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Raman resonance and orientational order in fibers of single-wall carbon nanotubes
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Polarized Raman spectroscopy is used to study Raman resonance and orientational order in fibers of single-
wall carbon nanotubes. The polarized Raman intensity follows essentially the same angle dependence for both
radial breathing mode and tangential modes and for both semiconducting and metallic nanotubes. A simple
resonant model is proposed, which provides good fits of the whole vertical-vertical and vertical-horizontal data
in different kinds of fibers. The model is used to describe orientational order of nanotubes in anisotropic fibers.
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I. INTRODUCTION for metallic and semiconducting nanotubes, which makes
Raman a unigue probe to study selectively SWNT as a func-
Control and characterization of the orientation of nano-tion of their diameter and metallic or semiconducting
tubes in bulk materials is a major challenge for the study oftcharactet?!*1° Several groups have recently attempted to
physical propertieselectronic, thermic, vibrationpland for ~ study anisotropic samples via Raman measurenténts.
applications. Several techniques have been developed by diBaitoet al. calculated in a classicéghonresonantmodel the
ferent groups to prepare anisotropic nanotube-based matefivtensity of the Raman lines for a single nanotube in several
als. Gommanst al. used an electrophoretic method to pre- configurations of polarization as a function of the angle be-
pare fibers of single-wall carbon nanotubéSWNT).! tween the nanotube axis and the laser light polarization,
Haggenmuelleet al.used solvent casting and melt mixing to hereafter calleds.*® Raoet al. found that the angle depen-
prepare PMMA/SWNT films and a melt spinning/extrusion dence of the Raman intensity in VV configuratitrertical-
processing method to prepare composite PMMA/SWNT fi-vertical, i.e., same polarizations for incident and scattered
bers (1 wt% nanotubes’ Smith et al. prepared anisotropic light) for the tangential modéTM) of aligned multiwall car-
films by filtering suspensions of SWNT under strong mag-bon nanotubes was well fitted by that of the; component
netic fields® Recently, Vigoloet al. developed a simple pro- of the TM in the calculation8.Jorio et al. also used a non-
cess, based on the dispersion of SWNT in surfactant susperesonant analysis to describe experimental results on aligned
sions followed by a recondensation of the nanotubes in thbundles of semiconducting SWNTThey assigned two
flow of a polymer solution, which makes SWNT assemblepeaks measured at about 1550 and 1610cto tangential
into infinitely long ribbons and fibefsFor all these aniso- modes ofE, symmetry and two other peaks measured about
tropic materials, accurate techniques for characterization ¢i565 and 1590 cM to unresolved tangential modes Af
the orientational order are required. The use of birefringencandE; symmetries. However, the samples studied were very
techniques is limited because of strong optical absorptionheterogeneous and contained both SWNT with a broad diam-
Electron microscopies provide useful informations but fail toeter dispersion and multiwall carbon nanotutlé&VNT).%1°
achieve an accurate quantitative description of the orientaAfter subtraction of the contributions of MWNT and atypical
tion order. X-ray diffraction has been used to study the disSWNT, the authors concluded that the effect of anisotropic
tribution of nanotube orientations in filland fiberss The  tube absorptior(so-called “antenna” effegtis stronger for
technique probes the orientation of two-dimensiofiD) metallic tubes than for semiconducting ortftsGommans
hexagonal arrays of nanotubes assembled in bundles. Gauss-al. showed that the VV intensity of all Raman modes for
ian distributions with typical FWHM(full width at half  metallic SWNT with a small diameter dispersion decreases
maximum) of about 35° were found for the films deposited continuously when the angle between fiber axis and light
under magnetic fieldThe sum of a constant and a Gaussianpolarization, hereafter calle®, increases:® They proposed
distribution with typical FWHM about 75° was used to a simple resonant model where the only nonzero absorption
achieve good fits of the results for fibers prepared by reconeross section, and consequently the only nonzero component
densation of dispersed SWNT in the flow of a polymerof the Raman polarizability tensor, is for light polarized par-
solution® allel to the tube axig“antenna effect” in Ref. 10. This
Another widely used technique to study SWNT has beerassumption was supported by calculatidrand by reflectiv-
Raman scattering®*°The frequency of the radial breathing ity measurement$ This allowed them to describe well the
mode(RBM) is a relevant probe to estimate the diameter ofangle dependence of the Raman intensity measured experi-
SWNT!?~*The Raman signal is resonantly enhanced whemmentally. However, the authors considered a @Dthe po-
the energy of the laser light is close to optical-absorptionarization plang disorientation of the tubes, which is incom-
thresholds. For SWNT of diameter in the range 1-2 nm, thipatible with the cylindrical symmetry of fibers and leads to
occurs in the visible and near infrared. Furthermore, absorpdnderestimation of the tube orientation, as shown
tion energies are diameter dependent and significantly shifteelsewheré! Duesberget al. observed a similar behavior of
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the Raman intensity on isolated or thin ropes of metallic
SWNT and reported an angular dependence nearly propor-
tional to cod(¢) for VV intensity. Recently, Reiclet al. in-
vestigated the phonon symmetries in the Raman spectra of
nanotubes using linearly and circularly polarized light.
They demonstrated that for tilg RBM of SWNT, all com-
ponents of the Raman polarizability tensor were negligible
with respect to th€z,2 one wherez is the axis of the tube.
They also investigated the relative contributionsfaf, E;,
andE, components in the TM of SWNT. They found that the
A; phonons are responsible for most of the intensity and that
the (x,X) and(y,y) of the A; tensor represents less than 5% of
the overall intensity.

