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Correlating Molecular Structure to Field-Effect Mobility: The
Investigation of Side-Chain Functionality in Phenylene-Thiophene
Oligomers and Their Application in Field Effect Transistors
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Short conjugated phenylene (Rhiophene (T) oligomers with varying and w alkyl and alkoxy
substitutions were synthesized using Stille and Suzuki coupling reactions to investigate the correlation
between end-group structure and electronic properties on P2TP and P3TP conjugated cores. Several soluble
oligomers were synthesized with 5/&is(4-n-octylphenyl)-2,2bithiophene (do-PTTP) showing the highest
mobility (« = 0.18 cn? V! s71) and on/off ratio of 10at a substrate temperature of 8D. Thin film
morphologies analyzed using atomic force microscopy revealed higher nucleation densities for branched
alkoxy side-chain molecules compared to those of their straight alkyl side-chain counterparts. Field-
effect mobility showed an inverse correlation to side-group bulkiness, indicating a strong morphological
component to charge transport in the P2TP and P3TP series.

Introduction changes in intermolecular interactions can lead to dramatic
changes in thin film morphology and crystallinity, which in
turn alter the electronic properties. A large amount of work,

There is a tremendous interest in using organic semicon-
ductors for electronic devices, some of which include sensors, ¢ hei . h . “uning” th
smart tags, and displays that are low cost and largelafea. " t€ms of synthetic design, has gone into “tuning” the
Several different oligomeric and polymeric semiconductor organic semiconductor core, both to optimize charge transport

i i i iling 12,13
backbones have been synthesized for use in organic field-2"d maintain environmental stabilfty:"'> One example
effect transistors (OFETS), with field-effect mobility values Where crystal structure variation has been studied intensely
comparable to that of amorphous silicoit The relationship is the family of linear acenes, which is the subject of a recent
: o ) .
between solid-state crystallinity and electronic performance "€View:* Most of the time, alkyl substituents are added to
is well established, but there are many critical factors that Fhe semiconductor backbone in order to impart solubility and

are not understood in terms of molecular design, where Subtle|anuence the thin film microstructure at the semiconductor/

insulator interface.
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Phenylene Thiophene Oligomers

films introduces the possibility of high-throughput process-
ing, such as ink-jet printing, and has largely been the driving
force behind developing soluble organic semiconductors.
Bulky side chains have been introduced to oligothiophene
systems in order to improve solubility, but this causes a
drastic decrease in device performaft&@he same inter-
molecular forces that provide desirable electronic properties
are also the ones that inhibit solubility (and solution
processability) in organic solvents. Recently, we have
investigated the substitution of cyclohexyl side chains on
several different organic semiconductors, which improve
solubility while maintaining excellent device performarige.
This naturally leads to the question of just how bulky the

substituent can be for a given semiconductor core. Where is

the cutoff between improvements in solubility and the
influence on device performance? In this paper, we have
systematically investigated the effect of different end sub-
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Table 1. X-ray Diffraction Obtained d-Spacing and Calculated
Molecular Length

d-spacing MM2-minimized
molecule A length (A)
dip-P2TP 21.8 25
dmo-P2TP 104 21
dtbo-P2TP 20.3 23
dtb-P2TP 15.8 21
dho-P2TP 32.2 32
dpo-P3TP 29.2 30
dho-P3TP 36.4 36
doo-P3TP 40.7 40

Blue three-zone temperature controller. An attached Varian Turbo-V
250 turbo pump achieved vacuum pressures- b0 torr.

Instrumentation. *H nuclear magnetic resonance (NMR) spectra
were obtained on Varian Gemini 200, Varian 400, and Inova 500
spectrometers at 200, 400, and 500 MHz, respectively. Chemical
shifts (0) are presented in parts per million using residual solvent
as an internal standard (CHCbH = 7.26).

stitutions on a series of organic semiconductors based on a5, i Force Microscopy. A Digital Instruments MMAFM-2

simple phenylenethiophene core.

The Katz group has previously reported unsubstituted and
alkyl-substituted phenylerghiophene oligomers with field-
effect mobilities as high as-0.1 cn? V™1 s, both from

scanning probe microscope was used to perform tapping mode
atomic force microscopy (AFM) on the samples with a silicon tip
of 300 kHz frequency. The am x 5 um and 20um x 20 um
scans were completed on 2 nm films deposited on both barg SiO

vacuum deposition and short-channel solution-processedand octadecyltrimethoxysilane (OTS)-treated SiO

device?%22 This class of materials can also be transformed
into n-channel or ambipolar transistors by modification with
the appropriate end substitutiotiBecause of these promis-

X-ray Diffraction. A Philips PANalytical X'Pert diffractometer
with a PreFIX X-ray mirror at the incident beam and a parallel
plate collimator at the diffracted beam was used on the thin films

ing electronic properties and the ease of synthesis, we chos&f the evaporated molecules. Thé20 scans were performed with

to use this semiconductor core to systematically study the
effect of side-chain functionality using alkyl and alkoxy

substituents. More than 20 molecules were synthesized with

a variety of alkyl and alkoxy substituents in order to

Cu Ka radiation at a power of 45 mV and 40 mA, with a step size
of 0.02 and a step time of 10 s.

Cyclic Voltammetry. Highest occupied molecular orbital (HOMO)
levels were measured using cyclic voltammetry on a CHI411 CH
Instruments analyzer. Cyclic voltammetry was performed on a

investigate the degree of substituent bulkiness and the eﬁectc.‘olution saturated with the corresponding oligomer (0.1 M tetrabu-

of different side chains on thin film microstructure and device

performance. With the use of the results, several general
conclusions can be drawn that will prove useful in designing

organic semiconductor molecules in the future.

