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Aromatic Copolyimides Containing Perylene Units
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Summary: Perylene-containing copolyimides have been synthesized by one-step
polycondensation reaction under high temperature of two different aromatic dia-
mines with a mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and
4,4 -hexafluoroisopropylidene diphthalic anhydride (6FDA). The copolyimides were
soluble in polar amidic solvents and their solutions gave flexible thin films when
spread onto glass plates. Very thin films obtained by spin coating had smooth
surfaces and were self-organized into vertically segregated structures. The polymers
were highly thermostable, their decompositions being above 470 °C and displayed
reasonable high glass transition temperature values. After being excited with UV

Introduction

Perylene imides represent a class of highly
thermostable n-type semiconductors exhi-
biting relatively high electron affinity
among large-band-gap materials.!!! They
are also well known chromophores combin-
ing high quantum yield of photolumines-
cence with outstanding photochemical and
thermal stability.[z] Inspired by their unique
properties, some low molecular weight
perylenediimides and polymers containing
perylenediimide units in the main chain
have been successfully used in light-emit-
ting diodes,**! photovoltaic devices,>
etc. However, the actual application of
perylene-containing polyimides was ham-
pered by their poor solubility and low solid-
state fluorescence quantum efﬁciency.[7’8]
The use of 1,3,4-oxadiazole ring in the
construction of copolyimides is based on
the already known high performance prop-
erties of aromatic polyoxadiazoles, such as
high thermal resistance, good hydrolytic
stability, low dielectric constant, tough
mechanical behaviour, and other special
properties determined by the electronic
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light, the polymers emitted light in the bluish and green-yellow domains.
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structure of this particular heterocycle that
has a strong electron-withdrawing charac-
ter.*1% Poly(arylene-oxadiazole)s give
easily redox reactions, chemically or elec-
trochemically, and the resulting materials
are good candidates for electrochemical
sensors or electroluminescent devices, to be
used in optoelectronics, microelectronics
or other advanced fields.""'* There is
currently much interest in high-brightness
blue light-emitting diodes for use in full
colour displays, full colour indicators and
light sources for lamps, with characteristics
of high efficiency and high reliability. For
such a purpose polyoxadiazoles are very
attractive because, due to the electron-
withdrawing character of the 1,3,4-oxadia-
zole rings, they can facilitate the injection
and transport of electrons.

On the other hand, it was shown that the
inclusion of hexafluoroisopropylidene into
polymers can increase the solubility, ther-
mal stability, oxidation resistance, trans-
parency and environmental stability. The
bulky hexafluoroisopropylidene groups
also serve to increase the free volume of
the polymers, thus improving their elec-
trical insulating characteristics.[>1¢]

The incorporation of oxadiazole together
with perylene rings and flexible hexafluoro-
isopropylidene groups into the polymer
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chain is expected to provide a good
combination of high performance properties
and good processability, particularly in thin
films and coatings, with photoluminescent
properties for future use as advanced
materials in electroluminescent devices.

Synthesis

4,4’-Oxydianiline, 1a , perylene-3,4,9,10-tet-
racarboxylic ~dianhydride (PTCDA), Ila,
and 4,4’-hexafluoroisopropylidene diphthalic
anhydride (6FDA), IIb, whose structures
are shown in Figure 1, have been purchased
from Aldrich and used as received. 2,5-Bis
(p-aminophenyl)-1,3,4-oxadiazole, 1Ib, has
been prepared by a known procedure[”]
and its structure is shown in Figure 1.

Copolyimides III and IV have been
prepared by one-step polycondensation
reaction of two different aromatic dia-
mines, I, with a mixture of perylene-
3,4,9,10-tetracarboxylic dianhydride and
4,4’-hexafluoroisopropylidene-diphthalic
anhydride, II, in N-methylpyrrolidinone
(NMP) and lithium chloride (LiCl), as
solvent, at a concentration of 7% total
solids, under nitrogen stream, at high
temperatures.

