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Abstract: A new class of highly fluorescent triarylborane polymers has been prepared from trimethylsilyl-
substituted polystyrene via a modular approach that involves selective polymer modification reactions with
organometallic reagents. The photophysical properties, environmental stability, and the Lewis acidity of
the boron sites have been tailored through modifications in the substitution pattern on boron. The
photophysical properties are indicative of electronic communication between the chromophores attached
to polystyrene, which has been exploited for the efficient probing of fluoride and cyanide in the micromolar

concentration range.

Introduction The respective polymeric analogues are particularly intriguing

Recent interest in the incorporation of boron into extended
organict systems is to a large extent due to the intriguing
electronic and photophysical properties that are commonly
encountered? The latter arise as a result of overlap between
the empty p orbital on boron and the conjugatesystem and
can thus systematically be modified either through variation of
the organicr system or by fine-tuning the Lewis acidity of
boron itself. Materials of this kind have been extensively used
for example, in linear and nonlinear optitgs emission and
electron conduction layers in organic light emitting devices
(OLEDSs)# and as luminescent probes for aniéns.

due to the opportunity of using solution processing techniques
for device fabrication and, in the case of sensor materials, the
possibility of signal amplification effec&s.In particular, the

discovery and development of hydroboration polymerization
procedures by Chujo and co-workers has made organoboron
polymers that contain electron-deficient boron groups in the
conjugated polymer backbone readily accessileveral other

techniques for the incorporation of boron moieties into the
' backbone of conjugated organic and organometallic polymers
have also been reportédany of these polymers show very
interesting photophysical properties and may even act as novel
n-type polymers in electronic devicés.
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In comparison, organic polymers that contain conjugated
organoborane moieties attached in a regular fashion to the
polymer side chain have received far less attention. Some of
the advantages of using a polymer side-chain modification ap-
proach are that high molecular weights are easily obtained and
that copolymers containing different functionalities can be
realized. Even block copolymer architectures are accessible
through living polymerization techniqué$However, the side-
chain functionalization of polyolefins with electro- and/or
photoactive triarylborane moietiédas not been systematically

studied, and their use in sensor applications has not been ex-

plored. We have successfully incorporated electron-deficient
boryl groups into polystyrene as pendent groups using an ap-
proach that affords well-defined soluble polymers of controlled

molecular weight, architecture, and degree of functionaliza-

tion.1012.13We have also recently demonstrated that luminescent
organoboron polymers with tetracoordinated boron centers that
are of interest for OLED applications can be prepared with high

selectivity by substitution with 8-hydroxyquinoline ligantfs.

Herein we discuss the preparation and photophysical properties

of a new class of luminescent high-molecular-weight polymers
containing pendent fluorescent triarylborane moieties, in which
the presence of tricoordinate boron centers provides an op-
portunity for the recognition of nucleophiles.

Experimental Section

Representative Experimental Procedure. Synthesis of PSB-
MesHBT. A solution of BBk (0.88 g, 3.51 mmol) in CkCl; (15 mL)
was added dropwise to poly(4-trimethylsilylstyrene) (0.50 g, ca. 2.84
mmol of Me;Si groups) in CHCI, (15 mL) and stirred for 16 h. A
solution of 5-trimethylstannyl-shexyl-2,2-bithiophene (1.70 g, 4.11
mmol) in CHCl, (15 mL) was added dropwise at ambient temperature.
The reaction mixture turned yellow and was allowed to stir for 12 h at
room temperature. All volatile components were then removed under
high vacuum. The yellow residue was taken up in toluene (30 mL),
and MesCe(C;Hg)o2 (0.79 g, 3.93 mmol) in toluene (15 mL) was added
dropwise, leading to formation of a purple precipitate. The mixture
was allowed to react fo3 h and then refluxed for 72 h. Filtration
through celite gave a yellow solution, which was concentrated to ca. 3
mL and precipitated into cold hexanes (350 mL). The product was
purified by repeated precipitation from toluene into hexanes and dried
at 50 °C under high vacuum to give a fine yellow powder (0.84 g,
61%).'B NMR (160.386 MHz, CDGJ): 6 50 (w1, = 2000 Hz);'H
NMR (499.893 MHz, CDG): 4 7.8-7.3 (br m, 4H, Phand Th-H3,4),
7.1-6.9 (br m, 3H, Ph and Th-H3), 6.7—6.1 (br m, 3H, Th-H4and
Mesy), 2.7 (br m, 2H, Hex), 2.2 (br, 3Hy-Me), 1.8 (br, 6H,0-Me),
1.62 (br m, 2H, Hex), 1.3 (br m, 6H, Hex), 0.88 (br m, 3H, Hex), the
backbone protons are overlappigC NMR (125.69 MHz, CDG)):
0150.4,147.0,143.4,142.8 (br), 138.8 (br), 138.1, 137.0, 136.9, 134.8,
127.1, 125.2 (aromatic C), 420 (polymer backbone), 31.8, 31.7, 30.4,
29.0, 22.8, 14.3 (Hex), 22.8Me), 21.4 p-Me); GPC-RI (THF vs
PS standards)M,, = 45,275 M,, = 54,574, PDk 1.15; UV—vis (CH.-
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Scheme 1. Synthesis of Triarylborane Polymers PSBMesAr
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Cly, 3.2 10°M): Amax= 275 nm € = 18,220), 380 nm¢ = 21,990);
fluorescence (CEClz, 3.2 10° M): Aemmax= 455 nM,® = 0.67 (exc

