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Abstract: A series of four asymmetrically aryl-substituted 9,9'-spiro-9-silabifluorene (SSF) derivatives, 2,2'-
di-tert-butyl-7,7'-diphenyl-9,9'-spiro-9-silabifluorene (PhSSF), 2,2'-di-tert-butyl-7,7'-dipyridin-2-yl-9,9'-spiro-
9-silabifluorene (PySSF), 2,2'-di-tert-butyl-7,7'-dibiphenyl-4-yl-9,9'-spiro-9-silabifluorene (BPhSSF), and 2,2'-
di-tert-butyl-7,7'-bis(2',2" -bipyridin-6-yl)-9,9'-spiro-9-silabifluorene (BPySSF) are prepared through the
cyclization of the corresponding 2,2'-dilithiobiphenyls with silicon tetrachloride. These novel spiro-linked
silacyclopentadienes (siloles) form transparent and stable amorphous films with relatively high glass transition
temperatures (T, = 203—228 °C). The absorbance spectrum of each compound shows a significant
bathochromic shift relative to that of the corresponding carbon analogue as a result of the effective o*—x*
conjugation between the o* orbital of the exocyclic Si—C bond and the * orbital of the oligoarylene fragment.
Solid-state films exhibit intense violet-blue emission (1p. = 398—415 nm) with high absolute photolumi-
nescence quantum yields (®p. = 30—55%).

Introduction mophores in the solid state. The spiro-linked molecules com-
Cpared to the corresponding non-spiro-linked parent compounds
exhibit greater morphological stability and more intense fluo-
rescence. These enhanced properties occur without a significant
change in their absorption and fluorescence spectra. For
chromic material§.The introduction of a “spiro” linkage into exgmple, 2,2,7,7-tetrakis(diphenylamino)-9,9-spirobiflgorene (@

spiro-TPD analogue for hole transport) shows a high glass

low molecular weight organic compounds results in many . T = 133°C han double that of
advantageous properties, such as high thermal and morphologi-tr"’mSltlon temperaturelg = ), more than double that o

cal stabilities, facile processability, and high luminescence N,N’-diphgnyIN,N'-(mtonl)ben;idine (TPD_) G = 60_ °C).
quantum efficiencies. In general, spiro-linked molecules consist while similar electronic and optical properties are maintafhed.

of two identical (symmetric) or different (asymmetric) molecular  Silicon-containingz-conjugated compounds, especially si-
units which are orthogonally arranged and connected through lacyclopentadienes (siloles), have emerged as a new class of
a central atom (spiro centef)This molecular structure deter- electroactive materials with intense solid-state fluorescence
mines their electronic and optical properties. Steric factors can a@nd/or good electron transport properties in OLEDS.

lead to an enhanced rigidity in the spiro center, thereby Siloles have a relatively low-lying lowest unoccupied mo-
preventing rotation of the adjacent aryl groups, which reduces lecular orbital (LUMO) level due to the*—z* conjugation

close packing and intermolecular interaction between chro- between the orbital of the exocyclic Si-C bond and ther*
orbital of the butadiene fragment, resulting in a high electron

T Also at SFA Inc., Largo, MD 20774. affinity.°~11 Recently, a silole derivative, namely, 2,5-bisp2-
(1) (a) Salbeck, J.; Yu, N.; Bauer, J.; Weigsh, F.; Bestgen, HSynth. Met.
1997 91, 209. (b) Steuber, F.; Staudigel, J.;"S&tel, M.; Simmerer, J.;

Spirobifluorenes have been developed and used in organi
light-emitting diodes (OLEDs), organic photovoltaic cells
(OPVs)? optically pumped solid-state lasérsand organic
phototransistofsand as nonlinear optical (NL&gand photo-

Winnacker, A.; Spreitzer, H.; Weisgel, F.; Salbeck, JAdv. Mater.200Q (8) Salbeck, J.; Weisstel, F. Macromol. Symp1997, 125, 121.
12, 130. (c) Wong, K.-T.; Chien, Y.-Y.; Chen, R.-T.; Wang, C.-F.; Lin, (9) Tamao, K.; Uchida, M.; Izumizawa, T.; Furukawa, K.; YamaguchiJ.S.
Y.-T.; Chiang, H.-H.; Hsieh, P.-Y.; Wu, C.-C.; Chou, C. H.; Su, Y. O.; Am. Chem. Socl996 118 11974.
Lee, G.-H.; Peng, S.-Ml. Am. Chem. So®002 124, 11576. (d) Wu, C. (10) Yamaguchi, S.; Endo, T.; Uchida, M.; Izumizawa, T.; Furukawa, K.; Tamao,
C.; Lin, Y. T.; Chiang, H. H.; Cho, T. Y.; Chen, C. W.; Wong, K. T,; K. Chem. Eur. J200Q 6, 1683.
Liao, Y. L.; Lee, G. H.; Peng, S. MAppl. Phys. Lett2002 81, 577. (11) Watkins, N. J.; Meinen, A. J.; Gao, Y.; Uchida, M.; Kafafi, Z. HProc.
(2) Bach, U.; Lupo, D.; Comte, P.; Moser, J. E.; Wéitsh F.; Salbeck, J.; SPIE Int. Soc. Opt. EngR004 5214 368.
Spreitzer, H.; Gizel, M. Nature 1998 395, 583. (12) Palilis, L. C.; M&inen, A. J.; Uchida, M.; Kafafi, Z. HAppl. Phys. Lett
(3) (a) Johansson, N.; Salbeck, J.; Bauer, J.; WeiskoF.; Brams, P.; 2003 82, 22009.
Andersson, A.; Salaneck, W. Rdv. Mater.1998 10, 1136. (b) Salbeck, (13) Palilis, L. C.; Murata, H.; Uchida, M.; Kafafi, Z. HOrg. Electron 2003
J.; Schioner, M.; Fuhrmann, TThin Solid Films2002 417, 20. 4, 113.
(4) Saragi, T. P. I.; Pudzich, R.; Fuhrmann, T.; Salbecl4ppl. Phys. Lett (14) Uchida, M.; lzumizawa, T.; Nakano, T.; Yamaguchi, S.; Tamao, K.;
2004 84, 2334. Furukawa, K.Chem. Mater2001, 13, 2680.
(5) Kim, S. Y.; Lee, M.; Boo, B. HJ. Chem. Phys1998 109, 2593. (15) Murata, H.; Malliaras, G. G.; Uchida, M.; Shen, Y.; Kafafi, Z. Ehem.
(6) Tian, H.; Chen, B.; Liu, P.-HChem. Lett2001, 990. Phys. Lett.2001, 339 161.