Experimental Section

Chemicals and Methods.All chemical were purchased from
Aldrich Chemical Co. unless otherwise stated. Boronic acid
compounds were purchased from Combi-Blocks, Inc. 4-Bromo-1-
alkylbenzene and 4-bromo-1-alkoxybenzene compounds were
purchased from TCI Inc. Solvents were purchased from Fisher.

Vacuum Sublimation. Final purification of most oligomers was
completed by vacuum sublimation under reduced pressutan.
diameter quartz crystal tube with 2 in. long quartz insert sleeves
was placed into a Lindberg/Blue oven regulated by a Lindberg/

(17) Malenfant, P. R. L.; Dimitrakopoulos, C. D.; Gelorme, J. D.; Kosbar,
L. L.; Graham, T. O.; Curioni, A.; Andreoni, WAppl. Phys. Lett.
2002 80, 25172519.

(18) Barbarella, G.; Ostoja, P.; Maccagnani, P.; Pudova, O.; Antolini, L.;
Casarini, D.; Bongini, AChem. Mater1998 10, 3683-3689.

(19) Locklin, J.; Li, D. W.; Mannsfeld, S. C. B.; Borkent, E. J.; Meng, H.;
Advincula, R.; Bao, ZChem. Mater2005 17, 3366-3374.

(20) Hong, X. M,; Katz, H. E.; Lovinger, A. J.; Wang, B. C.; Raghavachari,
K. Chem. Mater2001, 13, 4686-4691.

(21) Mushrush, M.; Facchetti, A.; Lefenfeld, M.; Katz, H. E.; Marks, T. J.
J. Am. Chem. So003 125 9414-9423.
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Ocko, B.; Gang, O.; Jisrawl, NI. Phys. Chem. B004 108 8567~
8571.

(23) Facchetti, A.; Letizia, J.; Yoon, M. H.; Mushrush, M.; Katz, H. E.;
Marks, T. J.Chem. Mater2004 16, 4715-4727.

tylammonium hexafluorophosphate (BIPF;) in anhydrous me-
thylene chloride (CHCI,) solution), sweeping from-0.2 to 1.5V

at a differential scan rate of 50 mV/s. A Ag quasi-reference
electrode and Pt working/counter electrode were used. The fer-
rocene/ferrocenium redox couple was used as an internal standard
in each case.

Deposition/Device Fabrication.Top contact devices were made
according to a literature procedr&@he n-doped silicon substrate
functions as the gate electrode, while a thermally grown 300 nm
silicon dioxide layer with a capacitance per unit area of>1.008
F/cn? functions as the dielectric. Shadow masks vl of 20
(W= 4000um, L = 200um) were used after the evaporation of
the organic semiconductor to deposit the gold electrodes. The
organic semiconductors were deposited at a rate of 1 A/s under a
pressure of 6< 1076 mm of Hg to a final thickness of 4550 nm
as determined by a quartz crystal monitor. Transistor measurements
were performed in air using a Keithley 2400 semiconductor
parameter analyzelps was measured a%; was swept from+-20
to —100 V at a constan¥ps of —100 V. Mobility values reported
were calculated from the saturation regifé® At least six top
contact transistor devices from the same substrate were tested for
each molecule, and the average value and standard deviation of
each parameter are reported below. Devices were fabricated at
different substrate temperatures, and the best mobility values for
each oligomer are shown in Tables 2 and 3. Each batch contained

(24) Newman, C. R.; Frisbie, C. D.; daSilvaFilho, D. A.; Bredas, J. L.;
Ewbank, P. C.; Mann, K. RChem. Mater2004 16, 4436-4451.

(25) Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A. Appl. Phys1996
80, 2501-2508.
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Table 2. Mobility, On/Off, and Threshold Voltage Data for P2TP

Molecules
mobility Vr substrate temp
molecule (cm?V-1s on/off V) (°C)
dip-P2TP 0.026t 0.0006 4x 1P —14.1+1.1 40
dtb-P2TP 0.007 0.0004  4x 10° —16.3+2.6 50
db-P2TP 0.14t 0.05 9x 100 —-58421 40
do-P2TP 0.18t 0.005 9x 106 —17.3+1.4 50
dmo-P2TP no observed mobility 40
dipo-P2TP  0.046: 0.0004 3x 10® —0.6+1.1 40
dpo-P2TP 0.05% 0.0006 3x 106 —-8.2+04 50
dbo-P2TP 0.0 0.002 2x 1P —3.3+1.3 50
dtbo-P2TP ~ 0.003 0.0002  2x 10* —-3.9+3.4 40
dho-P2TP 0.06%- 0.001 6x 10° —16.3+0.8 50
doo-P2TP 0.18 0.008 5x 10/ —5.44+0.4 50

both plain and OTS-treated Si®ubstrates, which were grown from
OTS vapor at a reduced pressure in a closed container.
Oligomer Synthesis.The synthetic protocol for the oligomers
used in this work is outlined in Schemes 1 and 2.
Synthesis of 5,5Bis(4-isopropylphenyl)-2,2-bithiophene (dip-
P2TP). To a solution of 4-isopropylphenylboronic acid (1.12 g,
6.82 mmol) and 2,2dibromobithiophene (1.15 g, 3.54 mmol)

dissolved in toluene (15 mL) was added potassium carbonate (4.72Z

g, 34.2 mmol) dissolved in water (50 mL) followed by the addition
of phase-transfer agent Aliquot 336 (1.3 g, 3.22 mmol). The mixture
was bubbled with nitrogen for 15 min. Then, tetrakis(triphenylphos-
phine)palladium(0) (85 mg, 0.074 mmol) was added, and the
mixture was bubbled with Nfor an additional 10 min. The mixture
was heated to 83C for 20 h under nitrogen. The precipitate was
filtered and washed with methanol and further purified by flashing
through a silica column with chloroform as eluent to give an orange
solid (yield = 57.2%).1H NMR (500 MHz, CDC}): oy 7.54 (d,
4H,J = 8.0 Hz), 7.25 (d, 2HJ = 8.0 Hz), 7.19 (d, 2HJ) = 3.8
Hz), 7.15 (d, 2H, 3.8 = Hz), 2.93 (m, 2H), 1.28 (d, 2H] = 7.1
Hz).13C NMR (500 MHz, CDC4, 0): 24.18, 31.12, 34.06, 123.56,

Sung et al.

