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Purification and characterization of
phthalocyanines
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L5L 1J9, Canada

The technical details of a simple train sublimation (carrier gas) system for purification of
organic materials are given and the refining procedure is described. A study of the effects
of purification on metal free phthalocyanine (H,Pc), magnesium phthalocyanine (MgPc),

copper phthalocyanine (CuPc), vanadyl phthalocyanine {VOPc), zinc phthalocyanine
{ZnPc) and lead phthalocyanine {PbPc) was carried out by means of optical absorption,
X-ray diffraction, electron paramagnetic resonance, sublimation behaviour and photo-
voltaic data. It was found that train sublimation improves the quality of the pigments
considerably. Spectroscopic results indicate the presence of a second phase in the purified

MgPc.

1. Introduction

In recent years organic materials have been recog-
nized as a possible alternative to inorganic semi-
conductors in photovoltaic solar cell applications
and much work has been done to study their
photophysical properties. In our laboratory con-
siderable effort was directed towards the develop-
ment of Schottky-barrier photovoltaic cells
employing a dispersion of phthalocyanine particles
in a polymer binder as photoactive layer [1]. In
spite of the progress made, it was recognized that
the high internal resistance of this type of device
imposes severe limitations on the photovoltaic
output.

There are several possibilities to reduce the
internal resistance of organic solar cells. One way
is to reduce the thickness of the photoactive layer,
For instance changing from a particle dispersion
to ultra thin evaporated organic p- and n-type
films. Tang er al. have shown earlier [2] that this
is a feasible approach.

Further improvement of solar cell performance
ought to be possible by means of doping and
spectral sensitization. One of the objectives of our
work is to examine the application of organic
semiconductors in the fabrication of thin film p—n
junction devices.

Metallophthalocyanines were chosen as p-type
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materials for this purpose because they possess
well known photophysical properties and are
thermally and chemically stable. But soon it
became apparent that some of the phthalocyanine
dyes, as obtained from the supplier, contained
large amounts of unwanted impurities. This made
sublimation very difficult, resulted in contamin-
ation of the vacuum system, and led to poor
phthalocyanine films. If better results were to be
obtained the dyes had to be purified prior to the
vacuum sublimation. The purification method had
to be fast, simple and inexpensive, which excluded
the application of high vacuum sublimation tech-
niques used by other workers [e.g. 3—5]. Instead
the train sublimation approach was chosen,

The sublimation system set up for this work is
described in some detail in the next section. The
effect of purification on the physical properties
of metal free phthalocyanine (H, Pc), lead phthalo-
cyanine (PbPc), copper phthalocyanine (CuPc),
magnesium phthalocyanine (MgPc), zinc phthalo-
cyanine (ZnPc) and vanadyl phthalocyanine (VOPc)
was studied. The purified materials were character-
ized by several methods which are outlined in Sec-
tion 3 together with the measured data,

The discussion of the results with the conclu-
sions are presented in Section 4, followed by a
summary of the purification study.
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2. Purification of phthalocyanines

The purification technique used in this work is
known as train sublimation, carrier gas sublimation,
entrainer sublimation or zone refining. (This type
of zone refining should not be confused with the
zone refining technique used in single crystal puri-
fication as for example described in [6].)

In spite of the fact that this method is referred
to rather often in the literature feg. 3, 7, 8] it is
practically impossible to find exact technical
details. Some parameters regarding the operation
of a train sublimation are given in [9] and [10].

In order to correct this situation the apparatus
and the purification process are described below
in some detail.

