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Self-assembled helical supramolecular structures are widely found in nature and

have also been observed in several systems based on synthetic amphiphiles. Such

structures often exhibit interesting properties that can be utilized in different

nanotechnological applications. Based on previous work concerning the form

factor of helical filaments with a finite cross section, the present work gives the

helical form factor generalized for a tape containing N layers. The presented

form factor is applied to the characterization of an intermediate structure

obtained during the formation of self-assembled graphitic nanotubes. The

structure was modeled as a centrosymmetric bilayer containing five layers

including a structure factor. These results have been compared with that

obtained using a model based on polydisperse cylinders, and it is shown that the

full description with helical model and structure factor is the superior one.

1. Introduction

Several biological macromolecules, such as peptides and

DNA, have a helical configuration. Their prominent functions

have inspired chemists to design artificial helical architectures

(Green et al., 2001, 2003; Hill et al., 2001; Cornelissen et al.,

2001; Nakano & Okamoto, 2001; Hirschberg et al., 2000;

Fenniri et al., 2001; Percec et al., 2004), which can be useful for

a variety of applications. Among these applications are chiral

separation (Okamoto & Yashima, 1998; Guo et al., 2004),

asymmetric synthesis (Feringa & van Delden, 1999), nonlinear

optics (Kauranen et al., 1995; Verbiest et al., 1998) and appli-

cations for the preparation of cholesteric or chiral liquid

crystals (Green et al., 1998; Oda et al., 2000). A special point of

attention is the possibility of the preparation of molecular

solenoids on the nanoscale (Akagi et al., 1999; Tagami et al.,

2003).

The discovery of carbon nanotubes (CNTs; Iijima, 1991;

Iijima & Ichihashi, 1993) has stimulated the field of nano-

technology, because of the variety of potential applications

that they offer (Jorio et al., 2001; Patzke et al., 2002; Shimizu et

al., 2005; Baughman et al., 2002; Aida & Fukushima, 2007).

The utilization of amphiphilic precursors that undergo spon-

taneous self-assembly into tubular supramolecular objects

represents a highly promising and flexible route towards

achieving the ultimate goal of defining the boundary condi-

tions on a molecular scale that enable the rational design of

CNTs of controllable dimensions (Shimizu et al., 2005; Terech

et al., 2002). Typically, these nanotubes are formed upon

cooling the precursor solution to a temperature below its gel-

to-liquid crystalline phase transition temperature and are

stabilized by helical arrangements of its constituent units

(Shimizu et al., 2005).

Twisted ribbons consisting of bilayers of gemini surfactants

have also been observed (Oda et al., 1999). The authors found

that the degree of twist and the pitch of the ribbons can be

tuned by the introduction of opposite-handed chiral counter-

ions in various proportions. The control of these parameters

makes it possible to use helical structures as templates for

helical crystallization of macromolecules (Matsumoto et al.,

1992; Perkins et al., 1994).

Consequently it is important to be able to characterize these

helical structures, whose pitch and twist one would like to

tune. Small-angle X-ray scattering (SAXS) is a powerful tool

for this purpose. However, only a few studies have been

devoted to characterizing helical structures, and these mainly

concern the diffraction of ordered structures, as in the work of

Wilkins et al. (1953), to study the structure of DNA, and

Cochran et al. (1952), for the characterization of an �-helical

peptide. Later, the form factors of helical filaments with

negligible cross section (Schmidt, 1970) and finite cross section

(Pringle & Schmidt, 1971) were developed. Recently, the form
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factor for helical ribbons has been reported (Hamley, 2008).

Here we present the helical form factor extended to a tape

with a cross section containing N layers and apply it to char-

acterize the recently reported HBC-1 nanotubes, which form a

helical structure ordered in a hexagonal array.

