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In this paper, we report on the synthesis and properties of a novel series of multi-triarylamine-substituted
carbazole-based dendrimers-GTP(n)-G; (n = 2—5) with an oligothiophene core. The length of the
oligothiophene core varied from 2 to 5 thiophene units. It was found that both the absorption and
fluorescence emission peaks red-shifted with increasing oligothiophene core length. As a result, the power
conversion efficiencies of the as-fabricated solar cells using the composite of these dendrimers and PCBM
as the photoactive layer increased with increasing oligothiophene core length, from 0.04%J0PG
Gz t0 0.13% for G-PTP-G under AM 1.5 simulated solar illumination at an irradiation intensity of 100
mW/cn?. After a thermal annealing at 15C for 15 min under nitrogen, however, the devices based on
the G-DTP-G;:PCBM blend exhibited the most dramatic improvement and almost best performance,
although other devices also showed some improvement. Since it B-G; is the a crystalline material
among these four dendrimers, the dramatic improvement of the associated devices after annealing is
attributed to the formation of some nanocrystalline structures in the active layer, as indicated by DSC
analysis and AFM studies. In addition, we have demonstrated that befiT8-G, and G-PTP-G can
be used as hole-transporting emitters in organic light-emitting diodes (OLEDs) with 1,3MN-tris(
phenylbenzimidazol-2-yl)benzene (TPBI) as a hole-blocking layer and LiF/Al as the cathode. Because
of the low hole injection barrier, the turn-on voltages of the OLED devices were as low as 4-V. G
DTP-G; exhibited blue electroluminescence with a maximum luminance of 166(edl/@5.5 V, while
G-PTP-G emitted yellow light with a highest luminance of 1000 cd/at 19 V.

Introduction diffusion length of most conjugated polymers (approximately

10 nm), electron donor and acceptor materials have to be
blended forming bicontinuous phase-separated structures with
the size of each phase comparable to the exciton diffusion
length to achieve high efficiencies. Recent advances in the
control of the nanostructured morphology of the interpen-

etrating donor/acceptor networks boosted the efficiencies to

Conversion of sunlight directly into electricity via photo-
voltaic (PV) devices is being recognized as an essential part
of future global energy production.The demand for
inexpensive and renewable energy sources is the driving
force for the development of high-efficiency low-cost PV

dewcest: Smtie;the dlscov?ry pfteTC|20photqlndulced Clrl'argethe 5% range by postproduction thermal annealiigctive
separation at doneracceptor interfacesorganic soiar celis layer electric agindg,and solidification time controlling®
based on conjugated polymers and soluble fullerenes have Dendritic macromolecules provide unique molecular ar-
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been intensively studiett” This “bulk heterojunction chitectures for a wide variety of applications in optoelectronic

strategy Is W|dely. used due to its S|m_ple_deV|ce SIrUCtUre, 514 electronic deviced: 15 They can be designed to possess
easy thin-film casting process, low fabrication cost, and high
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conjugated cores for an efficient emission and/or charge This is probably due to the presence of bulky wedges at the
transport and appropriate terminal groups/chains for good end of the oligothiophenes, which can diminish the interchain
processibility. To the best of our knowledge, however, there interaction. Furthermore, we demonstrated in this paper that
are only a few reports on the applications of dendrimers in both G-DTP-G; and G-PTP-G could be used as hole-

organic solar cell§¢18 transporting emitters in organic light-emitting diodes
In this study, a novel series of multi-triarylamine- (OLEDSs) with TPBI as a hole-blocking layer and LiF/Al as
substituted carbazole-based dendrimersOGP()-G, (n = the cathode. Because of the low hole injection barrier, the

2-5) bearing an oligothiophene as a functional core were turn-on voltages of the fabricated OLED devices were as
designed and synthesized. The length of the oligothiophenelow as 4 V. The neat &DTP-G, film-based blue light-
core varied from thiophene dimer to pentamer. The photo- emitting diodes showed a maximum luminance of 1660 cd/
physical and electrochemical properties of the resulting nm? at 15.5 V, while G-PTP-G emitted yellow light with a
dendrimers and their performance as light-absorbing and holehighest luminance of 1000 cdfmat 19 V.

transporting components in organic solar cells were system-

atically investigated. It was found that both the absorption Experimental Section

and photoluminescence (PL) emission peaks red-shifted with

Incrt'e;\sm?h (:Ir:gothllophene tcore Ength, Ieidlng dto Zl\l/l)eitgr received unless otherwise noted. Poly(3,4-ethylenedioxythiophene)
match Wi € solar spectrum. /S a resutt, under = poly(styrene sulfonate) (PEDGIPSS) in aqueous solution and
simulated solar illumination at an irradiation intensity of 100 |\ thanofullerene [6,6]-phenykgbutyric acid methyl ester (PCBM)
mW/C”?' the power conversion efficiencies of the as- \ere purchased from Bayer corporation and American Dye Source
fabricated solar cells using the composite of these dendrimersnc., respectively. The synthetic route for the preparation of

and PCBM (methanofullerene [6,6]-pheny;@®utyric acid carbazole-based oligothiophene dendrimerQF P ()-G,, is sum-
methyl ester) as a photoactive layer increased with an marized in Scheme 1. The synthetic procedures for 3,6-bis[4-
increase in the oligothiophene conjugation length. After a (diphenylamino)-1-phenyl]carbazole £®i),** 5,5-diiodo-2,2-
thermal annealing at 150C for 15 min under nitrogen,  bithiophené?and 5,3-diiodo-2,2:5,2"-terthiophen& were reported
however, the devices based on the@F P-G:PCBM blend ~ Previously. S
(containing only 2 thiophene units) exhibited the most Characterization. H and_ 15C NMR spectra were obtalned_ in
dramatic improvement and almost best performance dyith ~ CPCl on a 400 MHz Varian Unity Inova spectrometer. High-
— 1.08 MA/CI, Vo, = 0.85 V, FE= 0.31, although other resolution mass spectrometric measurements were carried out using

devices also showed some mild improvement. Since thea Bruker autoflex MALDI-TOF mass spectrometer. YVis
vi W id 1mprov - ol absorption spectra were recorded on a Varian Cary 50 spectropho-