In case of the two dianhydrides with
different reactivity, the less active dianhy-
dride monomer PTCDA was added in the
first stage of reaction to the solution of
diamine in NMP + LiCl, and then the more
active dianhydride monomer 6FDA was
added to achieve an even more random
incorporation of the two monomer units in
the polymer chain. Owing to the low
solubility of PTCDA in NMP +LiCl at
room temperature, higher reaction tem-

HZN—Q—O—O—NHZ HzN—@—g;;—Q—NHZ
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Figure 1.
Structures of the monomers.
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perature is necessary to make better
solubility. The mixture was heated to
180-200 °C under nitrogen for 6 h and then
cooled to room temperature. Part of the
resulting dark red solution was poured into
water, washed with plenty of water and
finally treated with ethanol in a Soxhlet
apparatus for 1 day in order to get rid of the
unreacted monomers and high boiling
solvent, followed by drying in an oven,
under vacuum, at 100 °C. The other part of
the polymer solution was used to prepare
thin films. The structures of copolyimides
III and IV are shown in Figure 2.

Films of polymers III and IV were
prepared by casting a polymer solution of
7% concentration in NMP+LiCl onto
glass plates, followed by gradual heating
from room temperature up to 200 °C, and
kept at 200°C for 1h. Dark-red, opaque
coatings resulted having strong adhesion to
the glass support. The resulting films were
stripped off the plates by immersion in hot
water, followed by drying in oven at 105 °C.
These films had the thickness in the range of
30-80 wm and were used afterwards for
various measurements.

Very diluted polymer solutions in NMP
with concentration of 0.5-1% were used to
obtain very thin films having the thickness
in the range of nanometers onto silicon
wafers by spin-coating technique, at a speed
of 5000rpm. These films, as-deposited,
were gradually heated up to 180°C in
the same way as described earlier to remove
the solvent and were used for atom force
microscopy (AFM) investigations.

Measurements

The infrared spectra of the polymers were
recorded on FT-IR Bruker Vertex 70
Spectrophotometer in transmission mode,
by using KBr pellets or thin films having the
thickness of 5-6 pm.

Model molecules for a polymer fragment
were obtained by molecular mechanics
(MM +) by means of the HyperChem
program, Version 7.5. The same program
was used to visualize the structures obtained
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Figure 2.
Structures of copolyimides 11l and IV.

after energy minimization. The calculations
were carried out with full geometry optimi-
zation (bond lengths, bond angles and
dihedral angles). The quality of very thin
films as-deposited on silicon plates was
investigated by atom force microscopy
(AFM) using a Scanning Probe Microscopy
Solver PRO-M, NT-MDT equipment made
in Russia, in the semi-contact mode, semi-
contact topography technique.

The thermal stability of the polymers was
investigated by thermogravimetric analysis
(TGA) using a MOM derivatograph, made
in Budapest, Hungary, operating at a heating
rate of 12°C/min, in air, from room
temperature to 600 °C. The temperature of
5% weight loss was considered the beginning
of decomposition or the initial decomposi-
tion temperature (IDT). The temperature of
maximum rate of decomposition which is the
maximum signal in differential thermogra-
vimetry (DTG) curves was also recorded.

The glass transition temperature (T,) of
the precipitated polymers was determined
by using a Pyris Diamond DSC, Perkin
Elmer calorimeter. Approximately 3 to
8mg of each polymer were crimped in
aluminum pans and run in nitrogen with a
heat-cool-heat profile from room tempera-
ture to 380 °C at 10 °C/min. The mid-point
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temperature of the change in slope of the
DSC signal of the second heating cycle was
used to determine the glass transition
temperature values of the polymers.

The UV-Vis absorption and photolumi-
nescence spectra of polyimides were regis-
tered with Specord M42 apparatus and
Perkin Elmer LS 55 apparatus, respec-
tively, by using very diluted polymer
solutions.

Results and Discussion

One-step polycondensation reaction of
equimolar amounts of aromatic diamines I
with a mixture of PTCDA and 6FDA, in
NMP +LiCl as solvent, yielded copolyi-
mides Il and I'V. The oxadiazole-containing
copolyimides IV are based on hexafluoro-
isopropylidene diphthalic anhydride and
perylene-3,4,9,10-tetracarboxylic ~ dianhy-
dride, while the related copolyimide III is
based on 44’-oxydianiline and the same
dianhydrides.