Many discrepancies and questions arise from these differ-
ent studies. Are the nonresonant model of Ref. 16 or the
resonant model of Ref. 1 relevant to describe the experimen-
tal data for SWNT? Is the relevant model dependent on the
metallic or semiconducting character of the tubes? How can . . .
one estimate accurately the distribution of tube orientation in 200 300 1400 1500 1600
a fiber? To address these questions, we report in this paper v (cm™)

Raman measuremehtperformed on partially aligned fibers

of well-characterized SWNT. We propose a simple model
based on the hypothesis that resonant scattering for both
RBM and TM modes and both metallic and semiconducting
SWNT is only effective for light polarized parallel to the
tube axis. We use a cylindrical orientational distribution
around the tube axis and consider a correction factor to take
into account light absorption from the nanotubes, which was
not made in previous published models. We validate our
model by fitting simultaneously five intensity ratios with
only two adjustable parameters, which is also achieved for
the first time to our knowledge. Furthermore, we fit tiife
dependence of the Raman intensities in both VV and VH
(vertical-horizontal, i.e., crossed polarizations for incident
and scattered light configurations. Our model offers a
simple and effective way to estimate orientational order in
fibers of SWNT.
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SWNT were prepared by the electric arc technique. They
are characterized by a mean diameter of about 1.4 nm and a
narrow diameter dispersion as determined by x-ray diffrac-
tion and Raman studi¢§?® They were aligned in a fiber
using the process developed by \ﬁg(ezlbal.4 Raman spectra FIG. 1. Typical raw experimental Raman resulslative unity
were excited with the green lin@.41 eV} and the red line for a Vigolo fiber in VV (a) and VH (b) polarizations in the ranges
(1.92 eV} of an Ar-Kr laser in order to probe selectively the of the RBM (left) and TM (right), for laser energies 2.41 elfop)
signal from semiconducting and metallic tubes, and 1.92 eV(bottom. For each figure, from top to bottom¥
respectively>**1°Spectra were recorded in a backscattering=0°» 11°, 45°, 68°, 90°.
geometry. The Raman intensities measured on different areas
of the fiber were slightly different indicating some heteroge-to a diameter distribution between 1.2 and 1.55 nm for nano-
neity in the orientational order along the fiber. Thereforetubes assembled in bund®sFor such diameters, one ex-
each set of spectra was measured over three different areasgects selective resonance from semiconducting tubes at 2.41
get a statistical picture of order in the fiber. eV and from metallic tubes at 1.92 é¥This is confirmed by
the symmetric Lorentzian-like profile of the components of
the TM at 2.41 eV and their asymmetric, broad Breit-
Wigner-Fano-like profile at 1.92 eV. For VV configuration,

Typical raw data are presented in Fig. 1. The RBM fre-one essentially observes an overall and continuous decrease
quencies are between 160 and 200 ¢which corresponds  of the Raman intensity for both RBM and TM for increasing
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values ofW. Note that the different components of the RBM [

and TM bunches display slightly different dependences 10 i =

whose origin will be discussed below. This overall decrease osk _
was already observed on fibers prepared using an electro- g A oo e
phoretic processand on isolated or thin bundles of SWNT. =06}