2.1. The train sublimation system

Fig. 1 shows schematically the arrangement of the
system components. The main element isa S00 mm
long heater tube made from Cu, with an outer
diameter of 50mm and a 30 mm bore. The end
where the sublimation takes place is heated by
means of two heater bands, while the opposite
end is cooled with a water coil (}” Cu-tubing, 9
windings). Five small holes distributed evenly
along the heater tube permit to measure the tem-
perature profile with a thermocouple. The heater
tube arrangement is mounted in an asbestos
housing and thermally insulated with glasswool.

cooling
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The material to be purified is placed into a
glass tube, which is approximately 600 mm long
and has a diameter of 25 mm. Pyrex glass is suf-
ficient if phthalocyanines are purified (sublimation
temperature 400 to 500°C), because this type
of glass has a softening temperature above 580° C.
The pyrex tube is inserted into the heater tube
just so far that the dye is located between the
heater bands (Fig. 2b and ¢).

A rotary vane pump is used to maintain a flow
of purified N,gas through the system: this
improves the heat flow in the glass tube and helps
to transport the sublimed vapour towards the
cooler end. An Edwards Pirani gauge indicates the
gas pressure, whereas the flow rate is monitored
with a Gilmont flowmeter No. F1 200.

The liquid nitrogen cold trap prevents the
contamination of the rotary pump by volatile
impurities and decomposition products, which are
released during the purification process.

2.2. Operation of the purification system

A good separation of purified materials and non-
volatile impurities in the pyrex tube is obtained
with a constant temperature gradient along the
heated tube, i.e. when the temperature drops
linearly with distance from the heater bands.
Fig. 2a shows a typical temperature profile as
observed during the purification of ZnPc. Such a
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Figure 1 The train sublimation system (schematic).
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Figure 2 (a) Temperature distribution along the heater tube (typical); (b) relative positions of the system components,
and (c) typical result of a train sublimation (ZnPc, heater voltages U, = 136 V, U, = 102V).

linear temperature profile is achieved under the
following conditions:

(a) the spacing between the heater bands is
25 mm;

(b) the voltage V, applied to the heater band
towards the cold end is 25% lower than V; at the
first heater band or V,/V; = 0.75;

(c) the gas pressure is approximately 200 Pa;

(d) the gas flow-rate is approximately 11sec™
at 200 Pa; corresponding to 141h™! at atmospheric
pressure.

Each purification cycle generates a Cu-oxide
layer on the heater tube surface, which leads to a
change in heat transfer from the heaterbands to
the pyrex tube. Therefore it is not possible to give
an absolute expression for the temperature as a
function of the voltages applied to the heater-
bands.

Under the conditions pointed out, it takes 2%
to 3 hours for the system to reach maximum tem-
perature and about the same time to cool down to
300K once the heaters have been switched off.

The pyrex tube is then taken out of the heater
tube and cut into convenient sections. From these
the purified material is collected and kept in tinted
bottles to prevent ultraviolet exposure.

2.3. Sublimation results

Once the train sublimation process was completed
at least five zones in the pyrex tube could be
identified. A black fluffy low density powder
remained, where the starting material had been.
Only the H,Pc (we used the x-form [11] as starting
material) did not show this kind of residue; instead
a trace of greyish-brown powder was left behind,
which was retained for electron paramagnetic
resonance (EPR) investigation. The black residues
did not dissolve in hot a-chloronaphthalene or
concentrated sulphuric acid, which indicated the
absence of the starting material. All purified
phthalocyanines formed two zones of deposits
(Fig. 2¢): a short ring of amorphous material with
a lighter colour than the starting material, and a
longer region of crystalline material which was
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darker in colour. The lighter deposits grew always
towards the hot end and the transition between
the two regions was abrupt with no space in
between. Generally, the temperature at the tran-
sition line was 10% below the maximum tempera-
ture.

Following the purified phthalocyanine regions,
several sharp zones of coloured impurities existed.
The amount of impurity deposits at the cooled
end (yellowish brown materials) demonstrated
the variation in the purity of the starting materials.
The purity of the phthalocyanine strongly depen-
ded on the supplier and varied from batch to
batch. Materials which we have synthesized were
relatively clean and only light brownish films
formed as impurity depositions. Impurities from
Eastman Chemical MgPc A7G and ZnPc produced
brownish and white crystalline layers, which were
approximately 2mm thick. In case of Pfaltz and
Bauer PbPc and Eastman MgPc A7J the impurity
depositions blocked the exit of the pyrex tube
when the same amount of starting material was
used as with the other phthalocyanines.

