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Abstract: The synthesis of well-defined luminescent organoboron polymers via a novel three-step procedure
starting from silylated polystyrene is reported. Highly selective borylation of poly(4-trimethylsilylstyrene)
(PS-Si), followed by replacement of the bromine substituents in poly(4-dibromoborylstyrene) (PS-BBr) with
substituted thienyl groups (R = H, 3-hexyl, 5-hexyl), and final introduction of the 8-hydroxyquinolato moiety
yields a series of new organoboron quinolate polymers in 67—83% isolated yield. The hexyl-substituted
polymers are highly soluble and solution-processable yielding thin films that efficiently emit light at 513—
514 nm upon excitation at 395 nm.

Introduction Chart 1

Organoboron quinolates are an important class of compounds _
that have found widespread applications in the identification W — Q
of chiral boron catalystsjn trace metal analysis via fluorescent \\ \ O\ /N \ N
responsé,and as fungicides, bacteriocides, and antibictics. ¢ A0 /B
However, it is their luminescence that has recently attracted a J \N © \O
great deal of interest. Aluminum quinolates (A/@hart 1) and \’/

related derivatives were first reported by Tang and VanSlyke

in 1987 to possess electroluminescent properties and are AlQ;
currently widely used as materials for emission and electron-

conduction layers in organic light-emitting devices (OLEBs). polymer structures may therefore provide new possibilities.
The recent discovery by Wang and co-worRettsat certain However, only recently have the first reports on the synthesis
organoboron quinolates such as,B@ show efficient lumi-  Of AlQs- and RAIQ-substituted polymers appeared in the
nescence while at the same time providing good stability literature’® and boron quinolate polymers have to our knowledge
revitalized research into boron quinolates and related spedies. Not been described previously.

Boron and aluminum quinolates are currently applied in ~ Several methods for the synthesis of organoboron quinolates
device fabrication via vacuum deposition techniques. Solution @ré available. Most commonly used are the exchange of an
processing methods including ink-jet printing techniques, on the alkoxy substituent ORin diorganoalkoxyboranes,BOR and
other hand, receive more and more attention as a potential low-the ester formation from organoborinic acidgBRH.'* Alter-

cost alternativé.Incorporation of the inorganic component into  hatively, a|C0hO|}/SiS of a triorganoporanegﬁ?may bg per-
formed, upon which one of the organic substituents R is cleaved

Ph,BQ

(1) (a) Pelter, A.; Williamson, H.; Davies, G. Metrahedron Lett1984 25, selectively by the 8-hydroxyquinoline (HQ) to yield the desired
453. (b) Brown, H. C.; Racherla, U. S.; Liao, Y.; Khanna, V.J.Org. 3a,5b Thi ; H
Chem.1992, 57, 6606. (c) Moeder, C. W.; Whitener, M. A.; Sowa, J. r,, Product RBQ.*=*This approach is particularly useful when
Jr.J. Am. Chem. So@00Q 122, 7218. diorganoalkoxyboranes or organoborinic acids are not readily

(2) Thierig, D.; Umland, FZ. Anal. Chem1966 215, 24. . . . .

(3) (a) Bailey, P. J.; Cousins, G.; Snow, G. A.; White, AAdtimicrob. Agents available, and V‘{e thus decided to apply it to the syntheS|s of
IChemﬁ_thel_alQ;B:O __1k7, 549. |\5|b) l|°_|atel, B. P\-(U-E- Patenth534|ji9‘\1/3b19§4t. (ct) organoboron quinolate polymers from organoboron polymers.
mazaki, H.; Fujikawa, M.; Hayase, Y.; Kawaguchi, H. aten . . .

2000044387, 2000. (d) Benkovic, S. J.; Shapiro, L.; Baker, S. J.; Wahnon, YWe report here on the facile synthesis of the first organoboron

560%64%%'2 I\Z/I(.);O ;hier, V. K. Scott, C. P.; Baboval, J. WO Patent quinolate polymers via a novel modular approach that will allow
(4) (a) Tang, C. W.; VanSlyke, S. Mppl. Phys. Lett1987, 51, 913. (b) For

a review see: Chen, C. H.; Shi,Qoord. Chem. Re 1998 171, 161. (9) (a) Bao, Z.; Rogers, J. A.; Katz, H. B. Mater. Chem1999 9, 1895. (b)

(5) (a) Hassan, A.; Wang, S. Chem. Soc., Chem. Commu®98 211. (b) Calvert, P.Chem. Mater2001, 13, 3299.

