits to Equation 1 for HiPco and AD
SWCNTs respectively. Solid and dashed vertical lines indicate C, and the dispersion limit of SWCNTs

for the case of p-quaterphenyl respectively.

Figure 3: A plot of estimated dispersion limit of HiPco (squares) and AD (triangles) SWCNTs as a

function of molecular weight of PAHs. Straight line is a guide to the eye.

Figure 4: A plot of maximum quenching of PAHs with HiPco (squares) and AD (triangles) SWCNTS as

a function of molecular weight of PAHs. Straight lines are guide to the eye.

Figure 5: Raman spectra of HiPco/naphthalene composite samples of concentrations (i) ~ 1.17 x 10™
mol/Land (ii) ~ 1.46 x10”° mol/L respectively at 532nm (2.33 eV)

Figure 6: A plot of overall diameter distribution of HiPco and AD SWCNTs selected by PAHs.

Figure 7: A plot of Number/Concentration as a function of @,

BMs*®

Figure 8: Total number of solubilised AD and HiPco SWCNTSs as function of molecular weight of

PAHSs.
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