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High-Performance Solution-Processable Poly(p-phenylene
vinylene)s for Air-Stable Organic Field-Effect Transistors

By Albert J. J. M. van Breemen,* Peter T. Herwig, Ceciel H. T. Chlon, Jorgen Sweelssen,
Herman F. M. Schoo, Estrella Mena Benito, Dago M. de Leeuw, Christina Tanase, Jurjen Wildeman,

and Paul W. M. Blom

The influence of the substitution pattern (unsymmetrical or symmetrical), the nature of the side chain (linear or branched), and
the processing of several solution processable alkoxy-substituted poly(p-phenylene vinylene)s (PPVs) on the charge-carrier
mobility in organic field-effect transistors (OFETS) is investigated. We have found the highest mobilities in a class of symmetri-
cally substituted PPVs with linear alkyl chains (e.g., R', R*=n-C;H,3;, R*=n-C;gHs;). We have shown that the mobility of

these PPVs can be improved significantly up to values of 107 cm? V-

's™ by annealing at 110 °C. In addition, these devices dis-

play an excellent stability in air and dark conditions. No change in the electrical performance is observed, even after storage for

thirty days in humid air.

1. Introduction

The use of solution-processable semiconductors in organic
field-effect transistors (OFETs) and integrated circuits is of
major importance for the commercialization of low-end, high-
volume microelectronics. The main advantage of the use of
solution-processable semiconducting polymers is their mechan-
ical flexibility and ease of processing. Applications are fore-
seen in integrated circuits for disposable smart labels and trans-
ponders, field-effect transistors in pixel engines and integrated
drivers of flexible displays, electronic paper, and as an active
component in sensors or in polymeric solar cells.'!

The benchmark of solution-processable polymeric semicon-
ductors for OFETs are thiophene-containing polymers such as
poly(3-hexyl thiophene)s, (P3HTs), poly(3”,4”-didecyl-
2,2",5" 2”-terthiophene) (PTT-10), and poly(3,3”-didodecyl qua-
terthiophene)s (PQT-12s).

Typical field-effect mobilities for spin-coated films of
amorphous, regiorandom P3HT are in the range of 10°—
10* cm?V'st™¥ A dramatic increase in mobility was ob-
served by making use of supramolecular self-organization of
highly regioregular head-to-tail P3HT. Typical values of
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102 em®*V's? were achieved in these highly ordered
films."%! Despite these high mobilities, the use of P3HT in
practical applications is hampered because of its limited sta-
bility in air.”! Poly(thiophenes) with a better stability against
oxidative doping were recently described by Ong et al.l®l
These materials show mobilities of up to 10 cm? Vs after
annealing and an enhanced stability in dry air.[!"]

Poly(p-phenylene vinylene)s (PPVs) have found widespread
use as electroluminescent materials in polymer light-emitting
diodes (PLEDs). The first commercial application in which a
PPV was used as the active material was launched in 2002.!""
For application in PLEDs, materials are optimized in order to
obtain high electroluminescence efficiencies. It is well known
that aggregate formation and excimer interactions lower the lu-
minescence efficiency, and hence should be avoided, because
of undesirable red-shifted emission bands and nonradiative re-
laxation pathways. Therefore, side chains are chosen in such a
way (e.g., R'-R* in NRS-PPV, Scheme 1) that aggregation is
suppressed, resulting in completely amorphous materials.
Charge-carrier mobilities of these PPVs in LEDs are low, typi-
cally about 107 em?® V's. However, recently,[lz] it was shown
that the mobility in a field-effect transistor (5x 10 cm?V's™)
of such an amorphous PPV, viz. OC,C;,-PPV (4a) is approxi-
mately three orders of magnitude larger than the mobility
value obtained from hole-only diodes. Considering the fact that
these PPVs were not optimized for charge transport, the mobil-
ity values are reasonable. This prompted us to evaluate new
PPVs which are especially designed for use as charge-transport
material in field-effect transistors.

