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ABSTRACT: The morphology and photoelectronic prop-
erties of blend films of poly(9,9’-dioctylfluorine) (PF) and
ethyl-cyanoethyl cellulose [(E-CE)C] were investigated. It
was found that the morphology of the blends was changed
with the blend composition. The lateral phase separation
was observed in submicron scale, and a nanoscale vertical
phase separation occurred with enrichment of the (E-CE)C
at the surface of the blend films. The photoluminescent
spectra of the blend films are blue-shifted with the
increase of the (E-CE)C. The photoelectronic properties of
the blends varied with the morphology of the blends. In

the electroluminescent device, the turn-on voltage was
almost identical for the device with 50% or above 50 wt %
PF in blend films and markedly improved for the device
with only 25 wt % PF. The external quantum efficiency of
the device fabricated with 75% PF is the highest among
the device fabricated with the PF/(E-CE)C blend
films. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106: 1390—
1397, 2007

Key words: polyfluorene; ethyl-cyanoethyl cellulose;
blends; morphology; luminescence

INTRODUCTION

The blends of different conjugated polymers, as
active emissive materials in light-emitting diodes
(LEDs), have become increasingly important. This
is because luminescent efficiency in resultant devi-
ces can be improved'™; the colors can be easily
tuned as the change of voltage’™ and white light
can be obtained by the combination of polymers
with blue, red, and green emission in the devices,® 10
etc. When the conjugated polymer is blended with
nonconjugated polymer, high efficient photoelec-
tronic devices can also be obtained.!'™*® Furthermore,
nanoscale light source was obtained due to nanodo-
mains of conjugated polymers formed by phase-
separation in blend films.""

In spite of significantly improving device perform-
ance by blend, a number of scientific challenges to
more fully understand, quantify, and predict the
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properties of the blend LEDs according to the mor-
phology of films remain. In fact, the morphology
and structure of the blend film can be remarkably
affected by the concentration of solution, the solvent,
and the velocity of spin-cast besides thermodynamic
factors, which in turn affects the optoelectronic prop-
erties of conjugated polymer blends. However, the
studies on the phase behavior of the conjugated
polymer blend films, especially on ultrathin films
(less than 100 nm) that are directly used in LEDs,
are scarce. The relationship between the phase
behavior of blend films and the performance of the
LED:s is far from to be clear.

Many nonconjugated Folymers such as pol methyl-
methacrylate)(PMMA AL polystyrene, ™ and
polyvinyl alcohol,'® have been applied in conjugated
polymer blends to improve the performance of the
LEDs. Ethyl-cyanoethyl cellulose [(E-CE)C] is a semi-
rigid molecule with its good properties for forming thin
film, good transparency in the visible range, and large
band gap. Hence, (E-CE)C can be used as a good candi-
date in nonconjugated /conjugated polymer blends.

In this work, the evolution of morphology of the
polymer blends with blend composition was pre-
sented. The compositional dependence of the
poly(9,9'-dioctylfluorine) (PF)/(E-CE)C blends on the
photoluminescent (PL) and electroluminescent (EL)
properties was studied. The effects of the morphology
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of the blend films on the optoelectronic properties
were discussed.

EXPERIMENTAL
Materials

PF was synthesized by using Suzuki polycondensa-
tion."” The number-average molecular weight of PF
was 1.5 X 10*, determined by gel permeation chro-
matography calibrated with polystyrene standard.
(E-CE)C was obtained by the reaction of ethyl cellu-
lose with acrylonitrine.”” The degree of substitution
for ethyl was about 2.1 and for cyanoethyl was about
0.4, determined through elemental analysis (CHN-O-
RAPID, Heraeus, Germany).

Preparation of solutions and LED devices

The individual polymer solution was prepared by
dissolving the homopolymer in toluene at a concen-
tration of 8.3 mg/mL and was stirred with a mag-
netic bar at 45°C for 12 h. The homopolymer solu-
tions were filtered using 0.45 pm filter to remove
undissolved particles. The polymer blend solutions
were prepared by mixing the corresponding homopoly-
mer solutions to obtain the required composition.

The active films used in LEDs were fabricated
with spin-coating of the polymer blend solutions at
room temperature. The rate of spin-coating was
adjusted in the range of 1500-3000 rpm to obtain the
active films with the almost identical thickness. The
device structure is indium tin oxide (ITO) glass/
poly(3,4-ethylene dioxythiophene) (PEDOT)/conju-
gated polymer film/Al film. The etched ITO glass
was cleaned in ultrasonic bath with aqueous deter-
gent, deionized water, acetone, and isopropanol,
respectively. Then, it was dried at 120°C for 2 h. The
thickness of the PEDOT film, conjugated polymer
film, and Al film was 30 = 5, 50 = 5, and 100 nm,
respectively.

