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INTRODUCTION

Many of the applications of new photonic and op-
toelect}ronic materials®* require that the compound or poly-
mer ofi interest be positioned in a highly regular spatial ar-
rangenj‘}ent, preferably within a thin film. A straightforward
corolla}ry of this requirement is that if it were possible to at-
tain thei regular spacing afforded by crystal packin g forces in
an orgzjmic thin film, many interesting materials properties
could lj)e probed. Although it is clearly possible to formu-
late crﬂrstallographically ordered polymers as a thin film,’
generaf routes for the preparation of films of varying thick-
ness are rare and their execution requires exceptional dedi-
cation and skill.

An alternative approach to the preparation of ordered
thin films is to employ compounds of low or medium mo-
lecular weight that can self-assemble. Organized molecular
assemblies within lipid bilayers play an important role in
phot()S}ffnthesis,6 and a series of very interesting artificial
systemé based on covalent or non-covalent associations be-
tween the ordered material and a support have been devel-
oped within the last several years.” Among various self-as-
sembling molecules, liquid crystals are a unique subset
whose properties can range from surfactant-like aggregates
to rigid rod-like arrays to disc-like stacks.*® The spontane-
ous order achieved in the liquid crystalline phase is often
rapidly restored by "self-healing”, if disturbed by some ex-
ternal perturbation. This spontaneous restoration of order is
both cofnnlon and essential to normal function in biological
systems, and analogous features can be highly useful for
practica@ applications of artificially designed ordered mate-
rials. F(})r example, a self-healing system can obviate order

Joumnal of the Chinese Chemical Society, 1993, 40, 321-327 321

Functionalized Porphyrin Discotic Liquid Crystals: Photoinduced Charge
Separation and Trapping1

Marye Anne Fox,* Allen J. Bard, Horn g-Long Pan, and Chong-Yang Liu
Department of Chemistry and Biochemistry, University of Texas ar Austin, Austin, TX 78712, U.S.A.

Individual members of a family of highly absorptive porphyrins bearing symmetrically positioned flex-
ible side chains form discotic liquid crystalline mesophases at modest temperature ranges. The order of this
phase is preserved when a thin layer of this self-assembled material is cooled to room temperature. Expo-
sure of such films to visible excitation, with or without an externally applied electrical field, produces pho-
tovoltaic effects and/or charge trapping. The latter effect constitutes the basis for optoelectronic informa-

defects in a way that is difficult to attain in solid crystals,
and films with this property can be recovered more easily
(by a heating-cooling cycle) from otherwise fatal fracture
that might take place during practical operation of a device
containing the material of interest.

Our interests have focussed on discotic liquid crystals,
a family of coin-shaped materials that tend to align along
their short axes, in one of the several conceivable arrange-
ments shown in Fig. 1."° Two types of anisotropic fluids are
possible: (1) stacked (columnar) arrays which differ in the

(a (b)

Fig. 1. Simple representations of possible stacking inter-

actions in discotic liquid crystals: (a) - (c) colum-
nar phases and (d) a nematic phase.!?
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degree of fixed order along the axis, and (2) scattered (ne-
matic) phases that align parallel, but not in stacks. Most of
the comutuent molecules of discotic liquid crystals have
molecular structures with a near planar aromatic core, sym-
metrically surrounded by long, conformationally flexible al-
kyl, alkoxy, or ester chains,® usually with six or more atoms
in the attached chains.'' The preferred alignment is thought
to derive from a balance between steric interactions between
the appended chains and &, 7 interactions along the stacked
cores. Various columnar discotic mesophases can also be
dlfferentlated by viewing alono the two dimensional colum-
nar lamce as shown in Fig. 2."* The physical characteristics
that lead to a preference for one arrangement over another
are not yet understood.

| The first reported discotic liquid crysml a benzene-
hem n-alkanoate, was described in 1977.% Its lowest energy
ab:orptxon maximum lies within the ultraviolet region of the
spectrum, making it difficult to study when dispersed as a
thin film on conventional optically transparent (metal oxide)
semiconductor surfaces. The first porphyrinic liquid crystal
was isynthesized by Goodby and coworkers in 1980 by
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Fig. 2. Possible orientations of columnar discotic meso-
phases viewed from a two-dimensional lattice.
Circles are used to denote planes normal to the
columnar axis and ovals are used to denote tilted
\ phases.®
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esterifying the acetic and propionic acid side chains of uro-
porphyrin I with dodecanol.'® Soon thereafter a liquid crys-
talline phthalocyanine was prepared and its discotic order
described." Unfortunately, this liquid crystalline phthalo-
cyanine showed no isotropic phase below 300 °C, making it
difficult to formulate as a thin film by standard methods.
Lower temperatures for the transitions to and from the dis-
cotic mesophase could be achieved with a liquid crystalline
porphyrin 1, synthesized in Austin in 1989," than could be
attained with this phthalocyanine. Subsequent investigation
showed 1a (M =Zn, R = n-CgH}5) to have interesting solid-
state photophysical properties'® and significant photocon-
ductivity, making it useful for photovoltaic applications.'¢!’

