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Franco Cacialli c, Jorge Morgadoa,b,∗

a Instituto de Telecomunicações, Av. Rovisco Pais, P-1049-001 Lisboa, Portugal
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a b s t r a c t

Polyfluorene copolymers are functionalised with oxetane side groups which make them cross-linkable
upon exposure to an acid. Upon addition of a photoacid they become photo-cross-linkable if exposed
to UV light. Optical and electrochemical properties of these copolymers, both in the soluble and cross-
linked forms are compared. We further show that the use of this type of copolymer allows the fabrication
of multilayer structures without restriction of the organic solvent used to deposit an upper layer. In
particular, we fabricate multilayer LEDs with enhanced luminous efficiency using one of the copolymers.
The possibility to photo-cross-link these materials is also used to prepare micrometer size patterns, using
a transmission electron microscope grid as a shadow mask. Furthermore, the use of a scanning near-field
Multilayers

Patterning
SNOM patterning

optical microscope allows submicron patterns to be prepared. We propose that this approach, which can
be extended to a wide range of conjugated polymers, can be useful for the fabrication of optical, electronic
and optoelectronic structures.
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. Introduction

The molecular design and supramolecular control of the organic
ctive layers is a key parameter in the performance optimisa-
ion of organic electronic and optoelectronics devices, such as
ight-emitting diodes (LEDs), photovoltaic cells and field-effect
ransistors. To fabricate integrated and/or pixelated systems, we
eed to be able to pattern the organic materials at various length
cales, using techniques compatible with sequential processing.

hile dimensions on the order of tens of micrometers are required
or display pixels, achieving lower dimensions may not only allow
igher integration density of electronic/optoelectronic circuits but
lso lead to a better control of the optical properties of the mate-
ials, for example in photonic structures. This aim is particularly
ttractive for solution processable polymers. For this purpose, var-

ous techniques have been developed, such as screen printing [1,2]
nd inkjet printing [3,4] to name two of the most commonly used.
nother approach lies in the ability to carry out photo-induced pat-

erning, which, due to its simple application protocol, has a high
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otential of technological success in the fabrication of polymer-
ased devices.

To develop photo-lithographic patterning techniques, the most
ommon approach is the insertion of photoactive moieties in the
rganic materials, commonly soluble conjugated polymers, which,
pon illumination, turn the material into an insoluble form, while
aving little or no detrimental effects on the materials opto-
lectronics properties. Various reports have been addressing this
pproach, either applied to the formation of hole-transporting lay-
rs or insoluble polymeric layers [5–13], using various photoactive
oieties, such as acrylates and oxetanes. In particular, the use of
thermally cross-linkable polyfluorene in the fabrication of mul-

ilayer LEDs was previously reported [14]. The work reported by
üller et al. [10] was particularly relevant to the field of organic

lectronics since they used photoacid cross-linkable polyfluorenes
o fabricate a 100 �m pixel colour display. While this work was
ased on polymers containing reactive oxetanes, Tang and co-
orkers have used acrylate groups instead. They have reported

n the fabrication of two-dimensional patterns, with micrometric
esolution, of disubstituted polyacetylenes containing photo-cross-

inkable acrylate moieties, using Cu-negative photomasks [15–17].
he availability of photo-induced cross-linkable electrolumines-
ent polymers is therefore important not only for the fabrication of
ultilayer devices but also for the fabrication of pixelated displays

nd possibly even for the fabrication of photonic structures if they

http://www.sciencedirect.com/science/journal/03796779
mailto:jorge.morgado@lx.it.pt
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contain solubilising side groups. Accordingly, the solubility of the
copolymer could be improved by decreasing the 3T molar feed ratio
to compensate for the higher reactivity of 3T, thereby decreasing its
content in the final copolymer. This modification should also lead
to an increase of the molecular weight of 3TOx.

Table 1
Yield of polymerizations, structural composition (referred to Scheme 1) and molec-
ular weight of the copolymers

Copolymer Yield (%) Composition
44 A. Charas et al. / Synthet

ould be patterned at dimensions close to the visible wavelengths.
n particular, as the use of scanning-near field optical microscope
as demonstrated to allow the fabrication of patterns with sub-
icrometer dimensions based on a poly(p-phenylene vinylene)

recursor [18], we demonstrate the use of the same tool to pattern
his broader range of conjugated polymers down to similar length
cales.

In a previous publication [19] we presented preliminary results
n the preparation of insoluble networks of a fluorene-based
opolymer containing benzothiadiazole as a low energy gap
omonomer (identified then as BTBOx, and which we now name
TOx), where, similar to the work by Müller et al. [10], the network

ormation was due to the polymerization of oxetane side groups.
e have prepared two new other similar cross-linkable polymers,

8Ox and 3TOx (see Scheme 1). F8Ox emits in the blue region of
he visible spectrum and 3TOx in the orange. Further, we made
ome modifications in the preparation of BTOx. In particular, we
ave now used an aqueous solution of an organic base (tetraethy-

ammonium hydroxide, Et4NOH) for the polimerisation reaction,
nstead of K2CO3(aq.), which yielded a polymer with higher molec-
lar weight, showing higher efficiency in light-emitting diodes
19].

These copolymers are prepared by the Suzuki coupling of
hree comonomers: 9,9-dioctylfluorene units, phenylene units car-
ying oxetane side groups and a third monomer (terthiophene,
enzothiadiazole or 9,9-dioctylfluorene) which tunes the emis-
ion colour. The identification of the materials as 3TOx, BTOx,
nd F8Ox, respectively, specifies the colour tuning unit (3T, BT,
r F8, respectively) and the presence of cross-linkable oxetanes
Ox).

The selection of oxetane as cross-linkable unit is justified
y their high rates of polymerization (via cationic ring-opening
eaction resulting in acyclic polyethers) and low shrinkage
uring the cross-linking polymerization [20]. As shown in
cheme 1, a flexible 6-carbon alkyl chain spacer separates
he oxetane ring from the conjugated chain, in order to
ncrease the mobility of the oxetane groups, enabling high
onversions in the cross-linking reaction. Upon the cationic
olymerization of the oxetane groups, a polymeric network is
ormed, with the conjugated chains cross-linked by oligoether
hains.

