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ABSTRACT

Ultra-sonication is widely used for preparing Single-Walled Carbon Nanotube (SWNT) dispersions in
different solvent media and it has been shown to play a critical role in dispersing and debundling
SWNTs. The strong shear force which can exfoliate the SWNT bundles during sonication comes from
cavitation, which entails a process of bubble formation, growth and collapse. The efficiency of the
cavitation process is closely correlated to many solvent parameters, including vapour pressure,
viscosity, surface tension, as well as the sonication frequency, intensity and time. In this study, SWNTs
were dispersed in a range of organic solvents assisted by tip sonication. The effects of sonication
intensity and time were investigated in ortho-dichlorobenzene (o-DCB) and dimethylformamide (DMF).
The aggregation fraction below the dispersion limit of SWNTs in the range of organic solvents was
found to be influenced by the solvent parameters, particularly solvent vapour pressure and viscosity. It

is demonstrated that the parameters associated with the sonication process rather than solvent solubility



parameters govern the dispersion process. It is further confirmed that significant degradation of the

SWNTs is affected during the dispersion process.
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INTRODUCTION

Due to strong inter tube van der Waals forces 1, Single-Walled Carbon Nanotubes (SWNTs) are
produced in bundles and are not readily soluble in either water or common organic solvents. Good
dispersion has been achieved using surfactants > or biomolecules * in water, and organic polymers and
molecules in non-solvents *. A range of organic solvents have been explored as dispersion media, with
varying degrees of success 9 Attempts to identify the optimal solvent properties have been based on
solubility parameters such as Hildebrandt or Hansen parameters 513 or surface energy 4 However, little

agreement between the different studies is apparent.

In a systematic study of chlorinated aromatic solvents ortho-dichlorobenzene (o-DCB),
monochlorobenzene (MCB), meta-dichlorobenzene (m-DCB) and 1, 2, 4-trichlorobenzene (TCB)) and
other solvents reported in literature, including dimethylformamide (DMF) 37 1,2-dichloroehtane (DCE)
15, chloroform 16, and toluene 17, it was found that SWNTs are easily dispersed in solvents with
Hildebrand solubility parameter range from ~22-24 MPa'? and Hansen polarity component (8p) ~12-14

MPa'?. No clear correlation between dispersion limits and the dispersion force (8p) or hydrogen

bonding force (6y) were evident B, Bergin et al. identified optimal solubilisation for solvent Hildebrand

12 12

parameters in the range 19 < 8 < 24 MPa """, with a maximum at 21 MPa "*. The corresponding optimal
ranges for the Hansen parameters were, op : 17 < 6p < 19 MPa'?, 8p:5 < & < 14 MPa'?, 8y :3 <

ou< 11 MPa" 2, and the estimated parameters for optimum solubilization of SWNTs were op = 17.8



MPa 2, op=17.5 MPa 2, op=7.6 MPa'”? °. In the study of Detriche et al. of CVD SWNTs, the optimal
Hildebrand range was found to be 20 < 6 < 22 MPa/ 2, with Hansen parameters op : 19 < 6p < 21
MPal/z, op:4<dp<7 MPal/z, Og:3<odu<5 MPal/z, and the estimated parameters for optimum
solubilization of SWNTSs were: 6p = 19.4 MPa/ 2, op = 6.0 MPal/z, oy=4.5 MPa'”?. A further study by

Ham et al. identified dp as the most important parameter with values in the range 17 < 6p < 18 MPa'”?,

172 12

Op as having an upper limit of 14 MPa"*, and &y an upper limit of 12 MPa"".

There is thus considerable discrepancy between the studies already reported in literature and it is
notable that the types of nanotubes and the preparation conditions vary significantly between studies.
Notably, ultrasonication is universally employed to assist the dispersion and stabilization of SWNTs >
TO131416 However, there is no standard procedure for the sonication process, different groups applying
different sonication treatment to their samples. Table 1 summarizes some of the sonication parameters
which have been used for dispersing and stabilizing SWNTs in liquids. It is clearly seen that the
sonication conditions vary significantly, including sonicator types, sonication times and temperature
control. For example, the sonication times vary from 2 mins to 30 mins for tip sonication and 30 mins to

20 hrs for bath sonication respectively.

