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Abstract:  The isosteric replacement of C-C with B-N units is emerging as a powerful method to 

tune the optoelectronic properties of organic p-conjugated materials. In this work, copolymers 

based on a ladder-type B-N Lewis pair-fused dipyridylfluorene monomer and a thienylated 

benzothiadiazole (BTDDT) are prepared by Stille-type polycondensation. The polymers 

containing exocyclic ethyl or pentafluorophenyl substituents on boron are characterized by 

multinuclear NMR spectroscopy and gel permeation chromatography, which provides estimates 

of the average degrees of polymerization (DPn) of 30 (R = Et) and 10 (R = C6F5). Electrochemical 

analyses on thin films reveal two distinct reversible reductions that are assigned to 

benzothiadiazole and boron-fused dipyridylfluorene centered processes respectively. UV-vis 

analyses show that the band gaps are significantly lowered relative to both BTDDT and the boron-

containing monomers. As a result, the absorption and emission bands are shifted to much lower 

energies, leading to intense orange emission with maxima at 641 nm (R = Et) and 627 nm (R = 

C6F5) respectively with quantum yields of over 50%. Computational studies on molecular model 

dyads offer insights into the effects of the isosteric replacement of C-C units in ladder-type fused 

bisfluorene with B-N Lewis pairs on the electronic structures of the polymers. 
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Introduction 

The design and synthesis of innovative conjugated materials through isosteric substitution of B-N 

for C-C units is garnering intense research interest because properties that are distinct from those 

of the respective hydrocarbon-based systems can be realized.[1-3] Much effort has been focused 

on embedding B-N units within polycyclic aromatic hydrocarbons (PAHs) and, in dependence on 

the specific sites in which boron and nitrogen are placed, the modulation of the electronic structure 

and tuning of intermolecular interactions.[4-9] This research has led to significant advances in 

application fields ranging from field effect transistors to photovoltaics, development of new battery 

materials to catalytically active materials for oxygen reduction and hydrogen evolution processes, 

and applications in biological imaging to the development of enzyme inhibitors.[10] In most of 

these materials, the boron and nitrogen atoms are found in a trigonal planar environment, taking 

the place of sp2-hybridized carbon atoms. Researchers have also explored the functionalization of 

organic (hetero)aromatic and polycyclic aromatic hydrocarbons with B¬N Lewis pairs, in which 

interactions between the lone pair on nitrogen of N-heterocycles and the empty p-orbital on boron 

result in a tetracoordinate environment at boron.[11-25] Such dynamic B¬N interactions not only 

allow for planarization of adjacent (hetero)aromatic p-systems, and thereby the effective extension 

of p-conjugation, but also lead to polarization of the molecules due to the electron withdrawing 

character of the borane Lewis acid.[26,27] Recently, this concept has also been applied to the 

design of new functional polymeric materials, attracting particular interest in the fields of light 

emitting, stimuli-responsive, and acceptor materials for all-polymer solar cells.[28-36] 

In prior work, we have pursued the functionalization of various polyaromatic systems with 

B¬N Lewis pairs by N-directed electrophilic borylation of pyridyl-functionalized polyaromatics, 

including dipyridylfluorene-, dipyridylanthracene- and dipyridylpyrene-based systems.[37-42] In 

one example, we demonstrated that the borylative fusion of dipyridylfluorene gives rise to strongly 

emissive ladder-type conjugated molecules in which the B¬N Lewis pair formation results in 

planarization and rigidification of the dipyridylfluorene building block.[37] The blue-emissive B-

N fused fluorene ladder compounds were successfully incorporated into conjugated polymers, 

Poly(BNEt) and Poly(BNEt-coVi), by transition metal-catalyzed C-C coupling reaction.[39] 

Extension of p-conjugation resulted in polymeric materials that show strong green fluorescence in 

solution and in the solid state.  
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Figure 1.  (Top) Examples of benzothiadiazole-based and ladder-type B¬N Lewis pair-fused 

dipyridylfluorene polymers; (bottom) design of new polymers P1 and P2 via B¬N for C-C 

substitution. 