Wu, Q.; Esteghamation, M.; Hu, N.-X.; Popovic, Z.; Enright, G.; Tao, Y.;  (10) (a) Lu, J.; Hlil, A. R.; Meng, Y.; Hay, A. S.; Tao, Y.; D’lorio, M.; Maindron,
D’lorio, M.; Wang, S.Chem. Mater200Q 12, 79. (c) Liu, S.-F.; Seward, T.; Dodelet, J.-PJ. Polym. Sci., Part A: Polym. Chera00Q 38, 2887.

C.; Aziz, H.; Hu, N.-X.; Popovic, Z.; Wang, ®rganometallic200Q 19, (b) Enomoto, K.; Wadokoro, J. JP Patent 2000239318, 2000. (c) Meyers,
5709. A.; Weck, M. Macromolecule2003 36, 1766.

(6) For a comparison of the performance of boron and aluminum complexes (11) (a) Douglass, J. B. Org. Chem1961, 26, 1312. (b) Roth, H. J.; Miller,
of 8-hydroxyquinoline see: Anderson, S.; Weaver, M. S.; Hudson, A. J. B. Naturwissenschafteh963 50, 732. (c) Hohaus, E.; Umland, Ehem.
Synth. Met200Q 111-112 459. Ber. 1969 102, 4025. (d) Coutts, I. G. C.; Musgrave, O. £.Chem. Soc.

(7) Heuer, H.-W.; Wehrmann, R.; Elschner, A. EP Patent 969531, 2000. C 197Q 2225. (e) Yuan, G.; Jiang, M.; Zhang, B/uji Huaxue Xuebao

(8) For a review on other related electroluminescent complexes with nitrogen 199Q 6, 314. (f) Hopfl, H.; Barba, V.; Vargas, G.; Farfan, N.; Santillan,
ligands, see: Wang, £oord. Chem. Re 2001, 215 79. R.; Castillo, D.Chem. Heterocycl. Comp&00Q 35, 912.
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Scheme 1. Synthesis of Organoboron Quinolate Polymers Scheme 2. Reaction of Triarylborane Model Compounds with
8-Hydroxyquinoline
n n ip ip
BBrs ' N OH '
- . s
Step (i) _ =
SiMe BBr. B R W Nf o, o
’ i o X o @R
PS-Si PS-BBr s s S 575
R=H M-BT R=H M-BTQ
R R = 5-hexyl M-BSHT R = 5-hexyl M-BSHTQ
X R = 3-hexyl M-B3HT R = 3-hexyl M-B3HTQ
omessn LS | Step® ’ ’
decided to use cumene derivatives as model compounds, which
OH represent one monomer unit along the polystyrene backbone.
N Treatment oM-BT with 1 equiv of 8-hydroxyquinoline at room
n | n temperature in dichloromethane indeed led to highly selective
7 formation of M-BT It of exclusive cl f th
ormation ofM- Q as a result of exclusive cleavage of the
\\N Step (iii) thienyl—=boron bond (Scheme 2). Cumene would be expected
2N 3 .
/3%4 NB% to form upon cleavage of the phenyl group, but was n_elther
O sI.R Rtg sZR detected by'H NMR s_pectroscopy nor by GC-MS analysis of
the crude reaction mixture.
R=H PS-BTQ R=H PS-BT The triarylborane polymers were accordingly treated in-situ
R =5-hexyl PS-BSHTQ R =5-hexyl PS-BSHT with 8-hydroxyquinoline to form the desired yellow-colored
R =3-hexyl PS-B3HTQ R =3-hexyl PS-B3HT luminescent organoboron quinolate polym@&S-BTQ, PS-

B5HTQ, andPS-B3HTQ, respectively (Scheme 1). Following
purification by precipitation into hexanes and subsequently into
methanol, the polymers were isolated as yellow solids in 78%,
83%, and 67% overall yield, respectively. While the unsubsti-
Results and Discussion tuted parent polymeiPS-BTQ exhibits low solubility, the
n-hexyl-substituted derivativd3S-B5HTQ andPS-B3HTQare
readily soluble in typical organic solvents such as THF, toluene,
chloroform, and dichloromethane. Further studies therefore
focused on the hexyl-substituted polymers.

the fine-tuning of the polymer properties and emission charac-
teristics through the substitution pattern on boron as well as
the quinolate moiety.