HBC-1, represented in Fig. 1, consists of a hexa-peri-hexa-

benzocoronene (HBC) molecule bearing two dodecyl chains

(C12) on one side and two triethylene glycol (TEG) chains on

the other. HBC-1 was observed to form tubular objects on

being slowly cooled in a solution of tetrahydrofuran (THF)

(Hill et al., 2004). These authors also observed by transmission

electron microscopy (TEM) the presence of helices coexisting

with closed nanotubes formed by HBC-1 in THF/water. These

nanotubes were electroconductive upon oxidation, showing

semiconducting behavior. The authors have also succeeded in

synthesizing and stabilizing aggregates of HBC derivatives in

their intermediate state, in the pursuit of their application as

nanosolenoids (Jin et al., 2005; Yamamoto et al., 2006).

Nanotubular objects are generally modeled by the form factor

of straight cylinders. In this work we extend the form factor of

a finite helical tape to an N-layered helical tape and char-

acterize the structure formed by HBC-1. We present in x2 the

theoretical background for the calculation of N-layered

cylindrical and helical form factors and the structure factor of

hexagonally ordered objects. In the later sections we present

the calculated form factors and structure factor applied to the

experimental results obtained for a solution of HBC-1.

2. Theoretical background

Generally the SAXS intensity of an isotropic solution of

particles as a function of the scattering vector q ¼ ð4� sin �Þ=�
(2� being the scattering angle and � the wavelength) is given

by (Kotlarchyk & Chen, 1983; Pedersen, 1997)

IðqÞ ¼ np��2V2PsðqÞ S
0
ðqÞ; ð1Þ

where np is the average number density of particles, �� is the

difference in scattering length between the particles and the

solvent, V is the volume of the particles, PsðqÞ ¼ hjFðqÞ
2
ji is

the form factor of the particles, and S0ðqÞ is defined by

S0ðqÞ ¼ 1þ �ðqÞ SðqÞ � 1½ �; ð2Þ

with

�ðqÞ ¼
���FðqÞ���2����FðqÞ��2�: ð3Þ

S0(q) acts as an apparent interparticle structure factor, in

which the factor � suppresses the oscillations of the true

structure factor S(q) due to polydispersity. This is the so-called

decoupling approximation. The averages presented in equa-

tion (3) are given by

���FðqÞ��2� ¼ R1
0

Fðq; rÞ
�� ��2f ðrÞ dr ð4Þ

and

FðqÞ
� ��� ��2¼ R1

0

Fðq; rÞ f ðrÞ dr

����
����

2

: ð5Þ

f ðrÞ is the size distribution function. We chose the Gaussian

distribution, given by

f ðrÞ ¼
1

ð2��2Þ
1=2

exp �
ðR� hRiÞ2

2�2

� �
: ð6Þ

hRi is the average radius of the micelles and � is the root-

mean-square deviation from the mean radius, which is related

to the polydispersity 	size by 	size ¼ �=hRi.
For monodisperse systems, both averages are equivalent;

thus �(q) = 1 and S0(q) = S(q).

For cylindrical particles, the scattering amplitude can be

separated into two factors: one due to its longitudinal axis and

the other to its cross section (Glatter & Kratky, 1982). If the

cylinder length, L, is much larger than its diameter 2R, the axis

factor drops to zero very rapidly, except for the case in which

the longitudinal axis of the cylinder is nearly perpendicular to

the scattering vector q, whereas the cross-sectional factor

remains practically unaltered. In this way, these two factors

can be treated as independent and the average of their square

can also be calculated separately. The axial factor is given by

F2
L

� �
¼ L�=q ð7Þ

and the amplitude of the form factor given by the contribution

of the cross section is (Glatter & Kratky, 1982)

FCcyl
ðqÞ ¼ 2J1ðqRÞ=ðqRÞ: ð8Þ

J1 denotes the first-order Bessel function. In the more general

case of a long cylinder containing N shells the equation is

given by (Pedersen, 1997)

FC�n�shellðqÞ ¼
1

Cn�shell

�XN

m¼1

ð�m � �m�1ÞR
2
m

2J1ðqRmÞ

qRm

�
; ð9Þ

with Cn–shell, providing normalization of the form factor, given

by

Cn�shell ¼
PN
m¼1

ð�m � �m�1ÞR
2
m: ð10Þ
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Figure 1
Scheme of the HBC molecule, its space-filling model, its arrangement into
bilayers and the final arrangement in the nanotubes.



