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Abstract 

Acenes are attractive as building blocks for low gap organic materials with applications, for 
example, in organic light emitting diodes, solar cells, bioimaging and diagnostics. Previously, 
we have shown that modification of dipyridylanthracene via B-N Lewis pair fusion (BDPA) 
strongly redshifts the emission, while facilitating self-sensitized reactivity toward O2 to 
reversibly generate the corresponding endoperoxides. Herein, we report on the further 
expansion of the p-system of BDPA to a vinyl-substituted monomer, vinylene-bridged dimer, 
and a polymer with an average of 20 chromophores. The extension of p-conjugation results in 
largely reduced band gaps of 1.8 eV for the dimer and 1.7 eV for the polymer, the latter giving 
rise to NIR emission with a maximum at 731 nm and an appreciable quantum yield of 7%. 
Electrochemical and computational studies reveal efficient delocalization of the lowest 
unoccupied molecular orbital (LUMO) along the pyridyl-anthracene-pyridyl axis, which results 
in effective electronic communication between BDPA units, selectively lowers the LUMO, and 
ultimately narrows the band gap. Time-resolved emission and transient absorption (TA) 
measurements offer insights into the pertinent photophysical processes. Extension of p-
conjugation also slows down the self-sensitized formation of endoperoxides, while significantly 
accelerating the thermal release of singlet oxygen to regenerate the parent acenes. 
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Introduction 

Low band gap chromophores that exhibit NIR absorption or emission are of high demand in 
organic electronics, including photovoltaics, photodetectors, and light emitting devices, as well 
as in the biomedical field, because of the ability of NIR light to readily penetrate tissues.[1] A 
straightforward strategy for tuning the HOMO-LUMO gap in pursuit of low band gap materials 
is to extend the p-conjugation length.[2] Extension of organic p-conjugated materials typically 
leads to simultaneous elevation of the HOMO and lowering of the LUMO levels (Figure 1a, A). 
While this approach results in reduced band gaps, the elevation of the HOMO can be 
deleterious to the oxidative stability of organic p-conjugated materials. In contrast, 
tricoordinate boron has been shown to facilitate extension of p-conjugation with ensuing 
reduced band gaps via overlap of the unoccupied pz orbital on boron with antibonding p* 
orbitals of adjacent organic p-systems (Figure 1a, B).[3] Largely reduced band gaps have also 
been achieved by linking together tetracoordinate boron complexes, such as dipyrromethenes 
(BODIPYs, C)[4] or boron formazanates (D)[5] to generate conjugated dimers, oligomers, and 
polymers (Figure 1b).[6] Boron-doped p-conjugated polymers are attractive as pivotal 
components in electronic and optoelectronic devices,  

 

Figure 1. (a) Extension of conjugation in traditional organic p-conjugated polymers and 
tricoordinate organoboron polymers; (b) tetracoordinate boron polymers; (c) selective “LUMO 
extension” of B-N Lewis pair-fused anthracenes. 

including polymer-based organic light-emitting diodes (OLEDs), field-effect transistors 
(OFETs), and photovoltaics (OPVs), chemical sensors, and the development of new 
luminescent materials for imaging applications.[3, 7]  

Heteroatom incorporation into polycyclic aromatic hydrocarbons (PAHs) presents a 
promising approach to modify their electronic structure and to tune the properties for 
applications in organic electronics, luminescent materials, biomedical applications, and 
catalysis science.[8] By replacing C-C for isoelectronic and isosteric B-N units desirable 
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electronic structures and properties can be realized, such as, electron-transporting 
characteristics, low-lying LUMO orbitals, redshifted absorptions and emissions reaching into 
the NIR, and thermally activated delayed fluorescence (TADF).[9] In addition, the core of PAHs 
can be deliberately distorted and helical structures can be generated readily by introducing B-
N units, thereby altering the reactivity, photophysical and optoelectronic properties.[10] 

In prior work, our group has explored the functionalization of PAHs with B-N Lewis pairs 
as a mean to tune their optoelectronic properties.[11],[12] Investigations of B-N Lewis pair 
functionalized anthracenes (BDPAs) showed that the LUMO levels exhibit a pronounced 
quinoidal character with contributions from the central anthracene ring and the pyridyl 
moieties.[11a, b] This suggested that extension of conjugation through polymerization at the 
pyridyl sites may further lower the LUMO levels, while leaving the HOMO levels unaffected,[6f, 