For this work, different classes of easily accessible alkoxy-
substituted PPVs were examined (see Table 1). The influence
of the substitution pattern of the phenyl ring (unsymmetrical
or symmetrical), the nature of the side chain (linear or
branched), and the processing of the semiconductor on the
field-effect mobility in OFETSs was investigated.
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R%0 OCoHa4

NRS-PPV

Scheme 1. Synthesis of alkoxy PPVs. i: RBr, KOH, DMSO, room temperature
(rt); ii: (CH0),,, HCl, Ac,0, 1,4-dioxane, 70 °C; iii: KOtBu, 1,4-dioxane, 98 °C.

Table 1. Composition and field-effect mobility of PPVs under investigation.

2. Results and Discussion

The two-step synthesis of monomers 3 and 7 is outlined in
Scheme 1. Thus, alkylation of hydroquinone or p-methoxyphe-
nol, respectively, yielded the bis(alkoxy)benzenes 2 and 6 in
almost quantitative yield. These were subsequently treated
with paraformaldehyde and hydrochloric acid, yielding the
bis(chloromethyl) monomers 3 and 7. Overall yield of this
monomer synthesis was typically 60-65 %. Polymerization of
the respective monomers was done following a modified
Gilch!™! dehydrohalogenation procedure and in-situ elimina-
tion using an excess base in refluxing 1,4-dioxane.'"* The crude
polymers were carefully purified by means of repetitive precipi-
tation to afford PPVs 4 in 55-70 % yield. Despite the high
molecular weights of these polymers (weight-average molecular
weight, M, =13x10°-1.4x10° g mol™), all (co)polymers are
nicely soluble in common organic solvents (e.g., >5 mgmL™" in
toluene, xylene, and chlorobenzene) and can therefore be pro-
cessed into homogeneous thin films by standard solution-based
coating processes like spin-coating or knife-casting. Analytical
data are in agreement with the proposed structure and composi-
tion. The amount of tolane-bis-benzyl (TBB)!"*! moieties, the
major polymerization defect in the Gilch procedure, was deter-
mined using "HNMR spectroscopy. Except for NRS-PPV
(3-4 %), all other derivatives have a TBB content of 1.5-2.5 %.

In order to study the electrical transport in field-effect tran-
sistors, the respective PPVs were spin-coated from chloroben-

Molecular weight [a] w[b]
[g mol™] [em? V7' s

Polymer R' R? n m My, M, Pristine  After annealing [c]
Class 1 NRS 7.5x10° 2.6x10° 1x10* no improvement
unsymmetrically substituted PPVs 4a CH; CioH27 [d] 1 82x10°  23x10° 4%x107™ no improvement
4b CH; CgHi7 [e] 1 21x10°  63x10°  5x10°%  noimprovement
4c CH; n-CygHsy 1 1.1 x10° 3.1x10° 1x107* no improvement
Class 2 4d CioH21 [d] 1 7.2%10° 2.4x10° 1x10° no improvement
symmetrically substituted PPVs 4e CgHa7 [€] 1 55%x10° 1.3x10° 9% 107 no improvement
with branched alkyl chains 4f CH; CyoHz1 [d] CioH21 [d] 0.5 0.5 7.0 x 10° 2.1x10° 1x107 no improvement
4g CHs CsHy [f] CioHa1 [d] 0.06 0.94 68x10° 22x10° 1%x1073 no improvement
4h CH; CsHr [f] CroH21 [d] 0.08 0.92 73x10°  22x10°  1x10°  noimprovement
4 CHs CgHy [e] CgHy [e] 0.5 0.5 13x10°  42x10* 7x107* no improvement

Class 3 4j n-CgHq7 n-CgHq7 n-Cq4Hz0 0.5 0.5 38x10°  13x10° 3%x10° 6x107°

symmetrically substituted PPVs 4k n-Cy1Hos n-Cy1Hy3 n-CysHa 0.5 0.5 6.6x10° 2.0x10° 3%x107 6x107
with linear alkyl chains 4 n-CgHy n-CgHy n-CygHsy 0.5 0.5 5.1x10° 1.3x10° 6x107° no improvement