In the above equations �0 is the electron density of the solvent

�sol. Rm stands for the radius of shell m with electron density

�m.

This equation can be simplified assuming the model illu-

strated in Fig. 2, in which the molecules form a bilayer

consisting of five shells that mirror the central one, corre-

sponding to three layers (Nl = 3). For the generalized case of

Nl layers,

Rm ¼ R�Dm=2 for m � Nl;
Rm ¼ RþD2Nl�mþ1=2 for m>Nl:

ð11Þ

R is the medium radius of the tube, measuring the distance

from the center of the cylinder to the shell at the middle of the

bilayer, as shown in Fig. 2(a) for the helix; Dm is the thickness

of the mth layer (Fig. 2b), running from m = 1 to m = Nl. In this

way, for the present case the cross-section scattering will be

FC�n�layerðqÞ ¼
1

Cn�layer

 XN1

m¼1

ð�m � �m�1Þ

�
RþDm=2ð Þ

2

�
J1½qðRþDm=2Þ�

qðRþDm=2Þ
� R�Dm=2ð Þ

2 J1½qðR�Dm=2Þ�

qðR�Dm=2Þ

	!
: ð12Þ

Again, J1 is the first-order Bessel function. �m are the electron

densities of the different layers and here, by the symmetry of

the system, �0 = �N+1 is the electron density of the solvent.

Cn�layer corresponds to the scattering mass of the scattering

volume of the particle and is given by

Cn�layer ¼
PNl

m¼1

ð�m � �m�1Þ



RþDm=2ð Þ
2

� R�Dm=2ð Þ
2
�
: ð13Þ

Using these equations, the intensity,

Pcyl, for infinitely long cylinders, as the

separate contributions of their long-

itudinal and transversal parts, is written

as (Glatter & Kratky, 1982)

PC�n�layerðqÞ ¼ ðL�=qÞ
���FC�n�layerðqÞ

��2�:
ð14Þ

The decoupling approximation to

calculate the scattering intensity for

ordered cylinders was as used by Forster

et al. (2005). For infinitely long cylin-

ders, the length of the cylinders will

contribute to the scattering only

through the factor L�/q, and any poly-

dispersity in cylinder length has very

little influence on the scattering curve.

Therefore, the contribution of axial

scattering was approximated as a

constant and only the influence of

polydispersity of the mean radius value

to the total scattering was considered.

2.1. Helical form factor

Pringle & Schmidt (1971) calculated the intensity scattered

by an infinitely long helix formed by two helical tapes forming

an angle ’ with each other. The form factor amplitude

corresponding to the helix cross section is calculated for a tape

with thickness R � aR, where R is the outer radius of the tape

and aR its inner radius. The form factor is given by

IðqÞ ¼
�

qL

X1
n¼0

"n cos2 n’

2

� 
 sin2
ðn!=2Þ

ðn!=2Þ2
½gnðq;R; aÞ�2; ð15Þ

where L is the total length of the helix, "0 = 1 and "n = 2 for n�

1. ! is the angle formed by the portion of the tape occupying

the cross-section plane (see Fig. 2a) and gn is given by

gnðq;R; aÞ ¼ 2R�2
ð1� a2

Þ
�1
�
RR
aR

r dr Jn qrð1� q2
nÞ

1=2

 �

: ð16Þ

Jn is the nth-order Bessel function and qn ¼ 2�n=ðPqÞ, where

P is the pitch of the helix (Fig. 2c) and n indicates the order of

the layer line. Although equation (15) is written as an infinite

series, at a certain q value only layer lines satisfying the

condition n � Pq/(2�) contribute to the sum (all other terms

are zero).

Our system is formed by a single helical tape. Thus the angle

’ between the two helices is zero and the total scattering

intensity can be generalized for a helical tape consisted of N

shells as

research papers
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Figure 2
Scheme of the helix model. (a) Cross section; (b) bilayer structure with corresponding electron
density; (c) structural parameters of the helix.