13] resulting in a decrease in the HOMO-LUMO gap through “LUMO extension” (Figure 1b). 
Herein we discuss the effect of extending the conjugated structure of B-N Lewis pair-
substituted anthracenes (BDPA) from monomer to dimer and polymer with vinyl bridges on the 
optoelectronic properties and reactivity toward oxygen. We demonstrate that selective 
extension of p-conjugation at the LUMO level results in effective electronic communication 
between BDPA units, narrowed band gaps, and strong luminescence in the NIR region. We 
also investigate the effect of extension of p-conjugation on the self-sensitized reactivity toward 
oxygen and the thermal release of singlet oxygen from the corresponding endoperoxides. 

Results and Discussion 

Synthetic Approach and Structural Features 

The synthesis of the vinyl-substituted monomer (BDPA-Vi2), the vinylene-bridged dimer 
(BDPA2-Vi), and the vinylene-BDPA alternating copolymer (PBDPA) starts from 
monobrominated (DPA-Br) and dibrominated (DPA-Br2) 9,10-dipyridylanthracene. As 
detailed in the Supporting Information (SI), DPA-Br2 was obtained readily by Suzuki-Miyaura 
coupling of 9,10-bis(pinacolboryl)anthracene and 2,5-dibromopyridine in 80% yield. A 
stepwise synthesis with initial introduction of an unsubstituted pyridyl group, followed by 
coupling of the resultant 9-pyridyl-10-(pinacolboryl)anthracene with 2,5-dibromopyridine, 
furnished the mono-brominated DPA-Br in an overall yield of 41%. Nitrogen-directed 
electrophilic borylation[14] of DPA-Br2 and DPA-Br was then accomplished according to a 
previously established protocol[11a, b] by sequential addition of BCl3 (4 equiv.), 2,6-di-tert-
butylpyridine (DBP, 2 equiv.), AlCl3 (4 equiv.), followed by quenching of the borenium ion 
intermediate with Bu4NCl (Scheme 1). The obtained dichloroborylated Lewis pair complexes 
were converted in situ to the diethylboryl derivatives by treatment with diethyl zinc. Purification 
by column chromatography (under nitrogen protection and in the dark to avoid photo-induced 
endoperoxide formation) and recrystallization furnished BDPA-Br2 and BDPA-Br as red-
colored crystalline solids in 51% and 58% yield respectively. A dibrominated derivative with 
octyl groups on boron (BDPAO-Br2) was generated in a similar manner from DPA-Br2, except 
for the use of trioctylaluminum instead of diethyl zinc, and isolated as a red oil in 32% yield 
after column chromatography. 
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Scheme 1. Synthesis of vinyl-functionalized monomer BDPA-Vi2, dimer BDPA2-Vi, and 
polymer PBDPA; DBP = 2,6-di-tert-butylpyridine, BHT = butylated hydroxytoluene (2,6-
dimethyl-4-tert-butylphenol) 

Having the brominated B-N Lewis pair complexes in hand, we next subjected them to 
Stille coupling with the respective vinyl tin species as illustrated in Scheme 1. Coupling of 
BDPA-Br2 with tri(n-butyl)vinyltin furnished BDPA-Vi2 which was isolated in the form of purple 
crystals in 75% yield after filtration through a plug of silica gel and recrystallization from a 
mixture of DCM and hexanes (v/v = 1:1) at -20 ºC. The dimer BDPA2-Vi was synthesized in 
a similar manner from BDPA-Br and trans-1,2-bis(tributylstannyl)ethene. Silica gel column 
chromatography and extensive washing, first with hexanes and then with a mixture of hexanes 
and DCM (v/v = 10/1), gave the pure product as a navy-blue powder in 32% yield. The 
structures of BDPA-Vi2 and BDPA2-Vi were ascertained by multinuclear and two-dimensional 
NMR, including 2D H,H-COSY and H,H-NOESY, as well as high-resolution APCI-MS analysis. 
The boron atoms resonate at 0.0 and 0.1 ppm respectively, which is in the typical range for 
such tetracoordinate complexes,[11a, b] and the vinylene units give rise to the expected set of 3 
multiplets at 6.84, 5.99, 5.59 ppm for BDPA-Vi2 and a singlet at 7.38 ppm for BDPA2-Vi. 