 

We were interested in exploring how the combination of these boron-fused 

dipyridylfluorenes with electron-deficient acceptor-type comonomers would affect the electronic 

structure and emissive properties of the resulting copolymers. An acceptor building block that is 

commonly used in the design of donor-p-acceptor copolymers is benzothiadiazole (BTD). As 

illustrated in Figure 1, BTD is readily incorporated into alternating copolymers with fluorene as 

electron-rich component by using thiophene linkers to promote electronic delocalization. In these 

polymers BTD can act as an ambipolar building block in and of itself because intramolecular 

charge transfer occurs from the electron-rich dithienylbenzene to the electron-deficient thiadiazol 

subunit.[43,44] BTD copolymers of this kind have been explored in diverse application fields, 

ranging from photovoltaics to emissive materials, photocatalytic hydrogen evolution, and tumor 

imaging.[45-52] Thus, we designed and synthesized a new class of copolymers that combine 

boron-fused dipyridylfluorene ladder compounds with BTD (P1 and P2, Figure 1). Polymers P1 

and P2 are isosteric analogs of copolymers B[53] (Figure 1) that are composed of electron-

deficient BTD units in combination with electron-rich fused bisfluorenes. However, different from 

the all-carbon systems, the B¬N Lewis pair functionalization in P1 and P2 results in a polarized 

NN

C8H17 C8H17

B B
Et Et Et Et

X

n

X = none       
X = vinylene

Poly(BNEt)
Poly(BNEt-co-Vi)

S SNN

C8H17 C8H17

B B
R R R R

N
S

N

n
P1  R = Et
P2  R = C6F5

This Work:

S S

R’ R’

R R R R
N

S
N

nR’’ R’’B

S S
N

S
N

n
A

X

B¬N for C–C
Substitution



 4 

microenvironment while also adding an additional element of tunability by varying the Lewis acid 

strength of the organoborane Lewis acid component. The effects of this “B-N for C-C” substitution 

on the electronic structure are explored experimentally and through computational studies on 

molecular dyads comprising a single BTDDT unit linked to a BN-doped ladder-type bisfluorene. 

 

Experimental Section 

Materials and Methods. Pd2(dba)3 and P(o-tolyl)3 were purchased from commercial sources and 

used without further purification. Pentafluorophenyl copper (CuC6F5), BNBr, BNEt and BTDDT-

Sn were synthesized according to literature procedures.[37,39,54-56] The solvents were dried and 

degassed prior to use. All reactions were carried out under nitrogen atmosphere using either 

Schlenk techniques or an inert-atmosphere glove box. The products are air stable and were isolated 

under ambient conditions.  

NMR spectra were acquired at 25 °C on a Bruker Avance III HD NMR spectrometer at 

operating frequencies of 500.2 MHz (1H), 160.4 MHz (11B) and 470.7 MHz (19F) or a Varian NMR 

spectrometer at operating frequencies of 599.7 MHz (1H) and 150.8 MHz (13C). 11B NMR spectra 

were acquired on the Bruker Avance III HD NMR spectrometer with a 5mm PH SEX 500S1 11B-

H/F-D probe using boron-free quartz NMR tubes. 1H and 13C NMR spectra were referenced 

internally to solvent signals (CDCl3: 7.27 ppm for residual protonated CHCl3 in 1H and 77.0 ppm 

for 13C NMR spectra) and all other NMR spectra externally (trifluorotoluene d(19F) = -63.72 ppm, 

BF3•Et2O d(11B) = 0 ppm). Abbreviations used for signal assignments: Py = pyridyl, Fl = 

fluorenediyl, Th = thienylene, Pf = pentafluorophenyl, BTD = benzothiadiazole, s = singlet, d = 

doublet, m = multiplet, br = broad. 