The strong shear force which can exfoliate the SWNT bundles during sonication comes from the
cavitation process, which entails bubble formation, growth and collapse. This process is intimately
dependant on many factors 18 including: (a) The nature of the solvent, notably the solvent viscosity,
surface tension, vapour pressure, gas solubility and type of active intermediates or radicals formed, (b)
The nature of gas solubilised in the liquid which can change the number of cavitation events and gas
content. (c) Ambient liquid temperature and pressure. As many of the solvent parameters are
temperature dependent, a change of temperature will effect the liquid properties and the gas solubility.
(d) Applied intensity. The intensity of ultrasound influences the size of cavitation and therefore the

probability of cavitation events per unit volume. The larger the intensity the larger will be the acoustic



amplitude and collapse pressure and hence the faster and more violent the collapse. (e) Ultrasound
frequency. While the acoustic frequency is increased, the size of the cavitation bubble decreases,
resulting the influence of the cavitation threshold. An increase in frequency means shorter acoustic
periods, lower maximum bubble size, and thus less cavitation intensity. (f) The sonication time which
determines the total energy input. Many of these parameters are correlated, as for instance, most of the

solvent parameters are temperature dependent, therefore, increasing the complexity of the study.

To further complicate the issue, it has been reported that strong sonication can not only exfoliate the
SWNT bundles but also induce defects and even scission of the tubes . The damage of the SWNTs is
normally monitored by Raman spectroscopy, an increase of the intensity of the defect or D band
compared to the corresponding graphitic or G band intensity being considered to be a measure of

damage to the tubes 620,

In order to demonstrate the critical effect of sonication on the debundling and dispersion of SWNT's
in organic solvents, and to investigate the damage caused by different sonication treatment, a systematic
study of the dispersion of as-produced HiPco SWNTs in a series of organic solvents has been
conducted. By measurement of the UV-visible-NIR absorbance before and after centrifugation as a
function of concentration, the dispersion limit (Dy) of SWNT in each solvent 6, defined as the
concentration at which aggregates cease to dominate the dispersion, as well as the aggregation fraction

(Xage) below the dispersion limit was obtained, as described by Equation 1.

A, —A
_ efore after X
Kagg = A Equation 1

before

where A, is the absorbance (chosen at 660nm) before centrifugation and A, is the absorbance at the
same wavelength after centrifugation. The debundling and dispersion process, as characterised by the

dispersion limit and the aggregation fraction, is seen to correlate well with the solvent parameters

associated with sonication suggesting that these rather than the solubility parameters govern the



dispersion process. Raman spectroscopy of o-DCB and DMF dispersions demonstrates significant
damage to the SWNTs which is well correlated with the increased solubility suggesting that the use of

universal solubility parameters are not appropriate.

EXPERIMENTAL

HiPco SWNTs from Carbon Nanotechnologies Inc., batch number PO341, were used as received.

All the sonication treatments in this study were carried out by an Ultrasonic processor VCX 750W

(SONICS & MATERIALS, INC.), of frequency 20 kHz with the output power set at 26%.

4.2 mg SWNTs were added into 20ml solvent. The initial dispersion was produced by sonicating for
20s, whereupon it was serially diluted by 0.75 to produce a range of dispersions with concentrations
from 0.21mg/ml to 0.001 mg/ml. The volume of each sample was Sml. All samples were then sonicated
for an additional 100s *' to make sure each sample received the same sonication treatment. All the
dispersions were subsequently centrifuged at 3000rpm (~ 945 g) (ECONOSPIN Sorvall Instruments) for

60 minutes. An identical procedure was performed in all the employed solvents.

