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The hexagonal to discotic phase transition in 1,4,8,11,15,18,22,25-octahexylphthalocyanine

studied by differential scanning calorimetry
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The phase change in metal-free 1,4,8,11,15,18,22,25-octahexylphthalocyanine compound with eight non-
peripheral hexyl chains was investigated under non-isothermal conditions by differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM). Two endothermic changes were reported. The first one between
332 and 350K relates to the transition from the hexagonal columnar mesophase to a less ordered crystalline
phase, P;. The second endothermic transition from 408 to 417 K is due to the transition to the discotic columnar
mesophase, P,. The isoconversional methods of Friedman, and Kissinger, Akahira and Sunose (KAS) were used
to determine the variation of the activation energy for crystallisation with temperature, E,(7). Using the
Friedman method the average values of E,(T) were 121.31 and 352.77kJmol ' for the first and second peaks,
respectively. The KAS method gave higher values of E,(T) with averages of 173.25 and 411.44kJmol !,
respectively. The specific heat was measured and found to vary with temperature.
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1. Introduction

Phthalocyanines have many important commercial
applications as colourants for fabrics, printing inks,
ball points and colour photography. They are best
known for their intense blue or blue-green colours,
their thermal and chemical stability, and their ability
to incorporate, into the centre of their ring system,
about 70 eclements of the periodic table. Their
properties depend on their X-ray structures and in
particular on their crystal packing arrangements.
Phthalocyanines represent one of the most exten-
sively studied classes of compounds (/-3).

Liquid crystalline phthalocyanines offer the possi-
bility of combining their optoelectronic properties with
the orientation control of conventional liquid crystal
systems. The columnar architecture of the substituted
phthalocyanines suggests the possibility of using them
as anisotropic conductors. Discotic columnar liquid
crystals have drawn much attention as semiconductors,
molecular wires, photovoltaic cells and light emitting
diodes (4). Many soluble phthalocyanines such as
(C,S)gPcCu, n=8, 10, 12, 16, exhibit a columnar
mesophase (5) and heating above the mesophase
transition can improve their columnar ordering (6).
This alkylthio phthalocyanine forms a columnar
hexagonal mesophase over a wide temperature range.

Several liquid crystalline phthalocyanine com-
pounds with numerous substituents have been
synthesised to produce more easily controllable macro-
scopic structures. Although many liquid crystalline

phthalocyanine compounds having peripheral alky-
loxy and alkylthio chains have been prepared, little
work has been done on the peripheral alkyl chains and
the effect of temperature on the activation energy and
specific heat of mesomorphic behaviour of these
compounds (7). By functionalising the phthalocyanine
ring with long aliphatic chains the solubility increases
and liquid crystalline compounds can be obtained.
Cook (8) synthesised cobalt (IT) phthalocyanines with
eight non-peripheral alkyl chains, which show a
hexagonal columnar mesophase between 75 and 189°C.

Our work with phthalocyanine chemistry first
resulted in the synthesis and characterisation of
symmetrical hexadeca-substituted phthalocyanato
zinc (IT) compounds. Thin films of the prepared Zn
phthalocyanines were deposited by using spin coating
techniques onto microscope slide substrates, and their
structural and optical parameters were described (9).
We describe the hexagonal to discotic phase transi-
tion and the effect of temperature on the activation
energy and specific heat on the transition in metal-
free 1,4,8,11,15,18,22,25-octahexylphthalocyanine
compound, H,Pc.

2. Experimental
Synthesis

The metal-free phthalocyanine compound used in
this study was prepared directly by cyclotetramerisa-
tion of 3,6-dihexylphthalonitrile in the presence of
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lithium butoxide in butanol. The purification steps
required column chromatography on silica gel using
petroleum ether as an eluent to yield 77% of
1,4,8,11,15,18,22,25-octahexylphthalocyanine com-
pound, see Figure 1 (9). The Pc compound was
characterised by 'H nuclear magnetic resonance
(NMR), mass spectrometry, and UV-Vis and IR
spectroscopy. The synthesised Pc complex possesses
excellent solubility in various organic solvents such as
CH,Cl,, tetrahydrofuran (THF), acetone and ethyl
acetate, and does not readily aggregate in solution.