High-resolution atmospheric pressure chemical ionization mass spectrometry (APCI-MS) 

data were obtained in negative mode on an Apex Ultra 7.0 Hybrid FTMS. GPC analyses were 

performed in THF (1.0 mL min-1, 35 ℃; PLgel 5 µm guard, Plgel 5 µm MIXED-C, Plgel 5 µm 

MIXED-D columns from Polymer Laboratories) using a Waters Alliance GPC solvent/sample 

module equipped with a 717plus autosampler, a 1525 binary HPLC pump, a 2414 refractive index 

detector, and a 2600 PDA detector). Samples were dissolved in THF aided by sonication and 

filtered prior to analysis. The system was calibrated against narrow polystyrene standards (10) in 

the molecular weight range of 580 to 371,100 Da. 
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UV-visible absorption data were acquired on a Varian Cary 5000 UV-Vis/NIR 

spectrophotometer. The fluorescence data and lifetimes were measured in air using a Horiba 

Fluorolog-3 spectrofluorometer with a nanoLED (450 nm) for excitation and a FluoroHub R-928 

detector for time-resolved single-photon counting. Absolute quantum yields were measured on the 

HORIBA Fluorolog-3 using a pre-calibrated Quanta-φ integrating sphere. Light from the sample 

compartment is directed into the sphere through a fiber-optic cable and a F-3000 Fiber-Optic 

Adapter, and then returned to the sample compartment (and to the emission monochromator) 

through a second fiber-optic cable. A 4-curve method using a Thorlabs neutral density filter was 

applied. 

Cyclic voltammetry (CV) experiments were carried out on a BASI CV-50 W analyzer. The 

three-electrode system consisted of a gold disk as working electrode, a Pt wire as secondary 

electrode, and an Ag wire as the pseudo-reference electrode. Thin films of the polymers were drop-

cast onto the Au electrode and voltammograms were recorded in acetonitrile solutions containing 

Bu4N[PF6] (0.1 M) as the supporting electrolyte and referenced to ferrocene as internal standard. 

DFT calculations were performed with the Gaussian16 suite of programs.[57] The input 

files were generated in Chem3D and the structures pre-optimized in Spartan ‘08 V 1.2.0. Ground 

state geometries were then optimized in Gaussian16 using the hybrid density functional RB3LYP 

with a 6-31G(d) basis set. Frequency calculations were performed to confirm the presence of local 

minima (only positive frequencies). Vertical excitations were calculated by TD-DFT methods at 

the rcam-B3LYP/6-31G(d) level. 

Synthesis of Monomer BNPf. In a glovebox under nitrogen atmosphere, BNBr (550 mg, 

528 µmol) was added to a flame-dried Schlenk flask and dissolved in 50 ml of toluene. 

Pentafluorophenyl copper (608 mg, 2.64 mmol, 5 equiv) was dissolved in 25 ml of toluene and 

added to the BNBr solution. The mixture was kept stirring for 3 days. The solution was passed 

through a short plug of silica on a fritted funnel, and the solvent was removed from the filtrate 

under reduced pressure. The collected solid was then redissolved in DCM and the solution layered 

with acetonitrile. The slow diffusion of solvent led to precipitation of the product, BNPf, as a 

yellow powder. Yield: 0.178 g (24%). 1H NMR (500.2 MHz, CDCl3, d): 8.59 (s, 2H, Py), 8.24 (dd, 

2H, J = 8.8, 2.0 Hz, 2H, Py) 8.02 (s, 2H, Fl), 8.00 (d, 2H, J = 8.5 Hz, Py), 7.75 (s, 2H, Fl), 2.05 

(m, 4H, alkyl-H), 1.15 (m, 4H, alkyl-H), 1.12-1.02 (m, 20H, alkyl-H), 0.78 (t, J = 7.2 Hz, 6H, 

alkyl-H), 0.67 (m, 4H, alkyl-H); 13C[1H] NMR (150.8 MHz, CDCl3, d): 157.9, 156.4 (br), 151.5, 
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147.8 (br d, 1J(13C,19F) = 239 Hz), 145.5, 144.9, 139.9 (br d, 1J(13C,19F) = 252 Hz), 137.2 (br d, 
1J(13C,19F) = 256 Hz), 134.4, 122.4, 119.3, 117.1 (br), 116.9, 116.1, 54.6, 40.8, 31.7, 29.9, 29.1 (2 

signals), 23.7, 22.5, 14.0; 19F NMR (470.7 MHz, CDCl3, d): −131.7 (m, 8F, ortho-Pf), −156.95 (t, 