When attempting to prepare a polymer by Stille coupling of BDPA-Br2 and trans-1,2-
bis(tributylstannyl)ethene, the product showed poor solubility in all common solvents. A more 
soluble polymer was obtained by Stille coupling of trans-1,2-bis(tributylstannyl)ethene and 
octyl-substituted BDPAO-Br2 which was prepared in a similar manner as BDPA-Br2. The 
polymer was precipitated in methanol twice and collected by centrifugation. To remove lower 
molecular weight oligomers that may affect the optoelectronic properties the collected product 
was washed first with pentane and then with cyclohexane overnight. The pure polymer 
PBDPA was obtained as a dark blue powder in 56% yield. The structure of the polymer was 
confirmed by multinuclear NMR spectroscopy. The 11B NMR spectrum shows a resonance at 
-2.3 ppm which is close to that of the respective monomer (0.6 ppm) and confirms the 
incorporation of intact B-N Lewis pair complexes into the polymer chains. Broad signals in the 
aromatic region between 7.5 – 9.0 ppm can be assigned to the anthracene and pyridyl units, 
relying on H,H-COSY correlations and comparisons to data for the monomer, while the signal 
for the vinylene linker is identified at 7.39 ppm, close to that of the dimer, BDPA2-Vi, at 7.38 
ppm. 

The structural features of the BDPA building block were studied by X-ray diffraction.[15] 
Single crystals of vinylated BDPA-Vi2, the brominated precursor BDPA-Br2, and the 
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methylated reference system BDPA-Me2[11b] were grown from DCM/hexanes mixture at -20 
ºC. Despite our best efforts, suitable single crystals could not be obtained for dimer BDPA2-
Vi. The molecular structure of BDPA-Vi2 is depicted in Figure 2a and those of BDPA-Br2 and 
BDPA-Me2 in Figure S54 (SI). The relevant structural parameters are summarized in Table 
S1 (SI). The B-N distances for BDPA-Br2 (1.634(2) Å), BDPA-Me2 (1.633(2), 1.626(2) Å), 
and BDPA-Vi2 (1.631(4) Å) are in the typical range, indicating strong Lewis acid-base 
interactions. As seen previously for related complexes,[11a, b] the Lewis pair (LP) formation 
leads to a buckled anthracene backbone with large interplanar angles between the outer 
benzene rings of 21.8° for BDPA-Br2, 22.7° for BDPA-Me2, and 20.6° for BDPA-Vi2. By 
comparing the structure of BDPA-Vi2 with those of BDPA-Me2 and BDPA-Br2 (and other 
reported analogs[11a, b]), it is evident that the Cent1-C1-B angle b = 171.2º is relatively closer 
to 180º in BDPA2-Vi (BDPA-Me2, b = 167.9, 168.7º; BDPA-Br2, b = 167.7, 168.9º), as is the 
Cent2-C2-CPy angle of g = 169.2º (BDPA-Me2, g = 166.2, 166.3º; BDPA-Br2, g = 165.7, 
166.1º), see Figure 2. Furthermore, the interplanar angle between the inner anthracene ring 
and the pendent pyridyl groups of f = 30.1º is significantly smaller for BDPA-Vi2 (BDPA-Me2, 
f = 39.4, 38.8º; BDPA-Br2, f = 38.7º). Thus, the X-ray crystal structure shows that BDPA-Vi2 
adopts a more planar molecular conformation, which should promote electronic delocalization 
also in the further extended polymeric system. 

 

Figure 2. (a) Views of the X-ray crystal structure of BDPA-Vi2 (thermal ellipsoids at 50% 
probability); (b) GPC-PDA data for monomer BDPA2-Vi, dimer BDPA2-Vi, and polymer 
PBDPA in THF (1 mL min-1). 

The number-average molecular weight of the purified polymer was estimated by gel 
permeation chromatography (GPC) in THF relative to narrow polystyrene standards to be Mn 
= 16,900 (Ð = 1.50), corresponding to an average degree of polymerization of DPn = 20. GPC 
with photodiode array (PDA) detection revealed an absorption maximum at l = 662 nm for low 
molecular weight polymers (extracted at an elution time of 16.5 min), while that of high 
molecular weight polymers at the limit of 𝜋-extension (extracted at 13.7 min) was determined 
to be l = 684 nm (Figure 2b; see also Figure S52, SI). The latter is close to the absorption 
maximum of the isolated polymer sample at l = 676 nm. 
 