PhelðqÞ ¼
�

qLC2
n�shell

X1
n¼0

"n

sin2
ðn!=2Þ

ðn!=2Þ2
½Gshelln

ðRm; �m;P; qÞ�2;

ð17Þ

with

Gshelln
ðRm; �m;P; qÞ ¼

PN
m¼1

ð�m � �m�1Þ

� 2
RRm

0

r dr Jn qr 1� 2�n=ðPqÞ½ �
2

� �1=2
� 


: ð18Þ

Cn�shell is defined by equation (10).

This can be simplified for our system (Nl shells mirroring

the central one; Fig. 2) by using the values of Rm defined by

equations (11) and �m as previously defined as the electron

density of the mth shell. In this way Cn�shell can be replaced by

Cn�layer [equation (13)] and Gshelln
by Glayern

, given by

Glayern
ðRm; �m;P; qÞ ¼

PNl

m¼1

ð�m � �m�1Þ

� 2
RRþDm=2

R�Dm=2

r dr Jn qr 1� 2�n=ðPqÞ½ �
2

� �1=2
� 


: ð19Þ

2.2. The structure factor

The hexagonal structure factor valid for infinitely long

cylinders in a more or less close-packed hexagonal config-

uration is given by (Forster et al., 2005)

SðqÞ ¼ Z0ðqÞ 	HðqÞ þ ½1�HðqÞ�; ð20Þ

where HðqÞ ¼ expð��2
aa2q2Þ is the Debye–Waller factor for

thermal disorder; �2
a is the relative mean-square displacement

from the ideal position of each lattice point; a is the lattice

parameter; Z0ðqÞ ¼ 2=ð31=2a2qÞ
P
fhkgmhkf 2

hkLhkðqÞ for a

hexagonal lattice; mhk is the corresponding peak multiplicity,

which, for hexagonal symmetry, is 6 for reflections of type h0

and hh and 12 for reflections of type hk; fhk is the symmetry

factor taking into account the extinction rules for each

symmetry, being 1 for all reflections in the hexagonal

symmetry; LhkðqÞ is a peak shape function, which, in our case,

is a normalized Lorentzian given by

LhkðqÞ ¼
1

�

	=2

ðq� qhkÞ
2
þ 	=2ð Þ

2
; ð21Þ

where 	 is the FWHM and qhk ¼ 4�ðh2 þ hkþ k2Þ
1=2=ð31=2aÞ.

Thus, by assuming two populations of single dispersed and

hexagonal-packed tubes, the total scattered intensity fitted to

the experimental curve is given by

IðqÞ ¼ SFf1þ p½S0ðqÞ � 1�gPsðqÞ þ BG; ð22Þ

where SF is a scaling factor, BG is the correction for the

diffuse background, S0ðqÞ is the apparent interparticle struc-

ture factor and p is the fraction of aligned tubes (1 � p is the

fraction of single tubes).

In the case of helical ribbons arranged in a distorted

hexagonal order, the interference term needs to be modified.

The appropriate model is based on fiber diffraction of oriented

fibers with random angular orientation and random axial

position of the helices (Arnot, 1980). In this case only the term

for the n = 0 layer line of equation (17), i.e. the ‘cylinder’ term,

contributes to the interference. After assuming again two

populations of helices and performing the rotational average

the total scattered intensity is written as

IðqÞ ¼ SFfPhelðqÞ þ p½S0ðqÞ � 1�PC�n�layerðqÞg þ BG: ð23Þ

Although the experiments have been performed using a

synchrotron source, which provides a very small beam whose

dimensions can be considered negligible in most cases, as the

experimental curve has very deep minima, smearing with the

direct beam profile was performed, in order to verify its

influence on the curve shape.

2.3. Fitting procedure

Our model consists of a bilayer with five shells, rolling up to

form either a hollow cylinder or a helix. The mean radius R

and the thickness of each shell Dm are fitting parameters. D1 is

the distance between the ends of the two TEG groups, which

equals the total bilayer thickness, D2 is the distance between

the ends of the HBC groups and D3 is the thickness of the

hydrocarbon core. Similarly, �1, �2 and �3 are, respectively, the

electron densities of the TEG, HBC and hydrocarbon shells. �0

is the electron density of the solvent (THF), which was

calculated to be 0.297 e Å�3 and was kept constant in the

fitting procedure. �1, calculated as 0.279 e Å�3, was kept

constant for the initial fittings, being left free for refinement

after all other parameters had been adjusted. The root-mean-

square deviation from the mean radius �, the cell parameter a,

the FWHM 	, the ‘Debye parameter’ �a and the number of

ordered tubes/helices were also free fitting parameters. For the

helical form factor, the pitch P and angle ! were also fitted.