UV —vis absorption spectra showe_d negligible Change§ for tometer. Fluorescence measurements were carried out on a Spex
all G-OTP()-G2:PCBM based devices after the annealing, Fiyorolog 3 spectrometer. The differential scanning calorimetry
the enhanced photocurrent generation was most likely causedpsc) analysis of dendrimers was performed under a nitrogen
by the improvement in charge carrier mobility and/or charge atmosphere on a TA Instruments DSC 2920 at heating rates of 10
separation. Considering the fact that-BTP-G, has the °C/min. Cyclic voltammetry (CV) measurements were conducted
lowest absorption in the solar spectrum among these fourin a 0.1 M BuNPF; acetonitrile solution using a Solartron S| 1287
dendrimers and is the 0n|y one Showing a me|t|ng peak in potentiostat at a scan rate of 100 MV at room temperature under
the DSC analysis, we speculate that the dramatic improve-2rgon. A silver wire (2 mm diameter), a platinum wire (0.5 mm
ment in the device performance of-BTP-G, after anneal- diameter), and a platinum disk (1 mm diameter) sealed in a soft
ing is attributed to the formation of ordered structures in the glass rod were use.d as the quas'reference electrode, counter

. . . . electrode, and working electrode, respectively. The Ag quasi-
act|ye layer_' DSC ana_tIyS|s confirmed the formgtlon of a reference electrode was calibrated using a ferrocene/ferrocenium
semicrystalline phase in the®TP-G, sample, which had

’ redox couple as an external standard prior to measurements.
undergone a DSC scan, followed by a thermal annealing at PV Device Fabrication and TestingITO-coated glass substrates

150°C for 15 min. (15 Q/0O0) were patterned by a conventional wet-etching process
Although the fluorescence (FL) efficiencies of poly- using an acid mixture of HCI (6 N) and HN@0.6 N) as the etchant.

thiophenes and oligothiophenes in the solid state are usuallyThe active area of each solar cell device wag B mne. After

low due to the increased contribution of nonradiative decay patterning, the substrates were rinsed in deionized water, and then

via interchain interactions and intersystem crossing causedultrasonicated sequentially in acetone (&) and 2-propanol (65

by the heavy-atom effect of sulfi#?° G,-DTP-G, (18%) °C). Immediately prior to device fabrication, the ITO substrate was

and G-PTP-G (7%) have moderate solid-state FL efficiency. tréated in a Uv-ozone oven for 15 min. Subsequently, a poly-
(3,4-ethylenedioxythiophenepoly(styrene sulfonate) (PEDGT

PSS) thin film (50 nm) was spin-coated at 5000 rpm from its

Materials. Reagent grade solvents and chemicals were used as

(15) Ponomarenko, S. A.; Kirchmeyer, S.; ElschnerA8y. Funct. Mater.

2003 13, 591. aqueous solution onto the treated substrate, and then baked at 140
(16) Satoh, N.; Nakashima, T.; Yamamoto, K.Am. Chem. SoQ005 °C under nitrogen for 30 min. The active layer composed of the
) }_'27. 1b303_(r%1K303;3_. V- Absal MLAC Sy 1 H U K blend of G-OTP()-G, and PCBM at various ratios was then spin-
asobe, T.; Kashiwagi, Y.; Absalom, M. A.; Sly, J.; Hosomizu, K.; A
Crossley, M. J.; Imahori, H.: Kamat, P. V. Fukuzumi /. Mater. coated on top of PEDOTPSS from chlorob_enze_ne solutions at
2004 16, 975-979, 946. 800 rpm for 60 s. The thickness of the resulting film was found to

(18) Bettignies, R.; Nicolas, Y.; Blanchard, P.; Levillain, E.; Nunzi, J.-M.;  be about 110 nm, as measured with a Dektak Il surface pro-
Roncali, J.Adv. Mater, 2003 15, 1939.

(19) Chen, F.; Mehta, P. G.; Takiff, L.; McCullough, R. .Mater. Chem.
1996 6, 1763. (21) Li, H. Z.; Wong, M. S.Org. Lett.2006 8, 1499.

(20) Perepichka, I. F.; Perepichka, D. F.; Meng, H.; WudlABu. Mater. (22) Li, Z. H.; Wong, M. S.; Tao, Y.; Fukutani, HChem. Mater2005
2005 17, 2281. 17, 5032.
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Scheme 1. Synthetic Route to Multi-Triarylamine-Substituted Carbazole-Based Dendrimers £0TP(n)-G,, n = 2—-5

Q\IH |-CgH,-Br Q\l C 5 (ii) :\<N C B(OH), (iif)
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N\ | | TP (vi)
G, H (iv) ‘b\ /ﬁ‘m G,-TP-B(OH), |~K\ /71~ml

®/N N\Q
SN
sialle

G2-DTP-G2 ‘n=2 58% Gz'QTP'Gz ‘n=4 82%
G,-TTP-G,:n=3 49% Gy-PTP-G,:n=5 80%

(i) 1 mole% Cul, 10 mole% 1,2-trans-cyclohexadiamine, & dioxane, 110C; (ii) a 1.5 equiv.n-BuLi, THF, =78 °C; b B(OCH)3, —78°C to r.t,;
¢ 6M HCI; (iii) 3,6-dibromocarbazole, 2.5 mole% Pd(BRRhTHF, 2M K;COs, 80°C; (iv) 25 mole% Cul, 250 mole% 1,2ans-cyclohexadiamine, NaBu,
dioxane, 110°C; (v) a 4 equiv.n-BuLi, THF, —20 °C to r.t; b B(OCH)s, 0 °C to r.t.; ¢ 2M HCI; (vi) 5 mole% Pd(PRJy, 2M K»COs, THF, 80°C.
filometer. The device fabrication was completed by the vacuum illumination (100 mW/cm, Sciencetech Inc., model SF150).
deposition of LiF (1 nm) and Al cathode (100 nm). Postproduction Current-voltage (—V) characteristics were recorded using a
device annealing was carried out at 190 for 15 min under computer-controlled Keithley 2400 source meter.
nitrogen. The solar cells with no protective encapsulation were  EL Device Fabrication and Testing.ITO-coated glass substrates
subsequently tested in air under air mass (AM) 1.5 simulated solar (15 Q/00) were patterned and cleaned using the same procedure as
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that used for the PV devices. Immediately before device fabrication,

the ITO substrate was UYozone treated for 15 min. Subsequently,
PEDOT-PSS (50 nm) was spin-coated at 5000 rpm from its

