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The structures of the discotic liquid crystalline (LC) phase of metal-free octa-substituted phthalocyanine (Pc)
derivatives were investigated using molecular dynamics (MD) simulations. Special attention was paid to the LC
phase structure of the non-peripheral octa-hexyl substituted Pc-derivatives that were recently found to show very
high carrier mobilities for the discotic LCs. We obtained spontaneous transition to the columnar hexagonal (Colh)
LC phase in a melting simulation from the crystal structure obtained using an x-ray diffraction study. In this
simulated Colh structure, the Pc-core normal vectors were tilted 47◦ from the column axis in parallel within each
column, but the tilting directions are disordered between columns. We also found that the inter-core distance
was not as large as previously suggested (0.4–0.5 nm) but similar to the common value (0.36 nm). This may
resolve the contradiction between the high carrier mobility of the non-peripheral substituted Pcs, because larger
inter-core separations degrade the mobilities.
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I. INTRODUCTION

Phthalocyanines (Pcs) are well known for their rich
functionalities, not only for dyes and pigments but also for
electronics and optoelectronics [1]. The latter two fields have
recently attracted interest on the Pcs and their derivatives [2].
Peripheral and non-peripheral alkyl substitution of Pcs (Fig. 1)
enhances their solubility and also induce discotic liquid crys-
talline (LC) phases [3]. Solubility enables large-area, flexible,
and light-weight device production by solution-processing
techniques such as ink-jet printing [4]. Discotic LC materials
have a promising ability to self-assemble into columnar stacks
with some tendency to from their column axis oriented
perpendicular (or parallel) to the substrate surfaces [5–7].
However, discotic LC materials have hardly been applied in
electronics and optoelectric devices mainly because of the low
carrier mobilities of 10−3 cm2 V−1s−1 as a maximum value [3].

Recently, Iino et al. reported that metal-free non-peripheral
octa-octyl substituted Pc (H2Pc(C8H17)np8 ) demonstrated the
highest carrier mobilities of up to 0.3 cm2 V−1s−1 in
the columnar (Col) LC phase with time-of-flight (TOF)
measurements [7,8]. TOF mobilities of the same order
and 1.4 cm2 V−1s−1 were reported with the octa-hexyl
analog (H2Pc(C6H13)np8 ) in its Col phase and crystal
phase, respectively [9]. Correlated with these high mo-
bilities, a high solar-cell efficiency of up to 3.1% was
reported with a binary mixture of the H2Pc(C6H13)np8 with
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the fullerene derivative 1-(3-methoxy-carbonyl)-propyl-1-1-
phenyl-(6,6)C61 (PCBM) [10].

However, the origin of these high carrier mobilities is not
well understood [8]. Iino et al. found that unlike most other
high mobility discotics, the H2Pc(C8H17)np8 system shows no
clear evidence of the high mobility in x-ray diffraction (XRD)
studies [8]. The Norwich group suggested that the inter-core
distance normal to the cores would be larger (0.44 [11],
0.4–0.5 nm [12]) than common values (ca. 0.35 nm) and there
is no long-range translational stacking order of the molecules
based on the XRD data (from this, they denoted the structure
as “discotic disordered hexagonal” after Destrade et al. [13]).
However, these larger inter-core separation and stacking
disorders contradict the high carrier mobilities, because these
both are known to degrade the mobilities. Iino et al. suggested
that the unusual properties of this discogen must ultimately
relate to the unusual molecular structure of the discogen [8].
Thus, clarification of the discotic LC phase structure of
these non-peripheral substituted Pcs is necessary. Molecular
simulation is one possible tool to visualize the molecular-level
LC phase structure [14,15] and to help understand its link to
the carrier transport [16–23].

In this study, we perform molecular dynamics (MD)
simulations to study the discotic LC phase structure of the
H2Pc(C6H13)np8 and the related system. We focus here on the
local LC phase structure, i.e., the inter-core distance and its
stacking order. Besides these local aspects, a mesoscopic-
scale (ca. 100 nm) defect structure is also relevant to the
high TOF mobilities, because the TOF measurements are
known to be sensitive to the structural defects especially
in one-dimensional carrier transport systems. However, no
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FIG. 1. Peripheral (R = CnH2n+1,R
′ = H) and non-peripheral

(R = H,R′ = CnH2n+1) octa-alkyl substituted phthalocyanine.

experimental information on the mesoscopic-scale structure of
the system is available to best of our knowledge. We then think
the contradiction between the local structure characteristics
(from the XRD studies) and the high carrier mobilities
described in the above would be a better target as the first
step.

