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Preparation and Luminescence Properties of Organic Thin Films Obtained
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by Various Chemical Methods
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Various organic thin films were obtained by vacuum deposition of poly(p-phenylene) (PPP) synthesized by
three different methods: Grignard coupling of p-dibromobenzene (PPP-Y), and two kinds of oxidative cationic
polymerization of benzene (PPP-K by a CuCly,—AlCl3 system and PPP-T by a CuCl-AlCl3—-O; system). The
IR absorption band at 760 cm™?, which is attributed to a mono-substituted benzene ring, was stronger for the
PPP thin films than that for the original PPP. The deposited thin films were partially soluble in THF and
chloroform. The electronic absorption spectra of the PPP-K and the PPP-T thin film solutions had shoulders
near 410 nm, while that of the PPP-Y film did not. The emission spectra had a peak at 375 nm for the PPP-
K and the PPP-Y solutions. In contrast, the PPP-T solution had emission peaks at 465 and ca. 500 nm in
addition to a peak at 380 nm, and the excitation spectrum for the peak at 465 nm was quite different from that
for the peak at 380 nm. As for thin films, the PPP-K and the PPP-Y had emission peaks at 400—500 nm,
while the PPP-T had an emission peak at 615 nm in addition to the peaks at 400—500 nm. The difference in
the emission spectra is discussed in terms of the difference in contaminating by-products in the corresponding
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PPP.

Recently, conducting polymers such as poly(ace-
tylene), poly(p-phenylene), poly(pyrrole), poly(thio-
phene), and poly(aniline) have attracted considerable
attention as one of the organic materials for electronics.
These are useful as the materials for secondary bat-
teries, electronic devices, indicative elements, chemical
sensors, functional electrodes, etc.V

Poly(p- phenylene) (PPP), one of the conducting
polymers, has superior heat resistibility and high elec-
trical conductivity upon doping (500 S cm™!, as doped
by AsF5).2 The methods used to synthesize PPP can
be roughly classified into two groups, i.e., chemical®—>
and electrochemical methods.®) The benefit of the chem-
ical method is that PPP is easy to synthesize on a large
scale. Especially, in the method which the present au-
thors have recently developed, PPP can be obtained
on a large scale by using a smaller amount of catalyst
than the conventional method.®) The PPP synthesized
by the chamical methods, however, is hard to handle. It
is dufficult to take advantage of the properties of PPP
as a macromolecule because PPP is usually obtained in
the form of insoluble and unprocessable powder by the
chemical methods. On the other hand, PPP which is
synthesized by the electrochemical method is obtained
in the form of a film. In this method, however, it is
not easy to synthesize PPP on a large scale by the or-
dinary way. A specially-designed technique is required
to obtain PPP electrochemically on a large scale.

A vacuum deposition method to obtain inorganic
thin films by a dry process has made progress with
the development of semiconducting devices in the past
twenty years. The preparation of organic thin films
by a dry process has been investigated from the view-
point of application to devices. The organic thin film
made by the vacuum deposition method is suitable for

manufacturing electronic devices. Organic thin films
of polymers,” especilly of PPP which was synthesized
by chemical methods,®®) was already obtained by this
method. In the latter reports, it was proposed that the
PPP molecules in the thin film are oriented perpendic-
ularly to the surface of a substrate. The physical prop-
erties of the thin film, however, have not been reported
yet.

Compared with the film synthesized by an electro-
chemical wet process, the organic thin film obtained by
the vacuum deposition dry process is expected to have
great advantages in the production of electronic devices.
Because of the potential conjugation of benzene rings,
PPP is also expected to have special physical properties.
Thus, it is very important to obtain precise information
on the physical properties of a PPP thin film. For ex-
ample, the photoluminescence property of PPP powder
was already reported.'® However, the same property of
a PPP thin film has not been reported yet to the best
of our knowledge.