The yield, i.e the amount of purified material
collected from the pyrex tube with respect to
the amount of starting material used also varied
greatly with the degree of starting material purity.
It was about 80% in case of VOPc, 42% for MgPc
A7G and as low as 25% for PbPc.

No attempts were made to identify the impuri-
ties still present in the purified materials or to
determine the nature of the impurity depositions
in the tubes.

ABSORPTION (arb. units)

3. Characterization of purified
phthalocyanines
To determine the effects of zone refining on the
physical properties of pnthalocyanines the purified
materials were characterized by means of optical
absorption, X-ay diffraction, EPR, photosen-
sitivity, and vacuum sublimation behaviour.
Unfortunately, only little of the light coloured
materials was deposited per purification, barely
enough to prepare the samples for the absorption
measurements. Therefore, none of the other char-
acterization studies could be carried out on this
type of purified phthalocyanines.

3.1. Optical absorption spectra

Absorption spectra of particle dispersions in poly-
mer binder, prepared from the purified materials,
have been measured, using the differential tech-
nique described in [9]. The light coloured materials
and the darker species showed always the same
spectra. Fig. 3 demonstrates this for PbPe,

The absorption characteristic of light blue
H,Pc (Fig. 4a) clearly identifies the §-polymorph
[9]. The light coloured variety of ZnPc and CuPe
exhibited similar spectra, i.e. they also deposited
in the B-form. VOPc¢ (Fig. 4b) shows a mixture of
phase 1 and phase II polymorphs, according to
the results given in [9].

In the case of MgPc (Fig. 4c¢), however, the
absorption spectra not only showed the “normal”
structures at 640 mm and 690 mm [12] but also an
additional strong line at 850nm, which to our
knowledge has not been reported before.

Figure 3 Absorption spectra of
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A {nm)
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purified PbPc, (a) light coloured
modification and (b) dark col-
oured modification.
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Figure 4 Absorption spectra of purified phthalocyanines
(a) H,Pc, (b) VOPc and (c) MgPc.

3.2. X-ray diffraction

The purified phthalocyanines were investigated by
means of X-ray diffraction in order to establish
their crystal structures. The results generally con-
firm the optical absorption data. Four phthalo-
cyanines, namely H,Pc, CuPc, MgPc and ZnPc,
formed QB-type crystallites. VOPc crystals were
identified as phase II, whereas in the case of PbPc
none of the known phthalocyanine structures
could be identified. The data indicate a triclinic
unit cell with the following dimensions, ¢ = 1.408
nm, b = 0.731 nm, ¢ = 1.292 nm and a = 96.1°.

3.3. EPR-spectra
The EPR measurements were performed at room
temperature using a Varian E102 spectrometer.
Table I lists some of the measured results.

PbPc is known as a diamagnetic material [10],

and should at best exhibit only a weak EPR
absorption line. The observed strong signal of the
unpurified material (Fig. 5a, a) must therefore
originate in the admixed impurities. This line at
g =~ 2.003, which is caused by free spins [8, 13],
was considerably reduced in the purified PbPc
(Fig. 5a, f), indicating the removal of a large part
of the impurities during the purification process.
The asymmetric shape of the EPR signal is typical
for some diamagnetic phthalocyanines [13].

ZnPc also showed a strong reduction of the
ESR spin signal after purification (Fig. 5b). This
time the symmetric line shape is not changed.

The difference in signal characteristic was very
pronounced in the case of CuPc (Fig.5c). It
changed from a powder type spectrum to one with
more crystalline features, which makes it impossible
to determine whether impurities were removed or
not.

