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ABSTRACT: A series of amorphous polymers of poly(arylenevinylene) copolymers, in which heterocycles
(furan, thiophene, selenophene) and dialkoxy phenylenes were alternatingly linked by vinylene unit, was
prepared by the Horner—Emmons reaction. Because of high regularity of the polymer microstructure by
selective formation of E olefin, the resulting polymers showed good interchain w—z stacking in thin film state
despite being amorphous polymers. When the A,B-alternating poly(phenylene thiophene vinylene), in
particular with the bis(heptoxy) group, was used as a semiconductor material in an organic thin-film
transistor, the best hole mobility up to 0.03 cm?/(V s) was observed, which is one of the highest values
recorded from amorphous polymer film. The mobility was even 1mproved t0 0.06 cm?/(V s) when the polymer
was blended with well-dispersed single-wall carbon nanotubes (SWCNT). Although this mobility is lower
than that from the best crystalline polymers, these amorphous polymers showed advantages such as the device
performances being less sensitive to both their molecular weights and the choice of gate insulators than the

typical crystalline polymers.

Introduction

Extensive research on organic thin-film transistors (OTFT)
has been carried out during past decade.! Especially, soluble
materials made of oligomers and polymers are attractive because
they allow for room temperature solution fabrication such as spin
coating and inkjetting printing. As a result, large-area displays at
much lower cost can be manufactured and ultimately, these
materials are expected to be the key for the manufacturing of
the flexible electronic devices.” For these reasons, the polymeric
semiconductors gained attractions even though the devices made
of vacuunl deposited small molecules performed much better as a
transistor. Among the various polymeric semiconductors reported,
polymers that give good OTFT performance are crystalline poly-
mers such as poly(3-hexylthiophene) (P3HT)* and liquid-crystalline
polymers such as poly(9,9’-n-dioctylfluorene-a/t-bithiophene)
(F8T2),” poly(3,3"-didodecyl quaterthiophene) (PQT-12)® and
particularly poly(2,5-bis(3-dodecylthiophene-2-yl)thieno[3,2-b]thio-
phene) (PBTTT), whose OTFT performance is as good as com-
mercialized amorphous silicon transistors.”

On the other hand, amorphous polymers received little atten-
tion due toits intrinsically poor OTFT performances arising from
slower charge transport due to the lower degree of molecular
ordering leading to the slower hopping process. However, amor-
phous polymers can be beneficial as they provide uniform film
morphology which improves the reproducibility of the device
performance during the device manufacturing. Also, the manu-
facturing process can be simplified because device performances
using amorphous materials can be less sensitive to device fabrica-
tion conditions compared to device using crystalline materials.
Recently, good TFT performance was demonstrated when
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amorphous polymers such as poly(triarylamine)s (PTAA),® poly-
(pheneylene vinylene) (PPV),” and fluorene-containing polymers
were used as channel materials in OTFT deives. Herein, we report
the synthesis of amorphous phenylene arylene vinylene copoly-
mers where electron rich heteroatom such as sulfur and selenium
are incorporated into the polymer backbone to improve the hole
mobility for OTFT devices. Also to compensate the lack of crystal-
linity, the region-regular A,B-alternating copolymer microstructure
was chosen to enhance the intermolecular packing. As a result, we
demonstrate that various amorphous A,B-alternating copoly-
mers can be used to give high performance OTFTs with hole
mobility up to 0.03 cm?/(V s).