In this paper, organic thin films were obtained by vac-
uum deposition from three kinds of PPP powder, which
were synthesized by three different chemical methods.
The IR spectra of the obtained thin films imply that
the molecular weight of the PPP, of which the thin films
consist, is lower than that of the source materials. Fur-
ther, it was revealed that the existence of by-products
in the PPP powder affects the luminescent behavior of
the thin film obtained from the powder. The lumines-
cent behavior of the thin film also depends upon the
synthetic method of the source material.

Experimental

Preparation of PPP. Three synthetic methods were
used for the preparation of the PPP powder, which was
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Fig. 1.

The IR spectra of the powder (dashed lines) and the FT-IR spectra of the thin films (solid lines) of a) the

PPP-T, b) the PPP-K, and c) the PPP-Y. The thin films are deposited on KBr cleaved surfaces.

the source material for thin film preparation. (a) The first
method is commonly referred to as Kovacic’s method;®
AlCl3 (33 g) was used as a catalyst and CuClz (10 g) as
an oxidant. A polymer (3.0 g) was synthesized from ben-
zene (78 g) by an oxidative cationic polymerization. Here-
after, the polymer prepared by this method is referred to
as PPP-K. (b) In the second method, which is referred
to as Yamamoto’s method,” p-dibromobenzene (11.2 g)
was polycondensed in THF (60 cm®) by a Grignard cou-
pling reaction with a NiCly(2,2-bipyridine) complex (50
mg) as a catalyst, resulting in a polymer (3.6 g) referred
to as PPP-Y. (c) The last method has been recently devel-
oped by the present authors.”) By a CuCl (5.0 g)-AlCl3
(20 g)-0O2 catalytic system, benzene (78 g) was polym-
erized by oxidative cationic polymerization, resulting in a
polymer (5.2 g) referred to as PPP-T.

Each PPP powder was purified by stirring in THF for
24 h to remove low-molecular-weight components which are
soluble in organic solvents. These three kinds of polymers
were characterized as PPP by comparing their IR spectra
with the reported one.!")

Vacuum Deposition. The apparatus used for vacuum
deposition was a Shinku-kiko VPC-260F vacuum chamber.
A cleaved KBr single crystal was used as a substrate for the
preparation of a sample for FT-IR measurement, and non-
fluorescent fused quartz was used as a substrate for other
spectroscopic measurements. The substrates were held 11
cm above the molybdenum boat used as an evaporation
source holder. When the pressure in the bell-jar reached
2x107° Torr (1 Torr=133.322 Pa) by evacuation, heating
of the source was started. The boat was heated at a rate
of 1 °C s7! starting from room temperature. In the case of
PPP-K and PPP-T, the depositing procedure was stopped
when the temperature of the boat reached 680 °C because
the vapor pressure decreased at that point and the depo-
sition almost ceased. In the case of PPP-Y, heating was
stopped at 480 °C. A PPP thin film of a few thousand A in

thickness was obtained from 50 mg of the source material.
The film thickness was measured by an ULVAC CRTM1000
crystal oscillating thickness monitor.

Spectroscopic Measurement. A Shimadzu FTIR-
4000 Fourier-transforming IR spectrometer, a Hitachi type
340 self-recording spectrometer, and a Hitachi MPF-4 fluo-
rescent spectrometer were used for the measurement of FT-
IR spectra, electronic absorption spectra, and luminescence
and excitation spectra, respectively. The excitation spectra
were corrected by using a spectrum corrective attachment
and Rhodamine B as a photon counter. Each spectroscopic
measurement was carried out at room temperature. Fluo-
rescence-spectrum-grade chloroform supplied from Nacalai
Tesque, Inc. was used as a solvent for luminescence mea-
surements.

Results

IR Spectra and Solubility of PPP Thin Films.
Figure 1 shows the IR spectra of the three kinds of PPP,
namely PPP-K, PPP-Y, and PPP-T, in the form of both
powder and deposited thin films, respectively. The IR
spectra of the thin films deposited on the surfaces of
cleaved KBr single crystals showed specific absorption
bands at 1480 (corresponding to the ring vibration of
a benzene ring), 1000 (corresponding to the C-H in-
plane deforming vibration of a benzene ring), and 810
cm™~! (corresponding to the C-H out-of-plane deforming
vibration of a para-disubstituted benzene ring), which
are attributed to PPP.!V It was confirmed from the
spectra that all kinds of PPP could be used as a source
material to give an organic PPP thin film by the vacuum
deposition technique.

