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ABSTRACT: New oligothiophene-b-oligoquinoline-b-oligothiophene triblock co-oligomers, 6,6'-bis(5-meth-
ylthiophenyl-2-yl)-4-phenylquinoline (B1TPQ), 6,6'-bis(2,2'-bithiophenyl-5-yl)-4-phenylquinoline (B2TPQ), and
6,6'-bis(2,2',5',2" -terthiophenyl-5-yl)-4-phenylquinoline (B3TPQ), were synthesized, characterized, and found
to be efficient blue, green, and yellow emitters in organic light-emitting diodes (OLEDs). The triblock co-oligomers
have high fluorescence quantum yields in solution (61—91%), and positive solvatochromism was observed in
B2TPQ and B3TPQ. Optical band gaps of evaporated thin films were 2.72 eV (B1TPQ), 2.53 eV (B2TPQ), and
2.27 eV (B3TPQ), indicating strong electronic delocalization over the three blocks of the co-oligomers. Cyclic
voltammetry showed reversible reduction in the three triblock co-oligomers from which nearly identical LUMO
energies (2.71—2.76 eV) were obtained, implying strong localization of the LUMO on the oligoquinoline middle
block. Similarly estimated, the HOMO energy varied from 5.57 eV in BITPQ to 5.12 eV in B3TPQ and showed
strong delocalization of the HOMO across the three blocks of the co-oligomers. Thin films of the co-oligomers
showed field-effect charge transport with a hole mobility that varied from 0.7 x 1073 cm?/(V s) in B2TPQ to 4.3
x 107% cm?/(V s) in B3TPQ. Bright blue OLEDs based on BITPQ gave a high luminance (4620 cd/m?) with a
high efficiency (5.6 c¢d/A, 4.3% EQE). Green OLEDs based on B2TPQ combined high brightness (6535 cd/m?)
with high luminous efficiency (6.5 cd/A). These results provide useful insights for the design and optimization
of multicomponent organic/polymer semiconductors for high-performance electronics and optoelectronics.

Introduction

Organic semiconductors are finding diverse applications in
organic electronics,'™'? including organic light-emitting diodes
(OLEDs),"?* organic field-effect transistors (OFETs),'” and
photovoltaic cells."* Organic semiconductors that have donor—
acceptor architectures are proving to be advantageous for organic
electronic applications in that they can exhibit (i) ambipolar
charge transport in OFETs,” (ii) highly efficient electrolumi-
nescence due to balanced charge injection and transport in
OLEDs,* and (iii) small band gaps and broad absorption bands
of interest in solar cells.*'® Organic semiconductors with block
copolymer and co-oligomer architectures offer the potential to
further fine-tune their electronic and optoelectronic properties
for improved devices. Indeed, block conjugated copolymers in
which all the sequences are sr-conjugated have been of theoreti-
cal'' and experimental'? interest for quite some time. Besides
the expected improved synthetic control and manipulation of
the electronic and optical properties, such block conjugated
copolymers are also predicted to exhibit novel properties not
found in homopolymers or random copolymers due to electronic
localization phenomena and spatial confinement effects on
excitons and carriers.''~'* Few experimental examples of block
conjugated copolymers and co-oligomers are available for
exploring these properties and phenomena.''~"?

In this paper we report the synthesis and properties of new
triblock conjugated co-oligomers, oligothiophene-b-oligoquino-
line-b-oligothiophene. The molecular structures of the triblock
co-oligomers, 6,6'-bis(5-methylthiophenyl-2-yl)-4-phenylquino-
line (B1TPQ), 6,6'-bis(2,2'-bithiophenyl-5-yl)-4-phenylquinoline
(B2TPQ), and 6,6'-bis(2,2',5',2" -terthiophenyl-5-yl)-4-phe-
nylquinoline (B3TPQ), are shown in Chart 1. The series of co-
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oligomers has a donor—acceptor—donor triblock architecture
and facilitates a study of the effects of block length on the
evolution of the electronic structure and properties. The block
co-oligomers could also enable elucidation of electronic local-
ization/delocalization phenomena, including intramolecular charge
transfer,'**° charge transport,” and size effects'*" on electrolu-
minescence. The solution and solid-state photophysical proper-
ties of the co-oligomers were investigated by optical absorption
and photoluminescence (PL) spectroscopies. The electronic
structure parameters, including the ionization potential (IP/
HOMO) and electron affinity (EA/LUMO), were determined
by cyclic voltammetry. Charge transport was measured by using
the field-effect transistor platform. Additionally, the triblock co-
oligomers were explored as emissive materials in OLEDs and
found to exhibit highly efficient blue, green, and yellow
electroluminescence.

Results and Discussion

Synthesis and Characterization. Scheme 1 shows the syn-
thesis of the block co-oligomers, BnTPQ. The desired products
were obtained by an acid-catalyzed Friedlander condensation
reaction of 3,3'-dibenzoylbenzidine with 5-acetyl-oligothiophene
in 68—75% yields. The diphenyl phosphate (DPP) catalyst was
readily removed by precipitation into a 10% triethylamine/
ethanol solution. BITPQ was recrystallized in CHCl3, whereas
B2TPQ and B3TPQ were recrystallized in THF/MeOH mix-
tures. '"H NMR, high-resolution mass spectrometry (HRMS),
and FTIR were used to confirm the structures of the co-
oligomers. The electrochemical and photophysical properties
discussed later also confirmed the molecular structures of these
compounds.