In order to investigate the effect of sonication time and output power of the sonicator, dispersions in
two solvents, 0-DCB and DMF, were chosen. 3.2 mg SWNTs were added to 80ml o-DCB and DMF
respectively (0.04mg/ml). This initial dispersion was sonicated for 20 s with the output power of the
sonicator set as 26%. The dispersion was then immediately divided into 16 bottles, each sample
containing 5 ml. 6 samples of each solvent were chosen for the study of output power of the sonicator.
The output power of the sonicator was varied between 21% and 38%. The remaining 10 samples were

used to investigate the effect of sonication time from 20 s to 220 s, in 20s intervals for each sample. All



the samples were allowed to settle for 2 days before a mild centrifugation was carried out to remove

large aggregates.

UV-vis-NIR absorption (Perkin-Elmer Lambda 900) measurements were performed both before and
after centrifugation. Measurements were performed using an integrating sphere to minimize the
contributions of scattering to the measured extinction **2. 10-millimeter quartz cuvettes were used for
all the measurements. UV-vis-NIR measurements were carried out on the whole sample before
centrifugation (immediately before measurement all samples were vigorously shaken) but only on the
supernatant after centrifugation, so that the mass fraction of aggregates can be estimated (see Equation

1). The absorbance at a wavelength of 660 nm was used for all the calculations 68.21

Raman measurements were performed with a LabRAM HR800 Raman Microscope (Horiba Jobin
Yvon) at laser energy 2.33eV (532nm) on the supernatant of each sample (after centrifuge) drop cast
onto glass substrates. A x50 objective lens was used for all the measurements. The spot size and laser
power at the sample were approximately 2um and 30mW respectively. Up to ten spectra were taken
randomly for each sample. The intensities of the D and G* bands were taken after base line correction

and the ratios of Ip/Ig" were calculated for all spectra and averaged.

RESULTS AND DISCUSSION

Figure 1 shows the concentration dependence of the calculated aggregation fraction for SWNTs in
MCB, 0-DCB, TCB and DMF dispersions. In the example of TCB, the aggregation fraction decreases
with decreasing concentration until it reaches a minimum of ~ 0.1 below the dispersion limit. A
complete study of the variation of dispersion limit with solvent has recently been reported'’. AFM
studies have confirmed that the reduction of the aggregation fraction is due to exfoliation of the bundles

with decreasing concentration until the bundles are maximally dispersed. For the range of solvents, in



addition to the variation of the dispersion limit, the aggregation fractions below Dy also vary
significantly for the different solvents, but the two are not correlated. For example, the dispersion limit
of SWNTs in DMF can be considered to be ~ 0.022 mg/ml, and the aggregation fraction below Dy is
around 0.5. However, the dispersion limit of SWNTs in TCB is only ~ 0.005 mg/ml, but the aggregation
fraction below Dy is found to be 0.1. AFM has demonstrated that a high aggregation fraction is due to
only partial debundling of SWNTs aggregates during the sonication B The dispersion limit and
aggregation fraction of SWNTs below Dy, in each solvent are listed in Table 2, together with some of the
physical parameters of the solvents, including molecular weight, viscosity, vapour pressure, density and

surface tension.

It is surprisingly to find that the aggregation fraction below the dispersion limit in each solvent varies
significantly and that there is no correlation with the dispersion limit of SWNTs in the corresponding
solvent. As all the samples received the same sonication treatment, this variation is attributed to the
difference of solvent properties during sonication. In order to further explore this, a further two sets of
SWNTs/DMF dispersions were sonicated for 4 mins and 6 mins respectively. The aggregation fractions
for different sonication times were plotted as a function of prepared concentration, shown in Figure 2,
and compared to those presented in Figure 1. It is clear that the degree of debundling, or aggregation
fraction, below the dispersion limit is critically dependent on sonication time. The estimated dispersion
limit, reflecting the efficiency of debundling, appears to be largely unaffected by the degree of
sonication, however, indicating that it may be determined by the solvent parameters rather than the

sonication conditions.