As shown in Scheme 1, the use of the Suzuki coupling [21] allows
he preparation of statistical copolymers made of two units: [(9,9-
ioctylfluorene)-(oxetane-functionalised phenylene comonomer]
nd [(9,9-dioctylfluorene)-(color tuning X comonomer)]. To pro-
ote an equal content of these units, the molar feed ratio of the

omonomers [2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-
l)-9,9-dioctylfluorene]:Ox:X, was 2:1:1. The Suzuki reaction was
eft to occur for 48 h in Et4NOH(aq.)/toluene (1:2, v/v) in the pres-
nce of 1–2% of Pd[PPh3]4 as catalyst. The resulting copolymers
ere then end-capped with phenyl groups upon addition of phenyl-
oronic ester and bromobenzene to the reaction mixture.

The polymerization of the oxetane units of these copolymers
as performed in solid films containing a photoacid genera-

or, PAG, in 1–2.5% content, upon UV-irradiation and curing at
00–150 ◦C. The thermal, electrochemical and optical properties of
hese polymers were first studied in the solution form (non-cross-
inked structures). The cross-linked films were characterised by
V–visible absorption, fluorescence and FTIR. We have also fabri-
ated patterns of these copolymer networks upon implementation

f a reticulation protocol using a transmission electron microscope,
EM, grid as a shadow mask and using scanning near-field optical
ithography, SNOL [18,22]. Light-emitting diodes based on single
nd multilayers made of cross-linked polymers were prepared and
haracterised.

F
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. Results and discussion

.1. Synthesis and properties of the copolymers

The molecular weight of the copolymers BTOx and 3TOx is
oderate (as typically found for polymers prepared via Suzuki

oupling), which is not detrimental for UV-induced patterning
pplications [18,22], while F8Ox was obtained with high molec-
lar weight (see Table 1). This difference in molecular weight is

ikely due to the higher solubility of the F8 monomer (due to the
resence of long alkyl chains), with respect to both BT and 3T
omonomers, which avoids precipitation, maintaining the grow-
ng chains in solution during polymerization. In fact, an insoluble
raction was obtained in the polymerization reaction involving the
T comonomer.

The composition of the copolymers, in terms of mole fractions of
he building units (values of y and z in Scheme 1), was established
rom elemental analysis and 1H NMR spectra. In particular, in the
H NMR spectra we compared the area of the signals assigned to
he oxetane rings with that of the signals corresponding to the four

ethylenic protons adjacent to C9 in the fluorene unit, assuming
hat no structural defects, such as self-coupling, occurred during the
uzuki coupling. Hence, taking as example the 1H NMR of BTOx in
DCl3 (Fig. 1), the peaks at ı (ppm) = 4.49–4.33, 3.97 and 3.48–3.42
re assigned, respectively, to the protons in the oxetane ring (Ha and
b), the protons in –OCH2– groups adjacent to the phenylene ring

Hc), and to the methylenic protons adjacent to the ether linkage in
he chain of the oxetane unit (Hd and He). The peak at ı = 2.04 ppm
s assigned to the four methylenic protons adjacent to C9 in the
uorene unit (Hf). The relative areas of the signals correspond-

ng to Ha + Hb, Hc, and Hd + He (see Scheme 1) are approximately
:4:8 in agreement with the structure of the Ox comonomer. Cor-
espondingly, the relative areas of the peak at 2.04 ppm (Hf) are
12 in the spectrum of F8Ox (indicating the existence of 3 fluorene

omonomers per oxetane-containing phenylene comonomer), ∼8
or BTOx (2 fluorene units per oxetane-containing phenylene), and
16 for 3TOx (4 fluorene units per oxetane-containing phenylene).
aking into account the structure of the possible building blocks,
nd the elemental analysis results, we obtained the values for y
nd z shown in Table 1. F8Ox and BTOx have y = z, as expected from
he monomers feed ratio, whereas 3TOx contains ca. 25% molar of
uorene-Ox blocks and 75% of fluorene-3T blocks. Considering that
lectron rich aryl halides are generally less reactive in Suzuki cou-
ling [21] the higher content in 3T comonomer with respect to the

eed ratio, was not expected as terthiophene is an electron rich unit.
he higher content of the terthiophene monomer (3T) with respect
o the other comonomers is probably related to its lower steric hin-
rance. The poorer solubility of 3TOx, in comparison with the other
opolymers, is attributed to the high content of 3T, which does not
y z Mn Mw

8Ox 90 0.5 0.5 45500 152900
TOx 60 0.5 0.5 8600 15900
TOxa 30 0.25 0.75 5000 11600

a Relative to the soluble fraction only.
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To assess the cross-linking abilities of the copolymers,
HF solutions of each copolymer containing the photoacid,
4-[(2-hydroxytetradecyl)oxyl]-phenyl}phenyliodonium hexaflu-
rantimonate, in a 1–2.5%, by weight, relative to the copolymer
1% for the F8Ox and 3TOx and 2.5% for the BTOx) were deposited,
y spin coating, on spectrosil substrates. The films were irradiated
t 254 nm (using a UV lamp, 4 W) for 10 s, at 100 ◦C, for F8Ox,
nd at 150 ◦C for BTOx and 3TOx. The films were then cured at
hese temperatures for 5 min in the dark and then rinsed with
HF to remove the soluble material. These steps were carried out
nder ambient atmosphere. Under these conditions, the final films

how the same thickness as the starting non-irradiated films, and
re completely insoluble in organic solvents such as chloroform,
oluene, and xylenes. We also found that no noticeable cross-
inking occurs in the absence of the photoacid generator (PAG), as

a
s
t
s

Scheme 1. (a) Synthesis of the cross-linkable copolymers F8Ox, BTOx and
als 158 (2008) 643–653 645

he films retain their solubility after being submitted to the same
reatment (UV-irradiation and annealing). The same cross-linking
rotocol (UV-irradiation, curing and washing) was performed for
lms drop-casted on KBr disks in order to follow the structural
odifications that take place during the cross-linking reactions

y FTIR spectroscopy. Although the polymer films showed poor
dhesion to the KBr disks, which caused loss of material during
he washing step, this study confirmed the formation of the insol-
ble networks owing to oxetane ring-opening polymerization to
orm acyclic ethers, as the intensity of the bands attributed to
he characteristic vibrational modes of the oxetane units at 980

nd 820 cm−1 is significantly reduced upon polymerization. Fig. 2
hows these modifications of the IR spectra for F8Ox. However,
he absorption of vibrational modes of acyclic C–O–C groups that
hould appear around 1100 cm−1 is blurred by the presence of other

