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ABSTRACT: Small-angle neutron scattering (SANS) is used with the “high-concentration” method to extract
single-particle scattering from single-wall carbon nanotubes (SWNTs). The SWNT material was labeled by
covalently attaching-C4Hg or —C4Dg groups by use of free radical chemistry. Mixtures of SWNHEand
SWNT-C,Dg were dispersed in D containing 1% sodium lauryl sulfatis (SLS) by use of sonication. SLS
matches the neutron contrast of@so that all of the SANS is due to the labeled SWNT. Thermogravimetric
analysis shows that mass fractions of butyl groups attached to the SWiNgra@d the SWNT-¢Dg were well
matched. The scattering had a power law-@5, which is characteristic of a “particle” made of clustered SWNTSs.
The clustering seen in SWNT scattering is due to collections of SWNTs that do not exchange in a dynamic
equilibrium with other nanotubes.

Introduction have a transition at lovg dependent on th&; of the total

Single-wall carbon nanotubes (SWNTs) have a variety of Structure, but the power law depends on the form of the
potential applications in materials due to their outstanding Sucture, e.g. a self-avoiding polymer chain has a slope548
mechanical, electrical, optical, and thermal propeftidswever, and a Gaussian chair2. Occasionally, structures have a
current SWNT synthetic methods produce masses of hanotubedr@nsition relating to an internal size. For example, if a long

that need to be separated from each other to produce individual©d 1S broken along its length, forming a series of connected
nanotubes that can be sorted and manipulated. rigid segments, it appears as a rod at lengths below its

Many of the potential applications of SWNTSs involve their “persistence Iength” and.a.s a self-avoiding walk at longer length
dispersion in liquid or solid matricésSeveral schemes have ~Scales. There is a transition of power law slope fre/3 to
been developed to promote SWNT dispersion which have —1 at g value dependent on the persistence length. Figure 1

demonstrated the ability to form stable suspensions that do notSNOWs idealized structures; for example, a self-avoiding polymer
settle out over long time periods. The nature of the dispersion C"&iN €an appear as a broken rod at a length scale smaller than

on a size scale comparable to the SWNTs is of great importancetNn€ Persistence length and as a hard surface at an even smaller
length. A typical scattering experiment only covers a limited

to device fabrication, which is the ultimate goal, requires the ¢ dh | it | %
facile manipulation of individual tubes. While techniques such "@9€ 0fq and hence only measures certain fractal regfons.

as microscopy can show the existence of individual tubes, small-  Two important structures are shown on the right-hand side
angle scattering is capable of determining the average dispersiorPf Figure 1. If a number of rods or flexible chains are brought
of large collections of SWNTSs. together as an aggregate, a structure is formed that has branching
Small-angle scattering can be used to measure the structurd?0ints. The power law associated with such a structure is
of complex objects on several length scalégactal objects ~ generally between—<2 and —3) depending on the type of
contain a self-similarity over a range of sizes. If the structure is joining. At higherg, the internal structure of each chain is seen
viewed at magnifications that probe different size scales, the Producing slopes of-1 for rods and—5/3 for flexible chains.
structure appears the same. An example is a very long and venyt iS important to note that a slope of betweer(and—3) for
thin rod. For a range of sizes between the rod length and rod@ chain molecule such as a polymer or a SWNT strongly
diameter, the structure appears similar, a straight line of suggests aggregation. Power laws betweeR énd —3) are
negligible thickness that extends to the limit of viewable POssible for certain objects such as a large flat disk or a disk

distance. with a convoluted surface, but it is unlikely that SWNTSs could
Figure 1 shows a collection of model structures and the form such objects.
resultant small-angle scattering. The tdgg plots are of the Small-angle X-ray scattering (SAXS) and small-angle

intensity of scattered radiation at a characteristic scattering neutron scattering (SANS)® have been used to measure the
vector,q = 4 sin(@/2)/4, wheref is the angle of the scattered  structure of SWNT dispersions. All of the previous work has

radiation having a wavelength. A relative size scaled, is found power law scattering in the regiop< 0.01 A1 with 2
probed by theg value asd = 27/q. The plots are a series of < a < 3. This is characteristic of branched or aggregated rods
power law regions that vary within the region Hg) O q ¢, or chains. Schaefer et &f.describe the scattering as “network
where I(q) is the scattered intensity af and o is the of tubes”. The reported scattering seems dominated by clusters,

characteristic power law. They are shown as linear regions oneven though individual chains may also be present in the mix.
alog-log plot, connected by characteristic lengths. For example,  The aggregates could be either remnants from the synthesis
the rod plot transitions from a power law of O tdl atq value that have never become separated by the dispersion process or
related by the radius of gyratioR. Other types of structures  associations in dynamic equilibrium with individual tubes.
SANS has the ability of distinguishing these two cases. Figure
* Corresponding author: e-mail barry.bauer@nist.gov. 2 is a diagram of two SWNT materials, identical in size, shape,