4m 1-CroHo n-CroHa n-CrgHs7 0.5 0.5 89x10° 27x10° 2x10° 6x107

4n n-Cy1Ho3 n-Cy1Hys3 n-CygHs7 0.5 0.5 14x10°  74x10° 2x10° 1x107

40 1-Cr2Hos n-Cy2Hs n-CgHs7 0.5 0.5 1.0x10°  3.0x10° 2x107 7%x107

4p n-Cy4Ha0 n-Cy4Hao n-CrgHs; 0.5 0.5 95x10°  32x10° 2x10° 7x107

[a] Calculated from gel-permeation chromatography (GPC) measurements carried out by high-temperature GPC at 140°C, using 1,2,4-trichlorobenzene
as the solvent and narrow-molecular-weight-distribution polystyrene standard samples as reference. [b] Mobility values were determined in the linear
operating regime (Vy=-19V, Vsg==2 V) [c] Annealing was performed under vacuum (107 mbar) at 110°C for 5 min. [d] CioHy1: 3,7-dimethyloctyl.

[e] CgHq7: 2-ethylhexyl. [f] CsHyqy: 3,3-dimethylpropyl.
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zene onto OFET test substrates with a bottom-contact config-
uration. Heavily doped silicon was used as the gate electrode,
with a hexamethyldisilazane (HMDS)-treated 200 nm-thick
layer of thermally oxidized SiO, as the gate-insulating layer.
Gold was thermally evaporated and patterned to form interdi-
gitated source and drain contacts. All but the stability measure-
ments were performed at 40 °C in air/light using devices with a
channel length, L, of 10 um and a channel width, W, of 20 mm.
Stability measurements were measured at 22°C in air/dark
using the same device geometry.

Field-effect mobilities (Table 1) were determined in the line-
ar regime of operation (gate voltage, V,, of 19 V, and source—
drain voltage, V4, of 2 V). When V> Vq the source—drain
current varies linearly with V, and the field-effect mobility can

then be calculated from the transconductance:!'®!

8Isd L
‘[,t =
v, WC,V,,

(1)

where L is the channel length, W is the channel width, and C; is
the capacitance of the insulator per unit area.

The PPVs synthesized in this work can be classified into
three groups, based on the substitution pattern of the phenyl
ring and the nature of the side chains (Table 1). The first class
comprises unsymetrically substituted PPVs, in which R! and R?
are different linear or branched alkyl chains. Examples are the
widely studied OC,C,p-PPV 4a, and MEH-PPV 4b. The sec-
ond class includes symmetrically substituted PPVs with
branched alkyl chains or copolymers thereof. The third class is
made up of symmetrical substituted PPVs with linear alkyl
chains.

First we compared the electrical performance of unsymme-
trically substituted PPVs of class 1 with the symmetrically sub-
stituted PPVs of class 2. Values of about 10 cm? V's™ for the
charge-carrier mobility were found for the symmetrically sub-
stituted PPVs, which is about a factor three higher than for the
unsymetrically substituted PPVs of class 1. This can be
explained by a higher degree of regularity of the former
and likely a better ordering in the solid state, resulting in
a higher mobility. Phase-imaging scanning force micros-
copy of these polymers has shown that the molecular
structure of unsymmetrical 4a is dominated by spiraling
chains and a low degree of aggregation. In contrast, for
symmetrically substituted 4d, aligned individual chains
and strong aggregation was observed.!'"”! The difference
in charge-carrier mobilities between 4a and 4d was also
reported by Blom and co-workers.'"®! They also found a
higher zero-field mobility in hole-only diodes for the
symmetrically substituted PPV 4d. Furthermore they ob-
served that the energetic disorder ¢ in the symmetrical
4d is significantly less and the localization length larger
than in unsymmetrical 4a.

In copolymers 4f-i of class 2, a certain amount of un-
symmetrical monomer was incorporated. Even for 4f
and 4i, in which 50 % of the symmetrical monomer was
replaced by the unsymmetrical monomer, the mobility is
not significantly affected.

