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O
rganic electronics progressed with
a rapid pace in recent years not
only because of the wide range of

physical and chemical properties that or-
ganicmaterials offer but also because of the
low cost of their possible implementation in
devices.1 Markedly increased research ef-
forts have been devoted in the realization
of new organic electronics and optoelectro-
nic devices, such as organic light-emitting
devices, organic field effect transistors and
organic photovoltaic cells.2�6 However, the
focus has been usually put on thin film
structures.1,7,8 One-dimensional (1D) organ-
ic nanostructures, by contrast, open new
aspects for multifunctional materials. For
example, nanocrystalline donor/acceptor
bulk heterojunction devices based on 1D
single crystalline organic structures have
demonstrated striking increase in efficiency
for organic solar cells due to an enormous
increase of the donor/acceptor interface.9,10

One of the fundamental challenges is to
guarantee a controlled growth of 1D organ-
ic nanostructures with a uniform diameter
and separation.11,12 Recently, it has been
reported that organic 1D nanostructures of
copper�phthalocyanine (CuPcF16) depos-
ited from the vapor phase tend to grow
vertically by using templates of gold (Au)
nanoparticles (NPs) as illustrated in Figure
1.13 Further study has shown that the tem-
plate-induced 1D nanostructure formation
is a more general process that appears
to other derivatives of the family of
phthalocyanines.14 Since the Au particles
can be arranged in a periodic pattern of a
certain separation (see Figure 1),15 the den-
sity of the 1D nanostructures is predeter-
mined accordingly. The length of the 1D

nanostructures can be tuned by the amount
of deposited material and the substrate
temperature, and their average diameter
seems to be influenced by the size of Au
NPs.14,16 It seems that the 1D nanostructure
formation is a strong thermodynamic self-
organization process,14 and its growth is a
thermal activated process13,16 in which Au
NPs must play a key role in the nucleation
and growth of the 1D nanostructures. To
understand the growth of the 1D nano-
structures of CuPcF16, it is essential to know
the shape of the 1D nanostructure and its
geometrical relationship with the Au parti-
cle. The three-dimensional (3D) faceting
morphology of polyhedral NPs can be re-
constructed using transmission electron
microscopy (TEM)-based tomography on
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ABSTRACT

The growth of one-dimensional (1D) fluorinated copper�phthalocyanine (CuPcF16) on gold

(Au) nanoparticles (NPs) is studied by electron tomography. The shape of the 1D structure and

its geometrical relationship with the associated Au NP are determined by a three-dimensional

reconstruction analysis combined with high-resolution electron microscopy. The CuPcF16
molecules nucleate at the Æ110æ edge of the Au nanoparticle and grow parallel to a {111}

facet of the particle along a direction close to Æ121æ. This implies that the maximum diameter

of the 1D structure is limited by the width of the Æ110æ edge of the Au particle.
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the nanometer scale.17,18 The present study, which
combines TEM tomography with high-resolution TEM
(HRTEM), reveals not only the shape of the 1D nano-
structure and the morphology of the Au NP, but also, for
the first time, the geometrical relationship between the
1D CuPcF16 nanostructure and its associated Au particle.
The experimental results from the combination of both
techniques provide a detailed 3D insight into the struc-
tural properties of the 1D self-organization of CuPcF16-

molecules on Au NPs, which leads to the proposed
growth model of the 1D nanostructures.

TEM TOMOGRAPHY

Figure 2 shows a TEM bright-field (BF) image of the
sample (see reference 12 for the growth details), which
is in principle a two-dimensional (2D) projection of a 3D
volume containing both AuNPs and 1Dnanostructures
of CuPcF16 molecules. The free-standing 1D structure
of CuPcF16 molecules grown on a Au NP located at the
edge of the substrate is our system for this tomo-
graphic investigation (within the black rectangle). To
reconstruct an object in 3D, which consists in this case
of a 1D CuPcF16 nanostructure grown on a Au NP, a
series of images (projections) must be acquired by
tilting the specimen about the eucentric axis of the
specimen holder rod as demonstrated in Figure 3a.
These images may then be back projected to
reconstruct the 3D object as shown in Figure 3b. The
details of mathematics can be found in the literature,
such as in Frank's book.19

For the single-axis tilt geometry, the resolution
parallel to the tilt x-axis is equal to the original resolu-
tion (of the projections). The resolution in the other
perpendicular directions is controlled by the number
of projections acquired, N, and the diameter, D, of the
volume to be reconstructed by the formulas:20

d ¼ dy ¼ dz ¼ πD=N (1)

when the projections cover (90�. In reality, however,
because of experimental conditions the tilt range is
often limited, which leads to a “missing wedge” of the
information. The resolution in the direction parallel to
the optic axis, dz, is further degraded by an elongation
factor ε,21 thus

dz ¼ dy � ε (2)

where

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rmax þ cos Rmaxsin Rmax

Rmax � cos Rmaxsin Rmax

r
(3)

Figure 1. Schematic showing the deposition process of the
organic molecules on silicon wafers decorated with arrays
of Au NPs. The inset shows the CuPcF16 molecule with its
front and side-view used in this study.