Differential scanning calorimetry (DSC) of the triblock co-
oligomers showed robust thermal resistance characteristics. The
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Scheme 1
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second-heating DSC scan of B1TPQ revealed three distinct
transistions: a glass transition (7;) at 102 °C, a melting transition
(T) at 259 °C, and an exothermic crystallization peak at
184 °C. The larger oligothiophene blocks in B2TPQ and B3TPQ
resulted in higher melting temperatures of 337 and 324 °C,
respectively. Clear glass temperatures were not observed. Upon
cooling, B3TPQ exhibited an exothermic crystallization peak
at 234 °C. Thermogravimetric analysis (TGA) showed that the
onset decomposition temperature (7p) of the co-oligomers was
quite high: 461 °C for BITPQ, 471 °C for B2TPQ, and 462 °C
for B3TPQ. The high decomposition temperatures and overall
robust thermal resistance properties of these oligomers are in
accord with the known features of oligoquinolines® and polyquin-
olines."® The oligoquinoline blocks have thus provided the high
thermal stability to the co-oligomers (T, = 259—337 °C) as
the T, of each co-oligomer exceeds those of the constituent
oligothiophene blocks (a-2T, Ty, = 36 °C and a-3T, Ty, =
97 °C).'® In the case of B2TPQ and B3TPQ, the melting
transition even exceeds those of the a-quarterthiophene (0-4T,
T = 221 °C) and a-sexithiophene (a-6T, Ty, = 316 °C).'¢

Electrochemical Properties. The electronic states (HOMO/
LUMO levels) of the triblock co-oligomers (BnTPQ) were
investigated by cyclic voltammetry (CV) to elucidate their redox
properties and the potential charge injection processes in devices
based on them, such as OLEDs and thin film transistors. The
block co-oligomers were not soluble enough in polar organic
solvents to do solution CV measurements. The oxidation and
reduction cyclic voltammograms of BrnTPQ thin films on
platinum electrodes are shown in Figures 1-3. The electro-

toluene

130 °c
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chemical properties derived from these figures, including
oxidation potential (E,), reduction potential (E\eq), ionization
potential (IP), electron affinity (EA), and electrochemical band
gap (E,”), are summarized in Table 1. The oxidation CVs of
the triblock co-oligomers are shown in Figure 1. The oxidation
of BITPQ is characterized by an irreversible wave with a
cathodic peak (Epc) at +1.39 V (vs SCE) and an onset oxidation
potential (Exx°™¢) of +1.17 V (vs SCE). An ionization potential
(IP) of 5.57 eV was estimated for BITPQ, using [P = E°nset
+ 4.4."7 Comparison of the oxidation CVs of B2TPQ and
B3TPQ to that of BITPQ reveals two trends: (i) each additional
thienyl ring of the oligothiophene blocks generates an additional
oxidation wave and (ii) a progressively lower onset oxidation
potential with increasing oligothiophene block size. The multiple
oxidation waves in B2TPQ (E,. = 1.48, 1.78 V vs SCE) and
B3TPQ (E,. = 1.11, 1.40, 1.88 V vs SCE) can be explained as
the oxidation of each thiophene ring in the oligomer block at a
slightly different potential. These values are in agreement with
the oxidation potentials of bithiophene (1.28 V) and terthiophene
(1.05 V), and similar size-dependent redox properties have been
observed in oligothiophenes.'®'®!* The lower onset oxidation
potential and thus ionization potential of B3TPQ (IP = 5.12
eV) relative to B2TPQ (IP = 5.48 eV) and BITPQ (IP = 5.57
eV) are expected from the increased electronic delocalization
with increasing chain length of the oligothiophene block.'®'#:!?
The oxidation CV of B3TPQ, when scanned to 1.6 V (Figure
2), reveals two reversible oxidation waves with formal potentials
(Eo®) of 0.97 and 1.28 V. The third oxidation wave of B3TPQ



3590 Hancock et al.

Macromolecules, Vol. 41, No. 10, 2008

20 I 100 500
(118 0 0
- -500}
< 20 -~ —~
3 0 31 < -1000}
EF £ -200 E -1500}
E -0} z 2
i S0 £ -2000f
-801 © 00} ]
-100} a -400 ¢ b | 3000} (VI
- ‘ , . 500 ‘ . 3500 L . . .
120 2 1.5 1 0.5 25 2 1.5 1 05 0O 2 1.5 1 0.5 0

Potential (V vs. SCE)

Potential (V vs. SCE)

Potential (V vs. SCE)

Figure 1. Oxidation cyclic voltammograms of BITPQ (a), B2TPQ (b), and B3TPQ (c) thin films on platinum wires; scan rate = 60 mV/s.
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Figure 2. Oxidation cyclic voltammogram of a B3TPQ film on platinum
wire scanned from 0 to 1.6 V; scan rate = 60 mV/s.

(Ep. = 1.88 V) appears to be overoxidization of the oligoth-
iophene (Figure 1c), and hence reversibility is not observed.
The reduction CVs of the block co-oligomers are shown in
Figure 3. The reduction waves are nearly identical due to their
identical oligoquinoline block. The reduction CVs of BITPQ
and B3TPQ show two overlapping reversible reduction waves
whereas only one reduction wave was observed in B2TPQ. This
difference between the three block co-oligomers is likely a
consequence of differences in thin film morphology. The onset
reduction potentials (E.q°™") of the co-oligomers were very
similar, —1.69 to —1.64 V vs SCE. The formal reduction
potentials (E¢® = —1.77 V for BITPQ, —1.83 V for B2TPQ,
and —1.81 V for B3PPQ) were similarly very close. These
values are close to the reported reduction potential of bisphe-
nylquinoline (2-PQ) (Ei, = —1.99 V),?® confirming that the
major contribution to the LUMO level is from the oligoquinoline
block. The observed two reduction waves (Figure 3) represent
the reduction of each phenylquinoline at a slightly different
potential. Similar reduction redox properties have been observed
in other oligoquinolines.”® The electron affinity (EA) values
or LUMO levels, estimated from the onset reduction potential
of the first reduction wave (EA = Eq°™° + 4.4),l7 are very
close for BITPQ, B2TPQ, and B3TPQ, 2.71—2.76 eV (Table 1).
The IP and EA values were used to calculate the electro-
chemical band gaps (E,® = IP — EA) of the block co-oligomers
and were found to be 2.41—2.81 eV (Table 1). These results
demonstrate band structure engineering, i.e., tuning the HOMO/
LUMO levels and band gap of the co-oligomers by choice of
the donor and acceptor blocks and the block lengths. It is
noteworthy that the similarity of the EA values (2.71—2.76 eV)
of all three block co-oligomers provides evidence of strong
electronic localization of the acceptor middle block. However,
since the EA values of the block co-oligomers are 0.3 eV larger
than the isolated oligoquinoline (2-PQ, EA = —1.99 V + 4.4
= 2.5 eV), there is some electronic delocalization of the LUMO
between the middle oligoquinoline block and the oligothiophene
outside block. Indeed, there is an even stronger delocalization
of the HOMO between the three blocks given the large disparity

between the HOMO level (IP) of the co-oligomers (e.g., 5.12
eV for B3TPQ) and the isolated oligothiophenes (e.g., 5.91 eV
for the o-terthiophene, a-3T).'® This means that holes would
be more easily injected into and more stable in the triblock co-
oligomers than in the corresponding isolated oligothiophene.
Similarly, the larger EA values mean that electron injection into
and transport in the block co-oligomers would be much easier
than the corresponding parent oligoquinoline and oligothiophene.