380 nm); UV~vis (thin film): Amax= 301 nm, 381 nm; fluorescence
(thin film): Aemmax= 467 NM {exc = 381 nm); DSC (onset, 20C/

min; second heating curve)i; = 139°C; TGA (20°C/min; N;): 39%
weight loss between 242 and 388 and 19% between 417 and 456
°C; 12% residual mass at 80C; elemental analysis: calcd C 77.16,
H 7.31; found C 75.92, H 7.08. Further experimental details for all
other polymers and model systems are given in the Supporting
Information.

Results and Discussion

The key design principle for the novel fluorescent triarylbo-
rane polymers PSBMesAr (Scheme 1) is the use of one boron
substituent for steric stabilization, while the second pendent
group represents an extended orgamicsystem that can
effectively overlap with the empty p orbital on boron. By taking
advantage of the high selectivity of tiboron exchange
reactions, we were able to replace one of the bromine substit-
uents of PSBBrin a controlled manner to give the substituted
polymers PSBBrAr (Scheme 1). In a second step, the mesityl-
copper toluene solvate [MesGU|C7Hg)'® was used to attach
bulky mesityl groupg® All polymers PSBMesAr were readily
isolated by precipitation from toluene into hexanes and showed
good solubility in common organic solvents such as toluene,
THF, or CHCls.

The polymers PSBMesAr and their respective molecular
model compounds MBMesAr (Scheme 1) were fully character-
ized by!H, 13C, and!!B NMR spectroscopy. The presence of
a broad signal at about 450 ppm in the!’B NMR spectra is
typical of triarylborane moieties. However, in comparison to
the model compounds, which represent one repeating unit of
the polymer chain, a significant upfield shift of tAt8 NMR
resonance of about 5 ppm was observed. The latter is
tentatively attributed to additional shielding effects due to
neighboring groups on the polymer chainThe 'H NMR
spectra showed broad overlapping signals that were not very
informative. However, th&*C NMR spectra correlate well with
those of the molecular models and thus further confirm the

(15) The conditions for the substitution reactions were optimized for the
respective model compounds MBMesAr that are derived froBuGsH -
BBr,. For the reaction of 8BuCsH4BBr, with stannylated bithiophene
derivatives, selectivities of 90% were realized in all cases according to
IH NMR spectroscopy. In order to avoid the formation of any triarylborane
groups in this step, a slight deficiency of the tin reagents was applied in
the polymer substitution reactions.

(16) Sundararaman, A.;'de, F.J. Organomet. Chen2003 681, 134-142.
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Figure 1. (a) Comparison of the absorption and emission spectra of MBMesBT and PSBMesBT@1,Gblution and as thin films cast from toluene. (b)
Comparison of the absorption and emission spectra of MBMesHBT and PSBMesHBT,@i.Gidlution and as thin films cast from toluene. (c) Comparison
of the absorption and emission spectra of MBMesNBT and PSBMesNBT iCGl4olution and as thin films cast from toluene. (d) Comparison of the
absorption and emission spectra of PSBMesHBT and PSBMesNBT.