10.1021/ma0527303 This article not subject to U.S. Copyright. Published 2006 by the American Chemical Society
Published on Web 02/25/2006



2638 Bauer et al. Macromolecules, Vol. 39, No. 7, 2006

0.01 rod Rg -1

001 01 1 10 100 1000 10* 10°  10°
q/q,

mesh
size

001 01 1 10 100 1000 10*  10°  10°
/
q/q,

1 rod aggregate

— 10°

persistence

broken rod... length 1

10 . . . .
001 01 1 10 100 1000 10 10° 10°

alaq,

mesh
size

0.1 1 10 100 1000 10°  10°  10°

chain h chain aggregate

001 01 1 10 100 1000 10* 10°  10°
q/q,

Figure 1. Power law scattering from fractal objects.

13C, the neutron contrast between these isotopes is quite small
# + compared to the difference betweéH (hydrogen) anc?H
(deuterium). SWNTs themselves contain no hydrogen, so

deuterium substitution cannot be used on them alone. How-
branched = no SWNT exchange ever, several methods of covalently attaching hydrocarbons have
been reported! Billups'? uses free radical chemistry to attach

alkyl groups that supply the required hydrogen for the high-
— + contrast technique. While this could conceivably change the
shape and association of the nanotubes, it is the only practical

way of labeling the tubes for the high-concentration method.
Clustered = free SWNT exchange The Billups metho# was chosen as an example of chemical
Figure 2. Schematic outlining the possible mechanisms for exchange mOd'f'Cat'on’ but many others modification schemes would be
of SWNT components. Clusters are weak aggregates and can exchang@pproF’”a'[el-1
tubes. Branches do not exchange aggregated components, only un- Scattering from concentrated mixtures has contributions from
attached pieces exchange. single-particle correlation®(q), and interparticle correlations,
o . o Q(g). P(g) contains information on molecular mass, size,
and thermodynamic interactions, but differing in neutron contrast stiffness, branching, etc., ar@(q) contains information on
factor. In this schematic, the aggregates are shown as ra“dom%lustering, ordering, etc. Equation 1 defifg) andS(q), where
oriented rods. Individual clusters shown by the red or blue G is the scattering vectorf — T») is the vector between the
diagrams would each produce the scattering that has beemygsition of them andn units, andZ is the number of units per

reported. If dynamic equilibrium exists, a mixture of the two  qwNT. The variables are based on the naming convention by
would mix randomly on the level of individual chains, producing Rge10

scattering that is distinguished easily from the case in which

mixing occurs on the level of permanently branched aggregates. 1 2 2

To distinguish these two cases, the term “cluster” will be used P(qg) or S(g) = —Dzzexpﬁq’-(‘r’m -T)|0 1)

to describe weakly associated SWNTs which readily exchange ==

and “branch” will be used for permanently bonded SWNTSs that

remain physically attached during the duration of the measure-P(q) and Q(q) differ in that the summed units of tHe(q) are

ment. If ultrasonication mixes the SWNTSs on a single-tube level, all on the same connected structure wiig) sums the values

they would be “clustered”. from all units on unconnected structures. For a mixture of
SANS can extract single-particle scattering from such mix- identical SWNTs, SWNT-h and SWNT-d, with differing

turesC by the use of what is commonly referred to as the “high- contrast factorsyy andop, dispersed in a medium with contrast

concentration” method. Two samples are prepared identical in factor os, for a SWNT mixture with a molecular mass by

structure but having different atomic isotopes and therefore and a mole fraction ofH h and?H d of x4 andxp and a total

different neutron contrast as is represented by scattering crossvolume fraction in the mediung, K is an instrumental constant

section. While, in principle, SWNTs could be made'# and that is not calculated since only the relative value®@j) and
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Figure 3. Thermogravimetric analysis of butyl-grafted SWNTSs.