Figure 3. Schematic of electron tomography. (a) Acquisition of a single axis tilt-series of BF images of the system of 1D CuPcF16
nanostructure/AuNPtakenatvarious tiltingangles. (b) 3Dreconstructionof thecorrespondingsystemfromthetilt-series inschematic (a).

Figure 2. A bright-field (BF) image of 1D CuPcF16 nano-
structures grown on Au NPs.
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To do such a 3D reconstruction, all images have to be
true projections of the structure, that is, the recorded
signal must be proportional to the mass�thickness,
which the electrons pass through, or at least a mono-
tonically varying function of the mass thickness.22

In the present study, the bright-field (BF) imagingmode
is employed which is suitable for materials with weak
electron scattering such as the CuPcF16 structure in this
case. For crystalline materials such as crystalline Au, how-
ever, the BF contrast of an image depends strongly on the
diffraction conditions. Therefore, a strong two-beam con-
dition is avoided in the experiment in order to fulfill the
projection principle needed for the reconstruction. Tilt
series of BF images were acquired with a Zeiss EM912
microscope operated at 120 kV using the Gatan tomogra-
phy plug-in for Digital Micrograph at angles ranging from
þ58� to�58� in 2� steps. The alignmentof the tilt seriesby
cross-correlation and the reconstructions using the simul-
taneous iterative reconstruction technique (SIRT) were
performed with the software package Inspect3D of FEI.
HRTEM is carried out at a JEOL 4000FX microscope

operated at 400 kV on the same sample after TEM
tomography.

RESULTS AND DISCUSSION

Figure 4 parts a, b, and c present three orthogonal
views of the reconstruction of a BF tilt series of a free-
standing 1D nanostructure of CuPcF16 molecules
grown on a Au NP, where x�y is the image plane at
0� tilt. Different thresholds of gray levels are chosen for
rendering the isosurfaces for CuPcF16 and Au respec-
tively. For each viewing direction, the green color
indicates the isosurface of the CuPcF16 molecule, while
the yellow-brown color stands for the isosurface of
Au. The missing-wedge effect (see descriptions in the
previous section) is apparent, which appears as an

elongation of the width of the Au particle along the
direction of the electron beam (parallel to the optical
axis) represented by the z axis in the images. For the
angular range covered by the tilt series, the expected
elongation factor ε is 1.61. The streak-shaped feature
of half-transparent light green color in the figures,
marked with an arrow in Figure 4c, is an artifact which
appears when the threshold for rendering the isosur-
face of the 1D CuPcF16 nanostructure is chosen.
This artifact is the result of the missing wedge fringes
from the strong scattering object of the Au particle.
Since the image contrast of Au is some tens of times
larger than that of CuPcF16, the artifact is especially
severe for this system. To avoid this artifact, the
cropped region of the isosurface of CuPcF16 (green) is
used for the later discussions. Figure 4d shows the
cross-section of the 1D CuPcF16 nanostructure by using
an oblique slice perpendicular to the 1D structure.
From the three orthogonal views of the reconstruc-

tion it is clear that the 1D nanostructure of CuPcF16
molecules is inclined to the z axis. The 3Dmeasurement
shows that the angle between the long axis of the 1D
structure and z axis is 18( 2�. Therefore, the elongation
factor along z causes only∼5% increase on thediameter
of the cross-section. The ratio of the diameters mea-
sured from the cross-section is 1.18, which reduces to
1.12 when the elongation along z is taken into account.
A thin slice parallel to the x�y plane (Figure 4e) from the
middle of the reconstructed 1D structure illustrates a
more or less uniform intensity profile across its interior,
and volume rendering of the reconstruction shows that
the center of the 1D structure is filled. These results
reveal that the shape of the 1DCuPcF16 nanostructure is
a rod (or a wire) with a slight deviation from an ideal
cross-sectional disk shape rather than a ribbon or band
structure as reported in some studies.11,12

