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Four newly synthesized alkoxy tetrasubstituted phthalocyanines (Pcs) were characterized by polarized
optical microscopy, differential scanning calorimetry, and X-ray diffraction on oriented samples. It was
found that the introduction of lateral alkyl chains branched in the second position renders the material
liquid crystalline at room temperature. The studied Pcs exhibit a transition between a columnar hexagonal
and a columnar rectangular phase. The tilt of the molecules with respect to the columnar axis in the
rectangular phase, as measured by X-ray fiber diffraction, was found to be 15-18°. The columnar structure,
and defects therein, in relatively thick spin-coated mesomorphic Pc films were for the first time
characterized by tapping mode atomic force microscopy, employing ultra-sharp tips with nanometer-
thick whiskers. Spin-coated films reveal layerlike structure with domain boundaries that can induce
significant columnar curvature without breaking of the columns. In some instances, the boundaries
delimiting different LC domains completely disrupt the columnar structure making the columns in
neighboring regions uncorrelated.

Introduction

Since the very discovery of mesogenic phthalocyanines
(Pcs) by Piechocki and coauthors in 1982,1 there has been a
great, and growing, interest in these materials due to their
fascinating optical and electronic properties,2-5 which make
them potential candidates for optoelectronic devices. Numer-
ous derivatives of the Pc family have been created by varying
the number, type, length, and position of the flexible
substituents, as well as by incorporation of a metal ion in
the cavity of the Pc molecule.6-12 It should be noted that so

far only a few members of the Pc family were found to
exhibit liquid crystalline behavior at room temperature
(RT).13,14 Pcs can show self-assembly via cofacial stacking
of molecular cores in both crystalline and liquid crystalline
phases. The latter are more suitable for applications in
electronic devices due to their improved processing charac-
teristics such as self-healing of structural defects. The work
by Collard et al.15 demonstrated that the introduction of
branched side-chains decreases both the clearing and the
crystal-to-mesophase transition temperatures of discotic
liquid crystals. Complete suppression of crystallization for
Pcs has been achieved for the first time by Schouten et al.13

who followed the same strategy. Recently it was found that
charge carrier mobility is not significantly affected by the
substitution of linear chains by branched ones, which can in
some instances result in a tilt of molecules in the column.16,17

This finding increases the value of the mentioned synthesis
strategy for the design of novel technological Pc derivatives.
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Generally, Pc-based applications require fabrication of
deposited films. Therefore, understanding of the columnar
arrangement in the Pc films at the scale ranging from the
individual columnar diameter to some micrometers is of great
interest. However, this range (i.e., the meso-scale) falls in
the gap between the range probed by conventional X-ray
scattering and that of optical microscopy measurements.
Among the techniques that can provide information on these
length scales, atomic force microscopy (AFM) is probably
the most suitable due to its nondestructive character and
applicability to nonconductive samples. In the past, visual-
ization of columnar structure and orientation has mainly been
carried out on highly organized thin and ultrathin Pc films
prepared by sublimation or by the Langmuir-Blodgett
technique.18-21 Information on thicker and less-ordered Pc
films (e.g., prepared by spin-coating or dipping) is practically
absent in the literature. This is an unfortunate omission since
the latter techniques are suitable for processing on an
industrial scale.

Here we report on the structure and thermotropic behavior
of four newly synthesized metal-free alkoxy tetrasubstituted
Pcs with branched aliphatic chains. Phase characterization
was done with classical techniques such as X-ray diffraction
on oriented samples, polarized optical microscopy (POM),
and differential scanning calorimetry (DSC), as well as, to
our knowledge, the first meso-scale characterization of
columnar structure in relatively thick films of mesomorphic
Pcs performed using tapping mode AFM employing the new
generation ultra-sharp tips.22 Previously we have used these
tips to study the columnar structure of a mesomorphic star-
shaped molecule.23

Experimental Section

Materials. The synthesis of the studied Pcs and purification
methods are described elsewhere.24 The structure of the studied Pc
molecules is shown schematically in Figure 1. The branching point
has been kept the same for all the derivatives, while the length of
the branch and that of the main chain vary.

Methods. An optical microscope (Olympus Provis AX 70)
coupled to a Linkam heating stage was used for optical texture
observations. The samples were placed between glass slides. The
thermal behavior was studied using a Mettler-Toledo heat-flux DSC-
822e at a heating rate of 10°C/min under helium atmosphere.