By comparing the IR spectra of the thin films with
those of the source powder, information on molecular
weight is obtained. The intensity of the peak at 760
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Fig. 2. The electronic absorption spectra of the solu-

tions obtained from a) the PPP-T thin film, b) the
PPP-K thin film, and ¢) the PPP-Y thin film, in
chloroform at room temperature.

cm™1, corresponding to the C—H out-of-plane deforming
vibration of a mono-substituted benzene ring (the end
group of the polymer chain), was compared with that of
the peak at 810 cm ™!, corresponding to the same vibra-
tion of a para-disubstituted benzene ring (inner parts
of the polymer chain), in both the thin film and the
source powder. The relative intensity of the peak cor-
responding to the mono-substituent was much stronger
in the case of the thin film than that in the case of the
powder. In other words, the ratio of the benzene ring
at the end of the polymer chain to that in the inner
part was higher in the case of the thin film than that
in the case of the powder. Therefore, it was supposed
that only the components with a low degree of polymer-
ization were evaporated and deposited, or deposition of
polymer by heat resulted in a decrease in the degree of
polymerization. This trend was observed in all three
cases of PPP.
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The source material was washed very well with THF
and, therefore, contained few THF-soluble components.
When the film deposited on a substrate was immersed
in THF or chloroform, however, parts of the film could
be removed from the substrate, resulting in dissolving in
the solvent or forming precipitates in the solvent. This
fact also supports our supposition that the deposited
PPP contains low-molecular-weight PPP oligomers.

Spectra of the Solutions Obtained from PPP
Thin Films. The vacuum-deposited PPP thin films
were partially soluble in THF and chloroform, while
the PPP powder used as source material was rarely sol-
uble in organic solvents. Figure 2 shows the electronic
spectra of chloroform solutions obtained from the three
kinds of PPP thin films. In the case of the solution of
the PPP-Y thin film, only one peak was observed at
310 nm. On the other hand, in the case of the solutions
of the PPP-K and the PPP-T thin films, two shoulder
peaks were observed near 410 and 530 nm in addition
to the main peak at 310 nm.

The luminescence and the excitation spectra of the
chloroform solutions of the PPP thin films are shown in
Fig. 3. One peak was observed at 375 nm in the emis-
sion spectra of the solutions of the PPP-Y and the PPP-
K thin films. The excitation peak for this emission was
observed at 305 nm. This wavelength was almost equal
to that of the absorption maximum of the solution of
the corresponding PPP. On the contrary, the lumines-
cence spectrum of the solution of the PPP-T thin film
consisted of peaks at 465 and c.a. 500 nm in addition to
that at 380 nm. The excitation peak corresponding to
the emission peak at 380 nm was observed at 300 nm,
while the excitation peaks for the emission at 465 nm
were observed at 266, 338, and 416 nm, which was dif-
ferent from that at 380 nm. This situation was specific
for the PPP-T thin film.

Electronic Absorption Spectra of PPP Thin
Films. Figure 4 shows the electronic absorption spec-
tra of the PPP-T(a), the PPP-K(b), and the PPP-Y(c)
thin films deposited on fused quartz substrates. The
electronic spectra of the PPP-T and the PPP-K thin
films were quite similar to each other, and mainly con-
sisted of two peaks at ca. 210 and ca. 330 nm. In addi-
tion to the main peaks, shoulder peaks were observed
at ca. 290 and ca. 410 nm in the spectrum of the PPP-
K thin film and ca. 410, ca. 460, and ca. 520 nm for the
PPP-T thin film. In the case of the PPP-T, there may
have been an additional peak near 290 nm, although it
was hidden by the shorter side of the main peak at ca.
330 nm.

The spectrum of the PPP-Y thin film differed a little
from the above spectra, consisting of main peaks at 220
and 280 nm. The peak at about 330 nm was unclear.
No shoulder peak was observed at wavelenghts longer
than 400 nm.