To analyze the morphology of the Au NP, oblique
slices are employed in the visualization of the 3D
reconstruction. Low index planes (facets) of the Au
particle are found to be inclined with the original
image plane and coordinate axes. Figure 5 shows the
three orthogonal views of the same reconstruction of
isosurfaces of the system as shown in Figure 4 but
along the oblique axes tilted from the original coordi-
nate axes to the low index directions of the Au particle.
By intersecting the oblique slice across the Au particle,
facets of the Au NP are shown. In Figure 5a,b,c, all three
oblique planes are presented with the one parallel to
the viewing plane appearing as a gray background
and the other two planes, perpendicular to the viewing
plane, appearing as light red crosses. For comparison,
the original coordinate axes shown in Figure 4 are
presented in Figure 5b as the edges of a bounding box.
It may be seen that the oblique axes are only slightly
tilted from the original coordinate axes. The facets of
the Au particle are indicated with white lines. Figure 6
shows a HRTEM image of the same Au NP which

Figure 4. 3D reconstruction of the region marked by the
rectangle in Figure 2. Isosurfaces using different thresh-
olds are shown with different color setups, yellow for Au
and green for the CuPcF16 molecules. The transparent light
green region is an artifact due to the “missingwedge” effect
and the strong contrast of Au. (a�c) The three orthogonal
views of the reconstruction, where x�y is the imageplane at
0� tilt; (d) an oblique-slice parallel to the cross-section of the
1D CuPcF16 nanostructure; (e) a thin slice parallel to x�y
plane from the middle of the reconstructed 1D structure.
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exhibits a monocrystalline structure with a twin close
to its lower-left corner. Its facets are clearly recogniz-
able and are highlighted with white lines. Notice
that the particle is somehow roundish at its corners.
Three sets of lattice fringes parallel to the facets are
seen, as marked with purple lines. Their corresponding
spacings are measured as 0.20, 0.24, and 0.24 nm, respec-
tively, which coincide well with the Au lattice spacings
0.2039 nm of {200} and 0.2355 nm of {111} planes. The

anglebetween the twosetsof fringesof0.24nmspacing is
∼70� and the angle between the fringes of 0.20 nm
spacing and those of 0.24 nm spacing is 54�, which are
close to the expected angles of 70.53� between two Au
{111} lattice planes and of 54.73� between {001} and
{111} planes, respectively. These results indicate that the
facets are {200} and {111}, respectively, and hence the
particle is close to the Æ110æ zone axis.
The equilibrium morphology of a particle is deter-

mined by the Wulff construction23 when the particle is
sufficiently large (∼10 nm). For much smaller particles
large deviations from the bulk Wulffmodel may occur,
which leads, for example, to a drop of the (100) surface
fraction.24 The Au NPs under investigation are∼20 nm
in size, thus the Wulff construction applies. For an fcc
metal such as Au, the construction leads to a morphol-
ogy of a truncated octahedral enclosed by close
packed {111} planes and {100} planes of lowest sur-
face energies, as sketched in Figure 7a. The projections
of the truncated octahedral onto the {110} and {100}
image planes are shown in Figure 7b and 7c, respec-
tively. The Au NP shown in Figure 6 is a {110} projec-
tion and is indeed characterized by the morphology
shown in Figure 7b, which confirms that the particle is a
truncated octahedron in 3D. The orientation of the
particle may be obtained by comparing the shapes of
the Au NP in different projections with Figure 7b,c.
From a comparison of the three orthogonal projec-

tions along the oblique axes shown in Figure 5with the
schematics of Figure 7 panels b and c and taking the
elongation factor of ∼1.6 along z (which is close to z0)
into account, it is clear that the Au particle is viewed
along Æ110æ for both Figure 5a and 5c, whereas it is
viewed along Æ100æ in 5b. The green line along the

Figure 5. Three orthogonal views of the same reconstruction of isosurfaces of the same 1D CuPcF16 nanostructure/Au NP as
shown in Figure 4. The viewing directions are along oblique axes tilted from the original coordinate axes (Figure 4) to the low
index directions of the Au NP to show the facets of the AuNP (the original coordinate axes shown in Figure 4 are presented in
panel b as the edges of theboundingbox). All three obliqueplanesof the reconstructionare presented in eachfigurewith one
parallel to the viewing plane appearing as gray background and the two other planes (perpendicular to the viewing plane)
appearing as red crosses. The facets of the Au NP are indicated by white lines. The purple line in panel b is along one of
the projections of the Æ121æ directions of the Au lattice, whereas the dark green line in panel c is the growth direction of
the 1D CuPcF16 nanostructure.