More complex spectra were obtained from the
VOPc samples. Here the EPR signals (Fig. 5d) were
a superposition of a broad single line and the
unresolved octet of the VO ion [14]. The overall
signal amplitude showed an increase of approxi-
mately 30% after purification.

x-H,Pc showed the expected EPR spectrum
[15]: a broad background signal plus the free spin
line at g~ 2.003 which is accompanied by the
two nine line Cu-multiplets (Fig. 6). The ampli-
tude ratio of free spin line to the strongest multi-
plet line was approximately R = 2. The transition
from x to 8 form might account for the different
background signal of the purified H,Pc (Fig. 7).
The free spin line and the multiplets were more
dominant and R increased to ~ 3. A comparison -
of the intensity of the free spin signal before and
after purification gives an eightfold increase in the
spin density (number of spins per mg).

The EPR spectrum of the H,Pc residue shows
the same general features as that of H,Pc. The
amplitude ratio, R, however, was 15 times higher
(R =~ 30) and the free spin density was a factor
of 46 higher.

In case of MgPc two batches were studied and
therefore four samples are listed in Table I. MgPc2
was purified from batch A7G and MgPcl10 from
A7) under similar conditions. The EPR spectra
resembled the inset of Fig. 7, i.e. they showed
a strong free spin line at g =2.003 and two Cu-
multiplets sitting on a broader undergroud. The
ratio, R varied from 200 to 400.

The two crude materials differed by =~ 20% in
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TABLE I Results of EPR measurements

Sample Free spin line* Background line Remarks
Line width st RE Line width &7 z
(&) (&)

PbPc L02080 7.4 - - - - -

PbPc purified 7.75 48x%x10™% - - - -

ZnPc A3B 5.63 — — — - -

ZnPc purified 4.63 93x107% - - - -

CuPc — — — — — 2.076 line distorted, no free
spin line observed

CuPc purified - - - 45 - 2.067

vopcAS - - - 381 - 2.018

VOPc purifiedé - - - 412 1.2 2.014 shows two weak lines at
g=3.502andg=1.410

x-H,Pc 5.5 - 2 1175 - 2.035

H,Pc 6.25 8 3 background has compli-
cated structure

H,Pc residue 4.9 46 30 1350 - 2.505

MgPc A7G 3.75 - 340 250 - ~2.003

MgPc 2 3.75 1.8 400 250 - ~2.003 background lines domi-
nated by multiplets

MgPc A7J 3.75 - 300 250 - ~2.003

MgPc 10 5.1 1.7 200 250 - ~2.003

*g ~ 2.003.

+5 _ Spin concentration of purified sample

spin concentration of crude material *
amplitude of free spin line

maximum amplitude of multiplets*

iR:

Sthe free spin line might be hidden under the broad signal atg ~ 2.016.

spin concentration. This was not greatly changed
by the purification, because both purified samples
showed roughly the same increase &6 ~175%
of the free spin density. It was found that 6§
increased in a linear fashion with the temperature,
7, at which the train sublimation was carried
out.

3.4. Effect of purification on the
photosensitivity of phthalocyanines

In order to study the effect of purification on the
photoelectrical properties of the phthalocyanines,
Schottky type solar cells were prepared as des-
cribed in [16]. From photovoltaic measurements
the short-circuit currents and the charge carrier
generation efficiency were determined (see Table
1I).

Cells 1 and 2 were made from unpurified and
purified VOPc A respectively. For reasons which
are not yet understood it was impossible to reduce
the particle size of the purified VOP¢ to less than
2um, even after extended periods (16 days) of
ball milling in methylene chloride [17]. Therefore,
some of the purified material was further subjected
to a single acid pasting process and then used to
make Cell 3.
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Cells 4 and 5 were prepared from untreated
VOPc B and VOPc¢ C respectively, two materials
that showed high photosensitivity [18]. The results
obtained for these two cells are included here to
provide a “calibration standard”.