Luminescence and Excitation Spectra of PPP
Thin Films. Figure 5 shows the luminescence and
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the excitation spectra of the three kinds of PPP thin
films. Although the emission spectrum of the PPP-T
thin film was clear as shown in Fig. 5a, the emission
of the PPP-T powder was so weak in intensity that its
measurement was rather difficult. Thus, the emission
maximum of the PPP-T powder was detected to be at
670 nm with very weak bands at ca. 430 and ca. 470
nm. The luminescence spectrum of the PPP-T thin
film resembled that of the powder and consisted of the
maximum at 615 nm. Much weaker bands were also
observed at 437 and 466 nm as in the case of the powder.
Two peaks were observed at ca. 270 and ca. 320 nm in
the excitation spectrum.

The emission spectrum of the PPP-K powder con-
sisted of a maximum peak at 600 nm, peaks with
medium intensity at 435 and 458 nm, and shoulders
at ca. 490 and ca. 520 nm. This spectrum was quite
similar to that already reported,'® although the maxi-
mum wavelength was a little shorter in the present case
than in the reported case. On the other hand, in the
luminescence spectrum of the PPP-K thin film shown
in Fig. 5b, a maximum at 488 nm and shoulders at 425
and 453 nm were observed. Surprisingly, no peak was
detected at 600 nm in the case of the thin film. The
excitation spectrum consisted of peaks at ca. 270 and
ca. 340 nm. The excitation spectrum of the PPP-T thin
film (corresponding to the emission at 645 nm) and that
of the PPP-K thin film (corresponding to the emission
at 488 nm) resembled each other in spite of the differ-
ence in the emission wavelength.

The emission spectrum of the PPP-Y powder con-
sisted of peaks at 456 and 484 nm, and shoulders at
ca. 430 and ca. 520 nm. This spectrum was similar to
that already reported.!® In the emission spectrum of
the PPP-Y thin film shown in Fig. 5¢, two peaks were
observed at 425 and 452 nm. The emission maximum
of the thin film was different in wavelengh from that of
the powder, and the emission intensity of the thin film
was stronger than that of the powder. The excitation
spectrum of the PPP-Y thin film consisted of peaks at
235 and 277 nm, and a shoulder at ca. 370 nm.

Discussion

Decrease of Molecular Weight by Vacuum De-
positon. It has been proposed that the C—C bond
of an organic polymer is cleaved by heat to form cor-
responding oligomers with lower molecular weight than
the original polymer, and the resulting oligomers then
evaporate by vacuum to deposit on a substrate.” An-
other possibility is that a polymer dissociates by bond
cleavages into monomers, which evaporate and re-polym
erize on a substrate to form a thin film of the polymer.
The fact that a tacticity change is not observed in vac-
uum deposition of polystyrene,'? however, implies that
the polystyrene does not dissociate into monomers but
into oligomers, which evaporate to produce the thin film
of the polystyrene.
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Fig. 3. The photoluminescence spectra (solid lines)

and their excitation spectra (dashed lines) of the solu-
tions obtained from a) the PPP-T thin film (Aex=300
nm, Aem(---)=380 nm, Aem(—+—~)=465 nm), b) the
PPP-K thin film (Aex=305 nm, Aem=375 nm), and
c¢) the PPP-Y thin film (Aex=305 nm, Aem =375 nm)
in chloroform at room temperature.

In the present case of PPP, the source material is
estimated not to be contaminated with low molecular
weight components, which have been removed by wash-
ing the source material with THF. Therefore, the fact
that the thin film becomes partially soluble in organic
solvents clearly demonstrates the bond cleavage by vac-
uum deposition, resulting in a decrease in molecular
weight.