Chem. Mater., Vol. 18, No. 26, 809%

1.6, 8.8 Hz, 2H, Ar-H), 7.60 (d,J = 8.8 Hz, 4H, Ar-H), 7.51 (d,
J= 8.8 Hz, 2H, Ar-H), 7.41 (dd,J = 1.6, 5.6 Hz, 1H, TP-H),
7.22-7.30 (M, 8H, Ar-H), 7.15-7.21 (m, 14H, Ar-H and TP-

aqueous solution onto the treated substrate, and then baked at 1461), 7.03 (t,J = 7.6 Hz, 4H,p-PhbN—H). 23C NMR (100 MHz,

°C under nitrogen for 30 min. £DTP-G, or G,-PTP-G was
dissolved in a solvent mixture of CHCaNnd chlorobenzene (1:1
by volume), and then spin-coated on PEDEHASS. TPBI was
vacuum-deposited as a hole-blocking layer. Finally, LiF (1 nm)

CDCl;, 0) 147.8, 146.6, 141.6, 136.0, 133.8, 129.2, 127.9, 126.3,
125.5, 124.6, 124.3, 124.2, 124.15, 124.1, 122.7, 118.3, 110.5.
HRMS (MALDI-TOF) Calcd for GzH3/NsS 735.2708. Found:
735.2715.

and Al (100 nm) were deposited as the cathode. The devices were 5 13 g_Bis[4-(diphenylamino)-1-phenyl]carbazol-9-y}-2-
tested in air under ambient conditions with no protective encapsula- thiopheneboronic Acid (G,-TP-B(OH),). To a 100 mL two-

tion. EL spectra, device luminances, and currertdltage charac-

necked flask containing the solution 0§ (368 mg, 0.5 mmol)

teristics were recorded using a combination of a Photo Researchi, 40 mL dried THF equipped with a magnetic stirrer under N

PR-650 SpectraScan and a Keithley 238 Source meter.

5,5-Bis{ 3,6-bis[4-(diphenylamino)-1-phenyl]carbazol-9-yji-
2,2-bithiophen e (G,-DTP-G;). A mixture of GH (654 mg 1.00
mmol), 5,3-diiodo-2, 2,bithiophene (209 mg, 0.50 mmol)+§-
trans-1,2-diaminocyclohexane (285 mg, 2.5 mmol), Cul (47 mg.
0.25 mmol), sodiuntert-butoxide (250 mg, 2.6 mmol), and dioxane
(30 mL) was heated at 11 for 45 h under nitrogen atmosphere.
After cooling to room temperature, the reaction mixture was poured
into cooled water and extracted with @El, (3 x 50 mL). The
crude product was purified by silica-gel column chromatography
using 4:1 petroleum ether/GAl, as eluent affording 428 mg (58%)
of a pale yellow solidH NMR (400 MHz, CDC}, ¢) 8.30 (d,J
= 1.2 Hz, 4H, carbazole-H), 7.68 (dd,= 1.6, 8.8 Hz, 4H, Ar
H), 7.59 (m, 12H, ArH), 7.23-7.30 (m, 16H, ArH), 7.12-
7.19 (m, 28H, Ar-H and TP-H), 7.01 (t,J = 7.6 Hz, 8H,p-PhN—
H). 13C NMR (100 MHz, CDC}, o) 147.8, 146.7, 141.3, 137.7,

atmosphere at-20 °C was added dropwise 1.6 MBuLi (1.25

mL, 2.0 mmol) while maintaining good stirring. After the reaction
mixture was stirred for 15 min at20 °C followed by 1 h atroom
temperature, trimethylborate (0.25 mL, 2.2 mmol) was added at O
°C. The reaction mixture was then allowed to warm up to room
temperature. Afte5 h of stirring at room temperature, water was
added to the reaction, followed by acidifying wi2 M HCI. The
solution mixture was extracted with GEI, (3 x 50 mL). The
combined organic layer was dried with anhydrous®4@,, filtered,

and evaporated to dryness. The crude product was purified by silica-
gel flash column chromatography using &HLY/EtOAC (v/iv= 3:1)

as eluent affording a deep-brown solid with an isolated yield of
45% (176 mg).*H NMR (400 MHz, DMSOds, 6) 8.65 (d,J =

1.2 Hz, 2H, carbazole-H), 8.51 (s, 2H, B(QH)), 7.83 (d,J=4

Hz, 1H, TP-H), 7.78 (ddJ = 1.6, 8.4 Hz, 2H, Ar-H), 7.74 (d,J

= 8.4 Hz, 4H, Ar-H), 7.58 (d,J = 8.8 Hz, 2H, Ar-H), 7.46 (d,

135.8,135.2, 134.1, 129.3, 128.0, 125.7, 125.4, 124.3, 124.2, 122.8) = 4 Hz, 1H, TP-H), 7.30-7.34 (m, 8H, Ar-H), 7.03-7.11 (m,

122.7,118.3,110.6. MS (FABWz 1469.9 (M"). HRMS (MALDI-
TOF) Calcd for GoH72NeS;: 1469.5291 (M). Found: 1469.5243.
5,5'-Bis{ 3,6-bis[4-(diphenylamino)-1-phenyl]carbazol-9-\-
2,2:5',2"-terthi ophene (G- TTP-G,). A mixture of GH (987 mg
1.51 mmol), 5,8-diiodo-2,2:5',2"'-terthiophene (377 mg, 0.75
mmol), (&)-trans-1,2-diaminocyclohexane (430 mg, 3.77 mmol),
Cul (72 mg. 0.38 mmol), sodiuntert-butoxide (377 mg, 3.93
mmol), and dioxane (40 mL) was heated at 200for 60 h under

16H, Ar—H). 13C NMR (100 MHz, CDC}, ) 147.2, 146.2, 142.5,
140.3, 135.7, 135.0, 132.9, 129.6, 127.8, 125.3, 125.2, 124.0, 123.9,
123.0, 118.5, 110.6.