(1.19 g, yield, 82%)H NMR (500 MHz, CDC}): oy 7.51 (d,
4H,J = 8.7 Hz), 7.11 (m, 4H), 6.91 (d, 4H,= 8.7 Hz), 4.00 (t,
4H,J = 6.5 Hz), 1.78 (p, 4H, = 8 Hz), 1.50 (m, 4H), 0.99 (t,
6H,J =7 Hz). Anal. Calcd for GgH300,S,: C, 72.69; H, 6.54; S,
13.86; O, 6.92. Found: C, 72.47; H, 6.28; S, 13.86.
5,5-Bis(4-hexyloxyphenyl)-2,2-bithiophene (dho-P2TP).The
same procedure as that for dip-P2TP was used. The filtered product
was further purified by vacuum sublimation to yield a yellow solid
(yield = 78%). Anal. Calcd for gH3s0,S,: C, 74.09; H, 7.38; S,
12.36. Found: C, 74.21; H, 7.31; S, 12.35.
5,5-Bis(4-octyloxyphenyl)-2,2-bithiophene (doo-P2TP).The
same procedure as that for dip-P2TP was used. The filtered product
was further purified by vacuum sublimation to yield a yellow solid
(yield = 70%).*H NMR (500 MHz, CDC}): 6y 7.52 (d, 4HJ =
8.0 Hz), 7.11 (s, 4H), 6.91 (d, 4H,= 8.0 Hz), 3.98 (t, 4H,J) =
6.5 Hz), 1.80 (m, 6H), 1.47 (m, 6H), 1.31 (m, 12H), 0.89 (t, 6H,
= 6.9 Hz). Anal. Calcd for gsH460,S;: C, 75.21; H, 8.07; S, 11.16.
Found: C, 74.92; H, 7.81; S, 11.37.
5,5-Bis(4-tert-butoxyphenyl)-2,2-bithiophene (dtbo-P2TP).
To a nitrogen-evacuated flask was adde@r-butoxy-bromoben-
ene (0.83 g, 1.69 mmol) and 5/ais-trimethylstannanyl-[2,2
bithiophene (0.77 g, 3.37 mmol). Anhydrous DMF (30 mL) was
added via syringe, and the solution was bubbled withfdd 20
min. Then tetrakis(triphenylphosphine)palladium(0) (58 mg, 0.050
mmol) was added, and the solution was heated t6@%or 24 h.
The solution was filtered, and the precipitate was washed with
acetone to yield a yellow solid (0.58 g, yietd 75%).H NMR
(500 MHz, CDC}): 6y 7.50 (d, 4HJ = 8.5 Hz), 7.15 (d, 2HJ =
3.5 Hz), 7.13 (d, 2H) = 3.5 Hz), 7.01 (d, 4HJ = 8.5 Hz), 1.38
(s, 18H).13C NMR (500 MHz, CDC4, d): 29.12, 79.22, 123.43,
124.568, 124.78, 126.43, 129.55, 136.48, 143.07, 155.40. Anal.
Calcd for GgH300,S,: C, 72.69; H, 6.54; S, 13.86. Found: C,
72.49; H, 6.28; S, 13.59.

124.55, 125.86, 127.26, 131.91, 136.55, 143.45, 148.77. Anal. Calcd  2-3-Bis(4--butylphenyl)-2,2-bithiophene (db-P2TP). The

for CyeHoeS: C, 77.56; H, 6.51; S, 15.93. Found: C, 77.72; H,
6.48; S, 15.77.

5,5-Bis(4-ert-butylphenyl)-2,2'-bithiophene (dtb-P2TP).The
same procedure as above was used to give a yellow solid ¢yield
82%).'H NMR (500 MHz, CDC}): oy 7.54 (d, 4H,J = 8.7 Hz),
7.41 (d, 4H,J = 8.7 Hz), 7.20 (d, 2H,) = 4.1 Hz), 7.15 (d, 2H,
J= 4.1 Hz).13C NMR (400 MHz, CDC}, 0): 31.49, 34.87, 123.58,

same procedure as that for dtbo-P2TP was used. The compound
was further purified by vacuum sublimation to yield a yellow solid
(yield = 64%).H NMR (500 MHz, CDC}): dy 7.52 (dd, 4H3J

= 6.5 Hz,"J = 2 Hz), 7.20 (m, 6H), 7.14 (d, 2H = 4 Hz), 2.63

(t, 4H,J = 7.7 Hz), 1.60 (m, 4H), 1.38 (h, 4H,= 7.5 Hz), 0.94

(t, 6H,J = 7.2 Hz).23C NMR (500 MHz, CDC}, 9): 14.25, 22.62,
33.82, 35.62, 123.52, 124.54, 125.75, 129.24, 131.73, 136.52,

124.52, 125.57, 126.10, 131.46, 136.66, 143.31, 150.97. Anal. Calcd142.84, 143.45. Anal. Calcd forgHs0S;: C, 78.09; H, 7.02; S,

for CogH3zS,: C, 78.09; H, 7.02; S, 14.89. Found: C, 78.10; H,
7.23; S, 14.77.
5,5-Bis(4-methoxyphenyl)-2,2-bithiophene (dmo-P2TP).The
same procedure as above was used to give a yellow solid ¢yield
81%). Anal. Calcd for &H150,S,: C, 69.81; H, 4.79; S, 16.94.
Found: C, 69.79; H, 4.79; S, 16.56.
5,5-Bis(4-isopropoxyphenyl)-2,2-bithiophene (dipo-P2TP).