We also observed a similar behavior on fibers prepared with :? -

nanotubes synthesized from the HiPco proéésshich are 04T

characterized by a smaller mean diameter and a rather large I

diameter dispersioifabout 1.05-0.3 nm.?? Therefore, this 02—
general decrease of the Raman intensity appears to be inde- [

pendent of the diameter and of the metallic or semiconduct- 1or

ing character of the tubes. This is in total variance with what o |

is expected from nonresonant calculations where, for ex- 08T

ample, theA;; RBM is expected to display a minimum in- =

tensity at¥ =0° and a maximum intensity at =90° while _Sos6f

the main @A,4) component of the TM goes through a mini- T K=1/4 FWHM=35° Lorentz

mum around 56%° By contrast, this is in good qualitative 0.4F . [ KO FWHMSSr Lorentz |

agreement with the assumption that in the resonant Raman
process th€z,2 component of the Raman polarizability ten- o
sor (wherez refers to the tube axisis much larger than all v ©)
other components, as proposed in Ref. 1. This assumption is
supported by optical-absorption calculatibhand measure- I
ments on single nanotubédhis is also confirmed for RBM 08hF
by measurements in linearly and circularly polarized light on

0 15 30 45 60 75 90

- K=1/4, FWHM=15°, Lorentz
....... K=0, FWHM=10°, Lorentz
— K=1/4, FWHM=15°, Gauss+BG

powders'® For VH configuration, one also observes a similar § I

¥ dependence for RBM and TNFig. 1). The intensity in- = 04f =

creases and goes through a maximum at 45° and then de- - | ,
creases symmetrically up to 90°. The two ratios 02 sws 7o
v 000 /vy oo @ndlyy oo /1y 450 @ppear to be relevant probes oQt—t

to estimate the FWHM of the distribution of orientations. In
the following, we will compare these ratios, as well as the
depolarization ratio$yy oo /1,0 @ndlyp 450 /1y 45 t0 cal-
culations for various distribution functions. Note that for VV
configuration andV =90°, one expects a weak intensity for
well-aligned tubes in the resonant model. By contrast, in the
nonresonant model, the intensity is maximum for RBM and
it goes through a secondary maximum for FRMTherefore,

if all components of the polarizability tensf@xcept thez,2

one] are not strictly zero, the calculated ratigy g /1y o°

will be underestimated with respect to experiments. In order

to test this possibility, we also calculatec! the ratio g o dependence of the Raman intensity in Vidp) and

Ivv,as /vy o- for each set of parameters. We will show be-\,yy (hottony polarization configurations faa) electric arc sample

low that comparison of calculations and data allow Us tO(present study (b) data from Ref. 1. Opefsolid) symbols are for

describe well orientational order in fibers. laser energy 2.41 e\(1.92 e\l. Squares(circles are for RBM
The ¥ dependences of the Raman intensity for VV and(tm). Lines are best fits of the experimental détae text Insets:

VH measurements in the ranges of RBM and TM are discorresponding distribution functior(see text for details

played in Fig. 2. The rather large dispersion of the points has

two main origins:(i) the inhomogeneity of orientational or- \yhole data and therefore a relevant estimate of the orienta-

der along the fiber ani) the difference between the results tjonal order.

obtained for the different components of RBM and TM, for

red and green laser light. The first source of dispersion can

be lowered in the future. As for the second source of disper- IV. CALCULATION OF RAMAN INTENSITIES

sion, it shows the limits of our simple assumption that all Without any assumption on the Raman tensor, the scat-
modes for all laser energies can be associated to a same

O tered Raman intensity for one nanotube in the reference
(resonant Raman polarizability tensor. To overpass these ' L2
"y e . frame of the fiber writes:
limits and get a very accurate description of the distribution
function of tube orientations, more sophisticated models
should be used. However, we will show below that our

simple model can provide a good general agreement of the

1(¥)=2 Nana €npeare EsEer,
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FIG. 3. Sketch of reference frames and angles. Subgasgdor ﬁ
tube, subscriptis for fiber, andX,Y,2 is the reference frame of the _>06 i
lab. = 04F
whereEg(W) andn,(W) refer to the cartesian components 02r