5,5"-Bis{ 3,6-bis[4-(diphenylamino)-1-phenyl]jcarbazol-9-y-
2,2:5',2":5" 2" -quaterthiophene (G-QTP-G,). To a mixture of
G,-TP-B(OH), (260 mg, 0.33 mmol), 5;&iiodo-2,2-bithiophene
(67 mg, 0.16 mmol), and tetrakis(triphenylphosphine)-palladium(0)
(38 mg, 0.33 mmol) in a 100 mL-round-bottom flask equipped with

nitrogen atmosphere. After cooling down to room temperature, the a magnetic stirrer, a Nourge, and a reflux condenser was added

reaction mixture was poured into cooled water and extracted with
CH,Cl; (3 x 60 mL). The crude product was purified by silica-gel
column chromatography using 4:1 petroleum ethepClas eluent
affording 570 mg (49%) of a yellow solidH NMR (400 MHz,
CDCl;, 6) 8.30 (d,J = 0.8 Hz, 4H, carbazole-H), 7.62 (dd,=

1.2, 8.8 Hz, 4H, Ar-H), 7.55 (m, 12H, Ar-H), 7.22-7.26 (m,
16H, Ar—H), 7.12-7.17 (m, 26H, Ar-H and TP-H), 7.05-7.07

(m, 4H, TP-H), 7.00 (t,J = 7.6 Hz, 8H,p-Ph,N—H). 13C NMR
(100 MHz, CDC4, o) 147.7, 146.6, 141.2, 137.4, 136.1, 135.7,

THF (30 mL) and 2 M KCOs; (2 mL). The solution mixture was
heated to 80°C for overnight. The reaction mixture was poured
into water and then extracted with chloroform ¥550 mL). The
combined organic layer was dried with anhydrous®4@,, filtered,

and evaporated to dryness. The crude product was purified by silica-
gel column chromatography using petroleum ether/GH&id
CHCIy/EtOAc as eluent affording 214 mg (82%) of an orange solid.
IH NMR (400 MHz, CDC}, 6) 8.30 (d,J = 1.6 Hz, 4H, carbazole-

H), 7.64 (dd,J = 1.6, 8.8 Hz, 4H, Ar-H), 7.54-7.58 (m, 12H,

135.0,134.0, 129.2, 127.9, 125.6, 125.2, 124.6, 124.3, 124.2, 122.7 Ar—H), 7.22-7.27 (m, 16H, Ar-H), 7.13-7.18 (m, 26H, Ar-H

122.4,118.3, 110.6. HRMS (MALDI-TOF) Calcd forgH74NeSs:

1551.5168. Found: 1551.5101.
2-{3,6-Bis[4-(diphenylamino)-1-phenyl]carbazol-9-y}-

thiophene (G-TP). A mixture of G-H (840 mg, 1.28 mmol),

and TP-H), 7.10 (d,J = 4 Hz, 2H, TP-H), 7.08 (s, 4H, TP-H),
7.01 (t,J = 7.6 Hz, 8H,p-Ph,N—H). 13C NMR (100 MHz, CDC},
5) 147.7, 146.7, 141.2, 137.3, 136.1, 135.9, 135.8, 135.1, 134.0,
129.2,129.0, 127.9, 125.6, 125.3, 124.7, 124.5, 124.3, 124.2, 122.8,

2-bromothiophene (417 mg, 2.56 mmol) copper iodide (60 mg, 0.32 122.4, 118.3, 110.6. HRMS (MALDI-TOF) Calcd for GHzeNeSs:

mmol), (*)-trans-1,2-diaminocyclohexane (365 mg, 3.20 mmol),
sodiumtert-butoxide (320 mg, 3.33mmol), and dioxane (40 mL)
was heated under nitrogen atmosphere at°Cl@ith good stirring
for 40 h. After cooling to room temperature, the reaction mixture
was poured into cooled water and extracted with GHBIx 60
mL). The combined organic layer was dried with anhydrousSa

1633.5046. Found: 1633.5017.

5,5""-Bis{ 3,6-bis[4-(diphenylamino)-1-phenyl]carbazol-9-y}-
2,2:5',2":5"2"":5", 2""-quinquethiophene (G-PTP-G,). The
procedure above was followed using 228 mg (0.29 mmol) sf G
TP-B(OH), 72 mg (0.144 mmol) of 5/5diiodo-2,2:5',2"-ter-
thiophene, 35 mg (0.03 mmol) of tetrakis(triphenylphosphine)-

and evaporated to dryness. The crude product was purified by silica-palladium(0), THF (30 mL), ah2 M K,COs; (2 mL). The crude

gel column chromatography using petroleum ether/GH&S

product was purified by column chromatography using petroleum

gradient eluent. The target compound was obtained as a white solidether/CHCI, as a gradient eluent affording 197 mg (80%) of an

with an isolated yield of 74% (696 mgjH NMR (400 MHz,
CDCls, 0) 8.32 (d,J = 1.6 Hz, 2 H, carbazole-H), 7.67 (dd,=

orange-red solid!H NMR (400 MHz, CDC}, o) 8.30 (s, 4 H,
carbazole-H), 7.65 (dd] = 1.2, 8.4 Hz, 4H, Ar-H), 7.55-7.58
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(M, 12H, Ar—H), 7.24-7.28 (m, 16H, Ar-H), 7.14-7.19 (m, 26H,
Ar—H and TP-H), 7.06-7.11 (m, 8H, TP-H), 7.02 (t,J = 7.6
Hz, 8H, p-PleN—H). 13C NMR (100 MHz, CDC4, 8) 147.7, 146.7,