Measurements

The sample films for atom force microscope (AFM)
(NanoScope 1lIA Mutimode AFM, Digital Instru-
ments) measure were obtained from the device films.
The films for transmission electron microscope
(TEM) (JEM-100CXII) measure were prepared by
floating the films off PEDOT-coated glass substrates
with deionized water onto Cu grids.

X-ray photoelectron spectroscopy (XPS) measure
was carried out with a VG ESCA Lab 220i-XL X-ray
electron spectrometer. Al Ka X-ray source (1486.6
eV) was used as the anode and operated at 15 kV
and 18 mA. The pass energy of the analyzer was

fixed at 40 eV. The binding energy (BE) scales for
these samples were referenced by setting the alkyl
Cls BE to 284.6 eV. The take-off angle used for anal-
ysis was 90° and 15°. The relative amounts of differ-
ent bound carbons were determined from high-reso-
lution Cls spectra and only C1 peak was fixed at
284.8 eV in the curve fitting process.

UV-vis absorption spectra were recorded with a
UV-vis spectrophotometer (SHIMADZU, UV-1601PC)
and steady state PL spectra were measured with a
fluorescence photometer (VARIAN, Cary Eclipse,
FLRO025) at room temperature.

RESULTS AND DISCUSSION
The morphology of PF film and the blend films

The films of neat (E-CE)C and PF were examined
firstly by AFM. It was found that there was no dis-
crete morphological feature for neat (E-CE)C film.
Although some “short bars” in neat PF film surface
with the height difference being less than 5 nm can
be observed in Figure 1(a—c), highly magnified phase
image reveals that the “short bars” are 55-70 nm in
length and 10-15 nm in width [Fig. 1(d)]. They
should be lamellae of PF. The formation of lamellae
of PF is possible due to residual solvent after high
velocity spin-casting” and lower glass-transition
temperature (T) of PF in the film surface compared
with that of PF bulk,?? which makes the motion of
PF chains very easy.

Addition of 25% (E-CE)C into PF, i.e., 75% PF in the
blend, leads to distinct higher-lying round particles
surrounded by lower-lying matrix (Fig. 2). The par-
ticles range from 100 to 200 nm in diameter and 5-10
nm in height. From the phase image of higher magnifi-
cation [Fig. 2(d)], the higher-lying domains have no
fine structure. Although many “short bars’ are also
observed in lower-lying surface of the film, the size of
which is consistent with that in neat PF film in Figure
1, the short bars in this film surface should be the
lamellae of PF, too. It is speculated that lower-lying
phase may be PF or PF-rich phase and the higher-
lying particles may be (E-CE)C or (E-CE)C-rich.

Evidently, the phase separation occurs in the PF/
(E-CE)C blend. The miscibility of two polymers
depends on the mixing free energy, which in turn
depends on both enthalpic (AH) and entropic (AS)
contributions. In general, AH is positive, and AS is
small for polymer blends. Compared with flexible
polymer chains, the blends of rigid polymer and
semirigid polymer result in a smaller AS, which
results in that the phase separation is easier.

As to the formation of the morphology that the
domains bloom on the film surface, it has been
believed to be related to the solubility of individual
polymer in solvent.”* The polymer that dissolved

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 AFM images of neat PF film, (a) height image; (b) phase image; (c) section analysis; (d) the phase image with
higher magnification. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 2 AFM images of 75% PF blending film, (a) height image; (b) phase image; (c) section analysis; (d) the phase image
with higher magnification. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 3 AFM high images (left) and section analysis (right) of 50% (a) and 25% (b) PF in the blends. The sizes of images
are 5 X 5 um?>. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

better in the solvent tends to depress to the surface
of the blend film, and the polymer that dissolved
poorer in the solvent tends to bloom to the surface
of the blend film. The solubility of a given polymer
in a solvent is mainly judged by the solubility pa-
rameters (8) of the polymer and solvent. If the solu-
bility parameter of the polymer is similar to that of
solvent, the polymer can be dissolved in the solvent.
The 8 of toluene, PF, and (E-CE)C were calculated
using group contribution methods with data tables
of Van Krevelen.?* The § of toluene, PF, and (E-CE)C
is 176 + 1,172 = 1, 182 = 1 (J/cm®)?, respec-
tively. PF and toluene are all nonpolar molecules,
whereas (E-CE)C is a polar molecule. From these
results, it is predicted that toluene is a better solvent
for PF than for (E-CE)C, which results in that (E-
CE)C tends to bloom to the surface and PF is
depressed to the surface.