Photophysical Properties. Figure 4 shows the normalized
optical absorption and photoluminescence (PL) emission spec-
tra of the block co-oligomers in dilute ((4—5) x 1076 M)
chloroform solutions and as thin films. The photophysical
properties of the co-oligomers, including absorption maxima
(Amax™®®), molar absorption coefficient (g), optical band gap
(E,°), PL emission maximum (Ama™), fluorescence quantum
yield (®y), and Commission Internationale d’Eclairage (CIE)
coordinates (x,y) are summarized in Table 2. In chloroform
solution, B1TPQ displayed a 7—s* absorption band at 375 nm
(log € = 4.58) and a higher energy band at 293 nm (log ¢ =
4.67) (Figure 4a). These values are very close to the observed
absorption maxima in the phenyl end-capped bisphenylquinoline
(BIPPQ) (Amax™® = 356 and 280 nm) and other previously
studied oligoquinolines with weak electron-donating end groups
(Amax® = 356—373 nm).”>¢ The solution absorption spectra
of B2TPQ and B3TPQ triblock co-oligomers had absorption
maxima at 415 nm (log ¢ = 5.15) and 436 nm (log ¢ = 5.08),
respectively. The absorption bands of B2TPQ and B3TPQ are
considerably red-shifted relative to the 7—s* bands of oligo-
quinolines (356—373 nm)°*® and those of the oligothiophenes:
bithiophene (302 nm) or a-terthiophene (355 nm).'®'® These
absorption bands of the B2TPQ and B3TPQ co-oligomers can
be assigned to charge transfer states, arising from intramolecular
charge transfer (ICT) between the acceptor oligoquinoline and
donor oligothiophene blocks.'** Further confirmation of this
assignment comes from solvatochromic shifts in the correspond-
ing PL emission spectra to be discussed below.

The absorption spectra of thermally evaporated thin films of
the block co-oligomers have similar line shapes as the solution
state absorption spectra (Figure 4c). BITPQ thin films have
absorption maxima at 301 and 392 nm, which represents a 8—17
nm red shift relative to the solution data. A similar red shift of
the thin film absorption spectra of B2TPQ (17 nm) and B3TPQ
(18 nm) was observed relative to the solution data, indicating
an increase in electron delocalization in the solid state relative
to dilute solution (Table 2). The solution and solid state
absorption spectra of the triblock co-oligomers show clear
evidence of electronic delocalization across the constituent
oligoquinoline and oligothiophene blocks. First, the absorption
spectra are not superposition of those of the constituent
oligoquinoline and oligothiophene blocks as would be expected
if strong electronic localization occurred; in fact, absorption
features characteristic of the constituent ;7-conjugated oligomers
were not observed in the spectra of the co-oligomers. Second,
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Figure 3. Reduction cyclic voltammograms of BITPQ (a), B2TPQ (b), and B3TPQ (c) thin films on platinum wires at a scan rate of 60 mV/s.

Table 1. Electrochemical Properties of BnTPQ Block
Co-oligomers

Eox [V] Erea [V] IP [eV] EA [eV] E,® [eV]
BITPQ 1.17 —1.64 5.57 2.76 2.81
B2TPQ 1.08 —1.66 5.48 2.74 2.74
B3TPQ 0.72 —1.69 5.12 271 2.41

the absorption maximum of each co-oligomer exceeds those of
the constituent oligomer blocks and even exceeds those of the
o-quarterthiophene (0-4T, 391 nm) and o-sexithiophene (o-
6T, 436 nm).'®'® B3TPQ has a relatively small optical band
gap of 2.27 eV, calculated from the absorption band edge,
whereas BITPQ and B2TPQ have an E,°" of 2.72 and 2.53
eV, respectively. These optical band gaps (E,°") are 0.09—0.21
eV smaller than the measured electrochemical band gaps (E,").

The photoluminescence (PL) emission spectra of BnTPQ co-
oligomers in chloroform solution are shown in Figure 4b.
B1TPQ and B2TPQ emit blue fluorescence with CIE coordinates
of (0.16, 0.08) and (0.15, 0.17), respectively. The PL emission

1.5 —_— 1.2 Aasanaasan
a ——BITPQ b ——BITPQ
—_— ——B2TP

g —.—fﬁﬂi? g —-—m‘n’g
g Liatd b :
= 9
=1 } P 1208 |
2 1
= [ - |
3 ¢ 3
S \ g S
Sospa LY | 1% 04} 1
E b 4 E
=} =}
z 2 ( Z 02 j |

0 oL . . s}
250 300 350 400 450 500 550 600 400 450 500 550 600 650 700 750

Wavelength (nm) Wavelength (nm)
1.5 I JR—
C ——BITPQ d —e—BITPQ
Y ——B2TPQ ——B2TPQ
@ e > 1}
g ——B3TPQ = —+— B3TPQ
s z
£ 1 S
5 = 0.8} E
: S
: A& 0.6l il
g 05 3 04f |
= g )
z 5 Y
Z 0.2} % .
0
250 300 350 400 450 500 550 600

0 :
400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
Figure 4. Normalized optical absorption (a) and PL emission (b) spectra
of BnTPQ block co-oligomers in chloroform. Normalized optical
absorption (c) and PL emission (d) spectra of BnTPQ as thin films.

of BITPQ has a maximum (A1,,*™) at 425 nm and a quantum
yield (®y) of 91%. The PL emission spectrum of B1TPQ is
similar to that of BIPPQ (Ama™ = 401 nm)®® and other
previously studied oligoquinolines, which have a PL emission
maximum of 401—411 nm and quantum yields of 73—94%.>¢
The PL emission maximum of B2TPQ is 456 nm with a
shoulder at 481 nm and a ®¢ of 74%. B3TPQ emits in the green
region (Ama®™ = 495 nm; CIE (0.22, 0.54)) with a ®¢ of 61%.
The decrease of quantum yields from BITPQ (91%) to B2TPQ
(74%) to B3TPQ (61%) can be explained by the increasing
intramolecular charge transfer strength with increasing oligoth-
iophene block size in the co-oligomers.'*?