Oriented samples of Pcs, in the form of fibers of approximately
0.7-mm diameter, were prepared with a home-built mini-extruder.
X-ray diffraction measurements were performed on beamline
BM26B of the European Synchrotron Radiation Facility (ESRF,

Grenoble) using X-ray photons with an energy of 10 keV.25 The
diffraction patterns were collected in the transmission geometry.
The sample temperature was controlled by a Linkam heating stage.
The s-axis, withs ) 2sin(θ)/λ, whereθ is the Bragg angle andλ
is the wavelength, was calibrated using silver behenate.

Atomic force microscopy was used to investigate the surface
morphology of spin-coated films in tapping mode. The instrument
used was a Digital Instruments Nanoscope III. High-resolution
images were obtained using standard tapping mode Si tips and
Hi’Res probes (Mikromasch) with ultrasharp whiskers.

Data Analysis. Processing of the 2D X-ray patterns was
performed using homemade external compiled modules (XOP) for
IGOR PRO (Wavemetrics Ltd.).

The quantitative analysis of AFM images was performed in
reciprocal space similarly to the classical treatment of small-angle
X-ray scattering (SAXS) curves. The two-dimensional power
spectral density function (P2(s)) was computed from AFM images
(u(r)) up to the critical, or Nyquist, frequency depending upon the
experimental sampling interval as

whereA denotes the image area,W(r) is a window function,26 and
s is the 2D reciprocal space vector. TheP2(s) function was then
transformed into the one-dimensional power spectral density
function (P1(s)), wheres stands for the norm of s, according to

The real part of the Fourier transform ofP1(s) corresponds to the
one-dimensional SAXS-type correlation function27

In eq 3 we have modified theP1(s) function assuming sigmoidal
gradient transition layers having thicknessσ28 instead of a sharp
interface. Since the absolute values of the power spectral density
function of AFM images do not have any particular physical
meaning, the functionγ(l) was normalized (γ(0) ) 1). The interface
distribution functionγ′′(l), defined as the convolution of the first
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Figure 1. Molecular structure of Pc derivatives1a-d.

P2(s)≡ 1
A|∫A

u(r)W(r) exp(2πis‚r)d2r|2 (1)

P1(s) ) (2πs)-1 ∫P2(s′)δ(|s′| - s)ds′ (2)

γ(l) = Re{2π∫0

∞
P1(s)s exp(2πisl) exp(4π2σ2s2)ds} (3)
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derivatives of the AFM profile across the columnar stack

was calculated as the second derivative ofγ(l)

The functionγ′′(l) was used to calculate morphological parameters
of the columnar structure such as the most probable core size (Dcore)
and lateral chain thickness (Dchains). This is possible due to the fact
that γ′′(l) can be expanded in a series of different interface
distribution functions with alternating signs29

The first three distribution functions in eq 6 are used in the present
study, i.e., the core thickness distribution,hcore(l), the lateral chains
thickness distribution,hchains(l), and the distribution of the inter-
columnar distance,hcol(l). More details of the method can be found
in previous publications.30-31

Results and Discussion

Optical observations revealed common morphological
transitions occurring on cooling Pc derivatives1a-d (see
Table 1). Characteristic textures of molecule1d are shown
in Figure 2. One can see a classical fan-shaped texture,
indicative of a hexagonal columnar mesophase,13 Colh, which
appears during cooling the material from the isotropic state
(Figure 2, top panel). On further cooling, additional mor-
phological features in the form of striations, forming a
crosshatch, appear (Figure 2, bottom panel). This can be
attributed to a columnar rectangular mesophase Colr.13,32The
transition to Colr is also accompanied by a decrease in the
overall birefringence. This made it possible to accurately
determine the Colh-Colr transition temperature during cool-
ing the material by automatically recording optical images
with the help of a digital camera. The integrated image
intensity for molecules1a and1d is given as a function of
temperature in Figure 3A. These molecules, as well as two
others (not shown here), reveal the described phase transition

between a rectangular and a hexagonal columnar mesophase.
At higher temperatures, a strong decrease of the optical
intensity, related to the sample isotropization, is observed
for the molecules with longer aliphatic alkyl chains, i.e.,1c
and1d. No crystalline phase was detected in the temperature
range under investigation, i.e., from RT up to 230°C.