14.89. Found: C, 78.12; H, 6.98; S, 14.67.
5,5-Bis(4-octylphenyl)-2,2-bithiophene (do-P2TP).The same

procedure as that for db-P2TP was used to yield a yellow solid

(yield = 77%).*H NMR (500 MHz, CDC}): 6y 7.52 (d, 4HJ =

8.1 Hz), 7.29 (m, 6H), 7.14 (d, 2H,= 3.6 Hz), 2.61 (t, 4HJ =

7.7 Hz), 1.60 (m, 4H), 1.30 (m, 20H), 0.88 (t, 6Bl= 6.8 Hz).

13C NMR (500 MHz, CDC}, 6): 14.38, 22.94, 29.56, 29.74, 31.23,

The same procedure as above was used to give an orange solid1.70, 32.14, 35.94, 123.49, 124.52, 125.75, 129.20, 131.70, 136.53,

(yield = 83%). Anal. Calcd for GgH260.S,: C, 71.85; H, 6.29; S,
18.76. Found: C, 71.93; H, 5.79; S, 14.54.
5,5-Bis(4-propoxyphenyl)-2,2-bithiophene (dpo-P2TP).The

142.87, 143.45. Anal. Calcd forzgH46S,: C, 79.65; H, 8.54; S,
11.81. Found: C, 79.44; H, 8.48; S, 11.63.

Preparation of 2,5'-Bis(4-isopropylphenyl)-2,2:5',2"-ter-

same procedure as that for dip-P2TP was used. Instead ofthiophene (dip-P3TP).To a solution of 4-isopropylphenylboronic

purification by column chromatography, the compound was purified
using vacuum sublimation to give a yellow solid (yietd80%).
IH NMR (500 MHz, CDC}): dy 7.52 (d, 4H,J = 8.7 Hz), 7.11
(s, 4H), 6.91 (d, 4H, = 8.7 Hz), 3.95 (t, 4H,J = 6.6 Hz), 1.83
(h, 4H,J = 6.1 Hz), 1.05 (t, 6HJ = 7.4 Hz). Anal. Calcd for
CogH260,S,: C, 71.85; H, 6.03; S, 14.76; O, 7.36. Found: C, 72.01;
H, 6.22; S, 14.71.

5,5-Bis(4-butoxyphenyl)-2,2-bithiophene (dbo-P2TP). The

acid (0.266 g, 1.62 mmol) and 2&libromo-2,2:5',2"-terthiophene
(0.33 g, 0.81 mmol) dissolved in toluene (15 mL) was added
potassium carbonate (1.12 g, 8.1 mmol) dissolved in water (50 mL)
followed by the addition of phase-transfer agent Aliquot 336 (0.33
g, 0.81 mmol). The mixture was bubbled with nitrogen for 15 min.
Then, tetrakis(triphenylphosphine)palladium(0) (18.7 mg, 0.016
mmol) was added, and the mixture was bubbled withfodf an
additional 10 min. The mixture was heated to°8for 20 h under

same procedure as that for dip-P2TP was used. The bright yellow nitrogen. The bright yellow precipitate (yietd 81.5%) was filtered

precipitate was filtered off, washed with methanol and chloroform

off, washed with methanol, and flashed through a silica column
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Scheme 1. Synthesis of P2TP Derivatives with Various Side-Chain Functionalities
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Scheme 2. Synthesis of P3TP Derivatives with Different Side-Chain Functionalities
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Pd(PPhs), W,
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. 85°C
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0 dho-P3TP; 76%
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0\
<O
(¢}
Br—cS / S\ —Br 2eq
\ /s T\ / K2C0s
Pd(PPhs),
Aliquot
85°C
R'= 7,,:07< dtbo-P3TP; 57%
AN db-P3TP: 66%
.Y do-P3TP; 80%
with chloroform as eluent. Anal. Calcd forH2sSs: C, 74.33; H, J=4.8Hz), 7.14 (d, 2HJ = 4.8 Hz), 7.10 (s, 2H), 1.35 (s, 18H).
5.82; S, 19.84. Found: C, 74.22; H, 5.80; S, 19.83. Anal. Calcd for GoH3,Ss: C, 74.95; H, 6.29; S, 18.76. Found: C,
2,5'-Bis(4-tert-butylphenyl)-2,2':5',2""-terthiophene (dtbu- 74.95; H, 6.17; S, 18.70.
P3TP). The same procedure as that for dip-P3TP was used to yield  2,5'-Bis(4-propoxyphenyl)-2,2:5',2"-terthiophene (dpo-P3TP).
a flakey orange solid (yielek 63%)."H NMR (400 MHz, CDC}): The same procedure as that for dip-P3TP was used. The compound

On 7.54 (d, 4HJ = 8.4 Hz), 7.41 (d, 4H) = 8.4 Hz), 7.2 (d, 2H, was flashed through a silica column to yield a waxy orange solid
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(yield = 75%). Anal. Calcd for GoH,g0,S:: C, 69.73; H, 5.46; O,
6.19; S, 18.62. Found: C, 69.79; H, 5.56; S, 18.61.

2,5'-Bis(4-isopropoxyphenyl)-2,25',2""-terthiophene (dipo-

Sung et al.

2-(4-Octylphenyl)-4,4,5,5,-tetramethyl-[1,3,2]dioxaborolane.
The same procedure as above was used to give a clear liquid (2.0
g, yield= 85%).'H NMR (200 MHz, CDC}): oy 7.67 (d, 2H,J

P3TP). The same procedure as that for dip-P3TP was used to yield = 7-9 Hz), 7.13 (d, 2H) = 7.9 Hz), 2.55 (t, 2HJ = 7.7 Hz), 1.24

an orange solid (yield= 65%). Anal. Calcd for GoH»50,S;: C,
69.73; H, 5.46; O, 6.19; S, 18.62. Found: C, 69.61; H, 5.52; S,
18.53.