 

https://doi.org/10.26434/chemrxiv-2024-g87l4-v2 ORCID: https://orcid.org/0000-0001-8031-9254 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-g87l4-v2
https://orcid.org/0000-0001-8031-9254
https://creativecommons.org/licenses/by-nc/4.0/


 

 6 

Effects of p-Extension on Electronic Structure  

To examine the effects of extension of p-conjugation at the pyridyl sites on the electronic 
structure we first conducted DFT calculations on the monomer BDPA-Vi2 and the dimer 
BDPA2-Vi, and compared the results with those for the methylated derivative BDPA-Me2[11b] 
(Figure 3). As also seen in the X-ray structure, the vinyl groups of BDPA-Vi2 are positioned 
at a slight dihedral angle of 14.7º relative to the pyridyl moieties, whereas the Py-Vi-Py linker 
unit for BDPA2-Vi adopts an almost perfectly coplanar arrangement (3.7º; see Figure S55, 
SI). Hence, we anticipated that orbital delocalization into the vinyl groups for the monomer and 
the vinylene bridge for the dimer should strongly influence the LUMO energies and the HOMO-
LUMO gap. For BDPA-Vi2, the HOMO is localized primarily on the anthracene moiety and 
only very slightly shifts with extension of the conjugated system (Table S3, SI). In contrast, the 
LUMO is cross-conjugated and extensively delocalized into the pyridyl and vinyl groups. For 
the dimer BDPA2-Vi the HOMO and HOMO-1 represent linear combination of orbitals 
localized on each of the acene sub-units, whereas the LUMO and LUMO+1 are cross-
conjugated and localized predominantly on the vinylene linker and the C-C bonds between 
anthracene and pyridyl groups respectively (Figure 3b). Owing to the significant lowering of 
the LUMO levels from -2.51 to -2.78 eV and -3.05 eV, the computed energy gap decreases in 
the order BDPA-Me2 (2.30 eV) > BDPA-Vi2 (2.06 eV) > BDPA2-Vi’ (1.83 eV). Thus, the 
reduction in the HOMO-LUMO gap is correlated with and rooted in the orbital delocalization 
involving the vinylene units. It is reasonable to assume that further extension to the polymer 
PBDPA results in even more extensive delocalization of the LUMO, involving the vinylene 
bridges and pyridyl groups, and a further reduction in the energy gap. 

 

Figure 3. (a) Depiction of the frontier orbital energy levels for monomer BDPA-Vi2 and dimer 
BDPA2-Vi, in comparison to BDPA-Me2; (b) plots of computed Kohn-Sham HOMO/HOMO-1 
and LUMO/LUMO+1 orbitals for BDPA2-Vi. 
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To further investigate the electronic structures, cyclic voltammetry (CV) and square wave 
voltammetry (SWV) measurements were performed in DCM solution containing 0.1 M 
Bu4N[PF6] as the supporting electrolyte (molecular compounds), as well as for a thin film of 
the polymer in acetonitrile containing 0.1 M Bu4N[PF6] (Figure 4). For BDPA-Vi2 and BDPA2-
Vi two and four consecutive reversible reduction processes could be resolved respectively. 
The pronounced redox splitting of 170 mV between the first and second reduction process for 
BDPA-Vi2 (-1.61, -1.78 V) indicates that initially one electron is injected and then a second 
one at a more negative potential. For the dimer BDPA2-Vi, two waves occur at -1.52, -1.64 V, 
followed by two additional waves at more negative potentials of -1.89, -2.04 V. The redox 
splitting between the first two waves of 120 mV and the third and fourth wave of 150 mV is 
overall similar though slightly less pronounced than for BDPA-Vi2. Relative to the potentials 
for the first and second reduction, those for the third and fourth reduction are much more 
negative by 370 and 400 mV respectively. The polymer shows a very broad feature that 
extends over the entire range from ca. -1.4 to -2.2 V vs Fc+/0, indicating the presence of multiple 
overlapping redox waves. Importantly, the first reduction becomes increasingly less negative 
when going from the monomer (E1/2 = -1.52 V) to the dimer (E1/2 = -1.47 V) and the polymer 
(Ered, onset = -1.40 V). This further confirms that electronic communication between individual 
BDPA units across the vinylene linker is strong, which is consistent with the extensive 
delocalization of the LUMO predicted by the DFT calculations. Oxidative scans acquired in 
DCM containing 0.1 M Bu4N[PF6] showed irreversible redox processes with onset potentials 
of Eox, onset = 0.36 V (monomer), 0.37 V (dimer), and 0.31 V (polymer) (and Figure S56, SI). 
The electrochemical gaps derived from the cyclic voltammetry data of 1.88, 1.84, and 1.71 eV 
for the monomer, dimer, and polymer compare well with the optical gaps deduced from UV-
Vis absorption spectra of 1.94, 1.84, and 1.70 eV (vide infra). These results further indicate 
that extension of conjugation through the pyridyl side groups and vinylene linkers is very 
effective and leads to gradually decreasing LUMO levels and HOMO-LUMO gaps. 