The structures of the present polymers
were identified by infrared spectra. In the
IR spectra of all the polyimides character-
istic imide ring absorption bands appeared
at 1770-1780cm ™" (asymmetrical C=0
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imide stretching), 1720-1730 cm ™' (symme-
trical C=0 imide stretching) and 720-
730cm ! (imide ring deformation). It was
observed that the broad IR absorption band
at 3350-3450cm ' characteristic of NH
amidic linkage and the narrow absorption
peak at 1650-1660 cm ™' due to C=0O linkage
in amide group, which are generally present
in the spectra of polyamidic acids, disap-
peared almost completely, which means that
the conversion of the intermediate polyami-
dic acid into final polyimide structure was
quantitative by polycondensation in solution
at high temperatures. Characteristic absorp-
tion peaks of 1,3,4-oxadiazole ring appeared
at 960-970cm™' and 1012 -1020cm™’
(=C—0O—C= stretching). C-H linkage in
aromatic rings showed absorption peak at
3100 -3120cm™!, while the C-F linkage
showed absorption peak in the range of
1100 -1300cm ™" (Figure 3).

Copolyimides III and IV are soluble in
aprotic amidic solvents such as N-methyl-
pyrrolidinone and pyridine, while related
polyimides without 6F and oxadiazole units
are insoluble in such solvents, being only
soluble in m-cresol due to the rigid nature of
perylenediimide unit which dictates the
overall shape of the corresponding macro-
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molecules and thus facilitates the strong
interchain interactions. The better solubility
of copolyimides IV is explained by the
presence of OF groups that disturb the
packing of the polymer chains to some extent,
thus, allowing the diffusion of solvent mole-
cules. Representative molecular models
of these copolyimides, as visualized by
molecular modeling, are shown in Figure 4.

All these copolyimides are highly ther-
mostable, as evaluated by thermogravi-
metric analysis, their initial decomposition
temperature being above 470 °C (Table 1).
The temperature of 10% weight loss ranges
from 480 to 508 °C. The temperature of
maximum rate of decomposition was found
in the domain of 528 °C-540 °C. These data
demonstrate that all the polyimides have
high thermal stability, which is not affected
by the introduction of flexible 6F unit in the
main chain, while the solubility, hence the
processability, of the resulting copolymers
is much improved due to the presence of
this group. The increase of 6F content from
polymer IVa to IVe has only a very slight
influence on the increase of thermal
stability. Also, the presence of oxadiazole
rings does not have significant influence on
the thermal stability of polymers I'V.
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Figure 3.
FTIR spectrum of the polymer IVc.
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IVa

Figure 4.

Models of polyimides based on perylene and hexafluoroisopropylidene units.

The glass transition temperature of the
polyimides was evaluated by differential
scanning calorimetry (DSC). All these
polymers exhibit glass transition in the
range of 245-292°C (Table 1, Figure 5).
Polymer I'Ve shows a second endothermic
peak in the DSC traces. Such weak
transition is characteristic of liquid crystal-
line perylene-containing polyimides due to
the strong interactions between the per-
ylene moieties.["¥! These data correlated
with AFM results may indicate some
degree of ordering and will be investigated
in the future. It can be seen that there is a
large interval between T, and decomposi-
tion temperature of these copolyimides,
which can be advantageous for their
processing by a thermoforming technique,
as well. Typical thermogravimetric curves
are shown in Figure 6.

Copolymers III and I'Va gave free stand-
ing films by casting 7% polymer solutions
onto glass plates. Such films had the
thickness in the range of tens of micrometers

Table 1.
Thermal properties of the polymers.

Polymer Tg IDT Tio% Trmax

(°Q) (°Q) (9 (9
Ll 245 475 508 540
IVa 265 470 480 528
IVb 282 480 485 535
Ve 292 480 496 535

T, = glass transition temperature.

IDT = temperature of 5% weight loss.

Ti09 = temperature of 10% weight loss.

Tmax = temperature of maximum rate of decompo-
sition.
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and were flexible and creasable, and resisted
to repeated bendings. The films obtained
from polymers IVb and IVe were brittle.

Very thin films having the thickness in
the nanometer range were deposited by
spin-coating technique onto silicon plates,
by using diluted solutions of polymers III
and IV (concentration of 1%). The mor-
phology of these films as-deposited onto
silicon plates was studied by atomic force
microscopy (AFM). These spin-coated
copolymer films are self-organized into
vertically segregated structures. A typical
AFM image is shown in Figure 7.

