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CHARGE MIGRATION IN SUPRAMOLECULAR STACKS OF 
PORPHYRINS AND PHTHALOCYANINES 

PIETER G. SCHOUTEN*, JOHN M. WARMAN*, MA~THIJS P. DE HAAS*, 
HORN-LONG PAN+ AND MARYE ANNE FOX+ 
* Radiation Chemistry Department, IN, Delft University of Technology, Mekelweg 

+ Department of Chemistry, University of Texas, Austin, Texas 7812, USA 
15,2629 JB Delft, The Netherlands. 

Abstract Information on the factors controlling the mobility of charge carriers in 
columnar aggregates of aromatic macrocycles is obtained from studies of the 
radiation-induced and dark microwave conductivity. 

INTRODUCTIO N 

Porphyrin (P) and phthalocyanine (Pc) macrocyclic moieties tend to form columnar 
stacks in the solid phase. When long aliphatic chains are substituted at the periphery of 
the macrocycles the stacked molecules in many cases do not melt directly to an isotropic 
liquid, where all the structural order is lost, but first form a liquid crystalline phase over a 
rather large temperature range.l.2 In this mesophase the columnar structure is preserved 
but there is more motional freedom since the hydrocarbon chains are completely molten. 

As has been recognized the close packed aromatic macrocycles are capable of 
conducting charge along the columnar axis due to the n-7~ overlap. With the increased 
tractability of the liquid crystalline material, the fabrication of one dimensional organic 
conductors which could serve as molecular wires in future molecular electronic devices 
becomes possible. 

In our group we are attempting to obtain a fundamental understanding of charge carrier 
migration and recombination within these self-organizing aggregates in relation to 
microscopic details of their molecular structure. The introduction of charge carriers by 
chemical doping is often accompanied by structural changes making it difficult to obtain 
an insight into the conductive properhes of the unperturbed material? To circumvent this 
problem we make use of the ionizing power of high energy radiation to produce low 
concentrations, less than 10 pM, of charge carriers in the undoped materials. After a 
nanosecond pulse of the radiation, changes in the conductivity due to the presence of 
mobile charge carriers are monitored using the time resolved microwave conductivity 
(TRMC) technique. 
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116/[398] P.G. SCHOUTEN ET AL. 

EXPERIMENT AL 

The compounds studied in the present paper are shown in figure 1. Small angle X-ray 
scattering, differential scanning calorimetry and polarization microscopy show that the 
molecules stack in columns both in the solid (K) and the mesophase (M).294 On heating, 
the mesophase is entered at 91 OC for 1, at 79 OC for 2 and at 102 OC for 3. On further 

R 

FIGURE 1 The compounds 
studied in the present work 

R R 
R R 

R = -04 1 z H ~  1 R = C H ~ C H Z - O C ~ H ~ ~  3 
R = € H ~ - O € ~ ~ H Z  2 

heating 2 and 3 reach an isotropic phase at 260 OC and 152 OC respectively while for 1 
decomposition of the material occurs prior to melting at 290 "C. 

Indexation of the X-ray reflections for l4 shows the columns to be packed in an 
orthorhombic lattice in the solid. In a column the molecules are tilted with a stacking 
period of 4.3 A along the columnar axis. In the mesophase the orientation changes to 
horizontal stacking with a period of 3.4 A. This detilting leads to a hexagonal packing of 
the columns with a center to center distance between the columns of 35 A. 
For 24 the packing of the columns is also orthorhombic in the solid with a tilted 4.3 A 

stacking period. In the mesophase Ohta et aL4 report a hexagonal packing of the columns 
with an intercolumnar distance of 31 A but without a 3.4 A reflection. Weber et al.5 have 
concluded that the molecules remain tilted in the mesophase with a (pseudohexagonal) 
orthorhombic lattice and a stacking period of 4.9 A. 