The PL emission spectra of thin films of BrnTPQ co-
oligomers, shown in Figure 4d, are relatively broad and
featureless compared to the solution results. The thin film PL
emission spectra of most s7-conjugated oligomers and polymers
are generally red-shifted from the solution spectra due to changes
in conformation.” The pure blue PL emission of BITPQ in
solution is shifted to blue-green in the solid state with an
emission maximum centered at 486 nm and CIE coordinates of
(0.19, 0.32). Similarly, the solid state PL emission spectra of
B2TPQ and B3TPQ are further shifted into the green/yellow
and yellow/orange regions with bands centered at 518 nm (CIE
(0.30, 0.55)) and 552 nm (CIE (0.44, 0.54)), respectively. The
red shift of the thin film PL emission spectra of the triblock
co-oligomers relative to the solution spectra is consistent with
the observed similar red shift in the absorption spectra; both
are consequences of the improved electronic delocalization in
the solid state and intermolecular interaction induced conforma-
tion changes.

Figure 5 shows the solution photoluminescence (PL) emission
spectra of the co-oligomers in solvents of varying polarity
(dielectric constant): toluene (&' = 2.4), chloroform (&' = 4.8),
dichloromethane (¢' = 9.1), and acetonitrile (&' = 36.6). The
PL emission spectrum of B1TPQ (Figure 5a) is nearly identical
in the different solvents, with a Ap.™ of 422—425 nm and a
full width at half-maximum (fwhm) value of 52—59 nm. The
PL emission spectrum of B2TPQ in toluene has a vibronic
structure with a maximum at 453 nm, a shoulder at 476 nm,
and a fwhm of 47 nm. In acetonitrile, the PL line shape broadens
with a fwhm of 73 nm, and the PL maximum is 14 nm red-
shifted to 467 nm relative to toluene (Figure 5b). The strongest
positive solvatochromism was observed in B3TPQ (Figure 5c).
In toluene, B3TPQ has an emission maximum of 486 nm and
a fwhm of 57 nm. The PL emission spectrum of B3TPQ
becomes featureless and broad (fwhm = 124 nm) in acetonitrile,
and the emission maximum is red-shifted to 516 nm. The
observed solvatochromism in B2TPQ and B3TPQ shows that
the oligothiophene blocks, attached to the same oligoquinoline
acceptor block, result in a more polar excited state due to strong
intramolecular charge transfer. Following photoexcitation, the
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Table 2. Photophysical Properties of BnTPQ Block Co-oligomers

Amax®® [nm] log & E°P [eV] Amax®™ [nm] D CIE 1931 [x,y]
BITPQ CHCI3* 293,375 4.67,4.58 425 0.91 (0.16,0.08)
thin film” 301,392 2.72 486 (0.19,0.32)
B2TPQ CHCl; 274,415 5.13,5.15 456 0.74 (0.15,0.17)
thin film 249,432 2.53 518 (0.30,0.55)
B3TPQ CHCl; 265,436 4.79, 5.08 495 0.61 (0.22,0.54)
thin film 252,454 2.27 552 (0.44,0.54)

“(4—5) x 1076 M. ” 40—55 nm thick. © 9,10-Diphenylanthracene (®¢ = 0.93) was used as a standard.
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Figure 5. Normalized PL emission spectra of triblock co-oligomers in solvents of varying polarity (toluene, chloroform, dichloromethane, and

acetonitrile): BITPQ (a), B2TPQ (b), and B3TPQ (c).

Table 3. Device Characteristics of OLEDs Based on BnTPQ Block Co-oligomers

drive voltage current density brightness device efficiency” Amax™ CIE 1931
oligomer device® Vo [V] [J, mA/cm?] [cd/m?] [cd/A (% EQE)Y| [nm] [xy]
BITPQ 1 5.8 12.2 34 12 0.03 (0.01) 486 (0.17,0.33)

11 4.2 10.3 191 2420 5.6 (4.3) 460 (0.15,0.20)
11 4.3 10.6 158 4620 4.3(3.3) 450 (0.15,0.19)
v 3.5 9.2 213 2990 2.4(1.9) 453 (0.15,0.19)
\" 4.4 9.4 500 4030 1.7 (1.3) 455 (0.17,0.19)
B2TPQ 1 2.5 8.2 460 110 0.03 (0.01) 474 (0.19,0.27)
11 4.2 12.0 104 1030 2.2(0.9) 484 (0.21,0.46)
it 5.9 15.6 54 2210 6.5 (2.5) 492 (0.20,0.50)
v 4.5 10.3 122 2410 2.2(0.82) 501 (0.23,0.51)
A% 4.8 14.1 433 6535 2.7 (0.99) 497 (0.21,0.48)
B3TPQ 1 2.2 6.3 500 970 0.29 (0.08) 528 (0.39,0.58)
11 4.3 11.2 500 3330 0.82 (0.23) 528 (0.35,0.61)
11 4.2 12.2 316 3690 1.3 (0.34) 535 (0.41,0.57)
v 2.7 7.9 496 4430 1.1 (0.31) 531 (0.36,0.61)
v 3.2 8.5 500 3530 0.82 (0.23) 538 (0.37,0.59)

“ Diode I: ITO/oligomer/LiF/Al; diode II: ITO/PEDOT/PVK/oligomer/LiF/Al; diode III: ITO/PEDOT/PVK/oligomer/TPBI/LiF/Al; diode IV: ITO/PEDOT/
TAPC/oligomer/LiF/Al; diode V: ITO/PEDOT/TAPC/oligomer/TPBI/LiF/Al * Turn-on voltage (at which EL is visible to the eyes). ¢ Efficiencies are reported
at brightness >100 cd/m? or the maximum brightness of the diode. ¢ EQE = external quantum efficiency.

electrons are more localized on the oligoquinoline block, and
the holes are more localized on the oligothiophene blocks.