. . . . 00 1 1 1 2 1 1 ]
of incident and scattered light V('ectors., respectively, angl ' 0 15 30 45 80 75 90
are the components of the polarizability tensor of the tube in ©)
the referential of the fiber. The latter is a function of the v

componentse,y, of the Raman polarizability of the tubes in FIG. 4. ¥ dependence of the calculated intensity for Adp)
their own reference frame and of the components of the rogng vy (bottom) polarizations, for a Lorentzian distribution func-

tation matrixR that goes from the fiber frame to the tube tjon with FWHM of 0°, 1°, 10°, 30°, 60°, and 9@from bottom to
frame: top). The results for 0° correspond to calculations for a single tube.

N 0):2 RaaReb€an For the distribution function, this is reasonable to assume
ABLE: AaliBbEab: that the function presents a cylindrical symmetry and goes

.through a maximum foB=0 andgB= . We used the sum

Where_,B IS the_angle betwee_n fiber axis and nan(_)tube axXIdf two Lorentzian(or Gaussiapfunctions with the same pro-
and 6 is the azimuthal angléFig. 3). In our assumption, the file, centered on3=0 and B=, suitably normalized to

?unti}e/: ?:nzeroccc,%r:gol?s:; of tLhee iqu]{aerzg? tig;?é?ef dtht? ngggdescribe 3D disorientation relevant for fibers. Therefore, in
€zz: q Y, y y our calculations, there are only two adjustable parameters:

Phaen(s)tjurgeo?rig '[grena"l;wed in the reference frame of the lab FWHM of the distribution function and the absorption an-
: isotropy constani. Typical examples of calculations are dis-
played in Fig. 4 folk = 1/4 and various values of FWHM for
1L(W,8,0)=2> > NanaRaRa€,,6,Rar,Re,EsEs: - a Lorentzian distribution. As expected, the VV intensity de-
creases continuously from 0° to 90° and the VH intensity
oes through a maximum at 45° and decreases on both sides
ymmetrically down to 0° and 90°. The narrower the FWHM
of the distribution function and the faster the decrease. To

This expression of the intensity does not consider an
optical correction factor. We feel justified to neglect reflec-

tion since reflectance of well-aligned SWNT fibers and mat§jatermine the unknowns FWHM arid from the data. we
was shown by Hwangt al. to be very weak in the visible |y consider five relevant polarization ratiojy go: /vy o »

range’ By contrast, optical absorption is not only expectedI ' '
to be strong but also intrinsically anisotropic. Therefore, on v 42 Where the subscript refers to the polarization configu-

must consider a correction factby,sin the calculations tak-_ ration and the angle?. Note that the unknowns,, and

Ing '?go aCC(I)ugt the gngle d?iﬁn%ence of OpttIC?| abdsor&t'olléliminate in these ratios. Note also that the isotropic depolar-
I.€., the angie dependence o fi eam penetration depth. F9Lyiq, ratio, i.e., the polarization ratio for a powder, pro-
large absorptiond, = (a;+ as) ~* (Ref. 23, wherea; and

! S o ides an additional independent constant. In the present case,
a are the absorption coefficients for incident and scattere

liah velv. Th Hici ¢ ) gives a justification to neglect all the components of the
'r? b respe(t:)twe g ese coe :c?|gnts e>;pre|§shas a uncltlon aman polarizability tensor. Finally, note that we also run
the nanc_)tu e absorption coe icients for light parallel andgcjations for(i) 2D disorientation(tube axis in the polar-
perpendicular to the tube axi®, and «, , and the angle

¥ b larizat ¢ liaht and b . ization plang and/or(ii) without considering any absorption
¢(V, B, 6) between polarization of light and nanotube axis. .,efficient factor, in order to compare our results with those

Finally, we get faype={q(cosgi+cose)+K(sing ¢ Rref 6.