The cylinder form factor was fitted by using Igor Pro

(WaveMetrics, http://www.wavemetrics.com), and the curves

were fitted using the least-squares method. For the helical

form factor the least-squares method based on simulated

annealing (Kirkpatrick et al., 1983; Cerny, 1985) was imple-

mented in a Fortran program. To decrease the computation

time, every sixth point of the curve was used for the fitting

procedure, except for the case of monodisperse cylinders.

3. Experimental

Precursor HBC-1 was synthesized by Aida and collaborators

(Hill et al., 2004). THF was purchased from Sigma. HBC-1 was

dissolved in THF at a concentration of 5 mg ml�1 at 323 K,

and an aliquot was placed in a pre-heated quartz capillary and

immediately sealed. The capillary was then cooled to 293 K at

a rate of 1 K min�1 and subsequently aged for 10 h at this

temperature.

The measurements were performed at the Austrian SAXS

beamline at Elettra, Trieste (Amenitsch et al., 1998), at an

energy of 8 keV with a sample-to-detector distance of

2317 mm, which was calibrated using silver behenate (d

spacing = 58.38 Å). A Mar180 image-plate detector was used
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and two-dimensional images were recorded. The images were

corrected for detector inhomogeneity and efficiency, and

azimuthally integrated for a chosen sector of the image. These

corrections and integration were performed with the program

FIT2D (Hammersley, 1997). The beam and beam stop were

placed vertically off-center close to the border of the image

plate. Azimuthal integration was carried out in a conical sector

of the two-dimensional image, with an aperture corresponding

to an angle of 30
. Therefore the horizontal beam width has no

influence on the integrated curve and only the vertical beam

height should be considered for correction. After integration,

the curves were normalized for variations of the primary

intensity and the background was subtracted.

4. Results and discussion

Fig. 3 shows the scattering curve obtained for the sample left

at rest for 10 h at room temperature. The oscillations of the

form factor can be observed, showing four well

pronounced minima. It is also obvious that the oscilla-

tions exhibit a certain asymmetry. It has been observed

that HBC-1 solutions form nanotubes with very high

length/radius ratio after being at rest at 293 K (Hill et al.,

2004). Following what was previously observed by TEM

(Hill et al., 2004), the scattering curve in our work was

fitted with the form factor of an infinitely long hollow

cylinder, which is the appropriate shape corresponding

to a nanotube. The fitting result is shown by the dotted

curve in Fig. 4(a). The cylinder form factor has very deep

minima, which are far more pronounced than those of

the experimental curve. Apart from the minima depth,

the width of the oscillations is also not properly

predicted by the cylinder form factor. The parameters

obtained are presented in Table 1. The values found for

the electron density are consistent with what can be

expected for each part of the molecule, but the total

thickness of the bilayer (9.42 nm), together with the

mean radius of the tube (7.24 nm), gives a total diameter

of 24 nm, somewhat larger than the 20 nm estimated by

TEM (Hill et al., 2004).
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Figure 3
Scattering curve of HBC-1 in THF at 5 mg ml�1, after 10 h resting at
293 K.

Table 1
Parameters obtained from the fittings of the various models to the experimental
data in Fig. 3.