N__’/_
141.2, 137.3, 136.2, 135.9, 135.84, 135.77, 135.2, 134.0, 129.2, \/
127.9,125.6, 125.3, 124.7, 124.5, 124.4, 124.3, 124.2, 122.8, 122.4, N‘_—;—’
118.3, 110.6. HRMS (MALDI-TOF) Calcd for {zgH7gNeSs:
1715.4923. Found: 1715.4920.
‘e\f\//

Results and Discussion

Exothermic

Synthesis. The synthetic route for the preparation of
carbazole-based oligothiophene dendrimeG3 P{)-G,,
is summarized in Scheme 1, which was synthesized by a
convergent approach. Selective monoamination of 1-bromo-
4-iodobenzene with diphenylamine catalyzed by Cul in the
presence of sodium-butoxide afforded 4-bromo~4di-
phenylamino)biphenyll in 75% yield. Conversion of to Temperature (°C)
the corresponding boronic aci@, was achieved by lithium-  Figure 1. DSC thermograms of £0TP()-G, (a) G-PTP-G, (b) G-
bromide exchange df at —78 °C followed by the reaction =~ QTP:G (€) G- TTP-G, (d) G-DTP-G,, and (€) G-DTP-G; annealed at

. . . . 150°C for 15 min after the first DSC scan.
with trimethyl borate and subsequent acid hydrolysis. Double
Suzuki cross-coupling of boronic acand 3,6-dibromocar- 1800004 ' ' ' ' '
bazole afforded GH in an excellent yield under typical ] ——G,DTP-G,
reaction conditions. Double UllmartGoldberg coupling of ——G,TTP-G,
G,-H and diiodobithiophene and diiodoterthiophene afforded ——6,;QTPG,
carbazole-based oligothiophene dendrimeD3P-G, and ——G;PTP-G,
G,-TTP-G,, respectively, in moderate yields. The extended —— PCBM
diiodo-oligothiophenes are highly insoluble and nontrivial
to prepare with good purity; therefore, the synthesis of the
higher homologues of oligothiophene dendrimers adopted
an alternative approach, as shown in Scheme 1. Ullmann 1
Goldberg coupling of @H and 2-bromothiophene gave 40000 1
carbazole-dendron substituted thiopherel8 in good yield. 20000 -
Lithiation of G,-TP at—20 °C followed by quenching with 1 . .
trimethyl borate and subsequent acid hydrolysis afforded the 250 300 350 o 4k s0 580
corresponding boronic acid,,d’P-B(OH). Double Suzuki Wavelength / nm
cross-coupling of GTP-B(OH), and diiodobithiophene and  Figyre 2. Uv—vis absorption spectra of BTP()-G, and PCBM in
diiodoterthiophene afforded carbazole-based oligothiophenechloroform.
dendrimer GQTP-G and G-PTP-G, respectively, in 86
82% yield. that melting peaks become broader and shift to lower
temperature when semicrystalline structures rather than
perfect crystals are formed has been reported in the litera-
ture 2324

The UV—vis absorption and PL spectra oG TPM)-G;
in chloroform are shown in Figures 2 and 3, respectively.
For comparison purposes, the absorption spectrum of PCBM
is also included in Figure 2. It is clear that-OTPN)-G,

T T T T T T T T
100 200 300

160000 —

cm”

140000

120000 —

Molar Absorptivity / M°

Thermal and Optical Properties of Dendrimers G,
OTP(n)-G,. Thermogravimetric analysis of four dendrimers
G,-OTP()-G, showed that they are all thermally stable with
onset decomposition temperatures above B@0 under
nitrogen. DSC analysis revealed that these four dendrimers
have similar glass transition temperaturégs) ranging from

167 to 172°C, although they have different oligothiophene :
cores. It is interesting to point out that only,GTP-G, have stronger absorbance in the solar spectrum than PCBM.

among these four dendrimers exhibited a melting peak GzOTP()-Gz shows two overlapped absorption bands

(centered at 259.2C) during DSC analysis. The other three Peaked around 330 and 3730 nm, which correspond to
dendrimers are amorphous molecular materials and onlythe n—x* transition of triarylamine-subtituted carbazole

show glass transition temperatures. However, eveD G- wedgé' and z—z* transition of oligothiophene core,
G, is not prone to crystallize, and no pronounced crystal- respectively. These two spectra indicate that both absorption

lization peak was observed in the DSC cooling scan. After @1d PL emission peaks of the oligothiophene core are
the first DSC analytical scan, the,®TP-G, sample was gradually red-shifted to longer wavelengths with an increase
fast cooled to room temperature and then annealed at 150" the number of thiophene units due to the increased
°C for 15 min under M The subsequent DSC scan showed effective conjugation length; however, the absorption of
aT,at 169.6°C and a broad melting peak appearing around dendritic wedge remains fairly constant throughout the series.
210-244°C, as shown in Figure 1. This result indicates that - — : _