The absence of a 3.4 A reflection for 3 was taken to indicate that the porphyrin 
moieties have a tilted conformation in both the solid and the mesophase similar to the 
alkoxymethyl Pc.6 The shortest intercolumnar distance in the mesophase is 26.3 A.6 

To study the conductive properties the materials were irradiated with 3 MeV electrons 
from a Van de Graaff accelerator using pulses of 2-20 ns duration and beam currents up 
to 4 A. The energy deposited per unit volume within the sample, D, was 580 Jlm3 per 
nanocoulomb. Any change in the conductivity of the material was monitored using the 
time resolved microwave conductivity technique (TRMC) which has been fully described 

The background microwave conductivity without irradiation, Ub, was measured by 
comparing the power reflected by the cell with and without the sample present. Ub is 
related to the dielectric loss, E", by q, = c q ~ "  with w the radian microwave frequency 
and EO the permittivity of vacuum. 

Measurements were ma& in the 26.5 - 38 GHz region. D
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CHARGE MIGRATION IN SUPRAMOLECULAR STACKS [399]/117 

RESULTS 

1 o8 

FIGURE 2 The temperature dependences (heating trajectory) of the radiation-induced 
conductivity per unit dose (left) and the dark, background microwave conductivity (right) of the 
compounds shown in figure 1 

€&kground microwa ve conductivity 
The temperature dependence of q, for the different compounds is shown in figure 2. For 
1 a small a, is apparent which at the K+M transition increases abruptly by a factor of 
approximately 4.9910 For 2 a, is much larger than for the alkoxy derivative in the solid 
phase. At the K+M transition only a very small (ca 10%) sudden rise in ob is observed. 
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118/[4OO] P.G. SCHOUTEN ET AL. 

For 3 q, is similar in magnitude and temperature dependence to that for 2 compound. 
No discontinuity is however observed at the K+M phase transition. The background 
microwave conductivity of 3 is seen to remain at the same level in the isotropic phase 
after melting. 

Radiation induced microwave conductivity 
Upon pulsed irradiation the three compounds show large conductivity changes. The 
conductivity decays on a timescale much longer than the pulse width. In the present 
article we are concerned with the value of the change in conductivity at the end of the 
radiation pulse normalized to the dose, AueoplD. 

are plotted as a function of temperature. As can be 
seen a sudden drop in Ao,plD occurs for all three compounds at the K+M transition by 
approximately a factor of 8 for 1 and 3 for 2 and 3. When the isotropic phase is entered 
fur 3 at 150 "C the conductivity signal disappears completely. 

While all the compounds show a gradual increase in Aa,,p/D with increasing 
temperature in the mesophase a marked difference in the temperature dependence is found 
in the solid state as can be seen in figure 2. 

In figure 2 the values of 

DISCUSSION 

B ackmound microwave conductivity 
Even for large aromatic molecules such as phthalocyanines, the band-gap within the 
columnar cores of the stacked macrocycles is estimated to be as high as 2 eV.'1 As 
expected therefore these materials are insulators in their pure state with DC conductivities, 
even in the presence of oxygen, many orders of magnitude lower than the microwave 
conductivities found in  the present work. It is unlikely therefore that the background 
conductivities observed are caused by the presence of thermally produced, highly mobile 
charge carriers. This conclusion is supported by results on materials for which the effect 
of complete melting can be studied, such as the present zinc-porphyrin.6T10 The fact that 
Cb remains unaffected by melting suggests that it is not related to charge canier mobility 
since this would be expected to be greatly reduced on loss of long-range columnar order. 