Electroluminescent Devices. OLEDs of different architec-
tures were fabricated from the triblock co-oligomers and
evaluated in ambient air. Five different device structures were
investigated: ITO/BnTPQ/LiF/Al (diode I), ITO/PEDOT/PVK/
BnTPQ/LiF/Al (diode II), ITO/PEDOT/PVK/BrnTPQ/TPBI/LiF/
Al (diode IIT), ITO/PEDOT/TAPC/BnTPQ/LiF/Al (diode 1V),
and ITO/PEDOT/TAPC/BnTPQ/TPBI/LiF/Al (diode V). The
electroluminescent properties of all the Bn"TPQ-based OLEDs,
including the turn-on voltage (V,y), drive voltage (V), maximum
current density (Jmax), luminance (L), luminous efficiency (cd/
A), external quantum efficiency (EQE), and electroluminescence
(EL) emission maximum, are summarized in Table 3.

The performance of the single-layer devices (diode I) was
poor for both BITPQ and B2TPQ), obtaining a brightness of 12
and 110 cd/m?, respectively, and EQEs of 0.01%. The low
brightness and current density (34 mA/cm?) of BITPQ-based
devices indicate poor charge injection into the film. The higher
current densities (460 mA/cm?) in B2TPQ-based diode I suggest
improved charge injection, but poor carrier utilization with most
of the holes and electrons passing through the device with no

recombination. However, markedly good performance was
obtained in single-layer OLEDs (diode I) based on B3TPQ, with
a low turn-on voltage of 2.2 V and a maximum brightness 970
cd/m? at 6.3 V and maximum efficiencies of 0.08% EQE and
0.29 cd/A. These results demonstrate that B3TPQ has more
balanced charge injection/transport and efficient charge recom-
bination due to the larger oligothiophene blocks. This interpreta-
tion is further supported by the previously discussed ambipolar
redox properties and strong intramolecular charge transfer
observed in B3TPQ. The EL spectrum line shapes of the BnTPQ
single-layer devices (diode I) were identical to the PL emission
spectrum line shapes of the respective thin films. However, the
EL emission maximum in the block co-oligomers at 486 nm
(B1TPQ), 474 nm (B2TPQ), and 528 nm (B3TPQ) is either
identical to the PL emission maximum (B1TPQ) or blue-shifted
by 24—34 nm. Similar shifts between the EL and PL emission
spectra of electroluminescent polymers have been reported and
have been attributed to conformational changes due to local
heating that occurs under the application of an electric field.?!

The performance of OLEDs based on the BnTPQ block co-
oligomers as emitters was greatly improved by using additional
layers to facilitate the injection, transport, and confinement of
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Figure 7. Normalized EL emission spectra of BITPQ, B2TPQ, and
B3TPQ OLEDs at 9, 14, and 8 V, respectively (device V).

electrons and holes (Table 3). An energy-level diagram showing
all the HOMO and LUMO levels relevant to the OLEDs is
shown in Figure 6. Devices using poly(N-vinylcarbazole) (PVK)
(diode II) or 1,1-bis(4-tolylaminophenyl)cyclohexane (TAPC)
(diode IV) as a hole-transport/electron-blocking layer (HTL)
showed turn-on voltages of 2.7—4.5 V, at which uniform
emission over the whole pixel was visible to the eye. BITPQ
showed the greatest enhancement in device performance upon
the addition of a hole-transporting layer, achieving high ef-
ficiencies of 5.6 cd/A and 4.3% EQE in diode II and brightnesses
of 2990 cd/m? in diode IV. The addition of the HTL facilitates
hole injection into the low-lying HOMO level of B1TPQ, which
results in more balanced charge injection/transport. However,
B3TPQ is the brightest emitter and electron transport material,
exhibiting a maximum brightness of 4430 cd/m? in diode IV.

Diodes III and V incorporated 1,3,5-tris(N-phenylbenzimidi-
zol-2-yl)benzene (TPBI, IP = 6.2—6.7 eV) as a hole-blocking
layer (HBL) to confine holes within the emissive block co-
oligomer layer. EL spectra of BnTPQ-based diode V are shown
in Figure 7. The EL emission spectra of diodes III and V were
centered at 450—455 nm in BITPQ, 492—497 nm in B2TPQ,
and 535—538 nm in B3TPQ and were nearly identical to the
EL emission in diodes II and IV. The EL emission of the triblock
co-oligomers in diodes III and V are 17—36 nm blue-shifted
relative to their thin film PL maxima. The CIE coordinates of
BnTPQ electroluminescence from diode V are shown in Figure
8. The variation of the oligothiophene block size in the triblock
co-oligomers afforded various EL emission colors, ranging from
blue from BITPQ (CIE(0.17,0.19)) and green from B2TPQ
(CIE(0.21,0.48)) to yellow from B3TPQ (CIE(0.37, 0.59)).
Typical luminance—current density—voltage characteristics of
OLEDs (diode V) made from the triblock co-oligomers are
exemplified in Figure 9.

The addition of the TPBI layer did not enhance the efficien-
cies of BITPQ- or B3TPQ-based devices. The high EA and IP
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Figure 8. Electroluminescence CIE coordinates of BnTPQ triblock co-
oligomers (diode V).
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Figure 9. Luminance—current density—voltage characteristics of
OLEDs based on BnTPQ co-oligomers (diode V).

of BITPQ afford more effective electron injection/transport;
consequently, there is an excess of electrons in the emissive
layer. However, the brightness was enhanced by up to 2-fold
by the introduction of the TPBI layer (Table 3), which confines
the recombination zone within the emissive layer. On the other
hand, the lack of enhanced device performance in B3TPQ by
introduction of TPBI indicates that it has more balanced charge
injection/transport, which is confirmed by the previously
discussed ambipolar redox properties and superior single-layer
device performance. The most significant enhancement in device
performance was observed in B2TPQ-based diode III, with a
brightness of 2210 cd/m? at 15.6 V and luminous efficiency of
6.5 cd/A and 2.5% EQE. This represents over a 2-fold
enhancement in brightness and 2.7-fold increase in device
efficiency relative to diode II. B2TPQ-based diode V had the
brightest electroluminescence of the series with a luminance of
6535 cd/m?, due in part to its high fluorescence efficiency (@
= 74%) and efficient charge recombination.