Table 1. Comparison of Photophysical Properties The thermal characteristics of the polymers were examined
polymer PSBMesBT PSBMesHBT PSBMesNBT by differential scanning calorimetry (DSC) and thermogravi-
Taoslnm] (Ige)? 368 (4.5) 380 (4.3) 433 (4.5) metric analysis (TGA). Polymers PSBMesBT, PSBMesHBT,
Aem (nm]° 3462g 463 35657 33??5 and PSBMesNBT show glass transition temperatufigp ¢f
f:bsﬁlm [nm] 373 381 440 165, 139, and 165C, respectively, which are slightly higher
Zemfilm [nm]® 468, 489 467 536 than that of polystyrene, but in a similar range as that of the
model MBMesBT MBMesHBT MBMesNBT related triarylborane polymer poly(4-dithienylborylstyrene) (PS-
Japs[nm] (Ige)? 367 (4.5) 381 (4.6) 436 (4.6) BTh,, Tq = 148 °C).13 The TGA plotd® indicated that the
e [N 425 437 540 mesityl-substituted polymers show high thermal stability with
oF 0.72 0.76 0.74 e o .
no significant decomposition up to ca. 25C. Above this
2Data were acquired in Gi€l; solution (3.2x 10°° M of boron temperature, multistep decomposition processes were observed.

functional groups)? Excited at the absorption maximaLower-intensity

band or shoulderd Anthracene was used as a standard. The residual weights at 8GC were in the range of ca-5.0%.

The environmental stability of the polymers was considerably
structure of the polymers with borane moieties containing higher than for related sterically unprotected polymers PSBAr

mesityl and bithiophene substituedts. (Ar = hexylbithiophene}? No substantial degradation was
The molecular weight of the polymers was studied by GPC observed in the solid state over a period of 2 weeks, but
analysis in THF in the presence of 0.1 wt % [Bi}Br. The additional sharp NMR signals corresponding to small molecule

molecular weights relative to PS standards were found to be in degradation products started to develop after ca. 2 weeks in
the range expected on the basis of the MW of the poly(4- solution?’In comparison, polymers PSBAthat lack the mesityl
trimethylsilyl)styrene precursor. However, the bands are some- groups decompose within 24 h under similar conditions.

what broadened (polydispersities (PDI) from 1.15 to 1.51),  All polymers PSBMesAr are strongly fluorescent in solution,
presumably due to a small degree of aggregate formation andand their thin films also show bright emission (Table 1, Figure
interaction with the column material that also seems to impact 1). For instance, in CkCl, solution, the polymers PSBMesBT
the retention times.

(19) Parab, K.; Qin, Y.; Jde, F.Polym. Mater. Sci. Eng. Prep2005 93, 422—
423.

(17) Partial coordination of nucleophilic impurities, which would also explain  (20) The environmental stability of the polymers in the solid state is slightly

this phenomenon, is unlikely since addition of small amounts of the strong higher than that of the molecular species; in solution, similar stabilities

Lewis acids BBg or B(CsFs)s did not lead to a significant downfield shift were observed for molecular species and polymers. Attempts to further

of the 1'B NMR resonances. improve the steric protection of the boron sites to allow for applications
(18) See the Supporting Information for details. under ambient conditions are currently under way.
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Figure 2. Absorption and emission spectra for the titrations of (a) PSBMesHBT X118 > M boron sitesAexc = 378 nm) and (b) PSBMesNBT (2.9
107° M boron sitesdexc = 432 nm) with BUNF (3.2 x 1074 M) in THF.