(7) (a) Russell, A. G.; Spencer, N. S.; Philp, D.; Kariuki, B. M.; Snaith, J. S. (16) Murata, H.; Kafafi, Z. H.; Uchida, MAppl. Phys. Lett2002 80, 189.
Organometallic2003 22, 5589. (b) Fournier, J.-H.; Maris, T.; Wuest, J. (17) Palilis, L. C.; Uchida, M.; Kafafi, Z. HIEEE J. Select. Top. Quan. Electron.
D. J. Org. Chem2004 69, 1762. 2004 10, 79.

10.1021/ja042762q CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 9071—-9078 = 9071



ARTICLES Lee et al.

bipyridin-6-yl)-1,1-dimethyl-3,4-diphenylsilacyclopentadiene  Elemental analyses were performed by Quantitative Technologies Inc.
(PyPySPyPy), was shown to exhibit nondispersive and air-stable(QTI).
electron transport with a time-of-flight mobility (2.8 104 Materials. All commercially available chemicals, reagents, and

cm?/V s atE = 0.64 MV/cm) more than 2 orders of magnitude solvents were used as received without further purification, unless
higher than that of tris(8-hydroxyquinolinato)aluminum(lif) otherwise stated. Tetrahydrofuran (THF) and diethyl ether were distilled

(Algs), the most commonly used electron-transporting material over sodium/benzophenone under dry nitrogen. Toluene was distilled
in OLiEDSlS In addition, PyPySPyPy formed Ohmic contacts over ROs prior to use. Benzyltrimethylammonium dichloroiodonate

. ' T . RS (BTMAICI ),%° tetran-butylammonium tribromide (BINBr3),?* and
with CsF/Al cathodes, which qu to (_aff|C|ent elecitron injection  6-(trimethylstannyl)-2,2bipyridine?2 were prepared according to pub-
and space-charged transport in single-layer “electron-only” jished procedures.
devices!’ Theoretical calculations of the electronic and molec- 3-Bromo-4-iodoaniline (1).To a solution of 3-bromoaniline (2.39

ular structures of PyPySPyPy revealed a very small dihedral g, 13.9 mmol) in dichloromethane (200 mL) and methanol (80 mL)
angle (32) between the silole ring and the bipyridyl moiety, were added BTMAIGI (4.84 g, 13.9 mmol) and CaG@1.81 g, 18.1
which should give rise to tight packing and strong intermolecular mmol). The mixture was stirred fd. h atroom temperature until the
interactions in the solid staté.This may facilitate electron  solution color changed from yellow to light brown. The excess CaCO

hopping between adjacent molecules and explain the superiorvas filtered, and the filtrates were concentrated. The residue was poured
electron transport properties of PyPySPyPy. into an agueous solution of NaHS(%%, 70 mL). The mixture was

. . . . ith L of ethyl i M
High solid-state photoluminescence quantum yietbis (= extracted with 50 ml of ethyl acetate, dried over MgS@nd

o ith a hiah | ility h concentrated to yield a dark brown residue. The crude product was
30—100%) with a high degree of color tunability have been purified by column chromatography (silica gel, hexane/ethyl acetate

reported upon changing substituents at the 2- and 5-positions— g/1) to afford1 as a pale yellow oil (3.97 g) in 96% yieléH NMR

on the silole ring®¢The unusually high PL quantum yield of  (cDcCly): ¢ 7.52 (d,J = 8.51 Hz, 1H), 6.99 (s, 1H), 6.376.33 (dd,J
siloles in the solid state has been attributed to aggregation-=8.68, 2.66 Hz, 1H), 3.73 (s, 1H¥C NMR (CDCk): ¢ 147.5, 140.1,
induced emission (AIE} AlE-active molecules such as the 129.8, 118.9, 115.8.

siloles are excellent candidates as light-emitting materials in  N-(3-Bromo-4-iodophenyl)acetamide (2)To a solution of 3-bromo-
OLEDs and solid-state lasers. OLEDs based on siloles exhibit 4-iodoaniline (3.50 g, 11.7 mmol) in acetic anhydride (12 mL) was
excellent performance with external electroluminescence quan-2dded a catalytic amount of .BQ.. The mixture was stirred for
tum efficiencies fe. ~4.8% at 100 A/rﬁ) close to the 20 min at room temperature. The solution was neutralized with 100
theoretical limit for a fluorescent material and very high mL of saturated aqueous sodium carbonate and extracted with 150

brightness (luminance over 10 000 cd)r-16 Unfortunately, mL of ethyl acetate. The organic layer was washed with water (100

h ilol i llize d heir | | ... mL) and brine (70 mL), dried over MgSQand concentrated. The
these siloles easily crystallize due to their low glass transition crude solid was recrystalized from chloroform to aff@ds a white

temperatures. This strong tendency for crystallization contributes jig (3.95 g).1H NMR (CDCL): & 7.88 (s, 1H), 7.73 (d) = 8.66

to device degradation when these materials are incorporated inHz, 1H), 7.60 (s, 1H), 7.197.16 (dd,J = 8.54, 2.36 Hz, 1H), 2.17 (s,

OLED structures. 3H). 13C NMR (CDCk): ¢ 169.0, 140.1, 138.9, 129.8, 123.8, 120.0,
To circumvent this problem, we synthesized a novel class of 94.3, 24.5.

9,9-spiro-9-silabifluorenes (SSFs), which are expected to exhibit ~ 2-Bromo-4-tert-butylaniline (3). To a solution of 4tert-butylaniline

high glass transition temperatures and solid-state PL quantum(4-07 g, 27.0 mmol) in 70 mL of DMF:}D [7:3 (v/V)] was added

yields. We investigate the effect of adding electron-withdrawing SIoWly BuNBrs (13.2°g, 27.0 mmol) in 10 mL of DMF at €C. The

or -donating substituents on the optical and electronic properties™Xture was stirred for 10 min at a temperature 68FC. The residue
of this series of asymmetrically substituted SSFs was poured into an aqueous solution of NaH$8%, 200 mL). The
’ mixture was extracted with 70 mL of ethyl acetate, dried over MgSO