 

Figure 4. Reductive scans of cyclic voltammograms in DCM solution containing 0.1 M 
Bu4N[PF6] (scan rate 250 mV s−1; reported relative to Fc/Fc+). 
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Table 1. Cyclic voltammetry data and comparison of electrochemical HOMO-LUMO gaps with 
results from DFT calculations and UV-Vis absorption spectroscopy.[a] 

Compound Eox, CV [a] Ered, CV [a] HOMO [b] LUMO [b] Eg, CV
 [b] 

(eV) 
Eg, DFT

 [c] 
(eV) 

Eg, opt 
[d] 

(eV) 

BDPA-
Me2 [11b] 

0.32 -1.61 -4.72 -2.79 1.93 2.30 2.05 

BDPA-Vi2 0.36 -1.52 -4.76 -2.88 1.88 2.06 1.94 

BDPA2-Vi 0.37 -1.47 -4.77 -2.93 1.84 1.83 1.84 

PBDPA 0.31 -1.40 -4.71 -3.00 1.71 N/A 1.70 

[a] Onset oxidation and reduction potentials, recorded using 0.1 M Bu4N[PF6] in DCM. [b] Determined 
from CV data using the equations ELUMO = -(4.4 + Ered) and EHOMO = -(4.4 + Eox). [c] From DFT 
calculations at the RB3LYP/6-31G(d) level of theory. [d] Estimated from onset of absorption in DCM 
solution. 

 

Effects of p-Extension on Photophysical Properties  

The absorption and emission spectra in DCM solution are displayed in Figure 5, and the 
photophysical properties are summarized and compared with data for the methylated model 
system BDPA-Me2[11b] in Table 2. Extension of p-conjugation along the dipyridyl axis results 
in strong bathochromic shifts of the absorption and emission bands. The wavelength of the 
absorption maximum shifts from 555 nm (BDPA-Me2) to 676 nm (PBDPA), and the 
wavelength of the emission maximum shows a similar trend, reaching to 731 nm for the 
polymer. TD-DFT data for the monomer BDPA-Vi2 indicate that the lowest energy absorption 
arises from a HOMO-to-LUMO transition to a cross-conjugated state. For the dimer BDPA2-
Vi, both HOMO-to-LUMO and HOMO-1-to-LUMO+1 transitions are predicted to contribute to 
the lowest energy absorption with the LUMO more localized on the vinylene linker and the 
LUMO+1 on the C-C bonds between anthracene and pyridyl groups (see Figure 3b and Table 
S4, SI). 

The emission for BDPA-Vi2 is relatively long-lived (t Fl = 8.3 ns) and very intense, 
giving a quantum yield of fFl = 74% that is almost twice that of BDPA-Me2 (43%, 10.2 ns). 
Upon extension to the dimer (12%, 0.58 ns) and polymer (7%, 0.65 ns), the quantum yield 
decreases and the lifetime becomes significantly shorter, which is likely due to a combination 
of the lower band gap, the greater molecular flexibility, and possibly also increasingly favorable 
intersystem crossing (ISC) to the triplet manifold as the singlet-triplet gap becomes much 
smaller (Table S5 and Figure S73, SI). This is reflected in a corresponding increase in the 
nonradiative decay rate constant (knr) from the monomer (3.1´107 s-1) to the dimer (152´107 
s-1) and polymer (143´107 s-1) that largely outweighs slight changes in the radiative decay rate 
constant (kr).[16] 
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Figure 5. (a) UV-vis absorption and (b) emission spectra of BDPA-Me2, monomer BDPA-Vi2, 
dimer BDPA2-Vi, and polymer PBDPA in DCM solution; insets show photographs under (a) 
natural light and (b) UV irradiation at 365 nm. Table 2. Results from photophysical studies in 
DCM solution. 

