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Charge recombination following pulsed ionization of columnarly stacked, peripherally octa-/Milkoxy substituted 
phthalocyanines (“PcOCn” with n the alkyl chain length) has been studied within the time frame 10"() to 10~2 
s, from - 1 0 0  to + 2 0 0  °C, and for n =  5 - 1 8 ,  corresponding to intercolumnar distances from 20 to 40 A, as 
determined by SAXS. The first half-life of recombination obeys an exponential dependence on the edge- 
to-edge distance, R , between the nearest neighbor macrocyclic cores, t\a ^  exp^iuA’), indicating intercolumnar 
electron tunneling to be the rate-determining step. In the solid, constant valuevS of zr =  1.5 x 10 Ms and /?r 
=  1.1 A “ 1 are reached at low temperatures for n =  5 —18. t\a increases at elevated temperatures, most 
markedly for the shortest chains. This is attributed to “premelting” beginning at the outermost carbon atoms 
and resulting in conformational disorder in the interfacial region between columns. In the mesophase, lor 
which the alkyl chains are completely molten, t*r «a 6 x 10"13 exp[0.21(eV)//:ij7] s and /iu ^  0,64 A"“1 for 
n =  5—12. In the mesophase o f  the PcOCIS compound recombination occurs preferentially by intercolumnar 
molecular ion diffusion rather than by electron tunneling. For all compounds the decay kinetics are disperse 
and can in many cases be described quite well by the Kohlrausch expression a(t) =  a(0) cxp(*-//F)ft.

Introduction

It has become universally accepted that rapid electron transfer 
can occur between molecular entities separated by distances 
much larger than their van der Waals radii.1 ~ 14 Attention is 
focused at present on the precise role played by the molecular 
structure or medium separating the redox-active sites. This has 
become an area of intense theoretical and experimental inves
tigation. Of particular relevance to the advancement of 
knowledge in this area is the availability o f well-characterized 
molecular systems which can be studied in the laboratory under 

• controlled conditions. The separation distance and, if possible, 
the relative orientation of the electron transfer sites in such 
model systems should be well-defined and remain fixed during 
reaction. An increasing number of such systems are becoming 
available in the form of either well-characterized biological 
structures or molecular assemblies created by the organic 
chemist or by self-assembling molecules themselves.

A frequent starting point for theoretical considerations has 
been the oligo-methylene chain as a medium via which through- 
bond coupling or superexchange interactions can increase the 
electronic coupling between distant sites and, hence, facilitate 
electron and hole transfer.15-26 The simplest of a-bonded 
coupling elements is, however, rather difficult to study experi
mentally due to its flexibility and, hence, lack of conformational 
integrity as a bridging unit in model donor—spacer-acceptor 
compounds. This problem has been alleviated to a certain extent 
by constructing bridges of more or less rigid aliphatic ring

systems, and this type of molecule has proven invaluable in 
recent years for separating the effects of distance and thermo
dynamics on electron transfer.2,11,27~,v/ Determining the “con
ductive” properties of the simple methylene chain remains, 
however, an intriguing challenge for the experimentalist. Scan- 
ning-tunneling-microscopy experiments, recently described by 
Rabe et al.,38 may eventually present the best approach to this 
problem.

The solution to the flexibility problem has been sought up 
until now in the use of supramolecular assemblies of molecules 
with long alkyl chains, as in the pioneering work of Kuhn and 
Möbius.39'“42 Using Langmuir—Blodgett (LB) films of ampli- 
iphyllic molecules with alkyl chains from Cm to C22, they 
demonstrated the exponential distance dependence of conduction 
and photoinduced charge separation through «-alkyl layers up 
to almost 30 A thick. Applying the phenomenological relation
ships between electron transfer rate and either the number of 
methylene groups, jV, or the edge-to-edge width, Rn, of the 
hydrocarbon barrier,

kKET fcN e x p ( -ß NiV) 

e x p ( - /y < )

(1)

(2)

® Abstract published in Advance ACS Abstracts, July 1, 1995.

the distance dependence found corresponded to /9n ^  0.32 and 
/?r & 0.4 A"1.40 The latter value is based on the assumption of 
nontilted and non-intermeshed, all-trans alkyl chains in the LB 
layers and is, therefore, almost certainly a lower limit. Unfor
tunately, the accurate determination of the actual width of the 
alkane barrier region in this type of system is extremely difficult.

0022-3654/95/2099-11780$09.00/0 © 1995 American Chemical Society
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Figure 1. Primary molecular structure o f the peripherally octa-//- 
alkoxy-suhstituted phthaloeyanlne derivatives studied in the present 
work and denoted PeOC/j, with n the number o f  carbon alums in the 
alkyl chain.

This applies also to a more recent study of electron transfer 
kinetics through organized thiol monolayers*1■' in which /?n =  
1.06 was determined and fi\< ^  0.95 À 1 was estimated on the 
basis of the assumption of all-trims, lion-interlocked alkyl chains 
with a tilt angle of 30°.

The above values are to be compared with /j|< in the range 
0 .8 -1 .2  A 1 determined for intramolecular electron transfer in 
“simple” molecular assemblies with cyclic alkane spacers of 
accurately known length.2*j*5,11,27 35 From a consideration of a 
large number of electron transfer processes in protein matrixes, 
a general value of 1.4 À 1 has been derived/1'1 Considerable 
discussion exists, however, as to whether such generalizations 
can, in fact, be made.45 1,7 A more detailed analysis taking into 
account specific pathways with consideration being given to 
individual contributions from through-bond and through-space 
barriers has been proposed/18

In the present work we have used the pulse-radiolysis time- 
resolved microwave conductivity (FR-TRMC) technique to 
study the kinetics of charge recombination via long-distance 
electron transfer in columnarly slacked, peripherally oelaalkoxy 
substituted phthalocyanines. These supramolecular discotic 
materials have well-defined X-ray diffraction patterns which 
allow accurate estimates to be made of intra- and intercolumnar 
distances. The occurrence of a solid to liquid-crystal transition 
at which the alkyl chains melt while the columnar phthalocya- 
nine order is retained allows one to study long-distance electron 
transfer through a completely disordered, liquid-like alkane 
medium while still retaining a well-defined edge-to-edge 
geometry. Additional relevance is provided by the fact that the 
edge-to-edge distances involved of 10-25 Â cover a range that 
is characteristic of many biological electron transfer systems 
which also often involve large maeroeyelie redox centers similar 
to phthaloeyanine.

À short, preliminary account of the recombination kinetics 
has been published/10 as have articles concerned with the one- 
dimensional mobility of charge carriers within the macrocycle 
stacks.™

Materials

Figure 1 shows the primary molecular stincture of the PcOCn 
compounds studied in the present work. The synthesis and 
characterization of these materials have been described 
previously.53 50 The n-alkoxy-substituted derivatives all pre-
cipitate from solution as a crystalline powder at room temper
ature and undergo a transition from the solid to a liquid 
crystalline mesophase when heated. The phase transition 
temperatures, as obtained by differential scanning calorimetry, 
are given in Table 1 together with the associated enthalpy

change. For comparison the melting points and enthalpies of 
fusion of the corresponding C„H2„+2 alkane are given. The 
PcOC18 compound was found to have a mesophase to isotropic 
liquid transition at a relatively low temperature of 247 °C 
compared with > 300  °C for the other n-alkoxy compounds. It 
also displayed flow characteristics which indicated a much lower 
viscosity in the mesophase.

The molecular packing of many of these disklike molecules 
in the solid (K) and mesophase (D) has been characterized by 
van der Pol et al.54"56 using small angle X-ray diffraction 
(SAXS). Because of the critical importance of the X-ray 
information to the present study, this is discussed in detail below 
and divided into sections on the liquid crystalline and solid 
phases. Raw X-ray diffraction data are given in refs 56 and 
57.