and concentrated to yield a dark brown oil. The crude product was
purified by column chromatography (silica gel, hexane) to affdeb
Measurements*H and*3C NMR spectra were recorded on a Bruker — a pale yellow oil (4.00 g) in 64% yieldH NMR (CDCl): 6 7.40 (s,
300 MHz NMR spectrometer using tetramethylsilane (TMS) as the 1H), 7.13-7.10 (dd,J = 8.45, 2.20 Hz, 1H), 6.69 (d] = 8.36 Hz,
internal reference (0.00 ppm). Column chromatography was performed 1H), 3.85 (s, 2H), 1.25 (s, 9H).
with 32—63 mesh silica gel. Differential scanning calorimetry (DSC) 2-Bromo-4-tert-butyl-1-iodobenzene (4)To a solution of 2-bromo-
was carried out on a TA Instruments DSC 2920 differential scanning 4-tert-butylaniline (10.6 g, 46.5 mmol) in concentrateg3@, (25 mL)
calorimeter with a scan rate of 28C/min. UV/vis spectra were and HO (230 mL) was slowly added sodium nitrite (4.17 g, 60.4 mmol)
measured on a Hewlett-Packard 8453 spectrophotometer. Fluorescenci H,O (10 mL) at 5°C. The resulting solution was stirredrfa h at
spectra were obtained with an ISA Fluorolog-3 (JY Horiba) spectro- 10 °C and then slowly added into a vigorously stirred solution of Kl
fluorimeter with excitation and emission slit widths set at 1.0 nm. Cyclic (61.9 g, 0.37 mol) in 150 mL of jO at 5°C. The mixture was stirred
voltammetry was performed on a Bioanalytical Systems Inc. model at room temperature for 6 h, followed by reflux for 20 min. The residue
CV-50W potentiostat in a three-electrode cell with a Pt counter was poured into an aqueous solution of NaH$&%, 300 mL) and
electrode, a Ag/AgCl reference electrode, and a glassy carbon workingthen stirred for 20 min at room temperature. The mixture was extracted
electrode at a scan rate of 100 mV/s with 0.1 M tetrabutylammonium with 250 mL of ethyl acetate, dried over Mg&@nd concentrated to
perchlorate as the supporting electrolyte in degassesfCHHF [9:1 yield a brown oil. The crude product was purified by column
(v/v)] solution purged with argon. At the end of each set of voltammetric chromatography (silica gel, hexane) to affdrds a colorless oil (12.5
experiments, ferrocene (Fc) was added to the solution in order to correctg) in 79% yield.*H NMR (CDCly): 6 7.71 (d,J = 8.32 Hz, 1H), 7.61
the observed potential with a Fc/Foeference potential (0.1 V). Mass (s, 1H), 7.00-6.96 (dd,J = 8.43, 2.36 Hz, 1H), 1.25 (s, 9HFC NMR
spectra were recorded on a Finnigan TSQ-70 mass spectrometer(CDCl): 6 153.3, 139.7, 130.0, 129.5, 125.9, 97.1, 34.6, 31.0.

Experimental Section

(18) Risko, C.; Kushto, G. P.; Kafafi, Z. H.; Bides, J. LJ. Chem. Phys2004 (20) Kajigaeshi, S.; Kakinami, T.; Yamasaki, H.; Fujisaki, S.; Okamot@ull.
121, 9031; ibid,2005 122 099901. Chem. Soc. Jpri988 61, 600.

(19) Chen, J.; Law, C. C. W.; Lam, J. W. Y.; Dong, Y.; Lo, S. M. F.; Williams,  (21) Tidwell, J. H.; Buchwald, S. LJ. Am. Chem. S0d994 116, 11797.
I. D.; Zhu, D.; Tang, B. ZChem. Mater2003 15, 1535. (22) Cardenas, D. J.; Sauvage, JSynlett1996 9, 916.
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2-(2-Bromo-4+ert-butylphenyl)-4,4,5,5-tetramethyl-1,3,2-di-
oxaborolane (5).To a solution of 2-bromo-4ert-butyl-1-iodobenzene
(7.87 g, 23.0 mmol) in 150 mL of THF was slowly adde&rMgBr
(112.6 mL d a 2 M solution in THF, 23.0 mmol) at-40 °C. The
resulting solution was stirred fo2 h at —40 °C. Subsequently,

2-(2,2-Dibromo-4'-tert-butylbiphenyl-4-yl)pyridine (8b). To a
solution of 2,2-dibromo-4tert-butyl-4'-iodobiphenyl (1.24 g, 2.51
mmol) in toluene (50 mL) were added 2-tributylstannylpyridine (1.02
g, 2.76 mmol) and Pd(PRh (96.0 mg, 0.08 mmol). The reaction
mixture was refluxed for 12 h and then diluted with ethyl acetate (100

2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.98 g, 37.0 mL). The organic mixture was washed with brine, dried over MgSO

mmol) was added rapidly to the resulting intermediate-40 °C. The

and concentrated to yield a crude solid. The crude product was puri-

mixture was allowed to warm up to room temperature slowly and then fied by column chromatography (silica gel, hexane/ethyl acetate

further stirred for 5 h. The organic mixture was extracted with 200
mL of ethyl acetate, washed with 150 mL of®, dried over MgSQ@

7/1) to afford8b as a white solid (1.06 g) in 95% yieldH NMR
(CDCly): ¢ 8.68 (d,J = 4.93 Hz, 1H), 8.34 (s, 1H), 7.977.94 (dd,J

and concentrated to yield a colorless oil. The crude product was purified = 8.18, 1.73 Hz, 1H), 7.727.67 (m, 3H), 7.39-7.36 (dd,J = 8.18,

by column chromatography (silica gel, hexane/chlorofern®/1) to
afford 5 as a colorless oil (5.58 g) in 71% yieltHd NMR (CDCl): 6
7.58-7.55 (m, 2H), 7.3+7.27 (dd,J = 7.83, 1.67 Hz, 1H), 1.36 (s,
12H), 1.29 (s, 9H)*3C NMR (CDCk): 6 155.7, 136.4, 129.8, 123.4,
84.0, 34.8, 30.9, 24.7.
N-(2,2-Dibromo-4'-tert-butylbiphenyl-4-yl)acetamide (6).2-(2-
Bromo-4+ert-butylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10.0
g, 29.5 mmol), N-(3-bromo-4-iodophenyl)acetamide (13.1 g, 38.5
mmol), Pd(PP¥)4 (0.89 g, 0.77 mmol), and CsF (4.50 g, 29.6 mmol)

2.03 Hz, 1H), 7.32 (dJ = 7.88 Hz, 1H), 7.23-7.17 (m, 2H), 1.34 (s,
9H). 13C NMR (CDCk): ¢ 155.3, 152.8, 149.6, 142.2, 140.3, 138.5,
136.8, 131.4, 130.8, 130.4, 129.4, 125.3, 124.1, 123.0, 122.6, 120.4,
34.6, 31.1.