In order to further investigate the effect of sonication time on the dispersion of SWNTs, a series of
0.04 mg/ml SWNTs in 0o-DCB and DMF dispersions were made with sonication times varying from 20
s to 220 s. The absorbance of each sample after centrifugation was measured by UV-vis-NIR

spectroscopy and plotted as a function of the sonication time (t), shown in Figure 3. It is clearly seen



that increased sonication time increases the dispersion of SWNTs in both solvents. In 0-DCB, the
absorbance appears to reach a plateau in the region 120-160 sec, whereas in DMF the absorbance

continues to increase upon sonication up to ~200 sec.

Figure 4 shows the absorbance of the SWNTs dispersions in o-DCB and DMF at 0.04 mg/ml as a
function of sonication power for a fixed time of 120 sec. The absorbance of 0-DCB solution reaches a
maximum for an output power of 26%. However, for the DMF solution, the optimum output power was

found to be 30%.

The sonication conditions of 120 sec and 26% output power were established in a previous study for
0-DCB, wherein it was observed that the absorbance before centrifugation was seen to be maximised.
Clearly this is not quite the case for the dispersions after sonication, but most importantly, the optimal

sonication conditions are solvent dependent.

According to the theory of ultrasonic processes, the cavitation effect is strongly dependent on solvent
parameters, notably the solvent vapour pressure, viscosity and surface tension '8 The aggregation
fractions of the dispersions of SWNTs in different solvents, sonicated for 2 mins at 26% output power,
were plotted as a function of the solvent vapour pressures, shown in Figure 5 (a). There is clearly a
correlation between the aggregation fraction of SWNTs in each solvent and the solvent vapour pressure
although a number of “outliers” are apparent. The aggregation fraction drops significantly when the
vapour pressure of the solvent is below 10mm/Hg, indicating that sonication in solvents with lower
vapour pressure more effectively debundle and disperse the SWNTs aggregates. In low vapour pressure
solvents, more energy is require to induce cavitation, and consequently more energy is released upon

bubble collapse. This energy is then available to aid in the dispersion of SWNTs 18



In sonochemistry, the variation of the decomposition rate of, for example, Fe(CO)s in organic
solvents is strongly dependent on the vapour pressure, a linear correlation between In (k), where k is the
decomposition rate constant and solvent vapour pressure being observed 2 If the debundling process of
nanotube aggregates is comparable to the decomposition of Fe(CO)s, a similar correlation should be
observed. The dashed line of Figure 5 is a fit of an exponential dependence of (1- ¥aes), representing the
debundling rate, on the solvent vapour pressure. Excluding the “outliers”, an excellent fit is observed

indicating that the debundling process can be modelled according to the principles of sonochemistry.

Figure 6 shows the aggregation fraction below the dispersion limit in each solvent as a function of
solvent viscosity. Again a good correlation is observed, again with some “outliers”. Notably, the outliers
are also outliers in Figure 5. Lower aggregation fraction and therefore better dispersion is observed in
higher viscosity solvents. Although viscous solvents are known to increase the threshold of the
cavitation **, the effects resulting from cavitation collapse in viscous liquids are stronger than collapse

in less viscous liquid, resulting in more efficient debundling of SWNTs **.

Figure 7 shows the aggregation fraction as a function of solvent surface tension. If DMSO, DCE, and
chloroform are again assumed to be anomalous, then a reasonable correlation between the aggregation
fraction and the solvent surface tension may be inferred. As is the case for viscosity, the initiation of the
cavitation process requires more energy in viscous solvents and therefore more energy is released upon

collapse, resulting in more efficient dispersion of the SWNT aggregates.

Over the range of solvents, therefore, a good correlation of the solvent parameters governing the
sonication process is observed, indicating that this process, rather than conventional solubilisation, is
predominant in the dispersion of nanotubes. Notably, it might be expected that parameters such as those

described by Hildebrant or Hansen might be more relevant for in the regime of high dispersion (i.e. low



aggregation fraction). However, the correlation with the sonication parameters appears to extend to this

region.