+sin¢g) |} twith K=a, /a,. In order to calculate the inten-

sity scattered by the fibers, one has to weight the intensity for

each tube by a distribution functidh(;3) of the orientation V. DISCUSSION

and integrate the result over the whole space: For us, the relevant test to validate calculations will be to
5 fit the five ratios with the same set of paramet@fgVHM,
Ifzf f I fapF(B)sinBdBde. K_). Ir_1 Flg.' 5, we rep_ort the results of calculathns for 3D
0Jo disorientation (cylindrical symmetry, for Lorentzian and

was llwoe s Tvhase/Tvnoe s Tvmos/lyvoe s and lypase/
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contribution of the “tail” of the Lorentian function forV
=90° and¥=0° in VV and VH configurations, respec-
tively. The experimental ratios were calculated for RBM and
TM and for the two laser lines for the Vigolo fiber. The
dispersion for each value &f for a given sample is between
5% and 30%, which corresponds to dispersion between the
results for different modes, different laser lines, and different
areas. The horizontal hatched areas correspond to the experi-
mental ratio for the present dafkig. 5@)] and for data of
Ref. 1[Fig. 5(b)]. First, note that no agreement can be found
simultaneously for the five ratios when considering planar
(2D) disorientation and a Lorentz functidinot shown, see
discussion and some results in Ref).1For 3D disorienta-
tion with a cylindrical symmetry, good fits of the whole set
of data occurs only for Lorentzian distributions of orienta-
tions (vertical hatched areas in Fig).9or the Vigolo fiber,

this is achieved for a FWHM of 302 5°. For data of Ref. 1,
the distribution of orientations is narrower, with a FWHM of
15°+5°, Best fits are obtained for small values Kf(tri-
angles and circles in Fig.)3ndicating strongly anisotropic
absorption, as expected. By contrast, no simultaneous fit of

0 20 40 60 80 100

]
FWHM () the five ratios can be achieved for Gaussian distributions of
b) orientations. Indeed, the contribution of the “tail” of the
506 gecet R Lorentzian appears to be essential to achieve good fits. An-
= 04F N NYYE 48 gt ' other way to interpret this is to consider that the fibers con-
302 N i tain a mixture of oriented and unoriented tubes. Such an

assumption was already made in Ref. 1 and the presence of
unoriented tubes was also evidenced by the x-ray-diffraction
(XRD) results of Ref. 5. Therefore, the key for a good fit
with a Gaussian distribution would be to add a background
(BG), where the BG corresponds to unoriented tubes in the
samples. Note that for a Lorentzian, the weight of the func-
tion at 8= 7/2 accounts for such a background. Satisfactory
results are obtained for a FWHM of 40° and a rate of unori-
ented tubes of 1/5 for the Vigolo fiber, and for a FWHM of
15° and a rate of unoriented tubes of 1/6 for results of Ref. 1.
This is amazing to observe that this ratio of unoriented tubes
is very close to that determined by Gommaeisal. for the
same data with a model assuming one part 0.86) of the
nanotubes uniformly oriented between 0° and an adglad
o085 98 thg oth.er par{1-p=0.14, very close to our 1jéuniformly

: (mis)oriented betweer® and (7-6). Note thatd was deter-
mined using a 2D model and can therefore not be compared
directly to our results. The best fits of the dependence of

FIG. 5. FWHM dependences of the five intensity ratios for (€ Raman intensity in the fibers are reported in Fig. 2. The
Lorentzian(open symbolsand Gaussiafsolid symbols distribu-  corresponding distribution functions are presented in the in-
tions. No absorption was considered for squakes,1/4 for circles ~ Sets. Note that the “tails” of the functions are comparable for
andK =0 (absorption only for polarization parallel to tube axfisr ~ the Lorentzians and the sums (Gaussi&G).
triangles. Horizontal hatched areas correspond to experimental val- Good fits are achieved for both VV and VH results. A
ues for(a) electric arc samplépresent study (b) data from Ref. 1.  much better accuracy on the calculations would be expected
Vertical hatched areas indicate the values of FWHM providing theby considering additionglweak and mode-dependembm-
best fit of all the intensity ratio simultaneously for Lorentzian dis- ponents of the polarizability tensor and by considering dif-
tributions (see text ferentK parameters for metallic and semiconducting tubes.