We have recently reported a new method for the selective
synthesis of the reactive polymer poly(4-dibromoborylstyrene)
(PS-BBr) via treatment of poly(4-trimethylsilylstyrene) with
boron tribromide in CHCI, at ambient temperatuf8 The PS-

BBr solution thus obtained was reacted in a second step in-situ P;'g%ﬁ?_emicg:bgaggz_?nd the _degre_e of Lugctionla_lizatlion of
with a slight excess of the organotin reagents 2-trimethyl- - Qan ) Qwere investigated by multinuclear

stannylthiophene, 2-trimethylstannyl-5-hexylthiophene, and 2- NMR spectroscopy, static light-scattering measurements, and

; . . 1
trimethylstannyl-3-hexylthiophene, respectively (Schemé& 1). elemental analysis. A single resonance at 5 in the8 NMR

Highly selective transfer of the aryl groupsR&-BBr resulted spectra, Whic_h is in a 'reg.ion typical O_f tetracoor'dinate boron
in formation of the novel mixed-substituted triarylborane centers, confirms the binding of the quinolate moiety to boron.

polymersPS-BT, PS-BSHT, andPS-B3HT, respectively. For 1 he'H NMR spectra feature very broad overlapping signals in
characterization purposes, polymBS-BT was isolated by th_e arqmatlc_ region and somewhat sharper resonances in the
repeated precipitation from dichloromethane into hexanes, anda“phat'c region that are assigned to the pgndant hexyl groups.
the selective formation oPS-BT was confirmed bytH, 13C, The aromatic region of thEC NMR spectra is better resolved,
and B NMR spectroscopy and elemental analysis. However, and a comparison of the spectrumR8-BSHTQand the model

the triarylboranes polymers are more conveniently used directly €OMPOUNdM-BSHTQ is shown in Figure 1. The carbon
in the next step. Thus, isolation and purification of the highly resonances for the quinolate and thiophene groups are virtually

soluble hexyl-substituted intermediates, the triarylborane poly- unchanged in th_e polymer relative to those of the model
mersPS-B5HT and PS-B3HT, was not attempted. However, compgund. Thg signals for the phenyl group, on the other hanq,
their formation was confirmed by multinuclear NMR spectros- are slightly shifted and strongly broadened due to the atactic
copy nature of the polystyrene backbone. The absence of signals for
The final step of the reaction sequence involves the alco- unreacted triarylborane moieties in the NMR spectra suggests

holysis of one of the B-aryl substituents with 8-hydroxyquino- a hifgh degree Olf functiolnaliza}tiom950/;)_.1‘;]This i? further”
line. This transformation must occur with high selectivity at confirmed by eementg analyses, whnich are in exce gnt
the thienykboron rather than the phenyboron bond, because agreement with the predicted data for complete functionalization.

the boryl substituents would otherwise be cleaved from the Z'A corlnparifsgg g;l_si?tic;isg;]rgés&a_tterin%Pdsatg_ dherivedhfrom
polymer backbone. To study the selectivity of this reaction, we imm plots ofPS- Q PS- Q an IS ows that
the average number of polymer repeat units (DP) for the

(12) Qin, Y.; Cheng, G.; Sundararaman, Akléa F.J. Am. Chem. So2002 quinolate polymers is essentially identical to that of the starting
124, 12672. }
(13) Thiophene substituents were chosen, because selective and quantitativé)Olymer (Table 1)' Moreover, GPC-LS analyses reveal a low

substitution of PS-BBr, can easily be achieved, while the subsequent

reaction with 8-hydroxyquinoline occurs selectively at the thietfydron (14) A degree of functionalizatior 95% is also evident from the close similarity
bond rather than the phenyboron bond. Any other (hetero)aromatic group of the calculated absorption coefficients for the polymers and model
that satisfies these requirements may also be applied. compounds.
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Figure 1. Aromatic region of thé3C NMR spectra ofPS-B5HTQ and M-B5HTQ.
Table 1. Comparison of GPC and Static Light-Scattering Data for 1.2