3TOx. (b) Structure of the reference polymers (PFO, F8BT and PF3T).
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Fig. 1. 1H NMR spectrum of BTOx (300

ands already present in the non-cross-linked form. An additional
and at 670 cm−1 was detected after the cross-linking protocol,
hich is attributed to the PAG residues as a similar band was also

ound in the IR spectrum of pure PAG, and assigned to the C–H bend-
ng vibrational modes of monosubstituted benzene rings. This band
s completely suppressed after inserting the cross-linked films into

high vacuum chamber (P ∼ 10−5 mbar) for about 2 h. This sug-
ests that the PAG residues are eliminated (at least down to levels
elow the detection limit achievable by FTIR) during the fabrica-
ion of LEDs based on the cross-linked films, once high vacuum is
sed for the cathode evaporation. This final aspect is important,
ecause although the amount of photoacid generator could not be
educed below the values mentioned above in order to achieve effi-
ient cross-linking, it is not expected to influence negatively the
haracteristics of LEDs or other devices.

Fig. 3 shows the cyclic voltammograms of drop-cast films of

he copolymers on a platinum disk (working electrode). Since both
xidation and reduction reactions were found to be only partially
eversible or even irreversible, we have performed anodic scans
nd cathodic scans separately on fresh films, in order to observe

ig. 2. IR spectra of the films of F8Ox deposited on KBr disks: (a) pristine film; (b)
lm after the cross-linking protocol; (c) film after the cross-linking protocol followed
y insertion into high vacuum (P ∼ 10−5 mbar for ca. 2 h).

d
a
s
a
s
i

F
p

, CDCl3, relative to tetramethylsilane).

he electrochemical behaviour of the neutral polymeric film. This
hould reproduce more appropriately the charge injection in the
olymer layer in a light-emitting diode. We estimate the ionization
otential (IP) and the electron affinity (EA) from the oxidation and
eduction potentials onsets, Eonset

Ox and Eonset
Red . The results are shown

n Table 2.
IP and EA values obtained for F8Ox are similar to those

eported for poly(9,9-dioctylfluorene), PFO, of similar molecular
eight (IP = 5.80 eV, EA = 2.12 eV) [23], indicating that the intro-
uction of the phenylene units (carrying the oxetane side groups)

n the backbone does not influence significantly the energetic
osition of the frontier levels of this copolymer. Moving to exam-

ne BTOx, we notice a decrease of the IP (to 5.58 eV) and an
ncrease of EA (to 3.00 eV), which results in a reduction of the
lectrochemical gap relatively to F8Ox. These values are slightly
ifferent from those found for the alternating copolymer poly(9,9-
ioctylfluorene-alt-benzothiadiazole) (F8BT), which we consider as
reference material for BTOx. Based on cyclic voltammetry mea-
urements on drop-cast films of F8BT, we determined IP = 5.9 eV
nd EA = 2.42 eV. We note that the IP value found for F8BT is the
ame as that previously reported in ref. [24]. However, the EA value
s lower than the value of 3.2 eV reported in ref. [24], which was

ig. 3. Cyclic voltammograms of the copolymers films deposited by drop-cast on a
latinum disk electrode.
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Table 2
Optical and electrochemical properties of the cross-linkable polymers

Polymer Solution (toluene) Film

˚PL (%) �max,abs. (nm) �max,em. (nm) �max,abs. (nm) �max,em. (nm) Eonset
Ox (V) Eonset

Red
(V) IP (eV) EA (eV)

F8Ox 91a 373 414 374 427 1.41 −2.20 5.76 2.15
BTOx 71b 345,432 411, 536 352,445 542 1.23 −1.34 5.58 3.00
3TOx 37b 456 513 447 566 0.94 −1.70 5.29 2.65
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he electron affinity values (EA) are determined from the onset of the reduction pe
As are determined by adding the optical gap to the ionization potential (IP).
a Relative to 9,10-diphenylantracene in cyclohexane.
b Relative to quinine sulphate in H2SO4 0.1 M.

btained by subtracting the optical gap (2.4 eV) and the exciton
inding energy (taken as 0.3 eV) to IP. We believe that our value
or EA should be a better estimate. In fact, device measurements,
ocusing the energy barriers between the EL layer and the cathode,
ave demonstrated that the direct measurement of the reduction
otential using an electrochemical method, such as cyclic voltam-
etry, gives a better approximation EA than the calculation based

n the optical energy gap, exciton binding energy (assumed values)
nd IP [23] With respect to the values we obtained for F8BT, we
bserve a lower IP and a higher EA for BTOx, thereby reducing the
lectrochemical gap. The reason for this variation, which contrasts
ith the invariance of the values when going from PFO to F8Ox,

s not yet understood. 3TOx presents the lowest IP of the series
5.29 eV), whereas its EA = 2.65 eV is in between that of BTOx and
8Ox. The decrease of IP upon insertion of terthiophene or other
hiophene-based units has also been reported for other alternat-
ng copolymers [25,26] and it is attributed to the �-electron rich
haracter of these units, which stabilizes the radical cation formed
pon oxidation. For poly(9,9-bis(2′-ethylhexyl)fluorene-alt-5-5′′-
2,2′:5′2′′-terthiophene) [26] (PF3T), used as a reference material
or 3TOx, we have previously estimated IP = 5.39 eV (0.10 eV higher
han IP for 3TOx) and EA = 2.81 eV (0.16 eV higher than EA for 3TOx),
hus showing that the introduction of the cross-linkable units does
ot significantly affect the redox behaviour of this copolymer, as we
ave observed for F8Ox. Although we did not characterise the cross-

inked forms of these copolymers (F8Ox, BTOx, 3TOx) by cyclic
oltammetry, we do not expect a significant difference in the redox
ehaviour of the networks, as the cross-linking reaction does not

nvolve the �-electronic system, due to the C-6 spacer between
he conjugated backbones and the oxetane units, although it may
nfluence the chain ordering. This small influence of cross-linking
n the electrochemical oxidation and reduction potentials was in
act confirmed for other similar copolymers, as it will be reported
lsewhere.