Table 1 summarizes the data on thermotropic behavior of
1a-d. Note that the isotropization temperature decreases with
increasing main alkyl chain length. This trend is paralleled
by the Colr-Colh transition with the exception of the1a
derivative. We would like to stress here that the optical

(29) Balta-Calleja, F. J.; Vonk, C. G.X-ray Scattering of Synthetic
Polymers; Elsevier: Amsterdam, 1989.
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Table 1. Thermotropic Behavior of Pc Derivatives 1a-d

compound
phase transition temperature (onset) [°C]

/enthalpy change,∆H [kJ/mol]a

1a heating: Colr 79/bColh
1b heating: Colr 90.7/-0.4 Colh

cooling: Colh 81/0.4 Colr
1c heating: Colr 65/-0.008 Colh 212/-6.6 I

cooling: I 225/8.7 Colh - Colr (not detectable in DSC)
1d heating: Colr 46/-0.006 Colh 166/-3.2 I

cooling: I 171/3.6 Colh 49/0.004 Colr
a Colr, columnar rectangular mesophase; Colh, columnar hexagonal

mesophase; I, isotropic phase.b Transition observed only in POM.

Figure 2. Optical textures of1d viewed between crossed polars: columnar
hexagonal mesophase at 110°C (top panel) and columnar rectangular phase
at room temperature (bottom panel).

γ′′(l) )
dF(l)

dl
× dF(-l)

dl
(4)

γ′′(l) )
d2γ(l)

dl2
(5)

γ′′(l) = hcore(l) + hchains(l) - 2hcol(l) + ... (6)
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intensity measurements complement standard DSC analysis
since the Colh-Colr transition of Pcs is not always detectable
by DSC.6 For instance, the thermograms corresponding to
molecules1a and1d (Figure 3A) show that the Colh-Colr
transition is detectable for the former but not for the latter.
Generally, the enthalpy change associated with this me-
sophase-mesophase transition is rather small for all Pc
derivatives used in this work (Table 1).

The supramolecular organization of Pcs1a-d was studied
by performing X-ray diffraction experiments on oriented
samples. The results are summarized in Table 2. All the
compounds show a columnar rectangular disordered me-
sophase, Colrd, at RT and a columnar hexagonal ordered
mesophase, Colho, at 110°C. Fiber diffraction patterns of
both phases are shown in Figure 4. The small-angle fiber
diffraction patterns in the Colho mesophase (Figure 4A) show
a set of equatorial reflections withs-spacings given by the
ratio 1:x3:2:x7. These can be indexed as the 100, 110, 200,
and 210 reflections of an oriented hexagonal columnar
mesophase. The wide-angle diffraction region of the same
pattern displays two diffraction features: A broad halo is
found ats ) 0.23 Å-1. This is believed to arise from the
diffraction of the side-chains in the liquidlike state.33 The
direct space distance is approximately 4.5 Å, which is in
good agreement with the van der Waals radius of the carbon
atom.34 The second wide-angle peak (denoted P in the figure)
can be accounted for by assuming stacking of molecules in
columns with an average nearest neighbor distance of 3.4-
3.5 Å. The presence of this reflection implies a certain degree
of order in the placement of molecules in the column.
Therefore the corresponding mesophase was identified as
hexagonal ordered columnar mesophase. Note that the
distinction between the ordered and disordered columnar
phases is more a matter of convention. Despite the fact that
the P peak in the low-temperature mesophase is characterized
by about the same width at half-maximum (0.027 Å-1) as
the corresponding peak of the Colho phase (0.024 Å-1), it is
a common practice to identify the columnar rectangular
mesophase as Colrd (disordered).33,35Interestingly, some years
ago a claim was made that the ordered mesophases cannot

exist for nonhexagonal columnar mesophases.33 The latter
statement does not seem to hold for the systems studied in
this work, i.e., rectangular mesophases that are only slightly
different from hexagonal structures (pseudohexagonal lat-
tices).

In the diffractograms corresponding to the low-temperature
mesophase of1a-d derivatives (cf. Figure 4B and C) six
reflections are present in the small-angle region. The
crystallographic indexation of these reflections is given in
the figures and in Table 2. Since allhk0 reflections, denoted
further ashk with h + k * 2n, h0 with h * 2n, and 0k with
k * 2n, are absent, this is consistent with the sample being
in the crystallographic register described by the two-
dimensional space groupC2mm.36 At high scattering angles
the diffraction patterns exhibit only a broad peak, reflecting
the disordered state of the lateral chains and the P reflection
corresponding to the form-factor of the column. The tilt of
the molecules with respect to the columnar axis was
measured from the angular dispersion of the scattering
intensity of the P peak (Figure 4D), which is given as
follows:

