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The Mechanism of Cavitation-Induced Scission of Single-Walled Carbon Nanotubes
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Aqueous suspensions of length selected single-walled carbon nanotubes were studied by atomic force
microscopy (AFM) in order to probe the influence of sonication on nanotube scission. The maximum of the
tube length distribution,y, initially exhibits a power law dependence on the sonication timeroughly as

Im =~ t795, This and the limiting behavior observed at longer times can be rationalized to first order in terms
of a continuum model deriving from polymer physics. In this picture, the strain force associated with cavitation
scales with the square of the nanotube length. Scission stops when the strain force falls below the critical
value for nanotube disruption.

Introduction originally developed to describe scission of polymer chains. This

| hods h b develoned liquid q llows insight into the mechanism of water-cavitation-induced
Several methods have been developed to sort liquid-suspended .icion of SWNTs.

single-walled carbon nanotubes (SWNTSs) by length, including
capillary electrophoresis? gel electrophoresis? liquid—liquid
extraction? and size-exclusion chromatography?® Heller et
al. have recently inferred that gel electrophoresis and size- Two different SWNT materials were used for this study: (i)
exclusion chromatography conducted on individually dispersed SWNT soot produced by the HiPco methband obtained from
SWNTSs subjected to an (additional) ultrasound treatment yield Rice University and (ii) SWNT soot produced by a varidmif
a simultaneous separation by tube length and diametaey the pulsed laser vaporization (PLV) methi§&pecifically, PLV
have rationalized their observations in terms of a diameter- SWNT soot was generated using graphite targets doped with 1
dependent sonication-induced scission rate which would give atom % Ni and Co (Toyo Tanso) in an Ar gas flow at an oven
rise to shorter nanotube fractions enriched in large diametertemperature of 1000C. Prior to further use, the PLV SWNT
tubes, whereas longer nanotube fractions are enriched in smalloot was purified by washing it three times with dimethylfor-
diameter tubes. mamide (DMF) according to ref 19. The HiPco material was
In order to further explore such sonication-induced, diameter- used as received.
selective cutting processes, it is necessary to study the underlying Length selected SWNTs for further study were prepared by
mechanism. Sonication has already been used by severabize-exclusion chromatographic fractionation of suspensions of
researchers for cutting SWNTSs into shorter pieces in combina- the SWNT starting materials. For this, 15 mg of the SWNT
tion with strong acids or together with additives such as material was first suspended in 30 mL of@ with 1 wt %
diamond?? polymers!® or DNA.2In a study aimed at improving  sodium cholate (Sigma Aldrich) using a tip sonicator (Bandelin,
the solubilization of SWNTSs in aqueous media, Islam €fal. 200 W maximum power, 20 kHz) appliedrfd h at 10%power
have examined the surfactant dependence of suspension efficiencyhile cooling the sample in an ice bath. After centrifugation at
and have optimized the conditions for fragmentation-free 20 00@ to remove larger agglomerates, the resulting suspension
ultrasonic dispersion (high frequency, low power). These authors was then fractionated without further treatment. Size-exclusion
were the first to investigate the efficacy of SWNT suspension chromatography was performed with a Sephacryl S-500 gel
schemes by using atomic force microscopy (AFM) measure- filtration medium (Amersham Biosciences) in a glass column
ments of spin-coated material to determine SWNT diameter and of 120 cm length and 1 cm inner diameter. After filling the
length distributions in the corresponding suspensions. In the glass column with the filtration medium, the gel was slightly
present study, we have used this approach in combination withcompressed to yield a final height of 100 cm. For the size
length fractionation by size-exclusion chromatography to provide separation, 4 mL of SWNT suspension (2 mg of SWNTs) was
a systematic measure of the influence of ultrasonic treatmentapplied to the top of the column and a solution of 1 wt % sodium
on SWNT scission. Length-dependent scission rates are inter-cholate in BO as eluant was pushed through the column by
preted to first order in terms of a continuum physics approach applying sufficient pressure with compressed air to ensure a
flow of ~1 mL/min. Fractions were collected in 2 mL portions.