J(19F,19F) = 20.3 Hz, 4F, para-Pf), −162.61 (m, 8F, meta-Pf); 11B[1H] NMR (160.4 MHz, CDCl3, 

d): -1.5 (w1/2 = 920 Hz). HRMS (APCI in CH2Cl2, neg. mode) m/z = 1390.1794 ([M]–, calcd for 
12C631H4411B279Br81Br19F2014N2 1390.1738). UV-Vis (THF): λabs = 416 nm; fluorescence (THF, λexc 

= 416 nm): λFl = 451 nm. 

Synthesis of Polymer P1. In a glovebox, under nitrogen atmosphere, BNEt (210.0 mg, 

250.5 µmol) and BTDDT-Sn (220.0 mg, 250.4 µmol) were added to a flame-dried Schlenk flask 

and dissolved in 10 ml of dry toluene. Pd2(dba)3 (6.9 mg, 3 mol%) and P(o-tolyl)3 (13.8 mg, 18 

mol%) were dissolved in 5 ml of dry toluene and added to the monomer solution. The mixture was 

heated to 110 ºC for 24 hrs. The mixture was allowed to cool to room temperature, diluted with 5 

ml of THF and added dropwise to 150 ml of methanol. After centrifuging the product was collected 

as a red solid. The crude polymer was extracted several times with toluene to remove low 

molecular weight oligomers. The polymer P1 was collected as a poorly soluble red solid and dried 

under vacuum. Yield: 126 mg (51%). 1H NMR (500.2 MHz, CDCl3, d): 8.69 (br s, Py), 8.26 (br d, 

Py), 8.23 (br, Th), 8.12 (br s, Fl), 8.07 (br d, Py), 8.04 (br s, BTD), 7.79 (br s, Fl), 7.60 (br, Th),  

2.05 (br, alkyl-H), 1.15 – 0.35 (m, alkyl-H); 11B[1H] NMR (160.4 MHz, CDCl3, d): 2.7 (w1/2 = 

1500 Hz); GPC (THF, 1 mL min-1): Mn = 29480, Mw = 68890, Ð = 2.34, DPn = 30; UV-Vis (THF): 

λabs = 516 nm; fluorescence (THF, λexc = 516 nm): λFl = 641, 430 nm. 

Synthesis of Polymer P2. In a glovebox, under nitrogen atmosphere, BNPf (102.0 mg, 

73.4 µmol) and BTDDT-Sn (64.5 mg, 73.4 µmol) were added to a flame-dried Schlenk flask and 

dissolved in 10 ml of dry toluene. Pd2(dba)3 (2.0 mg, 3 mol%) and P(o-tolyl)3 (4.0 mg, 18 mol%) 

were dissolved in 5 ml of dry toluene and added to the monomer solution. The mixture was heated 

to 110 ºC for 24 hrs. The mixture was cooled to room temperature, diluted with 5 ml THF and 

added dropwise to 150 ml methanol. After centrifuging the product was collected as a red solid. 

The crude polymer was extracted several times with toluene to remove low molecular weight 

oligomers. The polymer P2 was collected as a red solid and dried under vacuum. Yield: 32 mg 

(29%). 1H NMR (500.2 MHz, CDCl3, d): 8.84 (br s, Py), 8.39 (br d, Py), 8.18 (br, Th), 8.15 (m, 

Py), 8.07 (br s, Fl), 8.00 (br s, BTD), 7.96/7.94 (2 ´ d, BTD end group), 7.81 (br s, Fl), 7.53 (br m, 

Th with end groups), 2.1 (br, alkyl-H), 1.3-1.0 (m, alkyl-H), 0.9-0.7 (m, alkyl-H); 19F NMR (470.7 
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MHz, CDCl3, d): −131.7 (br, 8n F, ortho-Pf), −157.3 (br, 4n F, para-Pf), −162.8 (br, 8n F, meta-

Pf); 11B[1H] NMR (160.4 MHz, CDCl3, d): -3.4 (w1/2 = 800 Hz); GPC (THF, 1 mL min-1): Mn = 

16680, Mw = 24540, Ð = 1.47, DPn = 10; UV-Vis (THF): λabs = 508, 443 (sh) nm; fluorescence 

(THF, λexc = 508 nm): λFl = 627 nm. 