2,2-Dibromo-4-tert-butyl-[1,1";4',1";4",1'""|quaterphenyl (8c). To
a solution of 2,2dibromo-4tert-butyl-4'-iodobiphenyl (1.10 g, 2.23
mmol) in toluene (50 mL) and aqueous saturated BagdB) mL)
were added 2-biphenylboronic acid (0.46 g, 2.23 mmol) and PdjPPh
(26.0 mg, 0.02 mmol). The reaction mixture was refluxed for 12 h and

were added to a round-bottom flask equipped with a stir bar. The round- then diluted with ethyl acetate (100 mL). The organic mixture was
bottom flask was capped with a septum and then evacuated. To thewashed with brine, dried over MgQCand concentrated to yield a crude
reaction mixture was added 170 mL of THF via cannula and refluxed solid. The crude product was purified by column chromatography (silica

for 24 h. The reaction mixture was then diluted with ethyl acetate (300 gel, petroleum ether) to afforfic as a white solid (0.91 g) in 79%

mL), washed with brine (200 mL), dried over Mgg@nd concentrated
to yield a tan solid. The crude product was purified by column
chromatography (silica gel, hexane/ethyl acetaté/1) to afford6 as

a white solid (10.8 g) in 86% yieldH NMR (CDCl): 6 7.89 (s, 1H),
7.64 (s, 1H), 7.62 (s, 1H), 7.5%.50 (dd,J = 8.29, 2.06 Hz, 1H),
7.38-7.34 (dd,J = 8.15, 2.06 Hz, 1H), 7.17 (d] = 8.36 Hz, 1H),
7.14 (d,J = 8.07, 1H), 2.21 (s, 3H), 1.35 (s, 9HFC NMR (CDCL):

yield. *H NMR (CDCly): 6 7.95 (s, 1H), 7.767.62 (m, 8H), 7.56-

7.37 (m, 4H), 7.33 (dJ = 7.89 Hz, 1H), 7.22 (dJ = 8.00 Hz, 1H),

1.37 (s, 9H)23C NMR (CDCh): ¢ 152.8, 141.7, 140.7, 140.6, 140.2,

138.6, 137.9, 131.4, 130.7, 130.6, 129.5, 128.8, 127.5, 127.4, 127.3,

126.9, 125.5, 124.2, 124.1, 123.2, 34.6, 31.1.
6-(2,2-Dibromo-4'-tert-butylbiphenyl-4-yl)[2,2'|bipyridinyl (8d).

To a solution of 2,2dibromo-4tert-butyl-4-iodobiphenyl (2.40 g, 4.86

6 167.2,150.9, 138.4, 136.9, 134.5, 129.5, 129.3, 127.5, 122.7, 121.7,mmol) in toluene (120 mL) were added 6-(trimethylstannyl)-2,2

121.4, 121.0, 116.4, 33.0, 29.5, 22.6. Anal. Calcd fesHzBr.NO:
C, 50.85; H, 4.50; N, 3.29. Found: C, 50.82; H, 4.23; N, 3.24.
2,2-Dibromo-4-tert-butyl-4'-iodobiphenyl (7). A solution ofN-(2,2-
dibromo-4-tert-butylbiphenyl-4-yl)acetamide (2.87 g, 6.80 mmol) in
ethanol (10 mL) and concentrated HCI (10 mL) was refluxed for 1 h
and then evaporated in vacuo. To an amine solut@ N HCI (50
mL) and THF (5 mL) was slowly added sodium nitrite (0.61 g, 8.80
mmol) in H,O (3 mL) at 5°C. The resulting solution was stirred for 2
h at 10°C and then slowly added into a vigorously stirred solution of
Kl (8.90 g, 53.6 mmol) in 100 mL of kD at 5°C. The mixture was
stirred at room temperature for 6 h, followed by reflux for 20 min.
The residue was poured into an aqueous solution of NaHS%, 150
mL) and then stirred for 20 min at room temperature. The mixture
was extracted with 200 mL of ethyl acetate, dried over MgSd

bipyridine (2.01 g, 6.30 mmol) and Pd(P$h(0.19 g, 0.16 mmol).
The reaction mixture was refluxed overnight and then diluted with ethyl
acetate (150 mL). The organic mixture was washed with brine, dried
over MgSQ, and concentrated to yield a crude solid. The crude product
was purified by column chromatography (silica gel, hexane/ethyl acetate
= 7/1) to afford8d as a pale yellow solid (1.73 g) in 68% yieltH
NMR (CDCly): 6 8.71-8.69 (m, 1H), 8.65 (dJ = 7.83 Hz, 1H), 8.49
(s, 1H), 8.42 (dJ = 7.49 Hz, 1H), 8.148.11 (dd,J = 8.11, 1.70 Hz,
1H), 7.95-7.79 (m, 3H), 7.69 (s, 1H), 7.437.32 (m, 3H), 7.22 (dJ
= 8.10 Hz, 1H), 1.38 (s, 9H)}*C NMR (CDCk): 6 155.9, 155.8,
154.4, 152.9, 149.0, 142.4, 140.3, 138.7, 137.8, 136.8, 131.4, 130.9,
130.5, 129.6, 129.5, 125.4, 124.2, 123.8, 123.1, 121.2, 120.2, 119.8,
34.7, 31.2.

2,2-Di-tert-butyl-7,7'-diphenyl-9,9-spiro-9-silabifluorene (9a).To

concentrated to yield a dark brown residue. The crude product was a solution of 2,2dibromo-4tert-butyl-[1,1;4',1"]terphenyl (3.92 g, 8.82

purified by column chromatography (silica gel, hexane) to affbes
a colorless oil (2.41 g) in 72% yieldH NMR (CDCk): ¢ 8.01 (s,
1H), 7.69-7.64 (m, 2H), 7.387.35 (dd,J = 8.06, 1.85 Hz, 1H), 7.12
(d, J = 8.09 Hz, 1H), 6.96 (dJ = 8.04 Hz, 1H), 1.34 (s, 9H):*C
NMR (CDCl): 6 153.2, 141.6, 140.5, 138.0, 136.1, 132.5, 130.3, 129.6,
124.6, 124.3, 122.9, 93.5, 34.7, 31.1. Anal. Calcd fegHgsBral: C,
38.90; H, 3.06. Found: C, 38.82; H, 2.93.
2,2-Dibromo-4-tert-butyl-[1,1';4',1"]terphenyl (8a). To a solution
of 2,2-dibromo-4tert-butyl-4'-iodobiphenyl (0.92 g, 1.86 mmol) in
toluene (50 mL) and aqueous saturated Ba(Q(B) mL) were added
2-phenylboronic acid (0.27 g, 2.23 mmol) and Pd(®PR1.5 mg,
0.02 mmol). The reaction mixture was refluxed for 12 h and then diluted
with ethyl acetate (100 mL). The organic mixture was washed with
brine, dried over MgS® and concentrated to yield a crude solid. The
crude product was purified by column chromatography (silica gel,
hexane) to afforda as a white solid (0.68 g) in 83% yieltH NMR
(CD:Cl): 6 7.92 (s, 1H), 7.71 (s, 1H), 7.677.61 (m, 3H), 7.5+
7.41 (m, 4H), 7.32 (dJ = 8.03 Hz, 1H), 7.22 (dJ = 7.90, 1H), 1.37
(s, 9H).