The fluorescence quantum yields (˚PL) of the copolymers in
oluene dilute solutions are shown in Table 2. F8Ox has a very high
alue (˚PL = 91%), as commonly found in blue-emitting phenylene-
uorene copolymers [27,28]. This value is higher than the reported
PL for PFO in chloroform (81%) [29]. The absorption maximum of

8Ox in toluene (373 nm) is blue-shifted with respect to that of PFO
388 nm) [29] (see Table 2) which can be due to the twisting of the
ubstituted phenylene rings in F8Ox. Nevertheless, the PL spectrum
f F8Ox is similar to that of PFO. In solution, the absorption spec-
rum of BTOx shows two distinct bands in the 300–600 nm range
ith maxima around 345 and 432 nm. By excitation within the
igher energy absorption band, two emission bands were observed
ith maxima centred at 411 and 536 nm (see Table 2), indicating
competition between emission from the higher energy states
411 nm) and energy transfer to the lower energy excited states
536 nm). This is confirmed by the fact that the solution excita-
ion spectrum, recorded upon reading within the lower energy
mission band, closely matches the absorption spectrum, showing
hat the lower energy excited states can be populated from higher

2

t
3

is explains some minor discrepancies with other works in the literature where the

nergy excited states. Similar results have been reported for other
tatistical copolymers combining fluorene and lower energy gap
omonomers [30–33]. For BTOx solutions we have found ˚PL = 71%
pon excitation within the higher energy absorption band. This
alue is slightly higher than the one we previously reported for
he lower molecular weight BTOx in chloroform (64%) [19]. The
igher energy emission band is almost completely quenched in
lms of BTOx, in which only the green emission can be observed
Fig. 4). This quenching of higher energy emission band is due to
nergy transfer to the lower energy excited states, a process that is
ore efficient in the solid state (due to close packing) than in dilute

olutions. As shown in Fig. 4, the emission spectrum of BTOx films
atches that of F8BT hence suggesting that the emissive excited

tate is localized in the same unit as in F8BT, i.e. the lower energy
ap comonomer, benzothiadiazole. In fact, Brédas et al. [34] have
hown that the excitations in F8BT are essentially localized in the
enzothiadiazole units. Nevertheless, BTOx and F8BT show distinct
bsorption spectra, indicating that the distribution of excited states
ormed upon optical excitation from the ground state is different
or these two polymers, possibly due to a lower content of benzoth-
adiazole units.

3TOx shows the smallest ˚PL in solution (37%), which is
ttributed to the increased spin-orbit coupling caused by the
eavy atom effect of the sulphur atoms, and the consequent

ncrease of singlet–triplet intersystem crossing. A reduction of
he photoluminescence efficiency has been observed for other
opolymers obtained by copolymerization with thiophene-based
oieties [29,35]. To support this scenario, we should men-

ion that poly[9,9-bis(2′-ethylhexyl)fluorene-alt-5-5′′-(2,2′:5′2′′-
erthiophene)], PF3T, has also ˚PL = 37% [26] in chloroform solution,
or which a high quantum yield for triplet state formation via inter-
ystem crossing, ˚T = 0.33(5) (benzene), was obtained [36]. In the
olid state, the emission of 3TOx is red-shifted relatively to the solu-
ion spectrum, in such a way that this copolymer emits already in
he orange part of the visible, exhibiting the same emission maxi-

um as PF3T (see Fig. 4).
Fig. 4 also compares absorption and emission spectra of the

opolymers with those of the corresponding insoluble networks
identified as r-F8Ox, r-BTOx and r-3TOx). No significant changes
re observed. This indicates that, as expected, the cross-linking
eactions, involving the oxetane rings separated from the conju-
ated backbones by a six-carbon spacer, do not alter the optical
ap. The fact that the emission spectra of these copolymers
o not change upon cross-linking and that they are controlled
y the low-energy gap comonomers, represent, we believe, a
ignificant contribution for the design of new cross-linkable
olymers.
.2. LEDs based on the cross-linked polymers

Fig. 5(a) shows the characteristics of LEDs fabricated with
he copolymers in the cross-linked form (r-F8Ox, r-BTOx and r-
TOx), that is, after implementation of the reticulation protocol
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chemistry induced by the thermal annealing of r-F8Ox. In partic-
ular, charge transport is likely to be lower in r-F8Ox due to both
the structural disorder that the cross-linking process may induce
and possible energetic disorder associated to the random nature
of the copolymer. The major effect appears to be the improvement
ig. 4. Normalised absorption and fluorescence of thin films of the copolymers
efore (XOx) and after reticulation (r-XOx) and comparison with the spectra of
eference polymers.

nd Fig. 5(b) shows the corresponding electroluminescence (EL)
pectra.

The maximum EL efficiencies are 0.03 cd/A for r-F8Ox (at 10.5V),
.18 cd/A for r-BTOx (at 19V) and 0.015 cd/A for r-3TOx (at 13 V),
ith maximum luminances of 142, 447 and 124 cd/m2, respec-

ively. The EL spectra of r-F8Ox, r-BTOx and r-3TOx, with maximum
ntensity at 419, 544 and 568 nm, respectively, are similar to the
L spectra. In the case of the LED based on r-F8Ox there is the
resence of the contaminant green-emission, typically found in

lue-emitting polyfluorene-based LEDs, centred at about 500 nm.