II. MODEL AND METHODS

We applied the flexible detailed-atom model with the
exception that all of the bond-stretching degrees of freedom
were constrained to the equilibrium bond lengths. For the
inter- and intramolecular interactions, a general AMBER force
field [24] was used in combination with the aliphatic CH2

and CH3 united atom parameters from a reoptimized united
atom force field [25]. The restrained electrostatic potential
(RESP) charges [26] were obtained using ab initio molecular
orbital calculations with the B3LYP/6-31G(d) level and the
GAUSSIAN03 program [27] and were used for the atomic
charges.

MD simulations were conducted using the program package
GROMACS (version 4.0.7) [28]. The GROMACS all-atom molec-
ular topology file for H2Pc(C6H13)np8 was created using the
program ACPYPE [29] as the interface for the automatic atom
type and bond type perception program ANTECHAMBER [30],
and the output topology file was then modified for the aliphatic
CH2 and CH3 united atoms. The topology file with the atomic
charge assignments that aided in reproducing the simulation
in this study are presented in the Supplemental Material [31].

The H2Pc(C6H13)np8 molecular model above was checked
by simulations starting from the crystal structures obtained
by the XRD study at room temperature (293 K) [32]. The
actual initial structures were made by stacking the crystal unit
cells with six, six, and three times for the a-, b-, and c-axis
directions, respectively. The systems had 108 H2Pc(C6H13)np8
molecular models, which were placed in a triclinic MD cell
with periodic boundary conditions.

Trajectories were produced using GROMACS with leapfrog
time integration and the LINCS bond constraint [33]. The time
integration step was set to 4 fs due to the stability of the LINCS
algorithm and the hydrogen mass repartitioning (to be heavier
while keeping total molecular mass) [34]. A cutoff distance of
0.9 nm was applied to the van der Waals interactions. The value
(0.9 nm) is the same as in the developments and evaluations of
the force-field parameters applied in this study [25]. The long-
range Coulombic interactions were treated using a particle-
mesh Ewald (PME) summation with a real-space cutoff of
0.9 nm and the default settings (Fourier spacing = 0.12 nm
and PME order = 4).

After running the steepest descent energy minimization and
initial heat-up MD runs, equilibration MD runs of lengths up
to 0.2 ns were performed at a constant temperature of 293 K
that was maintained using a Nose-Hoover thermostat [35,36]
with a coupling time constant of 0.1 ps. After these initial runs,
constant pressure runs of lengths up to 0.5 ns were performed
at normal pressure (1 atm). All six degrees of freedom of
the MD cells were considered and allowed by applying a
Parrinello-Rahman barostat [37]. Cell parameters based on
the MD cell shape were averaged over the last 0.1 ns of the
simulations (hereinafter, for average runs, the same time-span
is used unless otherwise specified) and were compared with the
initial cell parameters obtained from the XRD study. Simulated
cell parameters were obtained with a maximum deviation of
7.7% from the values reported in the XRD study [32] (see Table
S1 in the Supplemental Material [31]). Although the error is
larger than that for the all-atom model (5.4%), it is acceptable
for the current purpose. We thus utilized the united-atom model
for the rest of the studies.

III. RESULTS AND DISCUSSION

A. Melt from crystal to LC

We performed a melting simulation from the crystal
structure at room temperature to the LC temperature. The
initial structure was made by stacking the simulated crystalline
structure two times in the c-axis directions (a total of 216
molecules). From this structure, we conducted MD runs for
30 ns at 438 K (the middle of the LC temperature range,
434 K–443 K) and normal pressure. Time variations of the cell
parameters based on the MD cell shape are shown in Fig. 2. As
shown in this figure, the MD cell shape largely changed in the
initial part of the simulation. For this part of the simulation,
a Berendsen barostat [38] instead of the Parrinello-Rahman
barostat was used. The average system density was decreased
from 1.14 g cm−3 to 0.86 g cm−3 in this melting simulation.