Field-Effect Charge Transport. We used the organic field-
effect transistor (OFET) as a platform to explore the charge
transport properties of the triblock co-oligomers. All device
measurements were done under ambient laboratory conditions.
The OFETs showed typical p-channel output characteristics,
source-drain current (I3) vs drain voltage (Vy) at different gate
voltages (Vy), under accumulation mode operation. The output
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Figure 10. Output and transfer characteristics of B2TPQ (a, b) and B3TPQ (c, d) bottom contact OFETs with OTS-8-treated SiO, gate dielectric.

characteristics had good source-drain current modulation and
well-defined linear and saturation regions. In the saturation
region (Vg > V, — V}), I can be described by the equation22

I, = (W2L)Cou(V, = V) (1)

where uy, is the field-effect hole mobility, W is the channel width,
L is the channel length, Cy is the capacitance per unit area of
the gate dielectric layer (SiO,, 300 nm, Cp = 11 nF/cm?), and
Vi is the threshold voltage. The saturation region field-effect
mobility was thus calculated from the transfer characteristics
of the OFETs by plotting 14" vs V.

Thermally evaporated B1TPQ thin films did not show any
p- or n-channel OFET characteristics. This can be explained
by the inability to achieve either hole or electron injection into
B1TPQ (IP = 5.57 eV, EA = 2.76 eV) from the gold source/
drain electrodes. Thermally evaporated B2TPQ thin films on
untreated SiO; dielectric surface had a saturation region hole
mobility of 3 x 107° cm? /(V s) with an I,/ ratio of 10% and
a Vi of —23 V. Additional annealing at 100 °C for 10 min
improved the I,/ ratio to 103, while the threshold voltage
worsened to —33 V. Self-assembled monolayers (SAM) have
been shown to promote the molecular chain ordering of organic
semiconductors at the gate dielectric/semiconductor inter-
face.*Devices with a surface modification of the SiO, dielectric
by an octyltrichlorosilane (OTS-8) SAM displayed a saturation
region hole mobility of 7 x 107¢ cm?/(V s) with an I/l ratio
of 103 with a V; of —18 V (Figure 10a,b). B2TPQ had no
observable field-effect electron mobility, which can be explained
by the high-energy barrier for electron injection from gold (P
~ 5.1 eV) to B2TPQ (EA = 2.74 eV).

Improved p-channel charge transport was observed in ther-
mally evaporated B3TPQ thin films, which has the largest
oligothiophene blocks. A saturation region hole mobility of 2.5
x 1075 cm?/ (V s) with an Io/Iog ratio of 102 and a V; of —4 V

was observed for B3TPQ on unmodified SiO, dielectric. The
output and transfer characteristics of B3TPQ OFETs with OTS-8
SAM-treated SiO, are shown in Figure 10c,d. A hole mobility
of 4.3 x 107> cm? (V s), Ion/lof; ratio of 5 x 102, and a V; of
—6 V were observed. Similar to B2TPQ, B3TPQ had no
observable field-effect electron mobility, which can be explained
by the high-energy barrier for electron injection from gold into
B3TPQ (EA = 2.71 eV).

Since the electron injection and transport properties of all
three triblock co-oligomers are similar by virtue of their identical
central oligoquinoline block and similar EA of 2.71—-2.76 eV,
these BnTPQ OFET results demonstrate the control of hole
injection and transport through the oligothiophene block length.
The observed field-effect mobility of holes in B2TPQ (0.7 x
1073 cm?/(V s)) and B3TPQ (4.3 x 107> cm?/(V s)) are orders
of magnitude lower than in oligothiophene.>* We note that the
thin films used in BnTPQ OFETSs were thermally evaporated at
ambient substrate temperatures whereas organic semiconductors
commonly have orders of magnitude higher field-effect mobili-
ties when deposited at 80—120 °C substrate temper-
atures.’Nevertheless, the over 6-fold increase in hole mobility
in going from B2TPQ to B3TPQ is important and can also
explain the previously discussed superior performance of single-
layer OLEDs based on B3TPQ compared to the other block
co-oligomers. Finally, our results suggest that in order to achieve
ambipolar OFETs from donor—acceptor block co-oligomers or
copolymers the HOMO/LUMO energy levels must be suitable
for electron/hole injection from the same OFET source/drain
electrodes.

Conclusions

We have synthesized and characterized new donor—acceptor
triblock co-oligomers, oligothiophene-b-oligoquinoline-b-olig-
othiophene, and found that the photophysical and redox proper-
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ties as well as their electroluminescence and field-effect charge
transport vary significantly with the chain length of the
oligothiophene blocks. The co-oligomers had high fluorescence
quantum yields in solution, decreasing from 91% in B1TPQ to
61% in B3TPQ with increasing intramolecular charge transfer
character. All the triblock co-oligomers showed reversible
electrochemical reduction, whereas only B3TPQ had reversible
oxidation in cyclic voltammetry. The LUMO energies of the
triblock co-oligomers were nearly identical at 2.71—2.76 eV,
indicating the strong localization of the LUMO on the oligo-
quinoline middle block. In contrast, the HOMO energy varied
from 5.57 eV in BITPQ to 5.12 eV in B3TPQ and thus evidence
strong delocalization of the HOMO across the three blocks in
the co-oligomers. As the emissive materials in OLEDs, blue,
green, and yellow electroluminescence was obtained from the
block co-oligomers with thiophene (B1TPQ), o-bithiophene
(B2TPQ), and o-terthiophene (B3TPQ) outer blocks, respec-
tively. The bright blue OLEDs from BITPQ had a high
luminance (4620 cd/m?) and a high efficiency (5.6 cd/A, 4.3%
EQE). Even higher luminance (6535 c¢d/m?) and luminous
efficiency (6.5 cd/A) were obtained from the green OLEDs
based on B2TPQ. Evaporated thin films of the triblock co-
oligomers showed field-effect charge transport with a mobility
that varied from 0.7 x 1073 cm?/(V s) in B2TPQ to 4.3 x 1077
cm?/(V s) in B3TPQ.