The insolubility of these EL polymeric networks can also be used
o fabricate multilayer LEDs. As the polymeric layers are turned
nsoluble upon cross-linking, there are no limitations in terms of

F
a
r

als 158 (2008) 643–653

he solvent used to deposit an upper polymer layer from solu-
ion. The simplest structure is made of a cross-linked r-F8Ox layer
ormed on top of PEDOT by the above described reticulation pro-
ocol. The EL layer was made of PFO (prepared by the Yamamoto
oute, Mn = 9800, Mw = 17,500). As mentioned above, the energetic
osition of the frontier levels of PFO and F8Ox are similar, so no
ignificant differences in terms of injection barriers are expected.
till, as shown in Fig. 6, a significant efficiency increase is observed.
he thickness of PFO is 55 nm and that of r-F8Ox is 25 nm.

The insertion of the r-F8Ox layer reduces the light-onset elec-
ric field (though the voltage increases) and both the maximum
uminance and EL efficiency increase. As shown in Fig. 6(c) the con-
ribution of the contaminant green emission is slightly higher for
he device with the r-F8Ox layer which improves the spectral over-
ap with the human-eye response curve, thereby contributing to
he increase of the luminance and, therefore, of the efficiency in
d/A. However, if we compare the external quantum efficiency we
stimate the maximum value of ITO/PEDOT/PFO/Mg to be 0.04%
hile upon insertion of the r-F8Ox layer it becomes three times as

arge, at 0.13%. For similar devices prepared with Al cathodes, we
bserved a similar efficiency increase from 0.02 to 0.05 cd/A, when
FO thickness is 70 nm and that of r-F8Ox is 20 nm. In view of the
imilar position of the frontier levels no significant effect on device
roperties would be expected upon insertion of the r-F8Ox layer
etween PEDOT and PFO, apart from the thickness increase. The
bserved efficiency increase can therefore be related to a differ-
nt charge transport ability of PFO and r-F8Ox and/or to interfacial
ig. 5. (a) Current (filled symbols) and luminance as a function of the applied volt-
ge for ITO/PEDOT/cross-linked polymer/Al devices (thicknesses: r-F8Ox (70 nm);
-BTOx (90 nm); r-3TOx (140 nm)); (b) corresponding EL spectra.
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f charge balance and/or the reduction of exciton quenching at the
lectrodes.

An efficiency increase was also previously reported for LEDs
ased on F8BT upon insertion of a similar r-F8Ox layer [37]. The

ncrease of the EL efficiency from 2 to 5.5 cd/A for LEDs with magne-
ium cathodes is attributed to the electron blocking effect of r-F8Ox
n view of the mismatch of the EA values of F8BT (2.42 eV) and that
f r-F8Ox (2.15 eV).

In view of the beneficial effect of the r-F8Ox layer in improving
he efficiency of LEDs based on both PFO and F8BT it is not sur-
rising that an EL efficiency increase is also observed when a blend
f PFO:F8BT in a 95% to 5%, by weight, identified as F95, is used
s electroluminescent layer. Fig. 7 evidences the modifications of
he characteristics of LEDs based on this blend upon insertion of an
-F8Ox layer. In this blend, as previously reported [38], the emis-

ion spectrum is almost totally that of F8BT, due to a quite efficient
nergy transfer from PFO. As shown in Fig. 7, the maximum EL effi-
iency doubles, although the maximum luminance is reduced from
700 to 1400 cd/m2.

ig. 6. (a) Current (filled symbols) and luminance of ITO/PEDOT/PFO/Mg and
TO/PEDOT/r-F8Ox/PFO/Mg devices as a function of the applied voltage; (b) cor-
esponding EL efficiency and (c) EL spectra.

Fig. 7. (a) Current (filled symbols) and luminance of ITO/PEDOT/F95/Mg and of
I
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P

TO/PEDOT/r-F8Ox/F95/Mg devices as a function of the average electric field, (b)
he corresponding EL efficiency in cd/A. The thickness of r-F8Ox is 30 nm and that
f F95 is 55 nm.

The effect of the insertion of r-F8Ox layer was also studied
n LEDs using MEH-PPV as emitting polymer and magnesium as
athode material. Fig. 8 compares the effect of the insertion of
his layer. The IP and EA of MEH-PPV are 5.11 and 3.05 eV respec-
ively [39]. Considering that the PEDOT work function is 5.2–5.3 eV
40], no hole injection barrier is expected to occur. When r-F8Ox
s inserted, it creates a hole injection barrier of about 0.6 eV (as
he IP of r-F8Ox is 5.76 eV). Furthermore, as r-F8Ox possesses a
ower EA of 2.2 eV it also blocks electrons coming from MEH-
PV. In view of these two barriers brought about by the insertion
f r-F8Ox there is a strong current decrease and an increase of
he light-onset voltage, as shown in Fig. 8(a). Due to both elec-
ron and exciton confinement at the r-F8Ox/MEH-PPV interface,

strong increase of the EL efficiency is observed, as shown in
ig. 8(b). The exciton confinement is due to the higher energy gap
f r-F8Ox. Surprisingly, the EL spectrum of the device contain-
ng the r-F8Ox layer shows a very small contribution of r-F8Ox
mission. This is attributed to direct recombination of electrons
oming from MEH-PPV and surpassing the EA difference at the
EH-PPV/r-F8Ox interface with the holes that are retained at the

ame interface, due to the much higher IP of r-F8Ox. As the differ-
nces of IP and EA at the r-F8Ox/MEH-PPV interface are similar,
irect recombination also occurs within MEH-PPV, and, in view
f the much higher MEH-PPV contribution to the total device
mission, we conclude that the recombination within MEH-PPV
ayer appears to be more important. We should note, however,
hat energy transfer from r-F8Ox to MEH-PPV close to their inter-

ace definitely contributes to increase MEH-PPV contribution. It
s worth mentioning that increasing the thickness of r-F8Ox layer
from 40 to 65 nm) and slightly decreasing the thickness of MEH-
PV (from 50 to 45 nm) leads to a higher contribution of r-F8Ox
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mission to the device EL spectrum, leading to a nearly white emis-
ion.

In view of the insolubility of the layers prepared with the
ew copolymers, more complex (in terms of the number of lay-
rs) devices can be fabricated. To illustrate this ability, a triple
ayer device ITO/PEDOT/r-F8Ox (70 nm)/r-BTOx (75 nm)/3TOx
105 nm)/Al was prepared and characterised [41]. In order to build
p this structure, F8Ox and BTOx were cross-linked prior to the
eposition of the next layer on top. The final layer of 3TOx was not
ross-linked. The characteristics of this device are summarised in
ig. 9.