 

Results and Discussion 

The synthetic route to the monomers is outlined in Scheme 1. 4,7-Dithieny-2-yl benzodithiadiazole 

(BTDDT) was synthesized by Stille coupling of 2-trimethylstannyl thiophene and 4,7-dibromo 

benzothiadiazole according to a literature procedure.[56] The crude product was purified by silica 

gel column chromatography using a 1:1 hexanes:DCM mixture as the eluent to give the pure 

product as red crystals in 61% yield. BTDDT was then converted to the distannylated species 

BTDDT-Sn by lithiation using LDA, followed by addition of tributylstannyl chloride.[56] 

Spectroscopically pure BTDDT-Sn was obtained as red oil in 93% yield after purification by silica 

gel column chromatography using 10% triethylamine in hexanes as eluent. The B-N Lewis pair 

monomer BNEt (R = Et) was obtained in 62% yield by reacting the brominated precursor BNBr 

with ZnEt2 according to a previously reported procedure.[39] Reaction of BNBr with CuC6F5 in 

toluene gave the new monomer BNPf which was isolated in 24% yield by precipitation, induced 

by addition of acetonitrile to a solution in dichloromethane. 

 
Scheme 1.  Synthesis of monomers. 
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The polymers were synthesized by Stille coupling of BTDDT-Sn and the respective BN Lewis 

pair monomer (Scheme 2). The resulted polymers P1 (R = Et) and P2 (R = Pf) were precipitated 

in methanol and collected by centrifugation. To remove low molecular weight oligomers the 

collected solids were extracted several times with toluene. The pure polymers P1 (51% yield) and 

P2 (29% yield) were isolated as red powdery solids and dried under high vacuum.  

 

 
Scheme 2.  Synthesis of polymers by Stille coupling polymerization. 

 

The 1H NMR spectra of the polymers feature patterns that are broadened and downfield shifted 

relative to those of the monomers, BNEt and BNPf, as a result of electronic coupling with the 

electron-deficient BTD units. For example, the NMR signal for the C-H adjacent to the pyridine-

nitrogen shifted from 8.43 for BNEt to 8.69 ppm for P1 and from 8.59 for BNPf to 8.84 ppm for 

P2. As illustrated in Figure 2, signals for the constituting BTDDT units and B-N Lewis pair 

monomers could be fully assigned based on 2D H,H-COSY, H,H-TOCSY and H,H-NOESY NMR 

spectra (Supporting Information), confirming their incorporation into the alternating copolymer 

structures. 11B NMR spectra of polymers P1 and P2 show signals at 2.7 (BNEt: 4.0 ppm) and -3.4 

ppm (BNPf: -1.5 ppm), respectively, confirming the presence of tetracoordinate boron centers. 

The intact structure of the pyridyl-bound B(C6F5)2 groups in P2 was further verified by comparison 

of the 19F NMR signals with those for the monomer BNPf. A single set of broadened signals is 

detected at -131.7, -157.3, -162.8 ppm for the ortho-, para- and meta-fluorines at very similar 

chemical shifts as those of the precursor BNPf (-131.7, -157.0, -162.6 ppm). GPC analysis of the 

polymers in THF relative to narrow polystyrene standards gave molecular weight estimates of Mn 

= 29,480 (Ð = 2.34) for P1 and Mn = 16,680 (Ð = 1.47) for P2, corresponding to number-average 

degrees of polymerization of DPn = 30 and 10 respectively. The difference in molecular weight is 
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consistent with 1H NMR data that show signals between 7.9–8.0 ppm attributed to BTD end 

groups; these signals are more prominent for P2. The higher molecular weight of P1 may be a 

result of the better solubilizing effect of the ethyl groups on boron compared with the 

pentafluorophenyl groups.  