Experimental Section

Materials. Diphenyl phosphate (DPP), tetrakis(triphenylphos-
phine)palladium(0), 2-acetyl-5-methylthiophene, 2-[tributylstan-
nyl]thiophene, 2-acetyl-5-bromothiophene, and 5-(4,4,5,5-tetramethyl-
1,3,2-dioxoborolan-2-yl)-2,2'-bithiophene were purchased from
Aldrich and used as received. 3,3'-Dibenzoylbenzidine was syn-
thesized according to known literature methods.*

Synthetic Procedures. Synthesis of 1-[2,2'|Bithiophen-5-yl-
ethanone. 4.59 g (12.3 mmol) of 2-[tributylstannyl]thiophene, 2.50 g
(12.3 mmol) of 2-acetyl-5-bromothiophene, and 0.300 g (0.26
mmol) of tetrakis(triphenylphosphine)palladium(0) were added to
150 mL of anhydrous toluene under static argon. The reaction
mixture was refluxed overnight, and the resulting solution was
washed with water, dried with MgSQO,, and rotovapped under
reduced pressure to concentrate it. The product was separated on a
silica gel column using a mixture of 50% CH,Cly/hexanes before
recrystallizing with 80% hexanes and 20% CH,Cl, to give 1.83 g
of off-white crystals (71% yield). FT-IR (NaCl, cm™1): 3085, 3067,
2387, 1652, 1420, 1360, 1277, 1051, 1036, 1019, 885, 836, 801,
737, 721, 608. GCMS calcd 208.3 for C;,HsOS,; found 208.0.

Synthesis of 1-[2,2',5',2" [Terthiophen-5-yl-ethanone. 5.01 g (17.1
mmol) of 5-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-2,2"-
bithiophene, 3.70 g (18.0 mmol) of 2-acetyl-5-bromothiophene, and
0.500 g (0.260 mmol) of tetrakis(triphenylphosphine)palladium(0)
were refluxed overnight under Suzuki conditions. The solution was
washed with water, dried with MgSQO,, and rotovapped under
reduced pressure to concentrate it. Resulting product was separated
on silica gel column with 50% CHCls/hexanes mixture to give
3.20 g of yellow-orange crystals (64.4% yield). FT-IR (NaCl, cm™!):
3047, 2985, 2358, 1648, 1560, 1507, 1457, 1443, 1424, 1363, 1296,
1282, 1064, 1034, 867, 836, 793, 720, 668, 649, 634, 610. GCMS
caled 290.4 for Cy4H;(OS3; found 290.0.

General Synthetic Procedure for Co-oligomers. 2.2 equiv of
the 5-acetyl-functionalized thieno molecule, 1 equiv of 3,3'-
dibenzoylbenzidine, and 5 g of diphenyl phosphate (DPP) were
stirred in 3 mL of anhydrous toluene under static argon at 130 °C
for 24 h. The reaction mixture was precipitated into 10% triethy-
lamine/ethanol. The precipitate was collected by vacuum filtration,
filtered through silica gel to remove polar byproducts, and recrystal-
lized from THF/MeOH mixtures of varying ratios.

6,6'-Bis(5-methylthiophenyl-2-yl)-4-phenylquinoline (BITPQ).
Yield was 75% as a dark yellow crystals. T, = 259 °C. '"H NMR
(CDCl3): 6 ppm = 8.24 (s, 1H), 8.23 (s, 1H), 8.13 (d, 2H), 8.03
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(d, 1H), 8.00 (d, 1H), 7.70 (s, 2H), 7.57 (m, 10H), 7.38 (d, 2H),
7.01 (d, 2H), 2.68 (s, 6H). FT-IR (NaCl, cm™!): 3056, 3921, 2359,
2341, 1717, 1700, 1684, 1653, 1587, 1573, 1545, 1487, 1436, 1419,
1387, 1216, 1030, 875, 827, 786, 768, 720, 701, 668, 604. HRMS
(FAB) calcd 600.8 for C4H,gN,S,; found 600.7.

6,6'-Bis(2,2'-bithiophenyl-5-yl)-4-phenylquinoline (B2TPQ). Yield
was 68% as an orange solid. T,,, = 337 °C. 'H NMR (CDCl;): 6
ppm = 8.23 (s, 1H), 8.22 (s, 1H), 8.14 (d, 2H), 8.03 (d, 1H) 8.02
(d, 1H), 7.71 (s, 2H), 7.58 (m, 10H), 7.37 (m, 6H), 7.31 (d, 2H)
7.10 (d, 2H). FT-IR (NaCl, cm™'): 3386, 3065, 2359, 2319, 1616,
1586, 1560, 1507, 1490, 1465, 1437, 1420, 1363, 1248, 1225, 1073,
878, 841, 826, 796, 767, 697, 668. HRMS (FAB) calcd 737.0 for
C4(,H28st4; found 737.5.

6,6'-Bis(2,2',5',2" -terthiophenyl-5-yl)-4-phenylquinoline  (B3TPQ).
Yield was 72% as reddish-orange solid. 7, = 324 °C. '"H NMR
(CDCl3): 6 ppm = 8.25 (s, 1H), 8.24 (s, 1H), 8.16 (d, 2H), 8.05
(d, 1H) 8.02 (d, 1H), 7.70 (s, 2H), 7.57 (m, 10H), 7.32 (m, 10H),
7.28 (d, 2H) 7.11 (d, 2H). FT-IR (NaCl, cm™1): 3070, 2916, 2874,
2349, 1704, 1699, 1695, 1675, 1616, 1538, 1462, 1432, 1125, 1077,
880, 826, 795, 694, 666. HRMS (FAB) calcd 901.2 for Cs4sH3,N,S¢;
found 901.5.