a thermal annealing at 15 can lead to the formation of (23) gﬁgﬁ?rgﬂygiégg%%mgggz’lj" Schick, C.téo M.; Dehne, H.J.
semicrystalline structures in & TP-G,. The phenomenon  (24) Hiramatsu, N.; Hirakawa, $0lymer198Q 12, 105.
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T T T Table 2. Electrochemical Properties and Estimated Energy Levels of
1.0 G-OTP(n)-G,
Eg eV
5 sample E1®,2V ErvomoP eV  (UV)¢  Erumo eV
I 084 G2-DTP-G2  0.68,0.88, 1.20 5.06 2.91 2.15
= G2-TTP-G2  0.78,0.91, 1.08 5.16 2.65 251
2 G2-QTP-G2  0.66,0.85 5.04 2.50 2.54
£ o064 G2-PTP-G2  0.72,0.93 5.10 2.37 2.73
0 a8 Measured in anhydrous GBI, under Ar using 0.1 M ByNPF; as the
% supporting electrolyteE;;,°* stands for half-wave oxidation (p-doping)
e 044 potentials versus a Ag quasireferene&stimated from the firsEy°* +
S 4.38 eV.¢ Optical energy gaps calculated from the edge of the electronic
= absorption band! Estimated fromEnomo and opticalE.
0.2 4
electrode cell using 0.1 M BMPFs in anhydrous ChKCI,
00 as the supporting electrolyte. The Ag quasireference electrode
. T T . ) .
400 500 600 700 was calibrated using a ferrocene/ferrocenium (FtyFedox
Wavelength / nm couple (4.8 eV below the vacuum lev&las an external
Figure 3. Fluorescence spectra ob®TP()-G; in chloroform excited at standard, and thi, of the Fc/F¢ redox couple was found
436 nm except @DTP-G; excited at 360 nm. to be 0.42 V versus the Ag quasireference electrode.
Table 1. Physical Properties of G-OTP(n)-G, Therefore, the HOMO energy levels of the dendrimer
abSOrption 257 ETE=* T oo materials can be estimated using the empirical equatlon
band2nm  nm Bzl % D9 °C °C Enomo = Ey® + 4.38 eV, whereE;,°* stands for the first
G,DTP-G, 342 448 032 f ot 167 563 half-wave oxidation potential relative to the Ag quasirefer-

G»TTP-G; 332/390 482 0.11 82 0.07 171 575 ence electrode. The results are summarized in Table 2.

GrQTP-G 329/416 508 0.22 66  0.17 170 560 . -
Gi-STP_GZ 332/434 518 043 69 031 172 544 As can be seen from Figure 4, GTP-G, exhibits three

a Measured in CHGI b Excited at 360 nm¢ Excited at 436 nmé Using reversible or qua5|rever5|ble anodic redox coyples. The first
9,10-diphenylanthrancenep#z = 0.9) as a standardEstimated by two redox pairs correspond to the sequential removal of
comparing the absorption spectrum with the fluorescence excitation spectrumeg|ectrons from the dendritic wedge becauseHshas two
recorded at thelem of the oligothiophene coréUnable to determine d | t imil tentials. | dditi th
accurately due to peak overlappirfgJsing fluorescein in 0.1 N NaOH reaox _COUp €s at very similar po .en 1als. .n addiuon, the
(¢a3s = 0.92) aqueous solution as a standdrBetermined by differential potentials of these two redox pairs remain more or less
scanning calorimeter from remelt after cooling with a heating rate of 10 unchanged throughout the,®TP)-G, series. The third
°C/min under N. ' Determined by thermal gravimetric analyzer with a . _ ' .
heating rate of 10C/min under N. anodic redox coupleH;, = 1.20 V vs Ag) of G-DTP-G; is

_ . assigned to the oxidation of the dithiophene unit. This redox
As a result, the optical band gaps decrease with the coyple shifts to lower potentials with increasing oligo-
lengthening of the oligothiophene cores. The emission spectragiophene conjugation length from 2 to 5 thiophene units.
recorded are identical upon excitation either at the dendritic gjmilar behavior has been frequently reported in the litera-
wedges (330 nm) or at the oligothiophene core (3480 ture28.29 For instance, in this study, the oxidation potential
nm), which implies that energy or exciton can efficiently ¢ the terthiophene unit in STTP-G, is atEy, = 1.08 V
transfer from the peripheral wedges to the thiophene core., o 5,5 Ag. Meanwhile, the redox waves, corresponding to
The energy tra.nsfer. efficiencies (ETE;) of this dendritic the oxidation of the oligothiophene cores o£GTP-G and
wedge to the oligothiophene cores are in the range ef 65 G»-PTP-G, overlap with the anodic redox waves of the
80%, Whlch were est|mate.d according to a literature méthod dendritic wedge. Unfortunately, no cathodic reduction waves
by comparing the absorption spectrum with the fluorescencefor this series of dendrimers could be observed with.Clhl

excitation spectrum recorded at thg, of the oligothiophene das the solvent. However, their LUMO energy levels can be

core. The PL efficiencies of these dendrimers were measure bstimated from their HOMO enerav and optical enerav aaps
at room temperature in dilute CH4olution by comparing oy P gy gaps.

the PL intensity with that of a standard solution of fluorescein ~ Optimization of the PCBM Loading in the Dendrimer-
in 0.1 N NaOH ¢35 = 0.92) according to a literature Based Solar Cells.To evaluate the performance of the
method?® In general, the PL efficiency increases with an dendrimers GOTP[)-G; as light-absorbing and hole-
increase in the length of the oligothiophene core. Table 1 transporting materials in PV devices and investigate the effect
summarizes the physical properties of dendrimers G Of the conjugation length of the oligothiophene core, bulk
OTP()-Go. heterojunction solar cells were fabricated using a widely used
Electrochemical Study.To investigate the electrochemical fullerene derivative, PCBM, as an electron acceptor. Chloro-
properties of dendrimers £DTP()-G, and estimate their ~ benzene was used as the solvent due to the better solubility
HOMO and LUMO energy levels, cyclic voltammetry of PCBM in chlorobenzene and the better nanocrystalline
measurements were carried out under argon in a three-

(27) Pommerehe, J.; Vestweber, H.; Guss, W.; Mahrt, R. F.; Bassler, H.;