Mobility [cm?/Vs]

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It has been shown that both optimization of processing (e.g.,
annealing of the semiconductor[w’zol), and optimization of the
transistor configurationm] (e.g., surface alignment layers,[22]
choice of the gate insulator™!) can further improve the perfor-
mance of OFETs. Thermal annealing of semiconductors like
OC,C;p-PPV 4a and MEH-PPV 4b at temperatures beyond
the glass-transition temperature (7,) results in significant
changes in the photoluminescence (PL) spectra.l'”’ The ob-
served red-shift was related to emissions from interchain
species, such as aggregates or excimers.*¥ Attempts to improve
the electrical performance of PPVs from class 1 and 2 in
devices by annealing in vacuum over a temperature range of
80-200 °C failed in our case. No significant improvement of the
mobility upon annealing was observed.

The third class of alkoxy-PPVs (4j—p) studied here are ran-
dom copolymers consisting of two symmetrically substituted
monomers in a 1:1 ratio. In this case, linear alkyl chains instead
of the branched alkyl chains in class 2 were used. These materi-
als can be still processed from (e.g., chlorobenzene) solution into
homogeneous thin films by means of spin-coating or knife-cast-
ing. They do, however, show a much stronger tendency to form
gels or aggregates upon standing at room temperature than ma-
terials from class 1 and 2 under identical conditions, indicating
strong interchain interactions. All these copolymers exhibit mo-
bilities in the range of 2-3x 10> cm?V's™! after spin-coating.
These values for the charge-carrier mobility exceed those ob-
tained for other PPVs reported so far. Devices based on these
copolymers were also subjected to a thermal treatment. For this
purpose, pristine samples were heated for 5 min at a given tem-
perature, cooled down to 40 °C and measured at this tempera-
ture. A typical example of such an annealing experiment for bis-
OC,-bisOCg-PPV (40) is depicted in Figure 1.

As can be seen the mobility after spin-coating exhibits a
value of 2x 107 em®*V's™ at 40°C. Annealing of the device
at a temperature of 80°C results in a two-fold increase to

—o—after spin-coating
—-H-annealed at 80 °C

-©-annealed at 110 °C

——annealed at 150 °C

Vg V]

Figure 1. Mobility curves of 4o before and after annealing (measured in air/light
at 40°C).

Adv. Funct. Mater. 2005, 15, No. 5, May
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4x107 cm? Vsl On going to an annealing temperature of
110°C, the mobility further increases to 7x 10~ cm?>V's™
Annealing temperatures above 110 °C again lower the mobility.
Apparently, an annealing temperature around 110 °C is the op-
timum for these PPVs.*!

Figure 2 shows the transfer characteristics of an annealed
sample of bisOC;;-bisOC;s—PPV 4n. This material has a mo-
bility of 10 cm®*V~'s™! and a current modulation of more than
10°, when measured in air and light.[26] According to the best of
our knowledge, this material displays the highest mobility of a
solution-processable PPV derivative in an OFET.

In order to study the ambient stability of these PPV OFETs,
devices were annecaled for 5 min at 110°C under vacuum,
cooled to 22 °C, and exposed to air. The relative humidity dur-
ing the stability tests varied between 50-70 %. The transfer
characteristics were measured at regular time intervals, using
the standard device geometry (L=10 um, W=20 mm) at 22 °C
and a V4 of —20 V. Figure 3 shows a typical example of the am-
bient stability of 4n as a function of time.

1.E-04 1.2E-02
T.E-05 fssooostinccosonnns, X T 1.0E-02
1.E-06

+ 8.0E-03

_ 1.E07

< + 6.0E-03

T
= 1.E-08
+ 4.0E-03
1E-09 | ¢ -2V
20V
Tt | $ 2.0E-03
— mobility
1E-11 b 0.0E+00
-20 -15 -10 5 0 5

VgVl

It can be seen that the initial high on/off ratio (>10°) of the
OFET device remains nearly constant, even after having been
stored for thirty days in humid air. These results show that
PPVs like 4n exhibit an excellent stability against p-doping by
atmospheric oxygen. In addition, the device performance is not
affected by humidity. The mobilities displayed by these materi-
als are comparable with values typically obtained for regiore-
gular head-to-tail poly(3-hexyl thiophene). However, in con-
trast to those made using P3HT, transistors made from PPVs
do not show any significant change in the electrical perfor-
mance when stored in air and under dark conditions.