2,5'-Bis(4-butoxyphenyl)-2,2:5',2"-terthiophene (dbo-P3TP).

(m, 24H), 0.81 (t, 3H, 6.4 Hz).

2-(4+ert-Butoxyphenyl)-4,4,5,5,-tetramethyl-[1,3,2]dioxaboro-
lane. The same procedure as above was used to give a clear liquid
(1.8 g, yield= 92%).H NMR (200 MHz, CDC}): dy 7.73 (d,

The same procedure as that for dip-P3TP was used. Instead of?H: J = 8.5 Hz), 6.99 (d, 2H) = 8.5 Hz), 1.36 (s, 9H), 1.33 (s,

flashing through a column, the compound was further purified by
vacuum sublimation to give an orange solid (yietd74%). Anal.
Calced for GoH3,0,S:: C, 70.55; H, 5.22; O, 5.87; S, 17.66.
Found: C, 70.43; H, 5.22; S, 17.59.

2,5'-Bis(4-hexyloxyphenyl)-2,25',2"-terthiophene (dho-P3TP).

The same procedure as that for dip-P3TP was used. The bright

orange precipitate (yiele= 76%) was filtered off, washed with
methanol and chloroform, and further purified by vacuum sublima-
tion. Anal. Calcd for GeH400,Ss: C, 71.96; H, 6.71; S, 16.01; O,
5.32. Found: C, 71.84; H, 6.68; S, 15.83.

2,5'-Bis(4-oxtyloxyphenyl)-2,2:5',2"-terthiophene (doo-P3TP).

12H).%3C NMR (500 MHz, CDC}4, ¢): 25.13, 25.28, 29.17, 79.06,
83.89, 123.32, 136.01, 158.65.

Results and Discussion

Synthetic Methodology.All oligomers were synthesized
using Suzuki or Stille coupling reactions. The synthetic
schemes for all derivatives are outlined in Schemes 1 and 2.
When phenylboronic acid derivatives were not commercially
available for the Suzuki reactions, phenylboronic ester
intermediates were synthesized using Miyaura reaction

The same procedure as that for dip-P3TP was used to yield a brightconditions with a Pd(ll) catalys$e. All reactions proceeded

orange precipitate (yielek 79.1%). Anal. Calcd for gyH450,Ss:
C,73.12; H, 7.36; O, 4.87; S, 14.64. Found: C, 72.83; H, 7.14; S,
14.37.

2,5'-Bis(4-butylphenyl)-2,2:5',2"-terthiophene (db-P3TP).To
a solution of 2-(4-butylphenyl)-4,4,5,5,-tetramethyl-[1,3,2]diox-
aborolane (1.10 g, 4.22 mmol) and ?2;8ibromo-2,25',2"-
terthiophene (0.85 g, 2.11 mmol) dissolved in toluene (15 mL) was

with high efficiency, with yields between 57% and 81% after
vacuum sublimation (or column chromatography where
solubility allowed). It is worth noting that both purification
methods gave comparable purity by elemental analysis. P2TP
molecules were all bright yellow in color, except for dip-
P2TP, which was orange. All P3TP molecules were bright
orange. Surprisingly, in general, it was found that the alkyl-

added potassium carbonate (2.91 g, 21.1 mmol) dissolved in waterpo>Tp molecules were slightly more soluble than the alkoxy-

(50 mL) followed by the addition of phase-transfer agent Aliquot
336 (0.85 g, 2.11 mmol). The mixture was bubbled with nitrogen
for 15 min. Then, tetrakis(triphenylphosphine)palladium(0) (120
mg, 0.10 mmol) was added, and the mixture was bubbled with N
for an additional 10 min. The mixture was heated to°85for 20

h under nitrogen. The bright yellow precipitate (yietd66%) was
filtered off, washed with methanol and chloroform, and further
purified by vacuum sublimation. Anal. Calcd forsfl3;Ss: C,
74.95; H, 6.29; S, 18.76. Found: C, 74.93; H, 6.02; S, 18.69.

2,8'-Bis(4-octylphenyl)-2,2:5',2"-terthiophene (do-P3TP).The

P2TP molecules. None of the P3TP molecules, except dtb-
P3TP, were soluble enough for NMR measurements at room
temperature in CDGI All of the P2TP and P3TP derivatives
(except dmo-P2TP) had a solubility greater than 5 mg/mL
in chlorobenzene at elevated temperature, which is among
the most soluble for any linear oligothiophene or co-
oligothiophene system.

Cyclic Voltammetry. To study the electronic influence
of both core and side-chain substitution, the oxidation

precipitate was filtered off, washed with methanol and chloroform,
and further purified by vacuum sublimation (yietd 80%). Anal.
Calcd for GgH4sSs: C, 76.87; H, 7.74; S, 15.39. Found: C, 76.82;
H, 7.65; S, 15.46.