Results and Discussion

Our concept of polymer design starts from simple ideas that
symmetric phenylene monomer unit with linear dialkoxy chains
would provide the solubility for the whole polymer and reason-
able molecular packing. Furthermore, arylenes of electron rich
heterocycles may increase hole transport. Finally these two
monomer units should be alternatingly linked by vinylene group
to give planarity to the polymer backbone leading to better 7—x
stacking. To maximize the stereoregularity and regioregularity of
newly formed vinylene groups, the Horner—Emmons reaction
was chosen over Gilch, Heck, or Wittig reactions to produce A,B-
alternating copolymers with excellent E olefin stereochemistry.'!
On the basis of these criteria, various A,B-alternating copolymers
were synthesized from the heteroatoms containing dialdehyde
monomers 1 such as 2,5-thiophenedicarboxaldehyde and its
selenophene and furan derivatives and monomer 2, phenylene
units with varying lengths of alkoxy chains. (Scheme 1)

A typical Horner—Emmons polymerization was carried out
by slow addition of 3 equiv of base, I M KO'Bu in THF to the
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Scheme 1. Synthesis of Poly(arylenevinylene)
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Table 1. Chemical and Electronic Properties of the Polymers 2500 | _  RT
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3 2000] —— 144°C
3aa 21 2.0 0.001 10 __ q78°C
3ab 16 2.0 0.014 10° i — 220°C
3ac 62 2.0 0.022 103 g 150
3ad 55 2.0 0.013 5 % 10* 3
3ae 15 1.9 0.007 5% 10* O o e
3bb 14 1.9 0.013 10*
3be 10 1.9 0.011 10*
3bd 16 1.9 0.008 5% 10° 5001 —
3ed 22 2.0 0.003 10°
3ce 13 2.0 0.002 10° ]
“ M, measured by size exclusion chromatography relative to poly- 0
styrene standards with THF elutant. hEg measued by UV—vis spectra T T T T T
from the offset. “OTFT device geometry: top-contact, W/L = 1000 um/ 0 5 10 15 2
100 um. Source/drain: Au, measured in air. Angle

monomer solution in THF and it was refluxed for 12 h. Then the
polymerization was quenched by acidic work-up and poured into
excess methanol and subsequently into acetone to give reddish
orange solid in 50 to 80% isolated yield. The resulting polymers
were readily soluble in common organic solvents such as chloro-
form, toluene, THF, and chlorobenzene. Molecular weights for
these polymers were measured by size exclusion chromatography
(SEC) relative to polystyrene standards eluted by THF. Polymers
had M, in the range from 10 to 60 kg/mol with polydispersity
index (PDI) greater than 2 as outlined in Table 1. '"H NMR
indeed revealed that the stereoregularity for the polymers pre-
pared from Horner—Emmons reaction was excellent (See Figure
SI-1 in the Supporting Information)

To examine the morphology of the polymers, dynamic scan-
ning calorimetry (DSC) analysis was conducted and showed no
endothermic or exothermic peaks during the second heating and
cooling cycle for these polymers implying amorphous nature
of the polymers. To further support this, the polymer films
annealed at various temperatures from room temperature to
above 200 °C were subjected to X-ray diffraction (XRD), and
all showed no distinct pattern confirming the amorphous
morphology (Figure 1).

To get more insights into the electro-chemical properties of the
polymers prepared, highest occupied molecular orbital (HOMO)
energy levels were measured by photoelectron spectroscopy
(PES). These polymers were found to have deep HOMO levels
mostly in the range of —5.4 to —5.6 eV which are larger than those
of polythiophene derivatives, but similar to that of MEH-PPV.
This may provide good chemical stability against air oxidation
doping and increase the device lifetime. Also their band gap
energies (£,) were obtained from the onset of the low energy
optical absorption peak edges of UV —vis absorption spectra and
found to be between 1.9 and 2.0 eV. (Table 1) General trends were
noticed as the E,s of the polymers decreased slightly with shorter
chain length and selenium containing polymers also had slightly
smaller values than those with thiophene or furan moiety. Smaller
Es for selenophene containing polymers was due to its richer
electron density compared to thiophene and furan derivatives.'

Figure 1. XRD data obtained from polymer 3ac at various temperatures.

Interestingly, Kubo and the co-workers prepared similar poly-
mers via Wittig reaction and reported Eys of 2.4 eV for thiophene
containing polymer and 2.3 eV for that of selenophene, whose
values are significantly larger than the values from our results.''
Wittig reaction produces mixture of stereoisomers, £ and Z
olefins whereas the Horner—Emmons reaction exclusively pro-
duces E olefins, resulting in excellent stereoregularity.'? Thus, this
comparison shows that the stereoregular polymers prepared by
the Horner—Emmons method have longer conjugation length
leading to lower band gap polymers.