(25) Stryer, L.; Haugland, R. FRroc. Natl. Acad. Sci. U.S.A967, 58, Porsch, M.; Daub, JAdv. Mater. 1995 7, 551.
7109. (28) Pappenfus, T. M.; Mann, K. Rnorg. Chem 2001, 40, 6301.
(26) Geng, Y. H.; Chen, A. C. A;; Ou, J. J.;; Chen, S.Ghem. Mater. (29) Barbarella, G.; Favaretto, L.; Zambianchi, M.; Pudova, O.; Arbizzani,

2003 15, 4352. C.; Bongini, A.; Mastragostino, MAdv. Mater. 1998 10, 551.
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Figure 5. J—V characteristics (AM 1.5, 100 mW/é&yof the G-TTP-G/
Potential (V vs Ag) PCBM based solar cells at different weight ratios: (a) as-fabricated devices

) . . and (b) annealed at 15@ for 15 min under nitrogen.
Figure 4. Cyclic voltammograms of &OTP()-G; in anhydrous CkCl,.

packing of the active components in the resulting fifhit annealed devices. At this ratio, the devices had the lowest
is well-known that the open-circuit voltag€y) of an organic series resistance~@0 Q cn?) and highest shunt resistance
bulk heterojunction solar cell is primarily determined by the (~ 7 MQ cn¥). It was found that the open-circuit voltage
energy difference between the HOMO of the electron donor decreased with increasing PCBM content. This was probably
and the LUMO of electron acceptor. However, the depen- due to the increased contact between the PEDOT electrode
dence of theV,, Jsc (short-circuit current density), and FF  and the PCBM phase at higher loadifgdWe also found

(fill factor) on the fullerene content has been reporfed. that short-time annealing at 15C under nitrogen signifi-

To achieve optimum device performance, theTG P-G,/ cantly improved device performance for all three PCBM
PCBM pair was studied, and their weight ratios were varied contents, leading to higher short-circuit currents and greater
from 1:1 to 1:1.5 to 1:2. In the mean time, the solution’s fill factors. These improvements were attributed to the
total solid content was also adjusted accordingly in order to burning of shunts and increasing ordering in the active layer
obtain a constant film thickness for the active layer in each after thermal annealingThe PV performance parameters
device at a given spin rate. As can be seen from Figure 5, are tabulated in Table 3. A more detailed investigation of
the best device performance was achieved at thé - J—V characteristic curves revealed that the device shunt
G,/PCBM weight ratio of 1:1.5 for both as-fabricated and resistances, derived from the slope of the d&ar¥/ curves
close to 0 V, increased by an order of magnitude upon
(30) Rispens, M. T.; Meetsma, A.; Rittberger, R.; Brabec, C. J.; Sariciftci, annealing at 150°C for 15 min. However, the series

N. S.; Hummelen, J. Chem. Commur2003 2118. . . L
(31) Campos, L. M.; Tontcheva, A.; Gunes, S.; Sonmez, G.; Neugebauer, f€sistances were not reduced after annealing. This is in

H.; Sariciftci, N. S.; Wudl, FChem. Mater200§ 17, 4031. contrast to the polythiophene/PCBM system, which usually
(32) Van Duren, K. J,; Yang, X.; Loos, J.; Bulle-Lieuwma, C. W. T.; Sieval, shows a significant decrease in series resistance after

A. B.; Hummelen, J. C.; Janssen, R. AAHv. Funct. Mater.2004 ) e .
14, 425. annealing'° This discrepancy can be explained by the fact
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Table 3. Effects of the PCBM Content on PV Device Performance
GorTTP-G/PCBM Vo3V JuAlcm?>  FP PCE%

11 0.90° 202 0.2 0.03&
0.95¢ 69C° 0.28 0.1&

1:1.5 0.8% 477 0.26 0.1P
0.82¢ 101r 0.35 0.29

1:2 0.77° 342 0.28 0.074
0.80¢ 1017 0.31° 0.2%

aUnder AM 1.5 simulated solar illumination at an irradiation intensity
of 100 mW/cn?. b For as-fabricated devicesFor annealed devices.

400-
400
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——G,TTP-G,
——G,QTP-G,
——G,PTP-G,

Photocurrent density (pAlcmz)

Voltage (V)

Photocurrent density (uA/cm®)
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Figure 6. J—V characteristics (AM 1.5, 100 mW/@nof the 1/1.5 G-
OTP(N)-G,/PCBM based solar cells: (a) as-fabricated devices and (b)
annealed at 150C for 15 min under nitrogen.

that regioregular poly(3-alkylthiophene)s are highly crystal-

line polymers while GTTP-G; is an amorphous material.
Comparison of G-OTP(n)-G; as Electron-Donor Ma-

terials for Heterojunction Solar Cells. To systematically

Chem. Mater., Vol. 18, No. 26, 8206
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Figure 7. UV—vis absorption spectra of the blend films 0-GTPn)-G,
and PCBM (1:1.5 by weight).

good agreement with the increased optical absorption of the
active layers, as shown in Figure 7. However, after annealing
at 150°C for 15 min under nitrogen, the devices based on
G,-DTP-G;, and G-TTP-G, showed the greatest improve-
ment. Especially for @DTP-G, based devices, the short-
circuit current density was increased by 5 times. This
dramatic improvement in device performance cannot be
attributed to the increase in the optical absorption because
UV —vis absorption measurements showed negligible change
in the absorption spectra before and after thermal annealing
for all G,-OTP(n)-G,/PCBM based devices. We also at-
tempted to measure the fluorescence quantum efficiencies
of the blend films using an integrating sphere. It was found
that even before annealing no fluorescence fror©EP ()-