3. Conclusion

In this paper we have reported on the influence of structural
engineering and processing of several solution-processable
PPVs on the electrical performance in FETs. Based on the sub-
stitution pattern and nature of the side chains, the respective
PPVs were divided into three classes. Unsymmetrically
substituted PPVs display mobilities in the region of
10 cm?V's7!. The higher degree of main-chain regu-
larity of the symmetrically substituted PPVs of class 2
resulted in an increase of the mobility of about one order
of magnitude. The combination of a high degree of
main-chain regularity with non-branched side chains
in class3 finally led to mobilities of several times
107 em®V's™'. These mobilities could be further im-
proved up to 102 cm? V'!s™ by annealing the polymers
at 110 °C. In addition, these devices display an excellent
stability in air and in the dark. No change in the electri-
cal performance was observed, even after storage for
thirty days in humid air. The combination of high mobil-
ity and good stability in air opens the way for a wide
scope of applications in plastic electronics.

[sA/;wa] Aujiqow

Figure 2. Current-voltage and mobility curves of 4n after annealing at 110°C

(measured in air/light at 40 °C).

4. Experimental

1.E-04 General Procedure for the Synthesis of 1,4-Bis(alkoxy)ben-

at=0 zenes 2: A mixture of hydroquinone (18.71 g, 0.17 mol) and

1E-05 powdered KOH (28.1 g, 0.425 mol) in dimethyl sulfoxide

' ot=5days (DMSO) (400 mL) was degassed and stirred under nitrogen for

1 h. Subsequently, bromoundecane (100 g, 0.43 mol) was added

1.E-06 ot=15days and stirred for 3 h under nitrogen. The mixture was poured into

x 1= 30 days ice-water and the white precipitate obtained was filtered off,

= 1.E-07 - washed with water and ethanol, dried, and subsequently recrys-

- tallized in ethanol. 61.9 g (87 %) of 2 was obtained as white

~ 1.E-08 | crystals. 'THNMR (CDCl3): 6 0.88 (t, 6H, CH;, J=6.3 Hz),

1.2-1.35 (m, 28H, ~CH,-), 1.42 (m, 4H, OCH,CH,CH>), 1.75

1.E-09 | (q, 4H, OCH,CH), 3.89 (t, 4H, OCH,, J =6.6 Hz), 6.82 (s, 4H,
ar H).

1E-10 | General Procedure for the Synthesis of 1,4-Bis(alkoxy)-2,5-

....... bis(chloromethyl)benzenes 3: A 31.40 g (75 mmol) sample of

e e oo diundecyloxybenzene and 6.22 g (207 mmol) of paraformalde-

’ hyde were placed in a 500 mL three-necked flask fitted with a

-20 15 -10 S 0 5 magnetic stirrer, reflux condenser, thermometer, and dropping

Vg [Vl funnel. Under nitrogen, 35 mL dioxane and 36 mL (429 mmol)

of 37 % HCl were added. A 72 mL (765 mmol) aliquot of acetic

Figure 3. Transfer chracteristics of 4n as a function of time. V;4=-20 V, T=22°C, anhydride was then added dropwise at such a rate that the inter-

devices were stored in air and in the dark.