Given the many factors involved in the sonication process, it is not surprising that there is a
significant spread observed in all the plots. It is noted, however, that certain solvents are consistently
observed as outliers. DMSO is known to readily absorb water from the environment > which might be
the reason for DMSO behaves anomalously. The deviation of the aggregation fractions in Chloroform
and DCE is probably due to the degradation of the solvents themselves and the formation of Cl, and
HCI during sonication 2 1t is notable however chlorinated aromatic solvents, reported to polymerise
under sonication ***’, do not appear as outliers. The outlying behaviour of DBE might similarly be due

to solvent degradation or alternatively to the extremely high density of DBE compare to other solvents.

For all solvents, parameters such as viscosity are intimately related to the solvent density and thus it is
reasonable to expect that the efficiency of the sonication process can be correlated to the solvent
density. This is indeed the case, as shown in Figure 8. Furthermore, if a constant value for the molecular
volume can be simplistically assumed, one would therefore expect a correlation between solvent
molecular weight and dispersion efficiency. This is indeed the case as shown in Figure 9, suggesting a

relatively simple solution to the optimisation of the solubilisation process.

However, ultrasonication not only affects the exfoliation of the SWNTs bundles, it also induces
defects and even scission of the tubes '***. The process is commonly monitored via the ratio of the D
and G bands of the Raman spectrum, Ip/Ig 620 It has been demonstrated that changes in the Ip/Ig ratio
as a result of sonication are predominately due to nanotube scission 28 and that the ratio scales inversely

with the average nanotube length.

10



Figure 10 plots the Ip/lg ratio in drop cast deposits of o-DCB and DMF dispersions sonicated for
varying times. Clearly there is a significant change in the ratio, and therefore the average nanotube
length, as a result of sonication. It has also been shown that sonication-induced cutting results in the
mean tube length decaying as "2 ' This suggests that Ip/Ig should increase as \t, as indicated by the
dashed lines of the plot. In both cases, the degradation rate is highest over the first 60-80 seconds,
whereupon it approaches a plateau. In o-DCB, the ratio has increased by a factor of 1.7, while in DMF it
has increased by 1.4. This implies a reduction of the average SWNT length by factors of 0.6 and 0.7

respectively. A similar behaviour is seen as a function of sonication power, as shown in Figure 11.

Most significantly, for both solvents, as a function of sonication time and power, the variations of the
Ip/I ratios correlate well with the absorbance values of Figures 3 and 4. The absorbance values after
sonication for a fixed period, and therefore the aggregation fraction, are thus correlated with the degree
of damage to the nanotubes as a result of sonication. In literature, however, these values are taken as a
measure of the solubility of SWNTs in the respective solvents. It is unclear as yet whether the
susceptibility of SWNTs to degradation, or the degradation rates, are dependent on nanotube chirality or
diameter. To date, however, in terms of variations of Ip/Ig ratios as a function of sonication time, the
process has been observed in SWNTs produced by HiPco [19] and pulsed laser vaporization [20],

suggesting that it is a relatively universal phenomenon.

CONCLUSIONS

The dispersion and debundling of SWNTSs in organic solvents is critically dependent on the sonication
process which is closely dependent on many of the physical parameters of the solvent, including vapour
pressure, viscosity, surface tension, density and molecular weight. It appears that these parameters,
rather than solubility parameters, govern the dispersion process. The dispersion limit, defined as the
concentration at which aggregates cease to dominate the (centrifuged) dispersion appears to be largely

independent of sonication conditions, whereas the absorbance of the SWNTs dispersion, often used to

11



characterise the degree of solubilisation, increases with the sonication time and the output power of the
sonicator. It is furthermore clear that sonication results in damage to the nanotubes and choice of solvent

should be guided by minimisation of sonication requirements.
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Table 1 Different sonication conditions for dispersing SWNTs in liquid

Sonicator type Solvent Sonication time Reference
Bath & Tip Imin (tip) + 20s 2
Sonicators Water (surfactant) (tip) +3hrs (bath)

Organic solvents & 20hrs 1

Bath sonicator water (surfactant)

Tip Sonicator Organic solvents 30mins (ice cooling) ’