Although the polymers are amorphous in nature, one can
clearly observe the strong shoulder peaks from UV—vis spectra of
the film polymer of 3ac implying good w— stacking between
polymer chains. (Figure 2) The large shoulders were also ob-
served for the other thiophene and selenophene containing
polymers but the shoulders are greatly reduced for the polymers
furan. Notably, this large shoulder is absent for the previously
reported polymer with the same backbone unit but with branched
2-methoxy-5-(2'-ethylhexyloxy) side chain.'® This major differ-
ence is due to the bulky branches disrupting the 7—z stacking
whereas our polymers with linear and symmetric alkoxy chains
enhanced r—u stacking. Even more surprising is that the UV—vis
spectra of the same polymer prepared by Heck reaction do not
show the shoulder peaks either because Heck reaction also
produces other isomers lowering the stereoregularity.''® This
marked difference is again due to the difference in polymerization
method where the Horner—Emmons reaction exclusively pro-
duces E-isomer olefins whereas Wittig and Heck reactions
produce polymers with lower regioregularity.'* These observa-
tions strongly suggest that the polymers with excellent stereo-
selectivity result in longer conjugation length and better 7—x
stacking, and this regularity should be in great favor for the better
charge transport mobility.

Notably, when the UV spectra of the polymers in solution were
measured, the shoulder peak disappears as expected, and the
differences between A, in solution and that in the thin film was
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Figure 2. UV—vis spectrum of the thin film polymer (a) 3ac on quartz and (b) that when annealed at different temperatures.
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Figure 3. (a) Output curve and (b) transfer curve at Vg, = 10 V for the device fabricated by polymer 3ac.

relatively small (ca. 20 nm) compared to the difference of the
crystalline polymers such as regioregular P3HT (100 nm),'® and
PQT-12 (75 nm),” but similar to that of amorphous regiorandom
P3HT and other reported amorphous polymer.'® It seems that
although z— stacking appears to be substantial, the degree
of ordering in the solid state is poor due to the amorphous
morphology.

To our surprise, these polymers were found to be stable even at
high temperatures as thermogravimetric analysis (TGA) revealed
that they were found to be stable with no loss of mass up to
300 °C. Particularly, when UV—vis spectra were measured for
the film annealed at various temperatures from room tempera-
ture to 180 °C, almost no reduction in A, was observed and
the shoulder peaks were maintained at 180 °C. (Figure 2b) This
implies that the conjugation length and the degree of 7—u stack-
ing are retained at these temperatures.

With the polymers’ characterization in hand, their TFT
performances were screened. To make the devices with the top-
contact geometry, 1 wt % polymer solutions in chlorobenzene
was spin-coated onto the silicon-based organic insulating layer,'®
and gold was deposited on top of the polymer film as source and
drain electrodes. First, poly(phenylene-thiophene-vinylene) series
were evaluated and found that the device made from polymer 3aa
with dodecyl side-chain gave field—effect mobility of 0.001 cm?/
(V's). Fortunately reducing the chain length to octyl group, 3ab,
resulted in a 10-fold increase in mobility (0.01 cm?/(V s)), and the
max mobility of 0.022 cm?/(V s) with on/off ratio of 10° was

obtained with heptyl group, 3ac. (Figure 3) No further improve-
ment in TFT performance was noticed with even shorter alkoxy
chains, 3ad and 3ae, hexyl and pentyl groups, respectively. It
seems the poorer solubility becomes the issue for hexyl and pentyl
groups. Then the devices were prepared from the more electron-
rich selenophene analogues (3bb—3bd) expecting the better TFT
performances. Although they had lower band-gaps than thio-
phene derivatives by 0.1 eV, their performances are similar or
lower than those of thiophene analogues with mobilities approxi-
mately 0.01 cm?/(V s). One can suspect the larger size of selenium
atom that compensated the lower band gap effect. (Table 1)
Polymers of furanyl derivatives showed inferior field-effect mo-
bilities, an order of magnitude lower than thiophene and seleno-
phene analogues as one might expect from their poor 7—m
stacking observed in UV spectra. Generally, the maximum hole
mobilities for this family of polymers were obtained when the
polymer film was annealed at 70 °C.