To be convinced that the simulated state is not crystal but
LC, we checked the molecular diffusion with a mean squared
displacements (MSD) plot for the last part of the MD run.
From the slope of the MSD plot (for t = 28.5–29.5 ns), the
diffusion constants were evaluated as 2.1 × 10−10 m2 s and
0.33 × 10−11 m2 s for the parallel and perpendicular to the
column axis directions, respectively. The reported values for
the other columnar LC systems [39] were on the order of
10−11 m2 s for both directions above. We guess the lager
value in the column axis direction than the experimental order
may be related the limited system size in this direction. Since,
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FIG. 2. (Color online) Time variations of the cell parameters in
the melting simulation.

when we double the system size in the column direction, the
diffusion constants were decreased to 9.5 × 10−11 m2 s and
0.2 × 10−11 m2 s for the parallel and perpendicular to the
column axis directions, respectively. This diffusion behavior
shows that the simulated state was not a crystal but a columnar
LC state.

The final snapshot after a 30 ns MD run is shown in
Fig. 3 which is viewed along the crystal a-axis direction and
perpendicular to that. In this figure, Pc stacking columns were
spontaneously developed along the crystal a axis. Randomly
selected single column structures are compared in Fig. 4
between the initial crystalline state and the final state in Fig. 3.
The average tilt of the Pc-core normal vectors (calculated with
vector product of the two connecting vectors between facing
two nitrogens within the Pc-core) from the crystal a axis was
changed from 64◦ to 47◦. Usually, the tilted core structure
makes rectangular column arrangements within a 2D plane
perpendicular to the column axis. However, the LC phase of
the H2Pc(C6H13)np8 was reported as a hexagonal columnar
phase [9,12,32]. To check the column arrangement of the
simulated LC structure, we calculated their structure function
S(q). It was calculated from

S(q) = 1

N

∑

α

e−iq ·xα , (1)

where q, xα , and N are the scattering wave vector, the αth atom
coordinate, and the total number of atoms, respectively [40].
The 2D plot of |S(q)|2 for the LC structure is shown in
Fig. 5. We plotted |S(q)|2 in the 2D plane qxy = (qy,qz), i.e.,
the vector with modulus 4πλ−1 sin θ , where λ and θ are the
wavelength of the incident wave vector (0.15418 nm was used)
and half the diffraction angle [41]. The incident wave vector
direction was parallel to the column axis and the plot was
averaged over the last 0.1 ns and shown for 2θ = 2◦–20◦.
The 2-D structural function in Fig. 5 shows six small angle
reflections in the sixfold symmetry positions, which indicates
that the column arrangement of the simulated LC structure
(Fig. 3) is hexagonal. From the 2θ value of these reflections,
the simulated hexagonal column separation was calculated to

FIG. 3. (Color online) Snapshot after a 30 ns MD run at LC
temperature (438 K). Upper: view along the crystal a axis. Lower:
view perpendicular to the crystal a axis.

be 2.0 nm. This value corresponds well to the value of 2.1 nm
from the XRD measurements in the Colh phase (438 K) [42].
We note that the simulated structural factors (e.g., the column
separation and the Pc-core tilt) were almost not changed in the
independent melting simulation with doubling the system size
(in the column direction) and simulation length as shown in
the Table S2 of the Supplemental Material [31].

The results in Fig. 5 imply that the simulated LC structure
would be the Colh phase. In a typical Colh phase, the discotic
cores are perpendicularly stacked against the column axis,
but the Pc-cores are notably tilted from the column axis as
in Fig. 4 similar to a rectangular columnar phase. Figure 6
shows that the configuration of the Pc-core normal vectors
corresponds to Fig. 3 in comparison with that in the crystal
phase. As shown in this figure, the Pc-core normal vectors
were tilted from the column axis in parallel within each column
as in the crystalline phase, but the tilting directions look
intercolumnar disordered contrast to the uniaxially oriented
crystal phase. Figure 7 shows the orientational correlation
function 〈P2(rij )〉 = (1/2)〈3(ei · ej )2 − 1〉 Here ei stands for
the Pc-core normal unit vector. Solid and dashed lines
correspond to the intracolumnar and intercolumnar correlation,
respectively, and these were calculated and averaged over
the last 0.1 ns of the 60 ns simulation with the doubly
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a-axis
a-axis

FIG. 4. (Color online) Comparison of the single column structure
along the crystal a axis (dashed line). Left: initial crystalline state.
Right: final state in Fig. 3.

enlarged system which is described above. As in this figure,
the intercolumnar tilt correlation was much shorter-ranged
compare to the intracolumnar one (we note the periodicity of
the intracolumnar correlation modulation roughly corresponds

FIG. 5. Averaged 2-D structure function with the incident wave
vector parallel to the column-axis.