Mesophase. In the mesophase the indexation of the SAXS 
reflections is straight forward since the reciprocal spacings, Mdmu
are in the ratio \w/3:\/A-:Vl:V9t This pattern is characteristic 
of a two-dimensional hexagonal lattice. A sharp reflection 
corresponding to a distance of 3.4 A which is independent of 
alkyl chain length and becomes broader when the temperature 
is raised54 corresponds to the intracolumnar stacking period of 
the Pc macrocycles. The presence of this reflection, which 
corresponds to the cofacial distance for aromatic n  systems, 
demonstrates that the molecules are horizontally stacked with 
respect to the columnar axis. A diffuse reflection with an 
average spacing of 4.6 A is attributed to the disordered aliphatic 
chains. Top and side views o f the columnar packing in the 
mesophase are shown at the left in Figure 2, Table 2 lists the 
nearest neighbor intercolumnar center-to-center distances, £), 
calculated from the hexagonal lattice parameters,

The molecular volume for hexagonal columnar packing is 
given by55,04

V. (v/3/2  ) l)2c (3)

with c the intracolumnar spacing. From this, the density of the 
material can be determined according to

M J V mNA (4!)

In (4) Mw is the molecular weight, and N& Avogadro’s number. 
The densities obtained for the present compounds are listed as 
£n in Table 1, In Figure 3, Vm is plotted against the number of 
methylene groups in the alkoxy chain, and, as might be 
expected55,f>4 a good linear dependence is found. From the 
slope, the molar volume increment per methylene group is 
determined to be 29 A \  This is very close to the values o f  
29.8 and 29.3 A1 found for similar plots for liquid «-alkanes 
and «-alcohols.*15 The volume increment corresponds to a 
density within the hydrocarbon region in the mesophase, q~ 
(Cn)[) in Table 3, o f 0.82 g /em \ showing that the region is as 
densely packed as a normal liquid hydrocarbon medium, for 
which the average density is also ca. 0,8 g/cnv\ft5

The intercept of Vm at tt =  0 is 821 A\ This should be a 
measure of the molecular volume of an octahydroxyphthalo- 
eyaninc derivative. The corresponding molecular diameter is 
D =  17.5 A. As would be expected, these values of Vm and D 
are larger than those of 587 A3 and 14.8 A found for 
unsubstituted phthaloeyanine from X-ray data.66

In the present work we are concerned with electron tunneling 
between columnar Pc stacks. An important parameter is, 
therefore, the nearest neighbor edge-to-edge distance between’* 
Pc macrocycles, indicated by Rn for the mesophase in Figure 
2. We have derived the Ro values listed in Table 3 from the 
measured D values by subtracting the diameter of 14.8 A for
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TABLE 1: Characteristics of the Solid to Mesophase Transition and Comparison with Properties of /z-Alkancs"

compound
PcOC5 
PcOC6

PcOC7
PcOC8

Pc OC 9

PcOClO 
PcOC 11 
PcOC 12

PcOC 18

T (K— D)
r o
121 
119 
102 
104
94 
94 
96 

101 
107 
94 
83 
83 
91 
91 
98

mp (HCri)b
(0Q_

130 
-95

-91 
-57

-53

30
26
10

28

AH (K-*D) 
(kJ/mol)

36
72 
50
73 
98 
75 
90 
94

112 
102 
108
109 
130
110 
239

8 x Atfr (HCn f  
(kJ/mol)

Q Kl
(g/cm3)

Qvr
(g/cm3)

ref source 
for DSC data

Mesophase
(hexagonal)

Solid
(oblique)

b-*'!

*

...  u _j
i— :MMi "  "li r m v  1,1 \
h —

K+tt
HUMh H I — 1P5W

r.— 3 i— j i — i0MMLT.'m
i ... 1— « z d i i

RlKr> *

Figure 2. Secondary (columnar) and lerliary (two-dimensional lattice) 
structures of the PcOCn compounds showing the lattice parameters used 
to index the small angle X-ray (SAXS) diffraction patterns. The edge- 
lo-edge, c7?*\ distances used in the discussion of intercolumnar charge 
recombination are also shown.

unsubstituted phthalocyanine. The actual “edge” corresponds, 
therefore, to a circle drawn close to the oxygen nuclei in the 
present alkoxy compounds.

The value of Vm for the PcOC5 compound, which was not 
investigated by SAXS, was interpolated from the straight line 
plot of Vm against n, D  was derived from this using (3) and 
taking 3.4 A for c.

Solid Phase. In the solid phase of the n-alkoxy derivatives 
the readily identifiable diffraction pattern indicative of hexagonal 
columnar packing is replaced by a more complex series of sharp 
lines.56“"58 In addition, the 3.4 A reflection characteristic of 
horizontal stacking of the molecules is absent and is replaced 
by a reflection at approximately 4.2 A. On the basis of these 
observations, it is concluded that, while a columnar structure 
remains, the molecules are now tilted with respect to the 
columnar axis, as illustrated at the right in Figure 2.

The X-ray patterns were initially indexed by van der Pol et 
al 55,5<5 using an orthorhombic unit cell with Z — 4 molecules 
per unit cell. However, from the lattice parameters so derived, 
the density of PcOC6 is calculated to be 1.48 g/cm3. This is

67 1.00 this work
105 1.10 0.97 55

58
114 0.98 55
165 0.95 55

58
59

124 1.06 0.95 55
this work

230 0.94 55
178 0.92 55
293 1,03 0.91 55

58,60
59

491 1.01 0.88 this work

Ms used: RT = room temperature; K = crystalline phase; D = discolie
d At 200 °C from SAXS with c = 3.40 A.

TABLE 2: Unit Cell Parameters Derived from Small Angle
X-Ray Scattering (SAXS) Data"

solid'1
compound mesophase1' D Cl h c 0

PcOC5 29.3 (26.1/ (49.4)*' (20.9)(/ (4.1 )*' ((23)
PcOC6 31.5 27.6 54.0 21.6 4.07 123
PcOC7 337 28.6 55,9 23 o

*  t f 4*4 4,02 123
PcOC8 35,8 30.3 56.3 23.5 4,17 120
PcOC9 38.0 31.4 57.7 24,7 4.19 120
PcOClO 40.2 32,5 59.4 25.0 4.22 117
PcOC 11 42.4 33.9 61,9 26,0 4.30 120
PcOC 12 44.6 35.2 (65. ly' (26.9 ̂ (4.2),/ (120)
PcOC 1 V 57.7 41.2 78,4 31.0 4.16 120

" For a description of the parameters see Figure 2, For comparison, 
the maximum molecular diameter calculated assuming all-ums alkyl 
chains, £>m:lx, is also given. All distances are in angstroms, and angles, 
in degrees. h Dnm =  14.8 -f 2 cos(30°)(3,33 4- 1.26(/r— 1)). ' SAXS at 
200 °C (refs 55,56) . <l Interpolated. Based on an oblique unit cell with 
Z — 2 J  Own measurement.

6000

5000

4000 -

£ 3000 -

2000 -

1000

0
8 12 16 20

number of carbon atoms In chain

Figure 3, Molecular volume calculated from the SAXS lattice
parameters as a function of the number of carbon atoms in the //-alkoxy 
chain.

even larger than the density of pure phthalocyanine (1.45 g/cm3)
and leads to an estimate of the density of the hydrocarbon region
more than 1.5 times the ca. 0.9 g/cm3 found for ».-alktme solids.
On finding that crystals of PcOC6 float on 1,2-dichIoroethane
(q =  1.25 g/cm3), we decided to reanalyze the available X-ray
data, applying the restriction that the density calculated on the
basis of the X-ray analysis should be equal to the actual density 
measured.