Instrumentation

Differential scanning calorimetry (DSC) experiments
were performed using a Shimadzu DSC-60 instru-
ment, available at Taibah University, with an
accuracy of +0.1 K under dry nitrogen supplied at
a rate of 35mlmin~'. The samples, of 2-3 mg, were
encapsulated in standard aluminium pans.
Non-isothermal DSC curves were obtained at
heating rates of =2, 5, 10, 15, 20, 30, 40 and
50 Kmin~'. To calculate the specific heat capacity,
C,,, from the DSC measurements the Shimadzu DSC-
60 workstation was equipped with a specific heat
capacity program. The C, was calculated using the
following expression (10, 11):
B Sy

= 1
CPs Srms CPr ( )

where C,s and C,, are the specific heat capacity
of the sample and reference material, respectively.

CsHys CeHys
C6H13 N / N/ N C6H13
/ \
NH HN
\\ /
N> N N
CeHys X CoHys
C6H13 C6H13

Figure 1. Structure of H,Pc.

Parameters S; and S; represent the differences in heat
flow between the DSC curves of the baseline and
sample runs, while mg and m, are the masses of the
sample and reference material, respectively.

Three types of specific heat capacity measure-
ments were carried out: (i) baseline measurement; (ii)
reference measurement; and (iii) sample measure-
ment. In the baseline measurement, the empty
crucible was placed in both the sample and reference
holders. For the reference measurement an empty
crucible was placed on the reference side holder, while
another crucible with a reference material, alumina,
was placed on the sample side holder. In the sample
measurement, an empty crucible and a crucible with
the sample were loaded at the reference and sample
side holders. A three-step heating program was
applied for the measurements: (i) isothermal heating
at 313K for 3 min; (ii) dynamic heating from 313 to
423K at a heating rate of 5Kmin~'; and (iii)
isothermal heating at 423 K for 3 min. The tempera-
ture and enthalpy calibrations were checked against
an indium standard sample (7,,=156.6°C and
AH,,=28.55J g~ ") supplied by Shimadzu.

3. Results and discussion
Phase transition

DSC measurements were conducted on a sample of
H,Pc by heating from 300 to 430 K (see Figure 2), at
heating rates of 5, 15 and 30Kmin~'. Two
endothermic changes were reported. The first one
was between 332 and 350K for a heating rate of 2 to
50 K min~ . This initial stage relates to the transition
from the hexagonal columnar mesophase to a less
ordered crystalline phase, P; (3). The second
endothermic transition was reported from 408 to
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Figure 2. DSC traces at heating rates of 5, 15 and
30 Kmin ™.
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417K for the same heating rate of 2 to 50 K min~".

This change may be due to the transition to the
discotic columnar mesophase, P,, see Figure 3 (3).
Disk-shaped mesogens can orient themselves in a
layer-like fashion known as the discotic nematic
phase. If the disks pack into stacks, the phase is called
a discotic columnar phase. The transition from the
crystal phase to the discotic columnar mesophase
occurs in a number of transitions marking the
stepwise reduction of the order of the sample. It is
proposed that the molecules adjust towards the liquid
crystal (discotic columnar) packing arrangement
when the hexyl groups become completely mobile (3).
The change in morphology under isothermal
annealing was recorded by scanning electron micro-
scopy (SEM). The morphology of H,Pc recovered
after crystallisation at room temperature is shown in
Figure 4. The micrograph shows that the crystals
have a flat arrangement in tilted stacks. Figures 4(b)-
(d) show the effect of heat treatment on the texture of
H,Pc under nitrogen flow. Figure 4(b) shows an
SEM micrograph of the H,Pc sample after annealing
for 10min at 334 K. The micrograph indicates that
the crystallisation order is still unchanged but with
some distortion. This distortion dramatically
increases as the temperature increases, accompanied
by formation of fine clusters of disk-like texture.
The kinetic equation combined with the
Arrhenius approach to the temperature function of
the reaction rate constant can be described by (12, 13)

o~ texp( - ) @) ?)

where ¢ is the time, T is the temperature, o is the
degree of conversion, 4 (s~ ') is the frequency factor,
E (kJ mol™ ") is the effective activation energy of the
phase transition, R (kJ/mol-K) is the universal gas
constant and f{a) is the reaction model.