2,5'-Bis(4tert-butoxyphenyl)-2,2:5',2"-terthiophene (dtbo-

P3TP). The same procedure as that for db-P3TP was used. The

deep-orange compound was purified by Soxhlet extraction in
chloroform to give a gold-colored solid (yietd 57%). Anal. Calcd
for C3oH30,Ss: C, 70.55; H, 5.92; O, 5.87; S, 17.66. Found: C,
70.76; H, 5.94; S, 17.61.
2-(4-Butylphenyl)-4,4,5,5,-tetramethyl-[1,3,2]dioxaborolane.
To a two-neck 100 mL round-bottom flask was added 4-bromo-
1-n-butylbenzene (1.00 g, 4.7 mmol), bis(pinacolato)diboron (1.30
g, 5.11 mmol), and potassium acetate (1.38 g, 14.1 mmol). A
volume of 50 mL of anhydrous DMSO was added via syringe, then
the solution was bubbled with Nfor 20 min. 1,1-Bis(diphe-
nylphosphino)ferrocerePdC} (0.23 g, 0.28 mmol) was then added,
and the solution was heated to 80 for 24 h. The solution was
extracted with 50 mL aliquots of Ci&l, five times, dried over
MgSQO,, and evaporated to yield a clear liquid (1.10 g, yietd
90%).1H NMR (200 MHz, CDC}): oy 7.67 (d, 2H,J = 8.0 Hz),
7.14 (d, 2H,J = 8.0 Hz), 2.56 (t, 2H,) = 7.14 Hz), 1.53 (m, 2H),
1.26 (m, 14H), 0.86 (t, 3H) = 7.25 Hz).

voltammetry. From this data, the HOMO energy levels of
each derivative were estimated similar to previous literature-
reported method&§.Each value is referenced to the ferrocene/
ferrocenium redox couple (HOMO level —4.8 eV) which
was used as an internal standard. Two reversible oxidations
were observed for all molecules except alkyl-P2TP com-
pounds, which only showed one reversible oxidation. Figure
1 shows a plot of the first oxidation potential for the
molecules according to their structural motif (P2TP vs P3TP,
alkyl vs alkoxy). All molecules within each category had
very similar oxidation potentials with small variance. Alkyl-
P2TP molecules showed the highest oxidation potential at
0.56 V (lowest energy HOMO level estimated-&5.36 eV).

The addition of a thiophene ring to the conjugated core
lowers the oxidation potential by 0.11 V. The addition of an
oxygen atom in the side chain also lowers the oxidation
potential by 0.15 and 0.09 V for P2TP and P3TP molecules,

(26) Ishiyama, T.; Murata, M.; Miyaura, N. Org. Chem1995 60, 7508—
7510.

(27) deLeeuw, D. M.; Simenon, M. M. J.; Brown, A. R.; Einerhand, R. E.
F. Synth. Met1997, 87, 53—59.
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growth on the surface, with a lower nucleation density
evident in the alkyl-substituted molecules (Figure 2, parts a
and b). The lower nucleation density (fewer grain boundaries)
helps account for the increase in mobility for linear alkyl
versus alkoxy side chains. The alkyl derivatives with
branched side chains (dtb- and dip-P2TP) exhibited what
looks like 3D (bulk) growth. This morphology probably
explains the lower mobility observed with these derivatives.
Figure 2, parts d and f, shows what appears to be a
coexistence of two different phases in the branched alkoxy
derivatives (dtbo- and dipo-P2TP). The step height of each
island is 2.4 and 4.2 nm in Figure 2d. More investigation

needs to be done in order to fully understand the reason for
Figure 1. First oxidation potential of each category of molecules in the the two phases.
series.

0.6 +0.56

oxidation potential E1/2 (V vs Fc/Fc+)

Alkyl-P2TP  Alkyl-P3TP Alkoxy-P2TP Alkoxy-P3TP

A similar morphological trend is observed with the series

respectively. For reference, pentacene measured by the sam@f P3TP derivatives. Figure 3, parts a and b, shows dtb-
electrochemical setup had an oxidation potential of 0.1 v P3TP and dtbo-P3TP. As with the P2TP molecules, a similar
(HOMO level of —4.9 eV) versus the Fc/Eaedox couple. difference in nuc!eatlon density is eyldent petween alkyl-
The fact that HOMO levels within a particular category and alkoxy-substituted P3TP denvayves (Figure 3, partg C
(i.e., alkyl-P2TP or alkoxy-P3TP) are not only consistent with and d), but there was not a correlation between nucleation
the hypothesis that variations in hydrocarbon side chainsdensity and increasing linear side-chain length. The lower
would not affect electronic levels in the conjugated core, nucléation density we observed is consistent with the higher
but it also suggests that any differences or trends in mobility m.ob|l!ty W|th|'n molegules that exhibit 2D growth (derivatives
can be attributed to molecular packing as will be shown in With linear side chains).
the following sections. X-ray Diffraction. Table 1 lists the intermoleculad-
AFM Nucleation Density/Grain Formation. Previous  Spacing calculated from out-of-plane X-ray diffraction, which
studies into the time-dependent growth mechanism of was performed using 45 nm thin films of each compound.
vacuum-deposited quarterthiophene and alkyl-substituted The films were prepared on the same substrates with identical
quarterthiophene films, performed by Ackermann éfahd conditions as the transistor devices discussed below. Also
Campione et aP? have shown that an incorporation of alkyl listed are the MM2-minimized lengths calculated of each
substituents on the semiconductor backbone shifts the growthmolecule, which were estimated using CS ChemBats3D Pro
mechanism from three-dimensional (3D) island to layer-by- 7.0. The longer side-chain oligomers appear to heve
layer growth (the different thin film growth mechanisms have spacing lengths approximately equal to that of their molecular
been highlighted in recent literatur®3! The reason for this  length. This is in contrast to the shorter/bulkier side-chain
is twofold. First, the substitution lowers the substrate oligomers (dmo-P2TP, dtb-P2TP), which hastespacing
molecule interaction. Second, the side chains give rise tolengths that are 50% and 75% of their molecular length,
increased lateral intralayer interactions and decrease thdmplying either a significant tilt angle with respect to the
interlayer interactions between adjacent layers. This leadssubstrate surface or side-chain interdigitation of adjacent
to larger, more interconnected grains, which enhances chargénolecular layers.
transport within the first few molecular layers of the organic  Device Parameters.Tables 2 and 3 show the device
semiconductor at the dielectric interface. A more detailed parameters for OFET devices fabricated from the phe-
explanation of the role of side-chain substitution on thin film nylene-thiophene oligomers. All compounds show typical
microstructure has been covered in a recent review. p-channel transistor properties, with representative current
Films with 2 nm thickness were prepared on OTS-treated voltage characteristics shown in Figure 5, parts a and b, for
SiO; at a substrate temperature of 80 to investigate the  db-P2TP and db-P3TP, respectively. A few general observa-
influence of side-chain bulkiness on film morphology directly tions are worth noting. First, field-effect mobility was
at the semiconductor/insulator interface, where the chargeobserved for every derivative except dmo-P2TP. Second,
transport takes place. The corresponding AFM images arethere was no apparent correlation between mobility and