The densities of a selection of PcOCn solids were determined 
by flotation densimetry. This involves placing a few small
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TABLE 3: Characteristics of the Saturated Hydrocarbon
Barrier“

compound

mesophi tse solid

R»/<Rk>/V Q{Cn)\)il (RkY £?(C/J) K{/

PcOC5 14.5 11.3 0.81 9,4 1.20
PcOC6 16.7 12.8 0.81 10.7 0.96 1.20
PcOC7 18.9 13.8 0.84 11.9 1.16
PcOCK 21.0 15.5 0.81 12.4 1.25
Pc()C9 23.2 16.6 0.82 13.4 0.95 1.24
PcOCK) 25.4 17.7 0.83 14,0 1.26
PcOC 11 27.6 19,1 0.81 15.2 1.26
PcOC 12 29.8 20.4 0.80 16.3 0.94 1.25
PcOC 18 42.9 26.4 0.81 21,6 0.94 1,22

" Distances are in angstroms and are defined in Figure 2; densities 
are in g/env\ h Rmw A i m “"' 14,8, *’ R\) =  I) —14,8. (/ Based on a Pell 
molecular volume o f  587 A \ diameter =  14.8 A (ref 66). '' Using ecj 
11.

crystals of the material in a nondissolving liquid of lower density 
contained in a preweighed graduated cylinder. A liquid of 
density higher than that of the material of interest is then added 
until, after mixing, the crystals remain suspended, neither rising 
nor sinking. The total volume of liquid is then read; the cylinder 
plus contents, weighed. The density values determined in this 
way are listed in Table 1 as and are considered to be accurate 
to within a few percent. These values, together with interpolated 
densities for compounds not directly measured, were used in 
the reanalysis of the X-ray data, From these overall densities 
the density of the hydrocarbon regions can be estimated taking 
for phthaloeyanine q =  1.45 g/cnv\ These values are listed in 
Table 3 as ^(C nk. They are only slightly larger than the 
densities of the corresponding solid n-alkunes.

In addition to fixing the density in the analysis of the SAXvS 

data, the intraeolumnar spacing, <\ was taken to be equal to the 
alkyl chain length independent reflection at approximately 4.2 
A, The measured values of c are listed in Table 2,

For an orthorhombie unit cell with rectangular sides a and b 
one lias

ab
hué w

x IO2'' (Ä“)
cN (5)

A(.>

with all of the parameters on the right-hand side being known 
or measurable. This condition was used to interrelate the a and 
b values which were substituted into the relationship for the 
hkl reflections:67

(Ihki
lr , k ~ ,  I

h h m  " 4 * *-> * , > 1 1
«" l r  tr

(15

(6)

Using this approach, an orthorhombie unit cell was found to be 
incapable of indexing a significant number of the reflections 
observed whether Z =* 2 or 4 was used.

The most successful indexing was found for an oblique unit 
cell with Z  — 2 P  The corresponding molecular arrangement 
is shown in Figure 2, with the unit cell parameters indicated. 
The condition relating the fit parameters used in this ease was

cN
(7)

Ay

The spaeings are given byi,?

(Ihki

h1 t k2 , 2hk cos 0
fcxMam I — i m u i  h > ii ..........> n —» ■ wn m

tr lr «1’ , l2
c \sin“fl

0.5

(8)

A best overall fit to the most prominent x-ray reflections was 
obtained by varying a and the angle which was taken initially 
to be 120°. The unit cell parameters derived are listed in Table 
2.

The molecular volumes obtained for the solids, according to

V.ID abc{sin 0)Z (9)

are plotted against n in Figure 3. The volume increment per 
methylene group is determined to be 24.9 A3, which is very 
close to the values of 25.4 and 26,2 An found for solid /i-alkanes 
and »-alcohols.05 The value of Vm(0) =  797 A-1 found as 
intercept at n =  0 is only slightly smaller than the value found 
by extrapolation of the mesophase data. For a molecular 
thickness of 3.4 A this corresponds to a diameter of 17.3 A.

For PcOC5 and PcOC12 no SAXS data were available for 
the solid. The values of Vm were therefore interpolated from 
the straight line in Figure 3. The a and h distances were then 
derived from Vm using the values of c and 0 given in Table 2 
together with the average a/b ratio of 2.42 found for the other 
compounds.

In the solid phase there are two nearest neighbor interco- 
lumnar distances, a/2 and /;, as can be seen in Figure 2, Because 
of the tilt of the Pc units, the projection of the core along the 
columnar axis is ellipsoidal, with a long axis close to the Pc 
macrocycle diameter of 14.8 A and a short axis of 14.8 x 3,4/c 
A, To obtain estimates of the edge-to-cdge distances in the 
solid, /̂ Ka and R we have taken the effective core diameter 
to be the average of the ellipsoidal axes;

14.8(1 +  3.4/cOj

R Kb £ - 7 . 4 ( 1  +  3.4/r)

( 10a) 

(I Ob)

For discussion of the distance dependence in the solid phase 
we use the average of these two values, denoted (Rk) in Table 
3 and given by

<*K> 588 ORku +  *Kh>/2
0.25« +  0,5b -  7.4(1 +  3,4/c) (11)

Experimental Section

The pulse-radiolysis time-resolved microwave conductivity, 
PR-TRMC, technique has been described previously.^ 70 The 
materials were contained in a microwave cell which consists 
of a piece of rectangular waveguide of cross section 7,1 x 3.55 
mm2 closed at one end with a metal plate. Approximately 200 
mg of material was compressed into the cell using a close-fitting 
Teflon rod, and then the weight and length of the sample were 
measured. The temperature of the cell could be varied over 
the range —100 to +200 °C. When less material was available, 
use was made of a Perspex block with a rectangular-shaped 
cavity of 2 x 6 x 3 m in \ which could be filled with 
approximately 25 mg of material. The Perspex block was then 
placed in the microwave cell. Using the Perspex block, the 
upper temperature was limited to 120 °C.

The samples were ionized by pulsed irradiation with 3 MeV 
electrons from a van de Graaff accelerator using pulse widths 
of 2—50 ns. The integrated beam charge per pulse, Q (in nC), 
was monitored routinely. The energy deposition was close to 
uniform throughout the sample70 and equal to 0.58<2 Gy ( I Gy 
=  1 J/kg), measured using thin-film radiochromic dosimeters 
(Far West Technology Nr92). A single 10 ns, 4 A pulse gave 
a total energy deposition of 23 Gy in the sample. Taking an 
average energy of 25 eV for the formation of one electron—
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Figure 4. Decay of the conductivity of PcOC6, -9, -12, and -18 at 
room temperature following single-shot irradiation with a pulse of 10 
ns duration and a dose of ca. 2 x I O'1 J/m3*

hole pair,71*72 this dose corresponds to the formation of 
approximately 6 x 1021 pairs/m3, i.e. a concentration of ca. 10~5 
molar.

Changes in the conductivity of a sample on. pulsed irradiation 
were detected as changes in the microwave power reflected by 
the sample. Changes in the output of the microwave detector 
diode were monitored using either a Tektronix 791.2 digitizer 
with a time resolution of 1 ns or a tandem combination of a 
Tektronix 2205 oscilloscope (7A13 plug-in) and a Sony/ 
Tektronix RTD digitizer capable of monitoring data points from 
10 ns to 10 ms on a pseudo logarithmic time-base following a 
single radiation pulse.

For small changes, the change in reflected microwave power, 
AP, is directly proportional to the radiation-induced conductivity 
change, Acr. Using computational procedures described previ
ously, the absolute value of A a  can be determined.69,73,74 The 
radiation-induced conductivity changes measured in the present 
study usually lay between 10-4 and IQ“3 S/m, This is at least 
8 orders of magnitude higher than estimated for the intrinsic 
conductivity due to charge carriers in unirradiated, pure materi
als.75

Results and Discussion

Readily measureable changes in conductivity are observed 
on pulsed irradiation of all of the octaalkoxyphthalocyanines 
studied, in both their solid and liquid crystalline phases. 
Characteristic PR-TRMC traces are shown in Figure 4 for 
PcOCn derivatives, with n =  6, 9, 12, and 18, at room 
temperature. The results show that mobile charge carriers are 
formed which have lifetimes considerably longer than the 
nanosecond pulse-lengths used.

The radiation-induced conductivity, Acr, is related to the 
concentration of charge carrier pairs formed, and the sum 
of their mobilities, 2'¿i =  (/*(+) +  —)], by

A a  =  eN pY / i (12)

The end-of-pulse conductivity, A a eop, per unit energy absorbed 
by the sample, D  (J/m3), is given by51

Ao-eop/D w J £ m /e . (13)

with Ep the average energy in electronvolts required to form 
one e“h+ pair and Weop the probability that initially formed e~h+ 
pairs survive rapid (subnanosecond) geminate recombination and 
still exist at the end of the pulse.

