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The ultraviolet photoelectron spectra have been measured for a- and f-forms of copper phthalocyanine

at 183 °C, to investigate the correlation of photoemissive behavior with crystal structure.

Their threshold

ionization potentials were 4.8; and 4.6,eV ** with polarization energy of 1.2, and 1.5,eV, respectively.
This difference could not be explained by calculation with point charge-point dipole approximation, but
calculation with distributed charge on the cation and distributed induced dipoles on the nearest neighbor
two molecules gave semi-quantitative agreement with the experimental findings.

The phthalocyanines are used as pigments or photo-
receptors, and their structures are similar to those
of porphyrins such as chlorophyll and hemoglobin;
accordingly they have been extensively studied.l~®
Copper phthalocyanine (CuPc) is representative. In
1963, Vilesov et al.9 measured its photoelectron spec-
trum. In 1968, Schechtman and Spicer?) reexamined
this and compared the density of the occupied states
of CuPc from experimental results with that derived
from theoretical calculations. This revealed a good
agreement between them. In 1978, Berkowitz® mea-
sured the photoelectron spectra of various phthalo-
cyanine compounds in the gas phase.

As is well known,? 19 CuPc exists in different crys-
tal structures as o-, f-, and x-forms. The B-form
is the most stable and the others are metastable at
room temperature. It is interesting to study the de-
pendence of photoemissive behaviors on their poly-
morphism. From these measurements we could es-
tablish a correlation between the molecular packing
and the electronic structure.

In this paper, we report the threshold ionization
potential of «- and B-CuPc by means of ultraviolet
photoelectron spectroscopy (UPS). There is 0.2, eV
difference in the threshold ionization potentials between
them. We believe this to be the first UPS study of
polymorphs of organic crystal with known structures,
which permit a detailed analysis of the origin of the
difference between the two forms.

Experimental

Two samples of CuPc were used and gave the same
results. One of them was prepared and purified as de-
scribed previously.!» The other was supplied by Dainihon
Ink Co. Ltd., and was used without further purification.
The sample film was prepared on a Cu-substrate by
evaporation and measured in situ in vacuum of 105 to
10-% Pa; the film thickness was controlled around 50 nm
and measured with a quartz thickness monitor. The a-
and B-polymorphs were prepared by evaporation on the
substrate at room temperature and 250 °C, respectively.
The resultant structures were examined by X-ray diffrac-
tion, and the data agreed with those in the literature.?:19

t On leave from the Institute of Chemistry, Academia
Sinica, Beijin, China.
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The light source of the photoemission machine was a
Hinteregger-type hydrogen-discharge lamp used in conjunc-
tion with a 0.5 m Seya-Namioka-type monochromator. The
energy of the photoelectron was analyzed with a retarding-
potential-type energy analyzer as reported previously.l®
The energy resolution was about 0.2 eV. All the observed
values were reproducible within +0.05eV.

Results and Discussion

Initially, we tried to measure the photoelectron
spectra of a- and f-CuPc at room temperature. The
measurement of the a-form was not difficult, but for
the f-form there was a severe charging of the sample.
This is probably due to the low conductivity of the g-
form at room temperature. As reported by Wihksne,
dark conductivity of f-metal free phthalocyanine is
105 times lower than that of «-form at 180 °C, and
further, this difference is expected to increase at room
temperature.’) It is reasonable to assume similar
relations for the o- and B-CuPc. This experimental
difficulty was revolved by elevating the temperature
to increase the conductivity of the g-form. We found
that the a-form does not change to g-form below 200 °C,
then both forms could be measured at the same tem-
perature (183+2 °C).

The photoeletron spectra of the - and «-forms at
this temperature, 183+2 °C, and that of a-form at
room temperature using a photon energy of 7.8 eV
are shown in Fig. 1 as curve a, b, and c, respectively.
Table 1 lists the photoemission threshold values I
obtained from these curves using the Einstein relation
I*=hv—Ef>, where Ei™ is the maximum kinetic
energy of the photoeletrons.