In eq 7 s1 and s2 denote the limits of the radial integration
of the intensity I(s,φ) represented in polar coordinates. Note
that the azimuthal scan (Figure 4D) displays two broad
maxima, which indicate a certain distribution of the tilt angles
of the disks. The location of the intensity maxima37 was taken
as the most probable disk tilt angleφ, which ranges between
15 and 18° (cf. Table 1). If we assume that the sample is
described byC2mmspace group, one can conclude that the
disks are tilted either alonga or alongb directions. Since
the smaller of thea andb lattice parameters (chosen in this
work asb) is close to thea parameter of the corresponding
hexagonal mesophase, whereas the other (in this casea) is
systematically smaller thanx3 times the hexagonal lattice
parameter, one can conclude that the disks are tilted along
a. The theoretical tilt angle calculated for this symmetry
group assuming the planarity of molecules is given as

The values of the tilt calculated with eq 8 given in Table 2
show a rather good agreement with the experimental values,
which supports the choice of the symmetry group. The
knowledge of the c parameter (termedπ-π stacking), which
corresponds to the position of the maximum of the P peak,
and of the disk tilt is required for calculation of the
mesophase density (cf. Table 2).

(33) Levelut, A. M.J. Chim. Phys.1983, 80, 149-161.
(34) Bondi, A.J. Phys. Chem.1964, 68, 441-451.

(35) Destarde, C.; Foucher, P.; Gasparoux, H.; Tinh, N. H.; Levelut, A.
M.; Malthete, J.Mol. Cryst. Liq. Cryst.1984, 106, 121-146.

(36) International Tables for Crystallography, 1st ed.; Kluwer Academic
Publishers: Boston, MA, 2002; Vol. A, p 100.

(37) It should be mentioned that, in some instances, the azimuthal
distributions of the P peak were found to be slightly different for the
lower and upper parts of the 2D diffraction patterns: the peaks in the
upper part appear to be better resolved. This could be accounted for
by a small misalignment of the image plate. Therefore, the analysis
was performed only for the upper parts of the patterns.

Figure 3. Polarized optical microscopy and differential scanning calorim-
etry results: (A) Integrated optical intensity for1a and1d measured at a
constant cooling rate of 1°C/min; (B) DSC heating curves corresponding
to the same Pc molecules as in A; the curves have been vertically offset
for clarity.

I (φ) ) ∫s1

s2 I(s,φ)ds (7)

φ ) arccos( a

bx3) (8)
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From Figure 5 and Table 2 one can conclude that the
lattice parameter of the Colho phase increases with the main
chain length, from 26.5 Å for molecule1a which has short
lateral chains, to 31.8 Å for the1d molecule, which has long
lateral chains. By approximating the variation ofa, as a
function of the number of carbons (n) in the main chain, by
a straight line and by extrapolating the fit to the intersection

with they-axis (Figure 5), one can estimate the diameter of
the molecular core including the bridging ether oxygens. This
value (19.2 Å) is found to be comparable to the literature
diameter of 16 Å.38 Taking the smallest of these values (i.e.,
16 Å) and assuming the alkyl chains to adopt the all-trans
conformation, the calculated molecular diameter of the
studied Pcs was found to vary between 40.0 and 55.2 Å.

Table 2. Temperature-Dependent X-ray Diffraction Data on Oriented Samples 1a-d

mesophase hk
dexp

[Å]
dcalc

[Å]
lattice parameters

a andb [Å]
φ exp.
[deg]

φa theor.
[deg]

V(CH2)b

[Å3]
densityc

[g/cm3]

Pc84 (1a)
Colrd 11 22.3 22.3 a ) 42.0 18 22 29.6 1.07
(RT) 20 21.0 21.0 b ) 26.3

02 13.1 13.1
31 12.3 12.3

4.8 (halo)
3.4 (π-π stacking)

Colho 10 23.0 23.0 a ) 26.5 28.4 1.04
(110°C) 11 13.2 13.3

20 11.5 11.5
21 8.6 8.7

4.8 (halo)
3.4 (π-π stacking)

Pc106 (1b)
Colrd 11 24.0 24.1 a ) 45.0 15 24 24.2 1.09
(RT) 20 22.5 22.5 b ) 28.5

02 14.2 14.2
31 13.2 13.3
22 12.1 12.0
40 11.3 11.3

4.7 (halo)
3.4 (π-π stacking)