 
Figure 2.  Aromatic regions of the 1H NMR spectra of copolymers P1 and P2 showing 

assignments based on 2D H,H-COSY, H,H-TOCSY and H,H-NOESY NMR spectra of P2. 

 

To investigate the electronic structure of the polymers, cyclic voltammetry measurements were 

performed on thin films of P1 and P2 in anhydrous acetonitrile containing 0.1 M Bu4N[PF6] as the 

supporting electrolyte. P1 showed two reversible redox waves at E½ = -1.54 V and -1.94 V relative 

to the ferrocene/ferrocenium redox couple (Figure 3). The redox potential of P1 is less negative 

than that of the previously reported homopolymer Poly(BNEt)[39], for which the first reduction 

occurred at E½ = -2.31 V. This is consistent with a lower LUMO of copolymer P1 as a result of 

incorporation of BTDDT as comonomer. The reductions for P2 were shifted to even less negative 

potentials of E½ = -1.51 V and -1.85 V. This indicates that the LUMO level for P2 is relatively 

even lower than that of P1 because of the electron-withdrawing effect of the pentafluorophenyl 

groups on boron.  
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Figure 3. Cyclic voltammograms of P1 and P2 as thin films in acetonitrile containing 0.1 M 

Bu4N[PF6] (scan rate 250 mV s−1); reported relative to Fc/Fc+. 

 

These trends were further confirmed by DFT calculations on the borane monomers BNMe’ and 

BNPf’ (Br replaced by H, Et replaced by Me) and the corresponding model dyads BNMe'-BTDDT 

and BNPf’-BTDDT (Figure 4). For comparison, we also performed computations on the respective 

carbonaceous monomer CCMe’ in which B and N are replaced by carbons and its dyad CCMe’-

BTDDT (Supporting Information). For both BNMe’ and BNPf’, the HOMO is mostly localized 

on the fluorene moiety whereas the LUMO shows contributions from both the fluorene and pyridyl 

moieties. The orbital distribution is similar to that of CCMe’ but the HOMO for BNMe’ and BNPf’ 

is more strongly localized on the central fluorene moieties. The HOMO energy decreases in the 

order -5.11 eV (CCMe’) > -5.40 eV (BNMe’) > -5.98 eV (BNPf’) and the effect on the LUMO 

energy is even more pronounced as it decreases in the order -1.28 eV (CCMe’) > -1.88 eV 

(BNMe’) > -2.52 eV (BNPf’). Thus, relative to the carbonaceous analog CCMe’, the HOMO and 

especially the LUMO of the B-N ladders are much lower in energy, signifying the strong effect of 

B¬N Lewis pair doping on the frontier orbital energies of the monomers. Further, the HOMO and 

LUMO of BNPf’ are significantly lower in energy than those of BNMe’, the effect being slightly 

larger for the LUMO, which demonstrates that the monomer electronic structure is strongly 

influenced by the exocyclic boron substituents. 
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Figure 4. Kohn-Sham HOMO and LUMO orbital representations for monomers and model dyads 
(RB3LYP/6-31G(d), scaling radii of 75%, isovalue = 0.04, orbital energies given in eV). Br atoms 
were replaced by H atoms and Et groups by Me groups.  

 
The HOMO and LUMO energy levels of the BTDDT unit (most stable trans-trans 

conformer [58]) were computed to be -2.61 eV and -5.35 eV. As illustrated in Figure 5, this places 

the HOMO level of BTDDT slightly below that of BNMe’, similar in energy to that of BNMe’ 

and significantly above that of BNPf’. On the other hand, the LUMO level of BTDDT is far below 

that of CCMe’, well below that of BNMe’ and just slightly below that of BNPf’. Attachment of 

the BTDDT moiety to give the dyads CCMe’-BTDDT, BNMe'-BTDDT and BNPf’-BTDDT 

results in orbital mixing, but the effect is drastically different for the three dyads.  The HOMO for 

CCMe'-BTDDT and BNMe'-BTDDT is spread over the entire conjugated framework, but for 