From the data in Table Il it is evident that the
purification resulted in a 100% increase of photo-
sensitivity (Cells 1 and 2). A reduction of particle
size lead to another 50% increase (Cells 2 and 3)
which amounts in a total sensitivity improvement
of 300% (Cells 1 and 3). (The final stage of manu-

TABLE II Effect of purification on the photosensitivity
of VOPc

Cell Short circuit  Charge carrier Materials
current generation efficiency  used
Jge (wA/cm?)  at 620 nm, ¢ (%)
1 21.0 8 VOPc A
2 455 17 VOPe A
purified
VOPc A
3 65.0 25 purified and
acid pasted
4 76.0 29 VOPc B
5 96.0 37 VOPc C
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Figure 5 EPR spectra of unpurified (o) and purified (8) phthalocyanines (a) PbPc, (b) ZnPc, (c) CuPc and (d) VOPc.

facturing VOPc A comprised three acid pasting
processes already. Therefore, the increase in
photosensitivity from Cell 2 to Cell 3 cannot be
caused by further purification during the addi-
tional pasting. Hence, it has to originate in the
reduction of particle size which also occurs during
this process.)

Comparison with Cells 4 and 5 furthermore
indicates that the train sublimation of a relative
poor material such as VOPc A [16] yields a puri-
fied product, with properties comparable to those
of the best VOPc materials.

3.5. Vacuum sublimation behaviour

The change in behaviour during vacuum subli-
mation of films due to the purification was most
drastic in case of MgPc, ZnPc, and PbPc (see
Table III for MgPc). These materials needed an
outgassing period of at least 1h, when heated
the first time, and still 20 to 30 min after several
heating cycles. During the vacuum sublimations the

pressure usually rose to more than 3.3 x 107%Pa.
The onset of sublimation was not well defined
and occurred over a relatively large range of the
heating current. Also the rate of sublimation fluc-
tuated strongly and puffing occurred rather fre-
quently, i.e. unsublimed phthalocyanine powder
was blown out of the boat onto the substrate,
rendering the sublimed film useless. Once all the
phthalocyanine was sublimed the same type of
fluffy black residue remained in the boat, as was
created during the train sublimation.

The other unpurified materials behaved not as
badly. They needed less time for outgassing and
sublimed at pressures below 1.3 x 107 Pa. Their
tendency for puffing was not as high and they
sublimed with relatively steady rates.

After the starting materials were purified, they
showed much improved sublimation character-
istics, which then were very similar for all the
phthalocyanines studied. The outgassing time was
reduced below 5min for the first heating cycle

2787



— 1000G |-

X2

50G

Figure 6 EPR spectrum of x-H,Pc before purification (the amplitude of the inset is magnified 2 times).

and to practically zero for subsequent subli-
mations. Usually the pressure remained below
1.3x 10™Pa. In some cases sublimations were
performed at 2 x 107°Pa. The onset of subli-
mation was very sharp and once a certain evapor-
ation rate was established it remained relatively
stable. Puffing of a purified material occurred only
in one case where the deposition rate was very
high (3 1.4nmsec™!); it never happened during
normal operations with rates around 0.2 to
0.5nmsec”!. No black residue was found in the
boats after the phthalocyanines were sublimed.

A sample of the VOPc, used to prepare Cell 3
(Table 1), was vacuum sublimed in order to check
whether the acid pasting had adverse effects on the
improved characteristics. But no change in sub-
limation behaviour was observed.

3.8. Effect of repeated purification
In order to study the effect of repeated purifi-
cation, a sample of already purified ZnPc was sub-
limed a second time.

In this case the starting material sublimed com-
pletely and nearly all of it deposited again as
ZnPc, ie. no residue was left behind and no
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impurity depositions were observed. The optical
absorption of the ZnPc¢ after this second purifi-
cation was identical with that of the starting
material. The photosensitivity improved only
slightly by less than 10% and the vacuum subli-
mation behaviour did not change at all [19].

No X-ray analysis or EPR study of this sample
were made.

4. Discussion and conclusions

The results showed clearly that the train subli-
mation procedure is a simple and effective method
to purify organic pigments.

The spectroscopic characterization of the puri-
fied materials from both zones indicated that all
phthalocyanine deposits are of the §-modification
with the exception of VOPc¢ and MgPc. VOPc
deposited in phase 1.

