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ABSTRACT:

Functional dyes could be dispersed into non-substituted poly(p-phenylene vinylene) (PPV), which

shows a poor processability due to its insoluble and infusible, by the vacuum process under the thermal equilibrium
state without the structural damage of PPV. Using this methods, it was possible to change the color of PPV from yellow
to green with the blue dye, 1,4-(N,N'-diethylamino)anthraquinone (SV59). The amount of SV59 doped into PPV
increased with temperature and treatment time. The fluorescence color of PPV could be changed from green to red

by 2 min doping of 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM). Furthermore, a pat-

tern doping with DCM could be carried out resulting in production of multicolored luminescent medium.
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Conjugated or ‘conducting’ polymers are currently
attracting significant interest as materials for a wide
variety of applications, including those making use
of their electronic and optical properties.'”” Among
the m-conjugated polymers known, poly(p-phenylene
vinylene) (PPV) has been used in electronic devices
such as an electroluminescence device®® and a solar
cell'” and exhibits remarkable chemical and thermal
stability. However, PPV is insoluble and infusible,
so shows poor processability. For the non-substituted
m-conjugated polymers including PPV, doping is a
promising, important way to enhance and control their
properties.

There have been previous reports of doping in PPV.
In the 1980’s, it was reported that dopings with I,
AsFs, and SO; under reduced pressures of 3-350
mmHg could increase the conductivities of PPV.!!
This is a conventional method for doping in 7-conju-
gated polymers and is acceptable for dopants showing
relatively high vapor pressures and small molecular
sizes. However, it is difficult to disperse dopants
showing relatively low vapor pressures and large mo-
lecular sizes such as organic dyes. PPV doping with
tris(8-hydroxyquinoline)aluminum (Alqs;) was carried
out by the same method.!”> However, Alqs was “de-
posited” onto the PPV surface but not within PPV.!>!3

Solution processes of the PPV doping have been
also reported. At present, PPV can be produced con-
veniently by a two-step indirect synthesis, i.e., pre-
pared from a sulfonium salt precursor polymer'* and
the precursor route has been used widely for the syn-
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thesis of high molecular weight PPV. As mentioned
above, PPV is insoluble and infusible, but the sulfo-
nium salt precursor polymer is water-soluble. Park
and co-workers built a photoconductive device using
a composite system of PPV and viologen dibromide, '
which was prepared from a mixture of the sulfonium
salt precursor polymer and viologen. However, this
method can be applied for the photoconductive de-
vices, but not favorable for devices requiring good
film-forming ability and nonexistence of aggregation,
namely, uniform dispersal of an additive. Therefore,
the development of a standard and easy method of
doping into PPV is important for device fabrication
using PPV, and PPV can not show adequately its
potential performance.

We have developed a doping method termed the
“vapor-transportation method” with a vacuum tech-
nique.'®2! This method vaporizes molecules of a
dye, which then permeate into a polymer under vacu-
um (~107% Pa, much higher vacuum than the conven-
tional method) after sublimation of the dye by heating
in a vacuum. In this method, the entire vacuumed ves-
sel is heated to be under thermal equilibrium, while in
the conventional method only the dopant is heated or
all treatments occur at room temperature.

In the present study, we report that the vapor-trans-
portation method can be applied for dye-doping in
PPV and can readily achieve molecular dispersal of
functional dyes in PPV (i.e., the dye are not deposited
onto the PPV surface) without deformation of the ini-
tial shapes. Furthermore, dispersal behavior of doping

"To whom correspondence should be addressed (E-mail address: h-mochizuki@aist.go.jp).
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Figure 1. (a) Illustrations of the formation of PPV and chemi-
cal structures of PPV and the precursor. (b) Sample preparation by
the vapor transportation method. V, vacuum pump; S, sealing;
V. T., vacuum transportation.

into PPV was evaluated and the pattern doping could
be performed resulting in the fabrication of multicol-
ored luminescent medium.