FIG. 6. (Color online) The Pc-core normal vector configurations.
Upper: for the initial crystalline structure. Lower: for the snapshot in
Fig. 3.

to the stacking period, i.e., 0.54 nm in Table S2). It clearly
differs from the “pseudohexagonal” [43] structure (Fig. 6
in Ref. [44]) which has (herringbone) intercolumnar tilt
correlations. These simulated characteristics correspond well
to the Norwich group’s disordered hexagonal columnar (Colhd )
structure model (Fig. 5 in Ref. [12]), in which the correlations
of the tilting orientations are short and the lattice becomes
hexagonal.

The Colh phase generally exhibits a wide-angle XRD
peak of approximately 0.35 nm that corresponds to the
intracolumnar stacking of discotic cores [3], but we did
not find this XRD peak in the current system [42]. The
Norwich group already noted that the lack of this stacking
peak is a remarkable characteristic of the non-peripheral alkyl
substituted Pcs in general [12]. They suggested that the steric
interference between the (non-peripherally substituted) alkyl
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FIG. 7. Intracolumnar (solid line) and intercolumnar (dashed
line) orientational correlation functions of the Pc-core normal vectors.

chains forces the disk cores further apart. This makes the
peak (they considered that it corresponds to the inter-core
distance normal to the cores, not the distance separating the
cores along the column axis) larger than common values (e.g.,
0.35 nm) and coincides with the diffuse alkyl chain packing
peak of approximately 0.4–0.5 nm [12]. In our simulation, the
separation between the cores along the columnar axis (i.e.,
the intracolumnar stacking period) can be evaluated from
the simulated cell length in the column axis directions; it
was found to be 0.535 nm as the averaged value. If we use
the average Pc-core tilt angle (47◦) and the stacking period
(0.535 nm) above, the inter-core distance normal to the cores
would be 0.535 × cos (47◦) ∼ 0.36 nm. This suggests that the
inter-core distance was not as depart from the common value
(ca. 0.35 nm) as the Norwich group suggested (0.4–0.5 nm).

B. Tilting from a non-tilted initial structure

In the previous section, the simulated melt from the crystal
structure spontaneously transformed to the hexagonal colum-
nar LC phase with tilted Pc-core columns. In the following,
we checked this Pc-core tilting from the non-tilted (parallel
stacked) initial structure. In this initial structure (see Figure S3
in the Supplemental Material [31]), the intercolumnar distance
was set to the XRD value of 2.1 nm [42], and the intracolumnar
stacking period was set to the typical value of 0.35 nm because
this value was uncertain from the XRD data as explained
in the previous section. After running the steepest descent
energy minimization runs, MD runs of lengths up to 30 ns
were performed at the LC temperature (438 K) and normal
pressure. The snapshot after 30 ns (shown in Figure S3 in
the Supplemental Material [31]) shows the spontaneous tilting
of the Pc-cores like as in Fig. 3 of the previous section. The
averaged Pc-core normal tilt angle, intracolumnar stacking
period, and intercolumnar distance were 45.5◦, 0.518 nm, and
2.0 nm, respectively. The resultant inter-core distance normal
to the cores was 0.36 nm, i.e., the same as Fig. 3. Those
structural values of the final structure from the non-tilted initial
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FIG. 8. (Color online) Averaged orientational distribution func-
tion of the Pc-core normal directions.

structure well correspond to those from the crystalline initial
structure in the previous section. Convergence to basically
the same structure from the two entirely different initial
structures implies the final tilted structure can be regarded
to the thermodynamically equilibrium structure.

We note again that the simulated structural factors were
almost not changed in the independent spontaneous tilting
simulation with a four-times larger system (in the 2D plane
perpendicular to the column axis) as shown in Table S3
of the Supplemental Material [31]. Figure 8 shows that the
averaged orientational distributions of the Pc-core normal
directions correspond to this four-times enlarged system. The
azimuthal orientations of the Pc-core normal vectors look
almost uniformly distributed over a whole range of directions.