For example, let us consider not strictly nonzero values for
Gaussian functions, and for different values of the absorptiothe other components of the Raman tensor. For a mode of
anisotropy constank, as a function of the FWHM of the A;, symmetry, the(x,x and(y,y) components of the Raman
distribution function. Note that the results appear signifi-tensor are, with thé€z,2 one, the only nonzero components
cantly different for Lorentzian and Gaussian functions, espevalues expected in a nonresonant model. In the case of RBM,
cially for small values of FWHM. This relates to the strong each peak in the bunch corresponds to a different tube diam-

N\

gg

0 20 40 60 80 100
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eter. If the(x,x) and (y,y) components are not strictly zero, likely since XRD results were fairly reproducible for many
their relative value, with respect to that of tte2 compo- different fibers** We rather believe that the differences can
nent, will likely depend on diameter and possibly on chiralbe explained by the specificities of each technique. First, the
angle. This would explain the slightly differenl¢ depen- analysis of Ref. 5 considered the diffraction pgak) and
dences of the different components of the RBM in Fig)1l was therefore sensitive to the orientation of bundles of tubes.
In the case of TM, the different peaks in the bunch do notBy contrast, one probes all tubes in Raman experiments. If a
correspond to different tube diameters but to modes of difsignificant part of the tubes is individual or in small and/or
ferent symmetries, associated with different polarizabilityill-crystallized bundles, which is possibly the case given the
tensors. Therefore, small but nonzero values of some conweak intensity of the(10) peak in Ref. 5, the smallest
ponents of the tensors would also explain the slightly differ-FWHM measured in Raman would indicate that individual
entV dependences of the different components of the TM irntubes or small bundles are better oriented than large and
Fig. 1(a). Note that the problem is less critical for VH con- well-crystallized bundles. However, the most likely explana-
figuration since the expected dependences for resonant tion for the difference between XRD and Raman results is
and nonresonant models are close to each other foAthe that XRD probes the whole thickness of the fiber, while op-
components of both RBM and TM. Despite these imperfectical absorption restricts the effective thickness in Raman to
tions, one can observe that a good overall description of tha few microns at most. If the orientation of the fibers is not
data is achieved. Therefore, our model provides a simple anlomogeneous between surface and center, one expects dif-
useful way to estimate orientational order in fibers of SWNTferences between XRD and Raman results. In the future, we
from Raman measurements. We claim that Lorentzian distriwill have to test more systematically the correlation between
butions of tube orientations with FWHM of 38°5° and XRD and Raman by working on the same samples.

15°+5° give a good picture of tube orientations in fibers

prepared from the process described in Refs. 4 and 1, respec- VI. CONCLUSION

tively. Gaussian distributions of tube orientations with the Polarized R ¢ d to study orienta-
same FWHM also allow us to fit the data, providing that one olarized Raman Spectroscopy was used 1o study orienta

considers a significant part of unoriented tubes. We also ur]';—'onaI order and resonance in fibers of SWNT. We state that

derline that both the ratios\/V,45°/|VV,0° and IVV,90°/|VV,O° or convenient excitation energ(y:lose to an optical transi-

must be considered to estimate the distribution of tube ori:[Ion of the tubej, the angle dependence of the Raman inten-

entations. A first estimation based on the g gg: /vy o sity_for both semiconductingnd metallic nanot_ubes cannot
only led 0 EWHM of 40%5° and 20% 5° forygtohe \é\:g?ne be interpreted in a nonresonant model. A simple resonant

1y = L model assuming that thi@,2 component of the Raman po-
samples; slightly overestimated with respect to the presentIarizability tensor is much larger than all other components
values. Finally, it is interesting to compare these results t

diffraction results. Launoi®t al. found that the best fit of Cfor all Raman modegand in particular for RBM and TH

leads to a good agreement with the measured intensity ratios

their data for other fibers prepared from the Vigolo process, satisfactory fits of the angle dependence of the Raman

was achieved with the sum of a Gaussian function Wlthintensities. Lorentzian distributions of orientations with typi-

FWHM of 75°+5° and a constant that corresponds in part to o o .
the contribution of unoriented tub&$The assumption that a cal FWHM of 35° and 15° were found for fibers prepared by

part of the tubes is unoriented is necessary in both cases gé)]ndensanon of nanotubes in the flow of a polymer solution

achieve good fits with Gaussian distribution functions, but d by an electrophoretic method, respectively.
the fitted FWHM is very different. This may indicate that the

orientation of the tubes in the fibers is very sensitive to the
details of the preparation process and therefore very different We gratefully acknowledge Pascale Launois for stimulat-
from the fibers studied in XRD and Raman but this is un-ing interactions and pertinent comments on the manuscript.
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