Furthermore, an increase in the spin density of PPP
by vacuum deposition also supports the above consider-
ation. The ESR spectra of PPP-Y, PPP-K, and PPP-
T, in both the thin film and the powder forms, were
measured by using a JEOL JES-PE-1 ESR spectrom-
eter. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was used
as a standard for spin density. By assuming the lin-
earity of the height in the ESR signal to the number
of radicals, the spin density of the PPP was roughly
estimated. In the case of PPP-Y, the spin density of
the source powder is low at 1.3x10'® spins/g, which in-
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Fig. 4. The electronic absorption spectra of a) the

PPP-T thin film, b) the PPP-K thin film, and c)
the PPP-Y thin film deposited on fused quartz sub-
strates at room temperature. The dashed lines show
the 10-times-enlarged spectra.

creases to 5.1x 106 spins/g for the thin film. This fact
suggests that the number of radicals increases by bond
cleavege, which supports the above concepts of the de-
crease in molecular weight by bond dissociation. On
the other hand, the spin density values of the two thin
films obtained from PPP-K and PPP-T, whose original
values are high at 6.3x10'7 and 2.1x10'® spins/g for
PPP-K and PPP-T, respectively, decrease to 1.2x107
and 4.1x107 spins/g, respectively. Even if this seems
to be contrary to the above concept, it can also be ex-
plained by bond dissociation as follows. PPP-K and
PPP-T originally have a large number of radicals. If
the bonds cleave and the chain length of the molecule
becomes shorter, then the radicals become unstable and
form bonds by coupling to each other, resulting in a de-
crease in the spin density.

The polymerization degrees of the PPP-K and the
PPP-T powder used as source material are proposed to
be 15'® and a little lower than that,® respectively. The
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Fig. 5. The photoluminescence spectra (solid lines)

and their excitation spectra (dashed lines) of a) the
PPP-T thin film (Aex=280 nm, Aem =615 nm), b)
the PPP-K thin film (Aex=280 nm, Aem =488 nm),
and c¢) the PPP-Y thin film (Aex=270 nm, Aem =425
nm) deposited on fused quartz substrates at room
temperature.

average degree of polymerization is calculated to be 16
for the PPP-Y powder from the C/Br ratio (49) in el-
emental analysis, assuming that unreacting Br atoms
still remain at both ends of the polymer chain. Con-
cerning the thin films, the polymerization degree is es-
timated to be about 10 comparing the intensity ratio
in the IR spectra of the PPP thin films with that of
the hexamer of benzene (p-sexiphenyl) as a standard.
Therefore, the polymerization degree decreases from
15—16 to about 10 by vacuum deposition.

Electronic Spectra of PPP Solutions. The
three electronic spectra in Fig. 2 can be classified into
two groups. The spectra of PPP-K and PPP-T resem-
ble each other, while that of PPP-Y differs from both.
The spectrum of the PPP-Y solution consists of a single
peak at 310 nm. On the contrary, the peak at 310 nm
becomes broader in the longer wavelength containing
shoulder(s) at ca. 410 nm (PPP-K) and at ca. 410 and
ca. 530 nm (PPP-T) in the spectra of the PPP-K and
the PPP-T solutions, respectively.

The electronic spectra of some para-linked benzene
oligomers have been reported.'*) For example, benzene,
p-terphenyl, and p-quaterphenyl have absorption peaks
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at 254 (39300 cm~1), 277 (35980 cm~!), and 290 nm
(34500 cm™1!), respectively. The maximum wavelength
is shifted longer as the number of benzene rings in-
creases. The band gap of a high polymer (PPP) is esti-
mated to be 340 nm (3.5 eV) on the basis of quantum-
chemical calculations.!® This value is quite similar to
the absorption edge of the peak at 310 nm. Based on
the above considerations, the absorption spectrum im-
plies that the PPP-Y solution has an ideal structure of
PPP. On the contrary, the PPP-K and the PPP-T so-
lutions seem to contain other components besides ideal
PPP.

This difference in the electronic spectrum may be
caused by a difference in the synthetic method between
the two groups. PPP-Y is synthesized by the Grignard
coupling reaction of p-dibromobenzene, and therefore,
is presumed to be the ideal molecular structure of PPP
which consists of 1,4-disubstituted benzene rings only.
Thus, the peak at 310 nm is estimated to be the photo-
absorption peak corresponding to the essential 7—7r*
electron transition of a PPP m-electron system.