The maximum intensity of the EL spectrum of this triple layer

evice (Fig. 9(b)), occurs at about 580 nm, which is closer to that
f 3TOx. However, no vibronic structure is evidenced, excluding
TOx as the emissive material. Furthermore, such maximum occurs
t longer wavelengths than the emission maximum of r-BTOx.

ig. 8. (a) Current (filled symbols) and luminance of ITO/PEDOT/MEH-PPV
50 nm)/Mg and ITO/PEDOT/r-F8Ox(40 nm)/MEH-PPV(50 nm)/Mg devices as a func-
ion of the applied voltage; (b) EL efficiency and (c) the EL spectrum of the device
ith r-F8Ox layer (normalised and multiplied by 100).
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ig. 9. (a) Current (filled symbols) and luminance of ITO/PEDOT/r-F8Ox (70 nm)/r-
TOx (75 nm)/3TOx (105 nm)/Al device as a function of the applied voltage; (b)
omparison of the EL spectrum of the device with the EL spectra obtained from
ingle-layer LEDs based on the single components.

herefore, either this shift with respect to the r-BTOx emission
aximum is due to interference effects or the emission has an exci-

lex origin, being the exciplex probably formed at the r-BTOX/3TOx
nterface.

.3. Patterned structures

Insoluble patterns were obtained using the cross-linking proto-
ol on films prepared from solutions of the copolymers containing
–2% of photoacid. The films were UV-irradiated through a shadow
ask (transmission electron microscope, TEM, grid, 340 �m

eriod; 285 �m hole width; 55 �m bar width). After washing with
HF to remove the soluble non-illuminated areas, the cross-section
f the films was followed with a profilometer. Fig. 10 shows the
btained well-defined patterned structure of r-F8Ox, with dimen-
ions (square pillars) 273–276 �m wide with spacings of 55–60 �m,
atching those of the TEM grid.
Patterning experiments using SNOM were carried out with F8Ox

nd BTOx in the presence of photoinitiator. The process involved
llumination through the aperture of a SNOM probe (excitation from
e–Cd laser at 325 nm), followed by washing in THF to leave behind

he pattern of the reticulated material. A short heating for 1 min
t 100 ◦C was used to drive off residual solvent and ensure maxi-

um cross-linking. Fig. 11 shows BTOx patterned at the submicron

cale. The results of SNOM lithography show that, upon adequate
ontrol of the illumination time, patterns with FWHM below 1 �m
an be obtained with these materials. When operating with thin-
er films, this technique can achieve sub-wavelength resolutions in
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Fig. 10. View of the patterned structure of F8Ox fabricated using a TEM grid and its
cross-section as obtained with a profilometer.
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ig. 11. AFM image (20 �m × 20 �m scan) of an r-BTOx pattern fabricated using the
NOM. The initial film was composed of BTOx with 10% photoinitiator and the SNOM
robe had an aperture diameter of 60 nm. The pillars have a width at half maximum
f 625 nm.

onjugated polymers [15] and 20 nm resolution in molecular mono-
ayers [42].

. Conclusions

The oxetane-functionalisation of polyfluorenes is shown to be
valuable tool to allow both the fabrication of multilayer devices,
ithout restrictions in terms of solvent orthogonality, and the fabri-

ation of micron- down to submicron- (eventually nano-) patterns
sing a photoacid assisted photopatterning. This chemical mod-

fication, while not disturbing the conjugated backbone, may be
xtended to other conjugated polymers. We believe this is a valu-
ble approach not just to fabricate pixelated displays (as already
emonstrated) but also to fabricate and integrate individual devices
such as transistors) and photonic structures.

. Experimental

.1. Materials

The palladium (0) tetrakis(triphenylphosphine) catalyst was

urchased from Aldrich and handled under inert atmosphere. The
etraethylammonium hydroxide (Et4NOH) used in the polymer-
zation reactions was purchased from Merck as aqueous solution
20%) and it was degassed prior to use by vacuum-freeze cycles.
ll the solvents used for synthesis were purified according to

w
p
b
w
d
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tandard methods and were degassed prior to use. Bromoben-
ene was obtained from Aldrich and used as received. 2,7-
ibromo-9,9-dioctylfluorene [31], 2,7-bis-(4,4,5,5-tetramethyl-
,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene [31], 1,4-dibromo-
,5-dihydroxibenzene [43], 4,7-dibromo-2,1,3-benzothiadiazole
44], and 5,5′′-dibromo-2,2′:5′2′′-terthiophene [45] were prepared
ccording to reported procedures.

1,4-Dibromo-2,5-bis-[methyl-4′-(6-(3-methyloxetan-3-
l)methoxy)hexyloxy]benzene (Ox) was synthesized from 1.68 g
6.3 mmol) of 1,4-dibromo-2,5-dihydroxybenzene [43] and 5.01 g
18.9 mmol) of 3-(6-bromo-2-oxahexyl)-3-methyloxetane [20] by
reatment with 1 g (24.9 mmol) of KOH in 50 ml of ethanol at reflux
nder inert atmosphere, during 12 h. After this period, a mixture of
iethyl ether and tetrahydrofuran (50/50, v/v) was added and the
hases separated. The organic phase was washed with water until
eutral pH. After solvent evaporation under vacuum, the product
as obtained as a white solid. Recrystallization in methanol

ielded 2.54 g of pure product. Yield: 64%. Elemental analysis
or C28H44Br2O6: calc. C 52.84; H 6.97; found C 53.00; H 6.48.
H NMR (300 MHz, CDCl3), ı (ppm): 7.08 (2H, aromatic ring, s),
.52–4.50 (4H, oxetane ring, d, J = 5.1 Hz), 4.37–4.35 (4H, oxetane
ing, d, J = 5.4 Hz), 3.97–3.93 (4H, –OCH2 adjacent to aromatic ring,
, J = 5.7 Hz), 3.50–3.46 (8H, –CH2OCH2(CH2)4CH2O–, containing a
inglet (4H) of CH2 adjacent to oxetane ring at ı 3.48), 1.86–1.79
4H, –CH2OCH2CH2(CH2)3CH2O–, q, J = 6.3 Hz), 1.68–1.43 (12H,
CH2OCH2CH2(CH2)3CH2O–, m), 1.31 (6H, –CH3, s). 13C NMR
CDCl3), ı (ppm): 149.96, 118.33, 111.04, 80.19, 76.57, 76.02, 71.38,
0.05, 39.83, 29.40, 29.01, 25.78, 25.73, 21.33.