Adv. Funct. Mater. 2005, 15, No. 5, May
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for 18 h at 70-75 °C. It was then cooled to room temperature while stir-
ring; a light-colored solid crystallized. The reaction mixture was mixed
with 70 mL of saturated sodium acetate solution, and 50 mL of 25 %
NaOH was then added dropwise at such a rate that the internal temper-
ature did not exceed 50 °C. The mixture was then cooled with an ice
bath while stirring rapidly. The off-white solid was filtered off and
washed with 200 mL of H,O. The solid was dissolved in chloroform
(35 mL) and treated with 3 x 300 mL of H,O; the pH was 5. The organ-
ic phase was dried over MgSOy and filtered. The filtrate was evaporat-
ed and crystallized once from ethyl acetate (EtOAc) and once from
toluene to give the title compound as white crystals (29.4 g, 76 %).
'"HNMR (CDCls): 6 0.88 (t, 6H, CHs, J=6.4 Hz), 1.2-1.4 (m, 28H,
-CH,-), 1.47 (m, 4H, OCH,CH,CH>), 1.79 (q, 4H, OCH,CHs), 3.98
(t,4H, OCH,, J =6.6Hz), 4.63 (s, 4H, CH,Cl), 6.91 (s, 2H, ar H).

General Procedure for Polymerization: A 500 mL three-necked flask
fitted with a reflux condenser and dropping funnel was charged with
0.83 g 2,5-bis(chloromethyl)-1,4-bis(undecyloxy)benzene (1.60 mmol),
1.14 g2,5-bis(chloromethyl)-1,4-bis(octadecyloxy)benzene (1.60 mmol)
and dry 1,4-dioxane (250 mL), and the solution was degassed by passing
nitrogen through it for about 15 min. The solution was heated to 98 °C
with an oil bath. A 0.90 g (8 mmol, 2.5 equiv.) sample of potassium tert-
butoxide, dissolved in 10 mL of 1,4-dioxane, was added dropwise to the
reaction solution from the dropping funnel over a period of 2 min. Dur-
ing this addition, the reaction mixture changed color from colorless, via
greenish, to yellow-orange, and the viscosity increased significantly.
After the addition was complete, the mixture was stirred further for
about 5 min at 98°C; 0.90 g of potassium ters-butoxide (8 mmol,
2.5 equiv.) in 10 mL of dry 1,4-dioxane was then added over a period of
1 min, and stirring was continued for 2 h at 96-98 °C. Upon cooling the
solution to 50 °C, the solution turned dark red and the polymer started
to precipitate. The reaction mixture was finally mixed with 1.5 mL
(1.5 equiv., based on the base) of acetic acid and stirred further for
20 min. For the workup, the reaction solution was slowly poured into
500 mL of intensively stirred water. The resulting mixture was stirred
further for 10 min, and the precipitated polymer was filtered off. This
was washed with 100 mL of methanol and dried under reduced pressure
at room temperature. The crude polymer was purified by dissolving it in
150 mL of chlorobenzene (85 °C oil bath) and precipitating the polymer
by the dropwise addition in 1000 mL of methanol. After washing with
200 mL of methanol, it was dried at room temperature under reduced
pressure. This procedure was repeated once more using 150 mL hot
chlorobenzene/850 mL of methanol. This procedure was repeated once
more using 150 mL of chlorobenzene/850 mL of acetone. A 1.21 g
(70 %) sample of poly[(2,5-bisundecyloxy-p-phenylenevinylene)-co-
(2,5-bisoctadecyloxy-p-phenylenevinylene)] was obtained as a dark-red
solid. "HNMR (C,D,Cly, 373 K): 6 0.92-0.98 (br t, 12H, CH3), 1.25-1.55
(br m, 84H, -CH,-), 1.55-1.7 (br m, 8H, OCH,CH,CH,), 1.85-2.05
(br m, 8H, OCH,CH), 3.6-4.4 (br m, 8H, OCH,), 6.5-8.0 (br m, 4H, ar
H). M,=1445000 gmol”’, number-average molecular weight,
M, =744350 g mol ™.

Processing and Electrical Characterization: Characterization was per-
formed under ambient conditions. Films were prepared by spin-coating
a 0.3 wt.-% solution of PPV in chlorobenzene at a speed of 2000 rpm
(revolutions per minute) for 30 s. Transistor measurements were per-
formed at 40 °C in air/light using a HP4156B semiconductor parameter
analyzer.
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