From Table 1, we see that I® of the a-form at
183 °C is a little lower than that at room temperature.
Most of this we can ascribe to the coupling of ionizing
electronic excitation with low-energy modes of lattice
phonon which satisfy Aw< kT, where fw is the phonon
energy quantum, k£ the Boltzmann factor, and T the
temperature. Using the theory of Duke,'® a lowering
of I)* proportional to T%2 is expected. With a
theoretical value of proportional constant for benzene
with all lattice phonon modes taken into account,®)
we can estimate a lowering of =0.18 eV, which is
comparable with the observed value for «-CuPc.
Since all the lattice phonon modes of phthalocyanines
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- AND ~-COPPER PHTHALOCYANINE
Threshold ionization potential Polarization energy
Crystal eV eV
form
Crystal Crystal at Gas Crystal Crystal at
at RT 183 °C at RT 183°C
o 5.0,+0.05 4.8,+0.05 6.15% 1.0, 1.2,
p — 4.6,+0.05 6.15% — 1.5,

a) Estimated froma Berkowitz’s data (Ref. 8).

Elev

Fig. 1. Photoelectron spectra of copper phthalocyanine
at w=7.8eV in kinetic energy (Ey) scale. a: -
form at 183 °C, b: a-form at 183 °C, and c¢: a-form
at room temperature.

will appear in the region Aw<100 cm~—11% all modes
will contribute to the temperature dependence in both
the «- and p-forms. Therefore we can expect that
the temperature dependence of I/* is almost common
in the two phases, and its difference will not play an
important role in discussing the I difference of
o- and f-forms at the same temperature.

From Table 1, it can be seen that there is a small
but distinct difference 0.2; €V in threshold ionization
potentials between the two crystal forms. According
to Lyons,'®) the ionization potential of solid is deter-
mined by gas phase ionization potential and its
lowering due to the electric polarization of the mol-
ecules surrounding the cation, which is called polariza-
tion energy. In Table 1, the polarization energies
obtained by using gas phase threshold ionization po-
tential of 6.15 eV® are also listed.

The present results indicate that the polarization
energies of the two crystalline forms are different.
Our work offers the first experimental evidence for
the dependence of photoelectron spectra on poly-
morphs of known strucure. In 1978, Nielsen!®
reported the substrate dependent ionization and po-
larization energies of dibenzotetrathiafulvalene and
explained the experimental results as due to the forma-
tion of different structure or orientations. However,
he did not show the direct evidence to demonstrate
the existence of different crystalline forms.?)

The polarization energy of molecular solid con-
structed with nonpolar molecules can be considered
as the interaction energy of the charge of the cation
and electric multipoles induced on surrounding mole-
cules.’® For simplicty, we will neglect multipoles
higher than dipole and the interaction among dipoles.

In general, the charge on the cation and the dipole
for the neutral molecules are distributed over each
molecule. If we represent them by a point charge
and a point dipole at the center of the molecule, the
polarization energy can be expressed as!®

2

€
Ps - 2'1 27‘[6
where r; is the distance vector of i-th molecule from
the cation, 7,, its absolute value, ¢, electronic charge,
«, the molecular polarizability tensor, and summa-
tion is taken over all the molecules in the crystal
except the ionized molecule.

To obtain a roughly correct order of P,, calculations
with more simplified forms!8:19

Py = kePad—4/3,

riar, ( 1 )

(2a)
or
Py = (e*/2p) (1—1/e), (2b)

are known to be useful, where £ is a constant, «, the
averaged molecular polarizability, d, the density, p,
half of r, of the nearest neighbor molecule, &, the
optical permissivity which can be estimated from «
and k. In the present case of CuPc, « is common
to the «- and f-forms, and d is also almost the same
(1.62 and 1.61) for «- and p-forms, respectively.20-22)
Therefore, such simple formulae cannot be used to
explain the difference in P, in these forms.

We calculated P, of both forms using Eq. 1. Since
there seems to be no experimental data of «, we ex-
pressed the polarizability perpendicular and parallel
to the molecular plane as o, and bog, respectively.
The data for other molecules suggest that o«,=30Xx
10-27m32%) and b is between 2 and 3.23:24) The crys-
tal structures of a- and f-forms? are shown in Fig. 2.
The summation in Eq. 1 was taken for molecules
within cubes of edge length of [=60, 80, 120, and 200 A.
They showed good linear relationships with 1/I, and
the extrapolation to /[=oo gave the values P; in Table
2. The values for the a-form are larger than those of
the f-form, which does not agree with the observed
results. Further, the calculated values are too large.

In order to improve this situation, we took account
of the distribution of charges and dipoles on the cation
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Fig. 2. Molecular arrangements in copper phthalo-
cyanine crystals of (a) «- and (b) S-forms.!®)
——— : b-Axis, N-N: Molecular plan. The angle
between the b-axis and the molecular plane for the
a- and f-forms are 65.2° and 45.7°, respectively.