Colho 10 24.5 24.5 a ) 28.2 25.9 1.07
(110°C) 11 14.1 14.1

20 12.2 12.2
21 9.2 9.2

5.0 (halo)
3.4 (π-π stacking)

Pc128 (1c)
Colrd 11 25.9 25.9 a ) 48.6 15 23 23.8 1.09
(RT) 20 24.4 24.3 b ) 30.6

02 15.3 15.3
31 14.2 14.3
22 13.1 13.0
40 12.1 12.2

4.7 (halo)
3.4 (π-π stacking)

Colho 10 26.4 26.3 a ) 30.4 26.5 1.00
(110°C) 11 15.2 15.2

20 13.1 13.2
21 9.9 10.0

4.8 (halo)
3.5 (π-π stacking)

Pc1410 (1d)
Colrd 11 27.5 27.4 a ) 52.5 15 19 23.7 1.07
(RT) 20 26.4 26.3 b ) 32.1

02 16.0 16.1
31 15.2 15.4
22 13.7 13.7
40 13.0 13.1

4.6 (halo)
3.4 (π-π stacking)

Colho 10 27.6 27.6 a ) 31.8 24.7 1.04
(110°C) 11 15.9 15.9

20 13.7 13.8
21 10.4 10.4

4.8 (halo)
3.5 (π-π stacking)

a The tilt angle calculated with the help of eq 8.b V(CH2) ) volume of the CH2 group (see text for more details).c Density,F, was calculated asF )
Mw‚Z/(NA‚Vunit cell), whereVunit cell(Colhd) ) a2‚c‚x3/2 andVunit cell(Colrd) ) a‚b‚c, Mw is the molecular weight, andZ ) 1, 2 for the hexagonal and centered
rectangular mesophase, respectively.
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These values are significantly larger than the ones derived
from the X-ray measurements. A possible explanation of this
discrepancy is the interdigitation of the lateral chains
belonging to the molecules in the neighboring columns. More
insight into the lateral chain conformation can be obtained
from the estimate of the molecular volume. On one hand,
by using the lattice parameters determined from the X-ray
measurements, the volume of one molecule in the hexagonal
and rectangular mesophases can be written asa2‚c‚x3/2 and
a‚b‚c/2, respectively. On the other hand, the molecular
volumeVc can be expressed asVc ) V0 + ZnVCH2, whereV0

is the volume of the molecular core without the methylene

groups andZ is the number of lateral chains. Equating both
volumes, one can find that theVCH2 value varies between
24.7 and 28.4 Å3 (cf. Table 2). Similar estimates are also
found for the low-temperature rectangular mesophase Colrd.
These values are in some instances smaller than the literature
values for the columnar mesophases (27-28 Å3);39 this
discrepancy can be explained by the fact that theVCH2 can
differ for linear and branched alkyl chains.

The structure and columnar orientation in thick spin-coated
films was studied by AFM. Figure 6A shows the large-scale
morphology of an approximately 100-nm thick film of1d
visualized shortly after the spin-coating. The film shows a
multilayer structure, the individual layer thickness in which
can be determined using the corresponding height histogram
shown in the insert. The height difference between the two
maxima of the histogram is approximately 3.1 nm, which is
close to the distance between the 110 planes found from the
X-ray diffraction experiments (cf. Table 2). A small-scale
tapping mode amplitude image (Figure 6B) taken with an
ultrasharp tip reveals the details of the columnar structure
of the film. It is visible that the columns are oriented with
their columnar axes in the plane of the substrate. This
supports the assignment of the layer thickness to the distance
of the 110 X-ray peak.

The image in Figure 6B was recorded in a region with
steplike defects due to the occurrence of incomplete layers.
This is similar to the ones present in Figure 6A. The layer
boundaries (indicated by arrows in the figure) appear in the
image as thick black stripes. A detailed analysis of the
columnar orientation near these boundaries indicates that in
some instances the columns are running parallel or at some
angle with respect to the steps (cf. arrows 1 and 2), without
any distortion of the structure at the boundary. In this case
it is clear that the columns belonging to successive layers
are locally in register. In other instances, the step defects
delimit LC domains with different columnar orientations (cf.
arrow 3). However, even then the domain boundaries do not
always disrupt the columnar structure, i.e., the columns pass
from one domain to the other without breaking by adopting
a certain curvature in the proximity of the boundary. Some
other examples of regions with curved columns can be seen
in the small-scale phase images given in Figure 6C and D.
Thus, the image in Figure 6C shows a single LC domain
with slightly curved columns, where the columnar curvature
spans over the entire image and is not visibly related to the
presence of a domain boundary. By contrast, Figure 6D
shows a situation similar to the one observed in Figure 6B
where the columnar curvature is clearly induced by the layer
boundaries. The columns pass across one of the boundaries
(arrow 1) without breaking, whereas the other boundary
(arrow 2) completely disrupts the columnar structure making
columns in neighboring regions uncorrelated.