Parameter
Monodisperse
cylinders

Polydisperse
cylinders

Polydisperse
cylinders
with beam
profile

Polydisperse
cylinders and
structure
factors

Helix and
structure
factor

Equations (7)–(14) (4), (6)–(14) (4), (6)–(14) (4), (6)–(14),
(20)–(22)

(17), (19),
(20)–(23)

�1 (e Å�3) 0.298 0.298 0.298 0.298 0.298
�2 (e Å�3) 0.297 0.297 0.297 0.297 0.299
�3 (e Å�3) 0.325 0.325 0.325 0.325 0.325
�sol (e Å�3) 0.297 0.297 0.297 0.297 0.297
R (nm) 7.24 7.10 7.10 7.10 7.07
D1 (nm) 9.42 9.42 9.42 9.42 6.89
D2 (nm) 5.01 5.01 5.01 5.01 3.99
D3 (nm) 2.02 2.02 2.02 2.02 1.74
� – 0.0365 0.0375 0.0795
	size – 0.005 0.005 0.011
a (nm) – – – 17.89 17.86
FWHM

(nm�1)
– – – 0.0327 0.658

�a – – – 0.0110 0.0186
p – – – 96.28 0.967
! (
) – – – – 328
P (nm) – – – – 22.78
Reduced

2

No smear: 453 41 41 42 6
Smeared: 62

Figure 4
(a) Scattering curve of HBC/THF along with the form factor of
monodisperse cylinders: experimental curve (black); form factor of
monodisperse cylinders (red); form factor of monodisperse cylinders
smeared by the beam profile (blue). The inset shows the vertical beam
profile. (b) Scattering curve of HBC/THF along with the form factor of
polydisperse cylinders: experimental curve (black); polydisperse cylin-
ders (blue); polydisperse cylinder smeared with beam height (red). Curve
fitted with parameters presented in Table 1.



As our experimental curve exhibits such well pronounced

minima, we verified if they could be affected by the influence

of the beam height. The beam profile is shown in the inset of

Fig. 4(a) and the form factor of infinite hollow cylinders

smeared by this beam width is represented by the solid curve

in the figure. The beam-width effect decreases by about 10%

the depth of the minima; therefore the smeared form factor

minima are still much more pronounced than those in the

measured curve. Consequently the beam effect is not

responsible for the difference in the minima.

A decrease of the minima in the form factor oscillations can

also be related to the polydispersity of the particles. In order

to study this influence, the polydispersity of the radius was

included in the modeling, and the result is shown in Fig. 4(b).

As seen, allowing for polydispersity did not improve the fitting

of the minima. Polydisperse cylinders were also fitted,

including smearing of the beam profile, but this had no effect

at all. Polydispersity seems to have a stronger effect on the

form factor than on the width of the beam for our experi-

mental setup. Thus, from this point on, the influence of the

beam height was neglected. The parameters obtained are

presented in Table 1. Apart from the mean radius of the tubes,

the other parameters remained unaffected. The polydispersity

was very small. It is easy to verify that higher levels of poly-

dispersity would lead to a pronounced decrease in the depth of

the minima, but would also suppress higher-order oscillations

of the form factor. This would not correspond to the experi-

mental scattering curve, which exhibits well pronounced

minima for all orders of oscillations of the form factor. In any

case, we notice that, apart from the minima, the width of the

oscillations could so far not be properly fitted, being broader

than the calculated form factors. The asymmetries in the

oscillations suggest the presence of a structure factor in the

curve. We can identify these asymmetries with a two-dimen-

sional hexagonal structure, as the form factor is obviously

dominant in the curve. Therefore, a term including hexagonal

arrangement of the tubes was added to the curve; the result is

represented by the solid line in Fig. 5, where it is also

compared with the form factor of polydisperse cylinders.