EXPERIMENTAL SECTION

Figure 1 illustrates a schematic representation of
sample preparation and the chemical structure of a
precursor and PPV. PPV films on quartz glass plates
were prepared by thermal elimination of the cast or
spin-coated films from a 1wt % aqueous solution of
the precursor polymer (poly(p-xylene tetrahydrothio-
phenium chloride); see Figure 1a) of PPV. The
1wt % aqueous solution was obtained from dilution
of a 2.5 wt % aqueous solution of the precursor poly-
mer purchased from Aldrich Co., Ltd. The thermal
elimination for formation of the PPV film was per-
formed at 200-250°C for 6-8 h in vacuo. The result-
ing PPV film on the quartz glass plate was loaded in a
glass tube with a sufficient amount of dye (10-100
mg). The pumped pressure in the tube was reduced
by using a turbo molecular pump as shown in Figure
1b. After reaching an optimum pressure of around
107 Pa, the glass tube was sealed by melting to form
an ampoule. The ampoule was set at a constant tem-
perature in an oven as a thermal treatment, then
cooled down slowly over 2h to room temperature.
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Figure 2. Chemical structures of the dyes used in this study.
SV59 and DCM are a usual employed blue dye and a well-known
red laser dye, respectively.
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Figure 3. (a)Photograph of PPV (right) and SV59-doped PPV
(left). Photographs were taken after wiping the surface of SV59-
doped PPV film with ethanol or acetone. (b) Absorption spectra
of PPV (thicker dash line) and SV59-doped PPV (thicker solid
line). Thinner solid line indicates an absorption spectrum of
SV59 in 1,2-dichloroethane.

In this study, doped materials were 1,4-(N,N'-diethyl-
amino)anthraquinone (SV59) and 4-(dicyanometh-
ylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM). SV59 and DCM were also obtained from Al-
drich Co., Ltd. and used after sublimation purification.
SV59 and DCM are usually employed as a famous
blue dye and a well-known laser dye, respectively.
The chemical structures of these dyes are shown in
Figure 2.

Measurements of absorption and fluorescence spec-
troscopies were performed with an absorption spec-
trometer of Shimadzu UV-3150 and a fluorescence
spectrometer of Hitachi F-4500, respectively.

RESULTS AND DISCUSSION

Doping of SV59 into PPV

Figure 3a shows the PPV film on the substrate and
the PPV film doped with SV59 (SV59/PPV), both
films were ~200nm thick. The latter film was pre-
pared by dispersal of SV59 at 150 °C for 5 h. The PPV
film was clearly yellow in color, while the SV59/PPV
film was green. By dispersal of blue dye SV59, color
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of the film changed from yellow to green, indicating
a color mixture of yellow and blue. In this method,
color shading, deformation, peeling and roughness did
not occur in the doped film. After wiping the doped
film with an ethanol and an acetone, no changes were
observed in the color of the wiping cloth or the surface
of the doped PPV. Thus, SV59 did not sit on the sur-
face but dispersed within the PPV. Absorption spectra
of the SV59/PPV film and the PPV film are revealed
in Figure 3b. PPV shows a maximum absorption at
around 450nm and an absorption edge at less than
570nm. The SV59/PPV film showed an absorption
peak at the longer wavelength of 570 nm, which was
not observed in undoped PPV. Furthermore, SV59/
PPV showed the same absorption maximum as non-
doped PPV. If doping of SV59 affects the structure
of PPV (for example, promotion of crystallization,
complex formation, chemical reaction, pyrolysis, and
so on), the absorption maximum should be shifted.
In the present study, as there was no shift in absorp-
tion maximum of PPV, it was considered that there
was no significant effect of SV59 doping on the
structure of PPV. As PPV is a semi-crystalline poly-
mer,?>? it contains some amorphous regions, so
SV59 molecules seem to perform easier percolation
into the amorphous regions in PPV. In the present
method, the vaporized molecules with thermally as-
sisted molecular motion came into contact with the
PPV surface heated. So, the dye molecules were as-
sumed to disperse within the PPV showing insolubil-
ity. From our result that the amount of dye doped into
polystyrene were markedly higher than those into
poly(methyl methacrylate),'® the dye molecules could
readily coordinate the benzene ring of the polymer
such as so-called “m—r interaction”?*2® as in SV59
and PPV.

To quantify SV59 dispersed in PPV, changes in the
weight after treatment (150°C, 5h) were analyzed,
that is, the amount of SV59 was evaluated from in-
creases in the film weight of many samples and these
were dealt statistically. The resulting amount of SV59
dispersed in PPV was ~2.7 wt %.