(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzene was
btained as a white solid from bromobenzene using a similar
rocedure to the one followed to prepare 2,7-bis-(4,4,5,5-
etramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (F8).
ield: 81%. Elemental analysis for C12H17BO2: calc. C 70.63; H
.40; found C 70.23; H 7.90. 1H NMR (300 MHz, CDCl3), ı (ppm):
.827–7.803 (2H, arom., d, J = 7.2 Hz), 7.472–7.423 (1H, arom., t,
= 7.4 Hz), 7.38–7.33 (2H, arom., t, J = 7.2 Hz), 1.332 (12H, –CH3, s).
3C NMR (CDCl3), ı (ppm): 134.70, 131.21, 127.65, 83.68, 24.81.

.2. General procedure for the polymerization reactions

The polymerization reactions were carried out in a refluxing
oluene/aqueous Et4NOH (20%) medium (4 ml of toluene/2 ml of
queous solution), containing 1 mmol of the fluorene–boron ester
nd 0.5 mmol of each one of the dibrominated monomers (Ox
nd the color tuning monomer X-see Scheme 1), in the pres-
nce of a catalytic amount of Pd(PPh3)4 (1–2% mol) for 48 h, in
he dark, under N2 and vigorous stirring. In the case of 3TOx, a
ower concentration in monomers was used (ca. 0.12 M) in order
o prevent the precipitation of low molecular weight material in
he reaction medium, due to the rigid character of the terthio-
hene monomer. After this period, an excess (0.326 g, 1.6 mmol) of
4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene in degassed
oluene (ca. 1 ml) was added and the mixture was allowed to
eact for more 6 h. Afterwards, bromobenzene (0.790 g, 5 mmol)
as added and the mixture was allowed to react overnight. The

opolymers were precipitated by addition of the reaction mixture
o methanol under stirring. The collected solids were dissolved
n toluene and the respective solutions were filtered and stirred

ith aqueous NaCN solution (1%, w/w) under air overnight. The
hases were separated and the organic phase was washed with

ater and concentrated by removing the solvent under reduced
ressure. The polymers were precipitated in methanol, collected
y filtration, and the procedure dissolution–precipitation–filtration
as repeated. The obtained products were dried overnight under
ynamic vacuum.
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Poly[2,7-(9,9-dioctylfluorene)-co-1,4-(2,5-bis-[methyl-4′-(6-
3-methyloxetan-3-yl)methoxy)hexyloxy]benzene], F8Ox. Yield:
1%. Elemental analysis for (C57H84O6)0.5(C58H80)0.5: calc. C
4.09; H 10.09; found C 82.90; H 10.11. Mn = 45,500, Mw = 152,900,
w/Mn = 3.4. IR (KBr pellet, cm−1): 2925 (C–H); 2850 (C–H); 1600

C C); 1510; 1460 (–CH3 and –CH–); 1380; 1255; 1205; 1110 (C–O
n acyclic ether); 980 (C–O in cyclic ether); 885; 815 (C–O in cyclic
ther); 760; 720. 1H NMR (300 MHz, CDCl3), ı (ppm): 7.83–7.59
12H, m, aromatic, fluor., 7.12 (2H, s, aromatic ring), 4.50–4.48
4H, oxetane ring, d, J = 5.4 Hz), 4.35–4.34 (4H, oxetane ring, d,
= 5.1 Hz), 3.99 (4H, –OCH2 adjacent to aromatic ring, m), 3.45–3.43
8H, –CH2OCH2(CH2)4CH2O–, m), 2.08 (12H, aliphatic, fluor., m),
.75–0.79 (112H, aliphatic, m). 13C NMR (CDCl3), ı (ppm): 151.76,
50.43, 140.45, 139.98, 137.08, 131.24, 128.74, 127.96, 127.16, 126.11,
24.46, 121.42, 119.93, 119.31, 116.72, 80.19, 76.08, 71.44, 69.73,
5.30, 40.37, 39.84, 34.10, 31.77, 30.15, 30.00; 29.68, 29.55, 29.42;
9.30, 29.20, 25.94, 25.80, 23.87, 22.58, 21.33, 14.05.

Poly[2,7-(9,9-dioctylfluorene)-1,4-(2,5-bis-[methyl-4′-(6-(3-
ethyloxetan-3-yl)methoxy)hexyloxy]benzene]-co-[2,7-(9,9-

ioctylfluorene)-4,7-(2,1,3-benzothiadiazole)], BTOx. Yield: 60%.
lemental analysis for (C57H84O6)0.5(C35H42N2S)0.5: calc. C 79.49;

9.28; N 2.02; S 2.31; found C 78.33; H 10.41; N 1.58; S 1.90.
n = 8600, Mw = 15,900, Mw/Mn = 1.8. IR (KBr pellet, cm−1): 2925

C–H); 2850 (C–H); 1460 (–CH3 and –CH–); 1380; 1260; 1205; 1110
C–O in acyclic ether); 980 and 820 (C–O in cyclic ether). 1H NMR
300 MHz, CDCl3), ı (ppm): 8.06–7.37 (14 H, m, aromatic rings),
.12 (2H, s, aromatic ring), 4.49–4.48 (4H, oxetane ring, d, J = 5.4 Hz),
.34–4.33 (4H, oxetane ring, d, J = 5.4 Hz), 3.97 (4H, –OCH2 adjacent
o aromatic ring, m), 3.48–3.42 (8H, –CH2OCH2(CH2)4CH2O–, m),
.04 (8H, fluorene, m), 1.74–0.81 (82H, aliphatic, m). 13C NMR
CDCl3), ı (ppm): 154.36, 151.78, 151.44, 150.45, 139.93, 139.51,
37.01, 136.13, 133.60, 131.22, 128.78, 127.94, 127.19, 124.47, 123.96,
19.72, 119.29, 116.73, 80.23, 76.11, 71.46, 69.34, 55.22, 40.30, 39.86,
4.11, 31.81, 30.15, 29.35, 29.32, 25.82, 24.94, 24.013, 22.61, 22.34,
1.36, 14.07.