Q(q) are of interest. The scattered intensitfq), is given by Elmer Lambda 9. Small-angle neutron scattering (SANS) was
performed on the 30 m NG7 instrument at the National Institute of

Standards and Technolo NIST) Center for Neutron Research
1(6) = KMy [(%p(0p — 09 + (0 — 99°)P(A) + (NCNR). o (NISD
(X0p T+ X0 — GS)Z¢Q(q)] @) The relative uncertainties reported are one standard deviation,

based on the goodness of the fit. Total combined uncertainties from

. . all external sources are not reported, as comparisons are made with
By varying the relative amounts of the SWNT-d and SWNT-h, data obtained under the same conditions. In cases where the limits

the single-particle and interparticle contributions can be calcu- gre smaller than the plotted symbols, the limits are left out for
lated independently. A series of scattering experiments are c|arity.

carried out at constant but variedx to produce a series of

equations to fit bottP(q) and Q(q). Results
TGA of the two SWNT materials is shown in Figure 3. The
Experimental Section mass loss in the first stage in nitrogen represents the mass

fraction of butyl groups attached to the SWNT and gifigs
chemical modification reaction was carried out according to the 0.47 andip = 0.49 for the SWNT-GHo and SWNT-GD,
procedure of Billups et @8 The nanotubes were sonicated in 'eSPectively. The second stage in air burns off the SWNT,
benzene for 30 min using a bath sonicator. Butyl iodidgHdC leaving only FeOs. The iron catalyst residue accounts for less
(Aldrich Chemical, 99%), or butytl iodide, GDsl (CDN Isotopes, than 1 atomic % and is negligible in the SANS. While the close
99.3%), was added along with benzoyl peroxide, and the mixture similarity of the butyl substitution is desirable, the high-
was refluxed for 24 h. The reaction product was poured into concentration technique could be applied to samples possessing
methanol and centrifuged to remove solids. The solids were a greater difference, as long as the overall contrast factor is
(dispersed, precipitated, and centrifuged) five times to remove known.
unreacted material and dried in a vacuum. Figure 4 shows the U¥vis—NIR absorption of the disper-
Dispersions for SANS and ultravioletisible-near-infrared  sjons in O with SLS surfactant have lost the transitions due
(UV—vis—NIR) were made by sonicating the grafted tubes in a tg conversion of shcarbons to sp These results are consistent
1% by mass fraction solution of sodium laury! sulfaig{SLS) in with previous findings2 Also shown in Figure 4 are spectra of
V?Iiztﬁ :tslmn%gggbégjvg‘ez (f:gnzcﬁn;;ai'gr\',‘véphgd!ti;apsgg'ignzr%sésor dispgrsions of unreacted SWNTs, dispersed.with surfactant
(sodium dodecyl benzenesulfonaleind wrapping polymer

centrifuged for 10 min, and the top layer was removed —Wis— o
NIR measurements of the top layer showed that the concentration(DNA).***°The unreacted SWNTs show van Hove transitions

SWNTSs were obtained from Carbon Nanotechnologiegdiitie

was lowered to about 0.4 mg/mL. typical of SWNTSs that have retained the’ structure. Therefore,
The thermogravimetric analysis (TGA) was done with a TA both TGA and UV-vis—NIR demonstrate that relatively large
Instruments Q500 using a ramp from 50 to 8@at 10°C/min in numbers of butyl groups have been covalently bonded to the
nitrogen, isothermal at 80%C for 30 min, and then a final ramp ~ SWNTSs. .
from 800 to 1000°C at 10°C/min in air. The ultraviolet, visible, SANS measurements were made on two samples containing

near-infrared spectroscopy (J\Wis—NIR) was done with a Perkin- ~ 100% SWNT-h and 100% SWNT-d. The SLgztas the same
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Figure 4. UV—vis—NIR spectrum of unreacted SWNTs dispersed by surfactants and wrapping polymers compared to butyl-grafted SWNT.
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Figure 6. SANS intensity ratio of SWNT-@Ho/(SWNT-CDs +
Figure 5. SANS of pure SWNT-GHg and SWNT-GDg in 1% SDS- SWNT-GHg). Intercept is the match mixture made.

d29/D20 with power law fits.

are fits to the equation and accurately follow the data points.
neutron scattering contrast as thelDand does not add to the  Figure 8 is a plot of thé®(q) and Q(q) that were used in the
scattering of the labeled SWNTFigure 5 shows the scattering  fits. The single-particle scattering can be fit with a power law
from these samples with power law fits. In both cases the power of approximately—2.5, which is the same as the power law
laws are between-2 and—3, indicating either clustering or  of whole sample. This indicates that the structure of the
branching. On the basis of this scattering alone, it is impossible scattering entity is a branched collection of SWNTs. The mixing
to judge whether it is due to a weak clustering or a permanent and sonication of the clustered samples do not appear to