BNPf’-BTDDT the HOMO is localized on the BTDDT and the HOMO-1 on the fluorene moiety. 
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This difference can be attributed to the energy mismatch of the HOMOs of BNPf’ and BTDDT 

which is a consequence of the stronger electron-withdrawing effect of the B(C6F5)2 groups on the 

dipyridylfluorene moiety. Further, whereas for CCMe’-BTDDT (-2.60 eV) the LUMO is virtually 

unchanged from that of BTDDT (-2.61 eV), the LUMO levels of BNMe'-BTDDT (-2.81 eV) and 

BNPf’-BTDDT (-2.95 eV) are shifted to lower energy, despite being localized primarily on the 

BTD acceptor, demonstrating the electron-withdrawing effect exerted by the B-N ladder 

monomers. The fact that the LUMO of BNPf’-BTDDT is relatively lower in energy than that of 

BNMe’-BTDDT further suggests that the substituents on boron influence the overall acceptor 

character of the polymer as also seen in the cyclic voltammetry data. The facile tunability of the 

HOMO and LUMO energy levels through simple substituent exchange on boron is remarkable as 

it typically requires design of entirely different monomer units. 

 

 
Figure 5. Computed frontier orbital energy levels for combinations of BTDDT with CCMe’, 
BNMe’, and BNPf’ (DFT, RB3LYP/6-31G(d)), orbital energies given in V). 

 

Because of the addition of the BTD moiety and ensuing lowering of the LUMO level, the 

HOMO-LUMO gap is greatly reduced in the dyads BNMe'-BTDDT (2.42 eV) and BNPf’-BTDDT 

(2.56 eV) relative to the boron monomers BNMe’ (3.52 eV) and BNPf’ (3.46 eV); it is also smaller 

than that of the BTDDT monomer itself (2.74 eV). The energy gap for the dyads slightly increases 

in the order CCMe'-BTDDT < BNMe'-BTDDT < BNPf’-BTDDT as the HOMO becomes more 

localized on the BTDDT unit and its relative energy decreases.[59] Nevertheless, a calculation on 

a dimer of the BNPf’-BTDDT dyad reveals that with further extension from the monomeric dyad 
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to a dimeric dyad (and ultimately the polymer) the LUMO further decreases in energy and so does 

the HOMO-LUMO gap (Figure S25). 

The absorption and emission spectra of monomers BNEt and BNPf, BTDDT[58,60,61], 

and copolymers P1 and P2 in THF solution are displayed in Figure 6, and the data are summarized 

in Table 1. Monomers BNEt and BNPf show absorption maxima at 408 nm and 416 nm and 

emission maxima at 420 nm and 451 nm, respectively, while those of BTDDT[58,60,61] appear 

at 448 nm and 575 nm. The absorption and emission bands of the polymers are shifted to longer 

wavelengths, as P1 and P2 show absorption maxima at 516 nm and 508 nm and emission maxima 

at 641 nm and 627 nm respectively. The redshift is slightly less pronounced than for the all-carbon 

based polymer B (lAbs = 421, 544 nm in chlorobenzene [53]), which is consistent with our DFT 

studies on the model dyads. A comparison with the absorption and emission maxima of the 

homopolymer Poly(BNEt)[39] (lAbs = 458 nm, lEm = 472 nm) confirms that the reduction of the 

HOMO-LUMO gap relatively to the boron monomers is directly related to the incorporation of the 

BTDDT co-monomer. Incorporation of the electron-deficient BTD co-monomer leads to a lower 

LUMO level and in turn a reduced optical energy gap, which is estimated to be 2.11 eV (P1) and 

2.16 eV (P2) based on the absorption onsets (2.58 eV for Poly(BNEt)[39]). Although the LUMO 

level of P1 was determined electrochemically to be relatively higher than that of P2, the absorption 

and emission maxima of P1 are slightly shifted to lower energy due to a relatively higher HOMO 

as indicated by the computational studies. 