By making estimates of Ep and Weop, values of 2>  as large 
as 10""5 m2/(V s) have been determined for the present 
compounds, corresponding to intracolumnar jump times of a 
few hundred femtoseconds.52 Very recently direct, time-of- 
flight mobility measurements on aligned samples of analogous 
mesomorphic triphenylene derivatives have yielded similar 
absolute mobility values and show similar trends at phase 
transitions,76-7* thus providing support for the values determined 
by the present more indirect but more widely applicable PR- 
TRMC method.

In a previous publication52 the main concern was with the 
effect of the nature of the peripheral chains and temperature on 
the magnitude of the end-of-pulse conductivity. For the same 
conditions of phase and temperature A a W[)/D  was, in fact, found 
to be relatively insensitive to theTength of the peripheral alkyl 
chains for the n-alkoxy-Pc derivatives with n =  5 — 18.

The insensitivity of the end-of-pulse conductivity to the nature 
of the peripheral substituents is in complete contrast to the very 
marked effect of increasing chain length on the after-pulse 
decay, as shown by the transients in Figure 4. It is this 
dependence of the decay kinetics on the nature of the peripheral 
substituents and the physical conditions that is the subject of 
the present paper. We begin by considering the various 
processes which could be responsible for the decay of the 
conductivity following the pulse.

Conductivity Decay Mechanism. The gradual decrease in 
the radiation-induced conductivity with time following the pulse 
can result from either a decrease in the charge carrier mobilities 
due to localization at impurity or domain boundary sites or a 
decrease in the carrier concentration due to charge recombina
tion. These possibilities can be represented generally by

(14)

Because of the very large electron affinity, ca, 3 eV, and 
very low ionization potential, ca, 5 eV, of the phthalocyanine 
moiety in the solid state,7y the number of organic compounds 
capable of functioning as competitive traps for electrons or 
holes is extremely limited. The columnar aggregation pro
cess would be expected to have a zone-refining effect which 
would allow only molecules with a closely similar molecular 
structure to be incorporated into a stack. The only likely 
candidates as impurity-trapping sites within the Pc core there
fore would be metal derivatives of phthalocyanine with 
redox properties different from those of the metal-free com
pounds.

In view of the method of preparation of the compounds-*5* 
the most likely impurity would be the CuPc derivative. 
Deliberate addition of percentage amounts of CuPcOC9 to 
PcOC9 was, however, found to have no significant effect on 
either the magnitude or decay kinetics of the radiation-induced 
conductivity transients. Since the electron affinity of CuPc is 
estimated to be 0.26 eV larger than I^Pc while the ionization 
potentials are very similar,79 the lack of effect of CuPc on the 
conductivity may indicate that it is the hole that is the major 
charge carrier. This would be in agreement with conclusions 
drawn for analogous mesomorphic triphenylene derivatives in 
time-of-flight studies.76"™

Physical sources of potential charge carrier trapping sites are 
domain or grain boundaries. In the present compounds the 
length of the integral columns within organized domains has 
been estimated56,80 to be a few thousand Pc units or ca. 1 /<m. 
The average time for a charge carrier to diffuse over the 
characteristic dimension of a domain, L, via one-dimensional,
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TABLE 4: Experimental First Half-Lives for the Radiation-Induced Conductivity Decay in «-Alkoxy-Pc Derivatives at 
Different Temperatures

m b rfi

0/2 0s)
compound

***** tm* m i un m m

- 1 0 0  V ....50 (,C RT 7k -i. -  10 °C 7k . n  1 1()‘’C 200 "C

Pc OC5 1.0 x 1 y -■ƒ 1.1 x  10 * 1.9 x  10 ■'>
PeOC6 8.0 x 10 " 2.5 x 10 " 2.0 x I t.O x 10 '■ 1.3 x  10 6 4.0 x 10 7
PeOC’K 2.3 x 1 )■7 7.1 x 10 7 1.7 x  lO“"
PeOC1) 4.9 x 10 ' 1.4 x  10"" 3.5 x 1 v--h 7.1 x H r 6 1.6 x  10 4.6 x 10 "
PcOCIO 2.3 x 1 ) it 3.2 x  10 '* 1.7 x  10 "5
PcOCl I 1.5 x 1 ) 5 2.2 x  10 5 2.4 x  K)"5
PcOCl 2 1.4 x 10 * 1.5 x 10 5 2,0 x 1 ) S 5.6 x  10 * 3.1 x 10 •' 5.6 x  10 s
PcOCl 8 13 x 10 1 1.9 x 10 1 1.0 x 1 v . l 6.3 x  10 •' 1.6 x  10 '' l . l  x  10 6

intracolumnar hopping is given by

é ÎVM. ^  ■) (15)

where /, and d} are the site-to-site jump time and jump distance, 
For PeC)Cn compounds at room temperature d\ is 4.2 A and (j 
has been estimated to be 0.14 ps.w The time required to diffuse 
over a distance of ca, 1 /¿m is therefore on the order of 1 /is, 
The fact that lifetimes of mobile carriers up to milliseconds are 
observed, as shown by the data in Figure 4, indicates that domain 
boundaries or “column ends” apparently do not, in fact, function 
as trapping sites in the present materials,

A particularly strong piece of evidence against the conductiv
ity decay being controlled by charge carrier trapping at either 
impurity or domain boundary sites is the very pronounced and 
consistent increase in lifetime of the transients with increasing 
alkyl chain length, There is no reason to expect that impurity 
levels or domain sizes would depend as much or as consistently 
on the length of the peripheral chain as would be required to 
explain these observations.

If the first half-lives of the transients shown in Table 4, 
together with data for other compounds in the w-alkoxy series, 
are plotted logarithmically against the total number of carbon 
atoms separating the columns, i.e. N  ~  2/i, then a reasonably 
good linear dependence is found, as shown in Figure 5. The 
exponential dependence of the half-life on distance indicated, 
i.e,

tU2 rN exp[/iNiVJ (16)

suggests very strongly that the conductivity decay is, in fact, 
due to charge recombination controlled by electron transfer 
through the hydrocarbon mantle surrounding the pluhalocyanine 
cores,

The decay kinetics are found to be unaffected by the 
concentration of charge carriers formed when this is varied from

approximately 2 to 20/^M by increasing the dose in the pulse. 
This is found to be the case even for the PcOCl 8 compound, 
for which the after-pulse decay extends into the millisecond 
region. Recombination does not therefore occur "homoge
neously1*, i.e. between positive and negative charge carriers 
formed in different regions of the sample, since then the decay 
rate should increase with increasing concentration. Rather, 
recombination must take place between electrons and holes 
which remain Coulomb-correlated throughout their lifetime.

The physical model which we find best describes the 
experimental observations is illustrated schematically in Figure 
6A,B, in this model the charge earners responsible for the 
radiation-induced conductivity originate as electron-hole pairs 
formed by ionization events within the hydrocarbon tail 
regions.52 During the course of their mutual diffusional motion 
and prior to their geminate recombination, a fraction of these 
pairs undergo electron and hole scavenging by the Pc cores of 
different stacks. This is illustrated in Figure 6A.

The elongated lifetime of the core-localized carriers results 
from the fact that the electron affinity of phthalooyanine is much 
larger than that of the alkane medium, 3 eV74 versus close to 0 
eV,KI and the Pc ionization potential is much lower, 5 eV7g 
versus c c l  8 eV.S2,8:1 The barriers to intercolumnar electron and 
hole transfer will therefore both be approximately 3 eV, Charge 
recombination can then only occur via long-distance tunneling 
through the hydrocarbon mantle, as illustrated schematically in 
Figure 6B.

The necessity of a substantial, insulating hydrocarbon barrier 
between the macrocyclic stacks in order to observe long-lived 
mobile charge carriers at all, is demonstrated by the complete 
absence of an after-pulse conductivity for the octamethoxy 
derivative/w An electron and hole localized on the same stack 
or contingent stacks apparently recombine extremely rapidly, 
i.e. on a time scale much shorter than nanoseconds.