To investigate how TFT performances vary on different surface,
two other surfaces, bare SiO, and that modified with crystalline
octadecyltrichlorosilane (ODTS),'” were used to fabricate the
devices with the best polymer, 3ac. As expected, using the different
gate insulators resulted in different FET performances. The device
made from the bare SiO, as gate insulator (GI) gave lower mobility
of 0.005 cm?/(V s) whereas that from highly hydrophobic ODTS
treated surface gave slightly higher mobility up to 0.03 cm?/(V s)
which is one of the best values for the OTFT devices made from
amorphous polymers. The difference between the worst and the
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Scheme 2. Synthesis of the Similar Polymer, 4, Ether Linkage
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Figure 4. UV—vis spectrum of the thin film obtained from polymer 4.

best GI was less than 1 order of magnitude which is relatively small
compared to the typical crystalline polymers. This suggests that the
overall morphology of the amorphous film is not that sensitive to
the surface property of GI.

Then molecular weight (MW) dependency on mobility was
also investigated. Three samples of 3ad with three different
molecular weights (14K, 28K, and 55K) with similar PDIs (2.8,
3.0, and 3.1, respectively) were fabricated into the TFT devices
and under the same condition, all showed similar mobilities,
0.011, 0.011, and 0.013 cm?/(V s), respectively, despite the large
MW difference. This is again sharp contrast to the crystalline
polymers where orders of magnitude deviation in the mobility
may occur from the same samples with different MW.'® This
interesting observation can be attributed to the nature of amor-
phous polymers having much less significance of MW affecting
the morphology change whereas the film morphology for the
crystalline polymers varies greatly depending on their MW.
Therefore, amorphous polymers have advantages since the film
quality is well-controlled regardless of the MW and the cell to cell
deviation may appear to be smaller compared to the crystalline
polymers.

Interestingly, a small change in polymer backbone resulted in a
subtle change in the molecular packing and the hole mobility.
Instead of bis-alkoxy side chain, the same thiophene monomer
was polymerized with bis-octyl phenylene derivative by the same
procedure. (Scheme 2) The resulting polymer 4 just lacking the
oxygen in the phenyl ring, gave no shoulder from the film UV—vis
spectrum implying very little 7—z stacking. (Figure 4) This, in
turn, is manifested onto OTFT performance as the device showed
2 orders of magnitude lower mobility (10~* cm?/(V s)) than that
of 3ab (—OCgH ;) when fabricated by the same method. This
large difference in the mobility can be attributed to the superior
m—m overlap between alkoxy polymers due to their smaller size
(—=O— vs —CH,—) and the more electron-rich polymer back-
bone. This result is significant as it reminds us that the fine-tuning
of the structures and functional groups in polymer design is
crucial.

Recently, scientists from Toray Industries reported the mobi-
lity enhancement by adding small amount of well-dispersed
single-wall carbon nanotube (SWCNT)." This strategy was

THF Z
Oct \_/ n

adopted to this polymer system where polymer 3ac was blended
with the diluted and well-dispersed SWCNT solution from Toray
with a 1:1 ratio. FET device was fabricated by the same method
using the silicon-based organic insulating layer. After annealing
at 100 °C, the mobilitg/ increased to 0.06 cm?/(V s) with the on/off
ratio higher than 10° as the SWCNT doping increased the on-
current while off-current remained very low. This marked im-
provement can be understood with a model proposed by Bo and
co-workers where the well-dispersed SWCNT film reduces effec-
tive channel length resulting in higher mobility.* High onj/off
ratio maintained implies that the concentration of SWCNT is
well under the percolation threshold within the given channel
length.