 
Figure 6. a) UV–vis absorption and b) emission spectra of P1 and P2 in comparison to monomers 

BNEt, BNPf, and BTDDT in THF solution; c) photographs of CHCl3 solutions of monomers 

BNEt, BNPf (top) and polymers P1, P2 (bottom) under UV light irradiation (365 nm). 
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Table 1.  Photophysical properties of polymers P1 and P2 in comparison to monomers[a] 

Compd lAbs  / nm lEm / nm [b] fFl / % [c] t Fl / ns [d] kr [e] / 108 s-1 knr [e] / 108 s-1 

BTDDT 448 575 75 13.3 0.56 0.19 

BNEt[39] 408 420 31.7 1.2 2.7 5.8 

P1 516, 430 641 56.0 2.7[f] 2.1 1.6 

BNPf 416 451 41.6 0.89 4.7 6.6 

P2 508, 443 (sh) 627 54.3 2.1[f] 2.6 2.2 

[a] In 10 µM THF solution; [b] excited at longest wavelength absorption maximum; [c] absolute 

quantum yield determined using an integrating sphere; [d] data from single exponential fits 

(excitation at 450 nm); [e] radiative (kr) and non-radiative (knr) decay rate constants are calculated 

using the equations kr = F / τ, knr = (1 – F) / τ; [f] average of double-exponential fit.  

 

TD-DFT data for the model dyads (Table S5, Supporting Information) reveal that the 

lowest energy transition is primarily due to HOMO-to-LUMO excitation for BNPf’-BTDDT but 

shows a relatively more prominent HOMO-1-to-LUMO component for BNMe’-BTDDT. The 

lowest energy transition of BNMe’-BTDDT is then best described as a transition from a highly 

delocalized set of orbitals to the BTD acceptor unit. In contrast, for BNPf’-BTDDT, the lowest 

energy transition is largely localized on the BTDDT entity. For both dyads, an intense higher 

energy transition is seen that primarily involves charge transfer to the borylated dipyridylfluorene 

(LUMO+1) rather than the BTD (LUMO) moiety. 

 When excited at their absorption maxima, the polymers give rise to a strong orange 

fluorescence in THF solution with quantum yields of 56.0% (P1) and 54.3% (P2) respectively, 

that exceed those of the blue-emissive monomers BNMe and BNPf, as well as that of BTDDT 

(Table 1). The high quantum yields are accompanied by lifetimes of ca. 2–3 ns that are relatively 

longer than those of the boron monomers (~1 ns), but much shorter than that of BTDDT (~13 ns). 

The strong emission is attributed to the rigid structure of the polymer that favors radiative over 

non-radiative decay, despite the relatively small band gaps. The comparatively higher non-

radiative rate constants for the boron monomers are attributed in part to the presence of the bromine 

heavy atoms that may facilitate intersystem crossing (ISC) followed by non-radiative decay from 

triplet excited states. 
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Conclusions 

A new class of copolymers is introduced that combines B-N Lewis pair-fused dipyridylfluorene 

and ambipolar BTDDT units. The copolymers are obtained in modest yields by Pd-catalyzed 

Stille-type copolymerization. Taking advantage of the moderate solubility in toluene, low 

molecular weight oligomers were removed by extraction with toluene, providing the pure polymers 

with molecular weights of Mn = 29,480 (Ð = 2.34) for P1 and Mn = 16,680 (Ð = 1.47) for P2. 

Relative to the respective monomers, as well as a previously reported homopolymer, Poly(BNEt), 

the absorptions and emissions are dramatically shifted to longer wavelengths, indicating effective 

extension of conjugation. Electrochemical measurements are consistent with a lowered LUMO 

level due to incorporation of BTD moieties into the polymer chains. This was confirmed by 

computational studies on model dyads that not only show that the LUMOs are centered primarily 

on the BTD moieties, but also that they are greatly decreased in comparison to those of an all-

carbon analog and directly impacted by the electronic structure of the B-N ladder comonomers. 

Excitation with UV light gives rise to strong orange fluorescence in THF solution with maxima at 

641 nm (R = Et) and 627 nm (R = C6F5) respectively. Overall, our results indicate that B-N Lewis 

pair-fused dipyridylfluorene ladder-type monomers are effective building blocks for the design of 

new conjugated copolymers with tunable band gaps and strong emission that could prove 

interesting for applications in areas ranging from organic electronics to fluorescent imaging of 

biological systems. 
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