Since 1,3,4-oxadiazole and perylene
moieties are known as light emissive
units,'*?% we have performed a study of
the UV absorption and photoluminescence
(PL) properties of these polyimides. It was
found that polymers IV show one strong
UV absorption peak at 302-320nm, and
three shoulders at 462-464 nm, 492-494 nm
and 526-529nm, in NMP solutions,
the spectra being almost identical. The
absorption maxima at 302-320nm of
these polymers are mainly determined by
the diphenyl-1,3,4-oxadiazole unit, because
the unsubstituted diphenyl-1,3,4-oxadiazole
in hexane shows its absorption maximum at
284nm.*!! The absorption peaks at 462—
464 nm, 492494 nm and 526-529 nm are due
to the chain segments containing perylene-
diimide units.*?! Figure 8 presents the UV-
vis absorption spectra of polymers IV in
NMP solutions.

After being excited with UV light of
360nm, polymers IV displayed similar
spectra with one strong and large emission
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Figure 5.

DSC curves of polymers IV.

band centred around 405nm, in the blue
domain, due to the emission of oxadiazole,
imide and phenylene rings, and two maxima
in the green and yellow spectral range,
around 535nm and 577 nm, respectively,
due to the emission of perylenediimide

moieties. The excitation with 360nm of
polymer III, which does not contain
oxadiazole rings, in solution, resulted in a
spectrum with two emission maxima in the
blue domain at 408 and 442nm and other
two in the green and yellow spectral range,
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Figure 6.
Thermogravimetric curves of polymer IVc.
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Figure 7.
AFM images of copolyimide IVa (left: top-view, right

at 538 and 577 nm, due to the emission of
perylene units. If in the PL spectra of
polymer III the most intense peak is due to
the perylene chromophore, in the case of
polymers IV containing oxadiazole rings,
the main PL emission bands are determined
by the oxadiazole chromophore. The
intensity of these bands is comparably
higher than those of perylene units which
could be explained by an excitation energy
transfer from perylenediimide to oxadia-
zole moieties. The increasing of the 6F
contents in polymers IV does not affect
significantly the position of the emission
maxima, while having an important effect
upon the solubility and processability of
poly(peryleneimide)s. Optical and photo-
luminescence properties of copolyimides in
solution are presented in Table 2.
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Figure 8.

UV-vis absorption spectra of polymers IV.
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: side-view).

No emission was observed in the solid
state. This is probably due to the high
content of perylene cromophore which
leads to fluorescence quenching through
aggregation. Figure 9 shows the photolu-
minescence spectra of copolyimides III and
Iv.

Table 2.
Optical and photoluminescence properties of copo-
lyimides in solution.

Polymer uv, sol PL (at 360 nm)
Amax, NM Aem, NM

Ll 375, 459, 492, 528 408, 442, 538, 577

IVa 313, 464°, 492, 529 404, 534, 586°

Vb 303, 492, 526 406, 534, 577°

IVc 303, 494, 528 406, 533, 586

Amax - Wavelength of the maximum absorption peak.
hem - wavelength of the maximum PL peak.
*- shoulder.

PL Intensity (a.u.)

Wavelength (nm)

Figure 9.
Photoluminescence spectra of copolyimides Il and IV.

www.ms-journal.de

| 405



406

Macromol. Symp. 2010, 296, 399-406

Conclusion

The introduction of flexible 6F groups into
the chain of perylene-containing polyi-
mides gave polymers with good solubility
in polar amidic solvents, while related
poly(peryleneimide)s without 6F groups
are completely insoluble. These polyimides
based on perylene and hexafluoroisopro-
pylidene units can be processed into thin
flexible films having the thickness in the
range of tens of micrometers using casting
technique. Very thin films with thickness in
the range of nanometres obtained by spin-
coating technique exhibited smooth sur-
face, without peaks and pinholes. All the
polyimides showed high thermal stability,
with decomposition temperature being
above 470°C, and glass transition in the
range of 245-295°C, with a large interval
between decomposition and glass transition
temperatures. All the polyimides exhibited
photoluminescence in solution after being
excited with UV light of 360 nm, with strong
maxima of photoluminescence in the range
of 405-410nm, 530-535nm and 575-
580nm. Such properties make the present
polyimides attractive for applications in
advanced opto-electronics and other
related fields.
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