Decay Kinetics« The decay of the conductivity transients in
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Figure 6. (A) Schematic representations of the processes involved in 
the formation of separated electron—hole pairs. (B) Schematic 
representations of the charge recombination process via long-distance 
electron transfer through the hydrocarbon mantle surrounding the 
phthalocyanine cores.

the present materials deviates considerably from that expected 
for a process with a time-independent rate coefficient, i.e. 
monoexpoential. We have investigated the applicability of a 
form of kinetics first introduced empirically by Kohlrausch84 
which has been found to provide a description of disperse 
kinetics in a large variety of mainly solid state systems.85*86 The 
general form of the time evolution of the concentration in this 
approach is given by

N(t) =  N(0) exp[-(& T )“] (17)

For a  =  1, eq 17 corresponds to a monoexponential decay 
with a time-independent rate constant 1/T. For a  < 1 the rate 
effectively decreases with time, resulting in the disperse decay 
kinetics characteristic of the present systems. It should be 
pointed out that the logarithmic time base use in Figure 4, which 
is necessary to display all of the data in one figure, does not 
provide a good illustration of the pronounced tailing in the 
decays which is apparent on a linear time scale.49

A time dependence of the form of eq 17 is found to provide 
a good description of many of the conductivity transients 
observed in the present work. An example is shown in Figure 
7 for the conductivity in PcOC9 at room temperature. The data 
in this case are plotted as ln[Aa(i)/Acr(0)] against f -for different 
values of a . A “best-fit” value of a  should then result in good 
straight-line behavior within the time-window of the transient, 
which was 10 ns to 0.5 ms. As can be seen, a value of a  close 
to 0.25 does in fact result in good linearization of the data.

The ability of eq 17 to provide an empirical fit to the data is 
further illustrated by the calculated lines drawn through the 
conductivity transients in Figures 8 and 9. As can be seen, in
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Figure 7. Examples of Kohlrausch fits to the conductivity transient 
for PcOC9 at room temperature with «  varied from (U lo 0.5.
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Figure 8. Decay of the radiation-induced conductivity of PeOCf), -9, 
and -12 at 10° above the K D transition temperature following single
shot irradiation with a pulse of 10 ns duration and a dose of vcu 2 x
lO'1 J/m-\ The lines were calculated using the Kohlrausch expression, 
eq 17.

certain cases a reasonably good fit can be obtained over the 
complete transient time scales. However, this is not true in all 
cases. Because of this, in subsequent sections we have chosen 
to discuss the characteristic time scale of the conductivity decays 
in terms of the phenomenological parameter, the first hall-life, 
¿1/2» rather than the lifetime parameter, r ,  in the Kohlrausch
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radiation-induced conductivity transient in PcOClK. The lines were 
calculated using the Kohlrausch expression, eq 17.

expression. In what follows, however* we discuss the conse
quences of this for the eventual values of the exponential 
distance parameters determined from the data,

As can be seen from (17), F is the time at which the signal 
has decayed to Me of its initial value. This parameter will 
always be somewhat longer than the half-lifetime to which it is 
related by the expression

F — / |/2[ln 2 1l/u (18)

Thus for tx =  I, 0.5, and 0.2, F will be a factor of 1.44, 2.08» 
and 6.25 longer than (\n> If the degree of dispersion in the 
kinetics, i.e. a , is constant, then the quantitative conclusions 
drawn in the following sections about Ihe influence of distance 
and temperature on the lime scale of the decay kinetics will be 
independent of whether tm  or F is used since the ratio between 
the two is then constant. If, however, a  varies with distance 
or temperature, this will no longer be the case.

For the Pc()C« compounds, a  does, in fact, increase with 
increasing chain length, with values of 0.25, 0.25, 0.45, and 
0.70 for n =  6, 9, 12, and 18 at room temperature. To illustrate 
the effects of differences in dispersion, we have plotted in Figure 
5 the values of F in addition to 11/2. The ft^ parameter derived 
from the slope of the ln[F| against the N plot is 0.31 compared 
with 0.36 determined using /|/,>. In general, lower values of 
the ft parameter would be derived using F as the characteristic 
time because of the larger dispersion for the shorter chain 
compounds.

The magnitude of the dispersion parameter a  may provide 
an additional insight into the details of the processes underlying 
the dynamics of long-distance charge recombination in the 
present type of complex molecular system. The values deter
mined from best fits lo the kinetic data for PeOC/i with n =  6,
9, 12, and 18 are given as a function of temperature in Figure
10. As can be seen, a  remains fairly constant for the three 
shortest chain compounds with even at the K D transition 
temperature only a relatively small increase or decrease being 
observed. For PeOC 18, however, the transition is accompanied 
by a dramatic decrease in (X from 0.6 to 0.2. As will be 
discussed later, we associate this change with a change in the 
mechanism of inlercolumnar charge recombination from electron 
tunneling to molecular ion diffusion between columns.

The underlying reason for the disperse nature of the kinetics 
is not yet known. The fact that it is larger for the shortest chain 
compounds in the solid phase would suggest that it is related 
in some way to a variability in the inlercolumnar distance or in 
the nature of the chain-end regions, which would tend to play

TABLE 5: p  and r Parameters Characterizing the Distance 
Dependence of the Experimental t\n  Data According to Eqs 
16 and 17 at Different Temperatures”

T (°C) Tn (S) ftti ■Tit (S) [k  (A“1)
- 1 0 0 4.5 X 10“•11 0.48 1.6 X u r w 1.08
- 5 0 2.0 X 10' -10 0.45 l.l X 10- 12 1.00
RT 2.9 X lo.I* 0.36 4.3 X 10- 11 0.79
Tk- m) -  10 1.4 X u r •H 0.32 1.8 X 10" 0.59
7 k -n +  10 1.0 X 10“•H 0.40 4.0 X 10“ 10 0.63
200 2.9 X 1 0 - 0.41 1.0 X 10- 10 0.65

0 The nearest neighbor edge-ui-edge distances (A’k) and R\> given in 
Table 3 were used for the solid and mesophase, respectively,

a more important role for the shorter distances. We have
initiated a theoretical study into the possible sources of the 
dispersion in the recombination kinetics in the present materials 
and hope in the future to be able to discuss this aspect in greater 
depth.

It is perhaps worth noting that wc have found disperse decay 
kinetics to be characteristic of all of the complex molecular 
solids that we have studied. The necessary use of “multiex- 
ponential" fits lo decays in biological systems may also reflect 
a degree of dispersion in the kinetics rather than separate kinetic 
processes or species, as is often assumed.

Distance Dependence in the Crystalline Solid, As men
tioned in a previous section and shown in Figure 5, the first 
half-lives of the radiation-induced conductivity transients for 
the PcQO/ compounds display a close to exponential depen
dence on the number of carbon atoms in the peripheral alkyl 
chains separating two Pc stacks. Because of the discoid shape 
of the molecules and the close to constant density of Ihe 
hydrocarbon mantle, the intercolumnar distance is not, however, 
a linear function of n. Therefore, there is not a constant factor 
relating ftu to the exponential distance parameter fhu as given 
by (19).

/ \a r R cxp[/iRÄ I (19)

Separate plots of t\a  against the actual intercolumnar distance 
measured are therefore required in order to determine ftn>

It is worth pointing out that in previous experimental studies 
of electron transfer through /i-alkane barriers using two- 
dimensional alkyl chain surfactant layers no measurement of 
the actual width of the hydrocarbon barrier between the electron 
transfer sites was made.*8 To estimate the distance and lienee 
obtain a value for /Jr, certain assumptions about the structure 
of the barrier had to be made. These include the tilt angle of 
the chains with respect to the supporting surface, the extent of 
intermeshing at chain ends, and the frequency of the occurrence 
of other than all-trans chain configurations.