mmol) in diethyl ether (200 mL) at-78 °C was added-BuLi (11.0

mL of 1.6 M in hexane, 17.6 mmol). The reaction solution was allowed

to warm to room temperature and stirred for 6 h. Silicon tetrachloride

(0.72 g, 4.23 mmol) in 10 mL of diethyl ether was added to the resulting

solution at room temperature. The reaction mixture was stirred at room

temperature for 1.5 h and refluxed for 3 h. A yellow solution and a

white precipitate were obtained. The residue was washed wi®, H

dried over MgSQ, and concentrated to yield a crude solid. The crude

product was purified by column chromatography (silica gel, hexane/

ethyl acetate= 27/1) to afford9a as a white solid (1.92 g) in 73%

yield. 'H NMR (CD,Cly): ¢ 8.00 (d,J = 8.12 Hz, 1H), 7.93 (dJ =

8.21 Hz, 1H), 7.7#7.74 (dd,J = 8.09, 1.88 Hz, 1H), 7.64 (s, 1H),

7.61-7.58 (dd,J = 8.18, 1.98 Hz, 1H), 7.567.50 (m, 3H), 7.37%

7.23 (m, 3H), 1.27 (s, 9H}3C NMR (CD,Cl,): ¢ 151.5, 149.5, 147.6,

140.9, 140.5, 134.3, 133.1, 133.0, 131.4, 130.4, 129.2, 129.0, 127.6,

127.1, 121.6, 121.3, 35.1, 31.5. Anal. Calcd fauHGeSi: C, 88.54;

H, 6.75. Found: C, 88.23; H, 6.58.
2,2-Di-tert-butyl-7,7'-dipyridin-2-yl-9,9'-spiro-9-silabifluorene (9b).

9b was synthesized using the same procedure described above for
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Scheme 1. Synthesis of Asymmetrically Substituted Spirosilabifluorenes

r r r
BTMAICI,/CH,Cl, AC,0/H,S0,
Hy > H, | — H

95% in two steps

1 2
r r r
BuyNBr; ; :{ 9y i) NaNO,/H,S0, \ 67 i) i-PrMgBr/THF : :<
Hy ———————» - | —
> O M2 M0 (73) > i) KIH,0 VA i) >_W§:':
3 4 5
Br
CsF, Pd(PPh3) i) HCI/H,0O
2+ s - DD
THF, reflux i) NaNO,/Ho0 .
65% i) K/l ="
6 7
Br
R
R-B(OH), or R-SnBug i) BuLi/ether Q Q
- s ; Qs’
Pd(PPhs)4 o i) SiCly . Q @
8 9
R=—) (8a) R= —) (9a)
— (8b) — (9b)
(8c) (9¢)
5\:,}—@ (8d) 5\:}—@ (9d)
9a A pale yellow solid was obtained in 68% yieldH NMR Results and Discussion
(CDCL): ¢ 8.60-8.58 (m, 1H), 8.17-8.13 (dd,J = 8.26, 1.58 Hz, _ , S
1H), 8.03-8.00 (m, 2H), 7.94 (dJ = 8.23 Hz, 1H), 7.687.64 (m, Synthesis. Aryl-substituted asymmetric spirosilabifluorene

2H), 7.61-7.58 (dd,J = 8.26, 2.08 Hz, 1H), 7.51 (s, 1H), 7.46.11 (SSF) derivatives were synthesized using the method developed
(m, 1H), 1.27 (s, 9H)*C NMR (CDCk): 6 157.1, 151.2, 150.7, 149.5, by Gilman2#lithiation of substituted 2,2dibromobiphenyls8,

147.1, 138.3, 136.6, 133.6, 133.0, 132.7, 131.3, 130.0, 128.7, 121.9,followed by spirocyclization with silicon tetrachloride (Scheme
121.1,121.0, 120.5, 34.9, 31.3. Anal. Calcd faphzsN,Si: C, 84.24; 1). Functionalized 2,2dibromobiphenyl8 were obtained from

H, 6.40; N, 4.68. Found: C, 83.84; H, 6.17; N, 4.71. a single key building block, asymmetric 2@bromobiphenyl
2,2-Di-tert-butyl-7,7'-dibiphenyl-4-yl-9,9 -spiro-9-silabifluorene amide 6. The tert-butyl group was introduced to ensure the
(9¢). 9cwas synthesized using the same procedure described abovesolubility of the resulting spiro-linked siloles and to provide
for 9a. A white solid was obtained in 65% yieldH NMR (CD.Cl): steric hindrance leading to solid-state amorphous films. We have
08.03(d,J=8.15, 1H), 7.95 (dJ = 8.17 Hz, 1H), 7.847.81 (dd,  gmpjoyed two different methods for the synthesis of asymmetric

J=18.18, 2.10 Hz, 1H), 7.72 (s, 1H), 7.67.59 (m, 7H), 7.52 (s, 1H),

biphenyl6. The first method (not shown) involved conventional
7.44-7.39 (m, 2H), 7.357.32 (m, 1H), 1.30 (s, 9H)1*C NMR

(CD,Ch): 0 1509, 149.0, 147.0, 140.3. 139.7, 1393, 133.7, 132.5, Sandmeyer reactiéhfrom 2,2-diaminobipheny! to 2,2dibro-

132.4, 131.0, 129.6, 128.6, 128.5, 127.1, 126.9, 126.7, 121.0, 120.6,M0PiPhenyl, which resulted in low chemical yields{8%) due
34.6, 31.0. Anal. Calcd for £H4Si: C, 89.79; H, 6.46. Found: c, o the poor solubility of the products in acidic media. The second

89.22: H, 6.42. route was based on palladium-catalyzed Suzuki cross-coupling

2,2-Di-tert-butyl-7,7"-bis(2 ,2"-bipyridin-6-y)-9,9 -spiro-9-silabi- as depicted in Scheme 1. The synthesis of 1-bromo-2-iodoben-
fluorene (9d)2® 9d was synthesized using the same procedure de- Z€Ne amid@ was a straightforward (two steps) procedure using
scribed above foBa A pale yellow solid was obtained in 1% yield. ~ readily available starting material, 3-bromoaniline, with a high
'H NMR (CD.Cly): 6 8.64-8.62 (m, 1H), 8.558.52 (m, 1H), chemical yield (95%). lodination of 3-bromoaniline was ac-
8.43-8.40 (dd,J = 8.23, 2.03 Hz, 1H), 8.328.29 (dd,J = 7.69, complished by treatment with benzyltrimethylammonium dichlor-
1.02 Hz, 1H), 8.14-8.10 (m, 2H), 8.01 (dJ = 8.29, 1H), 7.83-7.71 oiodate (BTMAICL) followed by acetylation with acetic
(m, 3H), 7.65-7.62 (dd,J = 8.15, 1.96 Hz, 1H), 7.53 (s, 1H), 7.32 anhydride. The other precursor for the Suzuki coupling was pre-
7.27 (m, 1H), 1.28 (s, 9H}*C NMR (CDCE): 0 156.3, 156.2, 155.6,  nared by bromination of 4ert-butylaniline with tetrabutylam-
112 Tsof a0 LuTa Lo 6 L5 104 a2 o e GBI O 14075 (0] vk