Conclusion

In conclusion, we have shown that various A,B-alternating
copolymers could be prepared by the Horner—Emmons reaction
between bis(alkoxy)-substituted phenylene diphosphonates and
dicarboxyladehydes of heterocycles. Although these polymers
exhibited amorphous morphology, they showed good 7—x
stacking. Their good w—u stacking was attributed to the result
of constructing highly stereoregular vinylene backbone repeat
unit with excellent E selectivity via the Horner—Emmons reac-
tion. Therefore, the OTFT devices fabricated by these polymers
showed good mobilities up to 0.03 cm?/(V s), one of the best
performances for amorphous polymers. A small dependency of
polymer MW on OTFT device performances was observed, and
the choice of insulator affected the device performance to some
degree but not as much as the other reported crystalline polymers.
These two factors demonstrate the benefit of using amorphous
polymers. However, the choice of the side chain was critical as the
mobility can defer greatly (more than 2 orders of magnitude) even
with the seemingly small changes in the side chains such as replacing
oxygen with a methylene unit. Lastly, we find that CNT doping
significantly enhances the performance up to 0.06 cm?/(V s).

Experimental Section

Anhydrous solvents, 2,5-thiophenedicarboxaldehyde, 2,5-fur-
andicarboxaldehyde, and 1 M potassium ferz-butoxide in THF
were purchased from Aldrich and TCI (2,5-furandicarboxalde-
hyde). 2,5-Selenophenedicarboxaldehyde® and 1,4-bis(diethyl-
phosphonate methyl)-2,5-dialkoxybenzene were prepared by known
methods.'® "H NMR spectra, IR spectra, and UV—vis spectra
were measured with a Bruker NMR 300 MHz (DPX 300) spectro-
meter, FT-IR (EXCALIBUR) spectrometer and a Shimadzu UV-
3100 spectrometer, respectively. XRD patterns were recorded on a
Philips XPERT diffractometer. HOMO levels were measured by
photoelectron spectroscopy in the air (PESA, model AC-2, Riken
Keiki Co., Ltd.). SEC analysis was performed with a liquid
chromatography system with a PL Gel Mixed Column using
THF as an eluent.

General Polymerization. All polymers were prepared by follow-
ing a typical Horner—Emmons reaction procedure. To a flask
charged with two monomers in THF solution, I M #-BuOK
solution in THF was added dropwise. The reaction was refluxed
for 12 h under nitrogen atmosphere. The polymerization was
quenched by the addition of aqueous ammonium chloride. After
aqueous work-up, the polymer solution was precipitated into
excess methanol, followed by the second precipitation into
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excess acetone. The isolated yields are generally 50—80% after
two precipitation steps.

Polymer 3aa: M, = 21000 g/mol (SEC); PDI = 3.0. 'H
NMR (300 MHz, CDCls), 6 (ppm): 7.2—7.3 (m, 4H), 7.0 (s, 2H),
6.9 (s,2H), 4.0 (t,4H), 1.9 (t,4H), 1.6 (m, 4H), 1.2— 1.4 (br, 32H),
0.9 (t, 6H).

Polymer 3ab: M, = 16000 g/mol (SEC); PDI = 3.0., 'H
NMR (300 MHz, CDCls), 6 (ppm): 7.2—7.3 (m, 4H), 7.0 (s, 2H),
6.9(s,2H),4.0(t,4H), 1.9 (t,4H), 1.6 (m, 4H), 1.2—1.4 (br, 16H),
0.9 (t, 6H).

Polymer 3ac: M,, = 62000 g/mol (SEC); PDI = 3.0. '"HNMR
(300 MHz, CDCl3), 6 (ppm): 7.2—7.3 (m, 4H), 7.0 (s, 2H), 6.9
(s,2H),4.0(t,4H), 1.9(t,4H), 1.6 (m,4H), 1.2—1.4 (br, 12H), 0.9
(t, 6H).