Dispersion Behavior of SV59 into PPV

Evaluation of dispersion behavior of SV59 in PPV
was performed using a 150 nm thickness PPV film by
absorption spectroscopy. As indicated in Figure 3b,
the absorption of SV59 does not exist at around 430
nm where the absorption maximum of PPV shows.
PPV does not possess its absorption larger than 570
nm where there is an absorption maximum of SV59,
namely, absorption maxima of PPV and SV59 are un-
related, independent to each other. Thus, the dispersal
behavior of SV59 can be investigated by absorption
ratio (A/Ap), where A and Ap are the absorption max-
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Figure 4. (a) Evaluation of dispersion behavior of SV59 in
PPV. Absorption maxima of PPV and SV59 were independent.
Dispersion behavior was estimated as the absorption ratio of A/Ap.
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Figure 5. (a) Data plots of A/Ap against temperature; closed
circle and open circle denote treatment time of 18 and 12h, re-
spectively. (b) Data plots of A/Ap against treatment time: closed
rhombus, treatment at 180 °C; open rhombus, treatment at 150 °C.

imum of SV59 at 600 nm and PPV at 430 nm, respec-
tively (see Figure 4), and a rise in A/Ap means an
increase in the doping amount of SV59 in PPV. Figure
Sa displays the A/Ap value as a function of tempera-
ture. In this figure, it was found that the A/Ap value
was observed even at 120°C. In cases of treatment
time of both 12 and 18h, the A/Ap value increased
simply as temperature rose. As a sublimated pressure
rises with temperature, more vaporized molecules of
SV59 exist in the vacuum ampoule with temperature,
and more molecules come into contact with the PPV
surface. Furthermore, treatment even at 210°C did
not damage thermally and did not affect morphology
of the doped film. Next, plots of A/Ap against treat-
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ment time are shown in Figure 5b. It appears that the
A/Ap value increases sharply until treatment time of
5h and grows slightly from 5h in case of both treat-
ment temperatures of 150 and 180 °C. It was thought
that the head region of dye dispersion took 6 h to reach
the other substrate (glass substrate) indicating larger
slope in Figure 5b. After reach of the head region, dis-
persal amount increased slowly and saturated. As
described above, since thickness of the PPV film
was ~150 nm, it took shorter time to reach a saturated
state than our expectation (expected that saturation
time was over 24 h). We tried to observe the disper-
sion behavior with electron probe micro analyzer.
However, the PPV film was so thin that we could
not obtain a clear result.

Doping of DCM into PPV

Figure 6a indicates a photograph of non-doped PPV
and DCM-doped PPV (DCM/PPV) irradiated with a
UV lamp at 365 nm. Both films were ~150 nm thick.
The DCM/PPV film was prepared by exposure to
DCM at 180°C for 15min. It is clear that the non-
doped PPV film emits green fluorescence, while the
DCM/PPV film showed bright and uniform fluores-
cence in the orange-red region. Here, evaluation of
fluorescence spectroscopy for these films was per-
formed and the results are shown in Figure 6b. On
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Figure 6. (a) Photograph of PPV and DCM-doped PPV under
irradiation at 365 nm on the polymer side. PPV emitted blue-green
fluorescence, while doped PPV showed red-orange fluorescence.
(b) Absorption and fluorescence spectra of PPV and DCM/PPV.
Thicker dash and solid lines indicate the absorption spectra of
PPV and DCM/PPV, respectively, and thinner solid and dash
lines denote the fluorescence spectra of PPV and DCM/PPV, re-
spectively. Similar to the absorption of SV59/PPV, DCM-doped
PPV showed the same absorption maximum as non-doped PPV.
Excitation wavelength was 370 nm in both samples.
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irradiation at 370 nm, non-doped PPV film showed a
fluorescence spectrum with two maxima at around
510 and 530 nm. The DCM/PPV films did not show
any fluorescence maxima at around 510 and 530 nm,
but exhibited a maximum at around 610 nm, which
was nearly the same as the fluorescence spectrum of
DCM, suggesting that DCM quenched the emission
of PPV in DCM/PPV. As there is also absorption of
DCM at 370 nm, if the energy transfer did not occur,
the DCM/PPV film should show the PPV fluores-
cence maxima (at around 510 and 530nm) and the
DCM maximum (at around 610nm). However, as
the assumed fluorescence was not observed, these
results indicate the occurrence of energy transfer
between PPV and DCM and the lack of complex for-
mation between PPV and DCM. Detailed experiments
indicated that the fluorescence of PPV was quenched
completely, i.e., was changed from green to red, by
only 2 min exposure to DCM. Furthermore, the prop-
erties of PPV doped by our method, such as color and
fluorescence, remained unchanged for over a year
(The doped PPV after a year showed the same spec-
trum as that doped just), since dyes can not depart
from the doped PPV film at room temperature in the
atmosphere (in a desiccator in our laboratory).