In the case of PPP-T and PPP-K, the situation is
different. Because the PPP-T and the PPP-K powders
are synthesized by oxidative cationic polymerization of
benzene, there is some possibility of forming 1,2-linkages
in addition to 1,4-linkages, which leads to intramolecu-
lar cross-linkages and then formation of condensed ring
structures.!® Such structures are supposed to be also
contained in the thin films obtained from these powders.
Thus, the peaks at 410 and 530 nm are speculated to
arise from the photo-absorption of such condensed ring
molecules (CRM). For example, pyrene has a peak at
351 nm (28500 cm™!) and tetracene at 471 nm (21200
cm~1).!9 These differences in the absorption spectra
will also bring about differences in the emission spec-
trum, which is discussed in the next section.

Luminescence Spectra of PPP Solutions. The
luminescence spectra of the PPP thin film solutions,
shown in Fig. 3, can be classified into two groups. In
the case of the electronic spectrum, PPP-K and PPP-T
resemble each other and PPP-Y differs from them. In
the case of the luminescence spectrum, however, PPP-
Y and PPP-K resemble each other, and PPP-T differs
from them. The emission spectra of PPP-Y and PPP-K
consist of a single peak at 375 nm, while that of PPP-T
has two extra peaks at 465 and ca. 500 nm in addition
to the main peak at 380 nm. The peak at 375 nm in the
PPP-Y and the PPP-K spectra and that at 380 nm in
the PPP-T spectrum are estimated to be essential for
the emission of PPP.

The additional two peaks observed at 465 and ca. 500
nm for PPP-T are considered to arise from the CRM
contaminating PPP-T. In fact, the excitation spectrum
corresponding to the emission at 380 nm for PPP-T has
a maximum at 300 nm, which is similar to the cases of
PPP-Y and PPP-K. In contrast, a maximum at 416 nm
is observed in the excitation spectrum corresponding to
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the emission peak at 465 nm. This wavelength is almost
equal to that of the shoulder peak in the electronic ab-
sorption spectrum (cf. Fig. 2a).

It is estimated from the electronic spectrum that the
CRM exists in the PPP-K solution, too. The emis-
sion spectrum of the PPP-K solution, however, does
not contain such a peak as that observed in the emis-
sion spectrum of the PPP-T solution. The structure of
the CRM of PPP-K is supposed to be so different from
that of PPP-T that PPP-K does not give luminescence
at longer wavelengths.

Spectra of PPP Thin Films and Powders. The
luminescence spectrum of the PPP-Y thin film shown
in Fig. 5c¢ is similar to that of PPP-Y powder already
reported.!® In both the thin film and the powder, the
luminescence of PPP-Y is speculated to be the emis-
sion accompanying the recombination of an electron-
hole pair. The splitting of the emission peak is esti-
mated to be due to the vibration of a benzene ring be-
cause the energy difference of the splitting peaks is in
good agreement with the wavenumber of the IR peak
corresponding to the ring vibration, 1480 cm™1!.

The luminescence spectrum of the PPP-T thin film
(Fig. 5a) is quite different from that of the PPP-Y thin
film (Fig. 5¢). There is little difference in the lumines-
cence spectrum of PPP-T between the thin film and
the powder. The spectra mainly consist of a peak at a
wavelength of 600 nm or longer. This peak near 600 nm
is also observed in the emission spectrum of the PPP-
K powder, which was already reported.!® The emis-
sion spectrum of the PPP-K thin film, however, does
not contain this long wavelength peak (Fig. 5b). The
emission spectrum of an electrochemically-polymerized
PPP film consists of a peak at ca. 600 nm in addition to
structured peaks in the wavelength range from 400 to
500 nm, in which an edge excitation red-shift (EERS)
effect is observed.!” In this report, this long-wavelength
emission is explained as an emission from a polaron-ex-
citon defect in a PPP polymer chain, and also as the
excimer-like emission of a PPP molecule with a variety
of configurations to which the EERS effect is attributed.