Experimental Section

* Corresponding author. E-mail: Frank.Hennrich@int.fzk.de. For the scission study, 2 mL of a fraction with known length
: Qﬁ;é?&gﬁ;cngﬂtﬁsim?l??r:?\}eréttaarlsruhe distribution was diluted by a factor of 10 it 1 wt %sodium

s Institut fir Physikalische Chemie, Univerditiarlsruhe. cholate RO solution and sonicated for 2 h. Aliquots for AFM
nstitut fir Angewandte Physik, Universit&arlsruhe. study were taken after 5, 10, 40, 60, 90, and 120 min.
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Figure 1. Chromatogram derived from a size-exclusion fractionation
using HiPco SWNTs in BD and 1 wt % sodium cholate on Sephacryl  for the wholen,m distribution. In the following discussion, we
S-500 gel. assume that this is not an issue.

o . . In AFM measurements of fractions deriving from the starting
Raman spectra at 785 nm excitation were obtained directly g snensjon, we examineds00 tubes or small bundles for each
at the outlet of the glass size-exclusion column with a Kaiser ¢ ¢\ e different fractions. As an example, Figure 2 provides a

Optical Holospec spectrograph which comprises a fiber optic g, mary of the AFM observations for fractions 2 and 14. The
probe head incorporating both excitation laser aperture and 04n length of the examined fractions is as follows: 890

collection optics. Spectra were processed via the Kaiser Ho- 370 hm for fraction 2. 526 235 nm for fraction 5. 236 110
Iorgact program package for Matlab (The Mathworks, Inc.). Peak nm for fraction 8, 140+ 80 nm for fraction 11, and 8@ 50
heights of Raman and fluorescence features were calculated ahm for fraction 14. In the AEM measurements of the scission

defined wavelength intervals over each spectrum taken. Thesen oes5..500 tubes or small bundles were typically also probed

were typically recorded every minute during the size-exclusion ¢ 4s to obtain a statistical sampling

experiment. The RBM region between 150 and 300 toan : o '

be fitted by Lorentzian functions and assigned to SWNTs with PL Intensities measured for nanotube sgmplles do not refle(;t
the relative abundance of nanotube chiralities because (i)

distinctn andm according to ref 20: (12, 5), (13, 3), (9, 8), metallic tubes do not photoluminesce and (ii) associated cross
(14, 1), 9, 7), (10, 5), (11, 3), (12, 1), and (11, 0). The additional o . " o predicted to be strongly dependent on the chiral

fluorescence peak detected in the case of the HiPco materialvector but are not accurately known (and may also be length
can be assigned to SWNTs with distincandm according to 5 y y 9
dependent}® Nevertheless, PL maps can at least be used to

ref 21. S ;
AEM samoles were prepared by spin coating of the nanotube qualitatively compare the effects of different sample treatments
P prep ysp 9 for the same nanotube starting material. In Figure 3, the PL

o conta am ey et contour map faclons 2 a1 e shin, Comparng ese
with a D{gital Instruments Multimode SPM with NSC15 silicon maps, It appears that there is more PL intensity for tubes Wlth
cantilevers (MikroMasch). The heights and lengths of the smaller diameters in the 890. nm average Ienth s._ample than is
measured objects were e.xtracted from AFM images with the the case for the 80 nm fraction. This observatlpn is analogo_us
to what was found by Heller et al., who have interpreted this

help of th_e Software package SIMAGIS (Smart Im_ag_mg behavior in terms of a diameter-dependent sonication-induced
Technologies Co.). Tube lengths were determined within a “cutting” rate?

lateral resolution of 1620 nm?2:23 Ei 4sh UV-vis—NIR absorpi tra f .
Two-dimensional photoluminescence (PL) contour maps of Igure & Snows UV VIS—INIR absorplion Spectra for various
&ractlons. The peaks from interband transitions all seem to lie

size separated tube samples in surfactant solutions were derive th back d but b K ith 1 .
from individual PL emission spectra measured in the range-850 on theé same background but become weaker with increasing
elution time. This might be explained by the fact that cross

1750 nm with a similar setup and procedures as already " for interband t i lenath d dent
described in ref 24 using a Fourier transform (FT) IR technique sections Tor interband transitions are length depencent or may