Pattern Doping of DCM into Non-substituted PPV
Patterning is of importance in many regions of
modern science and technologies, with applications
ranging from the production of the integrated circuits,
information storage devices, and display units to the
fabrication of micro-electromechanical systems. Par-
ticularly for opto-electronic devices based on the 7-
conjugated polymers, these are dependent on the con-
struction fabricated by patterning process.?’ Thus, we
tried to dope DCM in patterned areas of PPV. A sche-
matic representation for a patterned PPV film is
shown in Figure 7. Patterned aluminum (Al) deposi-
tions were performed through a mask on the PPV
films, which were coated onto a quarts substrate
whose size was 7 x 4 x I mm?>. In the method mo-
tioned here, as the vaporized dye filled in the ampoule
and was allowed to diffuse through a small opening,
the patterning needs the gapless mask like an Al dep-
osition. After the Al deposition, DCM was doped by
the vapor transportation method at 180 °C for 30 min.
DCM could not be dispersed in the Al-deposited area
but be doped in the PPV area. After DCM doping, Al
was over-deposited onto whole surface in order to
equalize the emission condition. Figure 8 indicates
photographs of the samples irradiated at 366 nm at the
side of the quarts substrate (see upside of Figure 8).
The doped area of DCM emitted a bright red-orange
luminescence and the non-doped area showed a light
green emission. The doped PPV film in the present

Polym. J., Vol. 38, No. 1, 2006



Doping in Non-substituted PPV

PPV
/

N SN N

‘ - ‘

7
Quartz substrate @

Deposited Al

—

NANNANANNNNNNN

AANANAANNNNNNNNNNNNAAN  \\\AN\N\\N

DCM doping

AT T
’ANANAANNNNNNNANNNNNNNY

(T T O T T
AR RN

Al over-depositing

Figure 7. A schematic representation for pattern doping of
DCM.

AT TOIID
NAANNANNNNNANNNNNY

IO
RS 4

AAAALRRRRNNNNNNY

4

Excitation light

-'f'

Figure 8. Photographs of a medium, which were carried out
pattern doping of DCM, irradiated at 366 nm at a front side.

study was confirmed to emit a multicolored photolu-
minescence. As irradiated at side of the quarts sub-
strate, irradiation light was absorbed almost in an
interface-neighborhood between the glass substrate
and PPV, so that the luminescence emitted in the
interface-neighborhood of PPV. Since the result that
the fluorescence color changed from green to red
due to the fluorescence of DCM, DCM seemed to pen-
etrate within PPV and to reach the interface.

Among fabrication processes of multicolored lumi-
nescent devices, a spin-coat process is usual because
of ease in the laboratory. However, the spin coat proc-
ess is difficult to perform a pattern coating onto the
substrate without a surface treatment. It is unable to
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make a multi-layered structure by spin-coat because
a polymer solution affected the pre-formed polymer
layer. Before everything, the spin coat process cannot
use non-substituted PPV due to its insolubility. On the
other hand, the ink jet method is another process as a
fabrication system for multicolored device,?®? but it
requires luminescent dyes, a patterned substrate, the
precious system, and soluble PPVs.

CONCLUSIONS

Substituted PPVs have been developed because of
addition of solubility into PPV and are easy mixing
of functional, nonionic compounds due to its solubil-
ity for organic solvent.’*>2 However, substituted
PPVs are based on difficult preparations owing to
many synthesis steps. In the view of the hard prepara-
tion of soluble PPV by the difficult syntheses, it is
necessary to explore a novel doping method for en-
hancement of PPV characteristics. We showed here
the “vapor transition method” as a novel doping
method, and functional insolubility polymer, such as
PPV, could be dispersed active compounds by this
method. Generally, in doping, a small amount of dop-
ant can induce a large change in characteristic and can
markedly enhance the properties of polymers. The
method described here seemed also to disperse a small
quantity of dye, but enabled us to easily change the
color and fluorescence of PPV films. Furthermore, a
multicolored luminescent medium was fabricated
through the mask process. Thus, this method is a good
alternative for the doping process because of its sim-
plicity and versatility, and may be acceptable for other
insoluble m-conjugated polymers. The results of the
present study suggested that the vapor transportation
method might be useful for fabrication of electro-
active devices using PPV.
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