Figure 3 shows the AFM results of the blends with
50 and 25% PF, respectively. For the blend of 50%
PF, a bicontinuous network structure is observed in

Figure 3(a). Both higher-lying phase and lower-lying
phase exist in the height image. The higher-lying
phase forms network structure; the ‘“network
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Figure 4 TEM image of 25% PF in the blend.
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Figure 5 Deconvoluted XPS spectra of Cls for PF (a) and (E-CE)C (b) and their blends with 75% (c, f), 50% (d, g) and
25% PF in the blends, the takeoff angle for a—e spectra is 15° and for f-h spectra is 90°.

hollows” are about 250-350 nm in diameter with a
height difference of about 10 nm.

For the blend of 25% PF [Fig. 3(b)], the lower-lying
phase is surrounded by the higher-lying phase to
form hollow structure. The diameter of the hollows

TABLE I
The Data of Individual Polymer Films and Blending
Films from XPS Spectra

PF in Relative
blend, Takeoff enrichment
theory angle PF, exp. (E-CE)C, of (E-CE)C
(wt %) (degree) (wt %) exp. (wt %) (wt %)
100 15 100 0 -
75 15 63 37 48
90 64 36 44
50 15 43 57 14
90 45 55 10
25 15 19 81 8
90 21 79 53
0 15 0 100 -

Journal of Applied Polymer Science DOI 10.1002/app

is about 100-200 nm with a depth of 5-8 nm. The
depth is far less than the thickness of the film that is
about 50 nm. That is, the higher-lying phase
becomes the continuous phase and the lower-lying
phase becomes the domains, which is further dem-
onstrated by TEM.

TEM image for the blend of 25% PF is shown in
Figure 4. It can be found that the black clumps are
surrounded by the white continuous phase. The
black clumps are the conjugated polymer phase, and
the white continuous phase is (E-CE)C. It is reasona-
ble that the conjugated polymer has a stronger abil-
ity of scattering electrons than that of (E-CE)C
because of the m-stacks of the conjugated polymer
chains. Ananthakrishnan et al.” have also demon-
strated that the black clumps are the conjugated
polymers in poly[2-methoxyl-5-(2'-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV)/PF/PMMA blends
by TEM. From the TEM image, (E-CE)C forms the
continuous phase and PF forms domains in the
blend film with 75% (E-CE)C, which is similar to
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Figure 6 The PL spectra of blending films with different
blending ratio. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

those observed by AFM. But the shape and size dis-
tribution of black clumps obtained by TEM are
slightly different from those obtained by AFM. This
is because the information obtained by TEM is the
spatially averaged over the whole thickness of the
polymer film.

The results of AFM and TEM observations unam-
biguously indicate the existence of the phase separa-
tion in the submicron range in the PF/(E-CE)C blend
film. And it can be also primarily concluded from
the AFM observation that the vertical phase separa-
tion of the spin-casting film may occur. To further
demonstrate this point, XPS has been used to ana-
lyze the content of the two polymers on the surface.

Observation by XPS

XPS spectra (Cls) are obtained at an electron takeoff
angle of 15° and 90°, as shown in Figure 5(a—e, f-h),
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respectively. There is only C1 in Cls of PF because
of only existing carbon and hydrogen atoms in the
PF molecule. The location of C1 is at 284.8 eV with a
full width at half-maximum (fwhm) of 1.6 [Fig. 5(a)].
There should be three bonding types of carbon
atom, that is, C1, C2, and C3 in Cls XPS spectrum
for (E-CE)C. C1 is corresponding to the carbon
atoms being bonded only to hydrogen or carbon
(C—H and C—C bonds), C2 is the carbon atom sin-
gly bounded to a nonketonic oxygen atom
(—C—0O—), and C3 is the carbon bonded to two
nonketonic oxygen atoms (O—C—0).* To simplify,
the Cls peak of (E-CE)C is only divided into Cl
peak and the mixed peak of C2,C3 (denoted as C23,
which carbons are bonded to oxygen) as shown in
Figure 5(b). The peak of C1 in (E-CE)C is at about
284.8 eV with a fwhm of 1.4, whereas the peak of
C23 in (E-CE)C at about 486.5 eV has a big fwhm of
2.02. The integral ratio of C1 to C23 in XPS spectra
of (E-CE)C is 1 : 2.6. That is, there are 3.17 C1 atoms
in (E-CE)C molecule (according to the chemical for-
mula C;;405H196Nps of (E-CE)C), which is more
than the value (2.5) theoretically obtained according
to the structure formula of (E-CE)C repeat unit. This
is because of the existing hydrocarbon impurity,
which is mainly a systematic error.”**