(Bruker IFS66) for detection and a monochromatized light simply be due to the fact that side products from the SWNT.
source (Xenon lamp) for the excitation in the range 5860 synthesis such as amorphous carbon are also separated by size

nm. UV—vis—NIR absorption spectra of eluting fractions were (and come off the column after a certain time). The background

recorded on a Varian Cary 500 spectrophotometer. For better_correc_ted spectra show Ie_ngth-fraction-qependent Ch’?‘”ges in
ntensity ratios between different peaks in the S1 region and

comparison, a background was substracted from all spectra. Thé . ) . NN i
background was generated by a spline fit for one representativeSome minor changeslln peak intensities in the S2 region. These
spectrum and was then applied to all other spectra. follow the same qualitative trepd as alregdy described for the
PL contour maps but are not in quantitative agreement. Note
that part of the discrepancy is due to an intrinsic difference
between UV-vis—NIR and PL measurements. In PL, only those
Figure 1 shows typical chromatograms obtained by plotting individualized tubes contribute significantly to the emission
normalized peak height intensities of the Raman G mode andspectra, which are not associated in bundles. In the-Us—
normalized peak height intensities (normalized to the maximum NIR spectra, individual tubes and tubes in bundles contribute
signal in each) of fluorescence features for (8, 3) and (7, 5) to spectra. Interestingly, we do not see changes in height profiles
tubes against time. Fractions were cut within the broad peak extracted from AFM measurements for the various length
between 40 and 100 min. Note that as we use only Raman/fractions. Mean heights of all fractions are in the range.8
fluorescence spectra as the online detection method to follow 0.3 nm, which is consistent with either an individual tube or a
tube motion through the gel (resonant with orht0 different bundle of two or at most three tubes (which cannot be really
n,m), it is conceivable that results may not be representative distinguished from a single tube with Intermittent contact mode

Results
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Figure 3. PL contour maps of (a) fraction 2 and (b) fraction 15. The spectra are normalized to the nanotube with highest relative intensity.

Sonication experiments on polymers have established that

:E‘;gﬂ ultrasound treatment can effectively cut polymers into shorter

— Fracs chains?62” The effect arises from cavitation bubbles, which
@ :E:g‘; generate hig.h .strain rates in the surrounding Ii_quid upon
2 ——Frac14 implosion. Friction forces between the moving liquid and the
g _E:ﬁ;; polymer stretch the polymer and can eventually lead to bond
2 fracture if the load is high enough. We suggest that a similar
o
<

scission mechanism is causing nanotube shortening under
sonication. Next, we discuss a simple continuum model based
on this picture which provides a qualitative description of the
— evolution of the nanotube length distribution under sonication.
15'00 The strain rate, ddt, which depends on the bubble dynamics,

500 1000
Wavelength [nm] can be calculated from the distancep the center of the cavity,
the bubble radiusR, and the bubble wall velocity,RIdt28;
e dR
de _ -2 dt 1)
dt r3

The bubble dynamics, modeled on the basis of the Rayteigh
Plesset equation, depends on the surface tension, the vapor
pressure, the liquid viscosity, the static pressure, and the acoustic
pressure. For water under ambient conditions, being sonicated
with an ultrasound frequency, of 20 kHz and at an acoustic
pressurePa, of 10 bar, the strain rategfit, close to a collapsing

' 500 1000 1500 bupble can bg as Iarge-as9J:fJ1. 'I_'he nanotubg, treated as a

Wavelength [nm] rigid entity, will move with the_ fluid ata velo_C|ty up to 2500
Figure 4. UV—vis—NIR absorption spectra of several fractions. In mis. H_oweverz due to the radial velocity proflle, there must be
part b, the spectra are background corrected, normalized to the peak aft relative motlon between mOIE(.:UIe and fluid of varying sign
1125 nm, and vertically shifted for better comparison. and magnitude for different points along the nanotube. An

) ) ) ] exception is the midpoint, which will follow the surrounding

AFM). We could not identify any length fractions having a |iquid (Figure 6). Due to a frictional force between the fluid
significant content of larger bundles. _ ~and the various points along the nanotube in relative motion, it

To further study the scission process, we sonicated a fractionfo|jows that the tube will be under tension with the maximum

of PLV tubes with known length distribution fo2 h and ~ of the stress in the center. If the stress exceeds the maximum
analyzed it with AFM after 5, 10, 40, 60, 90, and 120 min. stress a nanotube can tolerate, then the tube will break.