 

Table 2. Results from photophysical studies in DCM solution 

Compound labs / nm labs,TDDFT / 
nm 

lFI [a] / nm fFl 
[b] / % tFl 

[c] / ns kr/knr 
[d] / 

107 s-1 

BDPA-Me2 
[11b] 

555 532 622 43 10.2 [e] 4.2/5.6 

BDPA-Vi2 585 560 672 74 8.3 [e] 8.9/3.1 

BDPA2-Vi 617 615 684 12 0.58 [f] 20.7/152 

PBDPA 676 N/A 731 7 0.65 [g] 10.8/143 

[a] Excited at longest wavelength absorption maximum. [b] Absolute quantum yield determined with an 
integrating sphere. [c] Fluorescence lifetime. [d] Radiative (kr) and non-radiative (knr) decay rate 
constants calculated using the equations kr = F / t, knr = (1 – F) / t). [e] Excited with a nanoLED at lexc 
= 450 nm. [f] lexc = 670 nm; major component of double-exponential fit with t1 = 0.58 ns (96.5 %), t2 = 
5.6 ns (3.5 %). [g] lexc = 670 nm; major component of double-exponential fit with t1 = 0.65 ns (96.3 %), 
t2 = 3.8 ns (3.7 %); the small longer-lived component is likely due to traces of partially oxidized species 
(endoperoxide formation on one of the two acenes), see Figure S76. 
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The dependence of the UV-Vis and fluorescence properties of BDPA-Vi2 and BDPA2-Vi on 
the solvent polarity was also examined by acquiring data in toluene, dichloromethane, and 
acetonitrile – the polymer was not studied due to poor solubility in non-polar solvents (Figure 
S61-S62, SI). The absorption maximum of both compounds experiences a modest 
hypsochromic shift with increasing solvent polarity that is more pronounced for BDPA2-Vi 
(solvatochromic shift of 993 cm-1) than BDPA-Vi2 (solvatochromic shift of 760 cm-1). The 
emission spectra present a similar trait, again the more polar solvent acetonitrile gives rise to 
a blue-shifted emission relative to that in DCM or toluene.[17] The emission maximum of 
BDPA2-Vi shifts by 374 cm-1 while that of BDPA-Vi2 shifts by 298 cm-1 in acetonitrile relative 
to toluene solution. This may indicate that more polar solvents lead to less effective p-
delocalization and symmetry-breaking in the excited state due to a more twisted molecular 
structure. 

 

Figure 6. Transient absorption (TA) spectra of (a,b) BDPA-Vi2, (c,d) BDPA2-Vi, and (e,f) 
PBDPA at different time delays in de-aerated DCM (lexc = 550 nm). 

 
To gain further insights into the nature of the photo-excited states, femtosecond-transient 
absorption (fs-TA) spectroscopy was performed on the monomer BDPA-Vi, dimer BDPA2-Vi, 
and polymer PBDPA. Figure 6 shows plots of the TA spectra for BDPA2-Vi and PBDPA in 
de-aerated DCM, following excitation at 550 nm (Figures S68-S70, SI). At short time delays, 
a strong negative signal arises at 600 nm for the monomer, 630 nm for the dimer, and 700 nm 
for the polymer, which is attributed to their ground state bleaching (GSB) and signifies 
formation of excited molecules. An additional negative shoulder at ∼660 nm for the monomer, 
~690 nm for the dimer, and ~780 nm for the polymer denotes stimulated emission (SE). The 
SE of BDPA-Vi2 becomes more prominent at 1000 ps as ground state repopulation occurs 
and lasts longer than for BDPA2-Vi and PBDPA, which barely show any remaining SE beyond 
1000 ps. The longer lasting SE for BDPA-Vi2 is consistent with its relatively longer florescence 
lifetime and higher photoluminescence quantum yield. The positive bands at short wavelength 
of 540 to 560 nm and longer wavelengths of 770 to 900 nm for BDPA-Vi2, 780 to 900 nm for 
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BDPA2-Vi, and 860 to 900 nm for PBDPA are attributed to S1®Sn excited state absorptions 
(ESA). Absorptions from triplet excited states could not be detected as they likely occur at 
longer wavelengths beyond the detection limit of our set up. Some band shifting of the GSB 
to lower energy with increasing delay time as the signal is rising was apparent in the TA 
spectra of BDPA2-Vi and PBDPA but mostly absent for BDPA-Vi2. This feature may originate 
from the solvent polarity dependence of the absorption of these molecules. As discussed 
earlier, the ground state UV-Vis spectra in toluene, DCM and acetonitrile revealed a moderate 
negative solvatochromic effect (bathochromic shift in less polar solvent). 