In case of MgPc a new polymorphic form was
discovered which exhibits an absorption maxi-
mum at 850nm (Fig. 4¢). Effects of light scatter-
ing can be ruled out as the origin of this line
because they should also create additional struc-
tures in the spectra of H,Pc, ZnPc and CuPc
which were not observed. This result and the fact
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Figure 7 EPR spectrum of H,Pc purified from x-H,Pc (the amplitude of the inset is reduced by one half).

that a similar additional absorption line was seen
in a sublimed MgPc film (Fig. 8), suggest strongly
the existence of a second phase. From VOPc it
is well known that such a second phase can give
rise to an additional near infrared absorption band.
However, additional evidence is still needed to
establish the existence of phase-11-MgPc beyond
doubt.

In the case of PbPc a comparison with other
workers’ results is difficult, because little has been
published regarding the structure of this material.
The unit cell dimensions given in Section 3.2 are
quite different from those reported by Ukei [20],

TABLE 1II Change in vacuum sublimation character-
istics of MgPc¢

Characteristic  Unpurified Purified

>3.3X107%Pa
1 hto 15 min

Pressure ~5X107%Pa

Outgassing 5 min to 0 min

Onset of broad current range sharply defined
sublimation (10 A) tA)

Rate of

cublimation fluctuates and changes  very steady

Puffing of
material

occurs very

occurs readily eldom
8

Residue after
sublimation

some black fluffy

none
powder

who found a distance of only 0.373nm between
neighbouring Pb atoms along the stacking axis
of the molecules. It remains to be seen whether
this discrepancy is a result of a difference in modi-
fication; further work along this line is in progress.

The EPR results show a definite removal of
impurities only in the case of PbPc and ZnPc.
These materials are diamagnetic, therefore the
large signals found in the unpurified samples had
to be due to paramagnetic impurities. The much
smaller spin concentrations in the purified
materials prove that a considerable part of the
impurities is indeed removed. Metal-free phthalo-
cyanine changed from the x- to the §-form during
the zone refining process, and therefore the
observed increase in free spin concentration can
be caused by two mechanisms, either

(a) creation of decomposition products due to
the high sublimation temperature, or

(b) formation of structural disorder which
accompanies the modification change.

The latter mechanism, according to [15],
should dominate in this case, because the tran-
sition occurs from a highly ordered phase (x-form)
to a usually very disordered polymorph (8-form).

Boas et al [10], however, found that their
observations on the purification of ‘‘ordinary”
H,Pc could be explained satisfactorily with

2789



Mechanism (a). Analogue reasoning, i.e. the increase
of free spin density due to decomposition pro-
ducts, can be applied to describe the EPR results
of VOPc and MgPc (Table I). In case of MgPc the
analogy goes even further because of the linear
relation between the free spin concentration and
the purification temperature, mentioned in Sec-
tion 3.3, which was also reported in [10] for H,Pc.

The creation of spins during the train subli-
mation of H,Pc, VOPc and MgPc most likely
obscured any removal of impurities which might
have occurred simultaneously. This is certainly
the case for MgPc and VOPc because these
materials are paramagnetic themselves and there-
fore the removal of paramagnetic impurities is
not expected to influence the EPR signal to any
great extent.

Because the EPR spectra of CuPc exhibited
dissimilar characteristics it was not possible to

ABSORPTION (arb. units)

1 ] ] 1 ]
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Figure 8 Absorption spectrum of a vacuum sublimed
MgPc film, 260 nm thick.
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compare the areas under the absorption lines.
Therefore, no information regarding a change of
impurity concentration could be obtained. From
these results it becomes obvious that EPR spec-
troscopy cannot be used to assess the efficiency
of the purification process on H,Pc, VOPc, MgPc
and CuPc.

The positive effects of the purification on the
phthalocyanines is demonstrated most impress-
ively by the improvement of the vacuum subli-
mation properties and the increase in photo-
sensitivity. The latter effect has only been studied
for VOPc, but there is no obvious reason why the
other materials should behave differently.