The content of PF and (E-CE)C in film surface can
be calculated according to the values of C1 and C23
in blend films. The calculating results are shown in
Table I. It can be found that the content of (E-CE)C
in the film surface is higher than the bulk value.
And the (E-CE)C content obtained from a takeoff
angle of 15° is slightly higher that obtained from a
takeoff angle of 90°. It is suggested that the vertical
phase separation occurs. It is also found that the rel-
ative enrichment of (E-CE)C, which is defined as
[(E_CE)C(experiment) - (E'CE)C(theory)] / (E_CE)C(theory)/
is decreased with the decrease of PF in the blends.
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Figure 7 (a) current density-voltage curve for the devices with neat PF and PF/(E-CE)C blending films; (b) the external
quantum efficiency (qe)-voltage curve for different content of PF. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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Toluene is a better solvent for PF relative to (E-
CE)C. Thus, (E-CE)C will be separated out firstly
and PF in toluene will expel (E-CE)C molecules to
bloom to the surface with the evaporation of the sol-
vent.” The expelling force decreases with the
decreasing of the PF content in the blends, which
may be related to the decrease of total surface
energy. These results suggest the enrichment of (E-
CE)C on the film surface, which is consistent with
the results obtained by AFM observations.

PL and EL emissions of PF film and the
blend films

Figure 6 shows PL emission spectra of the neat PF
film and the PF/(E-CE)C blend films. It can be seen
that the emission spectra of the films are blue-shifted
with decreasing PF content. The neat PF have a
main peak at 429 nm. When the PF content in the
blend film is decreased to 5%, the main peak of PF
is blue-shifted to 421 nm and is narrowed. The phe-
nomena have also been observed in other blend sys-
tems.'*'® Tt is suggested that PF chains are really
separated by (E-CE)C molecules and the interaction
of PF chains is decreased, which helps to improve
the luminescent efficiency of the PF films.

The EL performance of the devices fabricated with
the blends is investigated. The value of the LED
properties was obtained by averaging three LED
devices. The relationship between current density (J)
and voltage (V) is shown in Figure 7(a). It is found
that the turn-on voltage for the devices fabricated
with 50% or above 50% PF in blends is almost iden-
tical,'® about 3.6 V, and is increased to 9 V for the
device with 25% PF. The phenomena could be
related to the phase morphology of the blend film.
From the AFM and TEM images, the PF is in contin-
uous phase when PF contents are equal to or above
50% in the blend film, that is, the passage of the
charges is continuous. And for the blend of 25% PF,
the conjugated polymers are separated by (E-CE)C
and formed domains, which may result in the
increase of the resistance and then the increase of
turn-on voltage of the device.""

The external quantum efficiency of PLED device
was defined as Np/Ng (Np is the number of photos
emitted externally from the device and Ng is the
number of electrons injected in to it within unit
time) and was calculated according to the litera-
ture.” The external quantum efficiency as a function
of voltage for devices that contain different content
of PF is compared as shown in Figure 7(b). Though
the efficiencies for the devices are low, it is evident
that the peak efficiency of the device with 75% PF is
higher than that of the devices with neat PF and the
other blend film. The variation of the efficiency of
the devices can be because of the following reasons.

Journal of Applied Polymer Science DOI 10.1002/app
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As the (E-CE)C contents is increased, the PL spectra
are blue-shifted and PL quantum efficiency is
increased (mentioned above); furthermore, the effi-
ciency of electron-hole capture will be increased at
the heterojunctions of PF and (E-CE)C."?° The
above two factors can improve the EL efficiency. But
(E-CE)C, as a insulator, can block the transport of
electrons and holes, resulting in a lower combination
efficiency of electrons and holes. Therefore, there
exist in an optimal content of PF in the blend for the
external quantum efficiency, which is about 75% PF
in the blend.

CONCLUSIONS

The morphology of PF/(E-CE)C blend films varies
with the composition of the blends. At a low (E-
CE)C (or PF) content, (E-CE)C (or PF) can exist as an
isolated domain and the other component as a con-
tinuous phase in the blends. A bicontinuous phase
structure is observed when the composition of the
blend is 50/50 of PF/(E-CE)C. (E-CE)C in the blends
tends to bloom on the blend film surface. The PL
spectra of the blend films are blue-shifted with
increasing (E-CE)C composition in the blends. In the
EL device, the turn-on voltage is almost identical for
the devices with 50% or above 50% of PF in the
active layer. And when PF is equal to 25%, the turn-
on voltage is improved. It is also found that the effi-
ciency of the device with 75% PF is the highest
among the device fabricated with the PF/(E-CE)C
blend films.
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