RH,C  CHyR
RH,C
CH,R
RH,C CH,R
RH,C  CH,R
la: R = O(CH,),CH,

1b: R = O(CH,)4CH,

We have therefore studied analogous members of the
family 1 with regard to their molecular structures, focussing
onlb (M =2Zn, R =CoHx) as amodel. We have also probed
the mechanism of charge separation in oriented, solid thin
films of 1a and 1b with the goal of probing its utility as a
light-absorbing self-assembling material in molecular elec-
tronic and optical devices. This article contains a brief re-
view of our reported progress toward this objective.

RESULTS AND DISCUSSION

Synthesis and Characterization of 1

The synthesis of 1 was accomplished by the acid-cata-
lyzed condensation of 3,4-bis(alkoxymethyl)pyrrole. The
preparation of this functionalized pyrrole was accomplished
through known routes, as outlined in Fig. 3."*'* Metallation
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was accomplished by heating a hot dimethylformamide so-
lution of the crude porphyrin under reflux for 15 min. in the
presende of excess solid Zn(OAc),. Phase transition tem-
peratures for the metallated porphyrins were determined by
differential scanning calorimetry (dsc) and by monitoring
light transmission changes with a polarizing microscope
equipped with a calibrated hot stage. The stability of 1 from
room temperature to about 350 °C in air was established by
the invariance of the dsc trace upon repeated heating and
cooling cycles. Compound 1a has a solid-to-columnar dis-
cotic liquid crystal phase transition (10.8 kcal/mol} at 107
°C and a discotic-to-isotropic transition (5.9 kcal/mol) at
162 °C; for 1b, these same transitions occurred at 86 “C
(14.9 kcal/mole) and 142 °C (5.2 kcal/mol). The assign-
ment of the liquid crystalline phase as a columnar discotic
phase Was based on low angle X-ray scattering measure-
ments' and the full miscibility of 1a and 1b with a columnar
discotic pllﬂlzllocyanille.13

TEhe spectral characteristics of 1 were typical of a func-
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tionalized porphyrin.’4 In particular, the absorption spectra
of 1, when measured in dilute solution, exhibited a strong
Soret band at about 400 nm and two weaker Q bands, re-
sponsible for their intense red color, at 540 and 570 nm."
The Soret band was blue-shifted and the Q bands red-shifted
upon aggregation, with discrete exciton bands appearing in
the region from 420 to 500 nm upon preparing an amor-
phous film by evaporative removal of solvent from the dilute
solution. Spectral resolution in this region was improved by
heating to the liquid crystalline phase, allowing the film to
reorder and self-heal, before cooling again to room tempera-
ture, where the other spectral measurements were made.
The quantum yield for fluorescence in the solid film was
found to increase with increasing order and becomes wave-
length-dependent, possibly because of an enhanced prob-
ability of ring-to-ring charge transfer through the mt-stacked
array. Fluorescence from the ordered film was temperature-
dependent, with significant changes in fluorescence inten-
sity being observed at the phase transition temperatures.
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Fabrication of Ordered Thin Films from 1

‘Thin films of porphyrin 1 were prepared by capillary
ﬁlling of the isotropic melt into a sandwich cell constructed
from two optically transparent indium tin oxide (ITO) elec-
trodes separated by a polymer spacer of defined thickness
(typically 0.5 to 5 pm), Fig. 4.7 By slowing cooling the
melted liquid through the liquid crystalline phase, the film
was allowed to self-heal, producing the spectral signature of
the w-stacked ordered film in the absorption spectrum. Al
measurements described in later sections were made at room
temperature with such ordered films.

It is also possible to prepare thinner uniform films of 1
by vacuum evaporative deposition onto a metal or ITO sup-
port. Although this technique has proved more difficult to
specifically control the thickness of the film, viable films
useful for device applications can be prepared. This mode
of ﬁhﬁ preparation also wastes material, with the entire sur-
face of the vacuum evaporator becoming similarly coated in
the process: as a result, the evaporation method is not rec-
omme“nded for preliminary structure-performance studies,
but rat;her only for optimization for specific applications
with aichosen material,