Poly[2,7-(9,9-dioctylfluorene)-1,4-(2,5-bis-[methyl-4′-(6-(3-
ethyloxetan-3-yl)methoxy)hexyloxy]benzene]-co-[2,7-

9,9-dioctylfluorene)-5,5′′-(2,2′:5′2′′-terthiophene)], 3TOx.
ield: 30% (soluble fraction). Elemental analysis for
C57H84O6)0.25(C41H46S3)0.75 calc. C 78.04; H 8.08; S 10.42;
ound C 77.32; H 7.99; S 11.77. Mn = 5000, Mw = 11,600, Mw/Mn = 2.3.
R (KBr pellet, cm−1): 3065, 2920 (C–H); 2850 (C–H); 1600 (C C),
465 (–CH3 and –CH–); 1375; 1260; 1205; 1105 (C–O in acyclic
ther); 980 and 820 (C–O in cyclic ether); 790 (–CH in thiophene
ing); 690 (C–S). 1H NMR (300 MHz, CDCl3), ı (ppm): 7.72–7.55 (24
, m, aromatic rings), 7.32–7.12 (20H, m, aromatic rings), 4.49–4.34

8H, oxetane ring), 3.97 (4H, –OCH2 adjacent to aromatic ring, m),
.48–3.43 (8H, –CH2OCH2(CH2)4CH2O–, m), 2.02 (16H, fluorene,
), 1.74–0.77 (142H, aliphatic, m). 13C NMR (CDCl3), ı (ppm):

51.80, 150.93, 143.94, 140.331, 136.14, 132.87, 132.67, 129.52,
27.98, 127.92, 126.15, 124.58, 124.22, 123.68, 120.21, 119.75, 80.23,
6.58, 71.46, 69.56, 67.97, 55.31, 55.15, 40.38, 39.57, 31.92, 31.78,
0.94, 29.96, 29.69, 29.20, 25.60, 25.59, 23.72, 22.59, 21.36, 14.07.

.3. Characterisation

1H and 13C NMR spectra were recorded on a Varian spectrome-
er (300 and 75 MHz, respectively) in CDCl3 with tetramethylsilane
s internal reference. FTIR spectra were recorded in a Mattson 1000
pectrophotometer. Number-average (Mn) and weight-average

Mw) molecular weights were estimated by Gel Permeation Chro-

atography (GPC) in a Waters 510 chromatograph equipped with
wo Waters UltraStyragel columns (104 and 500 Å) in series with
Water 410 Differential Refractometer detector and a Water 470
uorescence detector. The solutions of the copolymers in THF

(
w
g
t
2

als 158 (2008) 643–653

ere previously filtered (0.45 m, Millipore Millex HV). Monodis-
erse polystyrenes in THF solutions were used as standards. UV–vis
bsorption spectra were recorded on a CECIL 7200. For the determi-
ation of fluorescence quantum yield in solution, argon-saturated
oluene solutions were used, with a polymer concentration of about
0−6 M (on the basis of the repeat unit), giving an absorbance
nferior to 0.1 to avoid inner-filter effects. Fluorescence spectra

ere recorded with a Spex Fluorog F112A fluorimeter at room
emperature. The solution quantum yields were calculated by the
elative method, i. e. by comparing the area of the fluorescence
pectrum of standards and that of the sample, taking into account
he refractive indexes of the solutions [46]. Two standards were
sed: 9,10-diphenylantracene in cyclohexane (˚FL = 0.90 [46]) and
uinine sulphate in 0.1 M H2SO4 (˚FL = 0.546 [47]). All the sol-
ents were spectroscopic grade (Aldrich). Cyclic voltammetry (CV)
as performed using a Solatron potentiostat, in a cell containing

etra-n-butylammonium tetrafluorborate (Bu4NBF4) in acetonitrile
HPLC grade, Aldrich) as supporting electrolyte. The electrolyte
as degassed and the measurements were performed under N2,

t the scan rate of 50 mV/s. A saturated calomel reference elec-
rode (SCE) (calibrated against ferrocene, Fc/Fc+ 0.45 V), a platinum
ire as counter electrode and a platinum disc as working elec-

rode were used. As the energy level of Fc/Fc+ is estimated to lie
t 4.8 eV below the vacuum level [48], we calculate the ionization
otential and the electron affinity, as IP (eV) = Eonset

Ox + 4.35 and
A (eV) = Eonset

Red + 4.35, respectively.

.4. LEDs fabrication

The devices were fabricated by spin coating the ITO substrates
ith an aqueous dispersion of poly(3,4-ethylenedioxythiophene)
oped with poly(styrene sulphonic acid) (PEDOT:PSS) (Baytron P,
ayer). The layer of PEDOT:PSS (∼50 nm thick) was cured at ca.
50 ◦C, in air, for 5 min. After cooling, the emitting copolymer was
eposited by spin coating from a THF solution. Aluminum cath-
des were thermally evaporated at a base pressure of 10−5 mbar,
efining pixel areas of ca. 4 mm2. The LEDs based on the reticulated
orm of the copolymers were prepared similarly, being the Al evap-
rated after the implementation of the reticulation protocol. The
evices were tested under vacuum (at ca. 5 × 10−2 mbar). The elec-
roluminescence spectra were recorded using an Oriel Instaspec
V spectrograph. Film thicknesses were measured with a Dektak
rofilometer.

.5. Scanning near-field optical lithography

The SNOM system used for near-field lithography was of our
wn design and the high-throughput UV probes (certified aperture
iameter of 60 and 70 nm) were purchased from Jasco Corporation.
xcitation was provided by a Kimmon HeCd laser (325 nm), with a
ower incident on the fibre launching assembly of 10 mW.
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