Figure 3. Representation of the discotic columnar phase.
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Under non-isothermal conditions with a constant
heating rate of B=d7/d¢, equation (2) may be
rewritten as

o-S(5)-gew(- e

For various heating rates, P;, the Friedman
method (/4) can be obtained directly at a specific
degree of conversion, o, as

do E,
In <E>oa = Cg(a) — RT. 4)

where the subscript i denotes different heating rates
and the parameter Cg(a) equals In(A4,, f()).

For a specific o value and several heating rates,
pairs of (do/d?),; and T,; are determined experimen-
tally from the DSC thermograph. The parameters E,,
and Cga), at this specific value of o, are then
estimated from the plot of In(do/df),; versus 1/T,;
(equation (4)) across at least three different heating
rates. The procedure is repeated for several o values
to yield continuous functions of a for E, and Cg(a).
The dependence of E, on temperature can be
obtained by replacing o with the respective tempera-
ture interval (/3).

Results using the Kissinger—Akahira—Sunose
(KAS) method (/5-17) may be obtained from the
derivation of equation (3). Subsequent application of
the logarithm and rearrangement yields

In (ﬁz) = Ck (o) — Rb;i‘m (5)
where
CK(oc)zlanﬁg) AE_ﬂ

The experimental determination of E, and Ck(a) is
similar to that used by the Friedman method. For
each degree of the conversion fraction, o, a corre-
sponding T,; and heating rate are used to plot In(B/
T2, against 1/T,;. The parameters E, and Cg(o) are
then determined from the regression slope and
intercept.

However, in a typical experiment it is necessary to
obtain at least three different heating rates (f;) and
the respective conversion curves are evaluated from
the measured DSC curves. For each conversion (o),
either In(do/ds),,; is plotted against 1/7,;, which is the
basis of the Friedman method, or In(B/7>,,) is plotted
against 1/T,;, which is the basis of the KAS method.
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Figure 4. (a) The electron microscopy pattern of H,Pc as-prepared; electron microscopy patterns of H,Pc annealed for 10 min
under nitrogen flow at (b) 334K, (c) 409 K ( x 300), and (d) 409 K ( x 1000).

This will give a straight line with slope —E,/R, and
therefore the activation energy is obtained as a
function of conversion.

The variation curves of the conversion rate, o, with
temperature at different heating rates, ;, for the two
phases P; and P, are shown in Figure 5. Increasing the
heating rate leads to an increase in the peak
temperature. The E, values calculated by the KAS
method are higher than those calculated by the
Friedman method (/3, 18-20). The differences are
due to the approximation of the temperature integral
used in the derivations of the relations that ground the
KAS and non-linear methods (/8). The significant
differences between the apparent activation energy
calculated by the Friedman method (with average
values of E,=121.31 and 352.77kJmol! for P, and
P,, respectively) and the values of E, calculated using
the KAS method (with average values of E,=173.25
and 411.44 kJ mol~! for P, and P,, respectively) are due

420

Figure 5. Degree of conversion, o, as a function of
temperature at different heating rates for the two phases
P, and P».
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to the way by which the mathematical relations that
form the basis of the ‘integral’ methods are derived.

Figure 6 shows the variation of the activation
energy, E,, as a function of the extent of conversion, o,
for H,Pc obtained at the heating rate, B, in the range 2—
50 K min~!. For the first transition, P, Figure 6, the
same shapes are obtained for the curves of E, versus o
using both isoconversional methods. The two curves
show that E, decreases with the extent of conversion, o,
noting that two different regions exist. E, rapidly
decreases in the conversion range 0.05<a<0.3, and
after this range (¢>0.3), a decrease of E, with o
continues approximately linearly.