The results above indicate again that the Pc-cores are
tilted in each hexagonally arranged column as in the Norwich
group’s Colhd structure model [12]. Then, is this tilting
specially caused by non-peripheral substitution of the terminal
chains? Weber et al. proposed the same tilt disordered
hexagonal structure for “peripheral” octa-alkyl substituted
Pcs [43]. They deduced a Pc-core tilting angle from the
stacking period (0.49 nm) and a close-packed distance of
Pc-cores (0.34 nm) with cos−1(0.34/0.49) = 46◦. Here, the
intracolumnar stacking period 0.49 nm was evaluated from the
slope of the squared intercolumnar distance vs. the number of
methylene groups plot. They think hexagonal packing of these
tilted Pc-core columns is achieved with complete rotational
disorder about the column axis [43]. For this “peripheral”
octa-alkyl substituted Pcs, there was discussion on the other
non-tilted column structure model [44]. Studies of oriented
samples (e.g., [45]) were suggested to determine the adequate
model [44] but, to the best of our knowledge, a conclusive
result is not yet available.

We then performed a simulation of the “peripheral” octa-
hexyl substituted Pc derivatives, H2Pc(C6H13)p8 , which shows
Colh phase in the temperature range of 523 K–636 K [44].
In this case, the initial intracolumnar distance was set to the
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XRD value of 2.25 nm [44], and the same intracolumnar
stacking period of 0.35 nm as the previous case was used
for the initial structure. A snapshot after 30 ns of the MD run
(see Figure S5 in the Supplemental Material [31]) showed the
similar spontaneous Pc-core tilting as with the H2Pc(C6H13)np8
system, and it supports the Weber’s structure model for
the peripheral octa-alkyl substituted Pcs. The averaged Pc-
core normal tilt angle, intracolumnar stacking period, and
intercolumnar distance were 32◦, 0.41 nm, and 2.3 nm, re-
spectively. The resultant inter-core distance normal to the cores
was 0.35 nm.

The result above indicates that the Pc-core tilting is not
exclusive to the non-peripheral substitution but also occurs for
peripheral substitution of the alkyl side chains of Pcs. Such
finite core tilting in the Colh phase was also reported based
on the high-resolution synchrotron XRD study even in non-Pc
compounds [46,47]. In this study, the tilt remains a finite value
(around 20◦) in the Colh phase with the transition from the
Colr phase. The authors proposed that the Colr -Colh structural
phase change (in their samples) is characterized primarily by
the onset of the intercolumnar disordering of the molecular tilt
orientation about the column axis without large alteration of
the tilt angles. Actually, in the H2Pc(C8H17)np8 system, which
is known to have both Colh and Colr phases, there is almost
no smallest angle XRD peak position shift (Fig. 4 of Ref. [11])
and no discontinuities in charge carrier mobilities across their
Colr -Colh transitions [7]. These evidences imply that there
would be almost no Pc-core tilt angle change across the Colr -
Colh transitions.

So far, all the simulated octa-hexyl substituted Pc deriva-
tives showed the tilted Pc-core structures. In the following, we
checked whether our models were capable of showing non-
tilted Pc-core structures for the Pc derivatives that are experi-
mentally known to have the Colh phase with non-tilted Pc-core
columns. We specifically chose the octa-pentyloxycarbonyl-
substituted Pc derivatives, H2Pc(COOC5H11)p8 , which have
a Colh phase over a wide temperature range (at least
213 K–573 K) [48]. In the corresponding initial structure,
the intracolumnar distance and the intracolumnar stacking
period were set to 2.502 nm and 0.35 nm, based on the XRD
results [48]. As in the snapshot after 30 ns of the MD run at
438 K (shown Figure S6 in the Supplemental Material [31]),
this octa-pentyloxycarbonyl-substituted Pc derivative showed
almost parallel stacking with a far less tilted Pc-core in contrast
to the octa-hexyl substituted analogs.