branching. break up the clusters; instead, there appears to be mixing only
Figure 6 shows the plots of relative intensity of the two at a scale larger than the individual SWNT. There is not a
SWNT types. The plot ofl§(g)/(In(q) + 11()))Y2 vs g is flat, dynamic equilibrium that randomizes the tubes on an individual
indicating a good match in SWNT structure. The intercept gives level.
the match pointxp = (on — 09)/((on — 0s) + (0p — 09)). A The relative magnitude of the interchain scattering is small
mixture is made of nanotubes at this composition (shown as ain comparison to the single-chain scattering. Therefore, the
square in Figure 6) so that the scattering from eq 2 h@égx scattering at these concentrations is dominated by the scattering
prefactor of zero producing only(q). from clusters. The shape of the total scattering and resultant

Three sets of scattering data are fit with eq 2 to produce val- power law are good indications of the structure of the “particles”
ues of bothP(q) andQ(qg) and are shown in Figure 7. The lines themselves. Th€(q) is positive over the wholg range, which
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Figure 8. P(g) and §q) from high-concentration fits of SANS data.
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Figure 9. AFM image of grafted nanotubes showing a clustered and

folded collection of SWNTSs.

indicates an unfavorable thermodynamic interaction. Polymers

in a good solvent have a negati@¢qg) and in a® solvent have

Labeled Single-Wall Carbon Nanotube2641

analysis suggest a wrapping of multiple SWNTs or a SWNT
suspended over the surface. Many AFM images were taken,
and Figure 9 is typical.

As stated earlier, the covalent attachment is necessary to
provide the required SANS contrast. Therefore, the structure
that has been measured is only proven for the materials that
result from the synthetic method that was chosen in this work.
This method uses free radical chemistry that involves high-
energy, random covalent attachment. Side reactions may be
present that effectively “cross-link” the SWNTs into an intrac-
table mass. Other covalent attachment schemes may produce
different results.

It has to be realized that the method only workgjiranges
that do not observe internal structures of the labeled SWNT.
At low qvalues, only the composite tubes are seen as an average
of the carbon tube and the labeled alkyl groups. At higher
values, sizes similar to the tube cross section would be seen.
Since the cross sections have identical carbon cores, but different
outer alkyl layers, the SANS in thigrange would be influenced
by this difference, and the high-concentration method would
fail. Since the cross section is on the order of a few nanometers,
only g data at the lower values are used.

The high-concentration method can potentially be applied to
other types of SWNT dispersions. Other covalent attachment
schemes could be used with approprigeor 2D labeling in a
manner similar to the one described in this paper. Small groups
of many types should be valid, but very large groups such as
long grafted polymer chains will reduce theange that is valid
due to the reason stated in the previous paragraph.

A major requirement is that the labeling content does not
change during the time scale of the SANS experiment. For
example, two independent samples could be made with two
surfactants: one containintd and the other containingD.
When mixed, the two types would quickly exchange surfactants,
randomizing the types associated with the SWNTs. Therefore,
the two SWNTs would become identical, and the high-contrast
technique would not be applicable. Similarly, dispersions made
with wrapping polymers need to have the polymers bound
strongly enough such that exchange does not occur during the
lifetime of the SANS data collection. The exchange rate is
generally not known for such polymers, but a SANS experiment
could be used to measure the exchange rate by repeating the
data collection at various time intervals.

Conclusions

The high-concentration method of SANS can extract single-
particle information from complicated SWNT dispersions. While
SWNTs themselves do not have the hydrogens necessary for
the required labeling, free radical chemistry can attach a large
mass of alkyl groups to the nanotubes, producing neutron
contrast between different SWNT batches. Appropriate mixtures
of labeled nanotubes can be used to measure the single-particle
characteristics.

The single “particle” measured in this study is not an
individual nanotube; rather, it is a cluster of tubes that remains

aQ(g) = 0. A positive value indicates system near the point of intact even when mixed with similar nanotubes and vigorously

phase separation. Since the sample was centrifuged to removeonicated. This persistent association may be a result of the high-

insoluble material, the remaining material in the sample is likely energy free radical chemistry involved in the labeling reaction

to be just at the point of phase separation. or may be a result of high SWNT contact energy that is not
Further evidence is supplied by AFM measurements. Figure overcome by the mixing methods or dispersants employed.

9 depicts a clustered and folded collection of SWNTSs that was

common for this series of samples and provides a reasonable Acknowledgment. We gratefully acknowledge the support

interpretation for the data collected via the respective scatteringof Derek Ho, Charles Glinka, and Paul Butler of NCNR for
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