Figure 5 contains the length distributions extracted from the  siokes’ law expresses the above forces quantitatively. Keller
AFM images. The starting PLV tube fraction had a mean length g3nd Rubino®® have shown that the drag forde, on a circular

of 800 £ 300 nm, and after sonication for 5, 10, 40, 60, 90, cylinder of lengthL and diametem moving as a rigid body
and 120 min, the tubes had a Iength dIS'[I’IbU'[IOﬂ Of 55270, para”el to |ts |0ng axis in a ﬂu|d |S given by

240+ 240, 200+ 195, 240+ 130, 205+ 110, and 165+ 80 , .
nm. These observations show that the tubes are effectively cut_ L 3 T L

by sonication. After 40 min, 80& 300 nm long tubes have F= Z”“LV{ [Ioga —ptlog2- (1 B 1_2)”09;] +

been cut down to a length ef200 nm. Furthermore, measure- 1 \4

ments taken at longer times show that afté0 min the scission O’(Iog L/a) ]} (2)
process has essentially come to a halt. While the mean length

remains roughly constant, the statistical distribution continues with V being the relative velocity between cylinder and fluid
to become narrower. andu being the viscosity of the fluid.

Absorbance
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Figure 5. Length statistics extracted from AFM images taken from samples with PLV tubes of a mean length of 8&B®0Onnfm standard
deviation) after sonication for 5, 10, 40, 60, and 120 min.

2500

To derive the forces within a nanotube caused by the velocity
] gradient along the nanotube, we express the relative velocity,
V, as a function of the distance, from the nanotube center by

L L 1 i 1 L
solvent velocity in nanotube frame

E e V(X) = ¢-x, where the elongational strain ratey/dt, is given
N 1 by ¢ = vyx/x. We then cut a tube virtually into segments and
:g‘ 1500 - define a force per unit lengtli, asf = 2zuV by assuming the
2 . logarithmic corrections are independent of the virtual nanotube
_; 1000 - length.
Ej | The force per unit length along the nanotube is then given
by
500 -
20p 40p 60y 80y 100 f(X) = 2uex (3)

distance from cavity center r [m]
Figure 6. lllustration of a carbon nanotube in a radial flow field and To calculate the netforce at the nanotube cefigrwe need
the resulting relative solvent velocity. The fluid velocity, versus to InFegrate the absolute value x) from —L/2 to +L/2 and
distancer, from the cavity center is shown close to an imploding bubble OPtain
in water under ambient conditions for a 2én bubble, driven at 20
kHz and an acoustic pressure of 10 bar. The data are based on numerical E = 1 L2 4
results from ref 32. M T 5 TTUeE (4)

For our nanotubes with a typical diameteraof 1-1.4 nm

and length ofL ~ 100-1000 nm, the logarithmic corrections

The important result of eq 4 is the dependencéd-gfon the
in brackets are of the order of 1.

squared nanotube length, the strain rate, and the fluid viscosity,
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Figure 7. Strain rate¢, versus distance from bubble watl, for a
bubble radius of 1@m (—), 50um (- - -), and 10Qum (- - -) calculated

with eq 4 based on the data from ref 32. The insert illustrates bubble
growth and implosion dynamics.

which together determine the evolution of the length distribution
toward the terminal length,.

After long sonication time, most of the tubes have been
shortened td.r with the correspondingu(Lt) being comparable
to or smaller than the forc€&c, needed for nanotube disruption.
The tensile stres®c, of a SWNT is~80 GPa3° For a SWNT
with a diameter ofd = 1.2 nm and a wall thickness of =
0.34 nm3%we obtainFc = Pc((2dw — w2)/4) ~ 44 nN as the
force for nanotube disruption.

From eq 4, we can now calculate the maximum strain rate,
¢, needed to cut tubes to the experimentally observed terminal
length,L = Lt ~ 100 nm, using=y = Fc andu = 103 Pa's
for the viscosity of water. We obtain= 1(° s71, a value which

is in reasonable agreement with the strain rate derived from the

numerical modeling of the bubble dynamics (Figure 7).

We note that the application of a continuum model to a
nanoscale object may not be appropriate. However, Wékher

Hennrich et al.