Figure 9 shows the time variations of the averaged tilt angles
of the Pc-core normal vectors for the all the simulations so far
explained. We note that all the plots except the black one
(melting simulation from the crystal) actually started from
zero tilt initial structures, but those look to start from the finite
tilt angles in this figure. This is because of rapid spontaneous
tilting during the initial start-up runs. The averaged Pc-core
normal tilt angle of the octa-pentyloxycarbonyl-substituted
derivative was 10.1◦; in fact, far smaller than the other
octa-hexyl substituted Pc derivatives. We hypothesize that
the carbonyl group in the terminal chains promotes parallel
stacking of the Pc-cores. The ether group may also have
the same effect, because octa-alkoxy-substituted Pcs are also
known to show parallel Pc-core stacking [43]. Without these
polar groups within side chains (e.g., alkyl groups), the
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FIG. 9. (Color online) Time variations of the Pc-core normal tilts
from the column axis. Black and blue lines: the H2Pc(C6H13)np8 system
from the crystal and the non-tilted initial structure, respectively (note
the convergence of them). Green line: the H2Pc(C6H13)p8 system. Red
line: the H2Pc(COOC5H11)p8 system.

Pc-cores themselves may naturally stack with tilts like the
non-substituted Pcs [43].

The averaged intracolumnar stacking period and inter-
columnar distance of the octa-pentyloxycarbonyl-substituted
derivative were 0.35 nm and 2.5 nm, respectively. The peak
corresponding to the stacking period (0.35 nm) was clearly
seen in the averaged 1D structural functions [obtained with
circular average of the 2D structural function in Eq. (1) and
average over xyz three incident beams] shown in Fig. 10. In
contrast, the other octa-hexyl substituted Pcs only show the
broad peak approximately 0.4 nm in the wide-angle region.
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FIG. 10. (Color online) Averaged 1D structure functions. Black
and blue lines (with symbol “+”): the H2Pc(C6H13)np8 system from the
crystal and the non-tilted initial structure, respectively (note the agree-
ment between them). Green line (with symbol “∗”): the H2Pc(C6H13)p8
system. Red line (with symbol “×”): the H2Pc(COOC5H11)p8 system.
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Stacking peak corresponding to 0.35 nm for the
H2Pc(COOC5H11)p8 system above can also be identified
in the molecular-molecular radial distribution functions
(RDFmol.−mol.) shown in Fig. 11 (red dashed line). Whereas,
the RDFmol.−mol. peak around 0.52 nm for the H2Pc(C6H13)np8
system (blue dashed line) corresponds well to the stacking
period evaluated from the simulated cell length (0.518 nm)
in the previous section. Thus, the RDFmol.−mol. for these
two systems [H2Pc(C6H13)np8 and H2Pc(COOC5H11)p8 ] are
shifted in Fig. 11 because of their stacking period difference.
We also evaluated the inter-core distance normal to the
Pc-cores previously, and that was 0.36 nm and 0.35 nm
for the H2Pc(C6H13)np8 and the H2Pc(COOC5H11)p8 systems,
respectively. Corresponding shoulder peaks can be found in

the RDFatom−atom in Fig. 11 (solid lines). In contrast to the
RDFmol.−mol., there is no large shift between the RDFatom−atom’s
for those two systems.

IV. CONCLUSIONS

We obtained simulation results that showed that the Pc-
cores were distinctly tilted from the column-axis in their
columnar LC phase in both peripheral and non-peripheral
octa-hexyl substituted Pcs. The tilted Pc-cores in these octa-
hexyl substituted Pcs are arranged in hexagonal lattices,
because of the intercolumnar disorder of the Pc-core tilting
orientations. We think that these structure aspects could be
regarded as a discotic analog to the “de Vries” smectic
phase [49,50] in calamitic liquid crystals. Characteristics of the
aforementioned structures coincide with Weber’s model and
the Norwich group’s model for peripheral and non-peripheral
octa-alkyl substituted Pcs, respectively, and strongly support
those structure models. This is the first supporting study for
these structure models for the Pc systems to the best of our
knowledge.

Another suggestion of the Norwich group that the inter-
core distance in these non-peripheral series would be larger
(0.4–0.5 nm) than the common values (ca. 0.35 nm) [12] may
contradict with the recently reported high carrier mobilities of
non-peripheral octa-alkyl substituted Pcs [7–9]. However, our
simulation results showed that the inter-core distance would
be similar to the common value (0.36 nm). This may resolve
the contradiction above, but it does not explain the high carrier
mobilities. A search for the origin of the high carrier mobilities
is now underway.
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