and PSBMesHBT absorb &f,s= 368 and 380 nm, respectively, To explore their potential use in anion recognition, the
and emit bright blue light atey,= 463 and 455 nm. In contrast, polymers were first subjected to complexation with fluoride in
the polymer PSBMesNBT has a yellow appearance due to anTHF solution. Fluoride binding upon addition of a 5-fold excess
absorption atlas = 433 nm and displays a yellow-green of BusNF was evident from th&!B NMR spectra, which display
emission aflem = 537 nm, consistent with a bathochromic shift strongly upfield shifted signals ai = 1-2 in ca. 20 mM

due to the donersr—acceptor structure of the aminobithiophene solution in THF (for PSBMesArg = 47—50). The complex-
substituentd. The absorption data for the respective molecular ation of PSBMesHBT and PSBMesNBT with fluoride was
model compounds are quite similar to those of the polymers, further investigated by U¥vis and fluorescence spectroscopy
while the emission data differ significantly (Figure 1). This trend in THF (Figure 2). Upon addition of aliquots of the fluoride

is most pronounced in the case of the unsubstituted bithiophenesource to a solution of PSBMesHBT, a gradual decrease in
derivative, for which a single emission maximumigf, = 425 intensity of the absorption band at 378 nm was evident, and a
nm was determined in Ci€l, solution. In contrast, the  new band at 338 nm developed, which can be assigned to
polymeric material shows a broad red-shifted emission band atbithiophene groups with coordinated boron sites, [B(Mes)ArF]
Aem = 463 nm that appears to consist of multiple components. (Figure 2)?2 Similarly, fluoride addition to PSBMesNBT led
This indicates that intrapolymer aggregation is encountered in to a new band at 362 nm that is blue-shifted by 70 nm relative
the case of the parent bithiophene group, while the presence ofto the absorption maximum of the uncomplexed polyAier.

the bulky diphenylamino substituents renders aggregate forma- These results are consistent with TD-DFT calculations
tion less favorable. Molecular mechanics calculations on a model (Gaussian03§ that were performed on the closely related
trimer of PSBMesHBT indicate that conformations in which molecular tricoordinate bithiopheneborane species PhBMes-
the bithiophene moieties are aligned with respect to each otherMeBT and PhBMesNBT and their respective fluoride complexes
are possible and energetically favorablé further bathochro- (Table 2, Figure 3% For both compounds, the calculations
mic shift was observed for thin films that were cast from toluene predict the distinct blue-shift of the absorption upon fluoride
solution. Such an effect has also been reported for the binding that is experimentally observed. This effect may be
luminescence of the respective vinylbithiophene polymers and rationalized by inspection of the molecular orbitals involved in
been attributed to interpolymer aggregate formafiohe the transitions (Table 2). The lowest energy absorption in the
polymers PSBMesBT and PSBMesHBT show high quantum case of the tricoordinate species PhBMesMeBT corresponds to
yields of 66% and 67% in C}Cl, solution, respectively, which

(22) The absorption and emission bands for the fluoride-complexed polymers

are in a similar range to those of the molecular model PSBMesHBT and PSBMesNBT are similar in energy to those of 2-tri-
i 0, methylstannyl-2hexyl-5,8-bithiophene faps = 317 nm;Aem = 379 nm)
compounds_. However, a nOtany_lower qu_amum yield of 35% and 2-trimethylstannyl-2diphenylamino-5,5bithiophene {aps= 364 nm;
was determined for PSBMesNBT in comparison to MBMesNBT Jem = 450 nm), respectively.
(74%) (Table l) (23) DFT calculations were performed with the Gaussian03 program (Revision
' C. 02, Frisch, M. J.; et al.; Gaussian, Inc.: Wallingford CT, 2004).
Geometries and electronic properties were calculated by means of the hybrid
(21) Melucci, M.; Barbarella, G.; Zambianchi, M.; Benzi, M.; Biscarini, F.; density functional B3LYP with the basis set of 6-31G(d). The input files
Cavallini, M.; Bongini, A.; Fabbroni, S.; Mazzeo, M.; Anni, M.; Gigli, G. and orbital representations were generated using Gaussview. Excitation data
Macromolecule2004 37, 5692-5702. were calculated using TD-DFT (B3LYP) methods.
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Figure 3. Computed (Gaussian03) orbital plots for the model systems of PSBMesHBT and PSBMesNBT.