Characterization. FT-IR spectra were taken on a Perkin-Elmer
1720 FTIR spectrophotometer with NaCl plates. '"H NMR spectra
were recorded on a Bruker-DRX499 at 500 MHz. DSC analysis
was performed on a TA Instruments Q100 differential scanning
calorimeter under N, at a heating rate of 10 °C/min, and thermo-
gravimetric analysis (TGA) was conducted with a TA Instruments
Q50 thermogravimetric analyzer at a heating rate of 10 °C/min
under a nitrogen gas flow. UV —vis absorption spectra were recorded
on a Perkin-Elmer model Lambda 900 UV/vis/near-IR spectropho-
tometer. The PL emission spectra were acquired on a Photon
Technology International (PTI) Inc. model QM-2001-4 spectrof-
luorimeter. To measure the PL quantum yields (®y), co-oligomer
solutions in spectral grade toluene were prepared. The concentration
(~107° M) was adjusted so that the absorbance of the solution was
lower than 0.1. A 107® M solution of 9,10-diphenylanthracene in
toluene (®; = 0.93) was used as a standard.>”

Cyclic Voltammetry. Cyclic voltammetry experiments were
done on an EG&G Princeton Applied Research potentiostat/
galvanostat (model 273A). Data were collected and analyzed on
the model 270 Electrochemical Analysis System Software on a PC
computer. A three-electrode cell was used in all experiments.
Platinum wire electrodes were used as both counter and working
electrodes and silver/silver ion (Ag in 0.1 M AgNO; solution,
Bioanalytical System, Inc.) was used as a reference electrode. The
Ag/Ag" (AgNOs) reference electrode was calibrated at the begin-
ning of the experiments by running cyclic voltammetry on ferrocene
as the internal standard in an identical cell without any co-oligomer
on the working electrode. The films of BnTPQ were coated on the
Pt working electrode by dipping the Pt wire into a viscous solution
in formic acid and subsequently dried in a vacuum oven at 80 °C
for 8 h. An electrolyte solution of 0.1 M TBAPF in acetonitrile
was used in the electrochemical cell. The solution was purged with
ultrahigh-purity N, for 20 min before the experiment, and a blanket
of N, was used during the experiment. Electrochemistry was done
at a scan rate of 60 mV/s. The block co-oligomers were not soluble
enough in polar organic solvents to do solution CV measurements.

Fabrication and Characterization of OLEDs. Indium—tin
oxide (ITO)-coated glass substrates (Delta Technologies Ltd.,
Stillwater, MN) were cleaned sequentially in ultrasonic baths of
2-propanol/deionized water (1:1 volume) mixture, toluene, deionized
water, and acetone and then dried at 60 °C in vacuum overnight
(~10 h). A 1 wt % poly(ethylenedioxythiophene)/poly(styrene-
sulfonate) blend (PEDOT) dispersion in water was filtered through
a 0.45 um PVDF syringe filter. A 50 nm thick PEDOT layer was
spin-coated onto the ITO-coated glass to act as a hole injection
layer and dried at 200 °C for 15 min under vacuum. A 15—20 nm
thick hole-transport/electron-blocking layer (HTL) (PVK or TAPC)
was spin-coated from its 1 wt % toluene solution onto the PEDOT
layer and dried at 60 °C for 4 h under vacuum. A 30—45 nm thick
film of each triblock co-oligomer was evaporated from resistively
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heated quartz crucibles at a rate of 0.2—0.4 nm/s in a vacuum
evaporator (Edwards Auto 306) at a base pressure of <3 x 107°
Torr onto the HTL layer. For device architectures with a hole
blocking layer (diodes III and V), a 15—20 nm thick 1,3,5-tris(N-
phenylbenzimidizol-2-yl)benzene (TPBI) layer was evaporated onto
the triblock co-oligomer. The chamber was vented with air to load
the cathode materials, pumped down to ~3 x 107 Torr, and a 2
nm thick lithium fluoride layer followed by an 120 nm thick
aluminum layer were deposited through a shadow mask to form
active diode areas of 0.2 cm?. The film thicknesses were measured
by using an Alpha-Step 500 surface profiler (KLA Tencor,
Mountain View, CA). Electroluminescence spectra were obtained
using a PTI QM-2001-4 spectrophotometer. Current—voltage
characteristics of the OLEDs were measured using a HP4155A
semiconductor parameter analyzer (Yokogawa Hewlett-Packard,
Tokyo). The luminance was simultaneously measured using a model
370 optometer (UDT instruments, Baltamore, MD) equipped with
a calibrated luminance sensor head (model 211) and a 5x objective
lens. The device external quantum efficiencies were calculated using
procedures reported previously.’®All the device fabrication and
characterization steps were done under ambient laboratory condi-
tions.

Surface Modification of SiO, Dielectric. The method for
depositing a self-assembled monolayer (SAM) on the SiO, gate
dielectric is similar to a literature method.? The flasks and SiO.,/
Si OFET substrates were dried in an oven at 120 °C for 20 min.
The substrates were immersed in anhydrous toluene under argon
at room temperature. Octyltrichlorosilane (OTS-8) was added (10
mM) and left to form a self-assembled monolayer for 1 h under
argon. The SAM-treated substrates were removed from the OTS-8
solution, rinsed with anhydrous toluene, and baked at 120 °C for
20 min in an oven. The substrates were sonicated in anhydrous
toluene for 1 min and then rinsed further with anhydrous toluene.
The OTS-8 SAM-modified OFET substrates were dried in vacuum
for 1 h before use.

Fabrication and Characterization of Thin Film Transistors.
Bottom-contact geometry was used to fabricate the thin film field-
effect transistors. Heavily n-doped Si with a conductivity of 103
S/cm was used as a gate electrode with 300 nm thick SiO; layer as
the gate dielectric. Using photolithography and a vacuum sputtering
system (2 x 107° Torr), two 90 nm thick gold electrodes (source
and drain) with a 10 nm thick adhesive layer of TiW alloy were
fabricated onto the SiO, layer. A channel length (L) of 25 um and
a channel width (W) of 500 um were used. The gate electrode
launching pad was placed on top of the Si gate electrode after the
SiO, gate dielectric had been mechanically etched away. On the
top of this device structure, thin films (~40 nm) of a co-oligomer
was thermally evaporated at a rate of 0.2 nm/s. Electrical
characteristics of the devices were measured using a Keithley 4200
semiconductor parameter analyzer (Keithley Instruments, Inc.,
Cleveland, OH). All the measurements were done under ambient
laboratory conditions.
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