— PS-B5HTQ_Emission
M-BSHTQ_Emissi

—PS-B5HTQ_UVVis
M-BSHTQ_UWVis

PS-Si, PS-B5HTQ, and PS-B3HTQ
dn/dc®(mL/g)

14

polymer? M,° DP¢ PDI¢

PS-Si 0.157 26 000 147 1.13 08
PS-B5HTQ 0.205 62 000 146 1.04
PS-B3HTQ 0.201 64 000 150 1.06

0.6

aMeasurements were performed in THFChe differential refractive
indices (a&v/dc) were determined in THF at 3%C. ¢ The molecular weight
averageM,, and the average degree of polymerization (DP) were derived
from Zimm plots.? The polydispersity index (PDI) was estimated from in-
line GPC-LS detection.

0.4

0.2 4

Intensity (normalized)

]
300

350 400 450 500 550

polydispersity of the quinolate polymers (PB11.04-1.06)1° Wavelength (nm)

The three reaction steps, the borylation, the aryl transfer to _ ) .
boron, and the final alcoholysis with 8-hydroxyquinoline, thus Figure 2. Absorption and emission spectraR$-BSHTQandM-BSHTQ
' . Y Y y‘?l ™ ' in THF. The absorption and emission intensities of the polymer are
occurred without cleavage of the backbone or significant cross- normalized to 1.0, and those of the model compound are adjusted to 0.8.
linking.
The thermal characteristics of the organoboron quinolate
polymers were studied by differential scanning calorimetry

Table 2. Photophysical Properties of Organoboron Quinolate
Polymers and Model Compounds in Solution

. el . . . . Amax Aexc Aem quantum
(DSC), agdbthtle\::vl séabmty t|n the SO“(\j/\/Srﬁ;g aBn_I(_:I in Sﬁl'lét'lton was compound® (om) @ moI: emY (m) (om) yield
exla”.“”le i 3;] | spectroscopy. WA T f—QZ(;)](_°ICI Sha M-BTQ 301 2900 391 509 0.14
relatively igh glass Fran_smon temperaturelgf= , the PS-BTQ 391 2650 391 509 0.12
hexyl-substituted derivativd3S-B5HTQ andPS-B3HTQ show M-B5HTQ 392 3000 392 509 0.14
a significantly lowefT of ca. 146°C (onset). In the solid state, EASéB35H|'T|gQ ggi 221?88 ggi ggg 8-12
all three polymers are perfectly stable for several months under PS-B3HTOQ 304 3000 304 509 014

nitrogen atmosphere and show less than 5% decomposition over
a period of 1 week under air. Comparable stability was also
found in aromatic solvents such as benzene or toluene.

The most exciting property of the new organoboron polymers
certainly is their apparent strong luminescence observed in quantum vyields of 0.12 and 0.14 f®*S-BSHTQ and PS-
solution and in thin films. The optical properties of the polymers B3HTQ, respectively. A comparison with cumene model
PS-B5SHTQ andPS-B3HTQ were thus studied by absorption o mnounds revealed nearly identical absorption and emission
and emission spectroscopy. Both polymers form yellow solutions spectra and only slightly lower quantum yields for the polymeric
as a result of an absorption band/at= 392 nm ¢ = 2900) materials relative to the molecular compounds (Table 2). The
and A = 394 nm € = 300(?), respectively. Excitation qt the  apsence of a bathochromic shift suggests that there is no
absorption maxima gives rise to green fluorescence (Figure 2) gignificant delocalization of the excited state along the polymer
with emission maxima of. = 508 nm andl = 509 nm and  ¢pain despite the high concentration of chromophores. Thin films
of polymersPS-B5HTQ andPS-B3HTQ that were cast from
toluene solution showed similar photophysical characteristics

aConcentrations were ca. 8 10°° M in THF. For the polymers, the
concentration of the chromophore was estimated on the basis of the repeating
units assuming 100% functionalization.

(15) These experiments indicated that a significant amount of polymer was
retained on the separation columns.