In Figure 9 t\a  values for the present compounds are plotted 
against the measured edge-to-edge distance between phlhalo- 
eyaninc stacks, (R k)> at various temperatures. Good agreement 
with an exponential distance dependence, as represented by (19), 
is found at all temperatures. The values of f tr together with 
ftu  an cl the corresponding values of t r  and tn  are listed in Table 
5

An aspect of the results which is particularly surprising is 
the pronounced temperature dependence of the f tr  values in the 
solid phase. This will be discussed in more detail below after 
first considering two factors which could influence the absolute 
value of ftn at a given temperature,

The first of these has been mentioned in the previous section 
and concerns the fact that the functional time dependence of 
the conductivity decay is different for different compounds. This 
is shown in Figure 10 by the different a  values obtained using
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Figure 10. Dispersion parameter a  in the Kohlrausch expression as a 
function o f  temperature for PcOC6, -9, -12, and -18.

the disperse kinetics relationship (17). Because a  increases with 
increasing chain length, the result of plotting T  against distance 
instead of t\n  is to decrease the value of ƒ?. This is illustrated 
for data at room temperature in Figure 5, The decrease in f a  
is from 0.36 to 0.31 and for f a  from 0.79 to 0.67 A“ 1, i.e. 
approximately 15% for both parameters. Since a  is only weakly 
dependent on temperature, as shown in Figure 10, the decrease 
by 15% found at room temperature will also be a good 
approximation at other temperatures.

The second factor which can influence the estimate of f a  
from the experimental data (but not f a \ )  is the choice of the 
path along which electron transfer actually occurs. For example 
by plotting the decay time against (Rk) in Figures 5 and 11, the 
implicit assumption is made that electron transfer occurs 
preferentially over the shortest edge-to-edge distance between 
the columns. Current “through-bond”, “superexchange”, and 
“optimal pathway” approaches to long-distance electron transfer, 
however, consider the detailed structure of the medium forming 
the barrier. On that basis, the most favored pathway would 
probably be chosen to lie along the direction of the alkyl chains

in the plane of the molecules since that would minimize van 
der Waals gaps and maximize all-trans C—C bond configura
tions .

As can be seen in Figure 2, if electron transfer does occur 
preferentially in the plane of the molecules rather than perpen
dicular to the columnar axis, then the relevant distance is not 
(Rk) but rather a distance which we denote Rkd, similar to the 
distance R d in the mesophase, where the molecules are 
horizontally stacked. In Table 3 the ratio of determined in 
the mesophase to (Rk) in the solid is listed and is seen to be 
independent of alkyl chain length, with an average value of 1.23. 
Because of the ca . 12% higher density of the hydrocarbon 
mantle in the solid phase, R kd will be smaller than RD by 
approximately 6% and, therefore, a constant factor of 1.16 larger 
than (Rk)< Using R Kd instead of (RK) in plots such as those in 
Figures 5 and 11 would therefore result in f a  values a factor of 
1.16 lower than the values listed in Table 5 for the solid phase, 
The f a  values and the f a  values in the mesophase given in 
Table 5 are of course unaffected by this preferred pathway 
problem.

Both of the factors discussed above would result in a decrease 
in the value of f a  compared with those given in Table 5. The 
combined effect of using T  from eq 17 for the characteristic 
time of intercolumnar recombination rather than ¿1/2 and the 
edge-to-edge distance in the plane of the molecules rather than 
(Rk) would be to decrease the f a  values for the solid phase by 
a factor of 1.36 from 0.79 to 0.58 A~' at room temperature and 
from 1.08 to 0.79 A“ 1 at —100 °C.

Temperature Dependence In the Crystalline Solid. The 
decrease in f a  with increasing temperature in the solid phase, 
shown in Figure 11 and Table 5, results from an increase in t\n 
(decrease in the decay rate) with increasing temperature, with 
the effect increasing with decreasing alkyl chain length. The 
recombination process would therefore appear to have a negative 
energy of thermal activation. This is illustrated more clearly 
in Figure 12, where the half-lives in the solid phase are plotted 
as log(i|/2) versus 1/71, for n — 6, 9, 12, and 18. The temperature 
dependence is seen to be particularly strong for PcOC6, with 
t\n increasing by close to 2 orders of magnitude on going from 
” 100 to -blOO °C. For PcOC9 and PcOCl2 the increases are 
less dramatic, by factors of approximately 10 and 4, respectively, 
over the same temperature range, and for the PcOCl 8 com
pound, no tendency to either increase or decrease with temper
ature can be discerned.

In general the results tend toward a constant plateau value 
of ¿i/2 at the lowest temperatures, with a thermally activated 
increase at elevated temperatures. The lines drawn through the 
data points in Figure 10 were calculated using the empirical 
expression

tU2 =  t 0 +  r A exp(—£ a/&„D (20)

The values of the parameters used are listed in Table 6. As 
can be seen, the limiting low temperature half-life* to, increases 
from 7 ns for PcOC6 to 1.3 ms for PcOCIS, more than 5 orders 
of magnitude. When the to values are plotted semilogarithmi- 
cally against (Rk), the f a  value found is 1.10 A” 1, which is 
only slightly larger than the value of 1.08 A “ 1 determined from 
the t\f2 data at —100 °C.

A decrease in the rate of electron transfer with increasing 
temperature is theoretically possible for highly exoergic (“in
verted region“) electron transfer processes, as in the present case, 
for which charge recombination is approximately 2 eV exoergic. 
The effect would, however, be expected to be quite mild.87*88 
For example, on the basis of the semiclassical equation for 
electron transfer, eq 2 1,89*90 the maximum inverse temperature
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TABLE 6: Activation Energies and Preexponential Factors 
Yielding the Solid Lines in Figure 12 According to Eq 20

compound r»(s) ta (s) £a (eV)

PcOCT 
PcOCI2 
PcOC 18

7.0 x
5.0 x
1.3 x
1.3 x

10 ',J 
| 0 '7
10‘“5
10

1.4 x 10 '4
5.0 x 10.1
0.1

0.17
0.13
0.23

dependence predicted would be l/7n5

IfKv:v
4 „ 2 f r  a e x p [ - ( A G v : r  +  L y / 4 L k ß T X ]  _  y

h "AB w.a0.5 {lVà)
( 4 7 t L k n  T % )

x  =  0 i v l 2 k x ; r )  coth { h v / 2 k n rn (21b)

In (21), / / An is the matrix element describing the electronic 
coupling between the initial and final states, AGht is the free 
energy change involved in the transition, L is the reorganization 
energy, and v is the frequency of the vibrational mode which 
most strongly couples to the electron transfer process. While 
more advanced theoretical treatments have been proposed, none 
would predict such a strongly negatively activated process as 
observed in the present work for the PcOC6 or PcOC9
compounds.

Experimental studies of highly exoergic, long-distance elec
tron transfer in compounds with barriers consisting of rigid

hydrocarbon bridges5,91 *92 have shown the rates to be close to 
independent of temperature. The rates of certain electron 
transfer processes in biological systems have been found to 
decrease somewhat with increasing temperature.03'"98 It has 
been proposed that this effect may be due to a decrease in 
density of the protein matrix with increasing temperature, 
resulting in an increase in the distance over which transfer must 
occur and, hence, a reduction in rate.99 Jortncr,7 however, has 
estimated that for a distance of 20 A and (i\\ =  1 A 1 the 
decrease in rate due to thermal expansion would be at most 
approximately a factor of 2 on going from —120 °C to room 
temperature, Much larger effects arc observed in the present 
materials. In addition, such a thermal expansion effect would 
be expected to be largest for the longest alkyl chain material, 
whereas the reverse is, in fact, found to be the case.

We conclude that the pronounced negative activation of the 
rate of recombination found for the present compounds is in 
some way related to conformational changes or fluctuations 
which occur at elevated temperatures within the hydrocarbon 
barrier and which result in a decrease in the overall electronic 
coupling between initial and final states.

The temperature dependence of the lifetime, as represented 
by (20), suggests that there are two processes operative, one of 
which is temperature independent and another which increases 
in prominence with increasing temperature and has a strong 
negative influence on the rate of electron transfer. A possible 
physical explanation would be if the barrier to electron transfer 
in fact consists of two regions: a strong coupling region, which 
would on its own result in rapid, temperature-independent 
electron transfer with rate fo, and a weak coupling region with 
a much lower transfer rate, Av If the two regions act in series, 
then the net electron transfer rate is given by

l / k v ; v  =  1 / k s  +  l / k  

or in terms of the characteristic times,

(22)

% r r , + (23)

The slowest rate then acts as a bottleneck to the overall reaction, 
If the influence of the weak coupling region in some way 
increases with increasing temperature, then this could result in 
a decrease in the overall rate and hence an effective negative 
energy of activation.