Tip sonicator Organic solvents 2mins 8

. 2 mi
Tip Sonicator Organic solvents mins »
. 7

Bath sonicator Amide Solvents 4hrs
Bath & Tip . 2mins (tip) + 4hrs 6
Sonicators N-methyl-2-pyrrolidone - L 1 min (tip)

Bath sonicator Alkyl Amide Solvents 30mins (40° C) >

ortho-dichlorobenzene 1 hr 10

Bath sonicator

Table 2 The dispersion limits of SWNTs and aggregation fraction below Dy in different solvents

together with the solvents physical parameters (all the samples get 2 mins sonication)

Molecular Dispersion Kage Mw Viscosity Vapour Surface Density
Name formula limit (mg/ml) below (a/mol) mPa- pressure tension ( /cm3)
g D, g (mPas)  wHe)  (mNim) (&
0.4 26.67%*
Chloroform CHCI, 0.001 119.38 0.57* 159+ 1.48
DCE CH,CICH,CI 0.007 0.6 98.96 0.84% 65.2% 24.07* 1.253
HCON(CH 0.022 0.5 73.09 0.92% 2.7% 36.4%* 0.944
DMF (CH3), . ) . . '
0.95 « 27.93%%
Toluene C/Hg <0.001 92.14 0.59% 22 0.8669
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0.9 32.99%*

MCB CeHsCl <0.001 112.56 0.80% 11.8% 111
o-DCB CoHLCl, 0.015 025 14701 1.324%¢ 1.2% 37 130

- DCB CeH,Cl 0.004 04 qa701 1023w o245 PAF ) ogg
TCB CeHsCl, 0.005 0.1 18145  1611%w 03w T 1.50
DBE CH,BrCH,Br 0.010 025 18786  1.620%%+ 1% 3935 a7
Nitromethane CHNO; <0.001 09 6104  0.61% 27.8 3653 1138
Acetonitrile CHLN <0.001 098 4105 03443+ 73 28.66™5 0786

DMSO (CH3),50 0,006 065 g1 | 006+ 04175 429w

* Data at 20 °C, ** data at 25 °C, *** data at 30 °C

FIGURE CAPTIONS

Figure 1 Fraction of the nanotube aggregates in MCB, o-DCB, TCB and DMF dispersions as a function
of prepared concentration.

Figure 2 Aggregation fractions of SWNTs in DMF at different sonication time (volume 5ml, without
temperature control).

Figure 3 Absorbance of 0.04 mg/ml SWNTs in 0-DCB and DMF after centrifugation as a function of
sonication time (t) (the vertical line indicates the sonication time applied in previous studies 8’21).

Figure 4 Absorbance of 0.04mg/ml DMF and o-DCB dispersions after centrifuge as a function of
sonicator output power (the vertical line indicates the output power used in previous studies **").

Figure 5 Aggregation fractions of SWNTs below the dispersion limits in each solvent as a function of
the solvent vapour pressure. The dashed line is a fit of an exponential dependence of (1- ¥ae) On the
solvent vapour pressure.

Figure 6 Aggregation fractions of SWNTs below the dispersion limits in each solvent as a function of
the solvent viscosity.

Figure 7 Aggregation fractions of SWNTSs below the debundling solvents in each solvent as a function

of the solvent surface tension (surface tension data of TCB is missing).
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Figure 8 Aggregation fractions below the dispersion limit in each solvent as a function of the solvents
density.

Figure 9 Aggregation fractions below the dispersion limit in each solvent as a function of the solvents
molecular weight.

Figure 10 Absorbance and Ip/Ig, ratio as a function of sonication time. Filled squares: absorbance of
DMF solutions; Filled circles: absorbance of o-DCB solutions; Open squares: Ip/Ig; ratios for DMF.
solutions; Open circles: Ip/Ig, ratios for 0-DCB solutions; the dashed lines indicates a Vt dependence of
the ID/IG" ratio.

Figure 11 Absorbance and ID/IG" ratio as a function of sonicator output power.
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