The AFM phase contrast observed in Figure 6C and D is
supposed to be due to a difference in the local material
properties pertinent to the molecular core (rigid part) and
the lateral alkyl chains (soft part). The visualization by AFM

(38) Weber, P.; Guillon, D.; Skoulios, A.Liq. Cryst. 1991, 9 (3), 369-
382.

(39) Levelut, A. M.; Malthete, J.; Destrade, C.; Tinh, N. H.Liq. Cryst.
1987, 2 (6), 877-888.

Figure 4. 2D X-ray diffraction data on oriented samples, the white arrows
in A-C indicate the fiber axis orientation: (A) diffraction pattern of1a
recorded at 110°C; (B) the same as in A recorded at room temperature,
with a zoom of the low s-range given in (C). The diffuse reflection in the
small-angle region indicated by the oblique arrow in (C) corresponds to
the Kapton tape used to fix the sample; (D) angular dispersion of the P
reflection for the rectangular and hexagonal (dotted line) mesophases of
1a (the curves are vertically offset for clarity). The integration in D was
performed between the s-values of 0.28 and 0.33 Å-1.

Figure 5. Variation of the lattice parameter of the hexagonal columnar
mesophase at 110°C with the number of carbon atoms in the main chain.
Extrapolation of the linear fit to the data (dashed and solid lines) allows
estimation of the diameter of the rigid core.
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of the columnar structure and the possibility to discriminate
between different parts of the structure in the phase inspired
us to perform quantitative reciprocal space analysis of AFM
images. This has been developed previously for the charac-
terization of semicrystalline polymer structures.30 A typical
one-dimensional power spectral density function (PSD) given
in Figure 6E exhibits a well-pronounced peak located at about
0.29 nm-1, which can be attributed to the regular spacing
between the columnar axes. The corresponding one-
dimensional SAXS-type correlation and interface distribution
functions are given in Figure 6F and G, respectively. The
periodicity of the structure determined from the first sub-
sidiary maximum of the correlation function is 3.6 nm. This
is in reasonable agreement with the intercolumnar distance,
Dcol, in the 110 plane of the Colrd phase of1d (3.1 nm)

determined by X-ray diffraction. Therefore, the conclusions
on the 110 film surface orientation are supported by both
the vertical and lateral AFM measurements. A more refined
analysis of the structure was carried out with the help of the
interface distribution function (Figure 6G), from which the
thickness of regions occupied by the molecular core and by
the lateral chains can be determined. In our case, the positive
subsidiary peaks denotedDcoreandDchainsmerge in one single
peak indicating that the two distances are close to each other,
i.e., equal to one-half of the columnar diameter. The latter
estimation is in good agreement with the value obtained by
extrapolating the columnar diameter to the zero length of
the lateral chain (Figure 5).

The degree of order in the studied films was characterized
by the height decrease of the subsidiary maxima of the

Figure 6. Tapping mode AFM images of a mesomorphic spin-coated film of1d. (A) Large-scale topography image showing a layerlike structure of the
film, the height histogram given in the inset reveals the layer thickness of 3.1 nm. (B-D) Small-scale tapping amplitude (B) and phase (C and D) images
of the columnar structure. The arrows in (B) and (D) point at the layer and domain boundaries, which can be parallel or oblique to the column direction (see
the text for more details). (E) One-dimensional power spectral density function corresponding to the image in (C). (F and G) One-dimensional SAXS-type
correlation function and interface distribution function, respectively. Dotted line in (F) shows a fit of the subsidiary maxima of the correlation function with
an exponential function to find the correlation length of the structure.
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correlation function, which was fitted to a simple exponential
function (dotted line in Figure 6F). The correlation length
resulting from this fit (3.7 nm) is quite small and comparable
to a single intercolumnar distance. Importantly, the applica-
tion of Scherrer’s equation to the X-ray fiber diffraction data
results in the correlation length of 8.3 nm, i.e., somewhat
higher than the value determined by AFM. This difference
can be explained by assuming an increased column ordering
in the extruded fibers compared to the spin-coated films,
which exhibit various structural defects such as the columnar
curvature.
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