Table 2. Calculated Electronic Transitions for PhBMesMeBT,
PhBMesNBT, and Their Respective Fluoride Complexes from
TD-DFT (B3LYP) Calculations

binding constant of Igk= 6.918 The slightly lower binding
constant in comparison to the model system MBMesHBT (IgK
= 7.4)'® most likely is due to neighboring group effects that

energy gap  oscillator L
compound transition MO contributions eV (nm)  strength/f a,re gxpected to, play a significant role at the la’Fer, staggs ,Of the
ShEMesMoBT 55 HOMOI-LUMO 3.19(333) 0.3452 titration (formation of a polyelectrolyte). Very similar binding
esiie HoMo—LUNO (388) 0. constants were determined for PSBMesNBT (Igk6.9) and
S—S; HOMO-1—-LUMO  3.27 (379) 0.4387 the respective model compound MBMesNBT (IgK7.6).
HOMO—LUMO Upon fluoride addition, the emission intensity of PSB-
[PhBMesMeBT]F S—S; HOMO—LUMO  3.53(351) 0.6596 — i 2
PhBMesNBT S-S  HOMO—LUMO 265 (463) 12544 Mes_HBT atl = 461 nm strongly decregsed (Figure ?)Fhe .
[PhBMesNBTIF  Sy—S. HOMO—LUMO  3.22(386) 0.3125 luminescence quenching at low fluoride concentrations is
HOMO—LUMO+1 considerably more effective for the polymer than for the
S—S HOMO—LUMO  3.23(384) 0.5713 molecular analog MBMesHBT, for which the changes in
HOMO—LUMO+1

emission intensity correlate with the decrease in absorption
intensity*® Stern-Volmer analysis revealed an estimated 8-fold
transitions from the HOMO and HOMO-1 orbitals to the LUMO  amplification effect for the polymeric material. In contrast,
orbital, while the absorption of PhBMesNBT can be assigned similar pronounced signal amplification was not observed for
to a HOMO-LUMO excitation. For both PhBMesMeBT and PSBMesNBT that contains diphenylamino groups attached to
PhBMesNBT, the LUMO orbital shows significant overlap the bithiophene moieties.
between the p orbital on boron and the bithiophene system, while  We tentatively attribute the different behavior of PSB-
the HOMO is primarily centered on the bithiophene moieties MesHBT to efficient exciton migration along the polymer chain
and shows only a minor contribution from boron (Figure 3). (and possibly also between polymer chains) with subsequent
For PhBMesMeBT, the HOMO-1 is found on the mesityl group, trapping at lower energy aggregate states that are weakly or
indicating that the transition involves also charge transfer from non-emissiveé® In agreement with this interpretation is the lack
the mesityl to the bithiophene moiety. In the case of the of signal amplification for PSBMesNBT, which as discussed
aminobithiophene model, PhBMesNBT, the HOMOUMO above does not show any spectroscopic evidence of aggregate
transition entails charge transfer from the amino group to the formation in the excited state. To provide additional support
borane center. we prepared aandom copolymer that contains both hexyl-

Upon fluoride complexation, the extended conjugation through bithiophene and diphenylaminobithiophene substituents on boron
the boron center is interrupted, and the boron p orbital neither (60:40). The absorption spectrum of this polymer reflects the
contributes to the HOMO nor the LUMO level of the borate presence of both chromophores with absorption maxiniapat
complexe$ While for the fluoride complex of PhBMesMeBT = 384 and 433 nm (shouldefy.However, the fluorescence
the lowest energy absorption corresponds to a bithiophene* spectrum clearly shows emission from only the lower energy
transition, in the case of the fluoride complex of PhBMesNBT, states of the boron-bound diphenylaminobithiophene moiety at
an additional charge-transfer contribution to the diphenylamino
group (LUMO+1) is also present.

Further analysis of the fluoride titration data for PSBMesHBT
assuming independent binding sites provided an estimate of the

(25) For a review on optical halide sensing, see: (a) Geddes, ®leBs. Sci.
Technol2001, 12, R53-R88. See also: (b) Antonisse, M. M. G.; Reinhoudt,
D. N. Chem. Commuril998 443-448. (c) Bianchi, A.; Bowman-James,
K.; Garca-Espda, E., EdsSupramolecular Chemistry of Anignd/iley-
VCH: New York, 1997. (d) Beer, P. D.; Gale, P. Angew. Chem., Int.
Ed. 2001, 40, 487-516.

(26) The different behavior of PSBMesNBT indicates that the amplification effect
is not simply due to dynamic exchange of fluoride between neighboring
boron sites.