Mechanism of Charge Separation in a Solid Thin Film
of 1

Unexpectedly, the completely symmetric, unbiased,
undopéd sandwich cell prepared as described in the pre-
vious s\fection (ITO-1-ITO) produces, upon visible excita-
tion, a significant and stable open-circuit photovoltage and
short-circuit photocurrent,””® With the filtered (A > 400
nm) il]ilmination of a 150-W xenon lamp (intensity about
150 mW/cm?®), a stable photocurrent of about 0.4 mA/cm? is
produc{:d, with the illuminated ITO face charging negative,
ie,actingasa photoanode. After a small (<10%) initial de-
cay, phétocurrem production is sustained without noticeable

ITO electrodes
polymer spacer

Fig. 4. Schematic View of a Liquid Crystalline Thin
Layer Sandwich Device 17

Fox et al.

decay for months of repeated exposure to light. That the ob-
served effect is initiated by photoexcitation is clear from the
directional charge reversal attained by switching the face of
illumination of the sandwich cell. The observed photocur-
rent is linearly dependent on the incident light intensity at
values below a light flux of 10 photons s em™. The pho-
toaction spectrum (a plot of the relative intensity of pho-
tocurrent on incident wavelength) is dependent on the thick-
ness of the absorbing layer: with thicknesses at or below
about 1 pm, a close parallel between the action spectrum
and the diffuse reflectance absorption spectrum of the film
is observed. With thicker films, the relative intensity of
photocurrent produced by wavelengths greater than 500 nm
increases so that in a cell of about 3 pum thickness nearly
equal photocurrent production is observed upon excitation
into the Soret and Q bands, despite the much larger extinc-
tion coefficient of the former.

The observation of photovoltage and photocurrent
across-an unbiased, absorptive, ordered organic layer re-
quires the production and spatial separation of opposite
charge carriers in the photoexcitation event. Efficient pho-
toinduced charge separation in this sandwich cells requires
two separate photodriven events: (1) preferential injection
of one of the charge carriers (an electron or a hole) at the il-
luminated electrode; and (2) a substantial difference in the
photoconductivity and dark cBnductivi[y of the bulk absorp-
tive layer.

The observation that the illuminated electrode charges
negative implies preferential electron injection at the ex-
cited porphyrin-ITO interface, a phenomenon that can be ra-
tionalized as resultin g from the greater orbital overlap of the
photoproduced exciton with the empty conduction band lev-
els of ITO." This result is full accord with (he results of
Hall and coworkers who observed similar charging effects
in their measurements of open-circuit photovoltages ob-
tained with different metal electrodes employed in phthalo-
Cyanine solar cells that were prepared and studied under
vacuum.” It is also compatible with Currently accepted
mechanisms for photovoltage production (although much
less efficient than in the cells discussed here) across single
crystals of organic compounds, usually zone-refined poly-
cyclicaromatics.”** In such materials, exciton migration to
the surface of the contacting semiconductor electrode, fol-
lowed by dissociation and injection of one carrier, is the
dominant mode for photocurrent production. 2% Thus,
we suggest that, with no applied bias, the preferential pho-
toinjection of electrons into the illuminated electrode is re-
spoansible for the photoinduced asymmetry in these sand-
wich cells.'” The injection process itself thus resembles
spectral sensitization of a semiconductor electrode.”
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Both the unusual magnitude of the observed photocur-
rent and the observed dependence of the photoaction spectra
on cell thickness also require a second mechanistic photo-
process: the bulk generation of charge carriers and a means
by which these carriers can efficiently migrate to the inter-
face between the conductive ITO interfaces. For apprecia-
ble changes in dark and light-induced conductivity, the pho-
toresistance of the cell must decrease with increasing num-
bers of such charge carriers and must depend on their spatial
distribution within the bulk layer."” Both requirements are
met in the ITO-porphyrin-ITO sandwich cell described
above:

These two effects can be represented in the equivalent
circuit model illustrated in Fig. 5."” In this model, carrier in-
jection is represented as a variable current source jr operat-
ing in parallel with a capacitance C and a shunt resistance
R.. The bulk resistance R is decreased durin g irradiation as
more ¢llarge carriers are produced in the bulk, with the num-
ber of carriers (and, hence, the change in resistance) bein g
sensitive to the incident light intensity and the interfacial
voltage. For thicker layers, incomplete light penetration ad-
versely affects the through-layer conductivity and accounts
for the dependence of the photoaction spectra on film thick-
ness.