Figure 6. HRTEM image of the Au nanoparticle depicted in
Figures 3�5. Its facets are indicated by white lines. The
spacings of the three sets of lattice fringes are measured as
0.2, 0.24, and 0.24 nm, respectively, and the latter two sets
of fringes make an angle of ∼70�.
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growth direction of the CuPcF16 1D structure in Figure 5c is
therefore parallel to the (111) facet of the Au particle. Note
in Figure 5 panels b and c that the axis of the 1D structure
ends at the edge of the intersection of the (001) and (111)
planes, implying a possible nucleation and growth of
CuPcF16 molecules at the edge of the Au particle. The
purple line drawn in Figure 5b is the projection of the Æ121æ
direction in the (111) plane of the Au particle. It seems that
the growth direction of the 1D structure is only slightly
deviated from this direction. Because of the artifact from
the 3D reconstruction, details in the interface region of the
system can unfortunately not be analyzed.
On the basis of the results of TEM tomography and

HRTEM, the following growthmodel of the 1D CuPcF16
nanostructure on Au NPs is proposed, as illustrated in
Figure 7d: the CuPcF16 molecules nucleate at the Æ110æ
edges, the intersections of two {111} facets, of the Au
NPs and grow parallel to the {111} facets of the
particles along a direction close to Æ121æ. Themaximum
diameter of the 1D structure is thus naturally limited by
the width of the Æ110æ edge d (see Figure 7b).
The active sites of gold catalysts have been dis-

cussed in the field of catalyst research. The adsorption
of CdO groups of acrolein and subsequent reaction to
allyl alcohol are found preferentially occurring on single
crystalline Au particles rather than multiple twinned
ones, and the active sites of the gold catalysts have
been identified as edges of Au NPs.25 Our TEM tomo-
graphy observation confirms that the 1D CuPcF16 nano-
structure nucleates at the Æ110æ edges of the Au NPs.
According to the Wulff's construction, the equilibrium

shape of a free-standing particle is determined by the dif-
ferent surface free specific energies of the crystal, following

γi
hi

¼ constant (4)

where γi is the surface free specific energy of a surface i,
and hi is the distance from the center of the particle to i

surface.18 For an fcc structure, at 0 K (γ(100)/γ(111)) ≈
1.15;26,27 therefore, the relationbetween the edge length

d and the size of the truncated octahedral l (Figure 7b)
can be solely determined from the geometry as

d � 0:34l (5)

Hence the diameter of the 1D CuPcF16 nanostructure is
limited by the size of the Au nanoparticle where the
nucleation takesplace according toour hypothesis of the
growth of the 1D nanostructure of CuPcF16 molecules.
This provides an explanation to the earlier results on the
relation between the diameter of the 1D structure and
the size of Au particles.14

It should be pointed out that the present tomo-
graphic analysis has been carried out on one 1D
CuPcF16 nanostructure grown on its associated Au
NP. To generalize the growth model proposed in this
study a statistical analysis on the growth of CuPcF16
molecules on Au NPs is needed. However, by checking
further TEM images, for example, Figure 5 of reference 14,
it can be seen that the geometrical relationship be-
tween most Au NPs, which show clear facets, with the
1D CuPcF16 nanostructures grown on them are in
accordance with the growth model suggested above.
It is also interesting to note that the correlation be-
tween particle diameter and the width of the 1D
structure in the range where a uniform 1D growth
takes place (Au NP diameter between 14 and 40 nm
as shown in Figure 5d of reference 14) exhibits an
excellent agreement with expression (5) given in the
present publication.

CONCLUSIONS

The shape of the 1D CuPcF16 nanostructure and its
geometrical relationship with the associated Au nanopar-
ticle onwhich it grewaredetermined for the first timeby a
3D reconstruction analysis combined with HRTEM. The
results suggest that CuPcF16 molecules nucleate at Æ110æ
edges of Au nanoparticles and grow parallel to a {111}
facet of the particle along a direction close to Æ121æ. These
imply that the maximum diameter of the 1D structure is
limited by the width of the Æ110æ edge of the Au particle.

MATERIALS AND METHODS
Organic 1D nanostructures of CuPcF16 molecules deposited

from the vapor phase were grown on templates of Au nano-
particles. Tilt series of BF images were acquired with a Zeiss

EM912 microscope operated at 120 kV using the Gatan tomo-
graphy plug-in for Digital Micrograph at angles ranging
from þ58� to �58� in 2� steps. The alignment of the tilt series
by cross-correlation and the tomographic reconstructions using

Figure 7. (a) A truncated octahedral, (b, c) the Æ110æ and Æ100æ view of the octahedral in panel a. (d) The geometrical
relationship of the 1D CuPcF16 nanostructure with its associated Au NP.
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the simultaneous iterative reconstruction technique (SIRT) were
performed with the software package Inspect3D of FEI. HRTEM
is carried out at a JEOL 4000FX microscope operated at 400 kV
on the same sample after TEM tomography.
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