shown in Figure 2. With the linear side chains, the alkyl
and alkoxy molecules exhibited two-dimensional (2D)

(28) Ackermann, J.; Videlot, C.; Raynal, P.; El Kassmi, A.; Dumas, P.
Appl. Surf. Sci2003 212, 26—-32.

(29) Campione, M.; Borghesi, A.; Moret, M.; Sassella JAMater. Chem.
2003 13, 1669-1675.

(30) Ruiz, R.; Choudhary, D.; Nickel, B.; Toccoli, T.; Chang, K. C.; Mayer,
A. C,; Clancy, P.; Blakely, J. M.; Headrick, R. L.; lannotta, S.;
Malliaras, G. G.Chem. Mater2004 16, 4497-4508.

conjugated core length (P2TP vs P3TP). Most oligomers
generally showed higher mobility at elevated substrate
temperatures, the optimum temperature of which is shown
in Tables 2 and 3, although P2TP derivatives could not be
deposited at temperatures greater than-@% °C (the
observed film was cloudy with no working device). Also,
when dip- and dbo-P3TP were deposited at higher substrate
temperatures (90 vs 5TC), lower mobility was observed.

(31) Verlaak, S.; Steudel, S.; Heremans, P.; Janssen, D.; Deleuze, M. S.|n addition, for dho- and doo-P3TP, no differences were

Phys. Re. B 2003 68, 195409.
(32) Locklin, J.; Roberts, M. E.; Mannsfeld, S. C. B.; Bao, Z.Ralym.
Rev. 2006 46, 79—101.

observed for higher deposition substrate temperature (90 vs
50 °C).
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Figure 2. AFM topograph imagesfoa 2 nmfilm on OTS-treated Si® (deposited affp = 50 °C) of (a) db-P2TP, (b) dbo-P2TP, (c) dip-P2TP, (d)
dipo-P2TP, (e) dtb-P2TP, and (f) dtbo-P2TP. Each image isr@a0< 20 um.

One of the goals of this study was to investigate the atmospheric doping, morphological defects, dielectric
influence of introducing the alkoxy functionality into the side surface functionality, and contact resistafteDoping
chain on the electrical properties of the molecule. Figure and trapping in organic semiconductors can result from a
4a—c presents the data for both types of side-chain func- variety of reasons including oxidized molecules and the
tionality on the P2TP conjugated core. Figure 4c shows that Presence of impuritie¥! In addition, it appears that, as the
for P2TP derivatives, alkyl-substituted molecules have Pulkiness of the side chain decreasest{butyl > isopropyl
more negative threshold voltages than their alkoxy-substi- ~ *butyl), the mobility increases for both the alkyl- and
tuted counterparts with the same alkyl chain length. This is 2/KOXy-P2TP derivatives, as well as a further increase in
consistent with the observation that alkoxy-substituted mobility as the length of the linear side chain increases from

molecules have higher energy HOMO levels, which makes ca _to c8. )
them easier to oxidize or lowers the required gate voltage Fi9ure 4d-f shows the electronic parameters for the alkyl-
to turn on the device. In general, P3TP derivatives have and alkoxy-P3TP derivatives. Interestingly, Figure 4d shows

lower threshold voltages than their P2TP counterparts, butf{he same [ncrease in ”_‘F’b"'ty as the side-chain aspect ratio
the trend is not as clear due to the large spread of thres.ncreases, but the mobility values for alkyl-P3TP molecules
hold voltage values calculated for each category. The fact .

that threshold voltage also varies greatly between trial runs 83 gﬁL%W'It_Z_'f%at"rﬁfgil 'ﬁ??é%%ﬁglgjllgf%jggz'c_ W Ho. P. K. H.-
is due to several factors including but not limited to Sirringhaus, H.; Friend, R. HNature 2005 434, 194-199.
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Figure 3. AFM topograph imagesfa 2 nmfilm on OTS-treated Si@(deposited aflp = 50 °C) of (a) dtb-P3TP, (b) dtbo-P3TP, (c) db-P3TP, and (d)
dbo-P3TP. Each image is 20n x 20 um.

Table 3. Mobility, On/Off, and Threshold Voltage Data for P3TP Figure 4a exhibits the clearest trend relating side-chain
Molecules bulkiness and mobility. It appears that the less bulky side
— (qu;‘{f’j'fgfl) oot (\\//T) SUDSE[?;; temp  chain P2TP molecules have higher mobilities regardiess of
. the presence of a bridging oxygen. It is very likely that the
g't[;'_';gl'z g'.gfl’i 8:882‘5" ‘2,; ﬁ 13.1(521 2:‘3‘ lgg bulky side chains prevent close packing of the molecules in
db-P3TP  0.14£0.0008 3x 1 —56+1.5 125 the thin film and thus reduce the—m overlap needed for
do-P3TP ~ 0.019:0.001  2x 1C° -85+16 90 intermolecular charge transport. Perhaps more important than
gf:)%_':%TT':, 8_'83% 8:88853 ii 18: —Isl. gi 8:‘2,5 28 the effect of orbital overlap on mobility is the presence and
dtbo-P3TP 0.008& 0.0005 2x 16 —58+1.7 90 morphology of grain boundaries. At a macroscopic scale,
ggg::zg;‘z 8:(1& 8:88(2)7 ii 18: :g:ii 1:‘21 gg continuity of grain boundaries determines the ease with
doo-P3TP  0.0% 0001 2x 10* -7.3+06 5@ which electrons or holes can hop between crystal grains.