G, was detectable. This suggests that the excitons of G
OTP()-G, were completely quenched by PCBM at the
PCBM loading level used in this study. Considering the very
limited changes in the absorption spectra, the enhanced
photocurrent generation after the annealing is most likely
caused by the improved charge carrier mobility and/or charge
separation, instead of by improved light harvesfirgjnce
G,-DTP-G; is a crystalline material, thermal annealing at
150°C may generate semicrystalline structures, as confirmed
by DSC analysis. This may explain the good performance
of G,-DTP-G; in annealed solar cells with,, = 1082 uA/

cn?, Voc = 0.85 V, FF= 0.31, even though it has the lowest
absorption in the visible region among this series of
dendrimers. Although X-ray diffraction (XRD) is a standard
method for the investigation of crystalline structures, our
preliminary XRD study on the &DTP-G,/PCBM film did

not show crystalline peaks. This result is not surprising,

investigate the effect of the oligothiophene core on the PV considering that &@DTP-G; is not prone to crystallize and
device performance, a series of bulk heterojunction solar cellsPCBM and G-DTP-G interfere with each other in the

using the blend films of gOTP{N)-G, and PCBM (1:1.5
by weight) as an active layer were fabricated. Figure 6

formation of crystalline structures. However, AFM measure-
ments did show the increase in the maximum surface

displays the PV response of these devices under the AMroughness from 2.67 to 4.69 nm and formation of some

1.5 simulated solar illumination at an irradiation intensity
of 100 mW/cni. As can be seen from Figure 6, the device
performance, such ads. and PCE, is enhanced with

increasing the length of the oligothiophene core. This is in

aggregates after thermal annealing, as shown in Figure 8,
indicating the presence of some ordered nanocrystalline
structures. The PV performance data for the@¥ P {)-G./

PCBM based devices are summarized in Table 4. We also
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Figure 8. AFM images of the GDTP-G/PCBM blend films (a) before Voltage (V)

and (b) after thermal annealing.
() ¢ Figure 9. (a) EL spectra and (H)—V characteristics of &DTP-G; and

G,-PTP-G based devices.
Table 4. Summary of Device Performance for 1/1.5 @OTP(n)-G,/
PCBM Based PV Devices

electron donors  VeodV  Jso? wAlcm? = PCE2% interactions and intersystem crossing caused by the heavy-
G.DTP-G 0.8 17p 027 0.08 atom effect of sulfut®?°G,-DTP-G; (0.18) and GPTP-G
0.85 1082 0.3 0.28 (0.07) have a moderate solid-state FL efficiency because of
G TTP-G, 0.89 477 0.2¢ 0.1P the presence of the dendritic wedges at the end of the
GrOTP-G 8:% 1&71; 8:3;5,, 8:3’, oligothiophenes, which can prevent the oligothiophene cores
0.88 814 0.3¢ 0.22 from strongly interacting with each other. It is worth pointing
GzPTP-G 0.84 578 0.28 0.12 out that G-DTP-G, has a higher thin-film FL efficiency than
0.8% 864 0.30 0.22

G,-PTP-G although its solution FL efficiency is lower.
aUnder simulgted AM 1.5.solar iIIum_ination at an irradiatio_n intensity Since both GDTP-G, and G-PTP-G have a high HOMO
of 100 mW/cni.  For as-fabricated device$For annealed devices. energy level, the energy barrier for the hole injection from
PEDOT-PSS to the emissive layer is almost negligible. As
attempted to increase annealing temperature tdC6&hich a result, the turn-on voltages for both devices, corresponding
is close to theTy's of the dendrimers. However, the thermal to 1 cd/n%, were as low as 4 V. The EL spectra abeV
treatment at this temperature resulted in device breakdowncharacteristics of the fabricated devices are shown in Figure
due to the pronounced change in the film morphology, which 9. G,-DTP-G,; exhibited blue electroluminescence with CIE
was visible even by naked eyes. 1931 coordinates (0.160, 0.191), while-BTP-G emitted
Electroluminescent Properties of G-DTP-G;, and G,- yellow light with CIE coordinates (0.499, 0.493). The CIE
PTP-G.. As G,-DTP-G; and G-PTP-G showed reasonable  coordinates of both devices remained unchanged until the
fluorescence quantum efficiencies in CHGblution, these devices were burned. The maximum luminance g3 P-
two compounds were tested as hole transport emitters inG, based devices reached 1660 ctimh 15.5 V, and the
OLEDs with a configuration of ITO/PEDOT-PSS/GTP()- luminous efficiency was above 0.75 cd/A over a luminance
G,/TPBI/LiF/Al. TPBI was used as a hole-blocking layer to range from 20 to 1000 cdAnOn the contrary, the maximum
increase electronhole recombination efficiency in the Iluminance of G-PTP-G based devices only reached 1000
emitting layer. Usually the solid-state FL efficiencies of cd/n? at 19 V, and the luminous efficiency was as low as
polythiophenes and oligothiophenes are low due to the 0.35 cd/A at 300 cd/f If we took the photopic response
increased contribution of nonradiative decay via interchain into account, the &DTP-G, based devices are far superior
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to the G-PTP-G based devices. The stronger intermolecular showed the most dramatic improvement due to the formation
interaction and thus lower solid-state FL efficiency of G of some ordered structures in the active layer. Although the
PTP-G may account for its poorer performance in OLEDs. overall power conversion efficiencies obtained in this study
are not high £0.3%) because of the low absorption in the
Conclusions solar spectrum, the insight gained here will provide some
hints for the development of new light-absorbing hole
transport materials, such as optimal band gaps (approaching
1.5 eV), high crystallinity, and high charge mobility. In
addition, we have demonstrated that-[GTP-G, was able
to function as hole-transporting blue emitters in OLEDs with
a low turn-on voltage of 4 V, a maximum luminance of 1660
cd/n? at 15.5 V, and at 130 cdAn

In this study, we report on the synthesis and functional
property investigation of a novel series of multi-triarylamine-
substituted carbazole-based dendrimer$OGP ()-G, bear-
ing an oligothiophene as a functional core. It was found that
both the absorption and photoluminescence (PL) emission
peaks red-shifted with increasing oligothiophene core length,
leading to a better match for the solar spectrum. However,
their HOMO energy levels remain almost unchanged because Acknowledgment. We are grateful to the Hong Kong
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