The observation that the negative temperature dependence is 
most pronounced for the shortest alkyl chains suggests thafthe 
weak coupling is associated with the interfacial region between 
the chain ends since this will play a proportionately larger role 
the shorter the chain. In Figure 13 a schematic representation 
of the hydrocarbon region between two phthalocyanine stacks
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F igure  13. Schematic representation o f  the complex barrier to electron 
transfer with a strong coupling region close to the macrocyclic cores 
and a weak coupling region caused by conformational fluctuations 
(“premelting”) in the interfacial barrier region.

is shown. We associate the strong coupling region within the 
barrier with all-trans chain configurations, which will probably 
dominate close to the macrocycle. The weak coupling region 
is associated with gauche kinks and van der Waals contacts, 
which will be most prevalent in the interfacial region.

The lack of perfect antiperiplanar (“all-trans”) order in the 
chains is indicated by the SAXS data in Table 2, which show 
that the intercolumnar distance is much shorter than the diameter 
of a molecule with a fully outstretched, all-trans chain geometry 
even in the mesophase, where the molecules are horizontally 
stacked. The fact that the density calculated for the hydrocarbon 
region is the same as that for solid alkanes despite the radial 
geometry of the tails is also difficult to explain without the 
occurrence of gauche configurations and/or intermeshing be
tween opposing chain ends.

It has been shown in NMR experiments on this type of 
compound that motion in the alkyl chains occurs even in the 
solid phase and that motional freedom begins at the chain 
extremities and gradually progresses toward the macrocycle end 
as the temperature increases.100,101 This may be seen as a form 
of outside-in premelting within the barrier. Such premelting 
effects have also been observed by NMR, Raman, and infrared 
spectroscopy to occur even in rc-alkane crystals which enter a 
rotator phase prior to melting.102*103 In this phase, according 
to ref 102, “...the /z-alkane chains start to perform uncorrelated 
large amplitude reorientation as well as translational niotion- 
s...the molecules take up conformation defects located at the 
end of the chains...while their central parts remain in an almost 
fully extended “trans” conformation,” Interestingly the inter- 
laminar gap between end methyl groups is found to increase in 
the rotator phase.

At low enough temperatures all motion will be frozen and a 
constant, temperature-independent rate of electron transfer would 
be expected, as is found. We therefore associate the values of 
ro with a conformationally completely rigid, crystalline hydro
carbon barrier. The barrier will, of course, still contain van 
der Waals gaps and quite probably frozen-in gauche kinks. It 
is not yet clear whether the negative effect of temperature on 
electron transfer is a static effect, due to an increase in the 
presence of “structural imperfections” in the interface region, 
or a dynamic effect, resulting from rapid conformational 
fluctuations in the structure. We tend to favor the latter 
explanation.

In terms of the premelting model proposed the hydrocarbon 
barrier is divided into a “crystalline solid” component with a 
(close to) temperature-independent lifetime for electron transfer, 
t s, associated with r 0 in (20), and a “quasi-liquid” lifetime 
component, the contribution of which is thermally activated and 
gives rise to the second term on the right of eq 20. We 
accordingly associate the activation energies in Table 6 with 
the premelting process. The 0,1 -0 .2  eV range of EA values is 
similar to that for the activation barriers of conformational 
changes in a-bonded chains.

On the basis of the above, the limiting fin value of 1,1 A-*1 
obtained at low temperatures can be associated with a “com
pletely frozen” (if not conformationally perfect) hydrocarbon 
barrier for all compounds. The values at elevated temperatures 
in the solid, however, refer to mixed media barriers in which 
electron transfer is controlled in part by the molecular structure 
and in part by conformational fluctuations with the relative 
importance depending on the chain length. Because the relative 
importance of the weak coupling component is larger for shorter 
chains, the values of /?r found at elevated temperatures in the 
solid phase are artificially low.

The Solid to Liquid Crystal Transition. At the solid to 
mesophase transition the hydrocarbon mantle becomes com
pletely molten, as evidenced by several observations: (i) a large 
change in enthalpy is observed in DSC measurements, as shown 
in Table 1; (ii) X-ray diffraction studies show the density of 
the alkane region to decrease from 0.95 to 0.82 g/cm3 (a value 
similar to that for liquid alkanes); (iii) the ca, 4.6 A X-ray 
reflection characteristic of alkane chain packing bccomes very 
diffuse;56 (iv) ,3C NMR spectra become sharp and indicate rapid 
motion at all positions in the alkane chain;100 (v) the dielectric 
loss suddenly increases10'1“ 106 due to motional freedom even at 
the dipolar ether linkages.

While the hydrocarbon mantle takes on the properties of an 
isotropic liquid, the phthalocyanine macrocycles remain colum- 
narly stacked and the intercolumnar spacing remains well- 
defined in SAXS diffraction patterns.56*57 One difference in the 
mesophase is that the Pc units are stacked horizontally rather 
than tilted, resulting in hexagonal packing of the columns and 
a singular intercolumnar distance, as shown in Figure 2, The 
edge-to-edge distance between neighboring phthalocyanine 
stacks, is listed in Table 3 and is seen to vary from 11.3 A 
for PcOC5 to 26.4 A for PcOC18.

In Figure 8 are shown conductivity transients taken 10° above 
the K D transition temperatures of the PcQC6, -9, and -12 
compounds. A marked increase in the time scale of the decay 
with increasing chain length, similar to that found for the solid 
phase at room temperature, is apparent. We conclude, therefore, 
that the decay of the conductivity in the mesophase of these 
compounds is also controlled mainly by long-distance electron 
transfer through the (now liquid) hydrocarbon mantle. The time 
scale of the decay is, in general, longer than found in the solid 
just below the transition temperature. These results will be 
discussed in more detail after first considering the “anomalous” 
behavior of the PcOC18 compound.

The conductivity transients for PcOCIH taken at 10° above 
the phase transition temperature are shown in Figure 9. In 
contrast to the shorter chain compounds, the decay is found to 
be very much faster in the mesophase than in the solid, with 
¿1/2 actually decreasing by 3 orders of magnitude. The decay 
is, in fact, even faster than found in the mesophase of PcOC12. 
As pointed out in a previous section, a marked decrease in the 
kinetic dispersion parameter a  from 0.6 to 0.2 is found to 
accompany this dramatic decrease in lifetime at the phase
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transition» as shown in Figure 10, whereas only relatively small 
changes in a  are found for the shorter chain compounds,

The anomalous behavior of PcOCIH cannot be attributed to 
a completely different mesophase structure since the SAXS 
pattern still displays the characteristics of horizontal columnar 
stacking of the Pc moieties and hexagonal packing of the 
columns. The compound is however found to have a very much 
lower viscosity in the mesophase than the shorter chain 
compounds and actually flows at at. 100 °C  This is in 
agreement with the much lower clearing temperature of 
PcOCIH: 247 °C compared with >300 °C for the other /nilkoxy 
derivatives. An anomalously high fluidity of the polysiloxane 
derivative of PcOCIH at 90 °C has* also been reported.107 We 
conclude that charge recombination occurs in the mesophase 
of PcOCIH preferentially by intercolumnar molecular ion 
diffusion rather than by intercolumnar electron tunneling due 
to the very low viscosity.

The average time scale of two-dimensional intercolumnar 
diffusion will be given approximately by the relationship

r * ^l) (24)

where J) is the intercolumnar distance and h the diffusion 
coefficient. 'Faking I)  — 42 A for the PcOCIH compound, the 
value of b required to result in a microsecond time scale for 
intercolumnar molecular diffusion is found to be 4 x 10 nvV 
s. Intercolumnar molecular diffusion has been studied by NMR 
in the mesophase of analogous triphenyiene deriva tives .T w o- 
dimensional diffusion coefficients on the order of 5 x 10 11 
itvVs were found. The larger diffusion coefficient for the 
triphenylenes is in accordance with the much lower clearing 
temperatures of a/, 100 °C for these compounds, indicating a 
weaker columnar cohesion of the macrocycles, as might be 
expected on the basis of the much smaller size of the triph
enyiene core.