Polymer 3ad: M,, = 55000 g/mol (SEC); PDI = 3.0. '"H NMR
(300 MHz, CDCl3), 6 (ppm): 7.2—7.3 (m, 4H), 7.0 (s, 2H), 6.9 (s, 2H),
4.0 (t,4H), 1.9 (t, 4H), 1.6 (m, 4H), 1.2—1.4 (br, 8H), 0.9 (t, 6H).

Polymer 3ae: M,, = 15000 g/mol (SEC); PDI = 3.2. '"HNMR
(300 MHz, CDCl3), 0 (ppm): 7.2—7.3 (m, 4H), 7.0 (s, 2H), 6.9 (s,
2H),4.0(t,4H), 1.9 (t,4H), 1.6 (m, 4H), 1.2—1.4 (br,4H), 0.9 (t, 6H).

Polymer 3bb: M, = 14000 g/mol (SEC); PDI = 2.9. 'H
NMR (300 MHz, CDCls), 6 (ppm): 7.3 (d, 2H), 7.2 (d, 2H), 7.1
(s, 2H), 7.0 (s, 2H), 4.0 (t, 4H), 1.9 (t, 4H), 1.6 (m, 4H), 1.3—1.4
(br, 16H), 0.9 (t, 6H).

Polymer 3be: M, = 10000 g/mol (SEC); PDI = 2.5. 'HNMR
(300 MHz, CDCl3), 6 (ppm): 7.3 (d, 2H), 7.2 (d, 2H), 7.1 (s, 2H),
7.0(s,2H), 4.0 (t,4H), 1.9 (t,4H), 1.6 (m, 4H), 1.3—1.4 (br, 12H),
0.9 (t, 6H).

Polymer 3bd: M, = 16000 g/mol (SEC); PDI = 4.0. 'H
NMR (300 MHz, CDCls), 6 (ppm): 7.3 (d, 2H), 7.2 (d, 2H), 7.1
(s, 2H), 7.0 (s, 2H), 4.0 (t, 4H), 1.9 (t, 4H), 1.6 (m, 4H), 1.3—1.4
(br, 8H), 0.9 (t, 6H).

Polymer 3ed: M, = 22000 g/mol (SEC); PDI = 2.7. '"HNMR
(300 MHz, CDCl3), 6 (ppm): 7.4 (d, 2H), 7.1 (d, 2H), 7.0 (s, 2H),
6.4 (s,2H), 4.1 (t,4H), 1.9 (t, 4H), 1.6 (m, 4H), 1.3—1.4 (br, 8H),
0.9 (t, 6H).

Polymer 3ce: M,, = 13000 g/mol (SEC); PDI = 2.3. 'THNMR
(300 MHz, CDCl3), 6 (ppm): 7.4 (d, 2H), 7.1 (d, 2H), 7.0 (s, 2H),
6.4 (s,2H), 4.1 (t,4H), 1.9 (t, 4H), 1.6 (m, 4H), 1.3—1.4 (br, 8H),
0.9 (t, 6H).

Device Characterization. The field-effect mobilities of poly-
(phenylene—thiophene—vinylene)s-based TFTs were measured
using a top-contact TFT geometry. First, molybdenum (Mo), as
a gate electrode, was deposited onto an as-washed glass sub-
strate to a thickness of 2000 A by a sputtering process, and then a
silicon-based organic insulating layer was spun onto the gate
electrode to a thickness of 7000 A. (C; = 5.1 nF/cm?.) Finally,
poly(phenylene—thiophene—vinylene)s were dissolved in chlor-
obenzene, and then spin-coated on the substrates described
above. Source and drain (S/D) electrodes were formed by
evaporation of Au (70 nm) using shadow mask. Subsequently,
the OTFT devices were annealed at 70 °C for 30 min under N».
The standard channel length (L) and width (W) are 100 and 1000
um, respectively. All the measurement results were obtained at
room temperature in ambient conditions using Keithley 4200
source/measure units.
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