On comparison of the present results of the lumines-
cence spectra of PPP-Y, PPP-K and PPP-T in both
the thin film and the powder forms, the short wave-
length emissions in the wavelength range between 400
and 500 nm consisting of several peaks are common for
the three kinds of PPP in both the powder and the thin
film. It is supposed that the intensity ratio among these
peaks varies from one to another depending upon the
concentration of by-products, i.e. the CRM. Compar-
ing the luminescence spectra of the PPP thin films, the
strongest emission is observed at a short wavelength for
PPP-Y, while the strongest is at a long wavelength for
PPP-T. PPP-K has the strongest peak at an interme-
diate wavelength.

In the cases of the PPP-T powder, the PPP-T thin
film, and the PPP-K powder, emission is observed at a
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longer wavelength than 600 nm, which can be attributed
to the CRM by-products. PPP-Y does not contain such
a by-product, because it is synthesized from p-dibromo-
benzene reacting only at a halogen-substituted position,
while PPP-K and PPP-T contain the by-products.!®)
The formation of the by-products is most probable for
PPP-T among the PPPs tested in the present investi-
gation. If CRM moieties exist in a PPP polymer chain,
then they may work as low energy defects, to which an
excited electron transfers resulting in a long wavelength
emission. To confirm the above mechanism, co-evapora-
tion of naphthacene with PPP-K has been tried, and the
emission spectrum of this thin film has been observed.
Although the expected new emission was not observed
(the emission spectrum was a mixture of those of naph-
thacene and PPP-K), the excitation spectrum, corre-
sponding to the emission of naphthacene, was similar
to that of PPP-K. Therefore, the energy transfer from
PPP to naphthacene is confirmed by the naphthacene-
contaminated PPP system.

On the contrary, the PPP-K thin film has no long
wavelength emission. This is probably because the orig-
inal PPP-K powder contains less by-products like CRM
than the PPP-T powder, and these molecules will be
scattered out in the course of vacuum deposition result-
ing in their absence in the thin film. The intensity ratio
of the short-wavelength emission to the long-wavelength
emission implies that the PPP-K powder contains less
by-products tnan the PPP-T.

The absence of an EERS effect in the spectra of the
PPP-Y, the PPP-K, and the PPP-T thin films as well as
the similarity of the excitation spectra to the absorption
spectra also supports the mechanism described above.

Conclusion

1. The polymerization degree of PPP in the thin film
is estimated to be about 10, which is lower than that
of the source materials. This decrease is attributed to
the C-C bond cleavage in the polymer, which occurs
by heat treatment in the course of vacuum deposition.

2. The luminescence spectra of the PPP-Y and the
PPP-K solutions consist of a peak at 376 nm, while
that of the PPP-T solution contains peaks at 465 and
ca. 500 nm in addition to the main peak at 380 nm. In
the form of the thin film, in contrast, PPP-Y and PPP-
K have emission peaks at 400—500 nm, while PPP-T
has a long-wavelength (longer than 600 nm) emission
peak besides the peaks at 400—500 nm.

3. The absorption spectra as well as the luminescence
and the excitation spectra in the PPP-K and the PPP-
T thin films reveal the presence of by-products such as
condensed ring molecules (CRM) which are produced
in the course of the PPP synthetic procedure. The by-
products contained in the PPP-T thin film have lumi-
nescent properties, while those in the PPP-K thin film
do not.

4. The long-wavelength luminescence, which is spe-
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cific to the PPP-T thin film, can be explained as the
emission from the defects, which are produced by by-
products like CRM, and into which the electron could
transfer from the excited state of PPP.

5. Under the above concept, a new disign princi-
ple of a thin film can be developed. Co-evaporation
of PPP and another luminescent material, which has a
longer wavelength emission than PPP, can give a thin
film with a new emission spectrum, which differs from
either that of PPP or that of the co-evaporating mate-
rial. Here, the bulk of PPP functions as a light-absorb-
ing matrix, and the energy transfers from the excited
PPP molecule to the defect produced by the co-exist-
ing material. Then, the photo-emission from this defect
may give a new emission spectrum.
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