The observed E, versus o values for the second
peak transition, P,, show different behaviour at the
initial stage in the Friedman and KAS methods. The
Friedman method shows that E, rapidly decreases in
the conversion range 0.05<a<0.3. After the range
0.03<2<0.8, E, decreases approximately linearly
with o followed by a strong decrease of E, after
>0.8. The KAS method shows that the activation
energy is initially low and increases in the conversion
range 0.05<a<0.15. The conversion rate then
gradually decreases in the limits 0.15<a<0.8, and
strongly decreases again at o«>0.8.

The E,(T) dependence curves for the two phases,
Figure 7, reveal typical endothermic reversible reac-
tions (20). The E,, values are positive and decrease with
temperature for the two methods used, which simply
indicates that the phase transition rate increases as the
temperature increases. This behaviour demonstrates
that the rate of the phase transition is in fact
determined by more than one mechanism (/2, 20-22).

Specific heat capacity

In line with the procedure described in the experi-
mental section, a typical DSC thermogram output for
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Figure 6. Dependence of the activation energy of the phase
transition, E,, on the degree of conversion, o.
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Figure 7. Dependence of the activation energy, E,, of the
phase transition on temperature.

C, determination is given in Figure 8. Curve A
represents the baseline while curves B and C represent
the DSC traces of the reference and sample,
respectively. Curve D shows the heating progress.
The difference between the baseline and sample DSC
curves represents the heat consumed by the sample
during the heating progress. The sample could be
tested up to a temperature of about 420K. The
samples begin to melt at higher temperatures. The
calculated results of the specific heat capacity of
H,Pc, Figure 9, show that the specific heat capacity
increases with increasing temperature. The two peaks
at about 333.8 and 409.7K are due to the phase
changes P; and P», respectively. If these two peaks are
extracted, the specific heat capacity can be fitted to a
second-order polynomial (C,=1.9-0.017+1.9 x 1073
T?) with a correlation coefficient of 0.991, (Figure 9).
The correlation coefficient reflects the degree of the

0.45F
150
g o025]
E
8 100
a —~
0.05] 8,
-
50
-0.15|
1 1 | I I | 1 1 0
10 20
Tim (min)

Figure 8. A typical thermogram of the specific heat
capacity determination for H,Pc by DSC. Curve A shows
the baseline while curves B and C represent the DSC traces
of the reference and sample, respectively. Curve D shows
the heating progress.
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- - - Second order polynomial fit, peaks extracted.
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Figure 9. The specific heat capacity for H,Pc versus
temperature.

linear relationship between the two variables specific
heat capacity and temperature. The linear regression
equation (C,=0.0447—0.071) can be obtained in the
temperature range 354-405K with a correlation
coefficient of 0.987. This shows that the variation of
the specific heat capacity with temperature has a
great influence on the phase transition.

4. Conclusions

We have described the phase transition in metal-free
1,4,8,11,15,18,22,25-octahexylphthalocyanine at dif-
ferent heating rates under nitrogen atmosphere by the
use of DSC. Two endothermic changes were
described and investigated. First, by applying two
isoconversion methods (Friedman and KAS), the
activation energies of crystallisation, E,(7T), show a
strong decrease with increasing temperature for both
peaks. The values of the activation energy calculated
by the Friedman method gave average values of
E,=121.31 and 352.77kJmol~ ! for the first and
second peaks, respectively, whilst the calculated
values of E, using the KAS method gave average
values of 173.25 and 411.44kJ mol ™', respectively.

The specific heat of metal-free 1,4,8,11,15,18,22,25-
octahexylphthalocyanine was measured by a DSC
technique. Two peaks were recognised at 333.8 and
409.7 K. By extracting these two peaks the specific
heat followed a second-order polynomial relation-
ship with temperature.

We are continuing our study on the hexagonal to
discotic phase transition and the activation energy for
conduction in perfluorinated phthalocyanines. In
particular, we are interested in the effect of the n—=n
overlap in the perfluorinated phthalocyanines in a
columnar stack. The phase transition in metal

containing phthalocyanines will be studied versus
that for metal-free derivatives.
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