. " - " " - - = o T 2-bromo-4tert-butylaniline 3, which was then converted to

31.3.
(24) Gilman, H.; Gorsich, R. DJ. Am. Chem. Sod 958 80, 1883.
(23) Due to the extremely low product yield-1%) of BPySSFd, we could (25) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, AVBgel's
not collect enough highly pure BPySSH (purified by column chroma- Textbook of Practical Organic Chemisfryth ed.; John Wiley and Sons:
tography, followed by sequential train sublimation). New York, 1989.
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2-bromo-4tert-butyl-1-iodobenzend via Sandmeyer reaction.
Chemoselective+Mg exchangé of 2-bromo-4tert-butyl-1-
iodobenzenet with a Grignard reagent;PrMgBr, proceeded
smoothly under mild reaction conditions. Subsequent reaction
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane gave
2-bromobenzene boronakein good yield (71%).

We initially used a general palladium-catalyzed Suzuki cross-
coupling of iodobenzen2 with boronates using a mixture of
basic aqueous solution (e.g., ag..N&; or ag. KCO3) and
organic solvents (THF or toluene) to make 2,2-dibromobiphenyl : . : . :
6. Although the isolated product could be obtained in high 100 150 200 250 300 350 400

. - e e e Temperature (°C
purity, the low product yield and difficulty of purification ) ) i ) P i (o )
Figure 1. Differential scanning calorimetric (DSC) thermograms of tBSSF,

prompted us to ans'der alternative SY"thet'C routes. We havepsse and BPhSSF measured in a dry nitrogen atmosphere at a heating
found that palladium-catalyzed coupling of 2-bromobenzene rate of 20°C/min.

boronate5 is in competition with the base-catalyzed protode-
boronatio’” of the boronic entity in aqueous solution. To

BPhSSF

Endothermic

Table 1. Thermal Properties of Asymmetric Spirosilabifluorenes

address this problem, we selected nonaqueous Suzuki cross-_compd ™ (*0) L (°C) compd n(°C) T(°0)
coupling® using CsF as a base, which is soluble in organic PhSSF 314 203 BPhSSF 382 228
solvents (e.g. THF, toluene or dioxane) and provides relatively PYSSF 334 203 tBSSF 248 141

weak basicity and poor nucleophilicity. This approach proved
useful in synthesizing asymmetric 2@bromobiphenyl 6,
because the reaction proceeded selectively, and could be use
with a variety of functional groups and led to reasonably high
chemical yields (86%).

Biphenyl 6 was converted into 4-amind-fert-butyl-2,2-
dibromobiphenyl via hydrolysis, followed by Sandmeyer reac-
tion to afford 4tert-butyl-4-iodo-2,2-dibromobiphenyl7 in
good vyield (73%). Subsequent selective palladium-catalyzed
Suzuki or Stille coupling of 2,2dibromo-4-iodobiphenyf with

temperature. This suggests that the introduction of botketite
utyl and phenyl groups on the SSF molecule gives rise to an
increase in the number of conformers and steric hindrance. The
asymmetric substitution coupled with the nonplanar molecular
structure leads to the dramatic increase in morphological
stability. In addition, this value is 12%C higher than that of
the air-stable electron transporter PyPySPyRy=t 77 °C),!4
demonstrating the superior morphological stability of asym-
i . ) L metric PhSSPa, which we attribute to the spiro-linked bi-
a_ryl borom(_: aC|_ds or ,afY' tin de_rlvatlves s_ucc_essfu_lly PO fiuorene moiety. Further heating above the glass transition tem-
vided functlonahzed_ 2,2d|bromob|ph§nyls8 in high yu_al_ds perature resulted in the appearance of exothermic peaks due to
(68-85%). The series of asymmetric SSFs was purified by crystallization at 239°C. This phenomenon is commonly
column chromatography followed by sequential train sublima- observed in organic materials.
tion under high vacuun10-° Torr). The pur_ity and chemical Asymmetric PySS/b exhibited a melting point of 334C
ﬂéuctures of these compounds_were confirmed'ByNMR, and aTy of 203°C, respectively, which are similar to those for
NMR, and elemental analysis. . PhSSPa (Table 1). Asymmetric BPhSS¥c exhibited a quite
Thermal Properties. The glass transition temperaturdg)( high Ty of 228 °C, which is 25°C higher than those of
of asymmetric SSFs were determined by differential scanning asymmetric PhSSBa and PySSPb, and 87°C higher than
calorime_try (bSC)ina nitrog(_an atmos_phere. A heating rate of o+ of symmetric tBSSFT}, = 141 °C). This result suggests
20 °C/min was used after first melting the compound and ¢ the improved morphological stability of asymmetric
subsequent rapid cooling to room temperature under ambientgppssroc results from an increase in molecular weight and
conditions. Thefq of symmetric SSF, 2,27, 7-tetratert-butyl- volume. TheTgs of asymmetric SSFs increase linearly with the
9,9-spiro-9-silabifluorene (tBSSF), was also measured and pqjecylar weight of substituent incorporated into SSF moiety,
compared to those of asymmetric SSFs in order to investigate o4 jjjystrated in Figure 1. This relationship thus may be useful
the effect of introducing an asymmetric functionality on the SSF ;, estimating thdlys of asymmetric SSFs. As a result, we predict
ring, in particular with regard to its thermal and morphological 4 BPySSMd has aT, higher than that of PySS®b. It should
stability. The crystalline sample of asymmetric PhSS& be also noted that amorphous neat films300 nm) of asym-
purified by vacuum sublimation, melted at 3I€ to give metric SSFs prepared by vacuum vapor deposition onto quartz
isotropic liquids upon heating during the first scan and then 4 ot show any sign of crystallization in ambient atmosphere.
changed into a glassy state upon cooling. As shown in Figure 5 yioa| properties. The optical properties of asymmetric
1,' when the amorphous glassy sample was heated again, ‘?‘_qu't%SFs were measured both in chloroform solutions and in neat
high Ty of 203°C was observed. In contrast, no glass transition solid-state films.
temperature was determined for the unmodified symmetrie 9,9 (a) In Chloroform Solutions. The normalized absorbance and

spiro-9-silabifluorend? which is easily crystallized at room photoluminescence (PL) spectra of asymmetric SSFs in chlo-
(26) Pairier, M.; Chen, F.; Bernard, C.; Wong, Y.-S.; Wu, G. @ig. Lett. rc.)form SOIutIOI’.lS measured. at room temperature are ShOWﬂlln

2001, 3, 3795. Figure 2. Their photophysical properties are summarized in
(27) (a) Kuivila, H. G.; Reuwer, J. F.; Mangravite J. A. Am. Chem. Soc  Taple 2. The absorbance spectrum of asymmetric PIBS§&

1964 86, 2666. (b) Muller, D.; Fleury, J.-PTetrahedron Lett1991 32, X .