It is also possible that for the dimeric (and polymeric species) a more delocalized 
excited state is initially accessed which then decays via a more localized excited state.[18] To 
further assess this possibility, calculations were performed that revealed the existence of three 
distinct rotamers of the BDPA2-Vi dimer which correspond to different orientation of the B-N 
bonds with respect to the central >C=C< bridge (Figure S71). In the ground state the energy 
differences between the ǁǁ (parallel-parallel), ǁ^ (parallel-perpendicular) and ^^ 
(perpendicular-perpendicular) rotamers are small. Not accounting for solvation, the relative 
populations are predicted as 58% ǁǁ, 35% ǁ^ and 7% ^^. The calculated ground state 
absorption spectra indicate distinct peak positions and features for the three rotamers. As 
seen in Figure S72, the well-defined ^^, ǁ^ and ǁǁ rotamer minima persist in the optimized 
structures of the S1 and T1 states. As a result, upon reaching the S1 state, the initially excited 
distribution of rotamers determined by the overlap between the pump pulse and the ground 
state absorption spectra, must undergo equilibration reflecting both the gas phase energies 
as well as solvation (the latter favors the ǁ^ rotamer because of its residual dipole moment). 
The equilibration of rotamers in the S1 state is a likely contributor to the spectral evolution of 
the transient absorption spectra observed for the BDPA2-Vi dimer at longer time scales. 
Similar long-time scale spectral evolution is not observed in the transient absorption spectra 
of the PBDPA polymer because the rotation of the monomeric is hindered, except for the 
termini of the strand. 
 

Effects of p-Extension on Singlet Oxygen Sensitization  

We previously disclosed that an unusual feature of B-N fused anthracenes, such as BDPA-
Me2, is their efficient self-sensitized reactivity with oxygen to generate the corresponding 
endoperoxides from which singlet oxygen can then be thermally released.[11b] Singlet oxygen 
plays an important role in numerous fields, including organic synthesis, photodynamic 
therapeutic (PDT) treatment of cancer,[19] and material science[20]. This prompted us to further 
investigate the effect of extending the p-conjugation on the reactivity toward and release of 
oxygen. Solutions in oxygen-saturated DCM (2×10-5 M) were irradiated with a Xe lamp at room 
temperature (Figure 7a and Figures S74-S75, SI) as detailed in the SI. The kinetic study 
revealed a strong influence of extension of conjugation through the pyridyl side groups: BDPA-
Vi2 reacted over two orders of magnitude more slowly than BDPA-Me2. Upon extension of 
conjugation from BDPA-Vi2 to the dimer BDPA2-Vi the reaction rate diminished further, and 
the polymer PBDPA proved to be most resistant to autooxidation under irradiation with white 
light of >455 nm (Figure 7a). In previous works, differences in HOMO energy had been linked 
to differences in the reactivity of acenes toward oxygen,[11a, b] and for B-N Lewis pair 
functionalized anthracenes electron-withdrawing substituents on boron were shown to 
significantly reduce the rate of autooxidation.[11d] However, as discussed above, the HOMO 
levels are fairly similar in energy for all these compounds, and so is the absorptivity per B-N 

https://doi.org/10.26434/chemrxiv-2024-g87l4-v2 ORCID: https://orcid.org/0000-0001-8031-9254 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-g87l4-v2
https://orcid.org/0000-0001-8031-9254
https://creativecommons.org/licenses/by-nc/4.0/


 

 12 

Lewis pair-fused anthracene moiety (Table S2, SI). Furthermore, the energy gap between 
singlet ground state and triplet excited state decreases in the order BDPA2-Vi >> BDPA-Me2 
> BDPA-Vi2 and the triplet levels are close to or above the energy gap between singlet and 
triplet oxygen of 94.3 kJ mol-1 in all cases (Table S5, SI).[11b] A possible alternative explanation 
is that this effect is related to the more delocalized spin density as illustrated for the monomer 
and dimer in Figure S73, SI. However, the origin of the enhanced stability of the vinyl 
monomer, dimer, and polymer toward autooxidation in comparison to the methyl derivative 
remains not fully understood. 

