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Conjugated Copolymers That Shouldn't Be

Keywords: 

Unexpected excited-state conjugation was observed in a series of copolymers derived from ladder silsesquioxane, vinyl(Me/Ph)Si(O 0.5 ) 2 [PhSiO 1.5 ] 4 (O 0.5 ) 2 Si(Me/Ph)vinyl, which exhibited 30--60^^nm red-shifted emission relative to doubledecker derived analogues with equal or larger degrees of polymerization.

Further studies hint at their potential application as semiconducting polymers.

Main text

There is growing impetus to explore silsesquioxanes (SQs) due to their ease of synthesis and purification, well-defined 3D nanostructures, robust nature as well as high compatibility with multiple types of organics leading to large families of hybrid materials. The major story still centers on properties that can be typified as organic decorated silica moieties. In contrast, we find that cage SQs {[RSiO 1.5 ] 8,10,12 (R=R'phenyl, R'vinyl, R=conjugated moiety, R'=H, Me, MeO, NH 2 , CN, etc.)} offer photophysical properties not at all reflective of organic decorated silicas but commensurate with cage centered

LUMOs. [1--5] We recently extended this concept of excited-state 3D conjugation to sets of incomplete and modified cages including corner-missing T 8 , [R'StilbeneSiO 1.5 ] 7 [O 1.5 SiMe/nPr],

[R'StilbeneSiO 1.5 ] 7 [O 0.5 SiMe 3 ] 3 , [6] Ar} that unexpectedly exhibit conjugation that appears to involve two vinyl(Me)Si(O-) 2 bridges evidenced by significant emission red-shifts from corresponding model compounds. [9] Schemes^^1^a<schr1>,b provide general synthetic routes and structures. In all systems, conjugation presents in the form of emission red-shifts of 50--120^^nm from model compounds without cage components. Such novel combinations of structural, thermal, mechanical and photophysical properties, such as tunable broad-band UV/Vis fluorescence, may be important for applications as emissive layers in OLEDs, [10] multi-functional nanodrugs, in photothermal and photodynamic therapies for cancer, etc. [11--13] With the recent discovery of routes to ladder SQs (vinyl-LL-vinyl), [14] we can now explore vinyl-LL-vinyl equivalent systems of the type suggested in Scheme^^1^c<xschr1>. The motivation is to ascertain the nature of LUMO formation in ladder SQs where the structure appears to be approximately one-half that of relatively complete double-deckers. Our initial presumption was that these compounds should represent the limiting case where not only is there no 3D cage, but there are also two vinyl(Me/Ph)Si(O-) 2 bridges per cage in any oligomers/polymers we might synthesize. Contrary to our original thoughts, the resulting compounds actually offer emission further red-shifted than any analogous compounds previously studied, [1--7,^9] seeming to imply conjugation and semiconducting behavior where there should be none. In the following sections, we begin by characterizing a set of ladder bithiophene and thienothiophene as reported in our previous paper. [9] Similar ICT also occurred in 10^^mol^%F 4 TCNQ doped LLco-thiophene, bithiophene and thienothiophene using the mixedsolution method. The original orange-red color becomes dark green immediately on mixing. The literature reports that poly(3-hexyl-thiophene-2,5-diyl) regioregular (P3HT) exhibits integer charge transfer interactions with F 4 TCNQ and coincident nitrile-stretching mode shifts from a neutral value ν 0 =2227^^cm <M->1 to ν 1 =2194^^cm <M->1 on doping. [16,^17] In marked contrast, however, quaterthiophene (4T) forms partial charge transfer with F 4 TCNQ and thus shows only a small shift. [18] Shifts of characteristic cyano-vibrational bands from the neutral value to the anion value are observed in the FTIR for LL-co-bithiophene mixing with F 4 TCNQ as shown in Figure^^3<figr3> indicating integer charge transfer (ICT).

The literature also reports that the electronic structure of F 4 TCNQ anion includes doublet states because of the presence of an unpaired single electron. [19] The UV/Vis spectrum of The photophysical behavior of both DD/LL-co-phenyl reappear after zinc debromination, [20] with absorption λ max around 300^^nm Furthermore, LL SQs linked with longer or more complex aromatic bridges, LL-co-biphenyl, terphenyl, stilbene and thiophene, show 30--60^^nm emission red-shifts beyond those seen with the DD analogs and progressively red-shifted emissions with respect to longer chains were also observed.

Integral charge transfer occurs in 10^^mol^% F 4 TCNQ-doped LLco-thiophene, bithiophene, thienothiophene, which also occur on mixing F 4 TCNQ with DD analogous polymers. These results

suggest not only a new perspective on the ease of formation of LUMOs in even LL SQs, but also more efficient communication of the LL SQ with conjugated organic moieties in the excited state as compared to full and double-decker SQs that potentially offer access to a wide variety of semiconducting polymers. In addition, brominating vinyl as well as phenyl groups in DD/LL derived copolymers and then debrominating vinyls not only restores through chain conjugation but also provides the potential to further peripherally functionalize these systems via a variety of catalytic cross-coupling reactions to explore 3D conjugation in "hairy SQ polymers". DP [a] Abs. λ max [nm] Em. λ max

[nm] [b] Φ F Vinyl(Me)DD(Me)vinyl 1 264 281

Table^^2 MALDI-TOF and GPC data for DD-co-thiophene, short LLco-thiophene isolated by TLC and long LL-co-thiophene.

GPC MALDI-TOF

M n M w Ð [a] Oligomers [b] M/z LL-co-thiophene, DP≈3 2540 3630 1.12 dimer 1896 [c] LL-co-thiophene, DP≈7 5600 8000 1.42 trimer 2797 [c] DD-co-thiophene, DP≈20 22^540 43^250 1.92 decamer 13^010 [c] [a]^^Polydispersity.

[b]^^Largest oligomers identifiable.

[c]^^As Ag + adduct.

  photophysical behavior are essentially identical as expected, thus only data for vinyl-LL(Me)-vinyl co-polymers are presented. Spectra for vinyl-LL(Ph)-vinyl derived copolymers are shown in Figures^^S9--14. Both co-polymers were characterized by MALDI-TOF, GPC, FTIR, 1 H and 13 C^^NMR, and the starting ladder SQs were also characterized by 29 Si NMR as recorded in Tables^^S1--3 and Figures^^S1--8. MALDI-TOF shows the expected m/z, consistent with GPC determined molar masses of the ladder SQs. The GPC retention time for vinyl-LL(Ph)vinyl is ≈0.3^^min earlier than that for vinyl-LL(Me)-vinyl due to the slightly bulkier phenyl groups. Table^^1<tabr1> GPC data for the ladder copolymers indicates degrees of polymerization (DPs) of 3--18 units. MALDI-TOF analyses always show peaks every m/z for the co-monomer unit vinyl-LL-vinyl-

F 4

 4 Figure^^4<figr4>clearly shows spectral signatures from F 4 TCNQ˙< M-> at 600--900^^nm and LL-co-bithiophene at 350--500^^nm, strongly suggesting ICT, consistent with the FTIR data.

  Scheme^^1Heck cross-coupling of a)^^model compounds, b)^^vinylDDvinyl derived copolymers and c)^^vinyl-LL-vinyl derived copolymers.

Figure^^5

  Figure^^5 a)^^Bromination and debromination of LL-co-phenyl. b)^^Steady-state absorption and emission spectra in CH 2 Cl 2 .
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