As seen in the figure, the form factor of cylinders is not

appropriate for the experimental results obtained. Based on

the structure reported by Hill et al. (2004) for HBC-1 in THF/

water, we then used the form factor of a helix, according to

equations (17) and (19). The total scattering intensity, given by

equation (23), is shown in Fig. 6, where Ps(q) is the helical

form factor and S0(q) [= S(q)] is the hexagonal structure

factor. The pure helical form factor, also shown in the figure,

already fits the width of the oscillations very well and even the

depth of the minima. It suppresses the minima without

suppressing the oscillations at higher order. In equation (17),

the term for n = 0 represents the form factor of an infinite

cylinder and the sum of higher terms decreases the minima,

maintaining all oscillations. The curve consists of the contri-

bution of two different populations: (i) a pure helical form

factor for dispersed helical ribbons and (ii) a two-dimensional

hexagonal structure factor for aggregated helical ribbons. The

inclusion of the hexagonal structure factor for a proportion of

ordered helices gives the final improvement to the fitting

result, whose 
2 value is shown in Table 1 together with the

other parameters. The values obtained for the thickness of

each of the shells, Dm, are consistent with the expected

dimensions of the molecule. From the mean radius and total

bilayer thickness, the total diameter of the tube is 21.0 nm,

which is in very good agreement with the 20 nm estimated by

Hill et al. (2004) by TEM. The value of �3 is higher than that
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Figure 5
Scattering curve of HBC/TFH along with the form factor of polydisperse
cylinders and total intensity with form and structure factors of
polydisperse cylinders. Experimental curve (black); form factor of
polydisperse cylinders (red); polydisperse cylinders with structure factor
(blue). Curves fitted with parameters presented in Table 1.

Figure 6
(a) Scattering curve of HBC/TFH. Experimental curve (black); helix form
factor (red); hexagonal structure factor (right axis; dashed line); total
intensity given by helix form factor and hexagonal structure factor (blue).
Curves fitted with parameters presented in Table 1. (b) An enlargement
of the curve in (a).



generally expected for the electron density of hydrocarbon

chains (around 0.279 e Å�3) and the obtained thickness of

1.74 nm is too small for the sum of two extended dodecyl

chains. These values indicate that the hydrocarbon chains are

interdigitated and this agrees with infrared experiments by

Hill et al. (2004). Furthermore, this interdigitation is respon-

sible for the stability of the bilayer structure (Aida &

Fukushima, 2007). The lattice parameter of 17.86 nm, smaller

than the diameter of the tubes, can indicate an interdigitation

of the TEG ends. The obtained value of 328
 for the ! angle

indicates that the helix is almost closed. From the pitch size

and radius, the angle formed by the bilayer side with the

equatorial plane is calculated to be � ¼ tan�1½P=ð2�RÞ�, the

tape thickness w ¼ !T sin �, the tape height along the helix

axis wh ¼ w=cos�, the height along the helix axis of the free

(unoccupied) space between tapes h ¼ P� wh and the free

distance between tapes in the bilayer plane d ¼ wh=wh. These

parameters have been defined in accordance with Chung et al.

(1993) and the obtained values are presented in Table 2. The

values obtained for the ribbon width and the tape height,

compared with the pitch value (Table 1), also indicate the

almost total closure of the helices into hollow cylinders. These

results show that the nanotubes need a longer time to be

formed. Indeed, the TEM images of Hill et al. were observed

after the sample had rested for three days at 293 K in a

solution of THF. From the pitch and radius of the nanotube,

we obtained an angle of 27.2
 of the bilayer side with the

equatorial axis of the tube. Jin et al. (2008), in a study of the

molecular packing by fiber diffraction in the wide-angle X-ray

scattering (WAXS) region, obtained a tilting angle of 45
 of

the HBC rings in a derivative of precursor HBC-1. This

difference is probably due to the differences in the structures

of the molecules used here and in the WAXS study by Jin et al.

5. Conclusion

In this work, we have derived a form factor for a helical

N-layered tape. Further, we have characterized the inter-

mediate helical structure during the formation of graphitic

nanotubes, which organize in a hexagonal symmetry, showing

that the previously observed bundle formation of the nano-

tubes (Jin et al., 2008) starts at this stage in their formation. We

have shown that the polydispersity is very small. The full

pattern refinement with a helical model with multi-electron

densities and helical structure factor was successful, and the

parameters obtained by SAXS resemble the values obtained

from other methods. Additionally, the exact values for the

opening angle !, pitch size P, tape thickness w and tilting

angle � of the HBC-1 aggregates in solution have been

obtained. Finally, the analysis presented proves to be very

useful in controlling the formation of helical structures whose

pitch and twist one would like to tune. A further study on the

kinetics of formation of these structures during the cooling

and heating processes will be carried out.
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856 Cilâine V. Teixeira et al. � Form factor of an N-layered helical tape J. Appl. Cryst. (2010). 43, 850–857

Table 2
Parameters calculated from the fitted parameters according to the helical
model presented in Fig. 2.