 

Figure 7. (a, b) UV-vis spectra at different times for the reaction of BN-functionalized 
anthracenes (0.02 mM “anthracene units” in oxygen-saturated DCM) with oxygen upon 
photoirradiation by a Xe lamp (34 Watt, a cutoff filter of 455 nm was used) at room temperature 
to give the respective endoperoxides. (c) Pseudo first-order kinetics for the reaction of BDPA-
Me2, BDPA-Vi2, BDPA2-Vi and PBDPA with oxygen upon photoirradiation to give the 
respective endoperoxides in DCM (455 nm cut-off filter was applied; BDPA-Me2: kapp = 1200 
× 10–3 s–1; BDPA-Vi2: kapp = 2.4 × 10–3 s–1; BDPA2-Vi: kapp = 2.1 × 10–3 s–1; PBDPA: kapp = 1.6 
× 10–3 s–1). (d) Kinetics for the thermolysis of the endoperoxides at 100 °C in toluene (0.1 mM 
“anthracene units”). Aend: final absorption intensity of regenerated acene; At: absorption 
intensity of regenerated acene at a given time (BPO-Me2: kapp = 2.9 × 10–5 s–1; BPO-Vi2: kapp = 
11.2 × 10–5 s–1; BPO2-Vi: kapp = 6.9 × 10–5 s–1; PBPO: kapp = 5.8 × 10–5 s–1. 

We also studied the ability of the corresponding endoperoxides to thermally revert to the 
parent acenes with release of singlet oxygen (Figure 7d). Interestingly, the rate of cyclo-
reversion for monomer BPO-Vi2 is almost one order of magnitude higher than that of BPO-
Me2[11b]. After heating BPO-Vi2 in toluene at 100 ºC overnight, >90% BDPA-Vi2 were 
regenerated according to UV-Vis absorption data, while for BPO-Me2 only 59% of the parent 
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acene could be recovered (Figure S78, SI). BPO2-Vi also exhibited excellent reversibility, but 
for the polymer PBPO only partial recovery was achieve, possibly due to the occurrence of 
side reactions. Interestingly, during oxygen release from the endoperoxides, the absorption 
bands for the dimer and polymer, but not the monomeric species, displayed a gradual redshift 
with increased heating time (Figure S79, SI). This suggests that the release of singlet oxygen 
occurs stepwise for the compounds containing multiple endoperoxide units, and that the 
electronic effect of oxygenated BDPA moieties is distinct from that of the non-oxygenated 
acenes. Overall, we conclude that replacement of methyl with vinyl groups and the 
corresponding extension of p-conjugation reduces the tendency for autooxidation but 
facilitates the reversion of the resulting endoperoxides to the parent acenes through release 
of singlet oxygen, presumably due to their more favorable planarized geometry and enhanced 
electronic delocalization. 

 

Conclusion 

We have synthesized a series of B-N Lewis pair-functionalized anthracene monomer, model 
dimer and high molecular weight polymer with vinyl linkers to investigate in detail the electronic 
structure, the optical properties, and the reactivity toward oxygen upon selective extension of 
the LUMO conjugation. Single crystal X-ray structures and DFT calculations reveal a more 
planar geometry for BDPA-Vi2 in comparison to BDPA-Me2, and an almost perfectly coplanar 
Py-Vi-Py linker for the dimer BDPA2-Vi. The extension of conjugation narrows the HOMO and 
LUMO energy levels and reduces the excited state lifetime because of more rapid non-
radiative decay, as evidenced by electrochemical, UV-vis, and time-resolved fluorescence 
spectroscopy measurements. Nevertheless, an appreciable quantum yield of 7% is measured 
for the fluorescence of the polymer with a maximum of 731 nm in DCM. The rate of photo-
induced reaction with oxygen to give the respective endoperoxides is more than 2 orders of 
magnitude lower than for BDPA-Me2 and decreases in the order of BDPA-Me2 >> BDPA-Vi2 
> BDPA2-Vi > PBDPA. Conversely, the rate of thermally promoted release of singlet oxygen 
from the endoperoxides is more favorable, about 4 times faster for BDPA-Vi2 than BDPA-
Me2, illustrating its propensity to store and generate singlet oxygen to be potentially useful in 
photodynamic therapy and other fields where delivery of singlet oxygen on-demand is 
desirable. 
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