J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004 7017
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with absorption bands a = 395 nm andi = 396 nm and emission upon excitation at the wavelength for the absorption
emission maxima at 513 and 514 nm 8-B5HTQ andPS- maximumAamax A markedly shorter luminescence lifetime for
B3HTQ, respectively. The slight bathochromic shift in both the polymer PS-B5HTQ in comparison to the model compound
absorption and the emission spectra of the films may tentatively M-B5HTQ in THF solution may be attributed to enhanced
be attributed to interchain interactiotfs. exciton diffusion to randomly distributed traps within the
Luminescence lifetime measurements were performed on polymer chains. Our new approach is highly versatile because
THF solutions ofPS-B5SHTQ and the related model compound  the polymer properties can readily be fine-tuned. Thus, we have
M-B5HTQ to further investigate the luminescent properties and shown that substitution of the pendant aryl rings with hexyl
to address the question whether the individual chromophoresgroups leads to enhanced polymer processability. Future work
attached to the polymer chains indeed act independently. Forwjj|| focus on further improvement of the stability of the
both PS-BSHTQ andM-B5SHTQ, a single exponential decay  polymers and the fine-tuning of the emission characteristics
was observed (see Supporting Information). However, in the through variation of the substitution pattern of the chelating

case of the polymer solution, a significantly shorter lifetime of ligand as was previously described for molecular boron and
24-25 ns was observed in comparison to that of the molecular g\yminum compound:68.18

compound with 32-33 ns!’” This result is in agreement with
the slightly lower quantum yield for the polym&S-B5HTQ Acknowledgmentis made to the National Science Founda-
(0.12) relative taM-BSHTQ (0.14). Enhanced exciton diffusion  tion (CAREER and CHE-0346828 to F.J.), to the donors of The
to randomly distributed traps within the polymer chains is Petroleum Research Fund, administered by the American
therefore likely to be responsible for the lower luminescence Chemical Society, and to the Rutgers Research Council for
lifetime and quantum yield in the case of the polymer. support of this research. The National Science Foundation
In summary, we have developed a novel modular synthetic provided partial support for the purchase of GPC and LS
route to the first luminescent organoboron quinolate polymers. jnstrumentation (MRI 0116066) and of the laser equipment
The polymersPS-BSHTQ and PS-B3HTQ were obtained  (NJRT 0303829). We thank Prof. Zafar Igbal for providing

through a straightforward procedure starting from the silylated access to a spin coater and Dr. Lazaros Kakalis for acquisition
precursorPS-Si Successive treatment BS-Siwith (i) BBrs, of 2D NMR spectra.

(i) a thienyltrimethyltin derivative, and (iii) 8-hydroxyquinoline
provides a facile and high-yield route to organoboron quinolate  Supporting Information Available: Experimental procedures
polymers. Solutions and thin films d?S-B5HTQ and PS- and data for all model compounds and polymers described. This

B3HTQ show luminescent properties similar to those of the material is available free of charge via the Internet at
respective molecular model compounds with bright green hitp://pubs.acs.org.

(16) A red shift of the emission maximum of A thin films relative to that JA039133L
in solution and a difference in the emission maxima for two different
crystalline polymorphs has been reported. This effect has been attributed

to short interligand contacts between adjacentAi@lecules: Brinkmann, (18) See, for example: (a) Hopkins, T. A.; Meerholz, K.; Shaheen, S.; Anderson,
M.; Gadret, G.; Muccini, M.; Taliani, C.; Masciocchi, N.; Sironi, A. M. L.; Schmidt, A.; Kippelen, B.; Padias, A. B.; Hall, H. K., Jr;
Am. Chem. So®00Q 122 5147. Peyghambarian, N.; Armstrong, N. Rhem. Mater.1996 8, 344. (b)

(17) A decay time of 1516 ns has been reported for thin films of Al@ 300 Sapochak, L. S.; Padmaperuma, A.; Washton, N.; Endrino, F.; Schmett,
K. See: (a) Tang, C. W.; VanSlyke, S. A.; Chen, C. H.Appl. Phys. G. T.; Marshall, J.; Fogarty, D.; Burrows, P. E.; Forrest, SJRAm. Chem.
1989 65, 3610. (b) Walser, A. D.; Priestley, R.; Dorsinville, Bynth. Soc.2001, 123 6300. (c) Pohl, R.; Montes, V. A.; Shinar, J.; Anzenbacher,
Met. 1999 102, 1552. P., Jr.J. Org. Chem2004 69, 1723.
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