TABLE 2. CALCULATED POLARIZTION ENERGIES

e
paralrsr(x)gt.(e)fyb Form PyfeV BleV P,/eV
2 bd 3.35 0.85 1.45
B 2.24 1.01 1.53
3 o 4.06 1.15 1.86
B 3.05 1.41 2.05
and the nearest neighboring two molecules. As seen

in Fig. 2, the overlap of the cation and nearest neighbors
is large in both forms of CuPc, and the validity of the
point-charge and point-dipole is dubious for the in-
teraction among these molecules. When we divide
P, into the contribution from the nearest neighbors
4, and that from the other molecules B (P;=A4,+B),
4, is overwhelmingly large as shown in Table 3. Thus
the examination of A, is important.

The highest occupied orbital of CuPc is known to
be the m-orbital shown by the bold line in Fig. 3.7:8:25)
We approximated this with a dotted square in Fig.3,
and assumed a uniform charge distribution of total
amount of e. As for the dipole distribution, we
adopted the ‘“‘submolecular concept,” 2:27) where we
regard a large aromatic molecule as an aggregate of
independently polarizable aromatic rings. This treat-
ment is known to give reasonable dielectric properties
for large molecules.?:2?) We treated CuPc as 12 ag-
gregated rings in Fig. 3, with each ring represented
by a dipole at its center. The polarizability of each
ring was assumed to be 1/12 of o, and ba,.

Initially, we calculated the electric field at the
center of each ring by the distribution charge on the
cation, and calculated the induced dipole and the
dipole-electric field interaction energy. These were
summed for the twelve rings to give the total contri-
bution 4, from the nearest neighboring two molecules.
For comparison, we also calculated the values for point
charge-distributed dipole(4,) and distributed charge-
point dipole (A4;) approximations. Table 3 lists these
values. We see that the values of both forms decrease
by the consideration of distributions, but the change
of a-form is much more than that of f-form. As a
result, the difference between the two forms becomes
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TABLE 3. CONTRIBUTIONS OF NEAREST NEIGHBOR TWO
MOLECULES TO POLARIZATION ENERGY CALCULATED
WITH VARIOUS APPROXIMATION FOR b=2.

Form A,/eV®) A,[eVD) Ay[eVO) AyleVD
o 2.50 1.28 0.75 0.60
B 1.23 0.96 0.72 0.52

a) Point charge-point dipole, b) Point charge-distributed
dipole, c) Distributed charge-point dipole, d) Distributed
charge-distributed dipole.

Fig. 3. Molecular structure and the highest occupied
n-orbital (bold line) of copper phthalocyanine. The
dotted line indicates the approximated charge ar-
rangement.

very small, in particular for the distribution of the
positive charge in the cation.

The values of P, reevaluated as P,=A,-+B is shown
in Table 2. The values of a-form become larger than
those of f-form, in agreement with the experimental
findings. Further, the absolute magnitude of P, is
comparable with the observed values, although the
estimation of o, may include considerable error. We
should note that the ratio of P, values of «- and f-
forms does not depend on «, but only on &.

Although the above estimation of P, is very ap-
proximate, we may safely say that the extended dis-
trubution of charges on the cation(and maybe the
distribution of dipoles on neutral molecules and the
anisotropy of polarizability) results in a very small
difference for the contribution of the nearest neighbor.
This made the total P, difference to be determined
by a larger difference of B. This is instructive about
the role of the charge distribution, since at first glance
of Fig. 2 we may expect a larger P of a-form because
of the smaller center-to-center distance and a larger
overlap of molecules than in the f-form. Studies of
the P, of aromatic hydrocarbon crystals using a similar
formulation will be interesting, since those molecules
are not stacked as in CuPc, and the effect of charge
distribution may be not so important as in the present
case. The validity of simplified formulae Eq. 2a and
2b can be also examined.

Finally we wish to stress the usefulness of studying
polymorphs for a detailed examination of the theory
of polarization energy. If the theory is satisfactory,
it should explain the data of two or more polymorphs
using the same molecular parameter «, and this will
restrict the degree of freedom in adjusting the theore-
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tical parameters much more than in studying different
compounds. Further future studies of various poly-
morphs with known structures are therefore desired.
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thank to Prof. I. Koyano and Dr. N. Sato for their
helpful discussion, and to Dr. T. Kobayashi for the
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authors (Chen Shang Xian) is indebted to Yamada
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