Parameter Calculated value

w (nm) 18.5
d (nm) 1.8
wh (nm) 20.8
h (nm) 2.0
� (
) 27.2

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ce5083&bbid=BB24


Jin, W., Fukushima, T., Niki, M., Kosaka, A., Ishii, N. & Aida, T.
(2005). Proc. Natl Acad. Sci. USA, 102, 10801–10806.

Jin, W., Yamamoto, Y., Fukushima, T., Ishii, N., Kim, J., Kato, K.,
Takata, M. & Aida, T. (2008). J. Am. Chem. Soc. 130, 9434–9440.

Jorio, A., Dresselhaus, G. & Dresselhaus, M. S. (2001). Editors.
Carbon Nanotubes: Synthesis, Sctructure, Properties and Applica-
tions, Topics in Applied Physics, Vol. 111. Berlin, Heidelberg:
Springer.

Kauranen, M., Verbiest, T., Boutton, C., Teerenstra, M. N., Clays, K.,
Schouten, A. J., Nolte, R. J. M. & Persoons, A. (1995). Science, 270,
966–969.

Kirkpatrick, S., Gelatt, C. D. & Vecchi, M. P. (1983). Science, 220, 671–
680.

Kotlarchyk, M. & Chen, S. H. (1983). J. Chem. Phys. 79, 2461–2469.
Matsumoto, M., Sakaguchi, T., Kimura, H., Doi, M., Minagawa, K.,

Matsuzawa, Y. & Yoshikawa, K. (1992). J. Polym. Sci. B Polym.
Phys. 30, 779–783.

Nakano, T. & Okamoto, Y. (2001). Chem. Rev. 101, 4013–4038.
Oda, M., Nothofer, H. G., Lieser, G., Scherf, U., Meskers, S. C. J. &

Neher, D. (2000). Adv. Mater. 12, 362.
Oda, R., Huc, I., Schmutz, M., Candau, S. J. & MacKintosh, F. C.

(1999). Nature (London), 399, 566–569.
Okamoto, Y. & Yashima, E. (1998). Angew. Chem. Int. Ed. 37, 1020–

1043.

Patzke, G. R., Krumeich, F. & Nesper, R. (2002). Angew. Chem. Int.
Ed. 41, 2446–2461.

Pedersen, J. S. (1997). Adv. Colloid Interface Sci. 70, 171–210.
Percec, V., Dulcey, A. E., Balagurusamy, V. S. K., Miura, Y., Smidrkal,

J., Peterca, M., Nummelin, S., Edlund, U., Hudson, S. D., Heiney,
P. A., Hu, D. A., Magonov, S. N. & Vinogradov, S. A. (2004). Nature
(London), 430, 764–768.

Perkins, T. T., Quake, S. R., Smith, D. E. & Chu, S. (1994). Science,
264, 822–826.

Pringle, O. A. & Schmidt, P. W. (1971). J. Appl. Cryst. 4, 290–293.
Schmidt, P. W. (1970). J. Appl. Cryst. 3, 257–264.
Shimizu, T., Masuda, M. & Minamikawa, H. (2005). Chem. Rev. 105,

1401–1443.
Tagami, K., Tsukada, M., Wada, Y., Iwasaki, T. & Nishide, H. (2003).

J. Chem. Phys. 119, 7491–7497.
Terech, P., de Geyer, A., Struth, B. & Talmon, Y. (2002). Adv. Mater.

14, 495.
Verbiest, T., Van Elshocht, S., Kauranen, M., Hellemans, L.,

Snauwaert, J., Nuckolls, C., Katz, T. J. & Persoons, A. (1998).
Science, 282, 913–915.

Wilkins, M. H. F., Stokes, A. R. & Wilson, H. R. (1953). Nature
(London), 171, 738–740.

Yamamoto, T., Fukushima, T., Yamamoto, Y., Kosaka, A., Jin, W.,
Ishii, N. & Aida, T. (2006). J. Am. Chem. Soc. 128, 14337–14340.

research papers
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