The shorter chain PcOCV/ derivatives have much higher 
clearing temperature and do not display the low-viseosity flow 
characteristics of PcOCIH in their mesophase. We conclude 
that intermolecular diffusion is very much slower for these 
materials and that charge recombination therefore occurs mainly 
via long-distance intercolumnar electron transfer, as would be 
suggested by the chain length dependence shown in Figure 8.

The effect of the solid to mesophase transition on the half- 
life of the conductivity decay for FcOC6, -9, and -12 is shown 
in Figure 14. An increase in tw. is observed for all three 
compounds, although this is marginal for the PeOC6 compound. 
The effects are, in general, much less pronounced that might 
have been expected intuitively for such a dramatic change in 
the nature of the barrier, We conclude that the change from a 
rigid solid to a liquid medium has been discounted to a greater 
or lesser extent by the occurrence of premelting discussed in 
the previous section, This conclusion is consistent with the 
much more pronounced increase in tw  at phase transition 
for PeOCI2 than for PeOC6 since, as discussed in the previous 
section and as can be seen in Figure 12, the premelting 
phenomenon is more pronounced for the latter compound.

Distance and Temperature Dependence in the Mesophase* 
In Figure 11 the values of t\i* are plotted semilogarithmieally 
against the edge-to-edge intercolumnar distance in the me
sophase, R \)x for a temperature 10° above the phase transition 
and at 200 °C. If the data points for PcOCIH are discounted, 
for the reasons discussed above, reasonably good linear de
pendences are found, with /in values of 0,63 and 0,65 A 
respectively. These values are not subject to an uncertainty in 
the electron transfer pathway, as was the case in the solid, since 
the molecules are horizontally stacked and the preferred and
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Figure 14. Temperature dependence of the first lutlf-(ife of the 
conductivity decays for the PcOC’6, and “12 compounds in the region 
of the transition from die solid to the liquid crystalline phase at which 
the hydrocarbon chains melt (indicated by the vertical arrows).

shortest pathways for electron transfer coincide. The values 
are, however, subject to uncertainty as a result of the disperse 
decay kinetics. When values of the \!e decay lime V are plotted 
against ƒ{(> instead of the half-lives, the exponential distance 
parameter/Ju decreases by approximately 20% from 0.64 to 0.52
A 1.

While flu is temperature independent in the mesophase, the 
preexponential factor t'u in eq I1) decreases with increasing 
temperature, from 4.0 x 10 10 to 1,0 x 10 10 s over the at. 
100° temperature range studied, This corresponds to a positive 
activation energy of approximately 0.2 eV for the rate of charge 
recombination, There would appear, therefore, to be an energy 
barrier toward coupling to the hydrocarbon barrier in its liquid 
form. The eventual attenuation of the coupling within the liquid 
medium would however appear to be less than that for the 
crystalline solid on the basis of the /fo values found.

Summary

Charge recombination in pulse-irradiated columnar stacks of 
peripherally oeta-n-alkoxy-substituted phthalocyanines (PcOOi» 
with /; the alkyl chain length) is controlled by stack-to-.staek 
electron tunneling through the saturated hydrocarbon mantle 
which separates the phthalocyanine ctires for /i from 5 up to at 
least 18 in the solid phase and at least 12 in the liquid crystalline 
phase. The first half-life obeys an exponential dependence on 
the edge-to-edge distance, R , between nearest neighbor cores, 
as measured by X-ray diffraction.

/ 1/2 r,{ cxp(//uA’) (19)

At low temperatures in the crystalline solid t r  and fhi become 
independent of temperature and equal to 1,5 x 10 ^ s a n d  1.10 
A respectively. The corresponding distance parameter 
expressed in terms of the total number of methylene groups 
separating the cores, i.e. N  — 2n t is fix — 0.48, If account is 
taken of the tilt of the molecules in the slacks and the preferred 
pathway for electron transfer is in the direction of the plane of 
the molecules, i.e. along the alkyl chains, rather than over the... 
shortest distance, then flu is reduced to 0.95 A " 1.

The attenuation parameter is quite close to values which have 
been measured for rigid, saturated hydrocarbon bridges, e.g. 0.88 
A 1 by Paddon-Row et a l . r 7 0.9—1.1 A~1 by Miller et a l ./>u’ 
and 1,25 A 1 by Lewis et al.,u and recent values of 0.95 and



0.98 A-' measured for electron and hole tunneling through alkyl 
chains in organized thiol monolayers.43 It is, however, much 
larger than the value of 0.4 A“”1 derived in the pioneering 
experimental work of Kuhn.41 A possible reason for at least 
part of this discrepancy is given below.

At elevated temperatures in the solid phase, conformation 
fluctuations in the interfacial region of the hydrocarbon barrier 
cause the electron transfer rate to decrease with increasing 
temperature. This “premelting” effect is most pronounced for 
the shortest alkyl chains and illustrates how “artificially low” 
values of /?r can be measured for composite barriers containing 
both strong and weak coupling regions. This type of system is 
quite common in nature in the form of lipid bilayers and in 
laboratory systems, as, for example, in Langmuir—Blodgett 
films. It is possible that this is part of the explanation for the 
very low value of >3r reported by Kuhn and Mobius which was 
determined for LB films at room temperature. In the present 
work the effective value of / 3 r  at room temperature in the solid 
phase, 0.79 A"1, is considerably lower than the limiting low- 
temperature value of 1.1 A-1 because of fluctuations in the 
interfacial chain-end region which preferentially decrease the 
rate of electron transfer for the shorter chains at elevated 
temperatures.

At the transition from the solid to the mesophase the 
hydrocarbon chains melt completely and the barrier becomes 
liquid-like while the columnar order of the stacked phthalocya
nines remains. Because of premelting in the solid, the recom
bination kinetics remain almost unchanged for the n =  6 
compound at the transition. They do, however, become almost 
1 order of magnitude slower for n =  12.

In the mesophase the molecules are horizontally stacked and 
the preferred and shortest pathways coincide. The value of / 3 r  

is independent of temperature and equal to 0.64 A"1, with a 
corresponding value of /?n of 0.41. The preexponential factor 
t r ,  however, decreases with increasing temperature in the 
mesophase according to r R =  ( 6 x  10"13) exp(0.21/&BD, with 
k^T  in electronvolts. It would appear that while coupling into 
the rapidly fluctuating liquid medium involves an activation 
barrier, once “coupled-in”, electron transfer can extend to longer 
distances in the liquid than in the solid on the basis of the /3r 
values of 0.64 and ca. 1.0 A”1, respectively. To our knowledge 
the present measurements are the first to provide information 
on electron tunneling through an insulating liquid barrier with 
a well-defined width.

The present results clearly demonstrate that long-distance 
electron transfer is sensitive to the nature of the intervening 
medium. The use still by some of the simple through-space 
tunneling equation which gives /?R =  4jr(2mcVab)w,5//i, with Vab 
the barrier height, is therefore a gross oversimplification. For 
the present systems with a barrier height of ca . 3 eV, /?r =  1.8 
A”J would be predicted, which is much larger than the values 
measured.

Many theoretical treatments of long-distance electron transfer 
across polymethylene chains via through-bond coupling have 
appeared, and estimates of /3r in the range 0.5-1.0 A"’1 have 
been calculated.15,17“22’26,109,310 Comparison of the present 
results with such treatments of the influences of chain configu
rations and van der Waals contacts is considered to be premature 
and will require a more detailed understanding of the structure 
of the hydrocarbon barrier in these media. We hope that this 
will be achievable in the near future as a result of more detailed 
NMR and X-ray analysis. The premelting phenomenon ob
served and the “liquid” barrier data may perhaps be better 
discussed in terms of recent theoretical trfiiitmp.-nfs nf Irinas
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distance electron transfer in which the barrier is considered in 
more general terms.47,48,111-117
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