One of the most striking differences in the sub-
limation behaviour is the considerable reduction
of the outgassing time. If this was caused simply
by a decrease in surface area due to the formation
of crystallites, then the old outgassing behaviour
should reappear once the particle size is reduced
to the original dimensions. One way this can be
achieved is to acid paste the purified material,
which has been done in case of VOPc¢ to prepare
Cell 3. However, the sublimation characteristics
of this material did not change. Hence the decrease
in outgassing is clearly a result of the increased
purity of the phthalocyanines due to the train
sublimation,

From the results of the study of repeated puri-
fications of ZnPc, we conclude that practically
all impurities are removed during the first train
sublimation. As we are primarily concerned with
photovoltaic applications of phthalocyanines, we
feel that the nearly negligible increase in photo-
sensitivity due to a second sublimation step would
not justify the additional time and costs involved.

5. Summary
The technical details of a simple zone refining
system have been described. H,Pc, CuPc, VOPc,

ZnPc, MgPc and PbPc were purified and character-

ized by several techniques. The results show that
most of the impurities contained in the starting
materials are removed in one purification step
resulting in a considerable improvement of the
material characteristics. Some evidence for a
second phase in MgPc has been found.

Acknowledgement
The authors would like to thank T. Bluhm who
provided the X-ray diffraction results.



References

1.

N

R. 0. LOUTFY and J. H.SHARP, J. Chem. Phys.
71 (1979) 1211.

C.N. TANG, A. P. MARCHETTI and R. H. YOUNG,
U.S. Patent number 4 125414 (1978).

I. A. KIRYUKHIN, K. N. LOBANOVA, Yu.A.
POPOV, Yu.Kh.SHANLOV and V.A.BENDER-
SKI1, Russian J. Phys. Chem. 50 (1976) 380.

A. R.MCGHIE, A. F. GARITO and A.J. HEEGER,
J. Crystal Growth 22 (1974) 295.

C. HAMANN, Kristall Technik 6 (1971) 491.

W. G. PFANN, “Zone Melting”, (John Wiley and
Sons, New York, 1966).

P.S. VINCETT, E. M. VOIGT and K. E. RIEKHOFF,
J. Chem. Phys. 55 (1971)4131.

P. E. FIELDING, in “Energy and Charge Transfer in
Organic Semiconductors”, Edited by K. Masuda and
M. Silver (Plenum Press, New York, 1974) p. 91.

R. O. LOUTFY, Canadian J. Chem. 59 (1981) 549.
J. F. BOAS, P.E.FIELDING and A.G.MCKAY,
Aust. J. Chem. 27 (1974) 1.

J. F. BYRNE and P. F, KURZ, U.S. Patent number

12.

13.

14.

15.

16.

17.
18.

15.

20.

3357989 (1967).

A. K. GHOSH, D.L.MOREL, T. FENG, F.SHAW
and C. A. ROWE, J. Appl. Phys. 45 (1974) 230.

J. B. RAINOR, M. ROBSON and A.S. M.
TORRENS-BURTON, Royal Chem. Soc. Dalton
Transactions (1977) 2360.

G. E. PAKE and T. L. ESTLE, ‘“The Physical Proper-
ties of EPR”, (W.A.Benjamin, Inc., Cummings,
1973) p. 229.

J. R.HARBOUR and R.O.LOUTFY, J. Phys.
Chem. Solids 43 (1982) 513.

R.O.LOUTFY, J.H.SHARP and C.K.HSIAO,
U.S. Patent number 4 175982 (1979).
TZER-HSIANG HUANG, Private communication.

S. GRAMMATICA and J. MORT, Appl. Phys. Lett.
33 (1981) 445.

A. M, HOR and R. O. LOUTFY, Canadian J, Chem,
submitted (1982).

K. UKEL J. Phys. Soc. Japan 40 (1976) 140.

Received 1 July
and accepted 15 December 1981

2791