Because of the symmetry of the Pc and P moieties, any dipolar contribution to ub 
most probably arises from motional freedom of the ether coupling groups which have 
individual dipole moments of approximately 1.2 Debye.12 The value of ob = 0.1 S/m 
found for all three compounds in their liquid crystalline phases corresponds to a dipole 
relaxation time of approximately 100 ps.9 

The large values of q, for compounds 2 and 3 below T(K-+M) indicate substantial 
freedom of movement of the ether groups even in the solid phase fur which the motion of 
the alkyl tails is considered to be "frozen". The dipolar motion in compound 1 appears 
however to be substantially inhibited in the solid phase. 
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CHARGE MIGRATION IN SUPRAMOLECULAR STACKS [401]/119 

Compound 

Solid 
Mesophase 

Radiation induced microwave conductivity 
Evidence has been provided in previous publications6~13~14 for a model which explains 
the long-lived radiation-induced conductivity transients found for the present type of 
materials. This involves ionization to form electron-hole pairs, e--h+, for some of which 
the electron and the hole become localized within the macrocyclic cores of separate 
columns. Charge recombination for these pairs is retarded by the intervening saturated 
hydrocarbon mantle resulting in the long (up to milliseconds) lifetimes observed. While 
localized within the core of a column the charge carriers can still display a high mobility 
by rapid one-dimensional motion along the core axis. 

The absolute value of Aa,@ is related to the sum of the mobilities of the carriers, 
Cp, and the average energy required to produce one charge carrier pair, E$ (in eV), by 
(1). For high energy radiation E$ is expected to be approximately 25 eV.15 Since not all 
initial electron hole pairs will become separated on different columnsl4, only a lower limit 
to Cp, Cp-, is obtained 

1 2 3 

85 5.4 70 2.3 92 3.6 
105 0.75 90 0.75 112 1.20 

T U m i n  T Wmin T Zpmin 

Values of Cpmin just below and above the K+M transition temperature are listed in 
table I 

TABLE I Lower limits to the sum of the charge carrier mobilities (10-6m2/Vs) in 
the solid 10 "C below and in the mesophase 10 "C above the K-M transition for 
the different compounds using equation (1) with Ep =25 eV. 

The order of magnitude of the mobilities indicates a high degree of localisation at 
individual macrocyclic sites, with the hopping of charge carriers between adjacent Pc or P 
macrocycles in a column occurring on a timescale of a few picoseconds or less.6~14 

At the transition to the isotropic phase all of the long range order is lost. The 
disappearance of Aum@ at the M-I transition, as measured for 3 therefore provides 
definite evidence that molecular ordering is a necessity for the mobility of charge carriers 
in both the solid and the mesophase. The fact that even during the nanosecond pulse 
almost no microwave conductivity could be measured indicates that in the isotropic phase 
any ordering which exists can only be short range and of a very transitory nature. 

The lower values of Aum@ in the mesophase compared to the solid indicate that the 
enhanced freedom of movement of the molecules has a negative influence on the charge 
carrier mobilities. This observation agrees with theoretical predictions that perturbations 
in ideal columnar stacking such as tilting, rotation, and longitudinal and lateral 
displacement should increase the "resistivity" towards charge migration.16 
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1 20/ [402] P.G. SCHOUTEN ET AL. 

Rather surprisingly &,,i,, for 1 and 2 are similar in the mesophase despite horizontal 
stacking for the former and tilted for the latter. 

We think that the much larger sudden decrease in Aa,@ on entering the mesophase 
for 1 compared with either 2 or 3 may be related to the large stepwise increase in 
freedom of movement of the ether groups of the alkyl chains for 1 as indicated by the 
sharp increase in q,. Since little change occurs in ub and the macrocycles remain tilted at 
T(K-.M) for 2 and 3, we conclude that the factor of approximately 3 decrease in 
Au,@ for these compounds is due to an increase in the freedom of motion of the 
macrocycles which resulting from the melting of the outer hydrocarbon regions of the 
side chains. 

The differences in the temperature dependence of Ao,,,/D in the solid phase of 1,2 
and 3 may also reflect differences in the freedom of motion of the ether coupling units as 
evidenced by the q, values. The slight positive temperature activation of Aa,,,/D for 1 
may be associated with close to complete rigidity of the peripheral alkoxy groups while 
the lack of activation for 2 and the eventual negative activation for 3 may reflect a 
reduction in charge carrier mobility related to increasing perturbation in the columnar 
stacking due to freedom of movement of the ether units, as evidenced by the large, 
thermally activated q, values. 
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