2229. characterized by a strong absorption peak centered around 307
(28) Wiright, S. W.; Hageman, D. L.; McClure, L. D. Org. Chem1994 59, nm with a weak shoulder at 347 nm. This spectrum should be
(29) Lee, S. H.; Kafafi, Z. HAm. Chem. Soc. Org. Prep2002 224, 490. similar to that of 2tert-butyl-7-phenylsilafluorene due to the
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Figure 2. Normalized absorbance and photoluminescence spectra of PhSSFFigure 3. Normalized absorbance and photoluminescence spectra of neat
(open circles), BPhSSF (open triangles), and PySSF (closed circles) in solid-state films of PhSSF (open circles), BPhSSF (open triangles), and
chloroform solutions. PySSF (closed circles).

Wavelength (nm)

Table 2. Photophysical Properties of Asymmetric

Spirosilabifluorenes which is significantly red-shifted relative to that of 2-phen-

ylfluorene @em = 343 and 329 nmj? reflecting the important
Fas (0) fr o) le played by silicon in the modified silacycl diene ri
— e role played by silicon in the modified silacyclopentadiene ring.
compd CHCl,  fim>  CHCL  fim PLn . (V) A larger bathochromic shift can be also obtained by lengthening
PhSSF 307 304 383 398 0.44 3.38 the conjugated system with the addition of a phenyl group to
PySSF 317 313 382 415 0.31 3.39 the 9-silafluorene ring. A bathochromic shift of 10 nm was
BPhSSF 315 318 393 410 054 3.29 9

indeed observed for BPhSS¥ compared to that for PhSSF
94, yielding an intense violet-blue emission with a maximum
centered at 393 nm. On the other hand, the electron-accepting
pyridyl groups in PySSPb showed no significant influence
qon its PL spectrum, suggesting that the inductive effect of the
pyridyl groups may be counterbalanced by the extended

aDetermined using an integrating sphéetéleat films prepared by
vacuum deposition on quartz substrates (thickne380 nm).¢ Estimated
from the tail of the absorption spectra.

tetrahedral bonding arrangement around the silicon atom an
the lack of anyr-conjugation. The latter should be identical to

that of 2-phenylsilafluorene as a result of the weak inductive
effect of thetert-butyl group. Similarly, the optical properties

of 2,2-diphenylspirobifluorene, the carbon analogue of asym-
metric PhSSPa, are expected to be analogous to those of

s-conjugation due to the reduced orthartho hydrogen interac-
tion between the silole core and the pyridine unit. Considering
that the PL spectra of previously studied 2,5-diaryl-3,4-
diphenylsiloles strongly depend on the nature of aryl groups at

2-phenylfluorene. Hence, one may compare the optical spectrumthe 2-and 5-position$,all three asymmetric SSFs do not show

of PhSSFAa to that of 2-phenylfluorene. The maximum peak

significant spectral changes because the electronic interaction

observed for asymmetric PhSSRa exhibits a significant red
shift relative to that of 2-phenylfluorené.fax = 287 nm)3°
suggesting strong™*—s* conjugation between the* orbital
of the exocyclic Si-C bond and ther* orbital of thep-terphenyl
moiety in asymmetric PhSS¥a. This observation is consistent ) o . . -

with a recent study on the distinct photophysical properties b_e considered as a modlflqwohgoph(_anylene in-which the
observed for 7-sila-7,7-dimethyHzdibenzog,g]fluorene (e.g., single boan between the phgnyl fings have dguble bond
bathochromic shifts in both absorbance and fluorescence spectra&harader’ I.€. more planar conflgurqtlon n thg excited §?ate.
relative to those of the corresponding acyclic analogitghen onplanar conflgura_non of ary_l-subst_ltuted 9-silafluorene in the
compared to that of tBSSF.s= 287 and 337 nmi? the optical ground stat_e may differ fr(_)m its excited-state geometry (more
absorption of PhSSBais bathochromically shifted by 1620 planar conflguratlon), Ie_ad_mg to the large Stokes shifts between
nm, indicating that the phenyl substituent plays a role in the absorption and emission spectra.

determining the gap between the highest occupied molecular (b) Neat Solid-State Films. As shown in Figure 3, the
orbital (HOMO) and the lowest unoccupied molecular or- absorbance spectra of neat solid-state films of asymmetric SSFs
bital (LUMO). Comparing the absorbance spectra of PySigF ~ are very similar to those measured in chloroform solutions,
and BPhSSFc to that of PhSSPa, the former showed a suggesting that these are true molecular solids with minimal
slight red shift (8-10 nm) in the lowest energy electronic intermolecular interactions in the solid state. The optical band
transition. gaps E,°™) of the asymmetric SSFs determined from the onset
of the solid-state absorbance spectra are summarized in Table
2. All three asymmetric SSFs have optical band gaps in the
range 3.29 to 3.39 eV. The PL spectra of the three SSFs in

is minimal between the silicon atom and the substituents on
the 9-silafluorene ring. The observed Stokes shifts were
measured to be 6464 ch(0.80 eV) for PhSSPa, 5368 cnt?!
(0.67 eV) for PySSBb, and 6301 cm! (0.78 eV) for BPhSSF

9c. In asymmetric SSFs, the aryl-substituted 9-silafluorene may

Upon excitation at 320 nm, asymmetric PhS&showed
an intense violet-blue emission centered at 383 nm (Figure 2),

(30) Berlman, I. B.J. Chem. Phys197Q 52, 5616.

(31) Hoshi, T.; Tomonobu, N.; Suzuki, T.; Ando, M.; Hagiwara, Grgano-
metallics200Q 19, 4483.

(32) Berlman, I. BHandbook of Fluorescence Spectra of Aromatic Molecules
2nd ed.; Academic Press: New York, 1971.
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Figure 4. Cyclic voltammograms of BPhSSF (dashed line) and PySSF
(solid line) measured in C¥N:THF [9:1 (v/v)] at a scan rate of
100 mV/s.

solution are almost identical, whereas a significant broadening
in the solid-state PL spectrum of PySSE is observed. This
behavior suggests that the excited-state geometry of PR8SF
may favor an effective coplanar configuration in the solid state,
which is a result of the small dihedral anfleetween the ortho-
hydrogen-free pyridine and the 9-silafluorene ring, allowing
better ¥ orbital overlap. However, no fluorescence due to
excimers was detected, indicating that the rigidity of the spiro-

Table 3. Electrochemical Properties of Asymmetric
Spirosilabifluorenes

compd Eonset™ (V)2 Eonse™ (V)2 Evomo (ev)b Eiumo (EV)b Eg (ev)
PhSSF 1.09 - —5.79 - -
PySSF 1.17 —2.24 —5.87 —2.46 3.41
BPhSSF 111 —2.42 —5.81 —2.28 3.53
Algs 0.73 —2.3C¢ —5.53 —2.50 3.03

a Determined from cyclic voltammetry in GEN:THF [9:1 (v/v)] using
Ag/AgCI (0.01 M) as a reference electrode at a scan rate of 100 mV/s.
b HOMO and LUMO levels were determined using the following equations:

Enomo (eV) = —&(Eonse?® + 4.8), ELumo (V) = —€(Eonsel®? + 4.8).
¢ Reference 36.