0

z k(L,,Ly) P(L,) — P(L
g4 ( ) ( I'T'l) (

dt

Ln
ki
) Lmz:o (Ll
(6)

with the probabilitied?,, andPp to find a nanotube with lengths
L, andLy, respectively.

On the basis of egs 5 and 6, we have calculated the evolution
of the length distribution by fittinga, o, and c to the
experimental data, starting with the experimental data=a0
s. Figure 8 shows the results of the simulation normalized to
the maximum of each length distribution, as the number of
nanotubes is not preserved due to cutting. The distributions were
recalculated with a time interval of 15 msat= 1072 starting
with the experimentally determined initial length distribution.
Within the experimental error, we have found a best fit to the
measured evolution of length distribution with= 1.8 ando
= 0.6 nm.

Figure 9 shows the evolution of the length distribution. The
calculated maximum of the length distributidg, exhibits a
power law dependence on the sonication titeyhich scales
as Iy ~ t795 The experimental values are in reasonable
agreement with this predicted trend. We attribute pronounced
deviations at short sonication times to a convolution of the
nanotube cutting with the process of debundling.

We note that for the sake of simplicity our kinetic model
does not include a dependence of the cutting rate on the
nanotube diameter. On the other hand, the continuum model
predicts a nonlinear diameter dependence of drag fér¢eq
2), which does not quite compensate for the expected linear
dependence of the disruption fordeg, on tube diameter. In
Figure 10 are plotted the logarithmic corrections of eq 2 (in
bracket terms:g) versus the nanotube diametar for various
tube lengths,L. The data can be fitted to a power law
dependence aj ~ a%, with a being equal to 0.52, 0.64, 0.91,
1.36, and 1.83 for tubes with equal to 1um, 500 nm, 200

has recen_tly shown by molecul_ar dynamics_ modelin_g that the nm, 100 nm, and 70 nm, respectively. Since the force needed
drag coefficient for a nanotube in a perpendicular fluid flow at 1 gisrupt a nanotube depends linearly on the diameter, we in
comparable relative flow velocity can indeed be well described ¢t expect a small diameter dependence on the cutting process

by a continuum NavierStokes model. Molecular dynamics
calculations for fluid flow parallel to the nanotube axis are
unfortunately not available.

We next calculate the time evolution of the nanotube length
distribution by modeling the scission kinetics based on the
starting experimental length distribution. For this, we take the
rate,k, for scission of a tube of original length, into the two

tube segmentk,, andL,-m as
L,\2
Y (5)

The scission ratek, is a product of the dependence lonto
the power ofa. &~ 2 and of a Gaussian distribution function
which allows for the nonrandom scission process into two
(nearly complementary) tube segments with a Gaussian width,
o, similar to the model of polymer cuttiri.c is a proportional-

08
n

V2no

_1
20°

kiL,L,)=c ex

for all L with oo = 1.

Note, however, that a larger diameter dependence might arise
from various effects not considered in the continuum model
such as

(i) Modifications to the drag forces due to SWNT surfactant
coating. In our approach, we considered the tubes only to be
surrounded by water.

(ii) Tube bundling. Most tubes are probably still associated
with one other tube or two other tubes in very small bundles.
Consequently, diameter-selective cutting might simply reflect
easier disengagement of larger diameter tubes from bundles than
small diameter tubes. As a result, the more readily individualized
larger tubes might then be cut faster than the small diameter
tubes.

(i) Defects. We have not taken into account that tubes
probably contain significant defect densities. Tube scission is
likely to preferentially commence at such defect sites. Conceiv-
ably, larger diameter tubes have more defects per length than

ity constant. Recombination oftube segments is notconsidered. Thesmaller diameter tubes.
scission rate model takes into account the predicted square depen- Additionally, it is likely that absorption and fluorescence cross

dence of the forcé~y on the length,L (eq 4), but not the
anticipatedk (L, < Ly) = 0 dependence, which determines the
final length distribution. This may cause deviations of our
calculation from the experimental data for very long sonication
times.

The population balance is then given by

sections depend nonlinearly on tube length (in particular for
short tube segments). We intend to explore these issues in more
detail in future work.

In conclusion, we have carried out experiments and modeling
which allow the establishment of a first-order mechanistic
picture for how length selected SWNTs are cut by sonication
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