(24) Similar changes in the HOMO and LUMO levels of arylboranes upon
nucleophile binding have been reported by Yamaguchi and co-workers.
See refs 2a and 5.
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Figure 4. Absorption (top) and emission spectra (middle, excited at absorption maxima of free agigls: 378/432 nm; bottom, excited at absorption
maxima of complexesiexc = 330/360 nm) for the exposure of PSBMesHBT and PSBMesNBX (> M boron sites) to different anions in THF (3
104 M). The solutions in the photographs were excited with black light at 360 nm.

Aem = 532. This suggests that exciton migration along the development of a (weaker) new band at ca. 405 nm that reaches
polymer chain indeed is a fast process that likely is responsible into the UV region, and can be attributed to emission from the
for the enhanced emission quenching of PSBMesHBT upon bithiophene moieties with nucleophile-bound boron sitékhis
addition of small amounts of a fluoride sourée. desirable feature of a “turn-on” sensor is clearly evident by
To determine the substrate selectivity of PSBMesHBT and visual observation for the green emissive PSBMesNBT, which
PSBMesNBT, we performed a comparative study in which a upon fluoride addition shows a new blue emissive band at 457
solution of each polymer was treated under identical conditions nm with a shoulder at ca. 430 nm. These observations suggest
with a 10-fold excess of fluoride, chloride, bromide, nitrate, that, while no signal amplification is found for PSBMesNBT,
and cyanide, respectively. The photophysical response wasthe polymer (and the respective model system) may serve as
monitored by UV~visible absorption and emission spectro- wavelength-ratiometric probes for fluoride or cyanide.
scopy. From examination of the absorption and emission data,
it is evident that fluoride and cyanide bind strongly to the boron
polymers, while the other anions showed no significant response  We have demonstrated that organotin and organocopper
(Figure 4)28-30 Interestingly, when PSBMesHBT was excited compounds may serve as convenient aryl-transfer reagents in
at 330 nm, the decrease in emission intensity of the blue bandthe preparation of new fluorescent triarylboron polymers that
at 461 nm upon nucleophile binding was accompanied by the are derived from poly(4-dibromoborylstyrene). The photophysi-
) — ) ) cal properties, environmental stability, and the Lewis acidity
(27) The phenomenon of exciton migration in non-conjugated polymers is more . . e L. :
commonly observed for thin films. See: Broadwater, S. J.; Hickey, M. K.; of the boron sites have been tailored through modifications in
McQuade, D. TJ. Am. Chem. So2003 125 11154-11155 and references  the substitution pattern on boron. Anion binding studies indicate

Conclusions

therein.
(28) Cyanide-sensitive fluorescent probes based on boronic acids have recently
been reported: Badugu, R.; Lakowicz, J. R.; Geddes, (y&s Pigm. (31) Emission from tetracoordinate species is observed throughout the titrations
2005 64, 49-55. of the polymers and model compounds with fluoride, but in the case of
(29) The slight emission enhancement of PSBMesNBT in the presence of excess PSBMesHBT, energy transfer leads to emission only from the lower energy
chloride is likely due to changes in solvent polarity. states at relatively low fluoride concentrations. This is consistent with the
(30) Similar anion selectivity was observed for the respective model systems. results described for the copolymer emission.

12884 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006



Luminescent Triarylborane-Functionalized Polystyrene ARTICLES

that the presence of Lewis acidic tricoordinate organoboron by the American Chemical Society, and to the Rutgers Research
groups in these polymers can be exploited for the recognition Council for support of this research. F.J. is an Alfred P. Sloan
of nucleophiles based on changes in the absorption and emissiolResearch Fellow. We are grateful to Prof. Piotr Piotrowiak for

characteristics. The observation of strong sensitivity enhance'stimulating discussions and help with luminescence measure-
ment for PSBMesHBT in comparison to the model MBMesHBT ments.

suggests that highly functionalized polyolefins offer an interest-
ing alternative to conjugated polymers as efficient sensor . . . .
materials. We are currently pursuing applications of these and Supporting Information Available: Experimental procgdures
related polymers with further enhanced steric stabilization as @nd data for all polymers and model compounds described, TGA
sensors and as components of polymer light emitting devices Plots, additional absorption and emission plots, details of the
(PLEDS). binding studies, SterrVolmer plots, computational studies, and
the full reference 23. This material is available free of charge
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