The electrochemical reduction process of Ph®8&Rvas not
observed. Upon changing the substituents on the 9-silafluorene
ring, all three asymmetric SSFs had similar anodic peak
potentials Ep9 of around 1.30 V, suggesting that the HOMO

is primarily localized on the silafluorene and its energy level is
not affected by the aryl substituents. The HOMO and LUMO
levels for asymmetric SSFs were estimated on the basis of an
oxidation potential of~4.8 eV (below the vacuum level) for
the ferrocene/ferrocenium (Fc/Bc3® The onset potentials of
oxidation and reduction for BPhSS¥e were determined to be
1.11 and—2.42 V, respectively (vs Ag/AgCl), corresponding
to 1.01 and-2.52 V (vs Fc/F¢). Thus, the HOMO and LUMO
levels for BPhSSPc are estimated to be-5.81 and—2.28

eV, respectively. Similarly, the HOMO and LUMO levels for

linkage prevents strong intermolecular interactions. The absolutePySSFOb are —5.87 and—2.46 eV, respectively. In Figure 4,

photoluminescence quantum yieldbg) of the neat films of
asymmetric SSFs were measured using an integrating $ghere

the reduction CV curve of PySS8b shows a relatively low
(i.e. large electronic affinity) onset potentiat-2.34 V vs

and are given in Table 2. The absolute PL quantum yields were FC/Fc"), maintaining a wide (HOMGLUMO) electrochem-

found to be quite high between 0.31 and 0.54 & 325 nm),

ical band gap (3.41 eV). Hence PySSbk may be a good

suggesting that asymmetric SSFs show an aggregation-induced:andidate as an electron transporter as well as an efficient

emission (AIE) in the solid state. The enhancement of the
absolute PL quantum yield®p. = 0.54) for asymmetric
BPhSSF9c is a direct result of both the unusually high PL
qguantum yield of the silole as an AIE active material and the
incorporation of the highly fluorescent biphenyl moiety on the
silole ring.

Electrochemical Properties.The electrochemical properties
of asymmetric SSFs were characterized using cyclic voltam-
metry (CV) versus Ag/AgCl with a ferrocene/ferrocenium
internal standard. An estimate of their HOMO and LUMO
energy levels was deduced from their redox potentials. Figure
4 shows cyclic voltammograms of the three asymmetric SSFs
that undergo single reduction and single oxidation; both

processes are chemically irreversible. Irreversible reduction may

be due to the extremely short lifetime (on the order of several

nanoseconds) of the corresponding radical anions that canno

be detected on the CV time sc&feSimilar irreversible redox
processes have been observed in many silole derivatives
suggesting that the redox properties of 9-silafluorenes are
governed by the modified silole ring of the asymmetric SSFs.
When sweeping cathodically, BPhSS&displayed a cathodic
peak potentialE,) of —2.70 V, whereas PySS#b showed a
smaller reduction peak potential ef2.45 V, reflecting the
electron-accepting nature of the pyridyl group in PyS®¥-

(33) Mattoussi, H.; Murata, H.; Merritt, C. D.; lizumi, Y.; Kido, J.; Kafafi, Z.
H. J. Appl. Phys1999 86, 2642.

(34) Moiseeva, A. A.; Rakhimov, R. D.; Beloglazkina, E. K.; Butin, K. P.;
Nosov, K. S.; Lee, V. Y.; Egorov, M. FRuss. Chem. Bull. Int. EQ001,
50, 2071.

hole blocker. Its reduction potential is nearly identical to that
of Algs (ca. —2.30 V vs Fc/F¢),3 the most commonly used
electron-transporting material in OLEDs but considerably
larger than that of the air-stable electron-transporting material
PyPySPyPy £2.05 V vs Fc/F¢).3” The estimated electro-
chemical band gaps of asymmetric SSFs {34 eV) are
consistent with the measured optical band gaps<3.3 eV)
listed in Table 3.

Conclusion

In summary, we have described a facile route for the synthesis
of highly fluorescent asymmetrically aryl-substituted spirosi-
labifluorenes. The materials exhibited excellent thermal and
morphological stability. The measured high glass transition
temperaturesly = 203—-228°C) were attributed to the increased

Eigidity of the spiro-linked orthogonal bifluorene moieties. The

absorbance spectra of the asymmetric spirosilabifluorenes
showed significant bathochromic shifts relative to those of their
carbon analogues as a result of the effectite 7* conjugation
between the* orbital of the exocyclic S+C bond and ther*
orbital of the oligoarylene fragment. All of the asymmetric
spirosilabifluorenes were found to exhibit intense violet-blue

(35) Lee, S. H.; Jang, B.-B.; Tsutsui, Macromolecule002 35, 1356.

(36) Anderson, J. D.; McDonald, E. M.; Lee, P. A.; Anderson, M. L.; Ritchie,
E. L.; Hall, H. K.; Hopkins, T.; Mash, E. A.; Wang, J.; Padias, A.;
Thayumanavan, S.; Barlow, S.; Marder, S. R.; Jabbour, G. E.; Shaheen,
S.; Kippelen, B.; Peyghambarian, N.; Wightman, R. M.; Armstrong, N. R.
J. Am. Chem. S0d 998 120, 9646.

(37) Uchida, M. Private communication.
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emission gp. = 398-415 nm) with high solid-state photolu- Acknowledgment. This work was financially supported by
minescence quantum yields (365%), suggesting that they are  the Office of Naval Research.

excellent candidates as emissive materials in OLEDs and solid- Note Added after ASAP Publication: There were two
state lasers. PySSF has a low-lying LUMO energy lev@®.46 typographical errors, one in ref 23 and one in footnote b of
eV) and a relatively wide electrochemical (HOMQUMO) Table 3, in the version published on the Web June 7, 2005.
band gap (3.41 eV). Further studies on the asymmetric SSFs!he version published June 9, 2005 and the print version are
and their incorporation as electroactive materials (violet-blue COMect:

emitters and/or electron transporters) in OLEDSs are in progress.JA042762Q
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