These mechanisms are also reasonable extrapolations
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Fig. 5. An equivalent circuit model for the operation of
an illuminated ITO-r-stacked porpyrin-ITO
sandwich cell.!7 A variable current source js is in
parallel with a capacitance C and a shunt resis-
tance R,, with photocurrent flowing as changes in
the bulk resistance R are induced by photoexcita-
tion of the light-absorbing layer.
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to the solid state from solution phase photophysical behav-
ior described for other columnar discotic compounds. For
example, the magnitude of exciton coupling in face-to-face
porphyrin dimers and trimers has been shown to depend on
solvation and local order,” with a low-lying virtual charge
transfer state near the lowest singlet being invoked to ex-
plain the increase in the intemal conversion rate constant at
the expense of other radiative and radiationless processes
and to account for the invariance of the aggregate lifetimes
(dimer and trimer) compared with that of the monomer.
Charge transfer complex formation in solution is also fa-
vored by the presence of interacting molecular aggregates,
with polarized absorption spectra of oriented thin films indi-
cating that charge transfer takes place along the stacked ar-
ray.”® Markovitsi and coworkers have also demonstrated
that one-dimensional singlet™ and triplet’® energy migration
can take place along the stacked axes of columnar liquid
crystals. These studies permit the determination of a singlet
exciton hopping time of 32 fs, a singlet exciton diffusion co-
efficient of 2.0 x 107 cm? s™', and an intrinsic trap molar
fraction of 107 in stacked triphenylenes.® Although some-
what slower hopping times (0.4 - 68 ps) were reported in the
triplet states of stacked phthalocyanines,* more efficient
energy migration was again observed in the liquid crystal-
line than in the solid, crystalline phase of the same com-
pound.

Phase-dependent Time-Resolved Microwave
Conductivity of 1

Consistent with the requirement for substantially al-
tered bulk conductivity for porphyrin 1 films, both 1a and
1b exhibit very low intrinsic dark Conductivity.33 Upon pro-
duction of a small concentration (less than 10 pM) of elec-
tron-hole pairs by a short pulse (2 - 20 ns) of ionizing radia-
tion (3 MeV electrons from a Van de Graaff accelerator),
however, changes in conductivity resulting from the pres-
ence of mobile charge carriers can be measured by a contact-
less time-resolved microwave conductivity technique. The
observed conductivity decays on a time scale much longer
than the pulse-width, with substantially enhanced decay
rates being observed at temperatures above the transition
temperatures into and out of the discotic liquid crystalline
phase.” The observation that long-range columnar order is
essential for the conductivity was interpreted as evidence
for the general supposition that electrons and/or holes move
rapidly along the axis of the column-stacked m-systems, as
had been asserted earlier for ordered phthalocyanines.”™
The minimum value for carrier mobility in the solid phase of
1a and 1b indicates small polaron motion between interact-

ing groups, with a jump time of 0.6 ps being estimated for
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the excited state of 1b at room temperature. Clearly, given
that charge transport can occur very rapidly within a self-as-
sembled array of porphyrin moieties, such aggregates con-
stitute reasonable synthetic model systems to Crudcly mimic
energy and charoe transport in biologically important light
collection arrqys

Charge Trapping in Thin Films of 1b

‘These same films can be used as the basis for a high
density, high speed, low volatility, reusable material for data
storage.'”*" The large difference between bulk conductiv-
ity in the dark and under illumination permits dark charge
trapping which, in turn, can be read as a stored electro-opti-
cal data point as either a dark open-circuit voltage or a light-
induced short-circuit discharge photocurrent. This informa-
tion can be written, read, and/or erased by simultaneous ap-
phcatlon of an electric field and a light pulse.

By applying a constant bias during pulsed irradiation
or a pulsed bias under steady illumination, charge trapping
takes place across of thin film of 1b in which initially vacant

traps within the ordered layer are filled with electrons. The
high dark resistivity of this layer (>10"* -cm) makes it pos-
sible to freeze these charge carriers by switching off the
light. The written information can then be read out later by
irradiation with a "read beam", producing a release of elec-
trons by an anodic discharge spike for information stored
under a negative bias.>’ Holes can be trapped and released
analogously with an initial positive bias.”’

Time-resolved photophysical studies have shown that
the rise-time associated with the write pulse with 1b is in the
nanosecond range."” Storage densities of about 3Gb/cm?
have been estimated from determination of spatial resolu-
tion by the use of the highly localized electric filed supplied
by the sharp tip of a scanning tunneling microscope *’
The stored information can be accessed many times, the
short-circuit current readout signal retaining more than 60%
of its initial readout value after 1500 readings, even better
results being probable after employing a refreshing cy-
cle.**” No irreversible changes in the film composition
could be detected after even one billion charge-discharge
cycles.*®¥

CONCLUSIONS

The synthesis of a family of columnar discotic liquid
crystalline porphyrins has provided access to an interesting
class of materials that exhibit unusual photovoltaic effects
and can be employed in a new kind of opto-electronic infor-

mation storage device. The compounds’s "self-healing”

Fox et al.

through m-stacking in the liquid crystalline phase makes
practical the fabrication of ordered solid films of this family.
The contrasting dark resistivity and high photoconductivity
of these arrays is a critical criterion for successful charge
separation and trapping.
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