aThin films of dip-P3TP deposited at S« gave lower mobility by a When Va(.:uum deposmng organic S,emlconducmrs’ It Is
factor of 10 (-3 x 10-2cm? V-1 s-%). b Thin films of dbo-P3TP deposited ~ ighly unlikely that a single crystal will be grown across
at 3%°C gg\ﬁ;lgwer modbilitsgo-OS cnt \_/’1_f_8’1)- Z_Tﬂhin films of dm_— the 200um channel. Thus, in order for holes (in the case of
and doo- eposited at 90 gave no significant difference in mobility, _ .
on/off, or threshold values. p-type §e_mmonductors) to move from one electr_ode to t_he
other, it is necessary for them to cross multiple grain

peak at shorter chain lengths than alkyl-P2TP Compounds_boundaries. Due to the discontinuity in conjugation across
Since the P2TP molecules are shorter, this may suggest thathese boundaries, it is the resistance inherent in this transport
there is an optimal molecular length at which maximum mechanism that most likely affects hole mobility in the thin
mobility is achieved. film. In support of this, the AFM images in Figures 2 and 3
Figure 5 shows the calculated field-effect mobility as a consistently show higher nucleation densities as the side
function ofn-alkoxy-P2TP/P3TP side-chain length. Thresh- chain increases in bulkiness-putyl < isopropyl < tert-
old voltage as a function of side-chain length did not follow butyl). Higher nucleation densities mean more grains per unit
a consistent trend. On/off ratios display a very interesting area and, thus, more energetic boundaries to cross per unit
trend with alkoxy-P2TP molecules consistently exhibiting length. The high-mobility compounds (db-P2TiP= 0.14
higher ratios than alkoxy-P3TP in addition to higher ratios cn? V-1 s7%; dbo-P2TP,u = 0.07 cnt V1 s71) grew
with increasing side-chain length for P2TP. Generally, higher monolayer grains, suggestive of a 2D growth mechanism.
mobility is observed with longer side chains in P2TP dipo-P2TP g = 0.046 cni V™! s7%) also displays a similar
compounds and P3TP molecules show a peak in mobility growth mechanism; however, the appearance of polymorphic
with intermediate side-chain lengths ((@kls). thin film states introduces irregular grain boundaries and may
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Figure 4. Averaged electronic parameters plotted as a function of side-chain functionality for the P2€Pafad P3TP (etf) series of compounds.
Mobility (a and d): as the bulkiness of the side chain decreases, the mobility increases. On/off ratio (b and €): no consistent trend betweeikakgyl and a
derivatives. Threshold voltage (c and f): more negative threshold voltages for alkyl- vs alkoxy-P2TP derivatives. There is no consistenttremderical

observed with the P3TP derivatives.
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Figure 5. (a). Transfer curve for db-P2TP & = 40 °C. (b). Transfer curve for db-P3TP & = 50 °C. Mobility (c) and on/off ratio (d) as a function

of n-alkoxy side-chain length.
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explain the lower mobility compared to that of db-P2TP and nucleation density with very sharp and irregular grain
dbo-P2TP. The lowest mobility compound in the group, dtbo- boundaries. It should be noted that the highest mobility does

P2TP ft = 0.003 cmd V! s%), displayed very high

not always correlate with the largest grain size. This has been
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observed with pentacene on 3i@ith different surface compounds have mobilities higher than 0.22am?* s ™%, and
treatments by several groupfséRecently, Yang et al. used  several of them had on/off ratios of &6r higher. do-P2TP
conducting AFM to demonstrate that the growth of the first shows the most potential with a field-effect mobility of 0.18
pentacene monolayer strongly influences the structure ofcn? V-1 s! and on/off ratio of 10 with a substrate
grain boundaries within the first layéf The orientation of deposition temperature of 5@C. At these low deposition
molecules at grain boundaries, or the crystallinity within temperatures, the molecule could be compatible with all
grains, also plays an important role in charge transport.  currently used plastic substrates for flexible active matrix

The X-ray data also revealed the difference between thedisplays. In addition to high performance characteristics,
thin film molecular packing of short side-chain molecules some of the compounds are soluble enough to be flashed
compared with that of the longer side-chain ones. It is through a silica column. Despite the attempt to include a
expected that both dmo-P2TP and dtbo-P2TP have alarge number of variations in side-group structure to these
significant tilt angle to the substrate surface due to the series of molecules, many more combinations and compari-
significant difference ind-spacing and molecular length. sons can be made. Future work includes fabrication of bottom
Although it is inaccurate to calculate a tilt angle due to the contact transistors by solution casting. Field-effect mobilities
possible existence of interdigitation or polymorphism, it is as high as 0.08 cinV~! s! have been observed from
reasonable to conclude that these bulky side-chain moleculessolution casting techniques with these derivatives, and this
have a larger tilt angle than that of the long straight side- data will be reported elsewhere. This study has highlighted
chain compounds. This increase in tilt angle may explain only a few of the unlimited number of structural variations
the generally lower mobility observed in these molecules that can be synthesized, and the results of the correlation
(dmo-P2TP, no observed mobility; dtb-P2TP+ 0.007 cnd between morphology and device performance will aid in
V-1ls), designing novel organic semiconductors that are tailored for

specific application.
Conclusions
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